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We have measured the near-band-gap absorption of GaAs1−xNx thin films with x,0.012. The spectra were
analyzed with a model which allows a precise determination of the band gap and of the width of the optical
transitions; the latter is found to increase, forx.0.002, well beyond what is expected in a III-V alloy.Ab initio
calculations were performed within the generalized-gradient approximation with the exchange-correlation
functional of Engel and Vosko[Phys. Rev. B47, 13164 (1993)]. They reveal that the band gap depends
markedly on nitrogen atomic configuration. The anomalous broadening of the intrinsic optical transitions thus
gives strong evidence for configuration-induced band-gap fluctuations.
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I. INTRODUCTION

Because of the high electronegativity and small size of
nitrogen, a partial replacement of arsenic with nitrogen has
profound effects on the electronic structure of GaAs.1,2 One
of the most striking properties of GaAsN alloys is a dramatic
reduction of the fundamental band gap.3–6 This behavior can
be reproduced by the band anticrossing(BAC) model7–9

which postulates that nitrogen generates resonant localized
states above the conduction band(CB) of GaAs. These dis-
persionless states interact with the extended states of the CB,
giving rise to two nonparabolic subbandsE− and E+ with
energies

E± = 1
2hfE0 + ENg ± ÎfE0 − ENg2 + 4xC2j, s1d

where E0 is the energy of the GaAs CB,EN is the bare
average energy of the nitrogen-induced states andC is the
hybridization matrix element. Equation(1) accounts well for
the composition dependence of the band gap of GaAsN al-
loys with EN=1.65 eV andC=2.7 eV at 300 K(Ref. 2) and
it can be incorporated in a tight-binding scheme to predict
the energy levels of GaAsN-based heterostructures.10 How-
ever, there still exists significant scatter between different
data sets or even within a given set as most of the reported
data were obtained using low-resolution absorption or modu-
lated reflectance techniques performed at temperatures above
80 K.

A somewhat different picture emerges from first-
principles calculations performed within the local density ap-
proximation(LDA )11–14as well as empirical pseudopotential
(EP) calculations.1,15–17It is found that the strong N-induced
perturbation of the host crystal mixes theG1c, L1c, andX1c
states and thus modifies the electronic properties of the alloy
with respect to GaAs. EP calculations also reveal the strength
and anisotropy of N-N interactions which generates localized
cluster states below the conduction band in the ultradilute
limit.17 These states partially control the low-temperature

emission properties of GaAsN1−xNx samples4,18–21 but their
impact on the intrinsic electronic properties of this unusual
semiconductor in the alloy regime is still a subject of debate.

Photoluminescence(PL) gives information on the optical
quality of semiconductors but low-temperature, near band
gap absorption experiments are better suited to provide a
deeper understanding of their intrinsic properties. This is be-
cause PL is very sensitive to extrinsic states created in the
band gap by impurities or defects and to the localized cluster
states mentioned above while the absorption coefficient is
directly coupled to the band gap joint density of states. We
present in this paper high-resolution, low temperature ab-
sorption spectra obtained from GaAs1−xNx thin films with
0.0004,x,0.012. The spectra were quantitatively analyzed
with a model which includes electron-hole correlations. We
find that the band edge broadens, forx.0.002, beyond what
is expected for a III-V alloy. This result is correlated toab
initio calculations which reveal that the anisotropic N-N in-
teractions play an important role in the band-gap shift down
to a nitrogen content as low as 0.01.

II. EXPERIMENTS

Pseudomorphic GaAs1−xNx thin films in the concentration
range 0.0004,x,0.012 were grown by low-pressure met-
alorganic vapor phase epitaxy on(001) oriented semi-
insulating GaAs substrates. Trimethylgallium, tertiarybuty-
larsine, and dimethylhydrazine were used as the gas sources
of Ga, As, and N, respectively. A 60 nm-thick GaAs buffer
layer was first grown on the substrate at 650°C, followed by
a 200 nm-thick GaAsN epilayer grown at either 550°C or
600°C. Further details on the growth procedure can be found
in Ref. 22. The composition and uniformity of the epilayers
were assessed with quantitative secondary ion mass spectros-
copy and the lattice parameter measured by high-resolution
x-ray diffraction. For all samples in our concentration range,
the layers were fully strained and their lattice parameters

PHYSICAL REVIEW B 70, 035315(2004)

0163-1829/2004/70(3)/035315(5)/$22.50 ©2004 The American Physical Society70 035315-1



varied according to elasticity theory and Vegard’s rule. The
absorption experiments were performed with the samples
mounted strain free in a helium flow cryostat and cooled to
8 K. The spectra were acquired using a Fourier transform
spectrometer with a resolution better than 0.5 meV. PL spec-
tra were also acquired using the same setup. The PL was
excited with a He-Ne laser at a power density of
250 mW cm−2.

