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Structure, kinetics, and passivation of hydrogen-acceptor complexes in gallium arsenide:
A theoretical study
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The structure, reorientation kinetics, and passivation mechanism of complexes foynze#i latom and
As-site or Ga-site acceptors, e.g., thge;$i-Ga and the ZgH-As complexes in GaAs, have been investigated
by first-principles local-density-functional methods. In both complexes, the stable configuration is found for
the H atom located at a bond-centered site. The H atom is bound to the Si acceptor in4HeG2i complex
and to the As atom in the ZH-As complex. In spite of the different H bonds, similar vibrational properties
and reorientation kinetics have been theoretically found for the two complexes. The present calculations well
reproduce the experimental values of the vibrational frequencies and of the complex dissociation energies, as
well as account for the acceptor passivation. A good agreement is also found with the reorientation energy of
the Shs-H-Ga complex, while the unusually high relaxation rates of the Z#hAs complex measured by
anelastic-relaxation investigations remains unexplained. In fact, neither the energy barrier estimated for the
complex reorientation nor two different tunneling models account for those high relaxation rates.
[S0163-182698)00220-3

[. INTRODUCTION symmetry of the crystal and can make complexes with dif-
ferent orientations inequivalent. Since this lifts the degen-
The passivation after hydrogenation of shallow and deegracy of the ground state of the complex, it is possible to
impurities in semiconductors is deeply related to the micro-measure the kinetics of the H motion and to determine the
Scopic properties of the Comp|exes formed by the H aton’parrier helght between differently oriented Complex Configu-
and the impurities. Infrared-absorption(IR) spectroscopy ~'ations. If the stress is applied, indeed, at high temperature,
provides an important tool for investigating the microscopicthe complexes reorient and the different states will be popu-
structure of those complexes. In the case of shallow dopants,
the study of the localized vibrational modéds/M’s) of the
hydrogen atoms allows us to identify the X{-bonds in- ’\.
volved in the complex, wherX is the dopant or one of its BB'
nearest neighbors. A uniaxial stress may lift energy-level de-
generacies and induce frequency shifts, which provide indi-
cations of the symmetry of the complex and of the location
of the H aton? Furthermore, whe a H atom is located next
to a bond-centered sittBC), see Fig. 1, a stress-induced-
alignments technique allows us to investigate the H motion
around the dopant atomé-’ As an example, Fig. ()
shows theoff-axis BC configuration of the complex formed
in GaAs by the H atom and a Si acceptor located at an As
site (Shg). In this configuration, the H atom is next to the Q
BC site of a Si--Ga bond,off the bond axis. A possible AB 7
motion of the H atom around the acceptor is shown in the d
figure by a circular path from aoff-axis BC site to the FIG. 1. GaAs unit cell showing the Ga sitX{,) and As site
off-axisBC site of a neighboring gi-Ga bond. The BC con-  (x, ). The high-simmetry interstitial hydrogen sites investigated in
figuration of the H complex has a trigonal symmetry and thethe present work are also indicated. BC is the bond-centered site
four equivalent threefold axes are directed along any of theorresponding to the A¥, bond. AB and BB are the antibonding
[111] crystal axed. The complex may reorient, therefore, and back-bonded sites on the dopa@y, side and on the arsenic
among its four possible orientations by thermally assisted Hide, respectively, for the same bond. Primes identify the corre-
jumps over a potential barrier. A uniaxial stress lowers thesponding hydrogen sites relative to thg.-Ga bondgsee the tejt
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[001] TABLE I. Experimental H stretching frequencies,, and acti-
[010] vation energies for the H-complex reorientatid,, are given in

the upper part of the table for different H-acceptor complexes in Si

and GaAs. Experimental values for the stretching frequencies of H

bonds in different simple moleculggsomplex moleculesare re-

ported in the lower part of the table. Activation energies and

stretching frequencies are given in eV and ¢mrespectively.

(@)

../

[100]

Ga
O As Complex and/or Molecule  Bond vg E, Refs.
(b) 2 Si:B-H Si-H-B 1903 0.19-0.22 5and9
N S zng, GaAs:GgH CH 2635 050 3and7
Si GaAs:SjsH Si-H 2095 0.26 3and 7
7 A GaAs:BgH As-H 2037 037 3and7
e H GaAs:ZnyH As-H 2147 0.037 3and 14
CH, C-H 2917 12
SiH, Si-H 2187 12
FIG. 2. Off-axis bond center configuration for@ the AsHs As-H 2116 12
Sip-Hpc-Ga and(b) the Zn,Hgc-As complexes. The arrows indi- Zn-H Zn-H 1608 13
cate the atomic displacements with respect to the unrelaxed posi- (Ga-H Ga-H 1808 3

tions and a circular path for the H motion around the acceptor atom
4n deuterated GaAs:Zn, see Ref. 14,

lated according to their Boltzmann factors, which gives riSe, .tivation energie® % and of the parameters describing the

to a net alignment of the complexes. The ensuing anismro%ffects of the stress on the H frequenéigmt reported in the

in the polarized optical absorption as well as the splitting S :
into components of the H-stretching band allows us to detertable are similar for all the complexes reported in Table I,

