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A method is proposed to prepare ultrathin silicon oxynitride films for gate dielectrics used in deep
submicron metal—oxide—semiconductor field effect transistor device structures, namely plasma
immersion N implantation into SiOfilms. Plasma immersion implantation pulse voltages in the
range 200—1000 V, and fluences from*&@ 10'"N cm 2 were implanted into thermally grown
SiO, films, with thicknesses between 3 and 6 nm. The areal densities of N and O in the resulting
oxynitride films were determined by nuclear reaction analysis, before and after annealing in
high-vacuum. N, O, and Si profiles in the films were determined with subnanometric depth
resolution by medium energy ion scattering. The results indicate that plasma immersion ion
implantation allows for shallow and controlled deposition of significant amounts of nitr@gpeto

3.8 nm of equivalent §N, thickness. Implantation is accompanied by moderate damage at the
oxynitride/Si interface which can be recovered by thermal annealing19@9 American Institute

of Physics[S0003-695(199)01706-4

Increasing attention has been devoted to ultrathin silicon  Figure 1 shows the areal densities of O, N, antdNDas
oxynitride films for use as gate dielectrics in subquarter-a function of the preoxide thickness, for the three different
micron metal—oxide—semiconductor field efféstOSFET) PIIl pulse voltage€200, 500 and 1000 ) and the two dif-
devices, from the viewpoint of performance and reliability. ferent implantation doses: WNcm™ [Fig. 1(@] and
lon implantation of nitrogen at low energiésetween 10 and  10''Ncm ™2 [Fig. 1(b)]. The (O+N) areal densities allow
1000 eV} is now being considered as an attractive, low tem-one to estimate the thicknesses of the resulting oxynitride
perature, and controllable route to form these materials, a#ims, derived from the bulk densities of SjiOand
compared to typical high thermal budget growths ONor ~ SizN,: 10O atomscm?=0.226nm  of SiQ, and
NO3-7 Further, ion implantation can result in oxynitrides 10™°N atoms cm?=0.188 nm of SjN,.
with higher N concentration than the aforementioned thermal O, N, and Si depth profiles for different implantation
processes. doses and energies into 3 nm thick preoxides are shown in

We report here on studies of plasma immersion ion im-Figs. 2 and 3. The increase of the Si signal at depths beyond
plantation(PIIl) of N®° into bare Si, or ultrathin Si9films  the oxynitride/Si interfaces reveals amorphization of the
(preoxide$_ The pulse Vo|tage in the p|asma immersion ap_SI(lOO) substrate region close to the interface due to N im-
paratus was varied between 200 and 1000 V. According t®lantation. At greater depths, the Si signal decreases due to
the projected ranges and straggling obtained from Montdhe channeling of the proton beam in the single crystalline
Carlo simulations using theriM prograni® given in Table |,  lattice, as expected. Rapid thermal annealing of the im-
in this energy range a substantial amount of the implanted Nplanted oxides in high vacuum results in epitaxial recrystal-
atoms should remain within the oxide films. The implanta-ization of the amorphized region close to the oxynitride/Si
tion fluences were between ¥and 13’Ncm-2 The areal  Nterface, with only minor changes in the areal densities and

densities of N and O in the films were determined by nucleafepth distributions of O and N in the films. This is illustrated
reaction analysis (NRA) using, respectively, the by the profiles in Fig. 4, corresponding & 6 nmthick pre-

N(d, ag) C reaction at 1.45 MeV, and th€0(d,p)*’O TABLE | Caleulated broieced . i of N fons imolanted
- : tJE . Calculated projected ranges and straggling of N ions implante
reaction at 810 keV, and convenient standaidghe depth into ultrathin SiQ films. Calculated sputtering rates of Si and O from these

profiles of N, O, and Si were determined with a depth res0fjms due to N implantation are also shown.
lution of approximately 0.5 nm by medium energy ion scat

tering (MEIS), using a 97.2 keV proton beam and a double- _ ~ Si sputtering rateO sputtering rate
channeling geometry of the (@00 substrated? Annealing Pulse N projected N straggling (atoms/incident (atoms/incident
. . oltage(V) range(nm) (nm) ion) ion)
of the implanted samples was performed by rapid thermal
processingRTP) at 925°C, for 10 s, in high vacuum. 200 16 0.8 0.01 0.03
500 2.8 1.4 0.03 0.08
1000 4.4 2.2 0.05 0.12
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FIG. 2. O, N, and Si profiles as determined by medium energy ion scattering
for 3 nm thick preoxides implanted with TN cm~2 at three different pulse
a8 voltages: 200 Mtriangles, 500 V (circles, and 1000 V(squares The N

Areal densities (10" atcm™)

f 24 depth profileqright y axis) as calculated by Monte Carlo simulations using
o the program Transport of lons in Mattémriv) (Ref. 10 are also given for
fg the three different pulse voltages: 200dbtted ling, 500 V (dashed-dotted

line), and 1000 V(dashed ling
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Pre-oxide Thickness (nm) the preoxide films. So, observatiofi$ and (ii) result from

FIG. 1. Areal densities of O, N, and (EN) as a function of the preoxide the competition among preoxide thickness, N implantation,
thickness, for three different plasma immersion implantation pulse voltagesand sputtering.

