
INTRODUCTION

Recent research has shown that H plays an im-
portant role in improving many Si devices whose
performance is limited by defects and impurities.
Hydrogen saturates dangling bonds at interfaces
and at point and extended defects, thereby reducing
the carrier recombination and improving device
characteristics.1,2 For example, hydrogenation of an
oxide-passivated N/P junction can reduce the diode
leakage current by an order of magnitude.3 The
forming gas anneal used in metal-oxide-semicon-
ducter (MOS) device fabrication is known to passi-
vate the dangling bonds at Si-SiO2 interfaces.4 Hy-
drogen also passivates dangling bonds in a-Si
devices.5,6 Thus, H dilution of Si-bearing gases is
necessary to deposit electronically high-quality
amorphous Si (a-Si)7 suitable for the fabrication of
high-efficiency solar cells. Unfortunately, a-Si grad-
ually degrades by exposure to light through the
Staebler-Wronski effect, which seems to stem from
H itself.8,9 Hydrogen can passivate grain bound-
aries of polycrystalline Si (poly-Si).10,11 Concomi-
tantly, hydrogenation is used in Si solar cells12,13

and in thin-film transistor (TFT) applications to
passivate grain boundaries in poly-Si.14,15 Hydro-
gen can also interact with impurities in Si. The na-
ture of such interactions depends on the type of im-
purities. For example, it can deactivate shallow

dopants, both acceptor16,17 and donor18,19 types,
leading to changes in the resistivity of the wafer. Al-
though this effect is an undesirable feature for most
cases, it can be used to reversibly alter dopant activ-
ity and to form erasable P/N junctions in some fu-
ture applications. Atomic H can interact with metal-
lic impurities such as Fe,20 Cr,21 Ni,22 Cu,22 and Au23

to reduce their carrier recombination in Si. Hydro-
gen interactions with O exhibit a very interesting
behavior—it appears that H diffusivity is lowered
by the O, whereas the diffusivity of O donors is
greatly enhanced.24,25

In this paper, we will first review briefly the struc-
ture of H in a perfect Si lattice and then extend
these concepts to imperfect Si containing defects
and impurities. Next, we will discuss hydrogenation
methods and defects produced by this process. A re-
view of H diffusion mechanisms in Si will be pre-
sented here. An understanding of H diffusion in Si is
pivotal to designing suitable processes. Finally, we
will discuss the influence of H on device perform-
ance. Although H has the potential to improve many
devices, only a few are used in commercial device
fabrication. Perhaps an improved understanding of
the properties of H in Si will help extend the range
of applications. This review addresses Si devices in
general and solar cells in particular.

NATURE OF HYDROGEN IN SILICON

The behavior of H in Si is complicated by the fact
that it readily interacts with the lattice, as well as
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with nearly all the impurities and defects in Si. In a
perfect Si lattice, H is known to be an interstitial im-
purity that can influence electrical and optical be-
havior of Si. However, the solubility (S) of H in the Si
lattice is quite low. The early study of solubility of H
in c-Si was done by van Wieringen and Warmholtz.26

From high-temperature permeation experiments,
they derived the following expression for solubility,
S:

(1)

Figure 1 is a plot of the solubility of H in Si as a
function of temperature. It is seen that at the tem-
peratures typically used for hydrogenation, the solu-
bility of H in the Si lattice is very low. For example,
at 400°C, the value of S is only about 105 cm23. At
these levels, the effect of H on the properties of Si
would be negligible, difficult to measure, and not par-
ticularly significant for device applications. Thus, it
may appear that a study of interactions of H with the
Si lattice is not very fruitful. As will be shown later,
the primary mechanism for H diffusion is via lattice
interactions. Thus, these processes are important for
understanding the diffusion properties of H.

In an imperfect lattice, H can associate with im-
purities and defects, resulting in two important ef-
fects—their deactivation (or passivation) and “trap-
ping” of H. The former mechanism is of great
significance for device applications, whereas the lat-
ter is crucial in dealing with the diffusion behavior
of H. Another effect of trapping is that it leads to a
higher H concentration in Si than dictated by the
lattice solubility in Eq. 1. This concept of increased
“effective solubility” can be applied to explain many
unusual phenomena of H in Si. We will summarize
salient features of H in a perfect lattice and its in-
teractions with defects and impurities.

Hydrogen in a Perfect Si lattice

The structure of H in a Si lattice has been investi-
gated in some detail through experimental analyses
and detailed theory. The experimental substantia-
tion of H in a perfect lattice is scanty because of its
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low solubility. Major results have come from early
experiments that used channeling and infrared (IR)
spectroscopy on H- or D-implanted, high-resistivity
Si samples. These measurements have revealed in-
formation on the stable sites of H in Si. The sites can
be visualized easily by referring to Fig. 2, which is a
sketch of a portion of a Si lattice showing the tetra-
hedral (T), hexagonal (H), and interstitial sites C
and M.27 The C site is at the center of the rhombus
formed by three adjacent substitutional sites and
the nearest T site. An M site is the midpoint be-
tween two adjacent C sites.