. 57 . except for the activation energy of the H complex in
mine the symmetry of .the center.” If a sample_ls cooled to GaAs:Zn. Those same complexes are also characterized by
a low temperature while the stress is maintained, the align;

ment can be frozen in and will persist until the str i similar values of the relaxation rates for temperatures rang-
re?novc(;?j Wienothee sama le tem %?a?usre l:s incr:asseo?s'?hesI g from 70K to 120 K, see Fig. 3, which is quite surprising,

) . P P . . ' pecially in the case of the BeH and Sis-H complexes.
complexes reorient randomly among their equivalent con;

. ; ) X - In fact, the comparison of the H stretching frequencies with
figurations. Thus, measurements of the dichroism decay t'mﬁﬁose of D. for the former comple¥ and with the frequen-
at differentT’s allow us to estimate both the activation en- ' PIEx, q

. ; cies measured for molecular Xl-bonds, for the latter com-
ergy (E,) and the rates for the complex reorientation. It has lex (see Table ), suggests different H local bondings in

:)Obgsr\?;znftcl)?nsdaig;tsstg%gtfgg?r;tg:;ggn%? ce)ss(,)?sbc;iﬂfnot ose two complexes. In particular, that comparison and the-
A oretical calculation$'® show that the H atom is bonded to

bonded(BB) sites, see Fig. 1, where the effect of an app“edthe acceptor, in the case of As-site acceptors, and to one of

strﬁz_shs IS rtr_wucth smallér..eE h b I timated the As atom’s nearest neighbors of the acceptor, in the case
e activation energie§, have been generally estimated ¢~ o acceptors.

by IR spectroscopy measurements by assuming that the re- In the case of the Zg:H complex, the IR investigations

orientation mec_hanlsm IS a therma"y activated process th ive only the hydrogen LVM’'s whose comparison with mo-
involves single jumps over a barrier and can be described b

. o . cular HX frequenciegsee Table)l suggests the formation
an Arrhenius formula. More sophisticated mechanisms havglc a H-As bond, as in the case of @ Recently, AR inves-
been proposed, however, in the case of the B-H complex in ' Y,
crystalline silicon ¢-Si). Here, measurements of the jump

1 I T T

rates performed at high temperatures120 K) by anelastic 6 £ (Tﬁ(-'j I
relaxation(AR) (Ref. 9 and at low temperatures<(60 K) = 10 Vs & . 1
by IR technique¥ have shown a deviation from the Arrhen- S - \% GaAs:ZoD™. -
ius behavior. This behavior has been accounted for within & 102 b |
the Flynn-Stoneham thermally assisted tunneling m&tfei. o

The results of IR and AR investigatiotts’®2~1%f dif- & A .
ferent H-acceptor complexes i+Si and c-GaAs are re- 2 102 %’;\ % i
ported in Table | and Fig. 3. Table | gives the values of the % 'éacg’, 2\ \2
H stretching frequenciess, the HX bonds involved in I [ =L\ 7S 1
those vibrations, and the activation enerdigsfor the reori- 10-6- q’sl E2 : . | . .
entation process of the H complexes. The corresponding re- 0 1 > 3 4 5 6

laxation rategor reorientation ratgsare given in Fig. 3 for
both hydrogen and deuterium complexes. In the case of the
Zn acceptor in GaAs, the values of the H-complex activation FIG. 3. Experimental relaxation rates of different H- and D-
energy and relaxation rates have been obtained by ARcceptor complexes ino-Si andc-GaAs. The figure is taken from
measurement¥. The values of the stretching frequencies, Ref. 14, with permission.

T-102K)
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tigations in deuterated GaAs:ZfRef. 14 have measured Il. METHODS
high relaxation rates of the D comple%®st 20 K, and no

reIaxatioh rate at higher tgmperatures, see Fig. 3. These IO\'}f'omplexes have been investigated dly initio total energy
T relaxation r.ates dlﬁgr sizably from those of the other COM-3nd atomic force calculations in the local-density-functional
plexes, both in magnitude and temperature dependence. Tr(lf_aDF) framework and in the supercell approgé#3 The ge-

activation energy for the complex reorientation is very 10w, s metry of supercells containing the H and the acceptor atoms
37 meV, if one interpolates the relaxation rate values by amg,s peen fully relaxed by minimizing the Hellmann-

