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Metastable Defect Generation in Si
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Using first-principles calculations, we demonstrate an explicit reaction pathway for carrier-induced
changes in hydrogenated Si through dissociation of paired-H complexes. The complex dissociates
through the capture of charge carriers with calculated kinetic barriers for electron- and hole-induced
dissociations of 1.1 and 0.9 eV, respectively, in crystalline Si, in general agreement with the experimen-
tally observed activation energies for single-carrier defect creation in hydrogenated a-Si. Exciton lower-

ing of the barrier accounts for the low activation energy of light-induced defect formation.

PACS numbers: 61.42.+h, 61.70.At, 71.55.Ht

Structural metastability associated with various forms
of hydrogen bonding in Si is a problem of long-standing
interest because of the nearly ubiquitous presence of H
in crystalline (c) and amorphous (a) Si as a result of de-
vice processing. The presence of carriers, created either
electrically or optically, is experimentally known to in-

crease the number of metastable midgap defects in hy-
drogenated a-Si (a-Si:H), ' and in hydrogenated poly-
crystalline Si (poly-Si:H). These changes anneal at
temperatures of 150-250'C, where the material nearly
returns to its original state. ' Despite extensive studies,
the microscopic origin and mechanism for metastable de-
fect formation is poorly understood. It is generally be-
lieved that optical excitation creates Si dangling bonds
which act as efficient recombination centers and deep
traps, altering the electrical properties of the material.
From the dependence of the defect-formation kinetics on
Fermi-level position, temperature, deposition conditions,
and impurity levels, hydrogen-induced-bond reconfig-
uration is believed to be involved. Recently, the dissoci-
ation of a diatomic H complex (H2 ) (see Fig. 1) into
separate H atoms has been suggested to be the mecha-
nism responsible for carrier-induced metastable phenom-
ena. In this model, the carriers, whether electrons,
holes, or both, localize on the H2* complex, causing dis-
sociation. Once dissociated, the isolated H atoms be-
come trapped at strained Si-Si bonds creating spin-active
midgap defects, passivate active dopants, or become at-
tached to impurities. The strained Si-Si bonds and im-

purities serve as deep traps for the isolated H atoms so
they do not recombine or diffuse to the surface. While
the initial- and final-state energies were discussed in Ref.
8, the precise energy barriers and specific dissociation
pathways and mechanisms remain to be identified. An
important consequence of this work is that carriers cause
changes in electronic properties of Si containing H by
dissociating relatively immobile and inactive H pairs into
more mobile and active isolated H.

In this paper, the total energy for the carrier-induced
dissociation reaction was calculated from first principles
and the reaction pathways were examined. These bar-
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FIG. l. Atomic positions for an Hp* complex and charge
contours for near-gap H states shown in a (l 10) plane. The
open circles are Si and the solid circles are H atoms. (a) The
1s bonding state on the Tq site with a contour spacing of 5.
(b) The ls antibonding state on the BC site with a contour
spacing of l. The arrows indicate the dissociation pathways
upon capture of charge carriers. The contours are given in
units of electron/(320. 7 A').

riers are in reasonable agreement with experimental de-
fect creation and annealing activation energies. More-
over, our work also indicates that the reaction pathways
are kinetically allowed.

We employed an ab initio pseudopotential total-energy
method within the local-density-functional approxima-
tion (LDA). A Wigner interpolation formula was used
for the correlation energy. ' The wave functions were
expanded in a plane-wave basis with a kinetic-energy
cutoff of 10 Ry. " A supercell containing sixteen Si
atoms was used to simulate isolated H2 complexes.
Charge integration over the Brillouin zone was replaced
by a discrete sum accurate to within 0. 1 eV per cell. The
structure was determined using a Hellmann-Feynman
energy-minimization scheme. ' The energies for
charged states were calculated with a background charge
of opposite sign. ' The LDA total energies and eigenval-
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ues were corrected for the well-known band-gap error by
projecting each state onto the Si conduction band and
using the scissors operator as described in Ref. 14. We
found in the present case that the "quasiparticle" ener-
gies (i.e., the LDA eigenvalues plus the gap correction)
track the transition levels rather closely so that only the
electronic contribution to the charged-neutral transition
is important. The accuracy of the calculation is estimat-
ed to be about 0.2 eV per H pair.