Initial experiments and theory have yielded very
conflicting results. For example, experimental evi-
dence showed that, in deuterium-implanted sam-
ples, most of the deuterium was located at 1.6 Å
from a Si atom along the <111> direction. This sug-
gested that H would be located at the antibonding
sites. Later work identified that this configuration
was related to a vacancy-H complex, and similar
problems occurred in theory, too. Early calculations
were performed using small cluster sizes (limited by
computational capabilities) and implicit assump-
tions that H would not strongly bond to a crystalline
network and would favor interstitial locations
where the interactions with the Si charge density
would be minimal. These calculations also excluded
lattice relaxation. The results obtained by such
analyses led to some erroneous conclusions and did
not agree with many experimental observations. Re-
cent theoretical results are from a variety of calcula-
tions based on modified intermediate neglect of dif-
ferential overlap, ab initio Hartree Fock, molecular
dynamic (MD) calculations. Calculations that in-
clude relaxation of the host crystal around a H im-
purity seem to lead to conclusions that are in agree-
ment with the experimental results. Theory has also
provided information regarding a variety of parame-
ters that establish minimum energy locations and
the migration path of various charge states in a Si
lattice. These results are summarized below.Fig. 1. Solubility of H in Si using Eq. 1.

Fig. 2. A sketch of the Si lattice showing important interstitial sites.27
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• The atomic H is stable at the bond center (BC)
and tetrahedral (T) sites in several possible con-
figurations. The most stable site for H in Si is
the BC site, which has a high electron density,
and the next stable is the T site of low electron
density.

• Isolated interstitial H can exist in three charge
states—H1, H0, or H2. The preferred state de-
pends on the position of the Fermi level. Experi-
mentally, one finds that the preference of being
in a particular charge state seems to depend on
the resistivity type. In a p-type Si, the positive H
ion can assume a relaxed BC site—lying be-
tween a substitutional dopant and the host Si
atom, slightly off <111> axis. In n-type Si, the T
site is preferred.

• The H1 has a stable lowest energy at the BC
site. A donor level, ,0.2 eV below the conduction
band edge, is associated with this location.

• The H2 is stable at the T site. The location of the
acceptor level associated with this site is not
well defined. Some experimental measurements
have identified two levels. One estimate is 0.06
eV below the conduction. The H2 has an activa-
tion energy for diffusion of at least 0.8 eV.

• It may be noted that both the donor and the ac-
ceptor levels appear in the upper half of the
bandgap.

• A neutral H (H0) is metastable. Its lowest-en-
ergy state has trigonal symmetry at a relaxed
BC site, but it also exists at the T site. The en-
ergy difference between the two states is of the
order of a few tenths of an eV—0.3 eV higher at
the T site.

Hydrogen can form two kinds of dimers: an inter-
stitial H2 as molecules and an H*2 complex, which
consists of two Si-H bonds replacing a single Si-Si
bond. One H is near the BC site and the other is in
an antibonding position, with the two H’s on the
same trigonal axis. This complex anneals out at
about 200°C. Molecular H is generally seen in Si
material grown in an H-containing ambient, ex-
posed to H2 gas at high temperatures or exposed to a
H plasma. The importance of H2 is in the fact that it
can exist in “hidden” form because it is not optically
active. However, during device processing, H2 may
dissociate, releasing atomic H that can diffuse and
participate in passivation.

The structure of H in the Si lattice can be used to
establish migration paths of H. The H1 can jump
from one BC site to another with an activation en-
ergy of 0.48 eV. This appears to be the favored diffu-
sion path. Because the BC site is preferred in P-type
Si, it is expected that diffusivity will be higher in
P-type Si than in N-type Si.

Hydrogen Interactions with Impurities
Hydrogen interacts with many impurities, both

dopants and nondopants, and deactivates them. De-
activation of shallow dopants, both p- and n-type,
are well known. For example, H forms a complex (or

a pair) with shallow acceptors such as B. This com-
plex has a threefold coordinated B with H tying up
the fourth Si bond in a near-BC position. Figure 3 il-
lustrates the formation of such a complex; here, A is
an acceptor ion. The pair has a dissociation energy
of ,0.7 eV and readily dissociates at a temperature
of ,250°C. A similar complex is formed in which P is
threefold coordinated with a lone pair along the trig-
onal axis, and H weakly binds to the fourth Si atom
at the antibonding site. Formation of this complex is
less efficient because it involves the slow-diffusing
H at T sites, or the neutral species at BC sites. The
{P, H} pair has a dissociation energy of 1.2 eV and
breaks up around 200°C. Thus, H diffusing in a Si
lattice can be trapped by the dopant if the tempera-
ture is less than the dissociation temperature.

Hydrogen also forms complexes with transition
metal (TM) impurities. The TM-H complexes with
Ti, Co, Ag, Pt, Pd, Ni, and Cu have been detected pri-
marily by deep level transient spectroscopy (DLTS)
analyses.28–30 In some cases, equilibrium structures
for TM-H complexes have been calculated.31 Inter-
estingly, the DLTS data do not verify that the com-
plexes are electrically inactive. It appears that H
only shifts the position of the TM energy levels
within the gap, but no passivation (empty gap) oc-
curs. Likewise, there is no experimental or theoreti-
cal information on the passivation of TM precipi-
tates. These are important issues for fabrication of
high-efficiency solar cells on low-cost Si substrates.
These substrates contain TMs in soluble as well as
precipitated forms, and it is necessary to either re-
move them by gettering or passivate them before
they can yield high-efficiency solar cells.32

