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Abstract—Incorporation of hydrogen has a strong effect on the
characteristics of silicon devices. A fundamental understanding of
the microscopic mechanisms is required in order to monitor and
control the behavior of hydrogen. First-principles calculations
have been instrumental in providing such understanding, We
first outline the basic principles that govern the interaction
between hydrogen and silicon, followed by an overview of recent-
first-principles results for hydrogen interactions with silicon.
We show that Hy molecules are far less inert than previously
assumed. We then discuss results for motion of hydrogen through
the material, as relating to diffusion and defect formation. We also
discuss the enhanced stability of Si-D compared to Si-H bonds,
which may provide a means of suppressing defect generation.
We present a microscopic mechanism for hydrogen-hydrogen
exchange, and examine the metastable =SiH,; complex formed
during the exchange process. Throughout, we highlight issues
relevant for hydrogen in amorphous silicon (used in solar cells,
sensors and displays) and in Si-SiO- structures (used in integrated
circuits). The broader impact. of first-principles calculations on
computational electronics will also be discussed.

Index Terms— Amorphous semiconductors, hydrogen, semicon-

ductor defects, semiconductor impurities, semiconductor/insulator
interfaces, silicon.

1. INTRODUCTION

YDROGEN plays an important role in many technolog-

ically relevant processes-in silicon [1]-[8]. Introduction
of hydrogen can result in the passivation of shallow acceptor
and donor states, as well as of electrically active deep levels
{1]. The latter are commonly associated with silicon dangling
bonds and are found at surfaces, grain boundaries, interfaces,
and in bulk silicon. Incorporation of hydrogen during the growth
of amorphous silicon (a-Si) films is essential for producing de-
vices such as solar cells [2]. Also, device-quality silicon-based
metal-oxide-semiconductor field effect transistors (MOSFETs)
are annealed in a hydrogen-rich environment in order to pas-
sivate defects at the Si-SiO» interface [7], [8]. The use of hy-
drogen to passivate defects in these devices sets the stage for the
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subsequent creation of defects during device operation. For in-
stance, hydrogen is known to play an important role during hot-
electron degradation in MOSFETs [9], [10], as well as during
light-induced degradation in a-Si: H solar cells [3], [11]. Use
of deuterium has been shown to lead to a suppression of degra-
dation [5], [6], [9]. A fundamental understanding of the role of
hydrogen in these devices is very much desired.

The interaction between hydrogen and the semiconductor
takes many forms. Isolated interstitial hydrogen already dis-
plays a strong tendency to disrupt the normal bonding in the
material: in the positive and neutral charge states hydrogen
inserts in a bond-center (BC) site in silicon. Hydrogen also
interacts strongly with shallow as well as deep impurities, as
well as with other hydrogen atoms, resulting in Ho molecule
formation for example. Last but not least, hydrogen interacts
with intrinsic defects, the passivation of dangling bonds being
the best known example.

Itis highly desirable to develop theoretical and computational
models that capture this multifaceted behavior of hydrogen
within silicon devices. Purely phenomenological approaches
may be appropriate for isolated aspects of hydrogen’s interac-
tion with the semiconductor, but to describe the full complexity
involved in bonding, diffusion, passivation, defect creation,
etc., a first-principles approach at the atomic level is required.
Such first-principles calculations not only answer quantitative
questions, but more importantly provide a theoretical frame-
work in which the underlying fundamental mechanisms can be
examined and categorized. Once these mechanisms are known,
higher-level models can be built upon them. For instance, the
first-principles calculations elucidate the importance of taking
the proper charge state of interstitial hydrogen into account.
This information can then be included when developing a
model for hydrogen diffusion as part of a process-simulation
package. As another example, one may wish to model device
degradation due to defect creation at the Si/SiOy interface,
and the enhanced stability offered by deuterium passivation. In
order to construct a reliable model, the basic mechanisms of
defect creation due to breaking of Si-H or Si-D bonds must
be understood. Again, this fundamental information can be
produced by first-principles calculations.

