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A helical resonator plasma source was used to perform constant cug@mldsma anodization of
silicon and N plasma nitridation of silicon oxides. The nitrogen bonding structure and distribution
in the oxides were studied using angle resolved x-ray photoelectron spectroscopy. Nitrogen
corresponding to a N—gibonding structure was detected at the silicon side of the interface, the
Si—SiO, interfacial region, and the bulk oxide in a 4.5 nm® plasma grown oxide. The
distribution profile of nitrogen in the oxide, determined from a normalizedsi$i12p(ox) ratio,
showed a continuous decrease from the silicon side of the interface towards the bulk oxide. Also,
strong nitrogen peaks corresponding to either a N-e8a N—-Sj bonding structure were detected
throughout a 9.1 nm Oplasma grown oxide after postanodization constant currenpllsma
nitridation. © 1996 American Institute of Physid$S0003-695(96)01834-7

As device dimensions shrink below 0.38m, the elec- concentrations of nitrogen into the oxide. To our knowledge,
tric fields across thin gate dielectrics continue to increasethis is the first demonstration of single crystal silicon anod-
and reliability problems become severe. As a result, the suization in N,O and silicon oxide nitridation in Nat low
perior electrical properties exhibited by oxides with nitrogentemperature. Also, the current driven processes permit con-
incorporation, such as higher dielectric breakdown vaftfes, trol of nitrogen incorporation at temperatures below 400 °C.
reduced interface state generatiormproved |-V and The silicon wafers werél00) p-type with a resistivity of
C-V characteristic;and increased resistance to boron dif- 15-30Q cm. They were cleaned using a standard RCA
fusion from doped-polysilicon gat%ﬁave led to an interest clean and given &%) HF dip followed by a DI water rinse
in the development of nitrided oxides as alternatives tognd N, dry before introduction into the helical resonator re-
SiO, for gate dielectrics. actor. NO plasma anodization of silicon was performed at

Furnacé,*®’ RTP (rapid thermal processing™>®" 350 °c, 30 mtorr, 300 W rf forward power and a constant
and downstream plasnfé§2 have been used for nitrogen cyrrent of 3.8 mA/cri. Electron density and electron tem-
Incorporation in- gate ox_|de56usmg either,®l (Nitrous  peratyre values measured using a Langmuir probe at these
oxug?)l, 9= NO (nitric o>§|de)4" or mixtures of N and  qngitions were=1—2 x 101%m?® and 3—4 eV, respectively.
0,.”"In general, RTP %X|des display nitrogen accumulationrye o ptrate holder was covered with quartz except for a 50
at the Si—SiQ interface; thermal oxides display either ni- mm diam circular area, where oxidation occurtéchngle
trogen peaked at the interf&ceor a roughly uniform nitro- resolved x-ray photoeI’ectron SPECtroSCORXPS) was
gen distribution throughout the oxideand plasma-grown performed using a Scienta ESCA-300 spectrometer. The Sci-

O?"des have gltrog_en_ at the_ Si §|(mterfa_cé or at th_e enta ESCA-300 combines a rotating Al anode with a mono-
SiO, surface? Variation exists in the nitrogen-bonding . . .
chromator to provide an intense source of monochromatic

structure reported even within the same kind of process, . )
ranging from N4Siy)3 to Si—O—NS The bonding structure, photons at 1486.6 eV and has a fixed 300-mm mean radius

distribution, and quantity of nitrogen incorporated are clearlyhemISpherlcaI analyzer with multichannel detection at the

dependent on the growth process and conditions used. C0|"ﬁ3(i_t plan_e. Thes_e factors (_:ontribute to give high signal to
paratively less information is available on the individual ef- noise ratio and high resolution. Also, the product of the x-ray

