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Interstitial hydrogen and enhanced dissociation of C-H complexes in GaAs
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Local-density-functional-baseab initio calculations are used to investigate hydrogen and carbon-hydrogen
defects in GaAs. The equilibrium structure for both the C-H and Tdémplexes are shown to be similar,
with the hydrogen located at a C-Ga bond-centered site. The dissociation of these complexes is investigated
and it is found that the energy barrier of 1.84 eV for the process G-~ + H* is substantially lowered
to 0.88 eV in the presence of an electron resonantly bound to the defect. This is in good quantitative agreement
with recent experiments. Isolated interstitial hydrogen is found to lie at a Ga-As bond-centered site for both
H* and H® and at an antibonding site relative to a Ga atom for. Ht is also found that the stable form of the
hydrogen dimer is a Fimolecule, the dissociation energy of which is 1.64 eV, and that interstitial hydrogen is
a negatived defect. Finally, a mechanism for minority-carrier-induced device degradation is proposed.
[S0163-182606)06724-0

[. INTRODUCTION (TMGa) and arsingAsH3), which are used in MOVPE and
MOMBE. The passivation of shallow impurities in semicon-

Currently, carbon is the preferrgdtype dopant in GaAs ductors by the formation of defect complexes with hydrogen
and Al,Ga,As. This is due to its low diffusivity compared is well documented®1"and experimentd-2*and theoreti-
with other p-type dopantgBe and Zn and to the fact that cal technique®®*3have already been used to investigate the
high concentrations, #8—-10** cm~2, can be incorporated C-H complex in GaAs and AlGa; ,As. Theab initio cal-
into the material using metalorganic vapor-phase epitaxgulations have shown that the lowest-energy structure for the
(MOVPE) and metalorganic molecular-beam epitaxial neutral C-H complex is one where H lies at a bond-centered
(MOMBE) growth techniques. Recent experimental work on(BC) site along a C-Ga bond. In addition to C-H complexes,
heterojunction bipolar transistot#iBT’s) and p-n junction  secondary-ion-mass spectroscog$IMS) measurements
diodes containing GaAs:C as @type region has concen- have shown that the MOVPE material can contain interstitial
trated on investigating the degradation of the device duringd ™ donors. SIMS was used to monitor changes in the depth
operationt—3 A catastrophic decrease in current gain and re-profiles of hydrogen during thermal annealing at 38G2C.
lated increase in low bias leakage current occurs under notnfrared absorption measurements showed that the concen-
mal operating conditions over a time scale short enough ttration of C-H complexes remained unchanged after the an-
be an obstacle to their wide-spread use, e.g., as high-speaeéal, and the changes in depth profile were attributed to the
switches in communications systems. These degradation efaiovement of a rapidly diffusing hydrogen species. As the
fects could also prove to be significant in other devices usindparrier to this hydrogen movement was determined to be
carbon-doped GaAs, such as vertical cavity surface emittingnly 0.4 eV, it was proposed that isolated hydrogen intersti-
lasers. In this paper we carry out theoretical simulations ofials were present, probably as*H The presence of free
processes connected with this degradation, in order to clarififydrogen seems related to the growth technique, as other
the mechanisms involved and compare with related experiworkers report that almost all H is present as C-H
mental results. complexes.

Carbon in GaAs has been studied by both theorétifal ~ Fushimi etal! investigated the degradation of
and experimental techniqué&.it has been established that GaAs/ALGa_,As diodes under a large current load. The
the substitutional defect is not an amphoteric dopant, and idiode provides a simpler system to investigate than HBT's
only observed to lie on the arsenic sublatfidbus acting as  with GaAs:C as the base region, but exhibits the same deg-
an acceptor. An interstitial form, stable below 150 °C, isradation effects. The degradation was correlated with the
known'®* and has been investigated previou$A dicar-  presence of free H in the device. The free hydrogen can be
bon defect®!* that acts as a donor appears to have a lowemoved by thermal annealing at 450 °C, leaving only C-H
formation energy but has not been detected to date. defects. It was then demonstrated that, on heating the device