Interactions of H with C and O can be very signif-
icant because these impurities are present in high
concentrations in most Si devices, but there is very
little pertinent information available for C. Re-
cently, there has been a flurry of results on interac-
tions between H and interstitial oxygen (Oi). It has
been reported that the growth of O-related thermal
donors in Czochralski silicon (CZ-Si) is greatly en-
hanced if the material is grown in an H2 ambient.
This mechanism appears to be caused by the ten-
dency of Oi to attract isolated H and H2. On the
other hand, in the temperature range of 300–450°C,
H acts as a catalyst to enhance the diffusion of O. In
oxygen-rich Si samples, three lines associated with
H2 are seen by Fourier tansform infrared spec-

Fig. 3. Illustration of H bonding with an acceptor in Si.
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troscopy (FTIR),33 two of which are associated with
H2 trapped near interstitial oxygen (Oi). The binding
energy of H2 to Oi is 0.26 6 0.02 eV, and the activa-
tion energy for diffusion of H2 is 0.78 6 0.05 eV. Iso-
lated H2 is seen34 following anneals up to 350°C.
This is of particular importance because H behaves
differently in CZ than in float zone (FZ) Si.

Two models have emerged to explain enhance-
ment of O diffusivity by H. In the first, H lowers the
activation energy for O diffusion by tying up a Si
dangling bond at the transition point. In the second,
obtained from MD simulations, a covalent H-O pair
forms, which transforms the stiff Si-O-Si bridged
bond into a H-O-Si bond, with the {H, O} pair now
able to rotate around the fixed Si atom, allowing it
to visit the adjacent BC site. This problem is not
completely understood.

Hydrogen Interactions with Native Defects

Hydrogen readily interacts with defects in Si pri-
marily by passivating the dangling bonds. Because
the Si-H bond strength is greater than that of a Si-
Si bond, H can completely passivate the dangling
bond site. It can also interact with weakly recon-
structed bonds that are found at vacancies (V’s) or
clusters of V’s. Hydrogen rarely forms perfect Si-H
bonds within the crystal, because the Si bonds at the
V and at clusters of V’s undergo some degree of re-
construction. On the other hand, there is some evi-
dence that H can even activate some aggregates of
vacancies. For example, the hexavacancy complex
(V6), by itself, is almost totally inactive, but it be-
comes electrically active upon trapping H.35

Self-interstitial (I) and I aggregates also trap H, but
their thermal stability is low (maybe 200°C or less).
Only one {I, H, H} complex has been identified by
FTIR and ab-initio theory.36 Its vibrational modes are
at 1987 and 1989 cm21, below those of {Vn, H} com-
plexes. The binding energies are small, ranging from

2.6 eV for {I, H, H}, down to 1.5 eV for {I, H}, and just a
few tenths of an eV for {I, H, H, H}. Contrary to earlier
theoretical predictions,37 it appears that this complex
is not passivated by H and it requires at least four H
atoms to passivate a single I. The capability of H to
passivate point defects and point defect clusters is ex-
ploited in a-Si to improve its photoconductivity and
make it suitable for solar cell applications.

Hydrogen can passivate extended defects such as
dislocations, stacking faults, and grain boundaries,
primarily by saturating their dangling bonds. This
would be the case in “clean” defects in high-quality
material such as poly-Si used for TFT applications.
Here, H is known to improve the lateral carrier
transport across grain boundaries. However, in most
cases, extended defects have segregation of impuri-
ties or are even decorated with the impurity precipi-
tates. There is some question whether H can passi-
vate decorated extended defects. In the case of clean
defects, H can rapidly diffuse along the defects and
segregate at sites of local stress. It is believed that,
like TM impurities, H can segregate at kink sites of
dislocation networks or grain boundaries. Figure 4
shows transmission electron microscopy (TEM) pho-
tographs of hydrogenated multicrystalline Si show-
ing segregation of H in the form of “bubbles” at dis-
locations and at a grain boundary. Here, the grain
boundary is perpendicular to the surface. It is clear
that the size of the defect caused by H segregation is
larger near the surface.

Extended Defects Caused by H

In addition to the direct interaction with Si de-
fects, H can form its own defects. In many cases, the
formation of H defects is a combination of the dam-
age produced by the hydrogenation process and the
interaction of the damage with H. Figure 5 is a
cross-sectional TEM photograph of the defects gen-
erated near the surface of a Si wafer by a 1.5 keV

Fig. 4. XTEM photos of hydrogenated Si samples, showing segregation of H (a) at the dislocations and (b) along a grain boundary.
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implant at 250°C. These defects are primarily dislo-
cation loops with a large concentration of H associ-
ated with them. When large concentrations of H are
present and the sample is at an elevated tempera-
ture, H can lead to segregation into “bubbles” and
formation of platelets.

Platelets are disclike microdefects that lie along
{111} planes and are elongated along [110] directions.
Cross-sectional TEM pictures of platelets are shown
in Fig. 6. Figure 6(a) shows a series of platelets, iden-
tified by arrows, generated at the surface of a hydro-
genated Si sample. Figure 6b is a higher-magnifica-
tion picture showing one tilted platelet. It is seen that
such a defect has a corelike structure. The core of the
platelet is believed to consist of vacancy clusters that
may have some trapped molecular H.38 The platelets
are excellent sinks for interstitial impurities and
have been shown to be efficient for gettering transi-
tion metals.39 Under the same conditions of implan-
tation, the samples having a lower concentration of
oxygen exhibit deeper penetration of the defect.

