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Hydrogen passivation of beryllium in p-type GaAs
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The structure, vibration frequencies, reorientation kinetics, and passivation mechanism of the complexes that
include hydrogen and Be shallow acceptors in crystalline GaAs have been investigatedlbyirgio mo-
lecular dynamics method. The stable configuration is found for the H atom located near a bond-centered site
between the Be acceptor and a nearest neighbor As atom. However, the hydrogen atom tends to move off the
trigonal axis by 0.147 A. The bonding shows that the hydrogen saturates the As atom to leave the Be acceptor
threefold coordinated. The vibrations of Be and H are separate. The stretching frequency of hydrogen is similar
to an arsine molecule. The present calculations well reproduce the experimental value of reorientation energy
for H motion between adjacent bond-centered sites about the Be acceptor in the stable configuration. A good
agreement with experiment is also found for the dissociation energy to account for the beryllium passivation by
hydrogen. It is H diffusing in and out the stable bond-centered site rather tifan prtype GaAs. In tracking
the hydrogen, the passivation mechanism of involving'adiffusion cation to neutralize the Beacceptor can
be resolved.
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Dopant passivation by hydrogen has been known for modiainly address the technological implications and provide the
elemental and compound semiconductorswhile there is  most technological opportunities of hydrogen in semicon-
much technological interest in the passivation of shallowductors.
dopants in semiconductors, hydrogen passivates both shal- Beryllium is one of the mostly used shallow acceptors in
low acceptors and donors in GaAs. Chevallegral. and  GaAs. The shallow properties and sharp incorporation profile
Johnsoret al. separately demonstrated hydrogen passivatiomakes it the acceptor of choice in GaAs/AlAs systems grown
of shallow donors and acceptors in GaAs fréfThey indi- by conventional molecular beam epitatylBE). Undoped
cated that passivation is far more extensive for acceptor&aAs/AlAs systems are stable for annealing at high tempera-
than donors for comparable net concentrations of dopants if¥re up to 900 °C. But it becomes unstable if we dope the
GaAs. A model of electrically inactive complex that includes GaAs/AlAs systems with Zn acceptors at lower temperature
a hydrogen atom and a shallow dopant is usually suggestedf 600 °C instead. It shows much more favorably doped with
for electrically compensation of dopant. The complex isB€ than Zn on the stability under thermal cycling of the
commonly described by the sign Mg, where a doparXis ~ CeAS/AIAS systems.~? At relatively elevated tempera-
located at &B host site. Once passivated, the accessibility Ogures, hydrogen in the source chemicals '”eV't?b'y diffuses
the dopants is limited. However, the vibrational spectroscopI to Gas layers and the Be acceptors are easily found de-

has provided an excellent probe of the hvdro en-relate&cnvated' Nandhrat al. first measured the local vibration
P P yarog modes of H-Bg, complexes at 2037 and 555.7 chi® The

complexes and helps establish microscopic information fO{ri onal symmetry of the H-Bg, complexes was fully dem-
the passivation process. Infrared spectroscopic evidence f%rg Y Y P Y

the H.Zn., complex in GaAs was first shown by observation nstrated by Stavolat al1* As follows, Veloarisozet al. de-
“~'Ga termined the piezospectroscopic tensor of the H:Bmm-
on the absorption lines of vibration at 2147 chat 7 K* b P b Iz

! ¢ ; ' lexes in an external stre$s. The only theoretical
The broadening of the absorption line at higher temperaturg,estigation of hydrogen passivation of beryllium in GaAs
for the H-Sg, complex was also investigated in the tempera-yas performed by Briddon and Jones to find stable hydrogen
ture range between 5.5 and 300 K in GdABhermal stabil-  around the bond-centered position between the Be acceptor
ity of the complexes can be simply examined by determinindand a nearest neighbor As atom in the three clusters of
dissociation energy from experimental data. The dissociatiomalgAslus GayAS,Hap, and GagAs,gHs in which a cen-
energies for several complexes formed by hydrogen and agral Ga atom was replaced by a Be acceﬂﬁor.