In this paper, we will review recent work that illustrates the
power of this approach. Specifically, we will focus on the role
of hydrogen in a-Si and at the Si-SiO; interface. The compu-
tational results have all been obtained using a state-of-the-art
first-principles approach based on density-functional theory, ab
initio pseudopotentials, and a supercell geometry.
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After a brief review of the methods (Section II), we will de-
scribe some basic principles that govern the behavior of hy-
drogen in silicon (Section III). Section IV will focus on hy-
drogen molecules: we will review experimental observations
of interstitial H> molecules in crystalline and amorphous semi-
conductors, and describe the theoretical framework for under-
standing the physics of incorporation of a strongly bound mole-
cule in a semiconducting environment. Section V will deal with
hydrogen mobility and desorption, as occurs in hydrogen diffu-
sion, hot electron degradation and light-induced defect genera-
tion. We will first discuss the mechanism for thermal desorption,
and then turn to the dissociation mechanism of Si—H bonds and
the connection to vibrational properties of the system. We will
show how these insights into the microscopic mechanisms im-
mediately explain the enhanced stability of Si—D bonds. We will
also discuss an exchange process between trapped and intersti-
tial hydrogen that plays a significant role in diffusion processes.
‘We have determined a low-energy pathway for exchange which
involves an intermediate, metastable =SiHs complex with both
hydrogen atoms strongly bound to the silicon atom. Again, the
emphasis of our discussion will be on the role of hydrogen in
a-Si and at the Si-SiO, interface.

Finally, in Section VI, we provide a brief summary and also
an outlook on the future role of first-principles calculations, both
for studying hydrogen and for broader applications.

II. METHODS

We have used a state-of-the-art first-principles approach
based on density-functional theory in the local-density approx-
imation [12]. Wave functions and potentials are expanded in
a plane-wave basis set, and we employ a supercell geometry,
with ab initio pseudopotentials for the semiconductor host
atoms [13], [14]. Relaxation of host atoms is always included,
and 32-atom-supercells are typically used. This approach has
produced reliable results for bulk properties of many materials,
as well as properties of surfaces, interfaces, impurities, and

" defects. More details about the application of the method to the
study of hydrogen can be found in [15]-[17]. We estimate the
uncertainty on the energies quoted here to be £0.1 eV.

III. BASIC PRINCIPLES GOVERNING HYDROGEN INTERACTIONS

A. Isolated Interstitial Hydrogen

The atomic and electronic structure of isolated interstitial hy-
drogen depends strongly on its charge state, which can be pos-
itive, neutral, or negative. In the positive charge state the impu-
rity is essentially a proton, which is electrostatically attracted to
regions of high charge density. In silicon, the charge density is
highest at the bond center. In order to accommodate the proton
at this location, the host atoms have to move outwards, which
costs energy. In spite of this cost, the three-center bond formed
between H and the host atoms is sufficiently strong to stabi-
lize this configuration [15]. In the negative charge state, the 1s
shell is filled, leading to a diminished tendency for H to interact
with the host atoms. The negative charge also compels the H™
to maximize its distance to the host atoms; it therefore prefers
to be located at a tetrahedral interstitial (T}) site.
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Hydrogen assumes these different charge states through ex-
change of electrons with the Fermi level. To form H*, an elec-
tron has to be donated to the Fermi level, a process that is most
favorable when the Fermi energy is low, i.e., in p-type mate-
rial. H™, on the other hand, is most favorable in n-type material.
The transition levels between these various charge states have
been determined theoretically as well as experimentally in Si
{18]. The donor level occurs near the conduction band; the ac-
ceptor level is located near midgap. The ordering of these levels
indicates that hydrogen is a so-called “negative-U” center: this
implies that the neutral charge state is never stable in equilib-
rium. As discussed in [19] the negative-U character is likely a
universal feature of hydrogen in any semiconductor.

For H? at the BC site, the energy is 1.05 eV below the energy
of H’ in free space. This value agrees with an analysis of solu-
bility data in ¢-Si [20]. Interstitial hydrogen is known to diffuse
very quickly through silicon. Hydrogen diffusion experiments
in ¢-Si [21] indicate that the diffusion barrier is about 0.5 eV.