fects of bonding structure, distribution and quantity of nitro- flUX and the analyzed area remains approximately constant as
gen on electrical properties, but a strong dependence 1€ sample is inclined, so the decrease in photoelectron
likely. For example, a higher quantity of nitrogen at the gj_counts with sample tilt is reduced significantly. This allows
Si0, interface increases boron diffusion resistanaed re- accurate nitrogen-bonding identification and nitrogen-
duces interface state generatibtiie N—O bond may play a distribution determination throughout the oxide by ARXPS.
large role in determining immunity to interface state Take-off angles of 90°, 45° 30° and 15° were used in order
generatiort® To realize fully the potential of nitrided oxides, 0 obtain penetration deptitgertical depths sampleaf ap-
an understanding, as well as optimization and control of th@roximately d, 0.7d, 0.5d, and 0.26d where 3\, where
bonding structures that occur in nitrided oxides is needed. is the attenuation length of the emerging electron. For ex-
Plasma oxidation offers a possible alternative to highample, for a value ok ~3 nm for silicon in SiQ,"’ penetra-
temperature oxidatiof® In our work, we use a helical reso- tion depths of 9, 7, 5, and 2.6 nm can be obtained. All bind-
nator plasma souré&'®for constant current pO plasma an- ing energies were calibrated to the adventitious carbon peak
odization of silicon and M plasma nitridation of silicon ox- at 284.8-0.2. Atomic percentage values were derived from
ides. Preliminary results indicate that the current drivenatomic concentrations, which were in turn calculated from
process has the potential of incorporating relatively highthe XPS peak intensities and atomic sensitivity factors. Ox-
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FIG. 1. ARXPS N ¥ spectra at various take-off angles of a 4.5 nm oxide

grown by N,O plasma anodization of silicon. The peaks at 3802 eV
are due to nitrogen from a N—Sbonding structure.
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FIG. 3. ARXPS N 5 spectra at various take-off angles of a 9.1 nm O
plasma grown Si® sample with subsequent,Nolasma constant current
nitridation. The peaks at 398.13%.2 eV are due to nitrogen either from a
N-Si; bonding structure or, from a N—Sbonding structure.

ide thicknesses were measured via ellipsometry using a re-

fractive index of 1.465.

Si 2p(Si) signals are normalized to that of the S Bignal

Figure 1 shows Nd spectra of a 4.5 nm oxide grown in from the oxide. This procedure cancels the small difference

a N,O plasma for 1 min. Distinct N4 peaks at a binding

in photoelectron counts caused by inclination of the sample.

energy of 397.50.2 eV are evident at take-off angles of Also, all areas have been normalized to those at 90° for each

90°, 45°, and 30°. At a 15° take-off angle, the Blfdeak at

XPS peak for easy comparisbhFigure 2 shows that with

397.5 eV is very weak. These peak locations are close to théecreasing take-off angle, the ratio €3i2p(ox) drops

binding energy value reported for the Si—N bond igNG;
binding energy values for Nslin silicon nitrides vary from

only slightly, while the ratio Si B(Si)/Si 2p(ox) decreases
substantially, as expected. The B/%i 2p(ox) ratio also de-

397.5 eV to 397.99 e¥!%!819 Thyus, nitrogen from a creases with decreasing take-off angle; the ratio is highest at
N-Si; bonding structure can be detected at take-off angleshe largest penetration depth where the silicon side of the
corresponding to penetration depths ranging from the silicointerface along with the oxide is sampled. This trend indi-

side of the interface to the Si—SjOnterface, and is faintly cates that the nitrogen content decreases from the silicon side

visible in the bulk of the oxide. Intensities of the I8 peaks

of the interface to the SiQsurface. Nitrogen atomic percent-

decrease with take-off angle; this decrease is due to both a&ge values decreased from0.7% at 90° to~0.2% at 15°.

small decrease in photoelectron counts and a change in ni-

trogen concentration.