The absorption coefficients for several samples are shown
in Fig. 1. An excitonic resonance which gradually broadens
with x can be observed up tox,0.007, where it can no
longer be distinguished from the absorption edge. As previ-
ously reported,18,20 the band-gap shift to lower energy is al-
ready present in the sample with the lowest concentrationx.
The near-gap PL spectra of the samples is also shown in Fig.
1. The main feature in the PL spectra is an emission band
with full width at half maximum(FWHM) ranging from 10
to 25 meV. We attribute this emission to band-to-neutral ac-
ceptor se,Ad0 transitions, although emission from excitons
trapped in near-edge localized states cannot be excluded for
the samples with high nitrogen content.

III. DISCUSSION

In order to extract quantitative information from the ab-
sorption spectra, electron-hole correlations must be taken
into account. The strength of these correlations is controlled
by the exciton binding energyR* =me4/ s32p2e2"2d, wherem
is the exciton reduced mass ande the permittivity. For direct
transitions between nondegenerate parabolic bands, the ab-
sorption coefficientas"vd takes the form23

a =
C

"vF2R*F1s"v − EXd +E
Eg

` F2s"v − Ed
1 − e−2p/Îz

dEG , s2d

where only the dominant 1s exciton state has been included.
In Eq. (2), z=sE−Egd /R* , EX=Eg−R* , C is a constant which

depends on the interband transition matrix elements, andF1
andF2 are line shape functions with unit surfaces. In binary
III-V semiconductors, the main broadening mechanism at
low temperature originates from impurity scattering and Eq.
(2) reproduces well the observed near-gap absorption coeffi-
cient with Lorentzian line shapes.24 In ternary alloys, com-
positional disorder on a microscopic scale also broadens the
transitions. For a zinc-blende random alloy, the broadening is
well described by a Gaussian with a full width at half-
maximum(FWHM) GG given by25

GG = 2Î2 ln 2F 3

16p
S a0

aB
D3

xs1 − xdG1/2U ] Eg

] x
U , s3d

whereaB=e2/ s8peR*d is the exciton Bohr radius anda0 is
the lattice constant.

Equation (2) does not fully apply to GaAsN layers on
GaAss001d because the difference in lattice parameters gives
rise to a tensile strain which lifts the degeneracy at theG
point between the heavy-holeshhd and light-holeslhd va-
lence bands. Using elasticity theory and materials parameters
linearly interpolated between those of GaAs and cubic
GaN,26 the energy shifts of the valence subbands can be
evaluated asdElh.2.6x eV anddEhh.1.0x eV. The effect
of a biaxial strain is however not limited to subband split-
ting: the strain also mixes thehhu 3

2 , 3
2l and lhu 3

2 , 1
2l states

which acquire anisotropic effective masses.27 Nevertheless,
in GaAss001d with biaxial tensile strain, the ratio of the os-
cillator stengths of thelh andhh transitions remains close to
the 1:3 ratio of the spin multiplicities.28

It follows that the absorption coefficient of our samples
should be modeled with Eq.(2) using two different sets of
parameters to independently reproduce thelh andhh transi-
tions. However, since the spectra plotted in Fig. 2 do not
show any evidence oflh-hh splitting, a simplified fitting
function is more appropriate:

FIG. 1. Absorption coefficienta and PL spectra of GaAs1−xNx

samples for different values ofx. The spectra have been shifted for
clarity and the PL intensities have been normalized. The arrows
indicate the energy position of the band-gap and electron-acceptor
transitionse,A0d in GaAs.

