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Nitrogen passivation by atomic hydrogen in GaAgN;_, and In,Ga; _,As/N;_, alloys
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Previous theoretical studies on N-H complexes in GaAsN have been extended here to new di-hydrogen
complex configurations and to N-H complexes in thg,}&a, 75250 oNg o3 @lloy. Moreover, a deeper analysis
has been performed on the structure, formation energies, chemical bonding and electronic properties of old and
new N-H complexes in the above alloys. On the ground of the achieved results, the existence of a novel
di-hydrogen complex is predicted that is characterized By asymmetry and peculiar vibrational properties.
Complexes with this symmetry are not stable in N-free GaAs. Further, we propose a sound model for the N
passivation founded on the characteristics of the electronic states and the local atomic relaxations induced by
the N-H complexes. This model explains why the N passivation is not achieved in the case of monohydrogen
complexes and realized through the formation of the Nelihydrogen complexes. Finally, it is suggested that
different N-H complexegand different vibrational specirahould be observed in hydrogenagedype and
n-type N-containing alloys.
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[. INTRODUCTION these papers, the structural properties and the formation en-
ergies of different N-H complexes in GaAsN have been in-

Long ago it was discovered that hydrogen irradiation dravestigated. The achieved results show that the formation of
matically ~ affects the electronic  properties  of monohydrogen and dihydrogen complexsee Figs. 1 and
semiconductor$ Hydrogen can diffuse in the semiconductor 2, respectively depends on the position of the Fermi level,
lattice and readily attach to dangling bonds. Moreover, hy2s recently found in the case of ®&)).° In one study it is
drogen can form chemical complexes with shallow and dee@!s0 suggested that H acts as a donor in GaAsN, whereas it is
impuritiesy thus inducing Strong Changes of the impurityan amphote”c Impurlty in GaAs. F|na”y, those studies have
chemical bonding. As a general effect of the hydrogen-defecghown thatonly the formation of N-H dihydrogen com-
interaction, nonradiative recombination center, shallow im-plexes[see Figs. @) and 2b)] leads to the neutralization of
purity, and deep defect energy levels are wiped out from the
gap of crystalline elemental and compound semiconductors. (,
On the other hand, the effects of hydrogen on isoelectronic
impurities are almost unknown. Among these impurities,
substitutional N in llI-V semiconductors has recently re-
ceived much attention due to the peculiar effects it induces
on the properties of the host semiconductor. In GaAs, when
the As anion is substituted by an isoelectronic lighter
(heaviej atom, an increas@lecreasgof the compound en-
ergy gap is expected in a virtual crystal approach, as experi-
mentally observed in the case of(8b) substitution. How-
ever, this simple rule does not hold in the case of N
substitution. A giant reduction in the band gap energy has
been reported indeed for N concentrations of the order of a
few percent in GaAN,; _, and Ir;(Gai,xAsle,y.2 More-
over, hydrogen irradiation fully neutralizes the N effects in
both the above alloys by restoring the band gap of the N-free
semiconductor$? Since N is an isoelectronic impurity, this
latter surprising result cannot be explained in terms of a satu-
ration of dangling bonds or neutralization of chemical va-
lence effects, as usually done in the case of shallow and deep
impurities.

The behavior of N in GaAs and the effects of hydrogena-
tion on the GaAsN properties have stimulated several theo- FIG. 1. Atomic configurations of some monohydrogen com-
retical studies on the formation of N-H complexes in GaAsNplexes in GaAgN;_,: BC and AB indicate a bond centered and an
and their role in the H neutralization of the N effecté.ln  antibonding site of H, respectively.
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modes that should be revealed by infrared spectroscopy mea-
surements. This complex can also contribute to the nitrogen
passivation. Second, a model is proposed for the N passiva-
tion by hydrogen that is founded on the bonding or antibond-
ing characters of the electronic levels and a careful analysis
of the local atomic relaxationsnduced by the formation of
the N-H complexes. This model explains why the N passiva-
tion is not achieved in the case of monohydrogen complexes
and realized through the formation of the N-Hihydrogen
complexes. Third, present results suggest that different N-H
complexes and different vibrational spectra should be ob-
served in hydrogenatepttype andn-type N-containing al-
loys. Finally, the results obtained for the N-H complexes in
InGaAsN parallel those achieved for the N-H complexes in
GaAsN, thus indicating that the energetics of these com-
plexes is dominated by the formation of strong N-H bonds.

Il. METHODS

By analogy with the case of defect formation enerdfes,
in a supercell approach the formation energy per H atom
Q[N—nH]% of a NnH complex involvingnH atoms and &
charge may be written as

