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The effects of H on the interaction between Ga vacanéigszand N in GaAs_N, dilute alloys are studied
through first-principles total-energy calculations. We find that N binds to Ga vacancies and that in the presence
of H this binding is enhanced. The formation energy\f, bonded to N and Hresulting in a N-HVg,
complex can be more than 2 eV lower than that of the isolated Ga vacdggin GaAs. Our finding that the
concentration o¥/g, increases with N and even more in the presence of H allows us to interpret several recent
experiments.
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The differences in size and electronegativity between Norganic chemical vapor depositigRlOCVD)? or gas-source
and the other column-V elements have resulted in dilute [1II-MBE.2° The important effect of hydrogen on the band gap
V-N alloys with unique properties: just a few atomic percentand on doping of GaAs N, has been previously noted: it
of N in GaAs causes a huge band gap reductitnGaAsN ~ was shown that N can drastically change the behavior of H in
alloys can be lattice matched to GaAs by controlling thedilute GaAs_,N, and InGaAsN alloys, stabilizing the3H
[N]/[In] ratio. These InGaAsN alloys are currently being in- complexes when associated with*flor making H predomi-
vestigated for applications ranging from lasers to solar cellsnantly a donot* Moreover, H can reverse the effect of ni-
However, defects have been observed to strongly affect thgogen on the GaAs band gapt? Here we focus on hydro-
alloy properties. As-grown material is typically of poor opti- gen’s interactions with native defects, and show that the
cal quality, and annealing is required in order to improve thepresence of hydrogen renders the formationVef, even
luminescence. Despite an intense effort to improve the strugnore likely.
tural quality and electronic properties of GaAsN, and In this paper, we examine the important roles of N and H
InGaAsN, these dilute-nitride alloys still exhibit low carrier in the formation of gallium vacanciéés,. We employ first-
mobility and short minority-carrier lifetime, as evidenced by principles local-density approximatiqghDA) calculations to
low photoluminescencéPL) intensity and lifetime:® The  study the interaction betweafs,and N in the presence of H
nature and origin of the defects responsible for these phdn dilute GaAsg_,N,. We find that(i) the binding energy of
nomena are still being debated. vgg and N is 0.43 eV, although N is an isovalent impurity;

Some recent experimental studies have implied the effedii) hydrogen strongly binds t&%s, in GaAs, with binding
of N on the presence of gallium vacancies in InGaAsN. Lienergies as high as 1.27 eli) in the presence of N, the
et al. described positron annihilation measurements of galbinding energy between H and-V, increases to 2.15 eV,
lium vacancies in InGaAsN grown by gas-source molecular{iv) in the presence of hydrogen, the binding energy between
beam epitaxy(MBE).* Toivonenet al, also using positron N and H-V,increases to 1.31 eV. Our results show g},
annihilation spectroscopy, reported an increase in defedsinds strongly with both N and H. This binding lowers the
complexes containing Ga vacancies up td%n 2 when  formation energy of thé/g, in the alloy and raise§Vg,]
the N concentration is increaséap to 5%.° They found that  well beyond the levels expected in GaAs. We note that the
the concentration of gallium vacanci¢¥,s,], decreases and presence of In in an InGaAsN alloy would not directly affect
the PL lifetime and intensity improve upon annealing atour results about interactions between N or H angl;
700°C. Moreover, InGaAsN grown without the intentional therefore, our conclusions also apply to InGaAsN alloys.
addition of dopants is frequently observed to have a signifi- The calculations are based on density-functional theory
cant (~10' cm %) acceptor concentratidt’. Although  within the local-density approximatidhas implemented in
these acceptors have sometimes been ascribed to unintehevasp codel® The Ga 3l electrons were treated as valence
tional carbon doping, the acceptor concentration often exelectrons through the use of the ultrasoft pseudopoterifials,
ceeds the observed carbon concentration, implying that inand supercells containing 64 host atoms were used, where all
trinsic defects may be acting as acceptorShese atomic positions are relaxed according to the calculated
experiments provide strong motivation for developing a mi-Helmann-Feynman forces. We used a 300 eV kinetic-energy
croscopic understanding of defect physics in the dilute nicutoff and have tested the convergence by increasing the
tride alloys. cutoff. The uncertainty in the absolute formation energies is

In addition, hydrogen could also affect the formation of estimated to be+0.2 eV, mostly due to the LDA errdf.