B. Hydrogen Interactions with Shallow Impurities

Hydrogen passivation of shallow impurities can be readily un-
derstood on the basis of the properties of isolated interstitial hy-
drogen. In p-type material, H is the preferred charge state. H*
will diffuse toward electricallly active, negatively charged accep-
tors, to whichitis Coulombically attracted. A complex is formed,
which is electrically inactive, and in which the hydrogen is lo-
cated in its preferred position in p-type material (i.e., the BC po-
sition). Similar arguments apply to H in n-type semiconductors:
H~ will seek out positively charged donors, and assume an anti-
bonding position (close to the Ty site) in the complex.

Passivation of shallow impurities by hydrogen is, in general,
very undesirable. Such passivation eliminates the intended elec-
trical activity of the dopants and therefore strongly affects de-
vice behavior. Since hydrogen is omnipresent during growth and
processing of semiconductor devices, its effects on shallow im-
purities need to be carefully scrutinized. In silicon, hydrogen
passivation of acceptors as well as donors can be readily elimi-
nated by annealing the material at modest temperatures (above
150 °C), leading to dissocation of the dopant-hydrogen com-
plexes and neutralization of the hydrogen.

C. Hydrogen—Hydrogen Interactions; Hy Molecules

Hy molecules can easily form in most semiconductors; the
binding energy is somewhat smaller than for H, in vacuum, but
still large enough to make interstitial H, one of the more fa-
vorable configurations hydrogen can assume in the lattice. Hy
molecules have commonly been assumed to be present in many
semiconductors, but experimental observations have only re-
cently been reported. To aid in the interpretation of the experi-
mental results, and to further our understanding of the physics of
Hp incorporation, we have performed comprehensive first-prin-
ciples computational studies of interstitial Hy. The results are
discussed in Section IV.- ' Co

D. Formation of Strong Bonds with Host Atoms

Strong bonds between hydrogen and host atoms can be
formed when some disruption in the perfect crystal is present;
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for instance, at a surface, at an interface, in polycrystalline or
amorphous material, or near a point defect in the bulk. The
formation of such strong bonds between hydrogen and host
atoms is often implicitly considered to be due to the passivation
of dangling bonds. It is indeed often assumed that intrinsic
deep levels are all due to dangling bonds. However, one should
not only focus on undercoordination defects (dangling bonds),
but also consider the occurrence of overcoordination defects.
Indeed, in crystalline Si it has been accepted for some time that
vacancies are not the only type of intrinsic defect to play a role.
Self-interstitials have formation energies comparable to those
of vacancies [22]. In amorphous silicon, too, overcoordination
defects may occur, in addition to undercoordinated atoms,
as pointed out by Pantelides [23]. In crystalline silicon, the
self-interstitials are known to be involved in self-diffusion,

impurity diffusion, surface reconstructions, planar interstitial -

defect formation, and dislocation nucleation (see [24] for
references).

First-principles calculations for complexes consisting of
one or two H atoms and a Si self-interstitial were reported
in [24], addressing atomic structure, electronic structure, and
vibrational frequencies. It was found that hydrogen interacts
strongly with self-interstitials; while the calculated binding en-
ergy is smaller than for H interacting with a vacancy, it is large
enough for the complexes to be stable at room temperature. The
electronic structure of the complex between a self-interstitial
and one H atom indicates that it is amphoteric in nature. The
complex with two hydrogens has no levels in the band gap,
consistent with all the bonds being satisfied.

The more commonly considered case is that of hydrogen in-
teracting with a dangling bond. Until recently, little information
was available on the energetics of the Si—H bond in bulk (crys-
talline or amorphous) Si. It had mostly been assumed that the
bond strength would be similar to that in a silane (SiH4) mol-
ecule; this approach ignores effects of the crystalline environ-
ment and possible distortions of the bonding configuration. As a
first step, a study was performed for Si-H bonds in a crystalline
environment [25]. It was found that the energy cost for removing
the H atom from a Si—H bond, leaving a dangling bond behind,
is 3.55 eV. Another way to define an energy for the Si—-H bond is
to assume that one starts from crystalline silicon and a hydrogen
atom in free space, and that the energy to create a dangling bond
needs to be taken into account; this defines a formation energy.
For an “ideal” Si—H bond (meaning it is located at a dangling
bond which is isolated from other dangling bonds, with no H-H
repulsion) the formation energy was found to be —2.17 eV. The
difference with the energy at —3.55 eV mentioned above is that
one energy includes the formation of a dangling bond while the
other does not; the difference is —2.17 — (—3.55) = 1.38 eV, a

. value which constitutes an estimate for the formation energy of
a dangling bond in ¢-Si.