METHODS OF HYDROGENATION

Hydrogen can readily diffuse into Si when ex-
posed to atomic H. Thus, H can be introduced into Si

by a variety of processes that can generate atomic
H. Such methods can be categorized as (1) electro-
chemical systems, (2) plasma-based systems, (3) ion
implantation, and (4) molecular ambient systems.

Electrochemical systems can provide a reasonably
high density of hydrogeneic species at the surface of
a Si wafer. Simple treatments such as dipping a
wafer in boiling water, dipping in dilute HF, and
etching in an HF:HNO3 solution can provide copious
amounts of H in Si. A technologically important
issue regarding the high diffusivity of H is that H
can be incorporated in Si at room temperature by
such processes as cleaning and etching in solutions
that contain HF. For example, in a standard process
used extensively in wafer cleaning and oxide strip-
ping, a dilute HF dip can lead to diffusion of H sev-
eral microns below the surface. Although significant
amounts of H can be introduced near the surface by
these methods, this is basically a low-temperature
process. Consequently, this process is limited by dif-
fusivity of H and trapping mechanisms. This method
could be well suited for dopant deactivation near the
surface (e.g., to form a junction).

A plasma process can offer a high-density source
of atomic H, and the equipment is commercially
available. Standard dc or rf plasma may have en-
ergy of several hundred volts, which produces some
surface damage. Such surface damage actually has
an advantage in that it increases the concentration
of trapped H near the surface (allowing more H to
diffuse into the material). However, the presence of
surface damage leads to a high surface recombina-
tion. To reduce the energy of the ion impinging the
device or a wafer, the ion may be transported away
from the direct plasma, and, in some cases, the ion
can be slowed to minimize the damage.

To lower the damage further, the electron-cy-
clotron resonance technique is useful. It allows oper-
ation under lower pressure, typically 1024 torr, and
ion energy of a few tens of electron volt (eV).

A higher-throughput approach that has been used
in solar cell processing is the Kaufman ion source
using an unpolarized beam. Typical ion implanta-

Fig. 5. XTEM photo showing defects generated near the surface by
a 15 KeV H implantation.

Fig. 6. XTEM photos showing (a) series of platelets in edge-on position and (b) tilted configuration.
a b
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tion uses beam energy ,1 keV, and a current den-
sity of about a 0.5 mA/cm2, at a temperature of
about 250–300°C. Standard ion implantation with
energy exceeding a few hundred eV can be used, but
is not suitable for high throughput processes.

An interesting approach for H diffusion is to pro-
vide an H-rich surface film that can release H on
subsequent processing. This method is used in Si
solar cell manufacturing. A plasma-enhanced chem-
ical vapor deposition (CVD) (PECVD) process is
used to deposit a layer of Si3N4 that is rich in H. Use
of a plasma process is expected to provide initial in-
diffusion, as well as a source of H. This method has a
high potential in solar cell passivation.

The simplest method of introducing H into Si is
thermal anneal in forming gas, which has been suc-
cessful for MOS devices. This method of H process-
ing is used in commercial fabrication of all MOS de-
vices as postmetal annealing (PMA) in forming gas.
This process was conceived long before details of H
diffusion were known. The PMA was found to re-
move both characteristic interface states and the in-
terfacial paramagnetic defect center in the MOS
structure.40,41 A typical 10 min, 450°C anneal in 10%
H-nitrogen forming gas reduces the midgap Dit to an
acceptable 1010 cm22 eV21 range. The mechanism
can be explained in terms of diffusion of atomic H to
the interface to deactivate the interface trap. It is
believed that molecular H2 must dissociate before
such diffusion is possible.

One of the two mechanisms may be responsible
for such dissociation. One possibility is that the dis-
sociation of H2 occurs because of the presence of a
metal located in the vicinity of a Si device. This is a
likely case for MOS devices and is in agreement
with the observation that the passivation does not
occur in the absence of metal. The other possible
mechanism is that H diffusion can occur in a Si
wafer that has surface damage. It has been proposed
that, here, the dissociation of H2 occurs by the va-
cancies associated with the surface damage.42,43

Theoretical studies have shown that an H2 molecule
can be spontaneously dissociated by a vacancy. Al-
though this mechanism leads to an important pro-

duction process for hydrogenation, especially for
solar cells, the presence of damage at the surface is
not desirable. Surface damage can be introduced by
a variety of processes including mechanical abra-
sion, plasma processing, and ion implantation.
These processes are used in the formation of N/P
junctions and Si3N4 layer deposition (e.g., depositing
an antireflection coating on solar cells).