Ga vacancies in InGaAsN. Indeed, growth of GaAdN, However, the errors for the binding energies of defect com-
alloys usually involves hydrogenas in the case of metal plexes are expected to be much smaller.
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40— lowering provides clear evidence of an attractive interaction
% between nitrogen an¥l;,. The formation energies of these
defects are illustrated in Fig. 1.
Figure 1 also shows the effect of hydrogen on the forma-

tion energy of a Ga vacancy. We studied two cases: isolated
Vgain GaAs, andVg, bonded wih a N atom in GaAs_,N,.
For the isolatedVg,, H bonds to one of the As neighbors,
saturating its dangling bond, and formsVg;sH complex
occurring predominantly in the 2 charge state[(H
—Vga?"]. The formation energy of (HVg)?™ is 0.78 eV
lower than the isolated/3, . In the case of (\Wg)°™ in
GaAs _,N,, H forms a strong chemical bond with N and the
formation energy of (N-Hg,)2 " is 1.66 eV lower than that
of (N-Vg.)®™. In this case, the energy lowering by 1.66 eV
0002 02 06 08 10 compared to 0.78 eV in the absence of nitrogen reflects
Fermi Energy (eV) mostly the stronger chemical bond between N and H com-
pared to As-H. Since lower formation energies translate into
FIG. 1. Formation energy vs. Fermi energy ff2, and  higher concentrations, our results clearly show that in the
(H-Ved?™ in GaAs, and for the same defects bonded to N.presence of N[V,] will increase, and that the presence of

3_ 2_ i i . - .
(N-Vea™ and (N-HV)"", in dilute GaAs_,Ny alloys under y \vi strongly enhance the effect of nitrogen §Ng,] in
Ga-rich and H-rich conditions. The inset shows the local atomlcd-I te GaAs .N. all
configuration for the (N-HYg)?~ complex. ute 3—xx al0YS. . .

In order to provide a systematic description of the reduc-

tion of theV g, formation energy in the presence of N and H

Formation Energy (eV)

The formation energy of a defeat with charge state is

defined as in GaAs, we calculated the binding energy for a series of
reactions involving N, H, an¥ ¢, in GaAs, described below.
Eq(@%)=AE,o((a% + Nagtaat Nuin+ger . (1) Note that these binding energies are independent of the po-

sition of the Fermi level and atomic chemical potentials,
Here, AE,o(a%) = Eyoi @) — E;or(hOSt)+ nGaMsolidjLnHMEz since charge and number of atoms are conserved in each of

Ga . .
+0qevem - Ewoi(@®) is the total energy of the defect, and these following reactions.

Eioi(host) is the total energy of the hogiGaAs or ,(1) (N',VGB)_S +Ep=Vea +N. _The binding energy f‘?f
GaAs_,N,, which is represented by a 64-atom GaAs super-th's reaction |sEb=_ 0.43 eV, whlc_h, by our deflnétlon_, is
cell where one of the As is substituted & N atom). ng,and ~ €xactly the lowering of formation energy o¥/g, in

n are the number of Ga and H atoms removed from the hospaAs —xNy relative to that in GaAsFig. 1). The reason for

to form the defect. For example, for (N-Wig)2~ in this energy lowering is due to the level repulsion between the
GaAs_ N, q=—2, ngs=1 andny=— 1. s is the chemi- occupiedt,, (Vg and the _emptyZC(NAS) _states that pushesf
cal potential of hydrogen referenced to, Hnolecule in  thet2,(Ve,) states down in energy. This level repulsion is
vacuum afT=0, andue, is the Ga chemical potential ref- most efficient when the’Gastate_ is fully occupled, |.e.,1|g12tg1e
erenced to bulk Ga crystal, which obeys the equilibrium con3— charged state, but less efficient wheg, is neutrat.™

dition  pgat mas=AH((GaAs), where AH(GaAs)= The binding between N an’d%;1 leads us to expect an in-
—0.67 eV is the calculated enthalpy of formation of GaAs.crease if{Vg,] with the nigt[ogen concentration.
We report our results for Ga-rich conditions, i.e.g,=0, (2) (H-Vg)? +E,=Vg,+H". Here, in the absence of

