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We study the effect of hydrogen incorporation on the lattice properties,Gfan ,As; _ N, /GaAs hetero-
structures. The band gap widening observed in the photoluminescence spectra of hydrogenategNzaAs
and InGa _,As; N, is accompanied by a lattice expansion along the growth direction, as measured by x-ray
diffraction. At the same time, far-infrared spectroscopy reveals that a Ga-N local vibrational medi at
cm ! disappears upon hydrogen irradiation. All these effects are reversed upon hydrogen removal from the
hydrogenated samples by thermal annealing. Finally, first-principles calculations indicate that a same di-
hydrogen complex is responsible for both the band gap reopening and the lattice expansion of hydrogenated
In,Gay _yAs; Ny .
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[. INTRODUCTION containing alloys. This effect is completely reversible upon
. R . o hydrogen removal. Finally, first-principle total energy calcu-
The electronic passivation of host impurities induced byI tions indicate that most likely nitrogen-dihydride N-H
atomic hydrogen in semiconductors has been widely studie omplexes account for the lattice relaxation.
in materials of technological relevance such as Si, Ge, GaAs,

InP, GaP, and GaN’ Recently, it has been observed [l. EXPERIMENTAL METHODS

that hydrogen can even tune the band gap of pgerent Gapg (N, epilayers §=0.0081 and 0.013,
In,Ga,,As; Ny ,”"an innovative semiconducting alloy of layer thickness equal to 300 am  and

high potential for telecommunications and solar Ce”InXGai,XAsl,yNy/GaAs quantum wells X=0.36, y
applications:® Indeed, the replacement of a tiny fraction =0.052 and 0.042, quantum well thickness equal to 8.0 nm
(~1%) of arsenic by nitrogen leads to highly nonlinear ef- have been grown on undoped GaAs substrates by solid
fects in the electronic properties of the,G® _,As host source molecular beam epitaxy. Post-growth incorporation of
lattice’~2° In previous experiments it has been shown thatatomic hydrogen was obtained by ion beam irradiation from
post-growth irradiation of lgGa _,As; _ N, with atomic hy- ~ a Kaufman source with the samples held at 300 °C. The ion
drogen leads to a complete reversal of the drastic band gagnergy was about 100 eV and the current density was few
reduction caused by nitrogen incorporatithThe full re-  tens of uAlcn?.

versibility of this phenomenon has been demonstrated by X-ray diffraction measurements on GaAgN, /GaAs ep-
thermal annealing experiments in which hydrogen is rellayers have been performed in tife-26 geometry by ex-
moved from the samplésEirst-principles calculations indi- Ploiting a molybdenum-rotating anode as x-ray generator and
cate that a particular complex NjHaccounts for the recoy- Setting the incident wavelength at the,, Mo fluorescence

: line (0.7092 A by means of a Si[111] channel-cut
ery of the band gap in both hydrogenated GaASly (Refs. monochromator. The scattered intensity was detected by a

15

11-149 and InGa,_,As; N, .™ In the complex N-5 , o Nal(Tl)  scintillation  detector. ~Measurements on
H atoms are necessary to passivate the N electronic prOpq[ﬁXGal_XAsl_yNy/GaAs thin quantum wells were  per-
ties, contrary to what happens in the passivation of shallow,meq by using a copper-rotating anode without monochro-
dopants, which is always accounted for by the formation of,5i0r We referred to the @y, line (1.54088 A for the
different monohydrogen impurity complexes. __ determination of lattice parameters; a splitting of the sub-