Arrhenius law, which, however, does not reproduce satisfac,:eynman forces on the atorffsThe exchange-correlation

torily the elastic-energy-loss line shape without unphysicaknfional of Ceperley-AldéF has been used together with

assumptions. The elastic-energy-loss curves are fitted, "’n‘orm-conserving pseudopotentials and plane-wave basis

stead, by th(?f.'ltherm_ally assisted tunneling model of Flynnyeiq.x _space integration has been performed with the use of
and Stonehan. In this case the coincidence energy, a chare special-points techniq& Separablab initio pseudopo-

acteristic parameter entering the model, turns out to be quitgyntials have been used in the case of Ga. As. and Si gloms.
low, 34 meV:* Finally, it has to be mentioned that the ab- |, the case of zn and H atoms, the pseudopotentials em-

sence of a complex reorientation at highs quite surprising  h5ved have been successfully used for the evaluation of
because the H local bonding in the ZfH complex should  hhonons in 11-VI semiconductofdand for the investigation
be similar to that of the Bg-H complex, which reorients at ¢ the H properties in GaAs, respectivély.The atomic
120 K with an activation energy of 0.37ev. pseudopotentials have been tested by investigating the struc-
_ The aim of this work is to account for the similar vibra- 1,14 and electronic properties of bulk materials and smal
tional properties experimentally found for As-site and Ga-mgjecules with different kinetic energy cutoffs. Reasonable
site acceptors and for the very loi, value found for the  \ajues have been obtained by using kinetic energy cutoffs of
activation energy in the reorientation of thegzH complex.  18_22 Ry. These energy cutoffs lead to lattice constants that
In the present paper, first-principle calculations have beegpnroach their experimental counterparts within 1%, in the
performed to investigate the geometry, thg chemical .bond(':ases of the bulk GaAs and Si, within 3%, in the case of
ing, the hydrogen LVM's, and the reorientation of th@sSl  metallic zn. They also lead to a direct energy gap of 1.39 eV
and Zns;-H complexes. The Bg-H complex has not been o pylk GaAs®® The investigation of the SiHand Ash
considered since IR results suggest that its structure and Viyolecular geometries has given Si-H and As-H bond lengths
brational properties are quite similar to those of the, A of 1.43 A and 1.48 A, respectively, in good agreement with
complex. experimental results

In the case of the Zp-H complex, the present results  The hydrogen vibrational frequencies in molecules and in
support the structure suggested for this complex by IR resultgomplexes involving the acceptor atoms have been evaluated
and account for their likeness to those found in the B¢ iy the harmonic approximation. One H atom is moved away
complex, thus confirming that Zn impurity is a good proto- from its equilibrium position while the other atoms of the
type of Ga-site acceptors. For both the St and ZrsxsH  molecule(or of the supercellare frozen in the positions of
complexes, a good agreement is found with the stretchinghe minimum energy configuratiomamely, it is assumed
frequencies and the dissociation energies of the 4-81d  that the H motion is independent of that of the other afoms
the H-As bonds. Moreover, the details of the geometry andrhe frequencies of the hydrogen LVM'’s have then been es-
of the chemical bonding, as well as the energies of the hytimated by fitting to a parabola the total energy values cor-
drogen LVM's, account for the likeness reported in the ex-responding to the different H positions. This procedure has
perimental results for the complexes involving As-site andpeen used successfully in the case of complexes formed by
Ga-site acceptorsLikewise, the results concerning the com- hydrogen and shallow defects @Si (Refs. 31 and 3Rand
plex reorientation indicate that the ,$H and the ZgH c-GaAs!®8 As an example, in the case of the Silhol-
complexes have similar dynamic behaviors and comparablgcyles, this procedure gis@ H stretching frequency of 2110
activation energies for the H motion. Therefore, at high tem+m~1 with a kinetic energy cutoff of 18 Ry, in good agree-
peratures(70-120 K the Zns;-H complex should reorient ment with the experimental value of 2187 chreported in
with a thermally activated mechanism, as observed for thgyef 12.
SiasH complex. As mentioned above, AR measurements do | the complexes involving Si or Zn acceptors, the disso-
not give evidence, instead, of such a process, while thgjation energy of the bonds formed by the hydrogen atom

present results do not account for the high relaxation ratefas been estimated as the energy difference between the ini-
measured for the Zg-H complex. Since the AR results have tial and the final state of the reactions

been tentatively related to some kind of tunneling, reorienta-
tion mechanisms based on two tunneling models, the ther- - ; 0
mally assisted tunneling modéland a tunneling model in- (ShasH) = Slas+H7
volving excited vibrational staté3,have been investigated.
Unfortunately, neither model accounts for those high relax-
ation rates nor for their dependence on temperature, which
should be likely related to a complex involving further de- The H atoms released by the complexes are located in
fects or impurities in addition to the H and Zn atoms. their minimum energy sites in GaAsS.