and H-rich conditions, i.e;=0. Results for other achiev- N, H" at the bond center site next to an As atom is attracted
able chemical potentials can be easily derived from(Eql’  to the V3, to form a stable complex (N2~ with Ej
Finally, e¢ is the Fermi energy with respect to the valence-=1.27 eV. The binding between H and, also indicates
band maximumVBM). that[ Vg, in GaAs will increase with H concentration. Note
First, we discuss the effect of nitrogen on the formationthat we have assumed H to be in the) charge state. How-
energy ofVg,in dilute GaAs_,N,. We find that the isolated ever, wheneg is close to the conduction-band minimum,
Vga in GaAs is an acceptor that is predominantly stable inisolated H and V3, could be more stable.
the 3— charge state\(3,). The transition levels to other (3) (N-H-Vg0)? +E,=VZ,+(N—H) ™. This reaction is
charge states{2, —1, and 0 occur at less than 0.2 eV intended to illustrate that in the presence of the (N-H) pair in
above the VBM'® The formation energf; of V3, is 3.60  GaAs, the formation energy oV2, is lowered byE,
eV for eg=0. Now we examine what happens wheg,is  =1.48 eV, forming the stable (N-Ng,)2~ complex. The
associated with N in GaAsN,, i.e., the vacancy is sur- increase of the binding enerfj%.05 eV compared to reaction
rounded by three As and one N atoms. The complexXd)is (1) or 0.21 eV compared to reactid®)] suggests that the
still an acceptor predominantly in the-3 charge state presence of H enhances the coupling between NVandnd
[(N-Vs2)3 1,7 but in the presence of N, the formation energyowers the formation energy &f 4 related complexes.
of Vga is 0.43 eV, lower than for the isolate‘dé;. This Alternatively, the formation of the (N-Mg,)2~ complex
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20— T T T a complex that acts as a donor, (N-4k:) *. The formation
energy of —0.46 eV ate=0 again reflects a lowering by
0.56 eV compared to (N-3N<,)° due to formation of an
S additional As-H bond. We note that the lowering of the for-
o mation energy decreases as the number of added H atoms in
3 10 the vacancy increases, presumably due to H-H repulsion in
2 the complex.
= These results indicate that the formation energies of
-% (N-3H-Vp N-nH-Vg, complexes decrease asincreases up tm=4.
E ook Ga : However, we point out that for entropic reasons complexes
£ with these larger numbers of H atoms are less likely to form
(N-4H-VG3)\ when thg H concentration is low and 'Fhe temperature is high.
F In addition, we note that the formation energies shown in
Fig. 2 assume equilibrium with Hmolecules aff =0. Hy-
T I S A drogen incorporation takes place during growth at high tem-
Lo 0= G4 06 06 16 perature, which causes a strong decreasgin®* Lower
Fermi Energy (eV) . .
values of u lead to anincreaseof the formation energy,
FIG. 2. Formation energy vs Fermi energy for (NWd,)2~,  rendering defect complexes with multiple H less favorable.
(N-2H-Vg,) ~, (N-3HV,)°, and (N-4HV,) " complexes in di- Our results help in interpreting several recent experi-
lute GaAs_,N, alloys. Ga-rich conditions and equilibrium witb,H ments. The finding thatVg,] increases in the presence of
atT=0 are assumed. nitrogen agrees with the positron annihilation studies of Li

et al. in InGaAsN grown by gas-source MBEas well as

in equation(3) can be considered as a product of the reactionthose of Toivoneret al® in samples grown by MOCVD. Our
(N-H-Vg)? +Ep=(N-Vg)® +H"*. The presence of H  results clearly show that in the presence of the N-H pair, the
significantly lowers the formation energy of the )~ formation ofVg, is enhanced, resulting in a (N-Wg,)-type
defect complex, withE,=2.15 eV. The formation of the defect.
(N-H-Vg9?™ complex in equatiorid) can also be considered  In addition, Toivonenret al. found that the vacancy con-
as a product of the reaction (NWg)?  centration decreases upon annealing at 700%& think this
+Ep=(H-Vga® +N. This reaction shows that in the pres- decrease ifiVg,] could be explained by the diffusion ¥,
ence of N, the formation energy of (Mg,)2~ is lowered by  out of the sample. We note that in GaAs, the migration bar-
Ep=1.31 eV in GaAs_N,. These large binding energies rier of Vg, is only 1.5 e\?? In pure GaAs, the vacancies
[compared to reactiond) and(2) abovg are mainly due to  would therefore be mobile at temperatures well below
the formation of the strong N-H chemical bond in the 700°C. But in MOCVD-grown GaAs ,N,, the vacancies
(N-H-Vgo)?~ complex. can only move once their bond with N and H atoms is bro-

