
PHYSICAL REVIEW B 69, 155210 ~2004!
Tight-binding model for the x-ray absorption and emission spectra of dilute GaNxAs1Àx
at the nitrogen K edge
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X-ray absorption and fluorescence spectra have been measured at the nitrogenK edge of dilute GaNxAs12x

alloys. The x-ray spectra are in good agreement with ansp3s* tight-binding model in which nitrogen is
included in a supercell configuration and the disorder in the nitrogen distribution is neglected. A strong peak in
the x-ray absorption spectrum is interpreted as a nitrogen resonant state in the conduction band rather than as
an electron-hole exciton. The tight-binding calculation is also in good agreement with the observed nitrogen
concentration dependence of the optical band gap.
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The dilute nitride alloys GayIn12yNxAs12x and
GaNxAs12x have attracted considerable attention recen
due to the promising applications of GaInNAs quantum w
structures in 1.3 and 1.55mm semiconductor lasers.1 Al-
though N is isoelectronic with As, because of the large d
ferences in the size and electronegativity of the two atoms
behaves in many respects as an impurity rather than an
loying element.2 For example, there is a strong resonan
near the bottom of the conduction band associated with
atoms in dilute GaNAs, and N clusters are believed to fo
bound states in the optical band gap.3 Furthermore low ni-
trogen concentrations have an anomalously large effec
the band gap. Forx,0.01, the reduction in the band ga
associated with N alloying is more than 103 greater than the
effect of adding a comparable amount of In. This anomal
composition dependence of the band gap can be expla
remarkably well by a tight-binding model which neglects t
effects of disorder.4 On the other hand in order to explain th
electronic states near the band edges observed by photo
nescence, for example, it is necessary to include the eff
of the random distribution and clustering of the nitrogen.2 In
this paper we show that the tight-binding model in which t
disorder is neglected also explains the x-ray emission
absorption spectra at the NK edge for dilute GaNAs alloys
These experiments are sensitive to electronic structure in
vicinity of the N atoms, deep in the conduction and valen
bands.

The x-ray absorption and emission experiments were
formed on GaNAs epitaxial films grown by elemental sou
molecular-beam epitaxy~MBE! on ~100! GaAs substrates
with a radio frequency plasma discharge source for activa
nitrogen.5 The output of the plasma source was baffled
block the line of sight to the discharge and suppress the
flux. The source was operated with pure N2 without a carrier
gas. The films were grown at 400–450 °C with thicknes
in the 100–300 nm range, so as to be sufficiently thin
avoid strain relaxation through misfit dislocation formati
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yet sufficiently thick to absorb the incident x rays. The
content was obtained by x-ray diffraction calibrated with se
ondary ion mass spectrometry measurements on
samples.

X-ray absorption ~XAS! and emission spectroscop
~XES! measurements were carried out at the undulator be
line 8.0 of the Advanced Light Source employing a soft x-r
fluorescence endstation.6 The N K-edge emission spectr
were obtained with a 600 lines/mm diffraction grating pr
viding an energy resolution of 0.6 eV. The absorption spec
were obtained by varying the excitation energy and mea
ing the total fluorescence yield by integrating the output
the XES spectrometer across the 390–397 eV N emis
band.

FIG. 1. ~Color online! N K-edge absorption and emission spe
tra for a GaN0.02As0.98 sample. The energy scales for the absorpt
and emission spectra are aligned with the aid of the elastic p
associated with diffuse scatter in the x-ray emission spectrum.
dashed lines are the smoothed N 2p densities of states as discuss
in the text. The model curves are smoothed with Lorentzian
Gaussian broadening functions with FWHM’s of 0.143 and 0.6
respectively, to simulate the core hole lifetime~Ref. 10! and experi-
mental resolution.
©2004 The American Physical Society10-1



tra
-

-

fs
th
in
k
th
ion

ct
tra
p-
ive
3
N

na
d
rl
in

si
he
al
n
c

fa
th

e
he
th
c

na
o

-
af
i

b
e
n
e
is

t n
rt
t

a
ic

s
en
m
ls

rac-
rge
uc-
al-

s.
a

is
the
the
and
r to
loy
ix
ize
In

r

eir
ters

do-
m

ugh
the
Ini-

r

E. NODWELL et al. PHYSICAL REVIEW B 69, 155210 ~2004!
Figure 1 shows NK-edge absorption and emission spec
for a GaNxAs12x sample withx50.02. The absorption spec
trum is similar to the results of Lordi.7 The N emission spec
trum is similar to the results of Strocov,8 except that the
resolution is somewhat higher in our experiments~0.6 eV vs
;1.4 eV). The absorption and emission spectra are of
for clarity but their energy scales are aligned by matching
elastic peak in the XES spectrometer with the correspond
energy in the x-ray absorption spectrum. The elastic pea
caused by diffuse x-ray scattering from the surface of
film. In the x-ray emission spectrum shown, the excitat
energy was set at the peak in the absorption spectrum
maximize the signal. Similar absorption and emission spe
were obtained for seven different samples with N concen
tions ranging from 0.5% to 2% with intensity scaling a
proximately proportional to the N concentration. The relat
height, position, and shape of the two peaks at 393 and
eV do not differ for the different N concentrations. A weak
signal was observed with a N concentration as low as 0.02%
but the spectrum could not be resolved due to low sig
levels. This XES signal is likely dominated by surface a
sorbed N2 since the measured signal did not scale linea
with N content. At 402 eV, the x-ray penetration depth
GaAs is 129 nm at normal incidence9 or 92 nm at 45°.
Therefore residual adsorbed nitrogen could contribute a
nificant fraction of the total N fluorescence signal for t
lowest doped sample. The fact that the emission signal sc
with the measured N content for the higher N conte
samples indicates that the contribution of the adsorbed N
be neglected in the emission spectrum in Fig. 1. The sur
N could be removed by heating the samples, although
was not done.