The current favored growth techniques introduce largeup to typical operating temperatures of 200 °C, negligible
amounts of hydrogen along with carbon into the materialdissociation of C-H occurred. However, on passing a large
This arises from the precursors, such as trimethyl galliuncurrent through the device at this temperature, rapid disso-
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ciation of the C-H complexes occurred, leading to further
device degradation. It was therefore inferred that the energy
barrier to C-H dissociation is lowered by the injection of
minority carriers into the-type region. It was also observed
that the degradation rate was proportional to the injection
current squared. Enhanced dissociation of other
H-passivated dopants has been reported and studied previ-
ously in, for example, boron-doped silic6t?* In this case,

the injection of electrons reduced the dissociation barrier of
B-H complexes.

Two main experimental approaches have been used in
order to determine the energy barrier to complex dissocia-
tion. First, straightforward thermal decomposition XfH
donor/acceptor—hydrogen complexes has been carried out by
annealing. This technique should overestimate the energy
barrier as the reaction is assumed to be first order and the
reformation of theX-H complex is not taken into account.
SecondX-H complex dissociation in reverse-biased Shottky
diodes has been studied. Reformation of the complexes is FIG. 1. Sites in the lattice referred to in the text in describing the
now inhibited as the electric field sweeps the charged hydrdecation of hydrogen atoms and molecul@sis the tetrahedral in-
gen atoms away from the ionized donors or acceptors. Thirstitial site, BC is the bond-centered site, and AB is the anti-
technique is best suited to lightly doped material in Whichbondlng site. Subscnpt; are used in the text to indicate the nearest
there is a low concentration of ionized donors. However, indlo™s in the AB and sites. In the figure, these would bggTand
this case the barrier energy should be underestimated, as tﬁ s Sites. The(111) axis s labeled.
presence of the electric field lowers the barrier energy due to
the Poole-Frenkel effect. In fact, it has been shown that the-/+ level at around 0.5 eV above the valence band.
dissociation energy of Si-H complexes in GaAs can vary Interstitial hydrogen in GaAs has previously been inves-
between 1.79 and 1.20 eV, depending on the applied biaggated theoretically by ab initioc methods. Cluster
voltage?® Experimental results for the barrier to the processcalculationg® using 56-atom clusters found®Ho be stable
CH —- C + H' are 1.75+ 0.3 eV by thermal at theTg, site. Neutral interstitial hydrogen at the BC site
dissociatioR’ and 1.35 = 0.05 eV by field-assisted was modeled both by Hartree-F3&land density-functional
dissociatior?® The experimental work described above im- (LDF) methods®2® yielding structural information and hy-
plies that the source of the degradation in devices is closelgerfine parameters that compared favorably with those ex-
related to defect formation involving hydrogen. It has re-perimentally determined for anomalous muonium. Supercell-
cently been suggested that the degradation process is relatgline—wave LDF calculations have been used to investigate
to the formation of plateletsOne final experimental result is structures involving one and two interstitial hydrogen
that the presence of small concentrations of In in the GaAs:Gtoms®® These calculations found that®Hvas stable at the
region has been shown to reduce the rate of devic@s antibonding(AB ,¢) site and H' at the M site. H was
degradatiort. found to be stable at the C site equidistant from two Ga