Q[N—HH]‘E%[E[N—HH]‘*— E[N]—nuy+quel,

N-2H 2 whereE[N—nH]% is the total energy of a supercell of GaAs

BC containing one N atom and H atoms,uy is the chemical
FIG. 2. Atomic configurations of some dihydrogen complexes inpotential of hydrogen, which is assumed equal to half of the
GaAsN;_,: BC and AB indicate a bond centered and an antibond-H,-molecule energy in the vacuum, amgis the positive
ing site of H, respectively. (negative charge on the complex, namely, the number of
electrons transferred froiiio) the complex tqfrom) an elec-
the N effects and restores the GaAs energy gap. Despite @fon reservoir with a chemical potenti@dr Fermi leve) w,
this last puzzling and stimulating finding, a model for the N (.,=0 corresponds to a Fermi level at the top of the valence
passivation mechanism has not been firmly established yethand.
In the present study, we extend our previous investigations The effects of N and H on the GaAs energy gap have been
on N-H complexes in GaAsNRef. 7) to di-hydrogen com- investigated here by calculating the transition energy of a
plex configurations different from the?Hconfigurations al-  defect, that is, the Fermi-energy vale®"** for which the
ready investigated and to the properties of N-H complexes imccupation number of a defect electronic-state in the energy
InGaAsN. Moreover, the structure and the formation energap changes fromm to n+1. In turns,e”""? can be esti-
gies of old and new N-H complexes have been carefullymated by the Fermi-energy position where the formation en-
analyzed and related to their chemical bonding and elecergies of then and n+1 charge states of the defect are
tronic properties in order to achieve a sound model for the Nequal! In the present study, the N atoms in the
passivation. Some stretching frequencies of the local vibraGaAs, ¢Ng o3 and Iy ,2Ga, 75850 9No 03 alloys (i.e., the al-
tional modes(LVM’s) of the hydrogen atoms in the N-H loys simulated by 64-atom supercglis well as the related
complexes have been also calculated both in GaAsN anM-H complexes have been considered as isolated defects and
InGaAsN. In detail, the N-H complexes have been investithe corresponding™"*! values have been calculated. The
gated in the GaAsoNo oz and Iny 5Gay 7580 0N 03 alloys "1 values should be compared with the GafsGaAs
by first-principles local density functional methods in a su-energy gap, estimated here by calculating é¥e value in
percell approach. the N-free compound material. Although this method gives a
The main results of the present study are summarizegough estimate of the GaAs and InGaAs energy gap, it per-
here. First, we predict the existence of a novel dihydrogemnits one to compare consistent results obtained within a
complex that is characterized byGy, symmetry different same approach and to follow the evolution of the gap in-
from the C.., symmetry of the B dihydrogen complexes duced by the incorporation of N or the formation of N-H
investigated in the previous studies. It is worth noticing thatcomplexes. This procedure has been successfully used in the
a similar complex with aC,, symmetry is not stable in case of defects in AIN? In addition, thee™/° value for the Si
N-free GaAs. It is quite stable instead in GaAsN and In-shallow-donor in GaAs and InGaAs has been calculated
GaAsN and can give rise to peculiar, infrared vibrationalhere. This donor induces a level close to the bottom of the
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GaAs or InGaAs conduction band, thus providing a further TABLE I. Atomic distances, atomic displacements with respect
state of reference to locate the N and N-H levels in the ento ideal positions 4 X values, and total energy values of monohy-

ergy gap. drogen complexes in GaAsN. Positiyeegative AX values indi-
Total energies have been calculated in the local densitgate an outyvardinwar(]) atomic displacement with respect to the
approximation(LDA) by using supercells, separalab ini- ~ Ga-N chemical bond. Total energy values are relative to the energy

tio pseudopotentialjsg, planewave basis sets, the speciaI-Of the most stable complefor each H specigshat is taken equal
points technique fok-space integration, and the exchange-to zero. Distances are given in A, total energies in eV. In the case of

correlation functional of Ceperley and Alddr.Ultrasoft e AS-Hic-Ga complex, the\As and AsX values are reported in

pseudopotentials have been used in the case of nittdgeni® AN and NX columns X=Ga, H), respectively. NS stands for
“not stable.” The upper, middle, and lower parts of the table report

and nonlinear core corrections have been used in the case O H 1 and . el
indium. Convergence tests have been done by using plang”fSUIIS for the H, H', and H species, respectively.
wave cutoffs ranging from 18 to 28 Ry, supercells of 32 an%omplex N-H Ga-H GaN AGa AN E
64 atoms, andk-point meshes equivalent to @&,4,49 or
(8,8,8 Monkhorst-Pack mesh in the zinc blende unit cell.[N-HZ(-Ga] 1.05 243  3.48 0.63 0.45 0.00
The results presented here have been achieved by using §46a)N-H,;] 1.06 4.80 3.74 053 081 0.24
atom supercells, thé4,4,4 k-point Monkhorst-Pack mesh, [Ga-Hio(-N)] NS
and cutoffs of 22 Ry. The stretching frequencies of the hy{(N-)Ga-H;B] 554 161 3.93 092 061 267
drogen LVM's have been estimated in the harmonicias ! -Ga) 155 182 337 053 044
approximationt?

In the N-H complexes, the chemical bonding and the NAN.H0 (Ga]  1.08 211  3.18 029 049 000
ture of the electronic states have been investigated by anﬁ-Gasﬁl_Ho ] 107 440 334 007 087 032
lyzing plots of the totalvalencg electronic charge density Ga-H (-:1?] NS
and| W, o|? densities. Further details on the methods can b(l[; c
found eisewherd® (N-)Ga-l—ﬁB] 549 161 3.88 0.91 0.56 1.49

[N-Hge(-Ga] 1.09 195 3.04 004 063 0.00

lll. RESULTS AND DISCUSSION [(Ga)N-Hpg] 107 414 3.07 -034 101 0.10
_ [Ga-Hp(-N)] 193 154 347 018 089 0.36
A. Monohydrogen complexes in GaAsN [(N-)Ga-Hyg] 536 1.61 3.75 089 046 050

The monohydrogen complexes investigated in GaAsN in

O . .
vo[ve the H', H ,'and H' species, one N atom _and its Ga are 3% smaller and 54% larger than those calculated by co-
neighbors. Two different cases have been considered for the

H sites, which correspond & H atom located close to the N valent radii, respectively. These results can be compared with

atom and to the Ga atom of a Ga-N bond, respectively. In théhe geometry of the As-ft-Ga complex formed by a Hion

former case, a H atorfion) has been located 4t) a site "' GaAs, see Table I. In this complex, the A§5-|an_d
close to the bond-center¢BC) site of a Ga-N bond, see Fig. Ga-Hsc distances are 2 and 15 % larger than those estimated
1(a), (ii) an antibonding sitéAB) on the N side, see Fig. _by _the covalent _radn 1.52 and 1.58 A! respect|ve_ly, which
1(b), (iii) a tetrahedral sité€Td), i.e., a site located along the indicates the existence of some bonding interaction of the
Ga-N axis, about 2.40 A far from the N atorfiy) some Hgc ion with both the As and Ga atoms. The above results
lower symmetry sites not aligned with the Ga-N bond axis.suggest therefore that the three-center bond formed bjnH
These complexes have been identified, e.g., with the notatiotie As-Hic-Ga complex is replaced by t&avo-centerN-H
N-Hac(-Ga), see Fig. 1a), in order to stress the main atoms bond plus a dangling bond of the Ga atomn the
involved in the complex. In the casé @H atom close to the N-Hac(-Gacomplex. The deep difference between the
Ga atom, the BC, AB, and Td sites are located on the side afhemical bonding of H in the two above complexes is con-
the Ga atom of a Ga-N bond. The corresponding complexeirmed by the plots of the totafvalencé charge density
are identified, e.g., by Gagd(-N), see Fig. {c). The opti-  shown in Fig. 3. This figure shows that the considerable elec-
mized geometries of the most interesting complexes ar&onic charge piled up on an isolated N atpsee Fig. 83)] is
given in Table I. The table also reports total energy valuesised to screen thegd ion [see Fig. &)], thus resulting in a
relative to the energy of the most stable complex for each Hpiling up of the charge on the N-H pair and in the formation
species, that is taken equal to zero. The fHGa) com-  of a strong N-H bond. A quite different charge distribution is
plex of Fig. Xa) is the most stable complex formed by the shown in Fig. 8c), that suggests instead the formation of a
H* ion. This complex is characterized by an on line three-center As-E.-Ga bond in pure GaAs. In agreement
N-Hg-Ga configuration where the Ngd and Ga-H dis-  Wwith this picture, the total energy values calculated for the
tances are equal to 1.05 and 2.43 A, respectively. An estimat@bove complexes show that the N-H bond in the ji-Ga)