ceptors have been widely reported on k4510eV for We theoretically investigated H-Bgcomplexes in a crys-
H-Siys, 1.3550.05eV for H-G, 1.350.10eV for H-C¢,  talline structure of GaAs. The preseai initio calculations
1.25+0.10 or 1.33 eV for H-Zg, and 1.15-0.10eV for  are performed using Car-Parrine(ldP) molecular dynamics
H-Beg, for several complexes formed by hydrogen and do-methodology’ The valence electrons are described by
nors on 1.520.05 eV for H-Sg,, 1.25+0.05 eV for H-Sg,, density-functional theory in the local density approximation
and 1.2:0.10eV for H-Sg, in the doping concentration (LDA). The norm-conserving pseudopotentiéllsre used
region of 1~2x 10" cm *.° An entire understanding of the and also modified to avoid a Ga “ghost” stdfeThe bulk

role of hydrogen in passivation of shallow dopants can cerstructural properties of GaAs were truly reprodué®&ince
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the wave functions of shallow defects are spatially extensive,
a larger supercell of 64 atoms is necessarily used. Khe
points in the first Brillouin zon€BZ) for sampling the elec-
tron charge density are those folded into theoint of the
simple cubic super-cell of 64 host atoms. It has been dem-
onstrated that th&-point sampling in the first BZ at such
supercell size can effectively reproduce the static and dy-
namic properties of semiconductdrsie have also success-
fully described the interstitial states and diffusion of hydro-
gen in GaAs by thd -point sampling?? The cutoff kinetic
energy of plane waves in the wave-function basis is selected
for 14 Ry (~9000 plane waves A faster and complete
scheme in the CP method is used for relaxation of the whole
crystal as a hydrogen and acceptor atom are embedded in the
supercell®?? As the ions move according to Hellmann-

Feymann forces in the molecular dynamics evolution, elec- FIG. 1. A schematic diagram showing the favorable sites for
trons follow closely according to Newtonian equations. Apygrogen in the H-Bg, complex. BC denotes the bond-centered
frictionlike force is further imposed to slow down the atoms gje petween the Be acceptor and the nearest neighbor As host atom:
moving upward on the Born-Oppenheimer surface. It lead\ the antibonding site of the Be acceptor; BB the back-bonded
to fast relaxation of the atom system for optimization of site of the As host atom. All the sites are referred to the atoms in the
structures. Beg-As complex.
Experimentally, the dissociation energy is determined
from the dissociation rate of the complexes in the first-order Tq investigate the H-Bg, complexes, a Be atom was em-
kinetiCS. The diSSOCiation rate iS therma”y aCtiVated and asbedded rep'acing a ga'“um atom in the Superce” Of 64 atoms
sumed to be directly proportional to the number of com-gng then an interstitial H atom added. The neighboring H
plexes itself. Consequently, an Arrhenius-type temperaturgtoms or Be acceptors are apart at a distance of 11.3 A,
dependence is related to the dissociation frequendy the  \hich is the double of Bravais lattice constant of GaAs.
explicit form Three favorable configurations with high symmetry are con-
sidered for the H-Bg, complex. Referred to the atoms in the
vg=vo €xp(—Eq/KT), trigonal Bg;+As bond, the H atom is located at the bonded-
center(BC) site, the antibondingAB) site on the Bg, side,
d the back-bonde(BB) site on the As side, respectively

As

wherevg is an attempt frequency arigl is the dissociation
energy. The dissociation energy is thus the energy required ) ) ; . )

fully separate the hydrogen from the dopant. It includes th see Fig. J_ The_ relative d|fferen_ces in total energies of the
energy required for break up the bonds formed by the hydrotNf€€ configurations are shown in Table I.

gen atom and the migration energy of the hydrogen species | "€ lowest energy is for the BC configuration. The calcu-
[e.g., H in n-type GaAs and H in p-type GaAs(Ref. 22]. lated structural properties are presented in Table I!, in V\_/hlch
In accordance with the experimental data, the dissociatique cluster results by Briddon and Jones are also listed in the

energy is defined as the energy difference between the initig°°Nd row?” The crystalline calculation is more realistic
and the final state of the reaction than the clusters due to the periodical boundary conditions.

