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The annihilation of mobile protons in thin SiO2 films by capture of ultraviolet-excited electrons has
been analyzed for temperatures between 77 and 500 K. We observe a strong increase in proton
annihilation with increasing temperature, and derive an activation energy for electron capture of
about 0.2 eV. Based on quantum chemical@~OH!3Si#2—O—H1 cluster calculations, we suggest
photoexcitation of electrons from excited vibrational states of the ground electronic~valence band!
state to a nearby excited electronic~SiO2 gap! state. It is argued that the latter excitation can result
in H0 formation at elevated temperatures. ©1998 American Institute of Physics.
@S0003-6951~98!01301-1#

In the field of microelectronics, hydrogen is used indus-
trially to passivate dangling silicon bonds or ‘‘interface
traps’’ which are present at the SiO2/Si substrate interface.1–4

If atomic hydrogen is present in the SiO2, it can also depas-
sivate the interface by ‘‘gettering’’ of the bonded hydrogen
to form H2.

5 Protons can perform a similar function as has
been demonstrated in postirradiation and hot-carrier induced
interface trap buildup experiments.6–10 Here, protons gener-
ated during irradiation or hot-carrier stress~from hydrogen
present in the SiO2! drift towards the SiO2/Si interface where
they presumably capture an electron and transform to H0

which can depassivate an adjacent bonded hydrogen. Unlike
atomic H0 motion in SiO2, which has a thermal activation
energy of 0.18 eV,11 protons have a much larger activation
energy for drift~diffusion! of about 0.8 eV.12

In the present letter, we compare the electron trapping
properties of both trapped holes and mobile protons in the
SiO2 network. Instead of using irradiation or high-field
stress, we generate the protons in the SiO2 via a hydrogen
anneal technique.13 Two different buried oxide materials
were used: separation by implantation of oxygen~SIMOX!,
obtained by implanting 1.831018 O1 cm22 with an energy
of 190 keV intop-type Si~100! wafers followed by annealing
for 6 h at 1320 °C in an atmosphere of Ar11% O2, and
zone-melt-recrystallization~ZMR! material in which ther-
mally grown SiO2 ~'1 mm thick! is covered with a film of
polycrystalline Si which is then zone-melt recrystallized. We
have previously demonstrated13 that, if these structures are
heated to temperatures above 450 °C in forming gas
(N215% H2!, mobile protons appear spontaneously in the
buried SiO2 network. Following the anneal, the top oxide
surface was bared by removing the superficial Si layer in a

KOH etch solution. To perform hole injection into these ox-
ides, identical samples~except for the forming gas anneal!
were bared by KOH etch and then positive corona ions were
deposited on the oxide surface. During irradiation with
vacuum ultraviolet light~ E510 eV,.SiO2 band gap!, holes
were photoinjected from the surface into the oxide where
they can become trapped.

Electrons are photoexcited from the SiO2 valence band
into the oxide gap~see discussion below! by exposing the
oxide to sub-band gap~<6 eV! ultraviolet ~UV! light at a
fixed temperature between 77 and 500 K without applying an
external bias. Prior to the subgap UV exposure, the oxide
contained either trapped holes or mobile protons, with simi-
lar densities~'231012 cm22!.

The net charge within the oxide layers was derived from
midgap voltage shifts at room temperature using a standard
metal–oxide–semiconductor~MOS! capacitance experiment
in which a metal electrode is formed on the bared oxide
surface~a mercury bead, contact area'1 mm2! and the ca-
pacitance is measured at a frequency of 1 MHz as a function
of applied dc bias across the capacitor. Since the protons are
very mobile at room temperature and move in the presence
of an applied electric field, a reversible shift is observed in
the capacitance–voltage (C–V) curves which can be di-
rectly linked to the areal density of protons. These were the
only positively charged entities observed with a significant
density in the protonated samples.