The H2* complex, consisting of an H atom at the
bond-center (BC) site [H(BC)] and an H atom at the
interstitial tetrahedral (Td) site [H(Td)] (see Fig. 1),
was proposed as a metastable microstructure of H in
c-Si. The energy is 0.4-0.45 eV/2H higher than that of
an interstitial H2 molecule. " In a-Si, the energy
difference is expected to be smaller, however, since some
of the H2 complexes may release preexisting strains
among neighboring Si atoms. H2 agglomeration gives
rise to increased stability. ' Within the complex, the
H(BC) atom has a strong Si-H bond characterized by a
local-vibrational-mode frequency (cu) of 2070 cm
while the H(Td) atom has a weaker Si-H bond with a vi-

bration of 1480 cm '. ' The highest occupied H Is lev-

el is about 0.8 eV below the Si valence-band maximum
(VBM) (Fig. 2), and the corresponding wave function is

largely localized on the weak Si-H bond [Fig. 1(a)]. In
contrast, the lowest unoccupied H Is antibonding level is
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about 0.9 eV above the conduction-band minimum
(CBM) (Fig. 2), and the corresponding wave function is

to a large extent associated with the strong Si-H bond
[Fig. 1(b)]. The different energies and characters of the
two states lead to distinct microscopic dissociation mech-
anism for the complexes depending on the carrier type.
Holes tend to excite H atoms from the Td sites while

electrons tend to remove H atoms from the BC sites, as
shown by arrows in Fig. 1. Eventually both H atoms can
leave the complex since the energy barriers for moving a
single H atotn is reasonably small (-0.2-0.33 eV). '

Our results for the hole-induced dissociation of H2
complexes are summarized in Fig. 3, where Fig. 3(a)
gives the total energies for the neutral positively ionized
complexes and Fig. 3(b) shows the corresponding (+/0)
levels. The horizontal axis is the Si-H(Td) separation
along the direction of the Si-H bond. The dissociation of
H2 complexes can either be direct or be assisted by
thermal tnotion of H atoms. In the former case, H(Td)
captures a hole before it moves significantly away from
the equilibrium position. The Si-H bond stretches by al-
most 50% to reach a new equilibrium. Since the (+/0)
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FIG. 2. H levels of the H2* complex and possible transitions
responsible for light-induced dissociation. In transition 1, the
carrier is excited by light (solid arrow) from a nearby Si-Si
bonding orbital to the antibonding Si-H(BC) state while in

transition 2, the light causes a transition from the bonding Si-
H(Tq) to a neighboring Si-Si bond. Transition 3 indicates that
light excites electrons and holes via one-photon processes.
These carriers then localize near the H2* and become captured
by the complex. Because of localization of the charges, the
transition energies are lower (dashed lines) in all cases as a re-
sult of the electron-hole Coulomb interaction.
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FIG. 3. (a), (c) Total energies and (b), (d) transition levels
for H2* complexes. (a) and (b) are energies for neutral and
positively charged complexes vs Si-H(Td) separation. (c) and
(d) are energies for neutral and negatively charged complexes
vs H(BC) displacement. The dotted lines depict the (un-
corrected) LDA results for charged states and the arrows indi-
cate the dissociation path. The solid squares are the quasipar-
ticle energies of the electrons.
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level at this equilibrium is above the VBM, which is the
Fermi level for heavily p-doped samples, this ionized
configuration is metastable. Only 0.1-eV energy is re-
quired to further dissociate the ionized complex. After
the dissociation, the H(Td) diffuses away as a neutral
atom and the centered Si atom rebonds to the H(BC)
making it positively charged. In the case of dissociation
assisted by H thermal motion, thermal excitation causes
the Si-H(Td) bond to stretch, resulting in an increase in

the quasiparticle energy of the localized electron [Fig.
3(b)]. If the Si-H(Td) distance exceeds 2.4 A, the com-
plex can capture a hole from the VBM and dissociate by
excitation over the low energy barrier for the positively
charged state as indicated by the arrow in Fig. 3(a).
Dynamical effects due to slower motion of the silicon
change the barrier heights by less than 0.2 eV. Because
the electron relaxation time is much shorter than that of
ions, we expect that the direct process is less likely than
the thermally assisted process. In either case, the disso-
ciation barrier is 0.9 0.2 eV. From Fig. 3(a), the H
complex completely dissociates for a Si-H(Td) separa-
tion of about 3 A, corresponding to having the H atom at
a Si hexagonal interstitial position.

