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Following the observation of the large isotopic effect ingassivated gate dielectritd Lyding, K.

Hess, and I. C. Kizilyalli, Appl. Phys. Let68, 2526(1996], we studied the behavior of deuterium

in ultrathin SiQ films by nuclear reaction analysis techniques. Accurate concentrations of
deuterium in the films, deuterium depth distributions, and deuterium removal from the film upon
thermal annealing in vacuum have been examined. kgpeBsivated films, we found rather high
concentrations of deuterium near the SIS interface, well above both the solubility of deuterium

in silica and the maximum concentration of electrically active defects at the interface. Our results
suggest a complex multistep mechanism of thermally activated deuterium removal from the film,
which probably consists of D detrapping, diffusion, and desorption steps1998 American
Institute of Physicg.S0003-695(98)03004-§

Recent time-dependent degradation studigfisdeuter- accurate concentrations of deuterium in the filrfi; ther-
ated gatg(5.5 nm) oxides have inspired a new wave of in- mal behavior of deuterium in the oxides upon vacuum an-
terest to the problef’ of hydrogen(and its isotope deute- nealing; (iii) activation energies associated with deuterium
rium) in the SiGQ/Si system. In particular, it was shown that removal from the film; andiv) deuterium depth distribu-
the buildup of interface traps upon irradiation is significantlytions. In addition to the above mentioned giant isotopic
retarded in deuterium-passivated samples, and that transisteffect! one more practical aspect of this study follows from
lifetime improvementgdue to reduced hot-electron degrada-the fact that oxidation/annealing in,{D,) is not the final
tion effects by factors of 10-50 can be achieve@ubse-  (high-temperatuneprocessing step and it is important, there-
quently, these results were reproduced by Dewinal. who  fore, to understand the response dDhiin the film to sub-
showed that the lifetime for a 10% reduction in the transconsequent thermal treatments.
ductance is enhanced by10 times for devices annealed in Ultrathin (5.5 nm gate oxides were grown on 6 in. Si
D, as compared to 5 Several models have been suggested100) wafers in a vertical furnace in dry £at 850 °C. The
to account for this giant isotopic effect, although the behav-oxidation step was followed by annealing i, Qiluted to
ior of deuterium in ultrathin oxides and its role in improving 10% in an N buffer gas, total pressure 1 atmt 450 °C for
the properties of metal-oxide—semiconduct®OS) de- 45 min. The wafers were then cut into pieces, transfefired
vices are still not well understodd. air) to another furnace, and annealed in vacuum (2

Due to its chemical similarity to hydrogen and very low x 107 mbar) in the temperature range of 350—600 °C.
background level in processing environments, it is very conCharacteristic time of temperature ramp-{gool-down to
venient to use deuterium as a “marker” to elucidate basic(from) 400—600 °C was on the order of 5 min. The concen-
chemical and physical properties of hydrogen in Sins.  tration of deuterium was measurddith an accuracy of
Previous secondary ion mass spectrosedpy*'and nuclear  —5) by the DEHe,p)*He reaction at 700 keV, calibrated
reaction analysi$NRA) experiment$'?~*made use of this against a deuterated silicon nitride reference sample contain-
fact to investigate various aspects of hydrogen in relativelyng 1 55¢ 1017 D/cn?, as described in detail elsewhéfe?
thick (>100 nm) oxide films. Ultrathirisub-10 nmfilms of  The sensitivity of this method is on the order offd®/cn?.
interest for near-future generation of MOS devices are mucksince hydrogetideuterium solubility in crystalline silicon is
less studied. In this letter, we use a highly sensitive andsery jow? we consider all measured deuterium to be located
selective nuclear reaction analysis technigidé*'*to study iy the oxide film. This was directly confirmed by depth-
deuterium in ultrathin(5.5 nm SiG, films, specifically:(i)  profiling via HF-etch back. An oxide etching rate of about
0.2 nm/s was determined from the decay of the total amount
3Electronic mail: gusev@physics.rutgers.edu of oxygen in the film, measured by th#(D,p)’O reaction
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FIG. 1. Total amount of deuterium left in the Sidilms after vacuum 1000/T (K™)

anneal at different temperatures. Solid lines are a guide only.

FIG. 2. Time constant 4;) of the fast (<15 min) stage of deuterium

at 730 keV. with a 13um mylar foil in front of the detector removal from the films as a function of inverse temperature.

to stop deuterons, alpha particles, and low energy protons.
The depth resolution of the HF etch depth profiling is esti-the lower activation energy governs D removal at higher
mated to be about 1 nm. temperatures.