Information on the sites of isolated H interstitials hasatoms. However, the energy differences between sites was
come from muon spin spectroscofly>! The muon remains often very small. They also found that hydrogen in GaAs is a
as u* in p-type GaAs but can form neutral muonium negative system, so that, depending on the Fermi level,
(Mu®) or negative muoniun{Mu ~) in high resistivity or  H* or H™ should be the most energetically favorable charge
n-type GaAs. This does not show that isolated H interstitialsstate, but never Pl The lowest-energy structure for two hy-
can exist in three stable charge states as the muon resuligogen atoms was shown to be a kholecule at thd g, site,
refer to configurations limited by its lifetime. The values of and this possessed an energy 0.5heyher than a molecule
the hyperfine parameters for anomalous muonium in GaAsutside the crystal. However, only small supercells of 16 and
imply that this center is M8 lying at a BC sit€® Muon 32 atoms were used in these calculations. This would corre-
level-crossing resonance  and muon-spin-rotatiorspond to a hydrogen concentration of around 3% and might
measurement$ show that Mu is present either at the tet- |ead to strong defect-defect interactions.
rahedral interstitial site surrounded by four Ga atomg, ih In this paper, we present a comprehensive investigation of
Fig. 1(a), or at the close-by antibonding site, ARR. The  C-H complexes and interstitial hydrogen defects in GaAs,
Mu ~-Ga distance is estimated to be about 10% smaller thaimcluding C-H complex dissociation, in an attempt to explain
a GaAs bond. The activation energy for the diffusion ofcertain aspects of the experimental results on the subject. In
H* has been estimated to be 0.66 eV using capacitance tragec. |l we present details of our calculational formalism and
sient measurementé .t has been suggested that Mihas a  its implementation. In Secs. Il and IV we present the results
lower diffusivity than M’ and Mu™ and a diffusion rate of of our investigations of the C-H complex and its dissocia-
at least 102 times smaller than MY at theT site has been tion, single interstitial hydrogen atoms, and structures in-
deduced?® In relation to the charge state of interstitial atomic volving two interstitial hydrogen atoms. Finally, in Sec. V
hydrogen, Clerjaucet al® deduced an associated+0/or  we draw our conclusions.
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Il. CALCULATIONAL METHOD

The modeling of defects presented in this paper was car-
ried out using thesIMPRO code for atomic simulations. The
formalism implemented by this code is based on LDF theory,
and was originally presented by Jofewith modifications
described by Briddoif and Breuer® The approach used in
modeling defects in solids is as follows. A cluster of bulk
atoms is constructed, which is terminated with hydrogen in ©
order to saturate the surface dangling bonds. GaAs clusters ASZ&/OASZ
containing 86 atoms (GayAsy,Has), 176 atoms Ga)
(GaygAsagHgo), and 300 atomgGagsAsgsH 110 were used : 1
for these calculations. These clusters are stoichiometric with
Cs, symmetry and have the Ga and As atoms at the bulk Ga,
GaAs positiongbefore the addition of defects and the sub-
sequent relaxation of the atojndhe atomic cores are re-
placed by pseudopotentials as generated by Bachelet, Ha- .
mann, and Scfiter®® and the valence electrons are dealt with .~ C: 2 The relaxed structures for g.£and H atom in GaAs as

referred to in the text and in Table Il. The Ga and As atoms are

under a LDF framework. The electron wave functions ar€, umbered to facilitate quoting bond lengths in the table. The hydro-

expanded using a basis of localized modified Gaussian funqjen atom is located 48) a C-Ga BC sitqBC,), (b) a Ga-As BC

tions_. '_I'he_se Gaussian orbitals are madgpe or_p tYPe by site with C as a nearest neighbor of the &C,), and (c) the
multiplicative factors and are centered at atomic sites and ojg _ sjte.

the centers of certain atomic bonds. For the largest clusters

used in these calculationi802 atoms this corresponds 0 & eves To these ends, the possible structures with hydrogen

total wave function basis of 3500 functions. The defect isyq 3 first or second nearest neighbor of the carbon were in-

generally located near the center of_the cluster e_md aIV\_/ays Fstigated. The 86-atom cluster described in Sec. Il was used
far from the cluster surface as possible. The rationale is that, . these calculations. The As atom nearest to the center of
at a central location, the defect is essentially in a bulk enviyha cjuster was replacedytn C atom, ad a H atom was

ronment with only limited effects arising from the surface of e to the cluster in the appropriate position for each of
the cluster. After the construction of a suitable cluster conyq siructures investigated. In the first case, the H atom was
taining the defect, the atoms are then allowed to move i), oq at a BC site between C and a neighboring Ga atom.
order to minimize the total energy and thus determine theryig configuration is called BCand illustrated in Fig. @).
equilibrium structure. A conjugate gradient algorithm is usedryq is the stable configuration found previously for the neu-
to carry out this minimization. Constraints can be applied t%a defect. The simplest dissociated complex, called,BC

