
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 69, 041201~R! ~2004!
Tunable variation of the electron effective mass and exciton radius
in hydrogenated GaAs1ÀxNx
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Magnetophotoluminescence measurements show that the electron effective mass and the exciton radius in
hydrogen irradiated GaAs12xNx 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
described often in terms of translational symmetry-deriv
concepts such as the band structure and carrier effec
mass. The crystal potential,V(x), of an ABxC12x alloy can
be expressed by a linear interpolation of those of the bin
constituents, i.e.,V(x)5x•VAB1(12x)•VAC . This ‘‘virtual
crystal approximation’’ works in many materials~e.g.,
Al xGa12xAs), where disorder is usually rationalized throu
weak quadratic composition dependencies of the alloy pr
erties. On the contrary, no variant of a suitably correc
virtual-crystal description seems viable in the case
GaAs12xNx ,1 where the incorporation of a small amount
N ~;1%! leads to a huge, nonlinear decrease in the band
and a large variation in the electron effective mass2–6 and
exciton radius.7

In this paper, we use photoluminescence~PL! under a
magnetic fieldB to investigate the effects ofex situhydrogen
incorporation on the bottom of the conduction band~both
curvature and localized character degree! of a GaAs12xNx
alloy with x50.1%. By exploiting theB-induced energy
shift of the free-electron to neutral-carbon recombination
measure directly the electron effective mass,me* . We find
that me* decreases continuously from the GaAs12xNx value
to that of GaAs with increasing H dose. By studying t
diamagnetic shift of the free-exciton energy, we determ
independently the exciton wave function size,r exc, which
increases with H irradiation dose. Therefore, the increas
me* and decrease inr exc with N in GaAs12xNx are effectively
and fully counteracted by H incorporation. Finally, firs
principles calculations show that H irradiation of GaAs12xNx
causes the conduction band to essentially recover the d
calized character of N-free GaAs.

The GaAs12xNx sample investigated has been grown
metal-organic vapor-phase epitaxy on a~100!-oriented GaAs
substrate. The GaAs12xNx thickness~0.5 mm! and composi-
tion (x50.1%) have been determined by x-ray diffractio
measurements. The sample has been hydrogenated at 3
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by a low-energy ion gun~beam energy;100 eV!. Different
H doses have been employed (dH51.031018– 5.0
31018 ions/cm2). PL measurements have been carried ou
a temperatureT530 K using a neodymium-vanadate las
~laser wavelength 532 nm! as the excitation source. PL ha
been recorded under a magnetic field (B50 – 12 T) and
spectrally analyzed by a single-grating 0.75-m-long mon
chromator coupled to an InGaAs linear array cooled
2105 °C ~the spectral resolution is 0.1 nm!. The energetics
and electronic properties of hydrogenated GaAs12xNx have
been calculated within local density-functional theory usi
the all-electron projector-augmented-wave method8 as imple-
mented in theVASP code.9

Let us describe first the PL spectra of the GaAs12xNx

alloy shown in Fig. 1 for different H doses,dH’s. The H-free
sample displays several recombination lines~see bottommost
continuous curve!. The low energy features~below 1.462
eV! in the PL spectrum are ascribed to impuritylike sta
arising from nitrogen pairs and higher order clusters.10 The
bands located at higher energy~above 1.462 eV! are related,
instead, to radiative recombinations involving extend
states of the GaAs12xNx lattice. The PL band at 1.469 eV i
attributed to a free-electron to neutral-carbon transit
(e,C) ~Ref. 11! on the grounds of its behavior with temper
ture and laser power~not shown here!. On the same ground
the PL band located at the highest energy~1.480 eV! is due
to free exciton recombination from the GaAs12xNx band
gap, hereafter calledE2 @see inset in Fig. 1, which depict
both the ~e,C! and E2 transitions in a single particle
scheme#. As previously reported,2 H irradiation leads first to
a passivation of the N cluster states and then to an appa
reopening of the GaAs12xNx band gap toward that of the
GaAs reference~topmost continuous curve!. As a matter of
fact, both the~e,C! and theE2 recombination bands con
verge to those of the GaAs reference, as shown by cont
ous lines in Fig. 1. With applying a magnetic field~see
dashed curves in Fig. 1!, all PL lines below 1.462 eV in the
©2004 The American Physical Society01-1
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H-free sample remain pinned in energy, consistently with
highly localized nature expected for N cluster states. On
contrary, theE2 and ~e,C! bands blue shift with increasin
B. Notice that the energy separation between these two t
sitions increases on going from the H-free to the H-trea
samples, due to a corresponding decrease in the tensile s
with decreasing the effective N concentration.12 Indeed, for
decreasing N concentration the top of the valence band
quires a more pronounced heavy hole character and, in
the binding energy of the acceptor impurity increases.