of the same distances made by using the atomic covalemomplex is 1.2 eV more stable than the As-H bond formed in
radiit’ gives values equal to 1.07 and 1.58 A, respectivelythe corresponding As-4-Ga complex.

The comparison of the two sets of values suggests the for- The tendency of the substitutional nitrogen to form strong
mation of a strong N-H bond and the existence of a weak\N-H bonds is confirmed by the existence of a (Ga-)sH
Ga-H interaction. In fact, the N4 and Ga-H. distances complex[see Fig. {b)] only 0.24 eV higher in energy than
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is only 0.10 eV higher in energy than the Nsk{-Ga) com-
plex. Further, the Ga-g(-N) and (N-)Ga-Hg complexes

are more stable with respect to the corresponding complexes
formed by H and H.

The stability of the N-H-(-Ga) complex is quite surpris-
ing for two reasonsi) this result is very different from that
achieved in GaAs, where a Td site is the most stable site for
H~ and? (ii) it does not agree with a simple model proposed
to explain the H properties in GaAS.In this model, hydro-
gen behaves as a donor or an acceptor depending on the site
where it is located. A H atom located at the BC site of a
GaAs bond(where there is a piling up of electronic charge
tends to loose its electron, thus inducing a donor level in the
GaAs gap. Then, it can give rise to & Hon that is stable at
the BC site, where it is screened well by the electronic

FIG. 3. Contour plots in th€110 plane of the totalvalence  charge of its Ga and As neighbors, see Fig).30n the other
charge density corresponding te) an isolated N atom(b) the  hand a H atom at a Td sitéthat is, in a region poor of
N-Hg complex,(c) the As-Hi.-Ga complex in pure GaAs, arid)  electronic chargetends to reach the stable electronic con-
the N-Hag complex. The As, Ga, and N atoms are indicated byfiguration of He by trapping one electron, thus inducing an
black, gray, and white full dots, respectively. Small crosses repreacceptor level in the energy gap. Then, it can give rise to an
sent the H atoms. isolated H ion that has the electronic configuration of He, is
stable at the Td site and has no interaction with its neighbor-

the N- -Ga) complex. The (Ga-)N-F, complex is char- "9 atoms. . .

acterizZ%:(by a) N-H F(;istance éf 1 C))G /lgéand tF))y a Ga-N dis- 'tis useful now to summarize the differences between the
: ; i TR

tance of 3.74 A, that is 86% larger than the value given b>prop+ert|es Of.H in GaAsN and G"f‘AS') H* forms a strong

the covalent radii (2.01 A). Furthermore, both Ga and N -Hgc bond in the former material and a three-center As-

atoms relax outwar(see Table)l The geometry of this com- H-Ga bond in the latter ondii) in the case of f the BC

lex indicates therefore the formation of a strong N-H bondSite is more stable than the AB site in GaAsN, while the
P g opposite is true in GaAs, an(di) H™ is an isolated ion at the

and the absence of any Ga-N bonding interaction. This pics o . - .

ture is confirmed by the corresponding charge densit distri:rd site in GaAs, whereas it forms a NgH complex in

bution. see Fi @)y that showg a chgr e ?Iin u o)|/'1 the GaAsN. All these results suggest that the N atom in GaAsN

. 9- &, . ge piing up suffers for a lacking of electronic charge. In fact, in the

N-H pair very similar to that of Fig. ®). Even the N-H bond +

) + N-Hg(-Ga) complex, N forms a strong N-H bond by sub-

in the(Ga-)N-H,g complex results to be 1.2 eV more stablet ting the H ion t ble GaiHinteracti di

than the As-H bond formed in the corresponding complex i acting de ll'Oﬂ l;) adposstlh eG agb;hn eﬁc lon and in- "

GaAs, where an As atom replaces the N atom. Quite differen ucing a dangiing bond on tne f>a atom. vioreover, a sma
a-H interaction becomes possible only by satisfying the

results have been obtained in the case of complexes whe . . )
T needs of the N atom, that is, by adding some electronic
the H* ion is bonded to the Ga atom. The Gg¢4-N) com- o .
lex is not stable. The Hion moves from the Ga towards charge to the complex. This 'S shc_:wn by an analysis of the
P ' local lattice relaxations occurring in the NgH-Ga) com-

the N atom by reaching the configuration of the eGa) plexes. In these complexes, the Ga-H distance and the Ga

