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The annihilation of mobile protons in thin Sjd@iims 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 chemig@H);Si],—O—H* cluster calculations, we suggest
photoexcitation of electrons from excited vibrational states of the ground electrabénce band

state to a nearby excited electro®iO, gap state. It is argued that the latter excitation can result

in H° formation at elevated temperatures. 1®98 American Institute of Physics.
[S0003-695(98)01301-7

In the field of microelectronics, hydrogen is used indus-KOH etch solution. To perform hole injection into these ox-
trially to passivate dangling silicon bonds or “interface ides, identical sample@&xcept for the forming gas anngal
traps” which are present at the SiSi substrate interface*  were bared by KOH etch and then positive corona ions were
If atomic hydrogen is present in the SiGt can also depas- deposited on the oxide surface. During irradiation with
sivate the interface by “gettering” of the bonded hydrogenvacuum ultraviolet light E=10 eV,>Si0O, band gap, holes
to form H,.®> Protons can perform a similar function as haswere photoinjected from the surface into the oxide where
been demonstrated in postirradiation and hot-carrier inducethey can become trapped.
interface trap buildup experimerftsi® Here, protons gener- Electrons are photoexcited from the Si@alence band
ated during irradiation or hot-carrier stre§som hydrogen into the oxide gap(see discussion belgwby exposing the
present in the Sig drift towards the Si@'Si interface where oxide to sub-band gap<6 eV) ultraviolet (UV) light at a
they presumably capture an electron and transform Yo Hfixed temperature between 77 and 500 K without applying an
which can depassivate an adjacent bonded hydrogen. Unlikexternal bias. Prior to the subgap UV exposure, the oxide
atomic H’ motion in SiG, which has a thermal activation contained either trapped holes or mobile protons, with simi-
energy of 0.18 e\t! protons have a much larger activation lar densities~2x 10*2 cm™2).
energy for drift(diffusion) of about 0.8 e\*2 The net charge within the oxide layers was derived from

In the present letter, we compare the electron trappingnidgap voltage shifts at room temperature using a standard
properties of both trapped holes and mobile protons in thenetal—oxide—semiconduct@MOS) capacitance experiment
SiO, network. Instead of using irradiation or high-field in which a metal electrode is formed on the bared oxide
stress, we generate the protons in theSifd a hydrogen surface(a mercury bead, contact areal mn¥) and the ca-
anneal techniqu® Two different buried oxide materials pacitance is measured at a frequency of 1 MHz as a function
were used: separation by implantation of oxyd&MOX),  of applied dc bias across the capacitor. Since the protons are
obtained by implanting 1.810'® O cm™2 with an energy  very mobile at room temperature and move in the presence
of 190 keV intop-type Si{100 wafers followed by annealing of an applied electric field, a reversible shift is observed in
for 6 h at 1320 °C in an atmosphere of Al% O,, and the capacitance—voltageC&V) curves which can be di-
zone-melt-recrystallizatiofZMR) material in which ther- rectly linked to the areal density of protons. These were the
mally grown SiQ (=1 um thick) is covered with a film of only positively charged entities observed with a significant
polycrystalline Si which is then zone-melt recrystallized. Wedensity in the protonated samples.
have previously demonstratédhat, if these structures are Figure 1 shows the areal density of mobile protons in the
heated to temperatures above 450°C in forming ga$iO, layer(relative to the initial densityas a function of UV
(N,+5% H,), mobile protons appear spontaneously in theexposure time at 77 and 295 K. We observe that, if the pro-
buried SiQ network. Following the anneal, the top oxide tonated sample is exposed to UV at room temperature, the

surface was bared by removing the superficial Si layer in anobile protons are being annihilated. Similar UV exposure
carried out at 77 K results ino annihilation of protons or

Electronic mail: karel@unm.edu charge compensatiolectron trapping These results were

Ypresent address: Defense Advanced Research Projects Agency, ArIingtJre,prOduced on several different samples'. The observed tem-
VA 22203. perature dependence of the" ldoncentration is not caused
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FIG. 2. Potential energies féOH);Si—O—Si(OH); precursor clusters, as a
function of SpO—H™* bond length. The lowest curve is for the bonding state
) o . . and was obtained frorab initio quantum chemical calculatioriRef. 16.
FIG. 1. Mobile H'areal density in the Lm Si0, layer of ZMR material,  The ypper curve is for the antibonding orbital, largely localized at the H site,
relative to the initial H density of 2<10'> cm 2, plotted as a function of 5 and is only schemati¢not calculatel The left arrow shows an optical

eV UV illumination time at 77 and 295 K. The areal density was Ot)fzai”e‘jtransition from the vibrational ground state to the dissociative state. The
from the hysteresis of th€-V curves. A similar plot for 2 10'* cm right arrow shows an optical transition with the same photon energy but

trapped holes in an identical sample and under identical UV-illuminationfom g higher vibrational state, resulting in excess kinetic energy.
conditions is shown in the inset.