the motion of the atoms during these structural optimization%onsisted of H placed at a bond center between As and a Ga
in order to study effects such as diffusion or dissociation, a?}eighbor of C as shown in Fig.(. Three other possible

described in Sec. Il B. positions for the H atom were considered. In the first, it was
placed at theTg, site, nearest to C. In the second, it was
placed at & 4 site, and af ¢ in the third case. All the atoms
in the corresponding structures in both the neutral and nega-
A. Equilibrium structure tive charge states were allowed to relax with no constraints
placed on their movements.

The lowest-energy site for the H atom in both charge

H(AB.)

lll. C-H COMPLEX

The defect complex formed when hydrogen passivate

substitutional G5 in GaAs has been extensively studied. Hy- . )
drogen has been found to lie at a BC site between C angi@tes was found to be BJFig. 2@)]. Table I gives the

Ga?® The symmetry and characteristic vibrational modesenergies of the other metastable sites. H is strongly bonded

and frequencies of the neutral defect have been determind@ C In the BG structure and the bond lengths are given in
both experimentally and theoretically. An analysis of these! @PI€ II, with reference to Fig. 2. The bond between H and
aspects of the defect will not be presented here. The recef@@ IS very weak or broken and the presence of an additional
experimental work has implied that the C-H complex more€lectron located in t_he_ conduction band causes onl_y a slight
readily dissociates in GaAs:C under minority-carrier injec-cnange to the equilibrium structut@able ). The main ef-
tion. There are no defect levels in the gap associated with th€ct iS to weaken the GaH bond even further. The BC
neutral C-H complex, so that the charge state of the compleRiructure possesses a gap free from defect levels, but the
should be independent of the Fermi level. If, however, the o ) )
defect captures an electron as a long-lived resonance then it TABLE I. The energies in eV of the structures mvestlgated for
might be possible for the complex to reorient to a lower-the CTH and C-H complexes. The zero of energy in each charge
energy structure, or dissociate with a lower barrier energy. Stat€ is the stable structure for that charge stats=unstable.

The first steps in the investigation of dissociation were to

determine the equilibrium structure of the C-Hcomplex, Defect BG ABc BC, Tea
where an additional electron is inserted into the cluster, and-H 0.00 0.64 0.96 uns
to find the site to which the hydrogen atom would move onc.H- 0.00 0.11 0.44 1.67

the dissociation of both neutral C-H and charged C-tbm-
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TABLE II. The bond lengths in A corresponding to the relaxed peytral defect, H at eithéF g or T, is unstable, and moves
structures investigated for C-H and C-Hcomplexes, with refer- {4 the BC, site. For the negatively charged defect, e
ence to Fig. 2. site is also unstable, b, is metastable.

Bond Lengths C-H C-H

B. The activation energy for C-H dissociation

C-H Bci 09 1.09 The results obtained in Sec. Ill A show that the BC
Gayg-H 243 577 structure of Fig. £a) has the lowest energy for both the C-H
C-Ga, 1.96 1905 and C-H  complexes. Therefore, the trapping qf an eIectron

Ga-As 231 2.40 by C—.H would not cause a spontaneous d|ss.OC|at|_on_ or reori-

e ' ' entation of the defect structure, and so the dissociation of the
BC2 complex should proceed from this structure for both charge

Gay-H 231 1.55 states. Although the next-lowest-energy structure in Table |
As;-H 151 2.25 is AB  for both neutral and negatively charged defects, the
AS1-Gay 2.42 2.39 hydrogen atom is still directly bonded to the carbon atom
Gay-As; 2.34 2.42 and a switch to this configuration would not result in a dis-

Ga-C 1.93 2.05 sociation. On the other hand, the BGite has the lowest

ABc energy for both charge states when H is not bonded directly

C-H 1.09 1.09 to the C atom. Therefore, it is expected that the initial step in
C-Ga 3.81 3.47 the dissociation of C-H-» C~ + H" and C-H — C~ +
C-Ga, 2.25 2.33 HO involves the movement of the atoms from the B© the

