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Magnetophotoluminescence measurements show that the electron effective mass and the exciton radius in
hydrogen irradiated GaAs,N, vary continuously as a function of the hydrogen dose until they recover the
values of N-free GaAs. First-principles calculations account for the experimental findings through the forma-
tion of a specific N-dihydrogen complex, which leads to the removal of the electron localization caused by N
incorporation into GaAs.
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Random alloys, which lack translational symmetry, can beby a low-energy ion guiibeam energy-100 eV). Different
described often in terms of translational symmetry-derivecH doses have been employeddyE 1.0 10%-5.0
concepts such as the band structure and carrier effective 10'® ions/cnf). PL measurements have been carried out at
mass. The crystal potential(x), of an AB,C,_, alloy can  a temperaturel =30 K using a neodymium-vanadate laser
be expressed by a linear interpolation of those of the binarylaser wavelength 532 nas the excitation source. PL has
constituents, i.eVY(x) =X-Vag+ (1—X)-Vac. This “virtual been recorded under a magnetic fielB<{0-12 T) and
crystal approximation” works in many materialée.g., spectrally analyzed by a single-grating 0.75-m-long mono-
Al,Ga _,As), where disorder is usually rationalized through chromator coupled to an InGaAs linear array cooled at
weak quadratic composition dependencies of the alloy prop—105 °C (the spectral resolution is 0.1 nnThe energetics
erties. On the contrary, no variant of a suitably correctecand electronic properties of hydrogenated GaAsl, have
virtual-crystal description seems viable in the case ofbeen calculated within local density-functional theory using
GaAs _,N,,! where the incorporation of a small amount of the all-electron projector-augmented-wave mefrasiimple-

N (~1%) leads to a huge, nonlinear decrease in the band gamented in thevasp code?
and a large variation in the electron effective nfa8sand Let us describe first the PL spectra of the GaAN,
exciton radius. alloy shown in Fig. 1 for different H dosed,,’s. The H-free

In this paper, we use photoluminescen®L) under a  sample displays several recombination lifese bottommost
magnetic field to investigate the effects @ situhydrogen  continuous curve The low energy featuregbelow 1.462
incorporation on the bottom of the conduction baith  ev) in the PL spectrum are ascribed to impuritylike states
curvature and localized character degreéa GaAs_,Ny  arising from nitrogen pairs and higher order clust@3he
alloy with x=0.1%. By exploiting theB-induced energy pands located at higher enertgbove 1.462 eYare related,
shift of the free-electron to neutral-carbon recombination Wenstead, to radiative recombinations involving extended
measure directly the electron effective masg,. We find  states of the GaAs N, lattice. The PL band at 1.469 eV is
thatmy decreases continuously from the GaAgN, value  attributed to a free-electron to neutral-carbon transition
to that of GaAs with increasing H dose. By studying the(e,C) (Ref. 11 on the grounds of its behavior with tempera-
diamagnetic shift of the free-exciton energy, we determingure and laser powenot shown herg On the same ground,
independently the exciton wave function sizg,., which  the PL band located at the highest ene(@jy80 eV is due
increases with H irradiation dose. Therefore, the increase it free exciton recombination from the GaAsN, band
m} and decrease in,,.With N in GaAs N, are effectively  gap, hereafter callel_ [see inset in Fig. 1, which depicts
and fully counteracted by H incorporation. Finally, first- both the (e,0 and E_ transitions in a single particle
principles calculations show that H irradiation of GagAgN, ~ schemé As previously reported H irradiation leads first to
causes the conduction band to essentially recover the dela-passivation of the N cluster states and then to an apparent
calized character of N-free GaAs. reopening of the GaAs,N, band gap toward that of the

The GaAs_,N, sample investigated has been grown byGaAs referencétopmost continuous curyeAs a matter of
metal-organic vapor-phase epitaxy ofl@0)-oriented GaAs fact, both the(e,O and theE_ recombination bands con-
substrate. The GaAsyN, thickness(0.5 um) and composi- verge to those of the GaAs reference, as shown by continu-
tion (x=0.1%) have been determined by x-ray diffraction ous lines in Fig. 1. With applying a magnetic fieldee
measurements. The sample has been hydrogenated at 300d&shed curves in Fig.)lall PL lines below 1.462 eV in the
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FIG. 1. PL spectra of a GafgodNo oo all0y treated with differ- FIG. 2. (a) Energy shift with magnetic field of the free-electron

ent hydrogen dosed,,. Measurements have been performed aty, peytral-carbon recombinatiofe,O for some of the samples
aboutT=30 K to reduce the contribution from possible N-related ¢hown in Fig. 1. The continuous lines are fits to the data\lg
localized state and donor-acceptor pair recombination. The bottomi(ﬁe/Zm*)B The electron effective mass? is derived directly

