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Compositional disorder is investigated by means of photoluminescence �PL� and PL excitation �PLE� mea-
surements in as-grown and hydrogen-irradiated GaAs1−xNx samples �x�0.21% �. The dependence of the
linewidth of the PLE free-exciton band on N concentration agrees well with that predicted by a theoretical
model developed for a purely random alloy. We also find that hydrogen irradiation and ensuing nitrogen
passivation reduce significantly the broadening of the free-exciton band. This result is consistent with a
removal by hydrogen of the static disorder caused by nitrogen. Finally, an analysis of the dependence of the
Stokes shift on the free-exciton linewidth shows that free carriers are thermalized even at low temperature,
another indication of a low degree of disorder in the investigated samples.
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I. INTRODUCTION

The striking effects of nitrogen incorporation on the elec-
tronic properties of GaAs1−xNx have been studied in great
detail in the recent years.1 In particular, the giant bowing of
the energy gap with increasing N concentration has been the
object of many reports, both theoretical2,3 and experi-
mental.4,5 Other peculiar effects include an uncommonly
large and abrupt increase in the electron effective mass upon
nitrogen incorporation, which is accompanied by a reduction
in the extent of the excitonic wave function.6 All these ex-
perimental facts are explained in terms of an interaction be-
tween the host crystal states and localized levels associated
with nitrogen complexes leading to strong nonlinear modifi-
cations of the material’s band structure.2,3

The response to irradiation with atomic hydrogen is an-
other peculiarity of the GaAs1−xNx alloy. It is found, indeed,
that all the electronic and structural properties induced by N
insertion into the GaAs lattice can be finely controlled by H
implantation.7–10 As a matter of fact, hydrogen irradiation
“transforms” a GaAs1−xNx sample with a given concentration
x into a sample with virtually any desired concentration in
the range between 0% and x.7–9 This intriguing behavior is
explained by the formation of N-H complexes that neutralize
the perturbation exerted by N atoms on the host matrix.11,12

Although a fine tuning of the energy gap and of the electron
effective mass by post-growth hydrogenation might have a
wide range of applications, further studies are required be-
fore fabricating devices or nanostructures based on hydro-
genated GaAs1−xNx �Ref.13�. To this respect, an analysis of
the compositional and structural disorder of GaAs1−xNx
samples, and how such disorder varies upon H irradiation is
an issue of special interest. In particular, the extent and N
concentration dependence of the energy broadening of radia-
tive recombinations can provide valuable information re-
garding the distribution of nitrogen atoms in GaAs1−xNx al-
loys.

In this paper, we report on the effects of compositional
disorder on the optical properties of GaAs1−xNx samples
�0.043% �x�0.21% �, both as-grown and post-growth irra-

diated with atomic hydrogen. The broadening of the free-
exciton �FE� linewidth as measured by photoluminescence
excitation �PLE� is compared with the predictions of a sta-
tistical model introduced to describe the effects of random
compositional disorder on the excitonic density of states
�DOS� of semiconductor alloys,14–16 and recently extended
to GaAs1−xNx.

17–19 for both as-grown and hydrogenated
samples a quite good agreement is found here with the pre-
dictions of the model reported in Ref. 17 In particular, after
hydrogenation the FE linewidth depends only on the concen-
tration of unpassivated nitrogen, xeff, regardless of the initial
sample composition. This result agrees with a substantial re-
moval by hydrogen of the static disorder caused by nitrogen,
as recently established by an x-ray absorption fine structure
study in GaAs1−xNx before and after hydrogenation.20 In
other words, the H-driven tuning of N-induced properties is
obtained at almost no expense of the GaAs1−xNx quality, that
is an important outcome of our investigation. Finally, the
relationship between the Stokes shift—namely, the energy
difference between the FE peak energies measured by PLE
and PL—and the FE linewidth is compared with a model
describing carrier relaxation in the presence of alloy disorder.
Such comparison shows that free-excitons are thermalized
even at low temperature, thus confirming the low degree of
disorder in these ternary alloys at low x.