Here, we study the consequences of nitrogen passivatiograte peak due to th¢,, line is visible in the spectra. The
by hydrogen on the lattice properties of®®,_xAs;-yN,  x-ray diffraction data have been recorded in the vicinity of
alloys with different degree of disorder and opposite sign ofthe (004) crystal plane reflection. Infrared absorption mea-
strain. We show that the band gap widening observed aftesurements were performed at liquid He temperature by a
iradiation of InGa, _,As;_,N, with hydrogef* is accom-  Bomem DA3 spectrometdspectral resolution 1 ciit) with
panied by a dramatic change in the lattice constant of the Si bolometer.
N-containing layer, which is independent of In content. In-
deed, the IpGa _As; _,N, lattice unit cell returns at or very IIl. THEORETICAL METHODS
close to that of the N-free material when hydrogen is intro-  Nitrogen-hydrogen complexes have been investigated in
duced, both in the In-free and in the more disordered Inthe framework of the density functional theory in the local
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ergy gap in a reversible way. The x-ray diffraction data of the
same GaAg N, epilayers whose PL spectra are shown in
Fig. & are displayed in Fig. (b). In the as-grown
GaAs N, sample (bottom solid curvg two diffraction
peaks in the rocking curve are observed. The higher and
lower intensity peaks originate from the GaAs substrate and
GaAs N, epilayer, respectively. The value of the angular
separation between the two peaks allows us to measure the N
concentration by using the empirical formula reported in Ref.
19. The positive angular shift of the N-containing epilayer
peak indicates that it has a smaller lattice constant along the
growth direction Gg,aqn="5-636 A) than it has in the plane

where it is lattice matched to the GaAs substradg by
=ag.as=5.653 A). Remarkably, the x-ray diffraction data
recorded on the hydrogenated GaAgN, epilayer show a

GaA ) . disappearance of the diffraction peak associated with the
$.001No.0081 €Pilayer after different post-growth treatments. . . )

Bottom (continuous ling untreated sample. Middle: the same G2AS-yNy epilayer[see middle curve of Fig.(B)]. In ad-
sample after exposure to a hydrogen dose equal to 3.8ition, a shoulder can be detected at slightly smaller angles,
X 108 jons/cnt. The narrow bands on the high energy side of theWhich indicates the presence of compressive strain in the
main PL band are due to carrier recombination from GaAs statedlydrogenated GaAs N, epilayer. As a result, the value of
Top: a hydrogenated sample with the same H dose of 3.¢he lattice constant of the hydrogenated sample can even ex-
x 108 ions/cnt but annealed at 500 °C for 30 min. The spectrum of ceed that of the GaAs. A heat treatment similar to the one the
a sample subjected to the same heat treatifientperature 300 °C  sample is subjected to during the hydrogenation process does
and duration 6 hof the hydrogenated sample but in the absence ofnot vary the material lattice propertigsee gray dotted line,
hydrogen is shown at the bottom by the gray dotted line superimbottom of Fig. 1b)], reproducing the lack of variation in the
posed to the spectrum of the untreated sanfiptgatom continuous optical properties shown at the bottom of Figajlby the
line). Note that the hydrogenation/annealing process introducegray dotted curve. One might wonder if the recovery of the
some nonradiative defects responsible for the PL intensity decreasggAs lattice constant arises from a randomization of the lat-
Normalization factors are given for each PL spectru). X-ray tice due to H bombardment or from nitrogen diffusion out of
diffraction curves for the same samples whose PL spectra are digne |attice. These possibilities are ruled out by the diffraction
played .|n. part(a). The x-ray diffraction data. have been recorded data recorded on a same piece of sample which was previ-
in the V|C|_n|ty of the(004) crys_tal plane reflection. The curves have ously hydrogenated and then annealed until all H was re-
been veriically offset for clarity. moved: A full restoration of the GaAs,N, lattice properties
density approximation. Total energies have been calculate] observed, together V\."th a full recovery of the G