FIG. 2. Absorption coefficient(data points) of GaAs1−xNx as a
function of sE−Egd for three different concentrationsx. The solid
lines are fits to the data using Eq.(4). The dotted lines correspond to
the exciton and the continuum components of the absorption edge.
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a =
1

"vFA1Vs"v − EXd + A2E
Eg

` Gs"v − Ed
1 − e−2pz dEG , s4d

whereA1 and A2 are constants,V is a Voigt function with
Lorentzian and Gaussian FWHMGXL andGXG centered at an
energyEX, andG is a Gaussian lineshape with FWHMGG.
As shown in Fig. 2, Eq.(4) gives excellent fits to the experi-
mental data with the optimized parameters listed in Table I.
Because of the proximity of the GaAs epilayer absorption,
no information on the continuum edge could be extracted for
the sample withx=0.0004. Its exciton resonance was fitted
with a Lorenztian contributionGXL=3.0 meV. This value for
GXL was fixed for the other samples with no loss in the qual-
ity of the fits.R* is determined by the inverse of the slope of
the continuum edge aboveEg. Since Eq.(4) does not take
into account band nonparabolicity, the values ofR* are
approximative.29 In contrast, the values ofEg and GG are
determined with a good degree of precision since they de-
pend on the position and extent of the continuum edge tran-
sition.

Figure 3 shows the band-gap shiftDEg=Egs0d−Egsxd.
Even though the values are close to those calculated from the
BAC model[Eq. (1)], we observe that, forx.0.002, the data

points are linearly distributed with a slope]Eg/]x=−16 eV.
For x,0.001,DEg deviates from the linear dependence as
the data points converge towardsDEg=0 for x=0. A similar
trend at very low nitrogen content has been recently reported
by Taliercioet al. (Ref. 6).

Further information can be obtained from the values of
GG. First, these values are larger than the expectedlh-hh
splitting. Given the 1:3 ratio of the respective oscillator
strengths, this explains why thelh andhh transitions cannot
be resolved in our spectra. In order to follow variations in
materials characteristics as a function of nitrogen content, it
is best to introduce a normalized Gaussian broadening,

gG =
GG

Îxs1 − xd
U ] Eg

] x
U−1

=Î3 ln 2

2p
S a0

aB
D3/2

. s5d

The data points in Fig. 4 showgG for our samples. In dilute
conventional III-V alloys,gG is nearly constant. Its value in
the limit x→0, which can be evaluated using Eq.(5) with
e=12.5e0 andR* =4.2 meV,24,26 is depicted as a dashed line
in Fig. 4. As can be seen, the experimental values are close to
the expected one for the samples withxø0.001, but a sharp
threefold increase occurs atx,0.002.

Assuming the validity of Eq.(5) for the full composition
range of our samples, the exciton reduced massm can be
evaluated from the definition of the Bohr radiusaB. We find
m.0.04m0 for the sample withx=0.001 andm.0.09m0
for the samples with a larger nitrogen content, wherem0 is
the free electron mass. The former value is close to that of
pure GaAss0.05m0d while the latter agrees well with a value
of 0.1 m0 in an InGaAsN sample with 1% nitrogen, deducted
from PL linewidth measurements.30 The related change in
CB effective mass cannot however be easily deducted from
the PL linewidth broadening since, as pointed out by Senger
and Bajaj(Ref. 31), the exact nature of the radiative centers
is not known. On the other hand, the same hole contributions
to the exciton reduced mass as in GaAs is expected for the
conduction to valence-band transitions involved in absorp-
tion measurements. The rise ofgG at x,0.002 would then
imply an abrupt fourfold increase ofme

* , a very unlikely sce-

TABLE I. Values of the parameters used to fit the absorption
coefficients with Eq.(4). GXL was maintained fixed at 3 meV for all
samples.

EX GXG Eg GG R* dElh−dEhh

x (eV) (meV) (eV) (meV) (meV) (meV)

0.0004 1.501 ,2 1.505a 0.7

0.0010 1.482 4 1.486 3.1 .4 1.5

0.0018 1.464 5 1.466 6.8 1.6 2.9

0.0019 1.462 9 1.466 9.9 1.8 3.0

0.0043 1.425 10 1.426 15 2.3 6.9

0.0072 1.374 25 1.376 16 1.4 12

0.0119 1.292 18 1.302 21 1.6 19

aObtained by settingR* =4.2 meV(Ref. 24).

FIG. 3. Experimental band-gap shiftDEg=Egs0d−Egsxd as a
function of nitrogen concentrationx. The solid line is a linear fit to
the data points forx.0.0018 and the dashed line corresponds to the
BAC model [Eq. (1)].

FIG. 4. Normalized gaussian broadeninggG as a function of
nitrogen concentrationx. The point atx=0.0004 is an estimate ob-
tained fromGXG. The dashed line givesgG obtained from Eq.(5)
with a value foraB equal to that of GaAs.
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nario! A significant departure from full randomness could
also enhance the broadening but there is yet no evidence for
such a departure at a low nitrogen content.32 The validity of
Eq. (5) must thus be questioned as another broadening
mechanism than compositional fluctuations is probably in-
volved.

