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Tight-binding model for the x-ray absorption and emission spectra of dilute GaNAs; _,
at the nitrogen K edge
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X-ray absorption and fluorescence spectra have been measured at the ritredgs of dilute GalAs; _,
alloys. The x-ray spectra are in good agreement withspfs* 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 Ggan, (N,As; , and yet sufficiently thick to absorb the incident x rays. The N
GaNAs,_, have attracted considerable attention recentlycontent was obtained by x-ray diffraction calibrated with sec-
due to the promising applications of GalnNAs quantum wellondary ion mass spectrometry measurements on test
structures in 1.3 and 1.58m semiconductor lasersAl- samples.
though N is isoelectronic with As, because of the large dif- X-ray absorption (XAS) and emission spectroscopy
ferences in the size and electronegativity of the two atoms, NXES) measurements were carried out at the undulator beam-

behaves in many respects as an impurity rather than an dine 8.0 of the Advanced Light Source employing a soft x-ray

loying element For example, there is a strong resonanceivorescence endstatidnThe N K-edge emission spectra

near the bottom of the conduction band associated with NY€'® obtained with a 600 lines/mm diffraction grating pro-

atoms in dilute GaNAs, and N clusters are believed to formviding an energy resolution of 0.6 eV. The absorption spectra

bound states in the optical band gapurthermore low ni- were obtained by varying th_e excitation energy and measur-
trogen concentrations have an anomalously large effect c)lng the total fluorescence yield by integrating the output of

S e XES spectrometer across the 390—-397 eV N emission
the band gap. Fok<<0.01, the reduction in the band gap P

associated with N alloying is more than2Qyreater than the band.
effect of adding a comparable amount of In. This anomalous L R R
composition dependence of the band gap can be explained XES, XAS
remarkably well by a tight-binding model which neglectsthe 3§ |~~~ N, DOS
effects of disordet.On the other hand in order to explain the
electronic states near the band edges observed by photolumi-
nescence, for example, it is necessary to include the effects
of the random distribution and clustering of the nitrogdn.
this paper we show that the tight-binding model in which the
disorder is neglected also explains the x-ray emission and
absorption spectra at the Kl edge for dilute GaNAs alloys.
These experiments are sensitive to electronic structure in the
vicinity of the N atoms, deep in the conduction and valence i I R
bands. 380 390 400 410

The x-ray absorption and emission experiments were per- Energy (eV)
formed on GaNAs e.pitaxial films grown by elemental source FIG. 1. (Color onling N K-edge absorption and emission spec-
m.olecularjbeam epitaxyMBE) O_n (100 GaAs substrat.es tra for a GaN o,ASy 95 SaMple. The energy scales for the absorption
with a ra5d|0 frequency plasma discharge source for activatedny emission spectra are aligned with the aid of the elastic peak
nitrogen” The output of the plasma source was baffled toagsaciated with diffuse scatter in the x-ray emission spectrum. The
block the line of sight to the discharge and suppress the i0gashed lines are the smoothed N @ensities of states as discussed
flux. The source was operated with purg Without a carrier i the text. The model curves are smoothed with Lorentzian and
gas. The films were grown at 400—450 °C with thicknessesaussian broadening functions with FWHM'’s of 0.143 and 0.6 eV,
in the 100—300 nm range, so as to be sufficiently thin torespectively, to simulate the core hole lifetirfiRef. 10 and experi-
avoid strain relaxation through misfit dislocation formation mental resolution.
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Figure 1 shows NK-edge absorption and emission spectra TABLE I. Parameters used in the tight-binding model.
for a GaNAs; _, sample withx=0.02. The absorption spec- : :
trum is similar to the results of LordiThe N emission spec- ©Orbital energies:(eV)

trum is similar to the results of Stroc8vexcept that the S P s
resolution is somewhat higher in our experime(@$ eV vs 5, —6.943 0.000 4.660
~1.4 eV). The absorption and emission spectra are offsefg ~10.356 — 1589 4.037
for clarity but their energy scales are aligned by matching the _17.465 4962 —1.400
elastic peak in the XES spectrometer with the corresponding

energy in the x-ray absorption spectrum. The elastic peak i - 12

causge)é by diffuseyx-ray spcatteril|319 from the surface pof theﬁ)verlap coefficientsy,

film. In the x-ray emission spectrum shown, the excitation N.earest NeXt',
energy was set at the peak in the absorption spectrum to neighbor — nearest neighbor
maximize the signal. Similar absorption and emission spectra.s.. —1.786 0.588
were obtained for seven different samples with N concentrag_«_, —0.494 —0.637
tions ranging from 0.5% to 2% with intensity scaling ap- g+_gx_ 0.606 —0.532
proximately proportional to the N concentration. The relatives_p_a —1.418 0.407
height, position, and shape of the two peaks at 393 and 399_p_0 0.046 1201
eV do not differ for the different N concentrations. Aweak N p-p-c 2915 0.671
signal was observed wvhita N concentration as low as 0.02% _0'659 0 '276
but the spectrum could not be resolved due to low signaP_p-ﬂ ' '
levels. This XES signal is likely dominated by surface ad-Atom size factorC

sorbed N since the measured signal did not scale linearly 0.875

with N content. At 402 eV, the x-ray penetration depth in
GaAs is 129 nm at normal incideniter 92 nm at 45°.