Gay-As, 2.31 2.4 2 BC, configurations. These are the start and end points of the

primary dissociation event. We need then to determine the
barrier between these sites. Merely displacing the H atom in
wave function for the lowest empty state in the neutral defec@ straight line trajectory, or interpolating between the initial
is largely composed of @ orbital, parallel to C-H, on the and final coordinates, would not determine an accurate en-
threefold coordinated Ga atom nearest to H. This state is the®fgy barrier because it ignores the relaxation that can take
a defect-induced resonance and could trap an additional eleBlace near the barrier top. Moreover, it is not clear whether it
tron. is the breaking of the C-H bond or the breaking of the
The BC, configuration of Fig. &) is the most stable Gaj-As; bond in Fig. 2a), or a combination of both, that
structure Corresponding to a C-H Comp|ex where H is ndﬂetermines this barrier. A better procedure is to place two
longer bonded to C but lies within a second-neighbor disconstraints on the cluster that control the breaking of these
tance of C, for both charge states. Here, H is strongly bondefionds, and allow all the atoms to move to their lowest-
with the As atom in the neutral charge state and to the G&Nergy sites consistent with these constraints. Two variables,
atom in the negative charge state. We shall see below that tife andc,, are introduced. The first of these variables takes
H-As and H-Ga bond lengths for the neutral B€onfigura- the H atom from the BC site between C and;Gan the
tion are close to the corresponding bond lengths for isolatetindissociated B¢ complex of Fig. 2a), to the BC site be-
H™ (Sec. I\). However, in the charged state, although thetween Ga and As, in the dissociated B& complex. The
H-Ga length is close to that found in the isolated idter- ~ second variableg,, takes Ga from its position in BG,
stitial, the H-As length is longer. This probably arises fromwhere it is bonded to As, to its position in BG in which it

the polarization of the bond by C. is bonded to C. Specifically,
The energy difference between the B@nd BC, con-
figurations is the approximate dissociation energy of the clz(RH—RC)z—(RH—RASZ)z, D
complex. This is 0.96 eV for C-H and 0.44 eV for C-H
The dissociation energy of the neutral complex is consider- _ _ 2_ _p.2
ably lower than the 1.85 eV found by a supercell calculation C2=(Rea ~Ras)"~ (Req ~Ro)™ @

for the reaction C-H— C° + H?. Presumably, this energy N
would be reduced by the difference in the idonor and C Here Ry, Rc, Rga, and Ras, are the positions of the
acceptor levels, if charge transfer had been allowed. The distoms shown in Fig. @) during the dissociation process.
sociation energy of the neutral complex must be higher thaClearly, c; and ¢, are negative for B§ and positive for
0.5 eV, as this is known to be the barrier for reorientation ofBC,. The values ofc; andc, for the start- and end-point
the defect among the four equivalent B€onfigurationé!  structures have been determined in Sec. Il A above. Other
The reorientation barrier is approximately the energy differ-values ofc, andc, were then chosen between these delim-
ence between the BCand AB. configurations, i.e., 0.64 iters, and all the atoms in the clusters were relaxed, while
eV—close to the value of 0.67 eV found previoudly. maintainingc,; andc, at their prescribed values. The relax-
C-H™ dissociates more easily than the neutral defect becaussion of the clusters according to these constraints effectively
the additional electron, initially trapped as a conduction-bandnaps out an energy surface in two-dimensional constraint
resonance, occupies a lower-energy gap level fn H space. The saddle point on the energy surface between the
TheT sites are not stable configurations. For both chargetart and end points is then the energy barrier for dissociation
states, the H atom spontaneously moved frfbgmto AB¢, of the complex. This approach has been used in several pre-
with H becoming strongly bonded to C. Similarly, for the vious studieg?
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FIG. 3. Schematic energy configuration diagram of the dissocia-
tion of the C-H complex in the two charge states investigated.
CH— C™ +H"and(b) C-H — C~ + H° The two minima
denote the initial and final configurations, which are separated by a
barrier. The barrier is lower in cag®). Note that there are also
barriers to the formation of the C-H complexes starting from free H
and C.