The energy shiftDEd of the ~e,C! andE2 recombination
lines are shown as a function ofB in Figs. 2~a! and 2~b!,
respectively, for GaAs12xNx ~both untreated and hydroge
nated, full symbols! and for the GaAs reference~open sym-
bols!. The E2 band shifts withB at a lower rate than the
~e,C! band does, owing to the larger Coulomb attraction
tween the electron and hole in the former case. We exp
the ~e,C! energy shift to derive the electron effective mass
GaAs12xNx for different dH values as explained in the fo
lowing. In the inset of Fig. 1 the C-related level stays fixed

FIG. 1. PL spectra of a GaAs0.999N0.001alloy treated with differ-
ent hydrogen dosesdH . Measurements have been performed
aboutT530 K to reduce the contribution from possible N-relat
localized state and donor-acceptor pair recombination. The bot
most and topmost spectra refer to an untreated GaAs12xNx and a
reference GaAs sample, respectively. Continuous and dashed
indicate PL spectra taken under zero and 12-T magnetic fields
spectively.~e,C! indicates the free-electron to neutral-carbon reco
bination andE2 indicates the free-exciton recombination. The ins
sketches these recombinations in a reciprocal space schemek
;0. Different laser power densities have been employed for
different samples in order to highlight the presence of both~e,C!
andE2 bands.
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energy, as reported in Ref. 13, while the conduction ba
bottom and the valence band top shift upon application oB.
Therefore, in this approximation the shift of the~e,C! transi-
tion is ascribed entirely to the shift of the conduction ba
bottom. Continuous lines in Fig. 2~a! are a fit of the formula
for the magnetic field dependence of the bottommost Lan
level of the conduction band,DEd5(\e/2me* )B, to the~e,C!
shift in theB-linear region ofDEd .13 At zero magnetic field,
DEd extrapolates to a negative value, of order ofkBT/2, as
found in other magneto-PL measurements of theB-induced
shift of free-electron to neutral-acceptor recombinations14

This behavior is usually attributed to the change in the d
sity of states of the system from three to one dimensional
to the applied magnetic field. The slope of the fitting cur
increases with increasingH dose until the value of the GaA
reference is obtained. The diamagnetic shift of theE2 exci-
tonic transition can be modeled at low field in the sm
perturbation limit. The inset of Fig. 2~a! shows a fit ofDEd

5@e2^r eh
2 &/(8m)#B2 to theE2 data in the quadratic low-field

region.r eh andm are, respectively, the electron-hole distan
and reduced effective mass of the exciton, and^r eh

2 & is the
expectation value ofr eh

2 on the unperturbed~zero field!
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FIG. 2. ~a! Energy shift with magnetic field of the free-electro
to neutral-carbon recombination~e,C! for some of the samples
shown in Fig. 1. The continuous lines are fits to the data byDEd

5(\e/2me* )B. The electron effective massme* is derived directly
from the line slope.~b! Energy shift with magnetic field of the
free-exciton recombinationE2 . The samples considered are th
same as in~a!. The inset highlights the low-field part of the grap
and it displays theE2 energy dependence onB2. The straight lines
are fits to the data throughDEd5@e2 ^r eh

2 &/(8m)#B2, where^r eh
2 & is

a fit parameter.
1-2



-
ea-
d

es

e-
he

le
s

RAPID COMMUNICATIONS

TUNABLE VARIATION OF THE ELECTRON EFFECTIVE . . . PHYSICAL REVIEW B 69, 041201~R! ~2004!
FIG. 3. ~a! Electron effective mass depen
dence on the free-exciton peak energy as m
sured at 10 K. Full dots refer to the untreate
~gray! and hydrogenated~black! GaAs0.999N0.001

samples considered in this work, gray triangl
refer to GaAs12xNx alloys with differentx val-
ues. ~b! Exciton size dependence on the fre
exciton peak energy at 10 K. Symbols have t
same meaning as in part~a!. The sample with
me* 50.11m0 and r exc511.9 nm whose spectrum
is not shown in Fig. 1 is an hydrogenated samp
with dH51.0 1018 cm22. Dashed lines are guide
to the eye.
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eigenstate. An estimate ofr exc5A^r eh
2 & for each sample can

be obtained by using theme* values derived from the~e,C!
shift. The hole mass values,mh , used inm are derived by
settingmh50.45m0 ~wherem0 is the vacuum electron mass!
for the GaAs reference15 and scalingmh according to the
variation of the acceptor binding energy due to the chang
strain with effective N concentration.12 Consistently with the
H-inducedme* decrease, the exciton size increases upon
drogenation, thus indicating a sizable change in the cond
tion band shape.