complex. The (N-)Ga-; complex is very high in energy. a1omic displacement decrease indeed on going from the H
Finally, the Td sites on the side of N or Ga atoms are not, the H and H- speciedin detail, the Ga-H distances and
stable for H . _ the Ga displacements decrease from 2.43 to 1.95 A and from
In the case of A the N-Hyo(-Ga) complex is the most g3 10 0.04 A respectively, see Tab)e Furthermore, H is
stable complex at variance with the case of GaAs, where thgot stable at the Td site because the N atom needs more
most stable complex corresponasa H atom located at the  glectronic charge than the As atom it substitutes. The N atom
AB site on the side of the As atoffi.In the N-H3(-Ga)  forms therefore a strong bond with the negative ten at
complex the H-Ga distance is smaller than that in theyariance with the As atom in GaAs. A consequence of the
N-Hg(-Ga) complex. Accordingly, a reduced Ga atomic above analysis is that the acceptor character bfrHGaAs
displacement characterizes the neutral complex. The resulghould be weakened in GaAsN because the negative charge
achieved for the other neutral monohydrogen complexes pabf H™ is shared with the N atom. In turn, this should affect
allel those achieved in the case of H the negatived behavior of H, that is, the existence of an H
Finally, in the case of H, the complex formed by the H  acceptor level in the gap lower than the donor I€9eAn
ion located at the BC site close to the N site, N:ttGa), is  estimate of the negative- character of H is given by the
once more the most stable one. It is worth noticing that, irenergy released in the reaction 2HH" +H™~. As a matter
this complex, the Ga-H distance and the Ga atomic displacesf fact, this energy has the value of 0.6 eV in GaR&f. 20
ment are further reduced with respect to the correspondingnd of 0.1 eV in GaAsN, in agreement with the results of the
complexes formed by Hand H. The (Ga)N-H,zcomplex above analysis. The tendency of N to get more electronic
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TABLE II. Atomic distances, atomic displacements with respect to ideal positidXsvalues, and total
energy values of dihydrogen complexes in GaAsN. Positivegative AX values indicate an outward
(inward) atomic displacement with respect to the Ga-N chemical bond. Total energy values are relative to the
energy of the most stable complex that is taken equal to zero. Distances are given in A, total energies in eV.
In the case of the Gahc)As-Hyag) cOmMplex, theAAs and AsX values are reported in theN and NX
columns K= Ga,H), respectively.

Complex N-H, N-H, Ga-H; GaH Ga-N AN AGa E
[Ga-HygcyN-Haag)] (@) 2.06 1.07 1.54 4.67 360 1.04 016 0.0
[Hi(a)-Ga-Hhec)N1(b) 5.35 1.06 1.59 2.70 376 043 093 013
[H1(a)-Ga-N-Hyag)] (C) 5.75 1.06 1.60 5.20 414 084 090 053
[Ga-Hy(gcyAs-Haag)] 1.92 1.58 1.65 5.05 347 084 023
[Ga-HygeyN-Hoc-Ga'?] 1.05 1.05 2.43 347 066 064

charge and the existence of a weak Ga-H interaction in the Finally, the Ga-Hc-N-Hg-Ga"2 complex shown in Fig.
N-Hgc(-Ga) complexegthat increases with the electronic 2(e) (also referred to as N-2§) represents a novel charged
Chal’ge on the Comp|e)WI|| be recalled in Sec. Ill D when dihydrogen Comp'ex invo'ving two ﬂ ions both bonded to

discussing the N passivation model. the N atom. In this case, each"Hon is aligned with its
neighboring N and Ga atoms, thus leading t6.8 symme-
B. Dihydrogen complexes in GaAsN try for the complex quite different from the..,, symmetry of

The configurations of the most interesting dihydrogenthe above 1 dihydrogen complexes. An As-?Qé complex

complexes are shown in Fig. 2. Details of the correspondin ith aCy, symmetry similar to that of the N-24 complex
geometries and total energy values are given in Table I1. IfS 1Ot stable in GaAs. In the N-24¢ complex, the N-ic
these complexes, the H atoms are located at BC or AB Sitetgonci—lengths are equal to the N-H bond length in the
close to N or to its Ga neighbors. The most stable complex i&-Hac(-G&) complex. The charge stated, 0, and—1 of
the Ga-Hye-N-Hag complex shown in Fig. @). This com-  this complex have been also investigated. The corresponding
plex will be also referred to as N3Ha) because it is char- geometriegnot reported in Table Jldiffer from that of the

acterized by an “on line” H -like configuration, where the complex with charge+2 mainly for the atomic displace-

two H atoms are bonded to a Ga and an N atom of a Ga-N'€Nts of the Ga atoms and the Ga-H atomic distances. In
bond, respectively. In the N4Ha) complex, the N-g and detail, the Ga displacements and the Ga-H distances decrease
’ . ’ “)AB

from 0.64 A to 0.28 A and from 2.43 A to 2.00 A, respec-

P ety eaual and 5% smaller with respect 10 thgYe% on going ffom 2 o ~1 charge of the complex,
' pectively, €q N pect | agreement with the local relaxations found in the case of the
corresponding values estimated from covalent radii. The

N-Hgc distance is 2.06 A, that is 92% larger than the 1.07 AmonohydrogenN-Ek(-Ga) complex(see Table )
value estimated from the atomic covalent radii. This complex
is therefore characterized by the formation of two strong
Ga-Hsc and N-Hyg bonds and by a negligible Ndd inter-
action. This chemical bonding is confirmed by the total The formation energies per H atom of the most interesting
charge-density distributions shown in Figa$ It should be  monohydrogen and dihydrogen complexes for different val-
noted the similarity between the charge density distributiongies Of e are given in Table 1IP* Formation energies of H
around the N-Hg bond shown in Figs. @) and 3d). Even  molecules in GaAsN and §4, H3 , and H molecules in
the Hyg-Ga-Hsc-N complex shown in Fig. @) has a GaAs are also reported in the same t&Blm the case of the
H3 -like configuration. It will be also referred to as N5kb). H, molecules, H(Ga) [H,(N)] indicates a molecule located
This complex is only 0.13 eV higher in energy than theclose to a Td site that has GN and A9 atoms as nearest
N-H3(a) complex and presents a quite similar chemicalneighbors. o _

bonding. The geometry of the N3Hb) complex and the The present rgsults indicate that the formation of gtrong
corresponding total charge-density distributiofsee Fig. N-H bonds stabilize both the Jd and H complexes with
4(b)] show indeed that the complex is characterized by twdespect to the case of GaAs. In fact, in GaAs, thenhbl-
strong Ga-Hg and N-Hsc bonds and by a negligible GagHl ~ €cule is the most stable species for almost all ghevalues
interaction. The dihydrogen complex of Fig(cRis further  in the energy gap. On the other hand, in GaAsN, the N-H
higher in energy. The complex of Fig(d is unstable, to- complexes and the N4¢ complexes(in the various charge
gether with the corresponding one having the two H atomstate$ are always more stable than thg Holecules. The
bonded to a Ga atom of the Ga-N bofribt shown in the stabilizing effect produced by the formation of strong N-H
figure). These two complexes evolve without barriers to-bonds is also shown by the existence of the N;&Hom-
wards the geometries of the NskB) and N-H(b) com-  plex. In fact, as previously noted, a corresponding As{;éH
plexes, respectively. complex is not stable in GaAs.