Therefore residual adsorbed nitrogen could contribute a Sigégrees with the calculations when second neighbor interac-

Irg:c;vceirt]t dgaggosnarzf ltgeTLoet?;Cl\tl t;c:;?trﬁg%en?icsiic?ﬂ?lntac?rs::g?eti ns are included, and it is relatively easy to compute large
P pe. Y Supercells with this technique. The tight-binding band struc-

with the measured N content for the higher N conten : . .
samples indicates that the contribution of the adsorbed N cat\ture was calculated for various size supercells. Typical cal

be neglected in the emission spectrum in Fig. 1. The surfac&""’lt'ons were carried out with 3 supercell of con

. “Fentional zincblende unit cells for a total of 216 atoms.
N could be removed by heating the samples, although thl%ubstitution of N into a single As site is thus equivalent to a

was npt QOne. . . . N atom concentration of=0.009. A so-calledp>s* Hamil-
Emission spectra were excited with various photon ener:

gies in the vicinity of the absorption edge including at thetonlan Is used, which accounts for the partially fillgdndp

small shoulder at 401.2 eV, the main peak at 402 eV, and thgrbltals (%, 4p in Fhe case O.f Ga and Ass2 2_p for N), as
secondary features at 404 eV and 407.5 eV. No differencewe” as the_next-hlg_hest c_>rb|tal, an emptprbital (5s _and .
were observed in the emission spectra indicative of resonaﬁg}nr;igfigivgpgrﬁﬁ;};ogg'teizrgﬁésnﬁrifcgigéeecgi(:émtg t:)h!c?]e
inelastic-scattering phenomena, contrary to earlier work O lence band of GaAs and GaN as well as the bottom of the

GaNAs and GaNRefs. 8 and 111 The absorption and emis- . X .
sion spectra were measured on samples before and aft(é?nductmn band. We parametrized both nearest-neighbor and

rapid thermal annealing at 850°C for 60 s. Annealing isnext-nearest-nelghbor overlap integrals. However in order to

known to improve the electronic properties. We were unabl keep the number of parameters small, we employ
' Harrison'd? original suggestion for universal overlap matrix

to detect any differences in the absorption or emission Spe(%—:-'Iements, with the modification of a prefactor for atom size

tra after annealing. Similar to the emission spectra, NQ - nitrooen. followina Ref. 4. because of its small size. In
change in the shape of the absorption spectra was observed gen, g L '

lower N content, although the intensity and signal to noiset Is scheme the overlap matrix element is
ratio were smaller.
The N Ka emission is caused byp2-1s dipole transi- vi2 b2 i 1)
tions and is therefore sensitive to the occupied pNs2ates. lrm =7 ™’
As the final state contains a hole in the valence band but no
core hole, one can expect that the spectra reflect the partiathere C is the prefactor for atom size, non-unity only for
density of states for the ground-state configuration owing tdonds involving a nitrogen atom; the coefficienis depen-
the final state rulé? dent only on the orbitals participating in the bond and their
The x-ray fluorescence and absorption measurements asgmmetry, and not on the atom species. The parameters
compared with a tight-binding calculation of the electronicshown in Table | were obtained from a best fit to a pseudo-
structure of GaljAs; ,. The tight-binding technique was potential determination of the band structure of GaAs from
used for these calculations as it is known to give excellenRef. 14. The fits to the band structure were obtained through
agreement with the valence-band structure in covalent seman iterative thermal annealing algorithm and match the
conductors. The lower part of the conduction band alsgpseudopotential valence-band structure to within 0.2 eV. Ini-
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FIG. 2. (Color online GaAs density of states calculated from 0.04 | Stesthed
the tight-binding mode(thin, dashed The solid line is the valence- B6E
band density of states smoothed using Lorentzian and Gaussian :
broadening functions with FWHM’s of 0.6 and 0.55 eV, respec- o J T S I B
tively. The heavy dashed line is an experimental photoemission -15 -10 5 0 5

spectrum for GaAs from Ref. 16. Energy (eV)