For MOS device applications, H must only reach
the surface of a Si wafer. Here, H must diffuse
through a thin layer of an oxide to a SiO2/Si inter-
face. In the case of a-Si solar cells, the hydrogena-
tion occurs simultaneously during the deposition of
a-Si. However, for most other device applications, H
is introduced after device processing. Some devices
such as crystalline (or multicrystalline) Si solar cells
or polycrystalline layers for TFT applications re-
quire deep diffusion of H. Because solar cells are mi-
nority-carrier devices, they require that the entire
thickness of the cell be passivated. Typically, these
processes are not high-throughput processes. The
primary objective of the hydrogenation process is to
allow H to diffuse into the device or substrate and to
find its way to passivate impurities and defects. In
general, there appears to be little control on how to
optimize a specific favorable interaction. The only
way to control the interaction appears to be the tem-
perature of hydrogenation and the cooling rate.

HYDROGEN DIFFUSION IN SILICON

Diffusivity of H is an important parameter, not
only for process design but also for understanding
diffusion mechanisms. The experimental data on the
diffusivity and solubility of H in Si were obtained by
van Wieringen and Warmoltz.26 They performed ex-
periments to measure permeation of H, He, and Ne,
through thin-walled Si cylinders from 1090°C to
1200°C. They expressed the diffusivity of H (DH) as

This diffusivity is expected to remain valid down
to low temperatures. Figure 7 shows a solid line rep-
resenting the results of diffusivity as a function of

D 9.67 10 e (cm / sec)H
3

1
kT

(0.48eV) 2= × − − ⋅

Fig. 7. Diffusivity of H reported by various researchers.



temperature. The diffusivity at room temperature is
8.3 3 10211 cm2/s. In later experiments, diffusivity
measurements were performed on wafers using H,
deuterium, and tritium. The various data are com-
piled and are shown in Fig. 7. It is apparent in Fig. 7
that there is a large variation in the diffusivity of H.
This apparent variation in DH may indicate that
more than one mechanism is involved in the diffu-
sion of H, or the diffusion characteristics are
strongly influenced by the material quality.

Recent studies have shown that, indeed, H diffu-
sion is strongly influenced by the impurities and de-
fects in the device or wafer. As mentioned in the pre-
vious section, H can form complexes with impurities
and defects that are stable at low temperatures.
This mechanism can result in trapping of H. For ex-
ample, if H diffusion is done at temperatures of less
than about 200°C, the H can be trapped as H-B
pairs, leading to a significantly lower “effective dif-
fusivity.” The trapping effects are manifested as
kinks in the diffusion profile that also result in devi-
ations from an erfc profile. Later in this section, we
will present a coherent model that includes the trap-
ping effects to show the influence of traps on H dif-
fusion.

The diffusivity measured at high temperature in
Ref. 26 was thought to correspond to that of H2
molecules. But, it is now known that this diffusiv-
ity corresponds to a fast-diffusing H at a the BC
site. The molecule diffuses much more slowly, with
Ea 5 0.78 eV, while H at T sites diffuses even
slower. The only species that can diffuse faster
than BC is the metastable state that corresponds
to H0 at T sites.17

It is instructive to examine the effect of trapping
on the diffusion behavior of H. Recently, some theo-
retical analyses have been done that include the ef-
fect of uniform trap density within the bulk of a ma-
terial. Although inclusion of bulk traps results in a
better fit to measured diffusion profiles, it does not
predict the high concentrations of H that are ob-
served near the surface of a hydrogenated wafer, nor
does it explain the dependence of diffusion profiles
on hydrogenation processes. Here, we briefly de-
scribe a model that includes the influence of the
grown-in traps in the material and those introduced
during processing.54 As expected, the nature and
distribution of process-induced traps is a strong
function of the hydrogenation process itself and is,
in general, time dependent. Here, we will use this
model to primarily illustrate the effects of hydro-
genation, including various trapping processes, on
the profile of H.

Mathematically, we can include trapping in the
diffusion equations and write it as

∂
= −

∂
= − ′
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We can impose the following conditions describing
the interaction of H and traps:

where

Here, k8 is the dissociation frequency and k is the
association rate. In our calculations, we will assume
a reasonable value of dissociation frequency (see the
“Results and Discussion” section). The association
rate can be expressed in terms of the effective cap-
ture cross section (radius), Rc, as k 5 4pRcDH.

These equations need to be solved under bound-
ary conditions (B.C.s) imposed by the hydrogenation
process. The B.C.s used for the simulation are de-
picted as follows:

for a constant surface concen-
tration, Cs, of mobile H in plasma process

for a constant flux of mo-

bile H for implantation process
Usually, the sample is thicker than the penetra-

tion depth of H. The following B.C. at x 5 xc was
adopted, where xc is a cutoff depth that is greater
than the penetration depth of the H diffusion.

We will assume traps to be immobile, and apply
this model to illustrate the influence of various trap-
ping mechanisms on the diffusion profile. To demon-
strate the effects of process-induced traps, we use
the experimental data from Ref. 55 of a B-doped (1.3
3 1018 cm23) sample for plasma processed at 200°C
for three different time durations (5 min., 10 min.,
and 15 min.). Here, a uniform bulk trap level that
coincides with the doping level is assumed. For
plasma processing, the form of process-induced trap
distribution is expected to be exponential with a
time-independent surface concentration. The total
trap density has the following time dependence:

where the first time-dependent term is due to
process damage and Tb is a constant bulk trap level.
The best fits are obtained with T0 5 1021 cm23, a 5
0.1 mm, b 5 0.108 mm, and Tb 5 1.3 3 1018 cm23.
These results are shown in Fig. 8. The solid lines
show the fitted data. The best fits are obtained if we
assume the dissociation frequency k8 5 0.2. It
should be noted that the same set of parameters
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gives an excellent fit for experimental profiles for
different times. For comparison, we have also simu-
lated profiles for zero dissociation rate; these are
shown in thin, densely dotted lines.