C. Formation energies of N-H complexes in GaAsN
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TABLE Ill. Formation energies per H atoriin eV) of H com-
plexes and molecules in Gaf\sNg o3 calculated for Fermi energy
(ue) values equal to Qtop of the valence bandEy/2, andEg,
whereE, is the experimental GaAs energy gép52 e\). Forma-
tion energies per H atom of several H complexes and molecules in
GaAs are given in the last three rows of the table.

Complex 0 Ey/2 Eqg

[N-Hg(-Ga)] -1.01 ~0.25 0.51
[N-H3(-Ga)] 0.07 0.07 —-0.07
[N-Hgo(-Ga)] 1.31 0.55 -0.21
[(GaIN-Hjg] —-0.85 —0.09 0.67
[(GaIN-H3g] 0.39 0.39 0.39
[(GaIN-Hjg] 1.43 0.67 —-0.09
[N-H3 (@] -0.28 -0.28 -0.28
[N-H3 (@Y 0.81 0.43 0.05
[N-H3 (b)] -0.21 -0.21 -0.21
[N-2HgZ -0.94 -0.18 0.58
[N-2Hgd —-0.48 -0.10 0.28
[N-2H2] -0.03 -0.03 -0.03
[N-2Hgd] 0.92 0.54 0.16
[Hy(N)] 0.41 0.41 0.41
[Hy(Ga)] 0.23 0.23 0.23
[Hacl 0.05 0.81 1.57
[H3] 0.56 0.56 0.56
[H(Ga)] 0.20 0.20 0.20

of hydrogenation. Then, the Fermi level raises due to the H
passivation of the shallow acceptors and the N-ebm-
plexes start to form. When the Fermi level reaches the mid-
gap, the N—I:IC and the N-H complexes are the most fa-
vored complexes. The N, and N-2H¢ complexes
previously formed are likely still present. Thus, one should
FIG. 4. Contour plots in thé110) plane of the totalvalence  €Xpect that all the above four complexes can be observed in
charge density corresponding ta the N-H;(a) complex,(b) the  hydrogenatedp-type GaAsN. On the other hand, interest-
N-H% (b) complex, andc) the Ga-hy-As-Hag complex. The As,  ingly, not all of the above four complexes should be formed
Ga, and N atoms are indicated by black, gray, and white full dotsin hydrogenatech-type GaAsN. Preliminarily, it should be
respectively. Small black or white crosses represent the H atoms.observed that, for a Fermi level close to the CBM of GaAsN,
the N-H; (a)~* and the N-2HZ& complexes should not be
The results in Table Il also indicate thattype and formed, although they have small formation energies. This
n-type doping have significant effects on the formation of thewill be clarified in the next section, where it will be shown
N-H complexes. When the Fermi level is close to the valencehat thee”~ transition energies corresponding to the above
band maximumVBM), the N-Hs- complex is the most fa- two complexes are higher than the Gaaad GaAsN CBM.
vored one. The N-2f# and (Ga-)N-Hy complexes have Thus, the neutral N-H and the N-HZ complexes start to
also very small formation energies. In semi-intrinsic GaAsN,form in n-type GaAsN. The formation of the Ni\l—B} and
the N-H and N-H; complexes should coexist, whereas theN-2H3 complexes is instead uncertain due to their higher
N-H3 and N-H;; complexes should prevail when the Fermi formation energies. Then, hydrogen passivates the shallow
level is close to the conduction band minimy@BM). donors, thus lowering the Fermi level. When is close to
The above discussion gives a simplified description of thenidgap, the N-H , the Nl—gé complexes should be present,
effects of doping on the formation of monohydrogen andwhile the presence of N-tg and N-2H; complexes re-
dihydrogen complexes. In fact, it has to be taken into acimains uncertain. The above results have significant conse-
count that hydrogenation can change the position of theuences(i) After hydrogenation, the Fermi level is located
Fermi level in a given semiconductor because H passivatesose to the midgap independent on the initial doping condi-
the shallow impurities. Thus, ip-type GaAsN, the N-§, tions. This implies that the N-Hcomplexes are formed both
N-H,5, and N-2I—£§ complexes are favored at the beginningin p- andn-type GaAsN. In turn, this is an important result,
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FIG. 5. Formation energy as a function of the Fermi enqegy 0.0 05 1 0 1.5
for the N-Hsc and N-H; complexes in GaAg,Ng o3. The vertical Fermi Energy (V)

short-dashed and long-dashed lines correspond te%hgN] and FIG. 6. Formation energy as a function of the Fermi engrgy
¥ [GaAg values, respectively, namely to the energy gaps off

. g or the N-2H;c complexes in GaAsNgg3. The vertical short-
GaAsg,gMNooz and GaAs(1.51 and 1.85 eV, respectivglyThe line dashed and long-dashed lines correspond to ¢fe[N] and
segments represent the charge states of the complexes and the dgﬂs[GaAsJ values, respectively, namely to the energy gaps of

indicate the transition energies. GaAs) gNg o3 and GaAs(1.51 and 1.85 eV, respectivelyThe line
segments represent the charge states of the complexes and the dots

because the N-Hcomplexes are the main responsible of theindicate the transition energies.

N passivation, as will be clarified in the following section.

(ii) Different hydrogen LVM's should be observed in the

case ofp-type andn-type GaAsN. results have been achieved in the case of the J\-ebm-

plex. For what concerns the Nsila) complex, the
€ ""[N-H3 (a)] value (not shown in Fig. 5is close to the
VBM of GaAsN. Thee” [N-H% (a)] value is instead about
0.3 eV higher than the energy gap estimated for pure GaAs.