In an attempt to identify this mechanism, we have under-
takenab initio band-structure calculations within the density
functional theory (DFT) approach. We started with the
ABINIT code,33 which uses the planewave pseudopotential
method within the local density approximation for the
exchange-correlation(XC) functional. Full geometry optimi-
zation was performed for a simple GaAs structure as well as
for four supercells with different lattices and nitrogen con-
tents, as described in Table II. We then refined our calcula-
tions by using the generalized gradient approximation with
the XC functional proposed by Engel and Vosko34 (EV-
GGA) to obtain the electronic properties of the LDA-relaxed
structures. These calculations were performed with the
WIEN2K code which is a full-potential linearized augmented
planewave method and therefore has the further advantage of
not using pseudopotentials. The EV-GGA functional im-
proves significantly the values of the band gap for GaAsN:
the 54-atom system remains a semiconductor when its band
gap is calculated with the EV-GGA while it is already me-
tallic within the LDA. Furthermore, the EV-GGA gives an
electron effective band mass close to the experimental one35

while it is several times too small when calculated within the
LDA.14 We also included spin-orbit coupling which allows
the determination of the light-hole masses.

The main results of the calculations are summarized in
Table II and Fig. 5. As expected, the calculated effective
masses of pure GaAs are close to the experimental values. As
the N content increases, the valence band masses are left
unchanged except for the supercell with the highest nitrogen
content while the CB effective mass increases according to
the predictions of the BAC model8 up to x=0.016 and then
decreases. The decrease at high nitrogen content may be due
to the fact that the calculated band gaps are lower than the
experimental ones, resulting in stronger interactions between
conduction and valence bands. Nevertheless, our calculations
show that the band masses do not change sufficiently to ac-
count for the observed increase ofgG at x,0.002.

As for the band-gap shiftDEg, it not only depends onx
but also on supercell lattice:DEg is significantly higher when
the nitrogen atoms are ordered along thek110l directions
(fcc lattice) than along thek100l directions(sc lattice). An-

isotropic N-N interactions have already been previously re-
ported for very low concentrations13,17 and for nitrogen
chains at very short distances.16 Our ab initio calculations
further reveal that they also play an important role in the
band-gap shift of ordered GaAsN. In a disordered alloy, con-
figuration variations which inevitably occur on a scale of the
order of the exciton Bohr radius will induce band-gap fluc-
tuations which must be added to those induced by composi-
tion fluctuations. Anisotropic N-N interactions thus consti-
tute a mechanism which can explain the observed anomalous
broadening of the optical transitions. The sharp rise ofgG
which happens atx,0.002 can then be interpreted as a tran-
sition from isolated to interacting nitrogen atoms.

IV. CONCLUSIONS

In conclusion, an in-depth analysis of the low-temperature
absorption spectra of GaAs1−xNx samples indicate that, for
x.0.002, the near band-gap intrinsic transitions are much
broader than expected for a conventional III-V alloy. In par-
allel, ab initio calculations performed with up to 216-atom
supercells show that the GaAsN band gap strongly depends
on the supercell lattice. Even though the calculations de-
scribe ordered crystals, they reveal that strong nitrogen-
nitrogen interactions still occur in structures with a nitrogen
content as low as 1%. We thus conclude that large
configuration-induced band-gap fluctuations generate the ob-
served anomalous broadening. These results highlight new
important properties of GaAsN compounds which are not
taken into account by macroscopic descriptions such as the
band anticrossing model.
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TABLE II. Calculated band-gap shifts and effective masses in
ordered GaAsN.

Supercell size Eg me
*

x and lattice (eV) EV-GGA BAC mhh
GX mlh

GX

0 1.17 0.068 0.067 0.34 0.083

0.0093 216-sc 0.92 0.088 0.096 0.34 0.083

0.0156 128-fcc 0.73 0.097 0.101 0.34 0.083

0.0313 64-sc 0.69 0.087 0.109 0.34 0.082

0.0370 54-fcc 0.30 0.077 0.110 0.35 0.062

FIG. 5. Calculated band-gap shiftDEg=Egs0d−Egsxd as a func-
tion of nitrogen concentrationx. The solid line corresponds to the
BAC model [Eq. (1)].
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