We also studied N/g, defects with multiple H atoms: ken. The reaction that is most appropriate to describe this
N-nH-Vg, with n=2,3,4. The formation energies are shown process is reactio(8) above, which has a binding energy of
in Fig. 2. (N-HVg)?™ has a formation energy of 1.51 eV at 1.48 eV. This binding energy needs to be added to the mi-
eg=0 in GaAs _,N,. A second hydrogen atom bonds to one gration barrier folVg,in the absence of N and H, resulting in
of the As atoms that surroundés, and forms a N-2HVg,  a total barrier of 1.48 1.5~3.0 eV. Assuming reasonable
complex that can be stable in theand O charge states with values for the prefactor, a barrier of this magnitude would
formation energies of 0.77 and 0.70 eV, respectifelgly  render Ga vacancies mobile above 650°C, in good agree-
the — charge state is shown in Fig).Zrhe lowering of the ment with Toivoneret al®
formation energy of (N-2H¢g) ™ by 0.74 eV with respect We point out that these observations about mobility of
to (N-H-Vg)?  is mostly due to the formation of an Vg, also nicely explain the observed interdiffusion on the
As-H chemical bond at th¥s,. Note that this value of 0.74 group-lll sublattice in quantum-well structures, as reported
is smaller than the value of 1.66 eV for the addition of thein Refs. 23 and 24. Interdiffusion of Ga and In is mediated
first H" that forms the (N-HVg.)?~ complex. This is be- by Ga vacancies, and as pointed out above, the interaction
cause the first H is attached to N with a strong N-H chemicalvith N would render formation o¥ g, more likely than in
bond, whereas the second H is bonded to As with a weakgiure GaAs, enhancing the concentration of vacancies and
As-H bond. Furthermore, the second H also experiences H-Hence, the interdiffusion. Furthermore, Albrectital. also
repulsion. When a third H atom is added, it bonds to a secebserved a PL band centered around 0.82 eV in the as-grown
ond As atom surrounding theVg, and forms the samples(about 0.1 eV below the band eddé which was
(N-3H-Vg,)° complex, which is stable only in the neutral significantly reduced upon annealing. We speculate that this
charge state, (N-3Wg,)° with formation energy 0.10 eV. band may arise from N4, complexes, which have transi-
In this case the,(Vg,) state in the band gap is fully occu- tion levels about 0.1 eV above the VBN.
pied. Again, we find a lowering by 0.67 eV in the formation  Finally, our calculations suggest that N\H{;, may act as
energy with respect to (N-2N%;,) ~. Finally, a fourth hy- a shallow acceptor. Although the error bar on the calculated
drogen atom can bond to the remaining As atom, resulting iransition levels is too large to allow an unambiguous con-
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clusion, N-HV g, acting as a shallow acceptor could plausi- teraction between the intrinsic defedt, and N in dilute

bly explain the reported background acceptor concentratioaAs _4N, alloys. We have shown that presence of N in
in as-grown InGaAsN:” Moreover, growth of InGaAsN by GaAs _,N, reduces the formation energy‘qsf;;1 by 0.43 eV,
solid-source MBE has been shown to result in much loweresulting in an increase of thég, concentration. The effect
acceptor concentratiods,consistent with the lower likeli- of N is even stronger in the presence of hydrogen, resulting
hood of V¢, formation in this relatively H-free growth envi- in a stable complex (N-Mig)?~ with a formation energy
ronment. Annealing at high temperature will cause both He =151 ev under Ga-rich and H-rich conditions in
andVg,to become mobile. If the hydrogen, which is bondedgaag | N,, 2.09 eV lower than the isolatedd in GaAs

to an anion and behaves as a donor, is lost faster¥an  or . .—0. We therefore expect a moderate increaseves,]
then the acceptor concentration may increase, as was ofy GaAs_ N, with respect to GaAs, and a further increase
served for InGaAsN annealed under nitro§erlowever, of [V,] under growth conditions, where H is present.
when H is depleted more slowly than gallium vacancies,
[Vgal Will decrease, and the observed conversion from This work was supported by the U.S. Department of En-
p-type ton-type GaAs_,N, could be a result of the trans- ergy (Contract No. DE-AC98-G010337by ONR (Contract
formation from (N-HVg,?~ to (N-H)".%° No. N00014-02-C-0433 and by DOE/NERSC-supplied
In summary, we have studied the effects of H on the in-MPP computer time.
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