FIG. 4. The relaxed structures for a single interstitial hydrogen
atom as referred to in the text and in Table IV. The Ga and As
atoms are numbered to facilitate quoting bond lengths in the table.
The hydrogen atom is located @) the ABg, site, (b) the ABx

The energy barrier was thereby found to be 1.84 eV fote and(©) the Ga-As bond-centered site.

C-H— C +H"and0.88eVforC-H — C~ + H° The . .

saddle-point structure in the neutral case involves H formindowgd to Te'ax V.V'.thOUt any constraint for ea_ch charge state.
a bond with As and C being threefold coordinated. The A single 'nterStg'al H a}om was m_o‘?'_e'ed in three charge
structure possesses a deep gap level that is empty for t ates as H, H and H™ and was initially located at the
neutral case and partially occupied for the C-idase. These " As’ Tea: an.d BC sites.

results show that the addition of an electron to the C-H com- The BC S|te7was found to be the stab'le one for both H
plex reduces the activation energy to dissociation of the C-H"d H’, but H™ was stable at the AB, site (Fig. 4. The

defect as well as its dissociation energy. The reductions i&elative energies of the metastable structures are g%re]n in
the dissociation energy and the barrier to dissociation ar able Ill. These results differ from supercell calculatiohs

probably due to two effects. First, the additional electronds Well as those using smaller clusters. The_ bon_d lengths of
initially present as a conduction-band resonance is lowere € sta?le and metastable structures are given in Table IV.
in energy as a result of dissociation, since it now occupies _he _43@ expansion (_)f the GaAs bond qaused_B)aHa BC

gap level due to K. Second, the electrostatic work done in S'teo's comparable with a 3‘2)%.expan3|on estimatétifor
separating H from C™ is absent in the second case, whereMU_- The defect has a deep mldgap level.

H is neutral. A schematic figure of the processes is given in EXCept for H at Ty, the T sites are unstable. Upon
Fig. 3. We note also that there is an energy barrier to th&€laxation, the H atom moved from tfigs and Tg, sites to
recombinationof C~ and H' showing that free interstitial ~\B as and ABg, (Fig. 4), respectively. For H, Tas is a
hydrogen can coexist with C acceptors. This would explaifnétastable site with energy 0.52 eV above thegaBtable
why, experimentally, even when the concentration of hydroSite- The H-Ga bond is 1.49 A for the A site, which is
gen atoms is of the order of the concentration of carbon

atoms, only around half of the carbon atoms are passivated TABLE IV. The bond lengths in A corresponding to the relaxed
by hydrogen. There is also a barrier — although a smalleptructures investigated for isolated HH *, and H™, with reference

one—for the recombination of Cand H°. to Fig. 4.
Bond lengths H HO H*
IV. INTERSTITIAL HYDROGEN
BC

A. Isolated hydrogen atoms As;-H 244 178 1.50
An 87-atom cluster, GaAs,H,5, was used to investi- Ga,-H 1.48 1.66 2.14
gate the stable sites for interstitial H. The cluster was al- As;-Ga, 2.31 2.37 241
Ga;-As, 2.39 2.36 231

TABLE Ill. The energies in eV of the structures investigated for AB pe
the §ingle.interstitial hydrogen atom in GaAs relative to the stable As;-H 1.63 151
configuration for that charge stafens=unstable. As;-Gay 242 2.45
Defect BC ABy,  ABg,  Ta Tea Gay-As, 2.36 231

AB g,
H* 0.00 0.40 1.35 uns uns Ga;-H 1.49 1.57 1.58
HO 0.00 0.34 0.48 uns uns As-Ga, 2.33 2.37 241

H™ 0.30 uns 0.00 0.52 uns Ga;-As, 2.39 2.40 2.44
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TABLE V. The energies in eV of the structures investigated for
the H dimer relative to the stable structure. The Holecule is
oriented along eithef111) or (100 at aT site.