Deuterium-annealed samples exhibit a surprisingly high The depth distributions of deuterium in the initial deu-
concentration in the film, & 10" D/cn? (see Fig. 1 att terated oxiddt=0 in Fig. 1) and at an intermediate step of
=0), about three orders of magnitude higher than thevacuum anneal50 °C for 30 min are shown in Fig. 3. The
“physical” solubility of molecular hydroger{deuterium in initial deuterated film has 8 10 D/cn? located closer to
bulk silica in this temperature rangé*® 3—4x 10" at/cn?  the SiGQ/Si interface. This result is complementary to recent
(which corresponds te-2x 10 at/cn? for a 5.5 nm filn).  observations by Devinet al® who showed by charge pump-
The observed amount of D is also much higher than théng techniques that the improved properties of deuterated
“intrinsic” level of dangling bonds at the nonpassivated oxides can be attributed to interface state passivation by deu-
SiO,/Si interface,~1x 10" cm™2, as measured by electron terium. After vacuum anneal, the distribution is quite differ-
paramagnetic resonan¢EPR) for the Si(111) substraté®  ent: (i) the total amount of the isotope decreases by more
One should, however, mention that other ion-beam studiethan one order of magnitude, a result of D removal from the
have shown that the concentration of hydrogen/deuterium gtim; and (ii) the distribution exhibits two peaks—one near
the interface of thickef95 nm silicon oxide films can be as the interface and a new one near the surface of the oxide. For
high as 168° at/cn?, also well above the solubility limit® this set of particular annealing conditio#50 °C, 30 min,

Figure 1 shows the decay of the deuterium content in théhe deuterium is almost equally distributed in the two re-
film during vacuum anneal. One can see that the amount dgions: 2.6< 10" D/cn?® near the outer oxide surface and 2
D drops below the sensitivity limit (28 D/cn?) after an- X 10'% D/cn? near the interface. Deuterium fixation near the
nealing at 600 °C for 30 min, consistent with previous stud-surface implies the existence of either specific bounded con-
ies on deuterium removal from thicker filhand thermal figurations of D near/at the surfadsuch as, for example
desorption experiments on deuterium absorbed on clean sili-
con surface$’ At lower temperaturesT<400 °C), the de-
cay is much slower. In the intermediate temperature range, *Ta
the decay law becomes more complicated. A fast decay
mode is observed at short annealing timesl6 min), which
is followed by a regime of slower decay. There is a break in
the decay curvegplotted in a semilogarithmic coordinajes
att~15 min, suggesting a complérultistep and possibly
multipath) behavior of D removal upon vacuum anneal. Each
step is characterized by its decay law with a characteristic 0
time constantg 7(T) = 7, expE,/T)], such that the overall 3
decay mechanism could be described @g(t)=C,(0) , ®)
X exg —t/m(T)]+Cx(0)exd —t/m(T)]+...

The time constant«;) for the fast decay modé&eter-
mined from the least-squares fit of the slope of the straight
lines in Fig. 1 att<15 min) is shown as a function of the
inverse temperature in Fig. 2. This Arrhenius plot allows one
to obtain apparent activation energids, ], associated with
deuterium removal from the film upon annealing. They are o 1 2 3 4 5 &
~0.35eV forT>450 °C, and~1.2 eV for lower tempera- Depth, nm
tres. Again, these results imply a multistep removal mech FIG. 3. Deuterium depth profilegs a function of the distance from the

nism: At lower te.mperatu.re_s', the process with the highe'buter oxide surfadefor (a) the initial deuterated film before vacuum anneal
activation energy is rate limiting, whereas the process withand (b) after intermediate vacuum anneal at 450 °C for 30 min.

cm®

20

6x10"* Dicm®

201 (total)

D concentration, 10
=

2 ~ 2x10"° Drem®
(interface)

2.6x10"° Diem®
14 {surface)

D concentration, 10°° cm™

Appl. Phys. Lett., Vol. 72, No. 4, 26 January 1998 Baumvol et al. 451



Si—OD and Si—D groups, some of them could be caused bgtable and the deuterium is more favorably removed from
H/D exchange at the surfacer/and an energy barrier for D other configurations in the near-interface oxide. As the tem-
to desorb into the vacuum. The thermally activated nature operatures increase, the rate of depassivation of the dangling
deuterium desorption was indeed observed in thermal deyonds also becomes high, and as a result, fast decay of deu-
sorption experiments of deuterium on clean Si surf@sd  terium to below the detection limit is observédg. 1).

in D,O grown films?* One should note that, after this inter-

mediate vacuum annealing, the amount of deuterium near the The authors would like to thank E. Poindexter, E. Gar-
interface (2<10™ D/cn?) approaches the intrinsic level of funkel, J. J. Ganem, C. Radtke, and L. Feldman for discus-
the interface traps (% 10" D/cn?)™® which may indicate sjons. E.G. acknowledges partial support from NEES-

that this relatively strongly bonded deuterium is responsibly530984 and SRC/Lucent97-BJ-45).
for the passivation of the interface defects.
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cay atT>450 °C (Fig. 2) agrees with the activation energy
of molecular deuteriunthydrogen diffusion in silica of Ey4
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