Finally, the present results show that the acceptor is pas- The dissociation energies are, respectively,
sivated for both the Qi-H and Zny-H complexes in their
stable configurations. E4=E(Sixs) + E(H®) — E(Sixs-H) — E(GaAs),

The equilibrium geometries of the 5iH and the Zg+H

(ZnggsH) —Zng,+HC
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TABLE 1l. Equilibrium geometries of the stableff-axis configurations of the Qi-Hgc-Ga and
ZngsHgc-As complexes are given in the first and second row, respectively. The metastable configurations,
on-axisBC for the Sjs-Hge-Ga complex and BB for the Zg3-Hgc-As complex, are given in the third and
fourth row, respectivelyAX and AY are the displacements of thé and Y atoms from the unrelaxed
positions. 6 is the bond angle between the As-Zn and the As-H bonds, in thg-Hms complex, and
between the gi-Ga and the Si-H bonds, in the Si-H-Ga complexd is the distance of the H atom from
the X-Y bond.E, is the dissociation energy of the ¥bond andE, is the activation energy for the complex
reorientation.vg and v, are the stretching and bending frequencies of the H bonds, respectively. Atomic
distances, energies and vibrational frequencies are given in A, eV, ant| caspectively.

X Y XY AX AY  HX HY 0 d Eq E, Ve Vo

Ga Shs 3.04 0.34 0.29 1.69 1.56 21.7 0.58 2.0 0.17 2000 880

ZNgy As 3.21 0.49 0.32 1.74 1.54 12.3 0.32 1.6 0.21 2155 540

Ga Shs 3.23 0.45 0.37 1.66 1.57 0.0 0.0 1.9 2170

ZNgq As 2.92 0.24 0.27 1.55 1.14 1935 525
Eq=E(Zngy) + E(H% —E(ZngsH) —E(GaAs), metry indicated by IR measuremenitShe BC configuration

is the stable one, provided the H atomaff the Sj-Ga

where, e.9.E(Siys) is the total energy of a 32-atom super- bond. Theon-axisBC configuration is metastable and 0.03
cell containing a Sjs acceptor. eV higher in energy. The AB and BB configurations are even

In the case of supercell calculations, convergence testsigher in energy” Details of the equilibrium geometries of
have been performed on the structural and electronic propethe stableoff- and the metastablen-axisBC configurations
ties of the H complexes by using kinetic-energy cutoffs rang-are given, respectively, in the first and third row of Table II.
ing from 16 to 22 Ry, supercells of 32 and 64 atoms, andn the stable configuration, hereafter referred to as the
k-point meshes equivalent to the4,4,49 and (8,8,  Si,-Hgc-Ga one, the H-Si bond is slightly perturbed by the
Monkhorst-Pack meshes in the zinc-blende unit cell. A reapresence of the neighboring Ga atom, as shown by the plot
sonable convergence of the calculated values has been obf the total(valencg charge density given in Fig.(d. This
tained by using 32-atom supercells, (d¢4,4 k-point mesh,  bonding is confirmed by the H-Si and H-Ga bond lengths,
and cutoffs of 18 or 22 Ry. 5% and 7% greater, respectively, than those estimated by

The hydrogen passivation of shallow impurities leads tousing the atomic covalent radfi. The estimates of the disso-
the disappearance of the impurity levels from the energy gagiation energy of the H-Si bond, 1.96 eV, and of the H
In the case of shallow donors, e.g., Rit$i,** an estimate of  stretching frequency, 2002 crh, are in good agreement,
the energy position of the electronic levels has been obtainegspectively, with a previous theoretical estiméte’s eV,
by taking a weighted average of the electronic eigenvaluesee Ref. 18and a measured valy095 cm !, see Ref. V.
over several high symmetry points in the Brillouin zone. The BC, AB, and BB configurations have been investi-
This procedure has clearly shown that the defect level deepgated also in the case of the ZH complex. Once more,
ens into the valence band when the H-P complex is forfied. the off-axis BC configuration(i.e., the Ziy;sHgc-As ona is
On the contrary, in the case of acceptors likg D c-GaAs  the stable one. The AB configuration is unstable, while the
it is difficult to observe the electronic level of the isolated BB configuration is metastable, 0.46 eV higher in energy

acceptor because this level is substantially degenerate withan the stable configuration. The geometrical parameters of
the top of the valence barlfi.in the case of S and Zns,

acceptors, their electrical neutralization has therefore been(a)
investigated by analyzing the distribution of the electronic
charge densitwn,klz, which is given by the wave functions
¥, « related to the defect level and to the states near the top
of the valence band. A similar procedure has already been
successfully applied in the case of thgs@cceptor®

Finally, a Gaussian broadening schéfiteas been used to
deal with the Fermi surface, whenever the unit cell contained
an odd number of electrons. Further details on the theoretical
methods can be found in Ref. 16.