These results clearly show that tapping can re-
tard the diffusion of H, and it only requires small
values of Cs to match the experimental data. We can
also look upon traps as “storage sites” for H. We have
used this concept to explain H passivation of solar
cells by the plasma CVD nitridation process.56

It is interesting to point out that one of the pro-
posed H diffusion mechanisms involves interaction
of H with vacancies is a [V, H] pair. This mechanism
was invoked to reconcile the fact that the measured
DH depends on the vacancy concentration in the ma-
terial.57 Figure 9 shows the measured DH values for
five substrates grown by different techniques.

Positron annihilation spectroscopy of various types
of Si substrates showed that the vacancy-related de-
fect density was higher for the substrates that
showed higher DH. These results are in agreement
with the [H, V] diffusion model. They also suggest
that a process that injects vacancies during hydro-
genation can exhibit enhanced diffusion.

The [H, V] mechanism can explain the experimen-
tally observed dependence of DH on the oxygen con-
centration. Figure 10 shows the diffusion profiles of
H in two samples from an ingot that differs only in
the oxygen concentration. The measured diffusivi-
ties are 1.5 3 1028 cm2/s and 2.4 3 1029 cm2/s for
the samples containing oxygen concentrations of 8.4
ppma and 12.2 ppma, respectively. This can be at-
tributed to a reduction in vacancy concentration ac-
companying a higher O concentration. It is also in-
teresting to note that the effective solubility of both
samples is the same.

Thus, vacancies can play an important role in hy-
drogenation. Figure 11 shows an integrated model
that we have developed to explain H passivation
mechanisms in Si solar cells, for plasma as well as
for forming gas hydrogenation. It shows hydrogena-
tion of a typical solar cell having a front N/P junc-
tion and a rear metal contact. The junction is accom-
panied by surface damage because of a high con-
centration (and precipitation) of P. Here, the atomic
H, having enough energy to overcome the surface
barrier, enters the wafer. The surface region has a
high solubility of H caused by the damage. The dam-
aged layer can dissociate H2 and result in the forma-
tion of an [H, V] pair. Thus, H can diffuse as atomic
H or via a vacancy mechanism.57 An [H, V] mecha-
nism would be favored in vacancy-rich substrates
such as cast or ribbon Si.

Fig. 8. Experimental data of Ref. 55 (dotted lines) and fitted results.

Fig. 9. A plot showing measured diffusivity of various types of sub-
strates. CZ—Czochralski, FZ—float zone, CP—cast poly-Si, RP2—
ribbon Si (multicrystalline) grown by edge defined film fed growth,
and RP1—ribbon grown by ribbon-to-ribbon growth by laser recrys-
tallization.

Fig. 10. SIMS profiles of H diffusion in two wafers in the same ingot
that vary in O concentration. Hydrogen was implanted at 1.5 KeV, at
250°C.
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HYDROGEN AND DEUTERIUM IN SILICON
DEVICES

Because H can readily passivate interfaces, de-
fects, and impurities in the semiconductor, it may be
used to improve many devices whose performance is
limited by minority-carrier recombination resulting
from the deep levels induced by impurities and de-
fects. To date, H passivation is extensively used in
the fabrication of MOS devices, a-Si and c-Si solar
cells, and poly TFTs.

As mentioned in previous sections, H treatment
(e.g., a PMA step) is routinely used in fabricating
MOS transistors to improve the characteristics of
the Si/SiO2 interface by passivating the defects
(traps) located in the vicinity of the interface. Each of
the traps may possess one or more energy levels
within the bandgap. These energy levels can interact
with Si by capturing or emitting carriers from the
conduction and valence bands. An increase in inter-
face trap density can cause shift of threshold voltage
(VT) and alter drain current (ID) vs. gate voltage (VG)
characteristics of affected devices. This damage to in-
dividual CMOS transistors and inverters can result
in increased current supply (due to increased leak-
age currents or through transistors turning on what
should be off), logic failures, latchup effects, or
changes in the circuit timing. As the individual tran-
sistors making up a complicated CMOS integrated
circuit are degraded, the characteristics of the over-
all circuit will become increasingly unpredictable.

The PMA step was found to greatly diminish both
the characteristic states and the defect centers at
the SiO2/Si interface. It is believed that a catalytic
reduction of H2 results in a release of atomic H at
temperatures of 400–500°C.4 The atomic H subse-
quently diffuses across the oxide to the interfacial
trap sites, where it passivates them by removing the
energy states from the bandgap. Studies on the cat-
alytic activity of Pd have clearly shown that this re-
action takes place in the presence of gate metals.58

However, sometimes the passivation is also seen
when the gate metal is absent.59 This suggests that

the possibility of reactions in the dielectric oxide or
even at the Si/SiO2 interface cannot be ruled out.