UV exposure time (s)

the interaction of Mand H" with the bridging oxygen in the

by direct out diffusion of protons from the o>§|de SiNCe NO iy network. An (OH)sSi—O—Si(OH), precursor cluster
decrease in proton density was observed in a refereng)z

le th 410 the UV Inthe i as used, with a fixed geometry obtained frah initio
sgmpet at was not exposed 1o t e_U source. n_t € Inset Qbqtricted Hartree—Fock optimizatidhlt is possible to ex-
Fig. 1, we show the result for an identical experiment per-

) X plain the temperature dependent proton annihilation by ex-
formed on samples not subjected to the protonation anneglyining the 0-H* vibrational levels and the different elec-

but injected with a comparable density of holes prior to theyqnic states of this cluster. The lower curve in Fig. 2 is the

electron excitation under UV exposure. Here we clearly obg(culated potential energy as a function of-®* bond

serve that holes are similarly annihilated by electrons at bo“ibngth for the[(OH)Sil,—O—H" cluster, taken from Ref,
77 and 295 K, in agreement with previous restfltsVe also 16. This curve has a minimum &g_,~1 A.26-8The cal-

observe from Fig. 1 that at room temperature there is & dras|ations further show that the highest occupied molecular
matic difference in efficiency of hole annihilation during orpital for this system corresponds to a bonding-B* or-
electron injection as compared to proton annihilation. Theyjta|, whereas the lowest unoccupied orbital is an antibond-
process would appear to be, in terms of illumination time,ing orbital, largely localized at the H site. Hence, a repulsive
about 100 times more efficient for hole annihilation. curve (not calculatell can be associated with this excited
In SiO, both holes and protons may be expected to act agtate, as shown schematically in Fig. 2. Our model assumes
Coulombic attractive centers for electrons. The significanthat the UV exposure causes optical excitation between these
differences between the annihilation of protons versugurves, which can result in a hole in the valence band and a
trapped holes as shown in Fig. 1 must therefore be intimatelyeutral H atom. The hole is mobile and is repelled from the
related to the detailed electron trapping mechanism. It isxide by the remaining protons. It is clear from Fig. 2 that
most likely that the electrons available for capture are phovibrational excitationgstretching of the ©-H* bond result
toexcited from the Si@valence band during UV exposure. in a significant lowering of the photon energy required for
A similar mechanism has been suggested by Devine andxcitation to occur. If we assume that the transition from the
Francod® in bulk SiO,. Electron injection from the Si sub- vibrational ground statéFrank—Condon transitiorrequires
strate into the oxide seems very unlikely since no change i photon of the order of 6 eXupper energy limit of the UV
the net oxide charge is observed in the 77 K experiment. photons, proton annihilation would be very unlikely at low
The observed temperature dependent proton annihilatioemperatures, in agreement with the observations. Further-
as opposed to the trapped hole annihilation is most likelynore, if the photon energy is very close to the Frank—
intimately related to the way the proton is bonded to the,SiO Condon transition energy, the neutral hydrogen atom which
network and how the hydrogen, which results from the pro+esults from the optical transition at low temperatures would
ton capturing an electron, escapes this bonding. It has bedrave very little kinetic energy, and would take a significant
suggested that H motion in the SiQ network occurs by amount of time to escape. During that time, the excited elec-
hopping between neighboring O atoms, by forming tempotron may undergo a radiative decay back to the valence band
rary bonds to the lone pair orbitals of the bridging O atomsbefore the hydrogen atom leaves the vicinity of the nearby
(S—0O—Si), resulting in a positively charged, overcoordi- oxygen atom. However, at higher temperatures, the optical
nated O(Si,0—H)*.” To gain more insight into the micro- transition is likely to originate from a higher vibrational
scopic mechanisms involved in the electron capture processtate. Moreover, because of the slope of the dissociative
ab initio quantum chemical calculations were performed oncurve, the optical excitation would place the resulting hydro-
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gen atom in a region of much higher kinetic energy, as can -1 y - - -
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: "(’: oL

(Si,O—H)* —

« Sy e

(Si,O—H)"+e +h* —(SLO—H)*+h* (1)
\.B

Si,O+HY +h*~,

where « is the rate for electron capture resulting in the for-
mation of a neutral overcoordinated O si(8iO,—H)*, 4 s s ' s
which is unstableg is the rate for dissociative decay result- 1015 2.5 3.5
ing in the release of a neutra®Hand y is the rate for radia- 1000/T (K™
tive decay resulting in the initial positively charged state.

; ; FIG. 3. Arrhenius plot of the normalized initial rate of proton decay in,SiO
Little can be said about any temperature dependence of dyring UV exposure. The values were obtained by taking the initial slope of

since this is a spontapequs decay dependlng Only upon rapy [H*] decay curves like the ones shown in Fig. 1 at various temperatures.
electron-hole recombinatiom, and 8, however, are expected The line is a linear least squares fit to the data.

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 ffHe ] decay rate. As a first t_rtor:_lc deexcna:l(;n Cﬁ? OCCU(;' Iln or(ljerlt(:_prowdfet[]nore qgtag-
approximation, a single thermal activation energy procesgI ative support for this model, calculations of the excite
e and transition probability are underway.

be defined b i imple Arrhenius dependence™@t
¢an be tefined by assuming & simple Arfenius depenaenc The part of this work performed at Sandia National
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