It is to be expected that the energy of an Si-H bond in
a-Si: H is different from ¢-Si. Indeed, explicit simulations for
Si—H bonds in amorphous networks [17] show that the Si-H
bond energies can be significantly higher than the value for H
at an ideal, isolated dangling bond, due to hydrogen clustering
and H-H repulsion effects.
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. IV. HYDROGEN MOLECULES

It has been known for some time that Hy molecules are one
of the most stable forms of hydrogen in semiconductors. This
knowledge was based on computational studies (see, e.g., [15],
[16], [26]) as well as on interpretation of experimental data. Di-
rect observation of Hy molecules proved very difficult, however,
because of sensitivity problems in techniques such as NMR (nu-
clear magnetic resonance) and vibrational spectroscopy.

A thorough understanding of the incorporation of Hy in
the lattice is essential for the many technologically important
processes that involve hydrogen: passivation of defects at
the Si-SiOs interface; the “smartcut” process for producing
silicon-on-insulator structures [27]; passivation and generation
of defects in amorphous silicon; etc. In amorphous silicon, it
has long been known that much more hydrogen is incorporated
than is strictly needed for defect passivation. Work by Norberg
et al. [28] suggests that a large fraction of this hydrogen could
be in the form of interstitial molecules. For many of these
processes, it is essential to understand how Hs interacts with
existing defects or contributes to the formation of new defects;
aspects of such interactions are also addressed in Section V.

A. First-Principles Calculations of Interstitial Hydrogen
Molecules

We have performed first-principles computational studies of
interstitial He in Si as well as in a number of other semicon-
ductors [29]. In addition, we have examined Hy in crystalline
silicon dioxide (c-SiOz) in the low-energy a-cristobalite phase
[30]. These investigations show that, compared to H, gas, in-
corporation of Hy into an interstitial position in semiconductors
results in a lowering of the binding energy, an increase in the
bond length, and a lowering of the vibrational frequency. These
effects can be attributed to the immersion of the molecule in
a low-density electron gas near the interstitial site. Indeed, the
decrease in binding energy and corresponding lowering of the
vibrational frequency correlate with the charge density near the
interstitial site. The open SiO» network in a-cristobalite allows
the charge density at interstitial sites to become very low; little
change is therefore observed between the properties of Hs in
SiOs versus in the gas phase. The calculated difference between
the energy of interstitial Hs in ¢-SiOs (a-cristobalite) and the
energy of Hy in vacuum is less than 0.1 eV per molecule. For
¢-Si, the energy difference is 0.8 eV per molecule. Our calcu-
lated lowering of the vibrational stretch frequency for Hy in Si
agrees well with the experimental value [31].

B. Diffusion of Hy

‘We have performed calculations for diffusion of interstitial Hy
in c-Si. We found that the saddle point occurs at the hexagonal in-
terstitial site, with a migration barrier of 0.95 eV. An alternative
diffusion mechanism for Hs diffusion consists of dissociation of
the molecule, followed by atomic diffusion. Results obtained in
[16] indicate that dissociation of Hg into two neutral interstitial
hydrogen atoms costs 1.74 eV. Dissociation into an H*~H™ pair
would cost 1.34 eV. It seems therefore likely that Hy would dif-
fuse in the molecular form. The calculated barrier agrees with the
observed diffusion of interstitial Hs reported in [32].
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C. Hydrogen Molecules in Amorphous Silicon and at the
Si=Si0y Interface