' and gap/see top of Figs. (b) and Xa)]. All these results

by using supercglls, separakie |n|t|p pse.udopotentllalgﬁ, show that the crystal unit cell of Gafs )N, undergoes a
plane-wave basis sets, the special-points technique fqr " A : Yy .
rge variation of its size upon H insertion and that this pro-

k-space integration, and the exchange-correlation functional : . .
7 . cesses is reversible. The same results have been observed in
of Ceperley-Aldet’ Ultrasoft pseudopotentials have been

used in the case of nitrogéhand nonlinear core corrections the case of a GaAs N, epilayer withy=0.013(not shown

have been used in the case of indium. Convergence teSPSerI?iorder to strengthen our observations we studied the
have been done by using plane-wave cutoffs ranging from 1?:ase of an even mo?e disordered alloy under opposite initial
to 28 Ry, supercells of 32 and 64 atoms, &pdoint meshes y PP

equivalent to d4,4,9 or (8,8,8 Monkhorst-Pack mesh in the strain conditions, that is, the /63 _,As, _,N, alloy. The

zinc blende unit cell. The results presented here have be&ottom curve in Fig. 2 shows the x-ray dlffracyon curve of a
achieved by using 64-atom supercells, tded 4 k-point reference N-free §Ga _,As quantum well(thickness 8.0

Monkhorst-Pack mesh, and cutoffs of 22 Ry. In particularnm’xzo'%)' The substitution of 36% of the Ga atoms with
GaAs N, epilayers h’ave been simulated by using a 64’_Iarger In atoms gives rise to compressive strain in the thin
atom stgrceII of GaAs, which includes one or two N atomsduantum well layer &,;,,=5.929 A). This compressive

thus corresponding tpvalues of 0.03 and 0.06, respectively, Srain can be relieved in part by adding N, as shown in Fig.
2 (middle curve for an InGa _,As; N, quantum well

having the same thickness and In concentration as the N-free
reference, buy=0.052 @;,g.asn="5-868 A). The irradiation
Figure Xa) shows the photoluminescen(®l) spectra of  of the N-containing sample with H restores the lattice prop-
a GaAs_,N, epilayer withy=0.0081 exposed to different erties of the N-free quantum weltop curve to such an
post-growth treatments. Similar results have been reporteelixtent that the diffraction curves of the hydrogenated
and described in previous wotk.We would like to stress In,Ga, ,As; N, and of the InGa _,As samples are hardly
here how H insertiofmiddle curve in Fig. {a)] and removal distinguishable. Furthermore, the lattice properties of the ref-
[top curve in Fig. 1a)] dramatically modify the crystal en- erence N-free quantum well are left unaffected by the same

Energy (eV) 26 (deg)

FIG. 1. (a) PhotoluminescencéPL) spectra of a 300 nm thick

IV. RESULTS AND DISCUSSION
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26 (deg) FIG. 3. 4.2 K far infrared absorption spectra of the same

samples whose photoluminescence spectra and diffraction curves

FIG. 2. X-ray diffraction from 8.0 nm thick, In-containing quan- are shown in Fig. 1. Bottom line: Far infrared absorption spectrum
tum wells. Bottom: 19 3Ga 64AS (no nitrogen. Middle: Untreated  of an untreated Gadsg;dNo gos1 €pilayer. Middle line: Far infrared
INo 3652 64AS0 94N 0s2- TOP: The same WheGayeASo04dNoos2  absorption spectrum recorded on the same sample after hydrogen
sample now hydrogenated with %Q0'® H ions/cnf. The vertical  jrradiation with an impinging dose equal to XQ0" ions/cnt.
dashed “nes mal’k the diffl’aCtion peaks due to the quantum Wel'i'op |ine: Far infrared absorption Spectrum Of a samp'e hydroge_
layers. The horizontal arrows depict the effect of N incorporation inpated with the same H impinging dose 8.00' ions/cn? and an-
INg 3Gap 6As and H irradiation in 193dGay 6AASo 94dNo.0s2- NOte  nealed afterward at 500 °C for 30 min. The Ga-N local vibrational
the full reversal of the lattice parameter of the hydrogenatedyode at 472 cmt is highlighted by thick lines. The other modes in

INg 3658y, 64AS0 948N 052 qUaNtum welltop curve toward that of the  the spectrum are due to the GaAs substrate.
N-free reference sampl@ottom curvé. The double peak at about