e " e
most and topmost spectra refer to an untreated GaMs and @ fom the line slope.(b) Energy shift with magnetic field of the
reference GaAs sample, respectively. Continuous and dashed lingge.exciton recombinatioe_ . The samples considered are the
indicate PL spectra taken under zero and 12-T magnetic fields, resame as ina). The inset highlights the low-field part of the graph
spectively(e,Q indicates the free-electron to neutral-carbon recom-54 it displays th& _ energy dependence @?. The straight lines
bination andE _ indicates the free-exciton recombination. The inset 44 fits to the data throughE 4 =[ <r2h)/(8,u)]Bz where(r2h> is
sketches these recombinations in a reciprocal space scheke at, parameter. ¢ ' €
~0. Different laser power densities have been employed for the
different samples in order to highlight the presence of Hell)  energy, as reported in Ref. 13, while the conduction band
andE._ bands. bottom and the valence band top shift upon applicatioB.of

H-free sample remain pinned in energy, consistently with thel "erefore, in this approximation the shift of theC transi-

highly localized nature expected for N cluster states. On th&0n iS ascribed entirely to the shift of the conduction band
contrary, theE_ and (e,0 bands blue shift with increasing bottom. Contln_uoys lines in Fig(® are a fit of the formula
B. Notice that the energy separation between these two traf®" the magnetic field dependence of the*bottommost Landau
sitions increases on going from the H-free to the H-treated€Ve! Of the conduction bandEq=(he/2m;)B, to the(e,C
samples, due to a corresponding decrease in the tensile straifift in theB-linear region ofAE, .~ At zero magnetic field,
with decreasing the effective N concentratidrindeed, for ~AEq extrapolates to a negative value, of orderkgil/2, as
decreasing N concentration the top of the valence band adound in other magneto-PL measurements of Bhaduced
quires a more pronounced heavy hole character and, in tur§hift of free-electron to neutral-acceptor recombinatithns.
the binding energy of the acceptor impurity increases. T'hIS behavior is usually attributed to the chan_ge in 'the den-
The energy shifAE4 of the (e,0) andE_ recombination Sty of states of the system from three to one dlmgn_smnal due
lines are shown as a function & in Figs. 2a) and 2b), fto the apphe_d magnet!c field. The_slope of the fitting curve
respectively, for GaAs ,N, (both untreated and hydroge- ncreases ywth mt;reasw‘@ do_se until th_e va[ue of the GgAs
nated, full symbolsand for the GaAs referendepen sym-  'eference is obtained. The diamagnetic shift of Ehe exci-
bols). The E_ band shifts withB at a lower rate than the tONIC transition can bg modeleq at low field in the small
(e,0 band does, owing to the larger Coulomb attraction peperturbation limit. The inset of Fig.(d) shows a fit ofAE
tween the electron and hole in the former case. We exploit [€%(r2y/(8)]B? to theE _ data in the quadratic low-field
the (e,0 energy shift to derive the electron effective mass infegion.r, and w are, respectively, the electron-hole distance
GaAs_,N, for differentdy, values as explained in the fol- and reduced effective mass of the exciton, 4ngj) is the

lowing. In the inset of Fig. 1 the C-related level stays fixed inexpectation value ofrgh on the unperturbedzero field
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0'14_(a)‘ ) FIG. 3. (8 Electron effective mass depen-
§ i115 dence on the free-exciton peak energy as mea-
sured at 10 K. Full dots refer to the untreated
H . (gray) and hydrogenatedblack GaAs godNg 001
L4 H S 413 E samples considered in this work, gray triangles
k e 50 refer to GaAs_,N, alloys with differentx val-
g i .J,.-"' 1 3 ues. (b) Exciton size dependence on the free-
. L . 111 exciton peak energy at 10 K. Symbols have the
r \‘e 1 same meaning as in pafd). The sample with
RS Y m% =0.11mg andr ¢,=11.9 nm whose spectrum
0.06 ‘ ‘ i B ; is not shown in Fig. 1 is an hydrogenated sample
146 148 1.5 146 148 1.5 with d;=1.0 10® cm™2. Dashed lines are guides
E (eV) E (eV) to the eye.