The hydrogen neutralization of the nitrogen effects on the® Similar result is obtained in the case of the §{#) com-
GaAs energy gap will be discussed here. 6 [GaAg  Plex. Although the calculated""** values are affected by
value calculated for pure GaAse., the present estimate of the well-known LDA band-gap error, the qualitative result is
the GaAs energy gags 1.85 eV, 22% higher than the ex- clear: the effects of N in GaAs can be neutralized by the
perimental valug1.52 eV). An "/ value of 1.84 eV has formation of the N-H complexes, while monohydrogen
been also estimated here for the electronic level induced ifomplexes do not restore the GaAs gap.
the energy gap by a Si donor (5 in GaAs. In agreement A similar analysis of the transition energies has been per-
with the shallow character of this dopant, teé’[Sis,]  formed in the case of the N-Z4d complexes, see Fig. 6. The
value is close to the® [GaAg value, thus indicating a € 2 '[N-2Hgc] and e"{N-2Hgc] transition energies
good consistency of the present approach. @& N] value show that the formation of the complexes with charg2
calculated for an isolated N atom in GaAs is 1.51 eV fromand+1 does not lead to the N passivation. The GaAs energy
the top of the valence band. This value is assumed as tH#2pP could be restored instead by the formation of the neutral
energy gap of the GafsN 3 alloy, thus corresponding to  N-2 H%C complex as shown by a value of 1.91 eV estimated
a reduction of 340 meV of the calculated GaAs energy gapfor the e” *[N-2Hgc] transition energy.
close to the experimental value of 400 né\Let us now On the ground of the above results, it can be concluded
consider the N passivation in the casepetype GaAsN. In that, in the case of-type GaAsN, the N-Bl complexes are
this case, it has been shown in the previous section that thbe main responsible of N passivation. Some contribution to
most stable N-H. complex, the N-Hg, and the N-2HZ  the passivation process can be given by the Ny2Eom-
complexes start to form at the beginning of hydrogenationplexes. In the case oftype GaAsN, the N-2k complexes
Then, the Fermi level raises and the N-ldomplexes are should not be formed. The N passivation is achieved there-
formed. The formation energies of the NyHand N-H;(a)  fore only through the formation of the NZHcomplexes.
complexes as a function of the Fermi level are reported in A model can be proposed now to explain why the N neu-
Fig. 5. In this figure, the crossing points of the formation tralization is not achieved by forming the monohydrogen
energies corresponding to different charge-states of the conN-Hsc complexes and realized through the formation of the
plexes permit to estimate the transition energy values. Figurbl-H5 complexes. This model is based on an analysi§ )of
5 shows that the "/ N-Hgc] is about 0.4 eV lower than the the bonding or antibonding character of the electronic states
energy gap estimated for the GaAsfNyos alloy. The induced by the N-i. and N-H complexes andii) the local
€ [N-Hgc] is about 0.2 eV higher than the'’[N-Hgc] lattice relaxations occurring in the Ngd complexes. Con-
value and still lower than the GaAsN energy gap. Similartour plots in the(110 plane of the charge densitida’éfm|2

D. Transition energies for the N-H complexes and
N passivation in GaAsN
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TABLE IV. Stretching frequency valuegn cm ) calculated
for the H local vibration modes in several N-H complexes in
GaAsN (left column and InGaAsN(right column.

Complex Bond VGaAsN VinGaAsN
[N-Ha(-Ga)] N-Hgc 3172 3170
[(GaIN-H/g] N-Hag 3118 3102
[N-H3 (a)] Ga-Hyc 2025 1794
[N-H3 (@] N-Hag 3035 3086
[N-H3 (b)] Ga-Hyg 1708

[N-H3 (b)] N-Hgc 3131

[N-2H32 N-Hgc 3210 3198
[N-2H32 N-Hgc 3100 3095

form four chemical bonds, i.e., three N electrons are in-
volved in three Ga-N bonds and the remaining two electrons
bind the Hi ion instead of the fourth Ga atom. Thus, thé H
o o © o insertion in the Ga-N bond does not affect the main charac-
teristic of the original nitrogen LUMO, that is, the strong
~ charge localization on N. On the other hand, the fact that the
(C) Ga dangling bond can induce a Gadbonding interaction,
e points(b) and(c) above, is supported by the previous discus-
/773) @ oo sion of the atomic relaxations occurring in the NdHcom-
o (%2 plexes, see Sec. Il A. Those results show indeed that, when
| (\O o ((;, 5 occupied by one or two electrons, the LUMO of Fighy
e induces a progressive reduction of the Gg-Hlistance as
shown by the geometries of the NgK, N-H3., and N-Hyc
complexes, see Table I. The characteristics of the LUMO of
the N-H. complex(i.e., its similarities with the LUMO of
L] a - e the isolated N and the absence of any antibonding chajacter
FIG. 7. Contour plots in thé110 plane of the charge density account for the fac;t that this state is not higher in energy than
W, 02 corresponding to the lowest unoccupied molecular orbitalth® LUMO of the isolated N as well as for the closeness of
(LUMO) of (a) an isolated N atom(b) the N-H;. complex, andc) €”"[N] and e " N-Hg] values. The formation of a mono-
the N-H; (@) complex, in GaAgeNy 5. The Ga, As and N atoms hydrogen complex cannot lead therefore to the N passiva-
are indicated by black, gray, and white full dots, respectively. Smalkion. On the other hand, in the N3ila) complex, two N
crosses represent the H atoms. electrons and the two electrons of the H atoms are involved
in the formation of the Ga-H and N-H bonds. The occupied
corresponding to the lowestoccupiedmolecular orbitals  glectronic levels corresponding to these stable bonds are lo-
(LUMO) induced by an isolated N atom and its H complexescated in and close to the top of the valence band. The latter

are shown in Fig. 7. The LUMO of the isolated (Ne., the |, qing state has its antibonding counterpart in the LUMO
conduction band minimum of GaASNs characterized by a g,y in Fig. 7c). In this state, the charge is still localized

strong localization of the electronic charge on the N atomDn the N atom but polarized towards the H atom, that is,

tsoeearl??).c gb;ﬁeéc\)/ren??;lo\?agrfzg Ea%% Cs;?gg;ogr:\é?:grlts: th %owards the atom bonded to the Ga atom. Furthermore, there
formation of a strong N-H bond and to the LUMO of Fig. 5 some charge localization between the same two non