Ill. RESULTS AND DISCUSSION

A. Structural and electronic properties of the Sjx-H FIQ. 4. Contour plots, in thé110 plane, of electronic charge
and the Zne,-H complexes. densities corresponding to th_eA§HBC-Ga compl_ex(see _the text
(a) total (valence charge density(b) charge density as given by the
In the case of the complex formed by the silicon acceptory, |2 function, which corresponds to an electronic level deep in
and hydrogen, three different configurations have been conhe valence band. The atomic positions are indicated by a solid
sidered, with the H atom located at the BC, AB, or BB sitesquare for the Gi acceptor and by solid circles of increasing size
(see Fig. 1 All these configurations have the trigonal sym- for the H, Ga and As atoms, respectively.
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tion of new bonds that generally involve the H atom, the
acceptor atom, and its nearest neighbors. In the case of iso-
lated Sjs and Zny, acceptors, an analysis of the electronic
eigenvalues shows that the acceptor level is already degen-
erate with the top of the valence band, as in the case of the
Cas acceptor inc-GaAs!® This result does not allow us to
relate a disappearance of the acceptor level in the gap to the
effects of the hydrogen-acceptor interaction. The passivation
of Siys and Zny, acceptors has been investigated, therefore,
by analyzing the distribution of the totdlalence charge

. density and of the charge densitieE, .|?>, where the elec-
(&> tronic wave function?’,  is related to the levels near the top

of the valence band. In the absence of hydrogen, a plot of the
|W,.«|? function corresponding to the level at the top of the
valence bandnot shown hergindicates that this level is
related to thep orbitals of the Si(or Zn) and As atoms,
gxccordingly with the degeneracy found for the acceptor level
with the levels at the top of the valence band. When the
Sips-Hg-Ga complex is formed, the level at the top of the
valence band is still related to the orbitals of the As and

the stable BC and metastable BB configurations are giverficceptor atoms. However, the electronic level whose wave
respectively, in the second and fourth row of Table II. In thefunction piles upelectronic charge between the H andSi
stable configuration, the H atom is mainly bonded to the Aatoms is now deep in the valence band; compare Rig. 4
atom of the Zg,As bond involved in the complex. The With Fig. 4@). The position of the level and the distribution
H-As bond is slightly perturbed by the Zn acceptor, as showr?f the related electronic charge accounts for the acceptor
by the distribution of the valence charge density given in Figheutralization. A similar result is found in the case of the
5(a). This is confirmed by the H-As and H-Zn bond lengths, ZNczHsc-As complex, where an electronic level deep in the
3% and 6% greater, respectively, than those estimated byalence band is related to a wave function piling up elec-
using the atomic covalent radfi. The dissociation energy tronic charge between the H and the As atoms; compare Fig.
(1.6 eV) and the H stretching frequen¢g156 cmi 1) evalu-  5(b) with Fig. 5a).

ated for the H-As bond in the complex agree very well with ~ The plots of the valence charge densities given in Figs. 4
their experimental counterparts, 1.6 eV and 2147 trre-  and 5 and the structural properties of the H-Si and H-Zn
spectively. On the contrary, the values found for the metacomplexes discussed above indicate that the bonds formed
stable BB configuration are quite a bit lower than the experiDy the H atoms induce significant changes in the acceptor
mental values. Thus, the present results support the Ifcal bonding. It may be worth noticing that the acceptor
studies, which suggest that the Zf complex has a BC Passivation is achieved when the atoms in the complex re-
stable configuration, as the BeH complex does, and that CoVver their “natural” valence. In the gi-Hgc-Ga complex,

the H stretching frequency is due to the H-As bond involvedthe foursp® atomic orbitals of Si are involved in the forma-

in the complexX tion of one strong H-Si bond and of three Ga-Si bonds, see

In summary, the H atom is bonded to thg Sicceptor in ~ Fig. 4(a), t_hus leading to the.valence of 4 of the Si atom. The
the Sjc-Hge-Ga complex and to the nearest neighbor As inGa atom_ in the complex slightly interacts with the H atom
the ZnsHgc-As complex. Nevertheless, a comparison be-and has its “natural” valence of 3. In the ZgHgc-As com-
tween the structural properties of the two complexes showBlex, the H atom saturates the As atom, see Fi, $he Zn
that H hasguite similar local bondingén the two cases. His atom forms two equivalent bonds with two As neighbors,
located at aroff-axis BC site in both complexes and forms while the fourth As nearest neighbor of Zn has the valence
stable H-Si and H-As bonds that have comparable bon@f 5.
lengths, dissociation energies, and stretching frequencies.
Furthermore, quite similar distributions of the electronic
charge densities around the H atom are shown in Figs. 4
and Ha) for the two complexes.

For what concerns the acceptor passivation, it should be When a H atom migrates from a BC site to an equivalent
taken into account that a hydrogen atom induces a donaite of an adjacent bon(.e., the H complex reorientates
level in the band gap of GaAs when placed in a bond-centethe chemical bonds involving the H atom rearrange and the
site of a Ga-As bond® H may therefore compensate for a lattice undergoes a large relaxation. This implies a relevant
shallow acceptor level by leading to the formation of H role of the vibrational modes of the heavy, host atoms as
ions and negatively charged acceptors. The electrical neutralvell as of the hydrogen high reactivity in the migration pro-
ization of the acceptor activity is achieved when the pairingcess. At low temperatures, the energy barrier for the H mi-
between the mobile H ions and the ionized acceptors is agration is generally estimated by performing static calcula-
companied by the disappearance of the defect level from thttons where the total energy of different configurations of the
energy gap. This phenomenon is related to significanH and host atoms is evaluated. Two different criteria have
changes in the acceptor chemical bonding due to the formdeen used in previous works in order to select a limited num-

(h)

0

FIG. 5. Contour plots, in th¢110) plane, of electronic charge
densities corresponding to the ZpHgc-As complex(see the text
(a) total (valence charge density(b) charge density given by the
|\Ifnyk|2 function, which corresponds to an electronic level deep in
the valence band. The atomic positions are indicated by a soli
square for the Zg, acceptor and by solid circles of increasing size
for the H, Ga, and As atoms, respectively.