*(m,)

m

eigenstate_ An estimate OE‘XC: ‘/<re2h> for each samp|e can bound to N in the antibonding site and the other H is in a

be obtained by using thex® values derived from thée,O bond-center position, bound to a Ga atom nearest neighbor
shift. The hole mass valu‘:aenh used inu are derived by of N. This leads to the saturation of the deep N potential and
settingm,, = 0.45m, (wheremy is the vacuum electron mass the removal of N-induced states from the band gap. Here,

for the GaAs referenc® and scalingm, according to the local-density-functional calculations _show t_hat_ the same
variation of the acceptor binding energy due to the change di-Hz complex also affects the carrier localization degree
strain with effective N concentratiolf.Consistently with the @nd conduction band shape. An epitaxial GaAd, layer
H-inducedm? decrease, the exciton size increases upon hyd"oWn on GaAs has been simulated by a 64-atom GaAs su-
drogenation, thus indicating a sizable change in the condur,p-erce" with one As-substlt_utmg N'_ The N concgntranr_] IS
tion band shape. x=0.03, lower concentrations being computationally im-

Figures 3a) and 3b) show, respectively, the electron ef- Practical. Both in H-containing and H-free GaAsN, the
fective mass and exciton size as a functioriaf. Full dots lattice constant along the growth direction and the atomic

refer to the GaAg ,N, alloy with x=0.1% for both the geometries were optimized, and the band structure and
XPYX .

harge densities calculatgdull details will be published
untreated samplégray symbol and the hydrogenated ones ¢ ) ; .
(black symbols Gray full triangles are then* andr o, val- elsewherg Part(a) of Fig. 4 depicts the difference of the

ues measured in not hydrogenated samples with different l(Ptal charge densities calculated With and without an Excess
concentration =0, x<0.043% x=0.043% and 0.21%by electron, namely, the charge density of an added_ electronin a
using the same methods described atioBeth m? andr H-free GaAs_,N, crystal. The excess electron in the con-
S ) o e exc ~ duction band is clearly localized along the Ga-N bonds in
vary biuniquely W't.h sample emission energy, namely, theyagreement with previous calculations in a similar N concen-
depend on th(_affecnveN concentration in the _crystal reg_ard- tration range! Part(b) of Fig. 4 shows the same quantities
less of how this has been achievedther by N incorporation calculated for a GaAs N, alloy in which the N-H com-
in GaAs or by H irradiation in GaAs ,N,). These findings XX

L2 . : . plex is formed. A delocalization of the excess electron can be
allow monitoring the evolution of the electronic properties Ofobserved in this case. consistently with the increase.i
GaAs _,N, in a virtually continuous manner and well sup- ' Y ot

- :
port the sudden change in? andr o, for x~0.1% found in and decrease im; here measured at smaller These find-

. ! ings are confirmed by the very similar effective masses cal-
Ref. 7. Indeed, the electron effective mass increases veryg y y

rapidly from the GaAs value=0.065m, as derived heneto
0.09mg for E_~1.49 eV and reaches a value f0.13n, GaAs; N Ga GaAs_N_+ N-II,*
for E_~1.45 eV. Accordingly, the exciton size undergoes a @ o o As
shrinking with increasing the N effective concentration and @ Q‘ @ o
varies from ro,=15.3nm in GaAs to 10.3 nm in e & Q L)
GaAs geNo .00z - We point out that an almost full recovery | @ _ @ @

\
of the GaAsm; andr . has been found in the other samples : N‘:Gb ®
investigated. These samples have both lowet @.043%) o o .
and higher x=0.21%) N concentrations and have been ir- | @ L G o

radiated wih a H dose such to produce a nearly fullrecovery| @ @& @
of the GaAs band gap.

We h_ave_ shown that the electron effective mass and exci- FIG. 4. (a) Calculated charge isosurfaces for an electron added
ton radius n GaAﬁ_lex are tral_’lsformed ba_ck to those of to a neutral 64-atom GaggNg o3 supercell without H. Light and
GaAs by H incorporation. Previous theoretical works haveyark gray balls indicate As and Ga atoms, respectively. Note the
indicated that the formation of a specific N-dihydride charge density accumulation around the N atéigure centex. (b)
(N-H3) complex in GaAs_,N, effectively removes the Same aga) for a GaAs 0Ny s lattice in which a N-H (see the
strong potential mismatch between N and As as seen biext) complex is formed. H atoms are indicated by pale gray balls in
neighboring Ga orbitals’=2° In this complex, one H is the figure center.

(a)
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culated atl’ for hydrogenated GaAsNo 3 (0.07m,) and  effectively and in a tuneable manner re-establishes the band
GaAs (0.08n,), and by the almost identical band structuresgap and conduction band properties of GaAs. Density-
in the two case& functional calculations indicate that the localization of con-
Previous and present results show that hydrogen ifluction electrons near N in GapsN, is removed upon the
GaAs _,N, modifies in a controlled manner the ene?ghe form.atlon of a N-§ complex, leading to very similar con-
dependence on temperattrand pressufé of the band gap, duction band shapes and masses for GaAs and hydrogenated
the lattice constart and, lastly, the electron effective mass G243 -xNx . Therefore, our findings demonstrate thatlire
and exciton radius. Therefore, one can argue that hydrogeff! intéraction of H with N in GaAs N, has profound
neutralizes the strong potential introduced by N to such affon'Seduences on several properties ofetkiendedstates of
extent to render it indistinguishable from the As atomic po-I€ crystal and not only on its band gap energy.
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