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Hydrogen Electrochemistry and Stress-Induced Leakage Current in Silica
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Hydrogen-related defects in oxygen-deficient silica, representing the material of a thermal gate o
are analyzed using first-principles calculations. Energetics and charge-state levels of oxygen vaca
hydrogen, and their complexes in the silica framework are mapped out. The neutral hydrogen br
calledE0

4 in quartz, is identified as the trap responsible for stress-induced leakage current, a foreru
of dielectric breakdown in metal-oxide–semiconductor devices.

PACS numbers: 71.55.Cn, 72.20.– i, 73.50.–h
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A major concern in silicon technology is the reliabil-
ity of MOS (metal-oxide semiconductor) devices suc
as MOSFETs (MOS field-effect transistors) and MOS
(MOS capacitor) memory cells as they are scaled
smaller dimensions. Among the main problems are t
increased gate leakage current, the reduced threshold
dielectric breakdown, and oxide charging, which results
voltage shifts. Recent extrapolations [1] indicate that th
gate-oxide thickness will be limited to 2.2–2.6 nm, whic
interferes with the road map of the Semiconductor Indu
try Association within the next five years. The desire t
understand the microscopic origin of the detrimental e
fects in MOS structures bears the hope that guided mo
fications of the fabrication process may yield devices th
can reliably be extended to smaller structures.

Degradation of MOS structures has been attributed
hydrogen diffusing to the oxide-semiconductor interfac
[2,3]. In this model, hydrogen is released from th
metal-oxide interface by hot electrons and diffuses
the oxide-semiconductor interface, where it depassiva
hydrogenated silicon-dangling-bond defects at the oxid
semiconductor interface, calledPb centers [4].

Recently, however, it was shown that atomic hydroge
induces defects in concentrations exceeding that ofPb

centers. These hydrogen-induced defects are fast in
face states [4,5] and slow states [6]. The interface-sta
density of hydrogen-induced states closely resembles t
of hot-electron-induced states, but differs from that ofPb

centers [7].
In addition, low-field leakage currents, which are con

sidered forerunners of dielectric breakdown [8], are ge
erated by exposure to atomic hydrogen [9]. DiMaria an
Cartier [9] deduced that neutral electron traps are t
dominant cause of stress-induced leakage currents (SIL
The increasing number of traps in a humid atmosphere
dicates that hydrogen is part of the defect structure [10
These still uncharacterized defects may be the main ca
of the degradation of thin-gate oxides. Thus an unde
standing of the hydrogen chemistry of gate oxides is
utmost importance for the further scaling of semicondu
tor devices.
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How can we identify a defect as a good candidate fo
causing SILC?

One requirement is charge-state levels near the Fer
level of the contacts, which is�3 eV below the oxide
conduction-band edge.

A second requirement is a small relaxation of th
charge-state levels. A defect can contribute to the leaka
current only if its charge-state level shifts upon relaxatio
by less than the applied voltage [11]. The principle i
illustrated in Fig. 1. Large level shifts upon charging ar
common in silica, which combines a flexible structura
network with a wide band gap. Electron tunneling from
the anode to the defect can occur if the Fermi leve
lies at or above the charge-state level of the defec
Once charged, the defect changes its structure beca
it can lower the energy of the electron by deforming o
reconstructing the lattice. This results in a downward sh
of the, now filled, charge-state level. If this shift is greate
than the applied voltage, the relaxed level lies below th
Fermi level. Hence the electron cannot tunnel from th
defect to the cathode, because the states of the contac
this energy are occupied: The electron is trapped. T
allow tunneling of the electron to the cathode, a voltag

FIG. 1. Schematic representation of inelastic tunnelin
through a defect. Occupied states are indicated by gr
background. Valence and conduction bands are sloped ow
to the electric field. The electron tunnels elastically into an
out of the defect level, but the defect level relaxes downwa
upon charging. A voltage greater than this level shift is neede
to draw a current. (The band gap of the contacts has be
omitted.)
© 1999 The American Physical Society
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larger than the level shift is required. Once the defect is
uncharged, it will relax into its initial structure, placing the
charging level into the original position. As a result the
two-step tunneling via the defect is inelastic, and electrons
lose in the form of heat an amount of energy equal to the
shift of the charge-state level upon charging.