A similar calculation was carried out for electron-
induced dissociation and the results are also shown in

Fig. 3, where Fig. 3(c) is the total energies of the neutral
and negatively charged states and Fig. 3(d) is the corre-
sponding (0/ —) level. These energies are plotted
against the H(BC) displacement away from the BC site
towards the nearest Td site [Fig. 1(b)]. Because the
lowest unoccupied H state is localized at the BC site this
atomic path is more effective in lowering the quasiparti-
cle level as well as the total energy than the path dis-
cussed for hole-induced dissociation [Fig. 1(a)]. The
H(BC) motion in Fig. 1(b) corresponds to an H wagging
mode which is much softer than the H stretching
mode thus the (0/ —) level in Fig. 3(d) decreases rela-
tively slowly and reaches the CBM at a relatively large
H displacement of 1.6 A. In contrast, the corresponding
H displacement for hole-induced dissociation is only 0.6
A [Fig. 3(b)]. There is no metastable state for electron
carriers unless the two H atoms separate completely.
The activation energy for electron-induced H-complex
dissociation with the Fermi level at the CBM is near
1.1+0.2 eU.

These values agree reasonably well with experimental
measurements of defect kinetic barriers in doped a-Si:H.
For highly 10 -B-doped a-Si:H (produced by a 10
gas-phase ratio of B2H6 to SiH4 during deposition), the
kinetics of defect relaxation has been determined to have
an activation energy of about 0.7-0.8 eV. ' For this
doping, the Fermi-level position should be close to the
VBM in c-Si. In 10 -P-doped a-Si:H or with the Fer-
mi level near the CBM in c-Si, the activation energy has
been determined to be 0.9-1.0 eV. ' These values are
in reasonable agreement with the calculated values as-
suming that the dissociation barrier determines the me-

tastability activation energy. From Fig. 1(a), the Si-
H(Td) bonding state is significantly more localized than
the Si-H(BC) antibonding orbital. Such localization, in

addition to lowering the energy barrier, increases the
probability of ionic motion leading to defect formation.
This fact accounts for the greater rate of defect forma-
tion by holes than by electrons —a result difficult to ex-
plain by rupture of strong Si-H bonds. Furthermore, as
the Fermi level is changed towards the midgap doping
level for undoped material, experimental data indicate
that the kinetic activation energy is about 1.25-1.4
eV, ' in agreement with the approximate 1.3-eV value
for dissociation by the reaction H2 H (BC)
+H (Td). Hence, both the doping dependence and the
magnitudes of the calculations and experiment are in

reasonable agreement.
Of particular interest is that these calculations illus-

trate a possible mechanism for light-induced defect for-
mation (the Staebler-Wronski effect). Light-induced
metastable defect generation has a low activation energy
of 0.15-0.4 eV, depending on how the kinetics are ana-
lyzed, and the photon energy threshold is as low as 1.2
eV. From Figs. 3(b) and 3(d), it is possible to either
optically excite directly the levels responsible for dissoci-
ation (transitions 1 and 2, Fig. 2) or create band-tail car-
riers which then occupy the bonding and antibonding
levels (transition 3). In the former case, light excites an
electron from the valence-band state associated with the
sp bonds of the H(Td)-bonded Si to the Si-H(BC) an-
tibonding level (transition 1) or from the Si-H(Td)
bonding state to the conduction-band-minimum states
associated with the sp antibonding states of the H(Td)-
bonded Si (transition 2). The charge densities of these
states indicate significant overlap is necessary for a large
optical transition matrix element (Fig. 1). Once the car-
riers occupy their respective bonding or antibonding
states, the activation barrier for either transition 1 or 2
would be only about 0.2 eV (Fig. 3), in accordance with
the observed values. Because the relatively localized
electron and hole states caused by this transition are only
about 1.1 A apart (Fig. 1), one would expect a strong ex-
citon lowering of the optical energy (dashed lines, Fig. 2)
necessary to induce such a transition. Using a dielectric
constant of 12, the exciton energy lowering, estimated to
be proportional to the electron-hole Coulomb energy, is
roughly 0.6 eV. The resulting photon energy threshold
for light-induced defect formation would be about 1.5
eV—a value in a reasonable agreement with the ob-
served value of 1.2 eV. Alternatively, defect creation
by transition 3 occurs when H2* captures photoexcited
carriers from a neighboring band-tail state in the pres-
ence of the opposite charge located on the Si backbonds.
The Coulomb energy reduces the 0.8-0.9-eV energy re-
quired to thermally excite the carrier into either the
bonding or antibonding state to roughly 0.2-0.3 eV.
Upon dissociation, individual H atoms will leave the
complexes in a neutral form similar to charge-induced
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dissociation. The estimated total dissociation activation
energy for transition 3 is, therefore, about 0.4 eV includ-