7(b). Three main features characterize the latter stajehe bonded H_and N atoms. This Ch‘"?“ge Iocallganon reveals a
electronic charge is still strongly localized on the N atom asstrong antlbondlgg charicter of .thls electronglzistate, that ac-
in the case of isolated N, although polarized toward the H cg%nts for ‘ane” [N-H; ()] higher than ™ [N] and

ion, (b) the charge distribution of Fig.(@) clearly shows the € LN-Hgc] and also higher than the value estimated for the
existence of a dangling bond of the Ga neighboring the H iorPottom of the GaAs conduction band. Similar results are ob-
that points toward the H itselfc) the LUMO of Fig. 1b) tained for the N-B(b) complex. The above model and the
has not an antibonding character. It can induce instead @alculated transition energies provide therefore a firm theo-
weak bonding Ga-kt interaction. In detail, the poir{e) can  retical framework for understanding why the hydrogen pas-
be explained in terms of a Hion taking the place of the Ga sivation of N in GaAsN is not achieved by forming mono-
atom no longer bonded to the N atom. The N atom formshydrogen complexes and realized through the formation of
indeed a stable N-H bond and still keeps its five electrons tiN-H5 complexes.

>
»
»
g

b
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TABLE V. Atomic distances, atomic displacements with respect E. Hydrogen local vibrational modes in GaAsN

to ideal positions 4 X valueg, and total energy values of several -
mono-hydrogen complexes in InGaAsN. Positigegative AX Present results indicate that a number of N-H complexes

values indicate an outwar@nward atomic displacement with re- can be formed in GaAsN. Moreover, they suggest th"f‘t dif-
spect to the chemical bond. Total energy values are relative to thi€rént complexes should be formed after hydrogenation of
energy of the most stable compléer each H speciédhat is taken ~ P-type and n-type GaAsN. Theoretical and experimental
equal to zero. Distances are given in angstroms, total energies in eWork is therefore in progress to achieve a detailed descrip-
In the case of the As-§t-Ga complex, theAAs and AsX values  tion of the quite complicated vibrational properties of the
are reported in thaN and NX columns K=Ga,H), respectively. N-H complexes in GaAsN. Some preliminarily results are
given here, see Table IV, that should be confirmed by infra-
Complex N-H GaH GaN AGa AN E red spectroscopy experiments. These results show that the
stretching frequencies corresponding to the N-H bonds are in
the range of 3035—-3210 cm. Although present results are
characterized by an error bar of about 100 ¢i* they give

[N-Hi(-Ga] 1.05 254 359 067 051 0.00
[(Ga)N-H;z] 1.06 487 381 053 083 070

[As-lggc-Ga] 156 188 329 054 034 useful informations to distinguish between the different com-
[N'Héc('Ga)] 108 217 325 029 055 plexes. As an example, the results in Table IV show that the
[N-Hgc(-Ga] ~ 1.08 200 3.08 008 0.73 N-Hgc stretching frequencies are always greater than the
N-H,g ones, both in monohydrogen and dihydrogen com-
plexes. This result and the different stretching frequencies of
Finally, in a previous papérjt has been suggested that the Ga-H. and Ga-Hg bonds in the N-H-like complexes
monoatomic hydrogen can exist only in the donor chargehould permit to distinguish between the N44) and the
state in GaAsN. In that study, the calculated transition energy-H% (b) complexes. Moreover, a significant result is
level €*/~[N-Hgc] results indeed to be located about 0.03achieved in the case of the N-Z& complex, that results to
eV above the CBM of GaAsN. We cannot confirm that reSUltbe the 0n|y N-H Comp|ex g|v|ng rise to two close N-H
because our findings show that the'’[N-Hgc] and  stretching frequencies. These frequencies represent a finger-
€”"[N-Hgc] transition energy levels are both below the print of the complex that could be observed experimentally
CBM of GaAsN. On one hand, our estimates of transitionby isotopic shifts induced by the use of deuterium in place of
energy levels and energy gaps are less accurate than thdsgdrogen.
calculated in the study cited above and could not reveal the
small difference between the'’ " [N-Hgc] and the CBM
values reported in that study. On the other hand, the very F. Hydrogen complexes in InGaAsN
small difference between those two values would need fur- Monohydrogen and dihydrogen complexes such as those
ther experimental investigation in order to confirm the donorshown in Figs. 1 and 2 have been investigated in the case of
behavior of H in GaAsN. In this concern, our previous con-InGaAsN. In addition, in this alloy, we have also investigated
siderations on the N-H complexes formedritype GaAsN  complexes where an In atom is involved in place of a Ga
could be useful. On the ground of the discussion made imtom, e.g., the N-Ek(-In) complex has been considered in
Sec. Il C, the N-H complex should be formed indeed only place of the N-H(-Ga) complex of Fig. ta). All the com-
if €”"[N-Hgc] is lower than the CBM of GaAsN. It is also plexes involving an In atom in place of the Ga atom are high
worth noticing that the donor behavior of H suggested in thén energy. Thus, only the former complexes will be discussed
case of GaAsN should be more marked in InGaAsN due tdn the following. The geometries of the most stable monohy-
the smaller energy gap of this alloy. In InGaAsN, presentdrogen complexes are given in Table V together with the
results confirm that monoatomic hydrogen can exist only ingeometry of the As-g.-Ga complex in InGaAs. The geom-
the donor charge state, as will be discussed in Sec. lll F. etries of some dihydrogen complexes are given in Table VI.

TABLE VI. Atomic distances, atomic displacements with respect to ideal positidbX¥svalues, and total
energy values for several di-hydrogen complexes in InGaAsN. Pogitiegativeé AX values indicate an
outward(inward) atomic displacement with respect to the chemical bond. Total energy values are relative to
the energy of the most stable complex that is taken equal to zero. Distances are given in angstroms, total
energies in eV. In the case of the Gagkt)-As-Hyag) cOMplex, theAAs and AsX values are reported in the
AN and NX columns K= Ga,H), respectively.