The properties of the SiO2/Si interface are also im-
portant for high-efficiency Si solar cells. Most Si
solar cells have a thermal surface oxide to reduce
their surface recombination velocity. Again, a form-
ing gas anneal may be used to accomplish such a re-
duction in the surface recombination, in a manner
similar to that of a MOS device. However, because
solar cells may also require passivation for bulk de-
fects and impurities, other methods of hydrogena-
tion may be used that can produce bulk and surface
passivation simultaneously (see the next para-
graph). It is, however, found that such an oxide ex-
hibits degradation upon exposure to UV. The mecha-
nism of degradation is believed to be similar to that
of the hot-electron effect.

Hydrogen is a major constituent in a-Si solar cells.
These devices contain a large fraction of H, as much
as 5–10%, which is introduced by H dilution during
a-Si deposition. Hydrogen passivation is used in
nearly all commercial Si solar cells fabricated on
low-cost, multicrystalline substrates. Hydrogenation
can lead to a significant increase in the cell efficiency
by as much as 20%. In contrast with MOS devices
that require interface passivation only, the hydro-
genation in solar cells requires passivation within
the entire thickness of the device and the surface.
Thus, H diffusion in PV materials is an especially
important topic. Such a passivation process usually
leads to a reduction in the dark current of the cell
and an increase in the photocurrent. Figure 12
shows I-V characteristics of an N/P-type cell before
and after passivation. Currently, the most common
method for H passivation is a two-step process con-
sisting of (1) deposition of a Si3N4 by a low-tempera-
ture PECVD process and (2) a rapid thermal anneal
(RTA) that diffuses H deep into the bulk of the de-
vice. The major effect of passivation is observed only
after the RTA process. The details of the H diffusion

Fig. 11. A sketch illustrating various mechanisms that take place
during hydrogenation of a Si device.

Fig. 12. Dark I-V characteristics of N/P Si solar cell before and after
passivation.



technology with a slight modification of process con-
ditions to enhance the hot electrons. A degradation
of 20% in gm was used as a lifetime criterion, and
lifetimes were found to be 10–50 times longer than
those sintered in H. By considering a shift of 200 mV
in threshold voltage as the degradation criterion, a
factor of 10 improvement of lifetime was seen. Sub-
sequent studies64,65 showed evidence of improve-
ments in the device performance of different struc-
tures, such as transistors of 0.2 mm channel length,
standard 0.35 mm devices from major companies, de-
vices with SiO2 or Si3N4 sidewall spacer, and even
for those after SiN cap process. A recent study,65 in
which a finished MOS device was subjected to high
pressure (6 atm), 100%-D2 anneal at 450°C for 3 h,
exhibited a significant (903) improvement in life-
time. Furthermore, a similarity in degradation be-
havior (i.e., dependence on interface states) of gm
and VT in H2- and D2-annealed devices supported
the hypothesis that the hot-electron stressing cre-
ates interface states.

Several models were proposed to explain higher
stability of deuterium. In one case, it was attributed
to larger zero-point energy of Si-H oscillations as
compared to Si-D, and the effect of the possibility of
excited Si-H or Si-D oscillation for different masses.
Another explanation was that the hot electrons in
the channel excite the electron of the Si-H(D) bond
into an antibonding state. This change in configura-
tion results in a force that accelerates H(D) away
from the surface and leads to dissociation. Deu-
terium, because it is twice as heavy, does not accel-
erate as rapidly and the electron returns to the
bonding state before dissociation occurs. Some ob-
servations have been made66 that the vibrational
mode frequencies of the Si-H and Si-D modes are
different and that the latter has a bending mode
close to a bulk phonon mode of a Si lattice (460 and
463 cm21, respectively). Coupling of these modes
may provide an energy relaxation pathway, making
dissociation of the Si-D bond more difficult than for
Si-H. However, the exact mechanism of this isotopic
interfacial “hardening” remains uncertain.

Similar to the degradation problem with MOS de-
vices, a-Si solar cells exhibit such a behavior caused
by illumination (Staebler–Wronski effect). In solar
cell applications, single-junction p-i-n amorphous Si
solar cells were attempted in Refs. 67 and 68. Deu-
terium was used to replace the H in the intrinsic
layer of the cell. Light exposure at 50°C under one-
sun illumination was carried out. The measurement
of cell parameters and bonding investigated using
infrared secondary ion mass spectroscopy (SIMS)
showed higher open-circuit voltage (Voc) and lower
short-circuit current density (Jsc) for the deuterated
cell as compared to the hydrogenated cell. Quantum
efficiency vs. wavelength data revealed a similar
short wavelength (l , 500 nm) response, whereas
the long wavelength (l . 500 nm) response accounts
for the 2 mA/cm2 difference in photocurrent, indicat-
ing a wider bandgap in the deuterated cell. The
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during these process steps have not been estab-
lished. A possible two-step diffusion mechanism is
proposed in Ref. 56. It is believed that an accumula-
tion of H occurs at the traps near the surface of the
solar cell during the Si3N4 deposition. The trapped H
dissociates during the following RTP anneal and dif-
fuses through the entire device. Figure 13 shows the
internal spectral response (quantum efficiency) of a
solar cell before and after passivation by a PECVD
nitride. It is seen that there is an increase in the red
response indicative of an improvement in the minor-
ity-carrier diffusion length. There is, however, a de-
crease in the short quantum efficiency at short wave-
lengths; it is believed to be due to the fact that the
Si3N4 is not stoichiometric but is rich in Si, absorbing
light at short wavelengths in the deposited film.

