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The effect of atomic hydrogen on the electronic propertiesirBa)(AsN)/GaAs single quantum

wells (QW9 has been investigated by photoluminescefiee) spectroscopy. For increasing
hydrogen dose, the band gap of the material increases until it reaches the value corresponding to a
N-free reference QW. The band gap variation is accompanied by an increase of the line width of the
PL spectra and a decrease of the PL efficiency. Annealing at 500 °C fully recovers the band gap and
PL line width the sample had before hydrogenation. These results are accounted for by the
formation of N—H complexes, which lowers the effective nitrogen content in the well20@1
American Institute of Physics[DOI: 10.1063/1.1376436

Hydrogen is the smallest atom, with one electron in itsfrequency or an electron-cyclotron-resonance plasma source
only shell. This explains both the high diffusivity of H in was used for B cracking. Indium concentratior, ranges
intrinsic semiconductors, as well as the strong chemical acdrom 0.25 to 0.41; nitrogen concentratioy), from 0.007 to
tivity of H. Moreover, hydrogen is present in most of the 0.052; and well widthL, from 6 to 8 nm. All samples have
steps of semiconductor growth and device processing. There- 100 nm thick GaAs capping layer. Post-growth treatment
fore, great attention has been focused on the effects of H iby atomic hydrogen irradiation at 300 °C was obtained by a
Si, InP, GaAs, and GaNg which are materials of relevance Kaufmann source, with an ion energy of 100 eV and a cur-
for technological applications. Not much is known, insteadrent density of a few tens of:A/lcm?. Hydrogen doses,
about the role of H in ternary and quaternary compounds, inl,;, were 1, 5, 50, 270, and 69H, (Hy,=1.0
particular those containing nitrogen. X 10'® jonscm?). One hour thermal annealing was per-

In In,Ga, _,As, the substitution of a few percent of As formed at 10° Torr at temperatures ranging between 220
atoms by N atoms leads to a strong reduction of the band gagnd 550 °C. Photoluminescen(®Ll) was excited by the 515
energy toward values of interest for light transmissionnm line of an A laser, dispersed by a simgllL m mono-
through optical fiberga =1.3 and 1.55u«m).3_6 Although an  chromator and detected by g Kooled Ge detector. We will
increase of carrier concentration upon annealing ofocus here on the results obtained in a QW with0.34,y
(InGa)(AsN) epilayers has been attributed to H desorption=0.007, and.=7.0 nm and its corresponding N-free blank.
from the material, nothing is known about the effects, if These results, in fact, are qualitatively independent of the
any, of intentional H irradiation on the optical properties of indium and nitrogen concentration of the sample, as it will be
this material. Moreover, the high reactivity and small size ofdiscussed in detail elsewhere.

H make this atom an ideal probe of the bonds between N-and  Figure 1 shows the room temperature PL spectra of hy-
its atomic neighbors in the lattice. drogenated  IpsGay sAS;—yN,/GaAs QWs for y=0

In this paper, we show that the insertion of H in (dashed linesand 0.007(continuous lines Hydrogen dose
InyGay - xAs;—yNy/GaAs quantum well§QWs) or the H re-  increases from the bottom to the top of Fig. 1. Hydrogen has
moval from these QWs changes in a reproducible way theuite different effects on the optical properties of the two
optical properties of the material. In particular, for increasingsammes. In they=0.007 QW, the PL peak shifts toward
H doses the IfGa_,As; Ny, QW energy gap increases, higher energy for increasing hydrogen doses. At the highest
until it reaches the value it has in a reference N-freeqpse, the PL band of the=0.007 QW overlaps the PL band
In,Ga _As/GaAs QW (or blank. Thermal annealing at of the N-free QW, whose peak energy does not sizably
500°C restores, instead, the optical properties thgnange withd,. Hydrogen irradiation leads also to an in-
In,Ga _xAs; - Ny/GaAs QW had before hydrogenation. creased microscopic disorder, mainly in the N-containing
These findings are explained by the formation of N—H com-g\w, whose PL line width is appreciably broader than that of
plexes, which decreases the effective N concentration anghe plank even at the lowest,. Finally, PL intensity in-
consequently increases the band gap energy of the QW. (reases by a factor of 3 at the lowest H dose in the

The investigated kGa _,As, N, /GaAs single QWs _( 007 QW before decreasing at higly's. On the contrary,
were grown by solid source molecular beam epitaxy. A radiop| intensity monotonously increases with H dose in the
N-free sampl€up to a factor of 10pbefore dropping at the
dElectronic mail: polimeni@romad.infn.it highestd (=690 Hy).
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FIG. 1. Room temperature _PL spectra o_f two . hydrogenatedFIG. 2. Room temperature PL spectra of 4§52, sAS; N, /GaAs QWs

INg 3Gap sePs; - yN, /GaAs QWs withy=0.007 (continuous lines and y - N 07 i _ .

=0.0 (dashed lings for different hydrogen doses Hp=1.0 hydrogenated at the dosg=50 Ho(=5.0x10°" ions cm ) for different
annealing temperature$,. Continuous lines refer to/=0.007 QWs,

6 : 5 g )
i>z<alt?;n I?g(ftgg ;‘r:‘” is\?::trfirhae‘\;i: esenerclto,)Langz:E toow:rpgg:;rirsal dashed lines indicaty=0.0 QWs. An H-free,y=0.007, not annealed
— 70 Wemn 2 9 P p w sample is shown by the thick gray line for ease of comparison. All spectra
- cm = have been normalized to the pe@ormalization factors are given for each

spectrum. Laser power density i®=20 Wcm 2.