II. EXPERIMENTAL DETAILS

We studied three GaAs1−xNx /GaAs epitaxial layers �hav-
ing x=0.043%, 0.095%, and 0.21%, and thickness 0.5 �m�
grown by metalorganic vapor phase epitaxy.19 The N concen-
tration was determined by high-resolution x-ray diffraction
measurements. The samples were irradiated at 300 °C by a
low-energy ion gun �beam energy �100 eV� with different
hydrogen doses �dH=1.0�1018–5.6�1018 ions/cm2�. PL
and PLE measurements were performed using the 532 nm
line of a vanadate-Nd laser and a Ti-sapphire tunable laser as
the excitation sources. The luminescence signal was dis-
persed by a double 0.75 m monochromator and detected by a
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GaAs photomultiplier operating in a single-photon counting
mode.

III. RESULTS AND DISCUSSION

A. Linewidth analysis

PL and PLE spectra of the as-grown samples as well as of
two hydrogenated samples are shown in Fig. 1. As reported
elsewhere,6,8 the PL spectra present several features that are
labeled in the figure. Downward pointing arrows indicate the
GaAs1−xNx free-exciton emission, �e ,C� labels a band due to
recombination of a free-electron with a hole bound to an
acceptor, most likely carbon, and NC refers to recombination
bands from different nitrogen clusters. As x increases the
levels related to NC are progressively taken in by the states
of the continuum moving at lower energy.2 One can notice
that the peak energy of the �e ,C� transition displays a non-
monotonic dependence between x=0.043% and x=0.095%.
This can be attributed to the variation of tensile strain in-
duced by the presence �or passivation, in hydrogenated
samples� of nitrogen atoms.10,21 Indeed, for increasing N
concentration the top of the valence band acquires a more

pronounced light-hole character and, in turn, the binding en-
ergy of the acceptor impurity decreases due to the decrease
of the hole mass. In the PLE spectra, upward arrows mark
the GaAs1−xNx FE peaks. Moreover, the GaAs FE exciton
peak at 1.515 eV is observed together with features at lower
energy likely due to N cluster states resonant with the con-
tinuum of the above-gap states of GaAs1−xNx. The spectra of
the hydrogenated samples illustrate the fine tuning of the
effective N concentration by means of H irradiation. Indeed,
irradiation of the x=0.095% sample with dH=3.5
�1018 ions/cm2 produces a sample with xeff=0.076% �as
estimated from the energy position of the free-exciton peak
in PLE, EFE�, while a dose dH=5.6�1018 ions/cm2 leads to
an almost complete passivation �xeff�0.001% � of the x
=0.043% sample. At the same time, the spectral features as-
sociated with N clusters disappear upon hydrogenation be-
cause of the formation of N-H complexes.22,23

We now estimate the degree of randomness of the N dis-
tribution in GaAs1−xNx, as well as the effect of hydrogen on
it, by comparing the broadening of the exciton energy distri-
bution predicted by the model of Ref. 17 with the experimen-
tal FE linewidth. This latter is derived from low-temperature
PLE spectra as exemplified in Fig. 2 for a sample with x
=0.095% both untreated and irradiated with different H
doses. The corresponding PL spectra taken at the same tem-
perature and power density are also shown in the figure.
First, we find that both a light- �lh� and a heavy-hole �hh�
component at low and high energy, respectively, contribute
to the FE band in the PLE spectrum. The lattice mismatch
between the GaAs1−xNx epitaxial layer and the GaAs sub-
strate produces, indeed, a tensile strain10,21 that removes the
degeneracy between light- and heavy-holes typically found
at the valence band maximum of zinc blende semiconduc-
tors. A detailed study of the evolution of this splitting with
increasing N concentration and H dose performed by means
of polarization-dependent PLE measurements will be re-
ported elsewhere.24 Second, we notice that the FE band is
redshifted in PL with respect to its energy in PLE by an
amount labeled SS �Stokes shift�. This energy difference is
due to the fact that PL spectra are dominated by the recom-
bination of thermalized photoexcited carriers. Carrier relax-
ation and thermalization mechanisms may depend on
phonon-assisted hopping,25 tunneling from one impurity cen-
ter to another,26,27 and a large variety of other phenomena
that make less straightforward the establishment of a direct
relationship between the FE linewidth as measured by PL
and theoretical estimates of the disorder-induced broadening
of the exciton DOS.28 On the contrary, the PLE signal mea-
sured at a given detection energy, Edet, is proportional to the
absorption coefficient � at the excitation photon energy, Eex,
and to the probability that photogenerated carriers relax to—
and emit from—the states with energy Edet. Therefore, for a
suitable choice of Edet, the PLE signal is a good approxima-
tion of � and, in turn, of the excitonic DOS. Nevertheless,
the relative intensity between light- and heavy-hole excitons
does not always reproduce the higher DOS expected for hh
with respect to lh excitons, as shown in Fig. 2�a�. We found
�not shown here� that the intensity ratio between the light-
and heavy-hole exciton peaks in the PLE spectrum may vary
with Edet. Although a systematic study of this finding has