B. Reorientation kinetics of the She-H
and the Zng,-H complexes
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ber of configurations among the possilfiefinite) ones. In  (a)
the former case, the host atoms are fixed in different configu-
rations chosen among those favored by the vibrational mo-
tions of those atoms. The optimum position of the H atom
for each host configuration is then established by minimizing
the total energy. In this case, one assumes that the H ator
first waits for a configuration where the bond between the
host atoms elongates and then follows the motion of the
heavier atoms by moving to the BC site of the elongated
bond (i.e., H waits for “the opening of a dooy"38 Thus,
one assumes that the most likely path for the H migration,
which does not necessarily coincide with the minimum en-
ergy path, is that favored by the motion of the heavy atoms.
However, this approach neglects the response of the host FIG. 6. Contour plots, in thé€l10) plane, of the totalvalence
atoms to the presence of the H atom because it puts comgharge density in the case of the minimum energy barrier configu-
straints on the motion of the host atoms. In the latter casegations of the complexes investigated in the present visele the
the H atom is fixed at different locations along a selectedext: (@ SiasHpc-Ga complex;(b) ZngrHgc-As complex. The
path, whereas the host lattice is able to relax. This approac‘FfomiC positions are indicated by solid squares for the acceptor
provides a different way of sampling the configurations in-atoms and by §0I|d circles of increasing size for the H, Ga, and As
volving the H and host atoms, which are then investigated ifloms: respectively.
order to find the minimum energy path for the H migration.
Therewith, one assumes that the most likely path is the miniconsidered first, see Fig(I®. In this case, the H-Zn distance
mum energy one and that the configuration related to théas been kept almost constant during the H motion. Then,
minimum energy barrier is achieved in the real H migrationpaths with different H-Zn distances have been considered in
as a consequence of the vibrational motions of the heaviegsrder to allow the Zn atom to relax in different ways. Since
atoms and of their interaction with H. hydrogen locations off th€110 plane have been found to

The first approach neglects the H-lattice interaction andcorrespond to higher energies, H paths in (&0 plane
may lead to an overestimate of the observed barrier heighturn out to be the most favorable ones. Therein, the total
The second approach, on the other hand, may overemphasigsergy reaches a maximum when the H atom is midway
the response of the host atoms to the presence of H, thuzetween the two BC sites at the beginning and at the end of
leading to an underestimate of the experimental value. As the chosen path. For symmetry reasons, this location is on
matter of fact, both approaches have been followed in théhe[001] axis passing through the position of the Zn atom in
literature. DeLecet al. have used the first approach in order the unrelaxed lattice, namely thé axis in Fig. 2b). In order
to determine the barrier for H migration in undoped, intrinsicto establish the minimum energy for the complex reorienta-
Si3” Those authors estimate a barried eV, which has no tion, a radial path has been considered, with the H and Zn
experimental counterpart. Denteneeral. have used, in- atoms located along th& axis. This procedure has found a
stead, the second approach in order to determine the barriggdial minimum 0.24 eV higher in energy than the stable BC
for the reorientation of the B-g-Si complex in Si:B®  configuration. In order to estimate the energy barrier, that
Those authors obtain a quite low value, 0.2 eV, in very goocenergy differencg0.24 e\) must be reduced by the zero-
agreement with the experimental resufis176 e\}.!° point-energy contribution, which corresponds to the vibra-

In the present work, the latter approach has been usedional mode driving the H motion from BC-to-BC site, i.e.,
The minimum energy path for the H motion has been estithe bending modé540 cmi !, see Table ).*° This leads to
mated by moving the H atom along different, selected path&n energy barrier of 0.21 eV, a value almost one order of
and by relaxing the supercell structure for each position ofmagnitude greater than the experimental (h837 eV.*In
the H atom. This approach has been chosen for the followinghe minimum barrier configuratiorthe Zn-H and the As-H
reasons{i) In the presence of a substitutional impurity, it is distances are equal to 1.67 A and 1.87 A, respecitively, i.e.,
difficult to set constraints on the motion of the heavier atoms2.4% and 25% greater than the values given by the covalent
because the presence of the impurity atom leads to a moradii. This result as well as the plot of the totafalence
complex vibrational behavior of the host aton#) It is  charge density for the minimum barrier configuration, see
possible to exploit the lattice symmetry in order to select theFig. 6(b), indicate a weak bond of H with Zn and a slight
H paths.(iii) It is possible to take into account the interaction interaction of H with its As nearest neighbors. The above
between the H and the host atoms, whose relaxation maigesults show that the energy barrier estimated for the reori-
depend on H locatiorin the converse choice the H atom entation of the ZgHgc-As complex is comparable with
passively follows the motion of the heavier lattice atpms that experimentally fourld for the reorientation of the
(iv) Finally, the chosen approach has produced a value foBeg;Hgc-As complex. This seems quite reasonable because
the barrier in good agreement with experiment in Si:B,in both complexes the H local bonding is characterized by
where a H located at a BC site next to a shallow acceptothe formation of a strong H-As bond slightly perturbed by
was involved, as in the present case. the acceptor:®