66° is due to the GaAs substrate. The x-ray diffraction data have )
been recorded in the vicinity of th@04) crystal plane reflection. drogenated plus annealéwp curve GaAs, 991N oos1 EPIl-
The curves have been vertically offset for clarity. ayers in the energy region of the local vibrational mode of

the Ga-N bond472 cm 1).! The decrease in the absorption
post-growth H irradiationnot shown herg Similar to the intensity of this mode found in the hydrogenated sample in-
GaAs _yN, case shown in Fig.(&), photoluminescence data dicates a decrease in the number of Ga-N bonds present in
recorded on the hydrogenated,@® _,As;_yN, quantum the sample. Subsequent thermal annealing restores the pre-
well show a full recovery of the band gap to the value of thehydrogenation bond numbésee top curve in Fig.)3 These
N-free InGa, _,As quantum well, as reported in Ref. 3. In data provide further evidence for strong changes in the lattice
these InGa _,As;_ N, quantum wells the H treatment in- environment around the N atoms in GaAgN, upon hydro-
duces a decrease in the photoluminescence intensity highgenation. They show that the microscopic complex respon-
than that found in In-free materials. This fact shows thatsible for the lattice relaxation has to involve the breaking of
defects induced by the hydrogenation process play no majdga-N bonds. In addition, new modes at higher energy appear
role in the lattice constant recovery. Indeed, the same latticeoncomitantly with the disappearance of the Ga-N bonds, as
relaxation upon hydrogenation is observed in bothreported previousl§¥? Infrared absorption measurements in
GaAs_yN, and InGa,_,As,_yN,, although the defect den- hydrogenated and/or deuterated samples are in progress in
sity is quite different in the two cases. order to assess the nature of the new complexes formed upon

It should be mentioned that similar effects have been obhydrogenation, in particular their involving one or two H
served in hydrogenated Si:B, where a partial relaxation ofitoms.
the Si:B lattice toward that of the undoped Si lattice was To address the microscopic origin of the lattice relaxation
observed® This effect was attributed to the formation of in hydrogenated kGa_As;_yN, we carried out first-

B-H complexes, i.e., the same complexes responsible for therinciples total-energy calculations. In previous theoretical
electrical passivation of B. works*~** it has been shown that the NgH and N-H;

Far infrared absorption measurements have been pecomplexes are respectively the most stable monohydrogen
formed in the same GaAs /N, samples investigated by and dihydrogen complexes in GaAgN,. In the N-Hsc
x-ray diffraction. Figure 3 shows the infrared spectra of un-complex there is only a g atom bonded to N at a bond
treated(bottom curve, hydrogenatedmiddle curve and hy-  center(BC) position between the Ga and N atoms. In the
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located at the BC site of a Si-B bond induces an outward
relaxation of its Si and B neighbors which, in turn, leads to a
partial recovery of the undoped Si lattice constant. The
present results show, instead, that a H atom located at the BC
site of a Ga-N bond in GaAs N, does not lead to a recov-
ery of the GaAs lattice constant nor to N passivation, which
are obtained only when N#Hcomplexes are formed. Indeed,
the cases of a singledd atom in Si:B and in GaAs (N, are
different because of the different chemical bonding occur-
ring. In the former case, 4 saturates the Si dangling bond
thus leaving the chemical valence of both Si and B fully
satisfied. In GaAs yN,, Hgc too induces an outward local
FIG. 4. (Color onling Sketch of the GaAs N, lattice in the ~ reélaxation of the Ga and N atorﬁ%quever, the H atom is
vicinity of a nitrogen atom(a) GaAs _,N, lattice (no hydrogei now bonded to the N atom and this leaves an unsaturated
(b) N-H3 complex with one hydrogen atomgH bound to Ga and ~dangling bond on the Ga atom. A detailed analysis of the
located at the bond center position between the Ga and N atoms atfiemical bonding of the N-gt complex shows that the Ga
the other hydrogen atom 4 placed in an antibonding site with dangling bond induces a Ga-H bonding interaction, which
respect to the N atom. The lattice difference between thdowers the total energy of the system when the Gagl,
H-containing and the H-free Gaf\s/N, crystals has been exagger- lattice constant is reducéd Therefore, the formation of the
ated for clarity. The vertical arrow indicates the growth direction. N-Hg.-Ga complex does not lead to a dilation of the
GaAs N, lattice toward that of the GaAs lattice, rather it
leads to a lattice contraction. On the ground of the above
considerations, one can conclude that the different chemical