Many of our results for Hy in crystalline silicon are likely
to apply to amorphous silicon as well. The presence of Ho
molecules in a-Si had been considered previously, but mainly
in the context of molecular hydrogen trapped in voids or mi-
crobubbles [33], [34]. Device-quality hydrogenated amorphous
silicon typically contains up to 15% hydrogen—a concentration
that is much larger than the amount of hydrogen needed to
passivate defects. The configuration in which this massive
amount of hydrogen is incorporated has been debated for a long
time. Norberg and coworkers [28] have recently performed
deuteron and proton nuclear magnetic resonance (NMR) mea-
surements on high-quality plasma-enhanced CVD a-Si films,
showing that up to 40% of the hydrogen in these samples is not
involved in Si-H bonds. On the basis of their measurements
they conclude that nearly all of this nonbonded hydrogen is
present as isolated Hy molecules, located in centers of atomic
dimensions, perhaps in the analogue of Tgy-sites in crystalline
silicon. This nonbonded hydrogen also appears to be in the
vicinity of light-induced defects, suggesting the molecular
hydrogen may play a role in Staebler—~Wronski degradation [3].
‘We will return to this issue in Section V.

Much of our current understanding of the physical chemistry
of hydrogen at the Si-SiO3 interface is based on the experi-
ments and analysis of Brower et al. {7], [8]. In their analysis,
it was assumed that atomic H and Hy would only reside on the
SiO, side of the interface. This led to an estimate of the Ho
binding energy in SiOz being more than 0.4 eV lower than that
of Hy gas. In contrast, our calculations indicate the difference
is less than 0.1 eV per molecule. This apparent contradiction
can be resolved by noting that atomic H and H» can also reside
and diffuse on the ¢-Si side of the interface. In addition, the
amorphous nature of the SiO2 network leads to a distribution of
sizes of interstitial cages, and hence a distribution of energies
- for interstitial Hy. Some of these energies may be higher than
that calculated for a-cristobalite. A quantitative investigation
of these issues requires full first-principles calculations of H
in various charge states in SiO», as well as in Si [10]. Several
groups have recently started explicit first-principles investiga-
tions of select configurations of H in SiOo [10], [35]-[37].
Some other aspects of hydrogen at Si/SiOs interfaces will be
discussed below.

V. HYDROGEN MOBILITY AND DESORPTION

Interstitial hydrogen can diffuse through crystalline silicon
with an activation energy of about 0.5 eV [21]. Hydrogen inter-
acts strongly with other impurities as well as with defects in the
crystal. The strongest of these interactions is with silicon dan-
gling bonds, where Si~H bonds are formed with bond strengths
up to 3.6 eV [16], [17], similar to those in silane. Silicon dan-
gling bonds thus form deep traps for hydrogen. As noted in
the introduction, hydrogen is used to passivate silicon dangling
bond defects in both a-Si:H solar cells and MOSFETs. This
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sets the stage for device degradation when hydrogen atoms dis-
sociate and diffuse away from silicon dangling bonds.

A. Si-H Dissociation by Thermal Excitation

During thermal annealing in vacuum, hydrogen can be re-
moved from bulk a-Si:H and the Si-SiO» interface at tem-
peratures above 200 and 500 °C, respectively. Brower [7] has
observed the kinetics of silicon dangling bond creation during
the thermal desorption of hydrogen from the Si(111)-SiO, in-
terface. They determined that the rate-limiting step is activated
with a barrier of 2.6 eV. The energy to remove a hydrogen atom
from an Si-H bond and place it in free space or in an open
interstitial of ¢-SiO3 [30] is 3.6 eV. However, only 2.5 eV is
needed to place the hydrogen in an interstitial site in bulk ¢-Si.
Even less energy may be required, because both the H inter-
stitial and the silicon dangling bond can become charged, thus
lowering the energy of the final state. Once in the interstitial
site, the H atom is mobile and has a migration barrier of less
than 0.5 eV. Interstitial hydrogen will subsequently lower its
energy, e.g., by binding to other defects or by forming an Hy
molecule. At surfaces or interfaces with open materials such
as SiOy, Hy can easily escape from the material. Overall, the
Si-H dissociation energy barrier is expected to be less than
3.0 eV [38].