For this argument to be valid, the time to relax the
structure must be shorter than the residence time of the
electron on the defect. The measured leakage current
[1] provides an upper and lower bound of the residence
time of, respectively, 1024 and 1029 s in a two-step
tunneling process. This is sufficiently separated from
typical structural relaxation times of 10213 to 10212 s.

In this paper we investigate hydrogen, oxygen vacan-
cies, and their complexes in silica. Oxygen vacancies
have been considered because they are abundant in ther-
mal oxides and because they interact with hydrogen. We
evaluated structure, energetics, and charge-state levels for
a comprehensive list of sixteen defects, covering intersti-
tial molecular and atomic hydrogen, the oxygen vacancy
and its complexes with one and two hydrogen atoms, their
metastable states, and charge states. Charge-state levels
are given in Table I and shown in Fig. 2. A detailed de-
scription of all defects will be given elsewhere. In this pa-
per we focus on the defects relevant for SILC, and restrict
ourselves to general observations regarding other defects.

Most defects in silica exhibit large level shifts, which
excludes them as being the cause of SILC. Only one
defect, the hydrogen bridge, satisfies all requirements for
SILC. A second hydrogen-related defect, the E0

2�E0
b�

center, contributes to SILC at higher voltages (.3 eV).
Our calculations are based on density functional theory

(DFT) [12] using gradient corrections [13]. Total ener-
gies and structures are calculated using the projector aug-
mented wave method [14,15]. The calculations presented
here are done in a quartz. We used a tetragonal supercell
containing 24 SiO2 formula units and having lattice con-
stants of �a, b, c� � �8.59, 9.82, 10.80� Å. A crystalline
matrix has been chosen because it is a well-defined ref-
erence system for the evaluation of relative energies; thus

TABLE I. Thermodynamic charge-state level eth, mean value
eav , and shift D of switching charge-state levels (in eV). For
the switching levels between the neutral and negative charge
states, esw �0�2� for charging and esw �2�0� for uncharging,
eav �0�2� is defined as �esw �0�2� 1 esw �2�0���2 and D�0�2�
as esw �0�2� 2 esw �2�0�. Levels are relative to the Si midgap,
and lower bounds are given when shallow acceptor levels are
involved.

eav D eav D

Defect eth �1�0� �1�0� �0�2� �0�2�
�SiH�2 22.74 �1�0� 22.37 2.60
O vacancy 23.03 �1�0� 22.54 2.32
Si�3� 1 O�3� 20.06 �1�0� 20.17 1.70
H 0.20 �1�2� .20.21 .4.10 20.58 4.23
SiH 1 Si�3� 0.30 �1�2� .0.25 .2.92 20.29 3.11
H bridge 0.33 �1�0� 0.26 2.22
H bridge 0.74 �0�2� 0.72 1.71
sampling over a large number of different sites is avoided.
Whereas we do not expect the gross features to be affected
significantly, it should be kept in mind that the amorphous
matrix itself imposes strain on individual bonds.

We obtain charging levels as total energy differences,
which are well defined in DFT. They are measured
relative to the Si midgap level of the interface, determined
empirically as shown below.

We differentiate between two charge-state levels, ther-
modynamic and switching. The thermodynamic level eth
corresponds to the Fermi-level position for which the de-
fect changes its charge state in thermal equilibrium. It
is obtained from the energy difference of two relaxed
configurations having different charge. Tunneling pro-
cesses are nonequilibrium processes for which we define
the switching levels esw as the electron or hole energy
required to charge or uncharge a defect according to the
Franck-Condon principle. These levels are obtained from
the total energy difference of two charge states in the struc-
ture of the initial charge state. Charge-state levels are
denoted 1�0, 0�2, and 1�2, indicating the pair of par-
ticipating charge states.