" behavior of a dopant impurity, similar to B in Si, and of an
center position b_etwee_:n the Ga and N atoms ar)q,;\aﬁom isoelectronic impurity, similar to N in GaAs, accounts for the
In opposite position with respect to the same nitrogen atomdifferent effects H-containing complexes induce in Si:B and
see Fig. 4b). In the present study, total energy calculat|onsG aAs . N. lattices '
have been performed in order to evaluate the change in S-yNy '
agaasy iNduced by the formation of those two complexes in
GaAs_,N, epilayers withy=0.03 and 0.06 grown on a V. CONCLUSIONS

GaAs substrate. The value of the lattice parameter in the ; - ;
: We have shown that hydrogen irradiation of both tensilel
growth plane was fixed to that calculated for GABE557 A strained  GaAg. N, émd 9 compressively  strained y

while_the value of the lattice parameter along the %rOWthlnXGai_xAsl_yNy leads to the breaking of Ga-N bonds and
direction,c, was allgwed to range from 5.292 to 5.662 A. For,[0 an ensuing expansion of the lattice unit cellat slightly
eachc Val'ﬁ'e considered, the supercell geometry has beeBreater thapthat of the N-free material. We believe this is a
fully opt|m|_zed. The clvalue corresponding to the total- quite general phenomenon that can be observed also in other
energy m'”'”?g””('-e-’ acaasN has been evaluated through 4 AB,_,C, alloys, where the C atoms have atomic size and
Murnaghan fft* of the total energy values corresponding to electronegativity largely different from those of the B atoms
thf sampled values af Fory=0.06, we cglculate values of (e.g., GaR_,N,). Total energy minimization methods indi-
agansn €qual to 5.406 A for H-free material, 5.371 A for a cate that a complex involving two hydrogen atoms in the
lattice containing N-lc complexes, and 5.512 A for a lat- neighborhood of a nitrogen atom accounts for both the lattice
tice containing N-H complexes. The first value corresponds rejaxation and the N passivation in GaAgN, . We believe
to a contraction of the GagsNo o6 alloy lattice along the  our results are of relevance also from the application stand-
growth direction, which follows the Vegard's laithe evalu-  point. Indeed, hydrogen is largely present as a carrier gas in
ated GaAs lattice constant is 5.557. Ahe lattice undergoes the growth techniques used for large scale semiconductor
a further slight contraction in the case of NgHcomplex,  production such as those based on vapor deposition, in which
while 99.2% of the GaAs lattice constant is recovered inthe incorporation of hydrogen in the grown material is a
presence of the N-Hcomplexedthat is, 70% of the change likely occurrence.
produced by N introduction is recovered by).H-or y
=0.03, similar results have been obtained and 99.6% of the
GaAs lattice constant is recovered by the formation of the
N-H3 complex. Thus, that same dihydrogen §-idomplex This work has been partially funded by Ministero
that accounts for N electronic passivatibri®induces also a dell'Universita’ e della Ricerca Scientifica e Tecnologica
lattice relaxation like that observed after hydrogenation, agGrant No. MIUR-COFIN 200} Work performed at Lehigh
schematically shown in Fig. 4. University was supported by NSF Grant No. 0108914. The
It is worth highlighting some important difference with authors thank M. Fischer, D. Gollub, and A. Forchel for pro-
respect to the case of hydrogenated $fBhereh a H atom  viding the samples.

N-H3 complex, two strong Ga-¢ and N-Hyg bonds are
formed, which involve, respectively, agd atom in bond
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