In order to investigate if the §\, formation is due to
operation in the constant current mode which would drive

Figure 2 shows oxygen, nitrogen, and silicon distributionnegative nitrogen species towards the positively biased sili-

profiles derived from ARXPS spectra of the 4.5 nmON
oxide. The areas under the peaks of &y 1O 1s, and
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FIG. 2. Normalized distribution ratios of GfSi2p(ox), ‘-*-,

Si 2p(Si)/Si 2p(ox), -+-', and N 1s/Si 2p(ox), -0-', as a function of the

sine of the take-off angles in a 4.5 nm oxide grown byON\plasma anod-

ization of silicon.
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con, an oxide was grown in a pure, @lasma for 3 min to a
thickness of 8.6 nm. A Nplasma was then used to establish
a constant current of 0.75 mA/émat 50 W rf power and
350 °C for 5 min. The final oxide thickness was 9.1 nm.
Figure 3 shows the ARXPS spectra of the oxygen grown,
nitrogen current driven oxide. One strong Bl peak at
398.15t 0.2 eV is detected at all take-off angles; the nitrogen
atomic percentage values obtained were higi§%—8%.
This binding energy value is close to that observed for the
Si—N bond in SjN,;#1%1%hyt is 0.65-0.4 eV higher the

N 1s binding energy in Fig. 1. This difference may result
from a N—Sj bonding structure, with the remaining bond to
nitrogen being hydrogen or a dangling bond, as suggested
from the estimated binding energy shift ©0.5 eV per N-Si
bond in Si nitrides. Thus, the observed Nslpeak at 398.15
+0.2 corresponds to either a N5Sir a N—Sj bonding
structure. At this point, conclusive assignment of this peak to
one of the two bonding structures is not possible.

N,O plasma anodization of silicon results in the rapid
formation of a SjN, bonding structure at the Si—Sjnter-
facial region. It is likely that some of the nitrogen is replaced
by oxygen as the oxide grows. Apparently, thgN§i struc-
ture can be stabilized in the vicinity of the interface during
anodization. Such conclusions explain the observed N 1s/
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Si 2p(ox) ratio increase with penetration depth. At the sametrogen in thin oxides as N—giwhich exists primarily at the
time, nitrogen is not completely replaced by oxygen in thesilicon side of the Si—Si@interface using DO anodization,
bulk of the oxide; at a 15° take-off angle, the N fieak is and as either N—Sior N-Si, which is present throughout
weak but detectable~(0.2 at.%). The relatively low tem- the oxide using post N nitridation. ARXPS analysis of
perature used in this work as compared to RTP and furnacexynitrides grown for longer times are under investigation;
grown oxides is likely responsible for the presence of nitro-preliminary results indicate the formation of Si-oxynitrides
gen in the bulk oxide. It is interesting to note that nitridation (Si—O-N in the bulk oxide.
occurs on the silicon side of the interface, probably as a  This letter is based upon work supported by NSF under
result of using constant current. Previously, this phenomenofsrant No. CTS-9214138 and by Los Alamos National Labs
has been observed only during NO furnace oxidation at higlunder Subcontract No. 9-X52-X9139-1. We acknowledge
temperature and is believed to be the reason for the improvedr. Jay Mucha and Dr. Dale Ibbotson of AT&T, Murray
electrical properties of NO grown oxidé&8.Thermal oxida-  Hill, NJ for donation of the helical resonator plasma source
tion in our reactor in MO under the same conditions for 5 and for assistance with plasma tuning. We appreciate the
min yields an oxide thickness of 1.1 nm, confirming that theallocation of time and services in the Scienta-ESCA 300
oxide grown by NO plasma anodization results from plasmaLaboratory of Lehigh University and the technical assistance
anodization. and advice of Dr. Alfred Miller. We also acknowledge Mark

We believe that the §N, formation is a result of nitri- George, Geoffrey Bakker, and Kristi Albrecht for assistance
dation under constant current conditions. Nitrogen moietiesvith preliminary XPS analyses on the Kratos XSAM-800.
adsorbed on the substrate surface can form negative nitrogen
species upon collision with electrons from the discharge,, ,
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