Emission spectra were excited with various photon en
gies in the vicinity of the absorption edge including at t
small shoulder at 401.2 eV, the main peak at 402 eV, and
secondary features at 404 eV and 407.5 eV. No differen
were observed in the emission spectra indicative of reso
inelastic-scattering phenomena, contrary to earlier work
GaNAs and GaN~Refs. 8 and 11!. The absorption and emis
sion spectra were measured on samples before and
rapid thermal annealing at 850 °C for 60 s. Annealing
known to improve the electronic properties. We were una
to detect any differences in the absorption or emission sp
tra after annealing. Similar to the emission spectra,
change in the shape of the absorption spectra was observ
lower N content, although the intensity and signal to no
ratio were smaller.

The N Ka emission is caused by 2p→1s dipole transi-
tions and is therefore sensitive to the occupied N 2p states.
As the final state contains a hole in the valence band bu
core hole, one can expect that the spectra reflect the pa
density of states for the ground-state configuration owing
the final state rule.12

The x-ray fluorescence and absorption measurements
compared with a tight-binding calculation of the electron
structure of GaNxAs12x . The tight-binding technique wa
used for these calculations as it is known to give excell
agreement with the valence-band structure in covalent se
conductors. The lower part of the conduction band a
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agrees with the calculations when second neighbor inte
tions are included, and it is relatively easy to compute la
supercells with this technique. The tight-binding band str
ture was calculated for various size supercells. Typical c
culations were carried out with a 33333 supercell of con-
ventional zincblende unit cells for a total of 216 atom
Substitution of N into a single As site is thus equivalent to
N atom concentration ofx50.009. A so-calledsp3s* Hamil-
tonian is used, which accounts for the partially filleds andp
orbitals (4s, 4p in the case of Ga and As; 2s, 2p for N!, as
well as the next-highest orbital, an emptys orbital (5s and
3s, respectively!. Spin-orbit effects are neglected. With th
combination of orbitals an excellent fit can be obtained to
valence band of GaAs and GaN as well as the bottom of
conduction band. We parametrized both nearest-neighbor
next-nearest-neighbor overlap integrals. However in orde
keep the number of parameters small, we emp
Harrison’s13 original suggestion for universal overlap matr
elements, with the modification of a prefactor for atom s
for nitrogen, following Ref. 4, because of its small size.
this scheme the overlap matrix element is

Vll 8m
1,2

5Ch l l 8m
1,2 \

md2
, ~1!

whereC is the prefactor for atom size, non-unity only fo
bonds involving a nitrogen atom; the coefficienth is depen-
dent only on the orbitals participating in the bond and th
symmetry, and not on the atom species. The parame
shown in Table I were obtained from a best fit to a pseu
potential determination of the band structure of GaAs fro
Ref. 14. The fits to the band structure were obtained thro
an iterative thermal annealing algorithm and match
pseudopotential valence-band structure to within 0.2 eV.

TABLE I. Parameters used in the tight-binding model.

Orbital energies«(eV)
s p s*

Ga 26.943 0.000 4.660
As 210.356 21.589 4.037
N 217.465 24.262 21.400

Overlap coefficientsh l l 8m
1,2

Nearest Next-
neighbor nearest neighbo

s-s-s 21.786 0.588
s-s*-s 20.494 20.637
s*-s*-s 0.606 20.532
s-p-s 21.418 0.407
s*-p-s 0.046 21.201
p-p-s 2.915 0.671
p-p-p 20.659 20.276

Atom size factorC
N 0.875
0-2
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tial values for the nitrogen levels were obtained by a fit to
band structure of wurzite GaN.15 The N p and s* (2p and
3s) levels were further tuned as discussed below.

The total density of states is shown in Fig. 2 for the b
fit to the GaAs band structure. Also plotted in this figure
the density of states obtained by smoothing the calcula
valence-band density of states with Lorentzian and Gaus
functions with full widths at half maximum~FWHM! of 0.6
and 0.55 eV, respectively, along with a GaAs valence-b
x-ray photoemission spectrum.16 Note the good agreemen
between the calculated density of states and the x-ray ph
emission spectrum. In comparing the XES spectrum for G
NAs with the photoemission spectrum of GaAs, notice t
the lower peak in the photoemission is absent in the X
spectrum and the energy positions of the two upper peaks
somewhat different in the two different experimental spec

The partial density of states from the tight-binding calc
lation is shown in Fig. 3 for N on Ga and As sites. We a
show the N 2s and 3s partial densities of states. The N 2p
partial density of states shown in Fig. 3~c! is replotted in Fig.
1 and shows excellent agreement with the experimental X
data. The smoothed N 2p partial density of states in Fig. 3~c!
was found to be insensitive to N concentration for N conc
trations between 0.8% and 3%.