FIG. 1. Peak-normalized photoluminescence �PL, dotted line�
and PL excitation �PLE, solid line� spectra at T=10 K of a selection
of the GaAs1−xNx samples studied in this work. Nitrogen concen-
trations are given. For the hydrogenated samples, the effective N
concentration xeff is also specified. Upward and downward arrows
mark the free-exciton energy for PLE and PL spectra, respectively.
�e ,C� indicates the free-electron to neutral-carbon recombination,
and NC indicates carrier recombination from nitrogen complexes.
From topmost to bottommost PLE spectrum the detection energies
are Edet=1.423 eV �x=0.21% �, 1.472 eV �x=0.095% �, 1.466 eV
�xeff=0.076% �, 1.448 eV �x=0.043% �, and 1.511 eV �xeff

�0.001% �.
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been not performed yet, we carefully checked that the FE
linewidth is independent of Edet for all samples considered.
Finally, Fig. 2 shows that the FE linewidth reduces sizably
with increasing hydrogen dose �from w=3.7 meV for dH=0
to w=1.5 meV for dH=5.6�1018 cm−2�. This is a quite in-
teresting effect, since hydrogen acts in all respects as if it
restored the compositional order lost upon N incorporation.

We now compare the experimental linewidth w of the
light-hole component of the PLE excitonic band �extracted
from the experimental data with a fit by two Gaussians29

such as those shown in Fig. 2� with its theoretical estimate
obtained following Ref. 17. All PLE spectra used for this
analysis were recorded at a same temperature �T=10 K�. In a
generic random alloy AB1−xCx, the free-exciton band has a
Gaussian line shape with a full width at half maximum w,
whose dependence on x is given by17

w = ��2
dEFE

dx
�2 ln 2�1 − x�xVc

�4�/3�aex
3 � . �1�

According to this model, in a random alloy with low struc-
tural disorder, namely, with no sizable phase separation or
clustering effects, the broadening of the excitonic band is
entirely due to the potential fluctuations experienced by the
free-exciton in regions of the sample where x and the energy
gap change with respect to the nominal value. The exciton
Bohr radius aex is the characteristic length over which the
composition fluctuations are sampled and Vc is the volume of
the primitive cell, namely Vc=a3 /4 in zinc blende materials,
where a is the lattice constant. For simplicity, a is kept fixed
to its GaAs value �5.653 Å30� throughout our analysis. In
practice, this volume can be regarded as the smallest region
of the lattice over which an alloy fluctuation can occur. Fi-
nally, because of a certain degree of arbitrariness in the defi-
nition of Vc and of the effective exciton volume sampling
lattice disorder,15,16 � has been introduced as a free fitting
parameter in Eq. �1�.