Analysis of diffusion data for a-Si : H produces an activation
barrier of 1.5 eV [39], i.e., much lower than the barrier for
H desorption from the Si-SiO, interface. This indicates the
diffusion process in a-Si cannot involve the same type of bond
breaking that would occur at the surface or at an Si-SiO»
interface. At the Si-SiO; interface, Si-H are separated by
about 100 A whereas in a-Si: H over half the Si—H bonds are
clustered within 2—3 A from each other [17]. The lower barrier
for H desorption in a-Si: H may therefore be attributed to this
clustering. Specifically, these clustered Si—H bonds dissociate
in pairs with a weak Si—Si bond forming after the two H atoms
diffuse away [30], [40]. Assuming atomic H results from the
Si~H bond breaking process, we calculate the energetics of this
process to be in good agreement with the observed activation
energy of ~1.5 eV [30]. It is also possible that Hy forms
during the dissociation of clustered Si—-H bonds. The activation
energy would then correspond to the energy cost to produce
two atomic H, minus the energy gained by forming Hj, plus
the diffusion barrier for H,.

B. Si-H Dissociation by Electronic Excitation; H/D Isotope
Effect

Experiments have shown that Si-D bonds behave very differ-
ently from Si—H under electronic excitation: Si-D bonds were
found to be orders of magnitude harder to break. This giant iso-
tope effect was first observed for Si~H bonds on Si surfaces [5],
(6], and quickly applied to passivation of defects at the Si-SiOg
interface in MOSFETs [9]. Since hydrogenated amorphous Si
suffers from carrier- and light-induced degradation, it should be
expected that the observed enhanced stability of Si-D as com-
pared to Si—H would also apply to Si-D bonds in a-Si. Ex-
perimental observations of the enhanced stability of deuterated
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a-Si under light exposure were recently reported by Wei et al.
[41] and by Sugiyama et al. [42]. Replacing hydrogen with deu-
terium has also been reported to greatly reduce the PL degrada-
tion of porous silicon [43].

These observations are surprising, because H and D are en-
tirely equivalent from an electronic point of view: indeed, the
static electronic structure of the Si—-H and Si—-D bonds is iden-
tical. The difference must therefore be attributed to dynamics.
We have proposed a mechanism which provides a natural ex-
planation for the difference in dissocation rates {44]. The dis-
sociation of Si—H bonds has been proposed to proceed via mul-
tiple-vibrational excitation by tunneling electrons (at least in the
low-voltage regime) [45]. The extent to which vibrational en-
ergy can be stored in the bond depends on the lifetime, i.e., on
the rate at which energy is lost by coupling to phonons. Because
the lifetime of H on Si is long [46], [47], efficient vibrational
excitation is expected. The question then is: why would Si-D
behave qualitatively differently?

It turns out that the path followed by the hydrogen (or deu-
terium) atom during the breaking of a Si—-H (Si-D) bond plays
a crucial role in the dissociation mechanism. It was often im-
plicitly assumed that dissociation would proceed by moving the
H atom away from the Si along the direction of the Si—-H bond
away from the Si atom; however, this is unlikely to be the most
favorable path, for two reasons: a) the initial rise in energy in
that direction is high, as indicated by the high vibrational fre-
quency (around 2100 cm™?!) for the Si—H stretch mode; b) this
path eventually leads to a position of the H atom in the inter-
stitial channel, which is not the lowest energy site for H in the
neutral or positive charge state (in ¢-Si). Both of these arguments
actually favor a different path in which the H atom stays at ap-
proximately constant distance from the Si atom to which it is
bound: 1) the barrier in that direction is much lower, as indi-
cated by the vibrational frequency (around 650 cm™1) for the
Si—H bending mode; 2) this path leads to H positions closer to
the Si atom, which are more favorable for H? and Ht in ¢-Si.
We recently presented a detailed examination of these dissocia-
tion paths [38].

The vibrational lifetime is thus mostly controlled by the Si—H
bending modes. The vibrational frequency of the bending mode
for Si—H is around 650 cm™*, and the estimated frequency for
Si-D is around 460 cm™?. The latter frequency turns out to be
very close to the frequency of bulk TO phonon states at the X

point (463 cm™) [48]. We therefore expect the coupling of the

Si-D bending mode to the Si bulk phonons to result in an effi-
cient channel for deexcitation. While it is quite possible to reach
a highly excited vibrational state in the case of Si~H, this will be
more difficult for Si-D. These qualititative differences between
H and D have recently been confirmed in tight-binding molec-
ular dynamics studies by Biswas et al. [49]. Deuterium should
therefore be much more resistant to STM-induced desorption
and hot-electron induced dissociation, due to the relaxation of
energy through the bending mode.