Furthermore, our results benefit from a large separation of
defect in a large supercell of 64 atoms and also a thorough
relaxation scheme. It is found that the H atom is not defi-
The H' cations released by the complexes are located ifitely located on the axis of the BgAs bond. The total
their minimum energy sites ip-type GaAs. The dissociation

(Bega— H)o_’ Begat HT.

energy is calculated as TABLE I. Relative energies of three favorable configurations for
H-Beg, complexes. The configurations of complexes are denoted
Eq=[E(Beg,) +E(H")]—{E[(Beg,— H)°]+ E(GaAs}, for the symmetry sites occupied by hydrogen. Referred to the atoms

in the trigonal Bg,-As bond, BC is the bond-centered site, AB is
where, for example(Beg,) denotes the total energy of the the antibonding site of the beryllium acceptor, and BB is the back-
64-atom supercell containing a Be acceptor. bonded site of the beryllium accepttre., the antibonding site of
For the calculation of the reorientation energy of hydro-One of the four arsenic atoms which are nearest neighbors of the
gen, we try to simulate an adiabatic trajectory for tHe bgr)_/lllum acceptor The zero of the energy is set at the global
motion around the Be acceptdrAlong a specific direction ~MNIMuM.
prescribed, the hydrogen is set to very slowly move in &

. . BC AB BB
constant speed. All the other atoms in the system relax si- , )

multaneously with a frictionlike force. The surplus energy Configuration V) V) V)
introduced by the constant speed of the hydrogen is then Present 0.0 0.018 0.48
removed in the relaxation. The energy surface along the di- Ref. 16 0.0 0.30

rection of the movement is then determined.
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TABLE Il. Calculated equilibrium geometry of the BC configuration for hydrogen. In the BC configura-
tion, the beryllium is threefold coordinated and the hydrogen saturates the dangling bond of the arsenic atom
to decouple the bonding with the beryllium. The angles between threefold bond of Be-As, and fourfold bond
of As-Ga are given in the last two columns. Note that the H passivator is perpendicularly displaced 0.147 A
(see 0.150 A in Ref. 16off the trigonal axis.

H-Beg, H-As Beg As Ga-As As-BegAs Ga-As-Ga
A) A) (A) A) (deg) (deg)
Present 1.80 1.55 2.22 2.45 96.7 92.7
Ref. 16 1.85 1.52 2.16 2.42 120 117

energy drops by 0.0038 eV for a displacement of the H atonAs atom and the Be acceptor is left for being only threefold
off the trigonal axis by 0.147 A along &-110) direction  bonded. The electronic level of Be falls into the valence band
perpendicular to(111). The displacement and the corre- and is fully occupied resulting in the charge neutrality. Over-
sponding drop in energy are both very small. The calculatiorall, the calculations strongly support the infrared absorption
results show that the hydrogen is actually quite free to movepectrum® and the uniaxial stress experimeits for the

in the perpendicular plane across the BC site. In this stablel-Bes, complex, which recommended the stable BC con-
BC configuration for hydrogen, the relaxation energy whenfiguration. Being due to the moving of H off the trigonal axis
the hydrogen is embedded is totally as large as 2.93 eV. Botfor breaking symmetry in analogy with B-H complex in
Be and As move away in the opposite direction from the hosgi;?22° the H-Begs, complex shows a large sensitivity to ex-
position by 0.52 and 0.33 A, respectively, to expand theternal stress in the meantime.

BegAs bond(37% greaterfor taking in the H atom. It also Pavesiet al. and we theoretically pointed out that the H
shows that the H atom lies closer to the As atom than the Batom is amphoteric in charge states depending on the energy
acceptor, giving 1.55 and 1.80 A for H-As and HRdond  of Fermi level in GaAsS®??As a negative U center, the hy-
length, respectively. The 1.55 A bond length of H-As is verydrogen behaves as a stable donor near the BC sitetype
close to the length of H-As bond in an arsine moleculematerial, while as a stable donor near the tetrahedral intersti-
(AsHy) at 1.52 A. In addition, the stretching frequency of thetial site surrounded by four nearest Ga host atoms in the
H-As bond in an AsH molecule is at 2116 cit (Ref. 23 n-type material. The neutral hydrogen has never been a
which fits very nicely the infrared data of 2037 chof the  stable species. Therefore, it is thé Kation near the BC site
H-Beg, complex*® Typical H-X bond stretching frequencies involving in the bonding and motion of hydrogen frtype