Figures 3~a! and 3~b! show, respectively, the electron e
fective mass and exciton size as a function ofE2 . Full dots
refer to the GaAs12xNx alloy with x50.1% for both the
untreated sample~gray symbol! and the hydrogenated one
~black symbols!. Gray full triangles are theme* andr exc val-
ues measured in not hydrogenated samples with differen
concentration (x50, x,0.043%,x50.043% and 0.21%! by
using the same methods described above.7 Both me* andr exc

vary biuniquely with sample emission energy, namely, th
depend on theeffectiveN concentration in the crystal regard
less of how this has been achieved~either by N incorporation
in GaAs or by H irradiation in GaAs12xNx). These findings
allow monitoring the evolution of the electronic properties
GaAs12xNx in a virtually continuous manner and well su
port the sudden change inme* andr exc for x;0.1% found in
Ref. 7. Indeed, the electron effective mass increases
rapidly from the GaAs value (50.065m0 as derived here! to
0.09m0 for E2;1.49 eV and reaches a value of;0.13m0
for E2;1.45 eV. Accordingly, the exciton size undergoes
shrinking with increasing the N effective concentration a
varies from r exc515.3 nm in GaAs to 10.3 nm in
GaAs0.998N0.002.

16 We point out that an almost full recover
of the GaAsme* andr exc has been found in the other sampl
investigated. These samples have both lower (x50.043%)
and higher (x50.21%) N concentrations and have been
radiated with a H dose such to produce a nearly full recove
of the GaAs band gap.

We have shown that the electron effective mass and e
ton radius in GaAs12xNx are transformed back to those
GaAs by H incorporation. Previous theoretical works ha
indicated that the formation of a specific N-dihydrid
(N-H2* ) complex in GaAs12xNx effectively removes the
strong potential mismatch between N and As as seen
neighboring Ga orbitals.17–20 In this complex, one H is
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bound to N in the antibonding site and the other H is in
bond-center position, bound to a Ga atom nearest neigh
of N. This leads to the saturation of the deep N potential a
the removal of N-induced states from the band gap. He
local-density-functional calculations show that the sa
N-H2* complex also affects the carrier localization degr
and conduction band shape. An epitaxial GaAs12xNx layer
grown on GaAs has been simulated by a 64-atom GaAs
percell with one As-substituting N. The N concentration
x50.03, lower concentrations being computationally im
practical. Both in H-containing and H-free GaAs12xNx the
lattice constant along the growth direction and the atom
geometries were optimized, and the band structure
charge densities calculated~full details will be published
elsewhere!. Part ~a! of Fig. 4 depicts the difference of th
total charge densities calculated with and without an exc
electron, namely, the charge density of an added electron
H-free GaAs12xNx crystal. The excess electron in the co
duction band is clearly localized along the Ga-N bonds
agreement with previous calculations in a similar N conc
tration range.21 Part ~b! of Fig. 4 shows the same quantitie
calculated for a GaAs12xNx alloy in which the N-H2* com-
plex is formed. A delocalization of the excess electron can
observed in this case, consistently with the increase inr exc

and decrease inme* here measured at smallerx. These find-
ings are confirmed by the very similar effective masses c

FIG. 4. ~a! Calculated charge isosurfaces for an electron ad
to a neutral 64-atom GaAs0.97N0.03 supercell without H. Light and
dark gray balls indicate As and Ga atoms, respectively. Note
charge density accumulation around the N atom~figure center!. ~b!
Same as~a! for a GaAs0.97N0.03 lattice in which a N-H2* ~see the
text! complex is formed. H atoms are indicated by pale gray balls
the figure center.
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culated atG for hydrogenated GaAs0.97N0.03 (0.07m0) and
GaAs (0.06m0), and by the almost identical band structur
in the two cases.22

Previous and present results show that hydrogen
GaAs12xNx modifies in a controlled manner the energy,2 the
dependence on temperature23 and pressure24 of the band gap,
the lattice constant,12 and, lastly, the electron effective ma
and exciton radius. Therefore, one can argue that hydro
neutralizes the strong potential introduced by N to such
extent to render it indistinguishable from the As atomic p
tential.

In conclusion, we showed by magneto-PL that the ba
gap widening induced by H in GaAs12xNx maps on a strong
modification in the conduction band curvature and degree
exciton localization. Indeed, the increase inme* and decrease
in r exc with x are counteracted by H incorporation, whic

*Email address: polimeni@roma1.infn.it
1L.-W. Wang, L. Bellaiche, S.-H. Wei, and A. Zunger, Phys. Re

Lett. 80, 4725~1998!.
2For a review seeIII-N-V Semiconductor Alloys, special issue of

Semicond. Sci. Technol.17, 741 ~2002!.
3P. N. Hai, W. M. Chen, I. A. Buyanova, H. P. Xin, and C. W. T

Appl. Phys. Lett.77, 1843~2000!.
4Y. Zhang, A. Mascharenas, H. P. Xin, and C. W. Tu, Phys. Rev

61, 7479~2000!.
5J. Wu, W. Shan, W. Walukiewicz, K. M. Yu, J. W. Ager III, E. E

Haller, H. P. Xin, and C. W. Tu, Phys. Rev. B64, 085320~2001!.
6D. L. Young, J. F. Geisz, and T. J. Coutts, Appl. Phys. Lett.82,

1236 ~2003!.
7F. Masia, A. Polimeni, G. Baldassarri, M. Capizzi, P. J. Klar, a

W. Stolz, Appl. Phys. Lett.82, 4474~2003!.
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