In order to estimate the FE broadening from Eq. �1�, we
need to know the exciton Bohr radius aex, and the rate of
change of the FE peak energy, dEFE/dx, with N concentra-
tion. In Ref. 17 it was highlighted the importance of the
choice of the electron effective mass values in order to get an
estimate of aex in Eq. �1� through a hydrogenoid model
�aex=�0	2 /�e2, where �−1=me

−1+mh
−1 is the exciton effec-

tive mass, being me and mh the electron and hole effective
mass, respectively�. Here, we overcome this problem by us-
ing aex values derived experimentally. In fact, we obtain the
expectation value of the electron-hole in-plane distance
squared, �xeh

2 +yeh
2 �= �reh

2 �, and hence the exciton Bohr radius
aex=��reh

2 � /�2 directly from the diamagnetic shift of the
free-exciton energy.6,8 This peak corresponds to the low-
energy component of the FE resonance in PLE because of
the relaxation processes favoring lower energy states. The
aex values are listed in Table I �the uncertainty on these val-
ues results in an uncertainty in the calculated values of w
equal to about 2%� along with the nominal and effective N
concentration of the studied samples and the hydrogen dose
to which the samples were exposed. The electron effective
mass values corresponding to these aex’s imply a composi-
tional dependence of me different from those discussed in
Ref. 17. In fact, our electron mass data show a sudden
change occurring for x�0.1%,6,8,31 a feature not reported by
the works mentioned in Ref. 17, and accounted for, instead,
by the model of Refs. 3 and 31. As for dEFE/dx, the depen-
dence of EFE on nitrogen concentration can be described by a
power-law

FIG. 2. Comparison between the photoluminescence �PL,
circles� and PL excitation �PLE, squares� spectra at T=10 K of: �a�
an untreated x=0.095% sample �PLE detection energy Edet

=1.472 eV�; �b� a hydrogenated x=0.095% sample resulting in an
effective N concentration xeff=0.076% �Edet=1.466 eV� 	�e ,C�-
GaAs in the PL spectrum indicates the free-electron to neutral-
carbon recombination in the GaAs buffer layer
; �c� a hydrogenated
x=0.095% sample resulting in an effective N concentration xeff

=0.001% �Edet=1.510 eV�. The result of a fit of the free-exciton
�FE� PLE band using two Gaussians is also shown �solid line�,
along with the FE light-hole �lh, dotted line� and heavy-hole �hh,
dashed line� components.
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EFE�x� = EFE
0 + Ax
, �2�

where EFE
0 is the energy of the FE in GaAs. By fitting Eq. �2�

to the values of EFE obtained from the PLE spectra, we ob-
tain in eV units EFE�x�=EFE

0 −16.2�x0.9, in good agreement
with the theoretical predictions of a value of 
 ranging be-
tween 0.66 and 0.89.2,32

The full width at half maximum values of the FE band
evaluated by Eq. �1� are compared in Fig. 3 with the experi-
mental values of w. The agreement between experiment �full
symbols� and theory �open squares� is quite good, both for
the as-grown �full circles� and the hydrogenated �full tri-

angles� samples.33 In the case of fully-hydrogenated samples
�xeff�0.001% �, the deviation from the theoretical predic-
tions is most likely due to other disorder sources, which are
not taken into account in Eq. �1�. Their contribution amounts
to about 1 meV as estimated from the PLE linewidth of the
FE in the GaAs buffer layer of the same samples.34 In Ref.
18, a configuration-related source of broadening due to an-
isotropic N-N interactions was invoked to give rise to addi-
tional broadening for x�0.2%. However, this feature is not
observed by us and we can then conclude that such mecha-
nism does not affect sizably our samples. The value of � that
best fits the experimental data shown in Fig. 3 is 0.38, very
close to the value of 0.41 estimated in Ref. 15 by a quantum
statistical approach. Finally, the small, abrupt “jump” occur-
ring in the FE linewidth at about x=0.1% is the signature of
a shrinking of aex, see Table I. This feature was well estab-
lished in previous papers and is due to a sudden change in
the electron effective mass value.6,8,31 The agreement we
found between the experimental observations and the predic-
tions of Eq. �1� provides strong evidence that nitrogen atoms
are randomly distributed in GaAs1−xNx for x�0.21%, a pre-
condition for the applicability of the model of Ref. 17, and
that the hydrogenation process does not affect severely the
randomicity of the N atom distribution. Therefore, H implan-
tation does not introduce structural defects in the host lattice
to such an extent as to largely affect the FE linewidth. Most
interestingly, hydrogenation decreases the FE linewidth, as
shown in Fig. 2 and reported in Table II, a sign of a sizably
diminished disorder in the sample. This result is fully con-
sistent with previous experimental findings and theoretical
calculations in GaAs1−xNx alloys. Indeed, x-ray absorption
fine structure measurements in GaAs1−xNx epitaxial layers
showed that the Debye-Waller factor �which measures the
static disorder induced by N incorporation in GaAs1−xNx� of
the Ga-As bond length gradually increases with increasing N
concentration, and it decreases back to the value character-
istic of GaAs in fully N passivated samples.20 On the theo-
retical side, first-principle calculations showed that hydroge-
nation of GaAs1−xNx causes the conduction band to
essentially recover the delocalized character and curvature it
has in a N-free GaAs lattice, in agreement with the experi-
mentally determined recovery of the GaAs electron effective
mass upon hydrogenation.8,31,35