Let us first align our calculated charge-state levels with
the oxide band edges. Hydrogen in the oxide near the
Si�SiO2 interface induces a characteristic peak 0.2 eV
above the silicon midgap level [6,7]. Its position is inde-
pendent of the sweep direction in C-V experiments [16].
As all relevant defects in the oxide have relaxation ener-
gies greater than 1.5 eV, this peak is therefore identified
by a thermodynamic charge-state level. Furthermore, the
measured number of states does not saturate with hydro-
gen exposure, and greatly exceeds the number of silicon
dangling-bond defects in the oxide and at the interface, the
so-called E0 and Pb centers. This indicates that the states

FIG. 2. Switching charge-state levels esw . Dashed lines
indicate the DFT band edges. Dotted lines indicate the DFT
position of shallow acceptor levels. See text and Table I for
explanations.
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are related to hydrogen interacting with the unperturbed
silica framework. Our calculations confirm that atomic hy-
drogen in silica has only a single thermodynamic charge-
state level [17]. Hence, we attribute the observed state
to the 1�2 thermodynamic charge-state level of atomic
hydrogen. This is the first assignment of the hydrogen-
induced density of states with an atomistic model. The
assignment explains why no electron paramagnetic reso-
nance (EPR) signal could so far be associated with the
electrically observed density of states despite considerable
effort: Hydrogen is a negative-U defect, i.e., the neutral,
EPR visible, charge state is thermodynamically unstable
for all Fermi-level positions.

From this assignment we obtain an estimate of the Si
midgap energy, our reference energy for the electrons
relative to the calculated levels. Together with the
measured valence-band offset of 4.3 eV [18] and the
experimental band gap of silicon, the charge-state level of
hydrogen empirically determines the oxide valence-band
top to be 1.0 eV below the DFT valence-band top.

Most defects considered can be regarded as combina-
tions of a small set of structural motifs: Dangling bonds
on undercoordinated silicon atoms, denoted Si(3), are re-
sponsible for a suite of E0 centers [19]. When posi-
tively charged, the undercoordinated silicon atom binds
to an oxygen bridge, forming a threefold-coordinated
oxygen atom, denoted O(3), which is the dominant
positive-charge defect. When negatively charged, the un-
dercoordinated silicon atom has a tendency to establish a
bond to a, then fivefold-coordinated, silicon atom. Hy-
drogen atoms interact with the framework in an analo-
gous manner: They bind to an oxygen when positive, and
to a silicon atom when negative [17]. No bonds are es-
tablished in the neutral state. Hydrogen interacts with a
silicon dangling bond by forming a SiH fragment. The
strong tendency for rebonding causes large level shifts
upon charging, and explains the tendency of silica to un-
dergo oxide charging.

Let us now discuss how individual defect classes can be
excluded as being the cause of SILC.

The oxygen vacancy has two metastable partners [20–
23]. For relevant Fermi-level positions the oxygen va-
cancy is neutral. Even though the metastable form of the
oxygen vacancy, denoted Si�3� 1 O�3�, which is related
to the so-called E0

1 or E0
g center [24,25], has charge-state

levels in the correct energy region and exhibits only small
level shifts upon charging, it overcomes a small barrier
after electron capture and transforms into the stabler, di-
rect silicon-silicon bond.

The hydrogen molecule and the complex of two hydro-
gen atoms with the vacancy denoted �SiH�2 are stable as
neutral species and do not contribute to SILC.

From the charge-state levels and their shifts, we identify
the hydrogen bridge as the defect most likely responsible
for SILC at low voltages. The neutral hydrogen bridge in
quartz has been attributed to the E0

4 center [26]. We will
discuss this defect in some detail.
374
The hydrogen bridge deviates from the structural motifs
described above. In the hydrogen bridge, a hydrogen atom
replaces an oxygen atom as shown in Fig. 3. Hence, it is
a complex of a hydrogen atom with an oxygen vacancy.

The electronic structure of the hydrogen bridge can be
rationalized in simple terms by a three-center bond of
two silicon dangling bonds with the hydrogen s orbital.
The completely bonding state lies in the SiO2 valence
band, and the completely antibonding combination of
these orbitals lies in the SiO2 conduction band. The
nonbonding orbital lies in the gap and contains none, one,
or two electrons for the positive, neutral, and negative
charge states, respectively.