for thosep-block elements oK is also reported, and it is a
close frequency of 2200 cm for the H-As bond®* Another
evidence for the H-As bond is the 2029 chabsorption
band observed by Stein in H-implanted GaAs near 200 K.
It is clearly indicated that the stretching mode is due to the
H-As bond in the disturbance of the nearby Be acceptor. To
investigate the vibrational frequencies of the hydrogen, we
performed a first-principles molecular dynamics simulation
for the supercell at low temperatufe 30 K) for about 7.2 p.
Then the vibrational frequencies were extracted from fourier
transformation of autocorrelation function of the hydrogen
velocity. Our stretching frequency is 1700 chwhich is
16% lower than the infrared datsee 2018 cm' by Briddon

and Jone¥). The calculated frequency is lowered by 250—
500 cmi %, because the LDA calculations systematically un-
derestimate the stretching frequendi®©n the other hand,
the wagging frequency in our calculations is at 310 &ifef.

301 cm! by Briddon and Joné§. The H-As bond is
slightly disturbed by the Be acceptor, as shown by the con-
tours of the valence electrons in Fig. 2. This bonding is fur-
ther confirmed by both H-As and H-Be bond lengths, which
are 3.2 and 30% greater, respectively, than those estimates
by using the tetrahedral covalent radii according to

Pauling®’ It suggests that the H atom is primarily bonded to  FiG. 2. Contour plots of the valence charge densityii0]

As rather than the Be acceptor. The vibrations of Be and Hplane showing the bonding between atoms in the stable BC con-
are decoupled. The stretching mode is mainly due to théiguration for H in Be-doped GaAs. The BeAs bond is 37%
H-As bond involved in the complex. In other words, the H greater to make room for H, and the H atom is located 8% closer to
interstitial comes to saturate the fourth dangling bond of theas than Be.
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GaAs. We have established that thé ehtion diffuses in the 04 '
region of high valence electron density following a path of
BC-Cg4BC-C,-BC with an energy barrier of 0.46 eV in

p-type GaAs, where the symmetry sit€g, andC,, are at 03
the centers of the rhombus formed between three adjacent G AE (eV)
and As host atoms and the nearest tetrahedral Zi®s.far,

we have not seen any experiment on the real-time observa 02 r
tions of hydrogen drift and diffusion to indicate the occupa-
tion of interstitial H site in GaAs. The diffusion species is

believed to be H rather than M in p-type GaAs. There is 0.1 7
also no evidence to indicate thaf darticipates in the pas-
sivation process, at least in the case of Be-doped GaAs. i 0.0 .