The effects of hydrogen irradiation can be reversed by
thermally annealing the sample. The N-containing QW and,—0.007 QW(10 meV and 1.018 eV, respectivily
the N-free blank(both hydrogenated at the same dage Data reported in Figs. 1-3 provide clear evidence that
=50 Ho) have been annealed at various temperatufgs,  the band gap ofinGa)(AsN) QWs can be tuned postgrowth
ranging from 220 to 550 °C. The room temperature PL spechy changing the H content in the host lattice. Let us discuss
tra of both samples are shown in Fig. 2 for annealing temihe microscopic origin of the H related effects in
peratures increasing from the bottom to top of the figure. The|nGg)(AsN) QWs reported here. An increase of the elec-
PL band of the blankdashed linesis not affected much by  tronic charge density around N due to its small size and high
the annealing process, except for a decrease of the emissi@lectronegativity favors the formation of a bond between H
efficiency at highT, . On the other hand, the PL band of the gng N, similar to what was theoretically proposed and ex-
hydrogenatedy=0.007 QW (continuous lines moves to-
ward lower energy until its line shape nearly coincides with
the PL spectrum of the H-free, not annealge; 0.007 QW
(thick gray line.

This is summarized in Fig. 3, where the room tempera-
ture values of the half width at half maximutlWHM) of
the PL bandy axis) and the PL peak energk, (x axis), of
the Iny 34Ga 66AS0.000N0.007/GaAs QW are shown for H
doses increasing from 0 to 3@, and for annealing tempera-
ture increasing from 220 to 550 °C in the sample with
=50 H,. Linewidth data are taken at room temperature in
order to avoid carrier localization effects, which affect
mainly the low energy side of loW PL spectrd Moreover,
HWHM has been evaluated from the low energy side of the
PL band in order to discard most of the contribution to the .
PL line width due to band filling effects at room temperature, 1.0l 1.03
and retain only those contributions related to the fluctuation E (V)
of the potential energy arising from the random distribution ’
of N and H atomsE, univocally determines the PL line FIG. 3. HWHM of the PL band in 193G sASo 0oNo.cor/ GaAs QWSs vs
width, independent of the way this value has been obtainedhe PL band peak energg, . Data are taken from room temperature PL
namely, by direct H iradiaton of desorption of hydrogen insfee® o e Porer erily Coses e e 102 OW Pikooe
the sample withd,=50 Ho. Finally, annealing atT,  hygrogenated atl,=50 Ho(=5.0x 10" ionscm?) and annealed at in-

=500°C restores the HWHM and, values of the H-free creasing({downward arrow temperaturesT, .
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perimentally suggested ip-type GaN?~*! Also, quenching where it gives rise to narrow energy levels in the energy gap
of the PL intensity of radiative recombinations associated tmr in the conduction band of the host material, respectively.
N—N pairs in GaP:N has been reported and attributed to thEresent results suggest that the N associated wavefunction
formation N—H bonds? A “molecular orbital” between hy- maintains a strongly localized “impurity like” character,
drogen and nitrogen leads to a bonding level with a pointeven for nitrogen concentrations so high to strongly perturb
group symmetry different fronfand lower in energy than the conduction band edge of tlimGaAs host lattice. This
that of the original N level. This neutralizes the N electrical favors the formation of strong bonds of nitrogen with
activity with a decrease of the effective number of N levelshydrogent® To conclude, although further measurements, in
and an increase of the band gap. Thermal annealing breaksrticular far infrared absorption, and total-energy calcula-
the N—H bonds, thus increasing back the effective number dfions based on density-functional theory are required to bet-
N atoms. We stress that no band gap energy change has been elucidate the details of H-N complexes, hydrogen ap-
observed upon annealing in the N-free hydrogenated QVyears to be a powerful tool for investigating and tuning the
(see Fig. 2 and in a H-freey=0.007 samplgnot shown optical gap of(InGa)(AsN) materials.

here. On the theoretical side, models developed to explain

the effects of N on théInGa)As optical gap are based on

point symmetry-breaking argumett$®or band anticrossing  Hydrogen in Semiconductqr§emiconductors and Semimetals, Vol. 34,
betweelrg3 N-related levels and conduction band extendeqIeé‘(j)irteadsbuyr \;]é 'Q""h”ké’rff :R?nNé’;ﬂNJgggfi‘g'ﬂaJdi”;i;tgfv‘s ngiglgz)% m ]
state$!® The scenario described above is consistent with ¢ * 0 F}/Ren,YJ.Agpl. Phy6, 1 (1999 M. D. McCldskey,'ibid.%z' e
these models. On the other hand, we believe that any modelsgz (2000.

describing the role of N in IHN-V materials should also 3M. Weyers, M. Sato, and H. Ando, Jpn. J. Appl. Phys., Pa8121.853

consider(and eventually reprodugéhe neat effects of hy- 4&9}33-(1 K Uomi. A Niwa. T. Kitatani. S. Watahiki. and Y. Y
drogen presented here . Konaow, K. Uomi, A. Niwa, |. Kltatani, S. vwatanikl, an . Yazawa,

. o . Jpn. J. Appl. Phys., Part35, 1273(1996.
H irradiation and thermal annealing also affect the PL 5y, p. Xin and C. W. Tu, Appl. Phys. Lett2, 2442(1998.
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creases upon hydrogenation in the N-free @&k Fig. 1as  “Nominally undoped GaAs grown by molecular beam epitaxy is generally
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passivation of pre-existing defects and the introduction of T. Tozer, and X. Wei, Phys. Rev. &0, 4430(1999.
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behaves as an isoelectronic impurity in 3aBnd GaAs?® the N=H complexes.
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