Figure 1 shows the areal density of mobile protons in the
SiO2 layer~relative to the initial density! as a function of UV
exposure time at 77 and 295 K. We observe that, if the pro-
tonated sample is exposed to UV at room temperature, the
mobile protons are being annihilated. Similar UV exposure
carried out at 77 K results inno annihilation of protons or
charge compensation~electron trapping!. These results were
reproduced on several different samples. The observed tem-
perature dependence of the H1 concentration is not caused
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by direct out diffusion of protons from the oxide since no
decrease in proton density was observed in a reference
sample that was not exposed to the UV source. In the inset of
Fig. 1, we show the result for an identical experiment per-
formed on samples not subjected to the protonation anneal
but injected with a comparable density of holes prior to the
electron excitation under UV exposure. Here we clearly ob-
serve that holes are similarly annihilated by electrons at both
77 and 295 K, in agreement with previous results.14 We also
observe from Fig. 1 that at room temperature there is a dra-
matic difference in efficiency of hole annihilation during
electron injection as compared to proton annihilation. The
process would appear to be, in terms of illumination time,
about 100 times more efficient for hole annihilation.

In SiO2 both holes and protons may be expected to act as
Coulombic attractive centers for electrons. The significant
differences between the annihilation of protons versus
trapped holes as shown in Fig. 1 must therefore be intimately
related to the detailed electron trapping mechanism. It is
most likely that the electrons available for capture are pho-
toexcited from the SiO2 valence band during UV exposure.
A similar mechanism has been suggested by Devine and
Francou15 in bulk SiO2. Electron injection from the Si sub-
strate into the oxide seems very unlikely since no change in
the net oxide charge is observed in the 77 K experiment.

The observed temperature dependent proton annihilation
as opposed to the trapped hole annihilation is most likely
intimately related to the way the proton is bonded to the SiO2

network and how the hydrogen, which results from the pro-
ton capturing an electron, escapes this bonding. It has been
suggested that H1 motion in the SiO2 network occurs by
hopping between neighboring O atoms, by forming tempo-
rary bonds to the lone pair orbitals of the bridging O atoms
~Si—O—Si!, resulting in a positively charged, overcoordi-
nated O~Si2O—H!1.7 To gain more insight into the micro-
scopic mechanisms involved in the electron capture process,
ab initio quantum chemical calculations were performed on

the interaction of H0 and H1 with the bridging oxygen in the
SiO2 network. An ~OH!3Si—O—Si~OH!3 precursor cluster
was used, with a fixed geometry obtained fromab initio
restricted Hartree–Fock optimization.16 It is possible to ex-
plain the temperature dependent proton annihilation by ex-
amining the O—H1 vibrational levels and the different elec-
tronic states of this cluster. The lower curve in Fig. 2 is the
calculated potential energy as a function of O—H1 bond
length for the@~OH!3Si#2—O—H1 cluster, taken from Ref.
16. This curve has a minimum atRO—H'1 Å.16–18 The cal-
culations further show that the highest occupied molecular
orbital for this system corresponds to a bonding O—H1 or-
bital, whereas the lowest unoccupied orbital is an antibond-
ing orbital, largely localized at the H site. Hence, a repulsive
curve ~not calculated! can be associated with this excited
state, as shown schematically in Fig. 2. Our model assumes
that the UV exposure causes optical excitation between these
curves, which can result in a hole in the valence band and a
neutral H atom. The hole is mobile and is repelled from the
oxide by the remaining protons. It is clear from Fig. 2 that
vibrational excitations~stretching of the O—H1 bond! result
in a significant lowering of the photon energy required for
excitation to occur. If we assume that the transition from the
vibrational ground state~Frank–Condon transition! requires
a photon of the order of 6 eV~upper energy limit of the UV
photons!, proton annihilation would be very unlikely at low
temperatures, in agreement with the observations. Further-
more, if the photon energy is very close to the Frank–
Condon transition energy, the neutral hydrogen atom which
results from the optical transition at low temperatures would
have very little kinetic energy, and would take a significant
amount of time to escape. During that time, the excited elec-
tron may undergo a radiative decay back to the valence band
before the hydrogen atom leaves the vicinity of the nearby
oxygen atom. However, at higher temperatures, the optical
transition is likely to originate from a higher vibrational
state. Moreover, because of the slope of the dissociative
curve, the optical excitation would place the resulting hydro-

FIG. 1. Mobile H1areal density in the 1mm SiO2 layer of ZMR material,
relative to the initial H1 density of 231012 cm22, plotted as a function of 5
eV UV illumination time at 77 and 295 K. The areal density was obtained
from the hysteresis of theC–V curves. A similar plot for 231012 cm22

trapped holes in an identical sample and under identical UV-illumination
conditions is shown in the inset.