Defect Relative energieV)
H, (111 Tga 0.00
Hy (111) Tae 0.09
H, (100 Tga 0.02
H, (100 Tas 0.06
H,* (As) 0.90
H,* (Ga) 0.42

(@) (b)

FIG. 5. The relaxed structures of the two possiblg idefect the hé/dtm%ﬁn atom |n|tlzl_ly a;Bthé_'t site dsﬁ:) ntgr&eo_lisg/ H
configurations in GaAs as referred to in the text and Table(8)l; moved 10 he carrésponding Site an e ~Site
H,* (As), (b) H,*(Ga). atom moved away from the other H atom to bond more

strongly with the host atom. The bond lengths are shown in
able VI. Again, the defect does not possess any deep levels.
he dimer consisting of a neighboring pair of BC sited atoms
¢is unstable and relaxed to,HGa).

considerably less than the 2.19 A deduced from the muo
studies’* However, as the zero-point energy of Muis

about 0.3-0.4 eV, it is likely that a dynamic reorientation o
Mu ™~ among the four AB;, occurs, leading to a longer av-
erage Ga-Mu bond length. This explanation is much more C. Larger cluster calculations

likely than Mu™ being located at thEGa site and pulling The lowest-energy form for the hydrogen dimer was
each of the four Ga atoms towards it by about 0.2 A. The Hshown in Sec. IVB to be a Kmolecule. In order to deter-

atom remained on the bond axis in the BC structure for allyine its dissociation energy, calculations were performed us-
charge states. However, Hbonded most strongly with the ing a 302-atom cluster

0 .
Ga atom, whereas H lay closest to the As atom, and°H  “A jy , molecule was located near the center of the cluster
remained roughly eqU|d|st§\_nt from the Ga.and As atorgs. Iyt aTe, site and oriented alongl11). We also considered
order to confirm the stability of the BC site, Hand H 5 configurations for the separated pair of H atoms: one
were displaced from their equmbrlum BC structures in a d"involving two neutral H atoms at BC sites separated by 12 A
rection perpendicular to the bond axis by 0.5 A and the cluszng a Hg~ and Hi* pair separated by 10 A. All atoms
ters rerelaxed. In both cases, H returned to the BC site, shoWgare then relaxed in each of the three clusters.

ing that the BC site is a stable one. _ The dissociation energy of 4 producing a H and
In summary, we find 14 and H" to be stable at a BC site H* pair, is 1.64 eV, and 2.38 eV if two Mdefects were

and H™ to be stable at an AR, site. These results are con- ,rqqyced. These values are comparable with those found in
sistent with muon studies once its large zero-point motion ighe supercell calculatioAsand demonstrate that isolated in-

taken into account. terstitial H atoms in GaAs behave as a negativelefect,
i.e., the reaction 2 B— H*+H  is exothermic. The exist-
B. The hydrogen dimer ence of MU is not in contradiction with our demonstration

Simulations of structures containing two hydrogen atomdor negativet behavior, for the muon experiment is carried

in close proximity to each other were carried out. One exOUt 0N GaAs containing a single muon with a limited life-

pects that hydrogen molecules and*Hiefects, i.e., defects time.
where Hy" lies close t6°*° H,z ™~ (Fig. 5 have particu-
larly low energies. The structures investigated in a 178-atom V. DISCUSSION

cluster were a H molecule at thél 5, and T, sites, the two T lculati h h hat the di i
possible H* defects in GaAgFig. 5 and two H atoms at e calculations have shown that the dissociation energy

nearest-neighbor Ga-As BC sites. The hiolecule was lo- 0 C-H and C-H™ are 0.96 and 0.44 eV, respectively. The

cated at bothT sites with initial orientations along the
(111), (110, and{100 directions. The H defects were
constructed with one H atom at a BC site, and the other

TABLE VI. The bond lengths in A corresponding to the relaxed
|_I|-|2* structures investigated, with reference to Fig. 5.