There are a number of notable features in the calcula
partial densities of states. There is almost no N 2p character
to the lower part of the valence band for N on the As site
agreement with the experimental XES data. For N on b
the As and Ga sites the majority of the weight for the Ns
orbital is in a bound state below the bottom of the valen
band. This shows up in the calculation as ad-function-like
vertical line near216 eV. This bound state should be o
servable by photoemission spectroscopy although there
be interference from the Ga 3d orbital which is in the same
energy range. For N on the Ga site the tight-binding cal
lation predicts that there are bound states in the gap betw
the two parts of the valence band and in the optical band g
These results show that the partial density of states~and XES

FIG. 2. ~Color online! GaAs density of states calculated fro
the tight-binding model~thin, dashed!. The solid line is the valence
band density of states smoothed using Lorentzian and Gaus
broadening functions with FWHM’s of 0.6 and 0.55 eV, respe
tively. The heavy dashed line is an experimental photoemiss
spectrum for GaAs from Ref. 16.
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spectrum! is sensitive to the N site. The bottom of the co
duction band hass symmetry as expected. About 1 eV abo
the bottom of the conduction band for N on the As site th
is a strong peak in the density of states with 2p symmetry.
The position of this peak is in good agreement with t
strong peak observed in the x-ray absorption spectrum
shown in Fig. 1. The weak low-energy shoulder at 401.2
in the experimental x-ray absorption spectrum may be du
absorption into thes states at the bottom of the conductio
band located on neighboring atoms, for which the dip
selection rule does not apply.

The shape of the N 2p density of states in the valenc
band is sensitive to the energy of the N 2p orbital. In Figs. 1
and 3 the N 2p energy has been optimized to give a best
to the experimental XES spectrum. On the other hand
position of the peak in the N 2p density of states near th
bottom of the conduction band for N on an As site is re
tively insensitive to the energy of the N 2p orbital. Decreas-
ing the energy of the N orbitals by 1 eV to mimic the effe
of the N 1s core hole in the final state of the XAS onl
slightly modified the intensity of the peak in the N 2p den-
sity of states and had little effect on its energy positi
~shifted down 0.12 eV!. The agreement between the expe
ment and the model suggests that the large peak in th
K-edge absorption is due to a N-related resonance in
lower part of the conduction band and is not an excito
bound state.

The energy for the N 3s orbital was obtained from experi
mental data for the concentration dependence of the op
band gap as shown in Fig. 4. Experimental data from R
17, as well as photoluminescence measurements on
GaNxAs12x samples in a narrower concentration range,

ian
-
n

FIG. 3. ~Color online! ~a! N 2s and N 3s partial densities of
states calculated from the tight-binding model with the parame
in Table I. The bottom two panels are the N 2p partial densities of
states for N on~b! a Ga site and~c! an As site. The solid curves ar
smoothed versions obtained by convolving the density of sta
with Lorentzian and Gaussian broadening functions as in Fig. 1
0-3
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shown. Comparable concentrations were obtained with
tight-binding model using supercells varying in size fro
23232 to 53535 conventional unit cells, containing be
tween 1 and 4 nitrogen atoms. Nitrogen atoms were pla
maximally separated at anion sites along@111#. In the tight-
binding fit the only adjusted parameter was the energy of
N 3s orbital, with all other parameters obtained from the
to the GaAs band structure and the XES spectrum as
cussed above and listed in Table I. The agreement with

*Also at Department of Electrical and Computer Engineering, U
versity of British Columbia.
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experimental data is excellent. A similar result was repor
earlier in Ref. 4. The circles are photoluminescence meas
ments from GaNAs samples prepared in a similar way to
sample in Fig. 4. The tight-binding model is conceptua
similar to the band anticrossing model in which one tak
into account the effect of nitrogen by adding an addition
orbital which couples to the bulk GaAs bands while negle
ing disorder.18,19 The energy of the N 3s orbital has only a
small effect on the N 2p density of states in the valenc
band.

To summarize, we present soft x-ray absorption and em
sion measurements at the NK edge on MBE grown
GaNxAs12x with N contentx from 0.5% to 2.2%. An excel-
lent fit to the experimental data is obtained with a tigh
binding model in which the random N distribution is sim
lated with an ordered distribution using a supercell approa
No changes in the shape of the spectra were observed
function of N content or thermal annealing. The excelle
agreement between the model and the experiments is
markable given that the randomness in the N distribution
neglected. In our model the large peak in the NK-edge ab-
sorption is due to a N 2p resonance near the bottom of th
conduction band and is not excitonic in origin.
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