1000 V (squarek 500 V (circles, and 200 V(triangles. () 10°°N cm Other observations cannot be explained by the estimated
and(b) 10N cm™2. The crosses and dashed lines represent the O content

of the preoxide films. _effects of s_qutering, _e.g_(,iii) the r_etained amounts_ of N

increase with increasing implantation energy. Judging only

from the energy dependence of the sputtering r@able ),

oxide, implanted with 18N cm™2, and submitted to rapid one would expect the opposite. The explanation may come

thermal annealing in uItrahigh vacuum at 925°C, for 10 s. from another fact emerging from F|g 1, namé]y) the re-
Summarizing the results shown in Fig. 1, one notices

that: (i) the amounts of O found in the oxynitride films after

: o r : ) 0 1 2 3 4 5 6
N implantation increase faster with increasing preoxide Y N G a2
thickness for 18 than for 16’Ncm 2 implants, and are PRI, Oxygen | 10" Nem™
. . . . .. o8 3 nm pre-oxide
independent of the implantation energies; @ndthe sum of 34 &tz%\ —a—1000V
the areal densities of O and (dssentially the oxynitride film —~ 9] o) —o0— 500V
thicknessesincrease with increasing preoxide thickness for e 4 o8 gooa, —a—200V
all 10N cm~2 implants and for the 0N cm™2 implants at o \«Af,‘;tg\-o\o.z\.q
200 V, whereas it remains practically constant for & Nitrogen
10N cm~2 implants at 500 and 1000 V. These two facts © 4
can be understood on the basis of the reasonably well known -3
dependence of sputtering rate on the kinetic energy of inci- 5 21
dent N ions, as well as on the composition of the near- BN
surface layers of the implanted material. Table | indicates a § —

. . . o Silicon
preferential sputtering of O, and overall sputtering rates be- g 41
tween 0.04 and 0.17 atoms per incident 1dnFor O 3-
10'*Ncm 2 implants this results in between 0.3 and 1.2 2.
X 10" sputtered O atomscm, which represents a small 1
fraction of the oxygen areal densities of the preoxites., o Desa
approximately 1.410*0Ocm 2 in a 3 nm oxide film). 01 2 3 456 7 8 9 10
Therefore, the preoxide thicknesses are not significantly al- Depth (nm)

. . 7 _2 .

tered by |mplantat|on. However, for fNem |m_plants, FIG. 3. O, N, and Si depth profiles for 3 nm thick preoxides implanted with
the» tOtalrnum‘b_er of SP‘Uttered ato_ms should stay in the ra_ngﬁ)ul\l cm 2 at three different pulse volteges: 1000 (¥quarey 500 V
(0.3-1.2) 100 ecm?, comparable to the areal densities in (circles, and 200 V(triangles.
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FIG. 4. O, N, and Si profiles foa 6 nmthick preoxide, implanted with
10" N cm 2, before(squaresand after(circles rapid thermal annealing in
ultrahigh vacuum at 925 °C, for 10 s. The vacancy profilgght y axis
obtained from Monte Carlo simulations using theem program(Ref. 10
are represented for three different implantation pulse voltages: 2@by
ted ling, 500 V (dashed-dotted lineand 1000 V(dashed ling

tained amounts of N decrease with increasing preoxide thick-

ness, for all the implantation energies and doses. Table
shows that as the thickness of the preoxide incre@methe
implantation energy decreasea larger fraction of the im-
planted N remains within the oxide film. However, the pre-
cursors for N incorporation into the silica network are not N
or N,.24717 On the other hand, N reacts with Si, forming
stable (stoichiometric or nonstoichiometjic silicon
nitrides! So, within the interval of implantation energies

used in the present work, the retained amount of N should,

Baumvol et al.

strate, as well as at the oxynitrite/Si interface. Indeed, in the
case ®a 6 nmpreoxide, even the highest ener000 V)
implants create most of the damage within the amorphous
oxynitride film. By adjusting the preoxide thickness, implan-
tation energy and dose, and thermal annealing conditions,
one can obtain a tailored oxynitride film, with minimum
level of damage at the interface and in the Si substrate.

In summary, we have implanted N ions in the PIII pulse
voltage range from 200 to 1000 V into ultrathin
SiO,/Si(100 films. The composition of the obtained silicon
oxynitride films is determined by a competition between
sputtering rates, preoxide thicknesses, ion ranges, and the
chemistry of N incorporation into silica and bare silicon. The
amorphization of the Si substrate due to N implantation can
be reversed by rapid thermal annealing in vacuum without
major redistribution of the chemical species in the oxynitride
films. The N depth profiles can be reasonably well simulated
by calculations based on Monte Carlo methods.

The authors thank Pedro Grande from Instituto ckida,
Porto Alegre, for help with Monte Carlo simulations, and to
M. Alam and G. Timp from Bell Laboratories/Lucent Tech-
nologies, and E. P. Gusev, E. L. Garfunkel, and H. C. Lu
from Rutgers University for help with sample preparation
and analyses.
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