atom at the appropriat€,s or Tg, site. The clusters were Bond lengths b (Ga) H,* (As)
relaxed without any constraints. 2
The stable dimer is a Himolecule oriented alon¢l11) at  As;-Hgc 1.51 2.14
the Tg, site. The energies of the metastable structures relaGa;-Hgc 2.13 1.46
tive to this are given in Table V. The Hmolecule initially ~ As;-H g 1.52
oriented along 110 spontaneously reorients alogyll) at  Ga;-Hag 1.52
both T sites. The H-H bond length fqil11) and(100) ori-  As,-Ga, 2.40 2.38
entations lay between 0.74 and 0.77 A. There were no deepa,-As, 2.39 2.40

gap levels associated with the molecules. In thé #efects,
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corresponding activation barriers to the dissociation are 1.84ubsequent molecule formation could also occur for any free
and 0.88 eV, and the reorientation energy of the neutral C-Hiydrogen present in the material before electron injection.
complex is estimated to be 0.64 eV. The experimentally deHowever, the effects of the degradation manifest themselves
termined activation barriéf and reorientation energidsare  in the formation of recombination centers, i.e., defects pos-
1.75+ 0.3 eV and 0.5 eV, respectively, for the neutral C-H Sessing deep gap levels, but, Hholecules do not possess
complex. Since the presentation of these results in a prelimsuch levels. The degradation process must then involve fur-
nary papef® an experimental determination of the energyther reactions associated with molecular hydrogen, which
barrier of C-H- — C~ + H° has been carried diftyielding lead to the creation of very efficient recombination centers.
0.9 eV, in agreement with these calculations. One possibility is that the molecules aggregate in the form
The activation barrier is lowered by a electron resonantlyof bubbles that plastically distort the surrounding lattice cre-
bound to the defect because the work done in separatin@ting Ga and As interstitials, possibly in the form of a small
HO from C~ is less than that in separating'Hrom C~; and islocation loop. The driving forces for this process are a
the electron, initially present as a conduction-band resogain of about 0.5 eV for every hydrogen molecule ejected
nance, now occupies a deep state ifl. Hhere is also a from the crystalline environment into vacuum, and the low-
barrier of about 0.9 eV to the passivation process where fre@fing in the tensile strain energy in the bulk. This strain
H* complexes with C and a smaller barrier for the recom- €nergy is present as the volume occupied by the C acceptor
bination of HC. This means that a gas of free'rtan existin IS less than that of the As atom that it has replaced in the
the presence of ionized C acceptors, as indeed fétind. lattice. It is then implied that the barriers to the production of
The stable site for ¥ or H* is a bond-centered one, interstitials are less than the 0.96 eV calculated for enhanced
whereas H is stable at the Ga anti-bonding site. For C-H dissociation. The details of the process that leads to the

Mu ", the large zero-point energy probably causes a dynamiEreatiO” of these interstitials is unclear. The bubbles may be
reorientation among the four antibonding sites. Taking thigelated to platelets seen in degraded devices, although it is

into account, these results are consistent with muon studid¥t clear that the platelets are associated with dislocations. It
and differ from earlier theoretical ones. suggests that if hydrogen bubble formation was inhibited,

A hydrogen molecule is stable at tig, site with a dis- then the degradation would disappear. This would correlate

sociation energy of 1.64 eV. The product of the dissociatiofVith the results indicating that the incorporation of a small
consists of a H and H™ pair, rather than neutral atoms concentration of In atoms into the material reduces the rate

showing that hydrogen is a negatiedefect, in agreement of degradation. The tensile strain energy of C acceptors will
with previous theoretical studiés. be reduced by the presence of the larger In atom reducing

We now discuss the degradation of devices caused by IQN€ of the driving forces for bubble growth. In addition, In is
aggregation. As hydrogen is a negatidedefect, the K known to lock As dislocations, preventing their grovitin
released in the process C-He™— C~ + H° during mi- this way, the effect of In on the degradation process could be

nority carrier injection is unstable. It either loses an electrorEXPlained. Howevf(.er, furr]t.her exp?anments and calculations are
and becomes H, which would then have a high probability "€cessary to confirm this model.
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