. . . . FIG. 3. (Color online (a) N 2s and N 3 partial densities of
tial values for the nitrogen levels were obtained by a fit to thesiates calculated from the tight-binding model with the parameters
band structure of wurzite GaN.The Np ands* (2p and iy Table I. The bottom two panels are the I partial densities of
3s) levels were further tuned as discussed below. states for N or(b) a Ga site andc) an As site. The solid curves are
The total density of states is shown in Fig. 2 for the bestsmoothed versions obtained by convolving the density of states
fit to the GaAs band structure. Also plotted in this figure iSwith Lorentzian and Gaussian broadening functions as in Fig. 1.
the density of states obtained by smoothing the calculated
valence-band density of states with Lorentzian and Gaussiaspectrum is sensitive to the N site. The bottom of the con-
functions with full widths at half maximuntFWHM) of 0.6  duction band has symmetry as expected. About 1 eV above
and 0.55 eV, respectively, along with a GaAs valence-bandhe bottom of the conduction band for N on the As site there
x-ray photoemission spectruth.Note the good agreement is a strong peak in the density of states with & mmetry.
between the calculated density of states and the x-ray photd-e position of this peak is in good agreement with the
emission spectrum. In comparing the XES spectrum for Gastrong peak observed in the x-ray absorption spectrum, as
NAs with the photoemission spectrum of GaAs, notice thatshown in Fig. 1. The weak low-energy shoulder at 401.2 eV
the lower peak in the photoemission is absent in the XESn the experimental x-ray absorption spectrum may be due to
spectrum and the energy positions of the two upper peaks aebsorption into thes states at the bottom of the conduction
somewhat different in the two different experimental spectraband located on neighboring atoms, for which the dipole
The partial density of states from the tight-binding calcu-selection rule does not apply.
lation is shown in Fig. 3 for N on Ga and As sites. We also The shape of the N |2 density of states in the valence
show the N 2 and 3 partial densities of states. The N2 band is sensitive to the energy of the N @rbital. In Figs. 1
partial density of states shown in FigcBis replotted in Fig. and 3 the N ® energy has been optimized to give a best fit
1 and shows excellent agreement with the experimental XE$ the experimental XES spectrum. On the other hand the
data. The smoothed N2partial density of states in Fig(& position of the peak in the N2 density of states near the
was found to be insensitive to N concentration for N concenbottom of the conduction band for N on an As site is rela-
trations between 0.8% and 3%. tively insensitive to the energy of the No2rbital. Decreas-
There are a number of notable features in the calculatethg the energy of the N orbitals by 1 eV to mimic the effect
partial densities of states. There is almost noNcharacter of the N 1s core hole in the final state of the XAS only
to the lower part of the valence band for N on the As site, inslightly modified the intensity of the peak in the Nb 2len-
agreement with the experimental XES data. For N on botlsity of states and had little effect on its energy position
the As and Ga sites the majority of the weight for the 8l 2 (shifted down 0.12 e}/ The agreement between the experi-
orbital is in a bound state below the bottom of the valencement and the model suggests that the large peak in the N
band. This shows up in the calculation agdunction-like  K-edge absorption is due to a N-related resonance in the
vertical line near—16 eV. This bound state should be ob- lower part of the conduction band and is not an excitonic
servable by photoemission spectroscopy although there mdyound state.
be interference from the Gad3orbital which is in the same The energy for the N 8orbital was obtained from experi-
energy range. For N on the Ga site the tight-binding calcumental data for the concentration dependence of the optical
lation predicts that there are bound states in the gap betwedrand gap as shown in Fig. 4. Experimental data from Ref.
the two parts of the valence band and in the optical band gal7, as well as photoluminescence measurements on our
These results show that the partial density of steded XES ~ GaNAs; _, samples in a narrower concentration range, are
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i ' I ' 1 L experimental data is excellent. A similar result was reported
144 —o0,1 ) Phetoluminescence ) earlier in Ref. 4. The circles are photoluminescence measure-
e — 15 e: Tisch ekal | ments from GaNAs samples prepared in a similar way to the
sl 4 14 B Model 1 sample in Fig. 4. The tight-binding model is conceptually
> 298, , similar to the band anticrossing model in which one takes
a r mn—13 7 into account the effect of nitrogen by adding an additional
ol = —34 _ orbital which couples to the bulk GaAs bands while neglect-
8 o . ing disordert®!° The energy of the N 8 orbital has only a
i X x; 3i3 12 small effect on the N @ density of states in the valence
11F g A band.
i 5 . To summarize, we present soft x-ray absorption and emis-
L ' L L L ' sion measurements at the K edge on MBE grown
0 0.01 0.02 0.03

GaNAs; _, with N contentx from 0.5% to 2.2%. An excel-
lent fit to the experimental data is obtained with a tight-
FIG. 4. (Color onling Band-gap dependence on nitrogen con- binding model in which the random N distribution is simu-
centration, showing the agreement between photoluminescence ddtted with an ordered distribution using a supercell approach.
measured on our samples, published optical data by Tesdl.  No changes in the shape of the spectra were observed as a
(Ref. 17, and the tight-binding model. For the model points, the function of N content or thermal annealing. The excellent
number of r_litrpgen atoms and the siz_e of supercell are indicateggreement between the model and the experiments is re-
(e.g., *1,3" indicates 1 nitrogen atom in a supercell 0K3X3  markaple given that the randomness in the N distribution is
conventional unit cells neglected. In our model the large peak in th&KMedge ab-

) . . sorption is dued a N 2p resonance near the bottom of the
shown. Comparable concentrations were obtained with thegnquction band and is not excitonic in origin.

tight-binding model using supercells varying in size from
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