Displacements along the “bond-bending path” also cause en-
ergy levels to be introduced into the band gap (near the valence
band and near the conduction band), enabling the complex to
capture carriers; after changing charge state there is virtually
no barrier to further dissociation. The barrier for dissociation
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can therefore be significantly reduced when carriers are present,
such as in a scanning tunneling microscope (STM) desorption
experiment; at an Si/SiO; interface, during device operation of
the MOSFETS; or in a-Si, in the form of injected or light-in-
duced carriers.

C. Exchange of Deeply Trapped and Interstitial Hydrogen

Hydrogen exchange between deeply trapped and mobile
states plays an important role in the diffusion process [50]. If
such exchange takes place by first dissociating a Si-H bond
and subsequently placing another H at the dangling bond, the
activation energy would be prohibitively high. Experimentally,
however, the exchange is known to proceed very efficiently,
based on observations of deuterium replacement of hydrogen
in a-Si: H [51]-[53] and at the Si-SiO5 interface of MOSFETs
[9]. Unraveling the microscopic mechanisms by which a neu-
tral interstitial hydrogen can exchange with a deeply trapped
hydrogen was a challenge we tackled with first-principles
calculations [54].

Our main result is that H-H exchange can proceed with an
energy barrier of less than 0.2 eV. The first part in the process
consists of an interstitial H atom approaching the Si—H bond, re-
sulting in a hydrogen in a bond-center (BC) site next to the Si—H
bond. The H-H exchange then proceeds via an intermediate,
metastable state, in which both H atoms are equally bonded to
the Si atom, a configuration which we label =SiHs. This config-
uration is discussed in more detail in Section V-D. In the =SiH,
configuration the two H atoms can easily rotate; the H atom that
was originally deeply bound can then jump to a BC position and
diffuse away, completing the exchange.

Fig. 1 displays the exchange process schematically. Note that
Fig. 1 includes neither all the atoms of the supercell nor all the
atoms relaxed in our simulations. We use the following notation:
hydrogen at a bond-center site is labeled H-BC; for the isolated

-dangling bond we use DB, and if it is passivated by hydrogen

we use H-DB or Si-H, interchangeably; for hydrogen in a BC
site next to a DB site, we use (H-BC,H-DB); finally, if H-BC is
far from a DB site we use (H-BC)-+(H-DB).

Fig. 1(a) is a schematic of the fully relaxed (H-BC,H-DB)
complex which is the starting point for the exchange. The en-
ergy of the (H-BC,H-DB) complex is 0.15 eV higher than the en-
ergy of (H-BC)+(H-DB). This modest increase in energy does
not constitute much of a barrier for an interstitial H atom to ap--
proach the Si-H bond. Fig. 1(b) depicts the atomic positions
in the intermediate =SiH; configuration; this configuration is
discussed in more detail in Section V-D. Considering the full
exchange process, we find that the energy barriers along Paths I
and Il in Fig. 1 are both smaller than 0.1 eV. Since the migration
barrier for interstitial H is about 0.5 eV [21], the barriers along
paths I and II can easily be overcome at the modest tempera-
tures at which interstitial H is mobile. The activation energy of
the exchange process is therefore dominated by the energy cost
of 0.15 eV needed to place the interstitial (transport-level) hy-
drogen in a (H-BC,H-DB) state. The results of these calculations
agree with the detailed experimental studies of Branz et al. [51],
[52], as discussed thoroughly in [54].
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o
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Fig. 1. Schematic illustration of the hydrogen-hydrogen exchange process. A

dangling bond at atom Si2 passivated by a H atom (H-DB). The small open circle
represents a hydrogen atom; the large filled circles represent silicon atoms. The
solid lines represent bonds in the plane of the page [the (110) plane]; the double
lines indicate bonds to the Si3 and Si4 atoms, which lie in front of, resp. behind,
the plane of the page. (a) The bond-centered H atom moves by the path labeled
I toward the dangling-bond region, resulting in a metastable =SiH> complex.
The dotted circles represent the initial position of the silicon atom. The solid
circles show the position of the Si atoms in the (H-BC, H-DB) complex. (b) In
the =SiH, complex the two H atoms can “rotate” around the [111] direction,
as schematically illustrated by Path II. To complete the exchange, the originally
deeply bound H atom moves to a new BC position, along a path that is the
equivalent of Path 1.