FIG. 2. Potential energies for~OH!3Si—O—Si~OH!3 precursor clusters, as a
function of Si2O—H1 bond length. The lowest curve is for the bonding state
and was obtained fromab initio quantum chemical calculations~Ref. 16!.
The upper curve is for the antibonding orbital, largely localized at the H site,
and is only schematic~not calculated!. The left arrow shows an optical
transition from the vibrational ground state to the dissociative state. The
right arrow shows an optical transition with the same photon energy but
from a higher vibrational state, resulting in excess kinetic energy.
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gen atom in a region of much higher kinetic energy, as can
be seen in Fig. 2. This situation would significantly enhance
the probability that the H atom could escape before radiative
decay occurs. The proposed reaction mechanisms are sum-
marized in the following reaction scheme:

~Si2O—H!1

↗g

~Si2O—H!11e21h1→
a

~Si2O—H!*1h1 ~1!
↘b

Si2O1H0↗1h1↗,

wherea is the rate for electron capture resulting in the for-
mation of a neutral overcoordinated O site~SiO2—H!* ,
which is unstable,b is the rate for dissociative decay result-
ing in the release of a neutral H0, andg is the rate for radia-
tive decay resulting in the initial positively charged state.
Little can be said about any temperature dependence ofg
since this is a spontaneous decay depending only upon rapid
electron-hole recombination,a andb, however, are expected
to be temperature dependent, as discussed above. It is be-
yond the scope of this work to derive an actual equation for
the temperature dependence of the@H1# decay rate. As a first
approximation, a single thermal activation energy process
can be defined by assuming a simple Arrhenius dependence:

21

@H0
1#

d@H1#

dt
5k expS 2

Ea

kBTD , ~2!

where @H1#is the areal proton density in the SiO2 film and
the subscript ‘‘0’’ indicates the initial value,k is the rate
constant,Ea is the activation energy,kB is the Boltzmann’s
constant, andT is the absolute temperature. To determineEa

for the process, the quantity on the left-hand side in Eq.~2!
was measured at various temperatures. Figure 3 shows the
Arrhenius plot. From this plot, a thermal activation energy
Ea'0.260.1 eV was obtained for H1 annihilation~ H0 for-
mation! under UV exposure in SiO2.

It has been shown that one can detect H0 in SiO2 using
electron paramagnetic resonance~EPR!.18 However, we did
not observe any H0 EPR signal after UV exposure of the
protonated oxide layers over the entire temperature range.
This can be explained by the fact that the activation energy
for electron captureEa that we derived here~0.2 eV! is simi-
lar to the activation energy for H0 diffusion in SiO2.

13 As a
result, H0 formation—like H0 diffusion—occurs very slowly
at 77 K, while at higher temperatures, once H0 is formed by
electron trapping, it can diffuse and will dimerize with an-
other H0,19 thus escaping EPR detection.

In summary, we have studied the temperature depen-
dence of photoinduced H1 annihilation in protonated SiO2
thin films. We observe that the proton annihilation during
UV exposure strongly increases with increasing substrate
temperature. An Arrhenius expression for the H1 annihila-
tion yields a thermal activation energy of 0.2 eV. Based on
first-principles quantum chemical calculations, a model is
proposed for proton annihilation by photoexcitation of elec-
trons from the SiO2 valence band. The model suggests that,
compared to the ground level, higher vibrational levels of the
~O–H!1 bond are more likely to trap electrons, and the re-
maining kinetic energy facilitates dissociation before elec-

tronic deexcitation can occur. In order to provide more quan-
titative support for this model, calculations of the excited
state and transition probability are underway.
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FIG. 3. Arrhenius plot of the normalized initial rate of proton decay in SiO2

during UV exposure. The values were obtained by taking the initial slope of
the @H1# decay curves like the ones shown in Fig. 1 at various temperatures.
The line is a linear least squares fit to the data.
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