Hydrogen also has potential applications in poly-
Si TFTs. Here, the objective of H is to passivate dan-
gling bonds associated with grain boundaries. This
results in an increase in the lateral conductance of
the grain boundaries. However, the extent of such
diffusion should be justified. If excessive H is incor-
porated, H may induce its own defects in the lattice
or along the grain boundary. We have observed that
excessive hydrogenation can result in formation of
defects caused by segregation of H from the bulk to
the grain boundary, as shown in Fig. 4b.

The time-dependent degradation of MOS transis-
tor performance resulting from the hot-electron ef-
fect has been a challenge for many researchers. One
explanation is that the degradation involves the de-
passivation of bonded H at the interface by posi-
tively charged H60,61 The idea of using deuterium in-
stead of H to passivate a MOS structure was, in
part, inspired by experiments in which a scanning
tunneling microscope STM was used to stimulate
the desorption of H from Si(100)2 3 1:H surfaces
under ultrahigh vacuum conditions.62 Experimen-
tally, substitution of H by deuterium in the PMA of
MOS devices resulted in improvement in the device
operational lifetime.63 The devices were n-channel
MOS transistor structures fabricated using the Bell
Laboratories (Murray Hills, NJ) 0.5 mm 3.3 V CMOS

Fig. 13. Internal quantum efficiency of a Si solar cell before and after
H passivation by PECVD nitride.



deuterated cells show a higher stabilized fill factor
(FF) than the hydrogenated cells. The best FF of
0.655 was obtained for a deuterated cell with an i-
layer thickness of 310 nm. The D content in the
deuterated material is higher than the H content in
the hydrogenated material. The light-induced photo-
conductivity degradation in an intrinsic hydro-
genated and deuterated a-Si alloy was monitored
under AM1 illumination for up to 600 h. It was found
that both the dark conductivity and photoconductiv-
ity had increased by a factor of 6 or 7. A similar
mechanism was proposed to explain this phenome-
non and was compared to the case of SiO2/Si. It was
attributed to the highly efficient coupling between
the localized Si-D wagging mode (,510 cm21) and
the extended Si-Si lattice vibration mode (495 cm21).

There have been some explanations about the ad-
vantage of deuterium over H, but questions still re-
main for further investigation. Some studies on
MOS structures in which photoinjection was used to
introduce electrons into the oxide demonstrated no
significant difference between D- and H-passivated
interfaces.69 These results may suggest that physi-
cal differences exist between the hot-electron and
light-irradiation degradation mechanisms. Refer-
ences 67 and 69 showed that a MOS device, fabri-
cated by standard technology but with PMA per-
formed in D2, had comparable concentrations of H
and D. This shows that a H containing ambient is
quite prevalent in the CMOS back-end process, and
there is an abundance of H in interlevel dielectrics.
The effectiveness of deuterium, even with abundant
H content coexisting near the interface, remains a
question.

SUMMARY AND CONCLUSIONS

We have presented a brief review of some techno-
logically important aspects of H in Si. Examples of
fundamental aspects of H interactions with the per-
fect Si lattice and impurities and defects were dis-
cussed. The primary effect of H is to passivate the
dangling bonds in Si. This propensity for interaction
with the dangling bonds makes H very reactive to
defects and impurities. Hydrogen is used in the fab-
rication of MOS devices and solar cells because it
can passivate interfaces and extended defects. The
improvements in the device performance are primar-
ily through reduced recombination of carriers at the
defect and impurity sites. Hydrogen does not seem
to passivate all types of defects and impurities. In
fact, it is believed that complexes of interstitials and
vacancies are made electrically more active by H.
Likewise, there is no evidence that H passivates pre-
cipitated impurities.

Hydrogen introduces its own defects that can be
detrimental to the devices. Some observations of H
segregation along the dislocations and grain bound-
aries (bubbles) and near the surface (platelets) were
presented. Trapping at defect and impurity sites
was used to explain the observed high solubility
(and low diffusivity) of H in Si, which should be oth-
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erwise extremely low (and high) as derived from the
high-temperature experiments. A coherent way of
understanding diffusion in Si is to consider migra-
tion from one interstitial site to another, as well as
hopping among defect/impurity sites caused by trap-
ping and detrapping. We presented examples of the-
oretical modeling of H diffusion through process-
induced and bulk trapping. For example, in boron-
doped samples hydrogenated at 200°C, theory yielded
excellent fits with the experimental profiles. An im-
portant result was that the process-induced traps
near the surface can have a strong influence on the
H diffusion. Trapping is also important as a means
of “storing” H in Si. This concept is used in solar cell
passivation; H is “stored” near the device surface by
depositing a PECVD Si nitride layer and then dif-
fused by an RTP anneal. The traps, themselves, may
be annealed out and have little influence on the de-
vice. Finally, recent research activities on improved
stability by substitution of H by deuterium were re-
viewed.

Various hydrogenation methods were categorized
and reviewed with respect to their use for device
processing. These methods include electrochemical
methods, plasma and ion beam techniques, PECVD,
and forming gas anneal. Hydrogenation has already
found a wide range of applications in junction for-
mation, solar cell passivation, and MOS transistor
interfacial state passivation. Newer applications
will be realized as we learn more about H in Si.
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