B. Stokes shift analysis

In semiconductor alloys, the interplay between composi-
tional disorder and carrier thermalization strongly influences
the establishment of equilibrium conditions for free-ex-
citons.36–39 These processes are investigated here by an
analysis of the dependence of the Stokes Shift on the degree
of compositional disorder, as measured by the FE linewidth.
We already pointed out that the Stokes shift shown in Fig. 2
is due to the fact that free carriers relax towards states of
lower energy before they annihilate radiatively. Among the
number of physical phenomena involved in the relaxation
process, two main regimes were previously identified. In
highly disordered systems, excitons relax toward and are
trapped by local energy minima due to impurities or lattice

TABLE I. Values of the exciton Bohr radius, aex, for all the
samples studied in this paper, as obtained in Refs. 6 and 8 after
division by �2 to take into account the different definition between
the exciton Bohr radius and the in-plane extent of the exciton wave
function. The uncertainty on aex is reported in parentheses. The
nominal �x� and effective �xeff� N concentrations are also given for
each sample, along with the hydrogen dose �dH� to which the
sample was exposed.

x �%� dH �1018 ions/cm2� xeff �%� aex �nm�

0.043 0 0.043 8.70 �0.08�
0.043 2.0 0.039 8.73 �0.11�
0.043 5.6 �0.001 8.34 �0.07�
0.095 0 0.095 7.50 �0.08�
0.095 1.0 0.093 8.72 �0.09�
0.095 3.5 0.076 8.24 �0.16�
0.095 5.6 0.001 9.55 �0.10�
0.21 0 0.21 7.13 �0.10�

FIG. 3. Dependence of the experimental free-exciton linewidth
w �full symbols� on the effective nitrogen concentration xeff. Full
circles refer to as-grown samples and full triangles refer to the
hydrogenated samples. The theoretical predictions of Eq. �1� are
also shown in the figure �open squares; the dashed line is a guide to
the eye�. Notice that the lowest x value used in the theoretical
model is x=0.001%.
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defects.36,37 In this case, a linear relationship between SS and
the FE linewidth is found.36 When the disorder-induced
broadening of the excitonic DOS is comparable with the car-
rier thermal energy, instead, a thermal quasiequilibrium is
reached within the exciton population after exciton
relaxation.38,39 At low temperature �T=10 K� and for laser
moderate power densities �few W/cm2�, the thermal energy
is small �kBT=0.86 meV�. Therefore, a quasiequilibrium
condition can be reached only in systems with a low degree
of disorder. In this case, the PL intensity of the FE band is
roughly proportional to the excitonic DOS, namely, to the
absorption coefficient ��E�, properly weighted with a Boltz-
mann distribution function39,40

IPL�E� � ��E�e−E/kBTc. �3�

In quasiequilibrium conditions, the effective carrier tempera-
ture, Tc, greater than or equal to that of the lattice, can be

determined by an exponential fit of the ratio between the PL
spectrum and the absorption coefficient of the free-exciton.40

This fit is shown for the x=0.043% sample in Fig. 4, where
the ratio between the PL intensity, IPL�E�, and the PLE in-
tensity, IPLE�E�, displays an exponential dependence on en-
ergy with a Tc value �14.3 K� consistent with the nominal
lattice temperature �T=10 K�. This same procedure was used
to determine the value of Tc in all samples, both as-grown
and hydrogenated, thus showing that the exciton population
in all our samples reached thermal equilibrium conditions.