In the case of the Zg;Hgc-As complex, a circular path in Similar calculations have been performed in the case of
the (110 plane from the BC equilibrium site toward an the Shs-Hgc-Ga complex. The investigated circular path for
equivalent BC site of a neighboring ZaAs bond has been the H motion is indicated in Fig.(8). Once more, the total
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energy increases up & H position on th¢001] axis passing = vyl @ b V(0)
through the location of the Si atom in the unrelaxed lattice; 7 ®)

see thea axis in Fig. Za). A hydrogen radial path along this é \ /

axis has then been investigated. The minimum total energy zZ Wy F— " ELiw
along this path is 0.22 eV higher than that of the stable & 50 o —r O%WO
complex configuration. That value is reduced to 0.17 eV by & i 0 U -L/I2 (') L/I2

the zero-point-energy contributidgthe bending mode energy
is equal to 880 cm'; see Table I, thus leading to an esti- FIG. 7. Parabolic potential barriers considered in a tunneling
mate of the barrier opposing H migration in GaAs:Si in rea-model, which involves excited vibrational states in two symmetric
sonable agreement with the experimental valugé e\j.” It wells: (a) parabolic potential, referred gsa in the text, and(b)
should be noticed that, in the case of Si:B, experiments peiparabolic potential, referred g in the text.W, andW, indicate
formed at about 60 K have foufftthat the energy barrier for the energies of the ground and excited vibrational states, respec-
the H motion is equal to 0.176 eV, i.e., 0.04 eV lower thantively. V(0) indicates the energy of the barrier between the two
that measuredat about 130 K0.22 eVj. If a similar correc-  wells andL is the barrier width. The figure is taken from Ref. 21,
tion could be applied in the case of GaAs:Si, it would im- With permission.
prove greatly the agreement between the present estimate of )
the energy barrier and the experimental value. In the energfpr the barrierpa, and by
barrier configuration, the Si-H and the Ga-H distances, 1.57 o 2o
A and 2.49 A, respectively, are 5.4% and 28% greater than 7 mygl“=2V(0),
the values given by the covalent radii. These atomic disfor the barrierpb, wherem is the atomic mass.
tances and a plot of the tot@alence charge density, see | the case of the barrigsa, the former relationship is
Fig. 6(a), indicate that there is a weak bonding interactionsatisfied when,, L, andV(0) are taken equal, respectively,
between Si and H and a slight interaction of H with its Gatg the values of the H bending frequency, of the distance
nearest neighbors. The H local bonding is, therefore, quit§etween the initial and final BC sites of the moving H, and of
similar to that characterizing the minimum barrier configu-the energy barrier for the complex reorientation found by the
ration in the case of the Zn acceptor. The above results shopresent ab initio calculations. These values have been
that the Zg;-Hgc-As and the Sis-Hgc-Ga complexes have a  gjightly changed, instead, in order to satisfy the relationship
similar reorientation kinetics, which is not surprising in view corresponding to th@b barrier. The reorientation frequen-
of the similarities between the H local bondings in the twocies at different temperatures have been estimated as in Ref.
complexes. The same results suggest, therefore, that the rg1 |n the case of deuterium, this tunneling model gives a
orientation of the Zg;Hpc-As complex proceeds as in the reorientation frequency of about 3G ! at 20 K, which
case of the BgsHpc-As and Sis-Hgc-Ga complexes, at  agrees reasonably with the AR experimental result, see Fig.
least in the temperature range from 70 K to 120 K. Namely3 This agreement, however, might be accidental. In fact, the
the reorientation should be characterized by a thermally assstimated reorientation frequency is almost constant up to
sisted process, which implies the jump of a single barrier. A3 50 K, at variance with the experimental findings. Moreover,
a further consequence, in the above temperature range, t@ite similar results have been obtained in the case of the
relaxation rates of the Z-Hgc-As complex should be close  sj, -H complex, where much lower values of the relaxation
to those given in Fig. 3 for the BgH and Si-H com-  frequency have been experimentally determined. Finally, it
plexes. has to be mentioned that the experiments are performed at
In conclusion, although the present results do not excludgonstant pressure, while present estimates are made at con-
the possibility that a deviation from an Arrhenius behaviorstant volume. Although these different constraints may not
could be observed at low temperatures, they cannot accougtfect the apparent activation energy value, they could likely
for the hlgh relaxation rates observed by AR meaSUrement&ffect the prefactor of the relaxation frequency_
in the case of the Zn acceptb. Some features of a different model of tunneling, the
A possible role of tunneling in the reorientation processFlynn-Stoneham thermally assisted tunneling model, have
has then been considered and two different models have begen also analyzed. In this model, the lattice distortion
investigated. The first model has been already successfullyaused by a light interstitial — which is relevant in the case
introduced to account for the reorientation of nitrogen ingf H,. — inhibits simple tunneling. However, thermal fluc-
diamond?* In this model, the H motion occurs in a static tyations may give rise to a coincidence geometry in which
potential described by symmetric wells and H tunneling oc+tynneling from site to site can occur. A schematic view of
curs between excited vibrational states in the pOtential We”&,he model is given in F|g(&), where the effect of the lattice
see Fig. 7. The tunneling frequency has been then estimatefistortion on the shape of the potential is represented by two
in the one-dimensional quasiclassic@WKB) approxi-  asymmetric wellgleft and right side of the figuiewhile the
mation® As in the case of nitrogen, two parabolic shapes Ofgffect of the coincidence geometry is represented by two
the potential barrier, labelega and pb, have been consid- symmetric wells(center of the figure The jump rate de-
ered; see Fig. 7. The mode frequency of H in the potentiahends on three parametefs: the thermal energy to access
well, vg, the barrier heigh¥/(0), and thebarrier widthL are  the coincidence geometr., (ii) a tunneling matrix ele-
related by ment, and(iii) the Debye temperature. Only a very simple
test has been performed here, namely, an estimakg ofn
o 2o the case of the Zf-Hgc-As complex, a “natural” choice
T Myl =4V(0), for the coincidence geometry is represented by the geometry
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given a thermal energk. to access the coincidence geom-
(a) V\/ \QOQ/ \/\e/' etry of about 0.37 eMif one takes into account the zero-
b a p @ point-energy contribution a value comparable with that of
a b the energy barrieE, found for the complex reorientation in
the absence of tunnelin@.21 e\ but very high with respect
to that obtained experimentally for the coincidence energy,
0.034 eV, from a fit of AR results within the Flynn-
Stoneham modéf* A similar estimate of the thermal energy
E. for the Sjs-Hpc-Ga complex has given a value of about
) I a I 0.25 eV, once more comparable with that of the
VA N > Zng;sHpc-As complex.