D. The =SiHs Complex in Bulk a-Si: H and at the Si-SiO»
Interface

The =SiH, in the ¢-Si model discussed above is a locally
stable configuration, but the barrier to go to the (H-BC,H-DB)
configuration is less than 0.1 eV high; the =SiH, would there-
fore not be stable for a long time. It is conceivable that certain
sites in a-Si or at the Si—SiO; interface would provide a slightly
greater stability of this complex, due to increased flexibility of
the surrounding network.

One might speculate that the =SiHy complex will be a pre-
cursor for generation of Hy, leaving a dangling bond behind.
In fact, our calculations indicate that such a configuration, in
which the Hj is still close to the dangling bond, is close in en-
ergy to the =SiH, complex (within 0.1 eV). Our preliminary
investigations suggest. that the barrier between these two con-
figurations is about 1.5 eV [55]. Conversely, adsorption of an
H, molecule may occur by the reverse of this Hy desorption
process. The passivation of silicon dangling bonds by Hy at
the Si(111)-SiO; interface has been experimentally observed
to occur with activation energies of 1.66 or 1.51 eV [8], [56],
[57]. Since the dissociation energy for interstitial Hy in SiOy is
more than 4 eV, a process other than simple dissociation must
be involved. Our findings indicate that the dissociation barrier
is significantly reduced in the presence of a silicon dangling
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bond. Previously, it was assumed that Hs would dissociate into
an interfacial Si-H bond plus a hydrogen atom residing in
SiOs. Based on our results we suggest that it is also possible
for Hs to dissociate via the =SiH, complex forming an inter-
facial Si—H bond and an H atom residing on the silicon side of
the interface.

Finally, we suggest that the =SiH, complex might also play a
role in defect formation in a-Si: H and at-the Si-SiQ» interface.
Since the complex is electrically active, light or free carriers
could enhance the dissociation of the complex which may lead
to formation of a dangling bond and an Hs molecule. This Hy
molecule may diffuse away, leaving behind a dangling bond,
i.e., an electrically active defect.

VI. SUMMARY AND OUTLOOK

We have discussed a number of areas in which first-prin-
ciples calculations have recently provided new insights into
microscopic mechanisms relevant for hydrogenated amorphous
silicon and for hydrogen at the Si-SiOs interface. H, molecules
may play a more important role than previously thought,
because they diffuse and dissociate more easily than had been
assumed. We have also discussed dissociation of the Si-H
bonds and our explanation for the enhanced stability of Si-D.
With relevance for hydrogen diffusion, we have determined
a low-energy exchange mechanism between interstitial and
deeply bound hydrogen, which requires an activation energy
of only 0.15 eV. The microscopic mechanism involves an
intermediate =SiHy complex which may be involved in defect
passivation and creation in both amorphous silicon and at the
Si-Si0s interface.

The examples discussed in this paper were intended to con-
vince the reader that first-principles calculations are a powerful
tool for solving critical semiconductor problems. The first-prin-
ciples approach will play an increasingly important role in de-
vice research, both as an effective aid in interpreting experi-
mental results, and as a reliable predictor of new phenomena.
Even within the realm of hydrogen interactions with silicon de-
vices, important work still needs to be performed. For instance,
further studies are definitely needed on hydrogen in SiOs. The
complexity of the problem is greatly enhanced here by the amor-
phous nature of the host; the ability to perform first-principles
calculations on increasingly larger systems (for instance, by the
use of linear scaling methods) will play an important role here.
The impact of first-principles calculations will also increase as
they are integrated into multi-scale modeling approaches that
are designed to address physical properties on a wide range of
length and time scales.

Looking beyond current device structures, first-principles
calculations based on density-functional theory can also be
successfully applied to newer materials systems that must be
engineered in future generations. These include SiGe, alterna-
tive dielectrics, etc. First-principles theory can certainly address
the behavior of hydrogen in such structures-—but also a host of
other properties of these new classes of materials. This ability
to accurately and reliably predict materials properties should
be exceedingly valuable for exploration and implementation of
new device structures.
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