Complex N-H N-H, Ga-H  GaH, Ga-N AN AGa E
[Ga-Hy(acyN-Haag)] (@) 2.26 1.06 1.58 4.72 367 110 016 0.0
[H1(ag)-Ga-Hygc)-NI(b) 5.49 1.06 1.60 2.83 3.89 0.49 1.00 0.18
[H1(ag)-Ga-N-Hy(ag)] (C) 5.92 1.06 1.66 5.36 431 0.91 0.98 0.51
[Ga-Hy(gcyAs-Haag)] 2.03 1.57 1.55 5.11 354 090 021
[Ga-Hy(gcyN-Hy@cyrGa' 2] 1.05 1.05 2.49 352 063 0.66
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TABLE VII. Formation energies per H atoiin eV) of H com-
plexes and molecules in InGaf\sNy o3 calculated for Fermi-
energy (ue) values equal to Qtop of the valence bandE,/2, and

Ey. whereEg is the estimated InGaAs energy gép21 eVj. For- >
mation energies per H atom of H complexes in InGaAs are givenin £
the last two rows of the table. ?
=}
Complex 0 Ey/2 Eq % |
[N-Hi(-Ga)] -1.03 ~0.43 0.18 g :
[N-H3.(-Ga)] -0.17 -0.17 -0.17 £ 1= |
[N-Hgc(-Ga)] 0.86 0.26 -0.35 : |
[(GaIN-Hg] -0.47 0.13 0.74 . |
[N-H3 (a)] ~0.45 ~0.45 —0.45 -2.0 ' - - '
[N-HE @1 0.50 010 _o71 0.0 0.5 1.9 1.5 2.0 %5
[N-H3 (b)] -0.35 ~0.35 ~0.35 Fermi Energy (eV)
[N'Zchz —0.78 0.43 1.64 FIG. 8. Formation energy as a function of the Fermi energy
[H2+(Ga)] 0.20 0.20 0.20 for the N-Hsc and N-H; complexes in 1g,:Ga 76AS0.9MNg0z- The
[Hecl 0.20 0.80 141 vertical short-dashed and long-dashed lines correspond to the
[H3] 0.44 0.44 0.44 €’ [InGaAsN| and € [InGaAs| values, respectively, namely to

the energy gaps of §3:Ga 75ASo.0Mo.03 aNd Iy 25Gay 75AS (0.82
and 1.62 eV, respectivelyThe line segments represent the charge

The formation energies of the most interesting monohydrostates of the complexes and the dots indicate the transition energies.

gen and dihydrogen complexes are given in Table VII. i i
The results achieved for InGaAsN almost parallel thosdN€ INGaAsN CBM. This result seems to confirm that mono-
atomic hydrogen can exist only in the donor charge state in

found in the case of GaAsN. In the case of the mono-°" di ! his d b
hydrogen complexes, the BC site close to the N atom is, onckiS alloy, as suggested in a previous papehis donor be-

more, the most stable site for all the threé H°, and - havior of H implies that im-doped InGaAsN only the N-f1
species. The geometries of the monohydrogen and dihydrd:_omplexes should be formed, at variance with the case of
gen complexes indicate that strong N-H bonds are formed "L'E-aAsN. o )

both complexes. The formation energies reported in Table Finally, preliminary stretching frequency values calcu-
VIl show that the N-kc and N-H complexes are more lated for N-H complexes in InGaAsN are given in Table IV.
stable than the b molgcules Even the existence of the The discussion made in Sec. Il E about the vibrational prop-
N-2Hgc complexes is confirmed in the case of InGaAsN. All erties of thfel NéI;Ac?\lmpIexes in GaAsN can be extended to
these results indicate therefore that the presence of the biggfet}e case orin SN

In atoms and the disorder induced by the random distribution

of two different cations in the lattice do not affect the main IV. CONCLUSIONS

properties of the N-H complexes. Moreover, they further |n conclusion, previous investigations on N-H complexes
support the suggestion that the energetics of those complexg$ GaAsN have been extended here to dihydrogen complex
is dominated by the formation of strong N-H bonds. configurations different from the }H configurations and to
Present results also indicate that the tind N-2H;¢  N-H complexes in InGaAsN. Moreover, the structure, the
complexes are favored by-type doping as in the case of formation energies, the chemical bonding and the electronic
GaAsN. The transition energy values for the NeHand  properties of the old and new N-H complexes have been
N-H3 (a) complexes are given in Fig. 8, together with theanalyzed in detail in order to achieve a sound model for the
estimated energy gap of thegiGa, 75AS0.9MNg oz @lloy and N passivation. The existence of a novel dihydrogen complex
the shallow level corresponding to the Si donor. Theis predicted that is characterized bLa, symmetry different
achieved results show that only the formation of thefrom the C.,, symmetry of the B dihydrogen complexes
N-H3 (a) complex permits us to restore the InGaAs energyinvestigated in previous studies. This complex is quite stable
gap. Thus, the model proposed to explain the N passivatioand can give rise to infrared vibrational modes that should be
in the case of GaAsN still holds for InGaAsN. All the previ- revealed by infrared spectroscopy measurements. It can also
ous results show that the properties of the N-H complexesontribute to the nitrogen passivation. However, present re-
are quite similar in GaAsN and InGaAsN. sults confirm that the N-§H complexes are the main respon-
On the other hand, as anticipated before, the transitiogible of the N passivation. A model is proposed for the N
energies estimated here for the N-H complexes in InGaAshpassivation by hydrogen that is firmly founded on the bond-
reveals a donor behavior of H at variance with the case oing or antibonding characters of the electronic states induced
GaAsN. The transition energy values corresponding to difpy the monohydrogen and dihydrogen complexes and on a
ferent charge states of the Nsklcomplex are shown in Fig. careful analysis of the geometries of the monohydrogen
8. The €"'%, €, and ¢"'~ values for that complex are complexes. This model explains why the N passivation is not
almost coincident and located above the value estimated faichieved in the case of monohydrogen complexes and real-
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ized by N-H dihydrogen complexes. Present results also Finally, the results obtained for the N-H complexes in
show that different N-H complexes and different vibrational INGaAsN parallel those achieved in GaAsN, thus indicating
spectra should be observed in hydrogenatetype and that the energetics of these complexes is dominated by the
n-type N-containing alloys. formation of strong N-H bonds.
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