The occupation of this nonbonding orbital has only a mi-
nor effect on the bond strength and structure. Furthermore,
the Si-H-Si bonding orbital in the valence band prevents
the defect from breaking up. Thus this hydrogen bridge is
exceptionally rigid in comparison to other defects in silica.
The small relaxations are reflected in small shifts of the
charge-state levels upon charging. When the neutral hy-
drogen bridge traps an electron, the level is shifted down
by only 1.7 eV. This makes the hydrogen-bridge center a
good candidate for the electron trap responsible for SILC.
The positive-to-neutral transition may also contribute be-
cause its level shifts by only 2.2 eV.

The oxygen vacancy binds a proton with 0.5–1.5 eV
depending on the charge states. Hence, in the presence
of atomic hydrogen, most oxygen vacancies will form
hydrogen complexes.

The metastable partner of the hydrogen bridge, denoted
SiH 1 Si�3�, is thermodynamically stable for all Fermi-
level positions: by 0.16 eV in the positive charge state
and by 0.6 eV in the negative charge state relative to
the hydrogen bridge. Therefore this defect is present in

FIG. 3 (color). Overlayed structure of the hydrogen bridge
in three charge states. Oxygen atoms are red, silicon atoms
yellow, and hydrogen is white. The hydrogen position is
located near the center of the bridge for the positive charge
state, and localizes at one silicon as electrons are added.
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larger concentrations. The neutral, EPR-visible form is
the E0

2 center [27], termed E0
b in an amorphous matrix.

It contributes to the SILC at voltages above 3 eV, which
is just below the energy at which electrons are introduced
into the conduction band by direct tunneling.

We will now discuss how this prediction holds up
against experimental evidence. Both defects are neutral
traps as suggested by DiMaria and Cartier [9], i.e., the
two charge states involved in the tunneling process are the
neutral and negative charge states.

The electrically detected magnetic resonance (EDMR)
spectra [28] exhibit a directionality, which has been ex-
plained by the direction of the current flow, if the defect
has a well-defined axis such as a p-like orbital. This is
clearly the case for the hydrogen bridge.

The g values observed by EDMR are 2.0022, with a
shoulder at 2.0076 parallel to the axis of the current flow
and one at 1.9997 perpendicular to it. E0 centers could
account for the main peaks. The shoulder at g � 2.0076
cannot be explained in terms of g values of known defects.
We attribute the shoulder to the hydrogen hyperfine inter-
action of the E0

4 center. It has an axial splitting of 2 mT
[26] centered at g � 2.0016, in good agreement with the
shoulder observed at 61 mT parallel to the current, and
small equatorial splittings centered at g � 2.0006, corre-
sponding to the absence of this shoulder for magnetic fields
perpendicular to the current. The poorly resolved shoul-
der at 3462 G in the spectrum parallel to the electron flux
could then correspond to the symmetric partner of the hy-
perfine line at lower magnetic field. The E0

4 center alone,
however, cannot explain the main peaks. As the experi-
ment has been performed at 3 eV, the E0

b�E0
2� center can

also contribute, which has only negligible hydrogen hy-
perfine interactions and g values at 2.0022 in the axial and
2.0006 in the equatorial directions [29]. Thus we attribute
the spectrum to a superposition of two hydrogen complexes
with the oxygen vacancy.

Tagaki et al. [30] directly measured an energy loss
of 1.5 eV during SILC, in excellent agreement with our
prediction of 1.7 eV for the hydrogen bridge.

In conclusion, we propose that the neutral hydrogen
bridge is the trap mainly responsible for stress-induced
leakage current through gate oxides. Charging this defect
results in only minor structural distortions. The resulting
small relaxation energy of 1.7 eV is required for tunneling
at low voltages. Above 3.1 eV, another hydrogen-related
silicon dangling-bond defect contributes to SILC. Exist-
ing experimental information supports the proposed micro-
scopic model. Thus we have identified the origin of SILC,
a forerunner of dielectric breakdown of gate oxides.
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