ing the subsequent diffusion barrier. Regardless of
which possibility in Fig. 2 applies, we see that the H2-
complex dissociation can account for the low subgap
photon energy threshold and the low thermal activation
energy, and is consistent with experiments indicating
that electron-hole pair formation accelerates defect for-
mation.

This work demonstrates that Hz dissociation is a vi-

able model for metastability in silicon-hydrogen systems.
The calculations indicate that single carriers cause disso-
ciation of paired H with barriers compatible with experi-
ment. These isolated, interstitial, H atoms diffuse to
create midgap defect and passivate dopants. The H2*-
complex dissociation mechanism also provides an ex-
planation for the low photon energy threshold required
for defect generation and the low activation energy for
light-induced defects in amorphous Si.

We would like to thank J. E. Northrup, especially, as
well as R. A. Street, M. L. Cohen, and M. Stutzmann
for a number of valuable discussions and comments.
S.B.Z. is supported by the U.S. Office of Naval Research
through Contract No. N0014-82-C-0244.

' Present address: NEC Research Institute, 4 Indepen-
dence Way, Princeton, NJ 08540.

'See, for example, Stability of Amorphous Silicon Alloy
Materials and Devices, edited by B. L. Stafford and E. Sabi-
sky, AIP Conference Proceedings No. 157 (American Institute
of Physics, New York, 1987), and references therein.

2D. L. Staebler and C. R. Wronski, J. Appl. Phys. 51, 3262
(1980).

I.-W. Wu, W. B. Jackson, T.-Y. Huang, A. G. Lewis, and
A. Chiang, IEEE Electron Device Lett. 11, 167 (1990).

4H. Dersch, J. Stuke, and J. Beichler, Appl. Phys. Lett. 38,
456 (1980).

sM. Stutzmann, Philos. Mag. B 56, 63 (1987).
W. B. Jackson and J. Kakalios, in Amorphous Silicon and

Related Materials, edited by H. Fritzsche, Advances in Disor-
dered Semiconductors Vol. 1A (World Scientific, Singapore,
1989), p. 247.

7K. J. Chang and D. J. Chadi, Phys. Rev. Lett. 62, 937
(1989); Phys. Rev. B 40, 11644 (1989).

sW. B. Jackson, Phys. Rev. B 41, 10257 (1990).
9M. L. Cohen, Phys. Scr. Tl, 5 (1982).
'oE. Wigner, Trans. Faraday Soc. 34, 678 (1938).
''J. Ihm, A. Zunger, and M. L. Cohen, J. Phys. C 12, 4401

(1979).
'2H. Hellmann, Einfiihrung in der guanten Theoric (Deu-

ticke, Leipzig, 1937), p. 285; R. P. Feynman, Phys. Rev. 56,
340 (1939).

' Care was taken to correct for the fact that charge removed
from the defect is placed at the average potential which is not
in general located at the VBM.

' G. A. Baraff and M. Schliiter, Phys. Rev. B 30, 1853
(1984).

'sS. B. Zhang, W. B. Jackson, and D. J. Chadi (unpub-
lished).

'sK. J. Chang and D. J. Chadi (to be published).
' C. G. Van de Walle, P. J. Denteneer, Y. Bar-Yam, and S.

T. Pantelides, Phys. Rev. B 39, 10791 (1989); F. Buda, G. L.
Chiarotti, R. Car, and M. Parrinello, Phys. Rev. Lett. 63, 294
(1989).

'sJ. Jang and C. Lee, J. Appl. Phys. 54, 3934 (1983).
'9W. den Boer and S. Guha, J. Appl. Phys. 57, 5539 (1985).

J. Kakalios and R. A. Street, in Amorphous Silicon and
Related Materials (Ref. 6), p. 165.

'T. J. McMahon and R. Tsu, Appl. Phys. Lett. 51, 412
(1987).

zzE. Eser, J. Appl. Phys. 59, 3508 (1986).
~3M. Fathallah, Philos. Mag. B 61, 403 (1990).

2578