This result is further supported by the functional depen-
dence of the Stokes shift on the FE linewidth. In fact, an
analysis of Eq. �3� shows the existence of a simple relation-
ship between SS, w, and Tc whenever the broadening of the
excitonic band can be described by a Gaussian function,39

and quasithermalization rules the exciton distribution. In this
case

TABLE II. Values of the experimental FE linewidth, w, of the Stokes shift, SS, and of the effective carrier
temperature, Tc, for all the samples studied in this work. The uncertainty associated with the experimental
data is reported in parentheses. The nominal �x� and effective �xeff� N concentrations are also given for each
sample, along with the hydrogen dose �dH� to which the sample was exposed. Note that the different Tc

values are due to the different laser powers used for the different samples �T was kept at 10 K�.

x �%� dH �1018 ions/cm2� xeff �%� w �meV� SS �meV� Tc �K�

0.043 0 0.043 2.7 �0.3� 1.6 �0.2� 14.3 �0.5�
0.043 2.0 0.039 2.6 �0.5� 0.6 �0.2� 16.0 �0.7�
0.043 5.6 �0.001 1.1 �0.1� 0.5 �0.2� 12.3 �1.2�
0.095 0 0.095 3.7 �0.4� 1.1 �0.3� 25.5 �0.8�
0.095 1.0 0.093 3.5 �0.5� 1.7 �0.2� 13.8 �0.7�
0.095 3.5 0.076 3.0 �0.6� 1.3 �0.2� 14.3 �1.0�
0.095 5.6 0.001 1.5 �0.2� 1.0 �0.2� 12.3 �0.9�
0.21 0 0.21 6.1 �0.6� 2.7 �0.5� 27.9 �0.9�

FIG. 4. Ratio between the photoluminescence �PL� and PL ex-
citation �PLE� spectra of the sample with x=0.043% taken at 10 K
and with excitation power density Pex=3 W/cm2 �full diamonds,
right axis�. The dashed line is the result of a fit performed with the
Boltzmann distribution function �Tc=14.3 K�, see Eq. �3�. The PL
and PLE spectra used in this procedure are also shown �solid lines,
left axis�. PLE detection energy Edet=1.448 eV.

FIG. 5. Dependence of the product of the Stokes shift SS and
the carrier thermal energy kBTc on the experimental linewidth
squared w2. w values as derived from PLE, see text, are reported in
Table II. Full circles �triangles� refer to as-grown �hydrogenated�
samples. The dashed line gives the behavior described by Eq. �4�.
Data from Ref. 38 �empty squares� are also shown for comparison.
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SS kBTc = 0.18w2. �4�

In Fig. 5 the product SSkBTc is plotted as a function of w2 for
all samples �full symbols� together with the behavior pre-
dicted by Eq. �4� �dashed line�. The experimental linewidths
used are those shown in Fig. 3. The values of the Stokes shift
were obtained by PL and PLE spectra taken at constant tem-
perature �T=10 K�, while Tc was determined as discussed
above. The values of w, SS, and Tc used in Fig. 5 are listed
in Table II, along with their experimental uncertainties. The
quite good agreement between theory and experiment con-
firms the fundamental role played by thermalization in our
samples. Data taken from Ref. 38 and relative to
InxGa1−xAs/GaAs quantum wells are also shown in Fig. 5 as
an example of a random, virtual crystal approximationlike
alloy, which behaves according to the thermalization model.

IV. CONCLUSIONS

In summary, we have shown that a fully statistical model
for random alloys well describes the dependence of the FE

linewidth on nitrogen concentration in GaAs1−xNx, both as-
grown and irradiated with hydrogen. Therefore, as-grown
GaAs1−xNx can be treated as a random alloy with a very low
structural disorder, at least in the range of N concentration
less than or equal to 0.21%. In agreement with previous
structural measurements,20 crystalline order is largely recov-
ered upon irradiation with atomic hydrogen as demonstrated
by the sizable decrease in the FE band linewidth of hydro-
genated samples. Finally, the low degree of disorder in our
samples is confirmed by unambiguous evidence that the free-
exciton distribution after relaxation is ruled primarily by
thermalization.
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