explicitly makes the fact that only the'Hcation participates
in the passivation of Be. The passivation mechanism would
involve with the capture of a hole first, i.e.’Hh*—H". FIG. 3. Total energy changes for the motion of H between ad-
Subsequently, the capture of & idation by a Bg, acceptor  jacent BC sites about the Be acceptor in the stable BC configuration
proceeds as E@;%+H+—>(Beea— H)O_ The large capture ra- inthe[110] plane. The energy barrier is the maximum of the curve,
dius that characterizes the complex formation is expected ofhich corresponds to the orientation energy of hydrogen in the
the capture of a positively charged species at a negativelfl-Besa complex.
charged acceptor. The reaction equation of passivation can be
simply described by Bg+H°+h* — (Beg,— H)°. From this
point of view, the stable BC configuration for hydrogen isthe BC configuration. In the proposed configuration, Be is
quite well understood, and the passivation mechanism is urfivefold coordinated and H forms a bond with each of the
ambiguously defined. three As atoms and one with Be. One of the;BAs bonds
The thermal stability of the passivated dopants is obvidengthens to 3.30 A, caused by the disturbance of hydrogen
ously of interest if it is to be used in technological applica-present at the antibonding site of Be. AnothegBAs bond
tions. As the temperature rises to completely restore the corength is 2.58 A, while the remains are both 2.22 A. These
ductivity, the pairs of passivation are dissociatedpitype  bonds turn out to bep? instead ofsp® in character. The
GaAs, the Fermi energy is such that ks overwhelmingly  character of bonding is very much like the fivefold coordi-
favored over H,?? the breaking of the bonds formed by hy- nated Si donor in H-Sj, complex inn-type GaAs>? Accord-
drogen follows (Bg,—H)°—Beg,+H". The H' cation re-  ingly, the Be atom relaxes toward the plane of the other three
leased must subsequently diffuse out of the passivated rés atoms. For the As atom in the uniquedg®s bond, the
gion. The calculated dissociation energy for thisresulting length of the H-As bond is 1.56 A. The other two
configuration is 1.05 eV which is in good agreement with theH-As bond lengths are 3.08 and 2.27 A, respectively. All the
experimental result of 1.150.10 eV3! three H, Be, and As atoms along the trigonal direction have
The diffusion of hydrogen in the complex is entirely con- relaxed out of thg110] plane. The total energy gained by
trolled by the association and dissociation processes of hyelaxation is 1.6 eV. The H-Bgbond has a length of 1.79 A,
drogen with the Be acceptors. At high temperatures the Hvhich is about 0.41 A longer than what would have been
atom is quite mobile. Since the trigonal symmetry of theexpected for a H-Bg, bond from Pauling’s tetrahedral cova-
H-Beg, complexes is lower than the host lattice, the reoriendent radius estimation. It is difficult to imagine how a length-
tation of the hydrogen is still expected at low temperaturesening H-Bg;, bond of 1.79 A can be responsible for a
There are four equivalent BC sites surrounded each Be astretching frequency as high as the experimental frequency
ceptor. The H atom tends to migrate from a BC site to an-of 2031 cm . Finally, the energy of the BB configuration for
other BC site of an adjacent bond. A circular path for hydro-hydrogen is 0.48 eV higher than the BC configuration. The
gen has been suggested for this motion about the Beesulting H-As bond length is 1.57 A, with the unique
acceptor-*® The energy surface simulated along the migra-Beg;-As bond lengthening to 3.09 A. By applying an exter-
tion path for hydrogen in thgl10] plane is shown in Fig. 3 nal uniaxial stress, the orientation of the hydrogen can occur
to find that the reorientation energy is 0.32 eV. The energetiin the H-Bg;, complexes as indicated in Refs. 14 and 15. The
equivalence of the hydrogen in these BC sites can be remeasurements of the dichroism decay time at various tem-
moved by applying an external uniaxial stress. Stawblal.  peratures after the removal of the stress allow us to estimate
had successfully demonstrated this experiment and found thtee orientation energy and the relaxation. But such orienta-
orientation energy of 0.37 €¥.Our calculation comes close tion processes for GaAs cannot be observed in both AB and
enough to verify the reorientation process. Since the relaxBB configurations. This would verify that BC configuration
ation of the H-Bg, complexes exhibits Arrhenius behavidr, for hydrogen prevails.
the reorientation of hydrogen is thermally activated and does In summary, we have calculated the total energy and ge-
not involve any tunneling motion. ometry for the stable configuration of hydrogen in the
For the other configurations in our discussions, the energii-Beg, complex. The hydrogen passivation of the beryllium
of the AB configuration for hydrogen is 0.018 eV higher than acceptor preferably begins with the capture of a hole for the

BC1 H moves —p BC2
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HO to result in H" cation inp-type GaAs. It is then the H  energy of the H-Bg, complexes are respectively in strik-
cation diffusing in the stable BC site. The neutralization ofingly good agreement with their experimental counterparts to
H* with the Bes, acceptor on the host gallium site goes onfully make this strong case. It clearly accounts for the passi-
with the large cross section expected of a Coulomb captureation mechanism and comes to the conclusion that hydro-
process. The distribution of valence electrons shows that thgen passivation of the Be acceptor is due to complex forma-
H passivator is primarily bonded to the As atom rather thanjon of H-Beg, and not compensation alone.

the Be acceptor. While there is no significant bonding be-

tween H and Be atoms, the stretching frequency of the A part of the calculations has been carried out at the Na-
H-Beg, complexes is mainly due to the H-As bond. Thetional Center for High-Performance ComputiflCHC),
stretching frequency of hydrogen resembles an arsine molfaiwan, under National Science Coun@NSC) Grant No.
ecule. The calculations on the orientation and dissociatioNSC 89-2112-M-259-004.
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