As IV. CONCLUSIONS

S [001)
/ Zn G

The structure, the electronic properties, and the reorienta-
a tion kinetics of the Sis-H-Ga complex have been compared
" 110] 1 with those of the ZgH-As complex. In the former case, the
geometry found for the stable configuration, the structural
FIG. 8. (a8 Scheme of potentials wells entering the Flynn- and vibrational parameters, and the energy barrier for the
Stoneham tunneling model, see the téky. Equilibrium configura-  complex reorientation agree well with the experimental find-
tion for the Zng;-Hgc-As complex(l); configuration proposed for ings. In the case of the ZgH-As complex, a good agree-
the coincidence geometry discussed in the téjt ment between theoretical and experimental results has also
been found but for the high relaxation rates of the H complex
schematized in configuration Il of Fig(i8. This geometry is measured at low temperature by AR investigations. As ex-
symmetric with respect to th&' axis shown in Fig. @) but  pected, the Zg;-H-As complex has static and dynamic prop-
for the position of the H atom. In the figure, configuration | erties similar to those of the BgH-As complex. The prop-
shows the ZgH complex in the(110 plane and the arrows erties of the Zg-H-As complex are also similar to those of
indicate the lattice distortion due to the complex formation,Siy,-H-Ga. Thus, the present results account for the likeness
which is related to the asymmetric wells of Fig@B In  of the experimental results achieved in the cases of Ga-site
configuration I, the Zn atom is located on thé axis at the  acceptorgi.e., Be and Zhand As-site acceptofse., S). On
same distance from the two As neighbors, which are inthe other hand, neither the value estimated for the energy
volved in the H-complex configurations at the start and at thédarrier opposing the reorientation of theZH-As complex,
end of the H motion. In this symmetric configuration, the nor the analysis of two different tunneling models have al-
potential created by the crystal surrounding the H atom majowed to account for the high relaxation rates measured in
be represented by two symmetric wells separated by a potedleuterated GaAs:Zn. Furthermore, those relaxation rates ap-
tial barrier, see Fig. @), which allows tunneling between pear to be quite anomalous if compared with those charac-
two BC sites as required by the Flynn-Stoneham model. Difterizing other H-acceptor complexes. In view of the present
ferent symmetric geometries have been considered and paesults, it is suggested that the relaxation rates measured in
tially relaxed in order to minimize their total energy. The the AR experiments do not correspond to the reorientation of
thermal energ¥E. has then been estimated as the differencean isolated H-Zn complex, but, most likely, to peculiar reori-
between the total energy of the symmetric configuration anentation processes involving D), Zn, and further defects
that of the stable configuration. These calculations haver impurities.
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