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A low thermal budget approach to monolayer-level controlled incorporation of nitrogen in ultrathin
gate dielectrics using 300°C, remote plasma processing is discussed. Incorporation of
approximately 1 ML of nitrogen at the Si—Sj@hterface in an ‘N-O" structurehas been achieved

by remote plasma-assisted oxidation of the Si surface followed,iBf&lremote plasma nitridation,

each at a process pressure of 0.3 Torr. The interface nitridation reduces direct and Fowler—
Nordheim tunneling by at least one order of magnitude, independent of film thickness. Incorporation
of nitrogen at the top surface of the oxide in a concentration equivalent to about 1-2 molecular
layers of silicon nitride in an O—N" structurehas been accomplished by, e remote plasma
nitridation at 300 °C, but at a reduced process pressure of 0.1 Torr. Top surface nitridation has been
shown to prevent boron diffusion out qf* poly-Si gate electrodes during high-temperature
activation anneals, e.g., at 1000 °C. Combining interfacial and top surface nitridation processes
resulted in a ‘N-O—-N" structurethat was effective in reducing tunneling leakage currents and
suppressing boron out-diffusion from* poly-Si gate electrodes. @999 American Vacuum
Society[S0734-211X99)20506-9

[. INTRODUCTION (PMOS devices with “heavily” boron-implanted
(~5%x10%-1x10'® cm™?) poly-Si gate electrodes, this
As devices are aggressively scaled to smaller feature sizegight” nitridation is not sufficient to prevent boron diffu-
to increase integration densities, the thickness of gate diele&ion through the oxide to the nitrided interface. Consistent
trics must be decreased to meet the required goals for ultrayith these observations, and in accord with a model devel-
large scale integrated-circuULSI) device performance. oped by Faitt®!!a nitrogen concentration of less than about
Once the thickness of the gate oxide dielectric is reducedq at. % has a negligible effect on inhibiting boron diffusion.
below about 3 nm into the regime of direct tunneling, gate  Although “heavy” interfacial nitridation effectively sup-
leakage current becomes an important consideration in deyresses boron diffusion into the channel region of the sub-
vice performance and reliability. It is in this regime of direct strate, device performance and reliability suffer severe deg-
tunneling that the gate leakage becomes comparable to thadation if boron atoms pile up at the Si—Sidterface? In
source-to-drain  junction leakage of metal—oxide—addition, when boron transport is stopped at a “heavily”
semiconductor field-effect transistdviOSFET) devices. nitrided Si—SiQ interface, boron atoms also accumulate in
Monolayer-level nitrogen incorporation at the Si—-$i@  the bulk oxide film after the high-temperature activation/
terface in MOSFETs has been demonstratedi)tdmprove  drive-in annealing and degrade device reliabitityThere-
performance; e.g., current drive? (i) increase immunity to  fore, it would be better to suppress boron atom transport at
hot-carrier stress degradatiofiii) suppress stress-induced the top surface of the oxide for PMOS devices wijih
leakage currentéSILC);’ (iv) reduce electron trapsand (v) poly-Si gate electrodes. The results discussed above suggest
improve charge to breakdown and time to breakd8wn.that a “N—O—N” structure with a “lightly” nitrided
Therefore, controlled incorporation of nitrogen into ultrathin Si—SiG, interface (-1 at. %9 and a more “heavily” nitrided
gate dielectrics emerges as an important factor in future gentep surface of the gate oxide>(10 at. %, is an ideal gate
erations of advanced MOSFET devices. Momasteal®  dielectric structure for the many advanced devices, which
quantified both device performance and reliability as a funcinclude oxides<3 nm thick.
tion of the interfacial nitrogen concentration. According to In this article, we demonstrate independently controlled
their study, the optimum nitrogen concentration at the Si-monolayer-level incorporation of nitrogéin at the Si—SiQ
dielectric interface is in a range from about 0.2 to 1.0 at. %interface and(ii) on the top surface of the oxide in a
However, for p-channel metal-oxide—semiconductor “N—O—N" structure by low-temperaturg300 °Q remote
plasma-assisted processing. We then show that the nitrogen
¥Electronic mail: gerry_lucovsky@ncsu.edu concentrations and profiles achieved by this combination of
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I : Device structures were completed by depositin i0
ﬁ")(gftgfcﬂgd"ﬂgﬂﬁ:@?ﬁl)mg films at 300 °C onto the nitridecfl) interfage Ia)r/)er. Prge\ii)us
studies indicated that the 0.6 nm interface layer was suffi-
cient to prevent “subcutaneous” oxidation of the Sitter-
face during the plasma deposition stéghereby providing
separate and independent control of interface formation and
| (ii) Remote Plasma | bulk film deposition. The bulk Si© deposition was per-
| Processing | formed by a remote plasma-enhanced chemical-vapor depo-
sition (RPECVD) process using 2% SiHin He and Q/He
as the respective atomic source gases for Si and O. The
O,/He mixture was injected upstream and rf plasma excited
as in the oxidation step; however, the gias was injected
downstream through a gas dispersal ring located outside of
the plasma excitation regidfi.The gas flow ratios for
He, and 2% Sikl in He were 20, 200, and 10 sccm, respec-
tively. Postoxide film deposition annealing was performed in
the on-line RTA chamber at 900 °C for 30 s at a pressure of
0.3 Torr in a He ambient. This postoxide deposition anneal
has been demonstrated to reduce chemical and structural
strain at the Si—SiQinterface and in the bulk oxide filrftr:16
Fi. 1. Top view of UHV multichamber system witti) load lock, (i) Controlled incorporation of nitrogen at the top surface of
;?:gﬁdz)\l?sbﬂfafteﬁrgﬁg;st;;(?s;.) rapid thermal annealingdiv) surface analy- an oxide film, deposited_ py RPECVD, was achie_ve_d py a
second N/He plasma nitridation process. The nitridation
was done using remotely activated upstream injection of a

processing steps are sufficient to reduce tunnel leakage cui2/He mixture through the plasma tube. The process tem-
rents and prevent boron diffusion out pf poly-Si gate perature was 300 °C and the rf input power at 13.56 MHz

electrodes. This makes low-temperature remote plasma pré@s 30 W. The process pressure was reduced to 0.1 Torr,
cessing an attractive alternative for fabricating advanced/hich allowed the plasma to penetrate the processing cham-

complementary metal—oxide—semiconduct@MOS) de- ber, converting the remote reactor into an afterglow reactor.
vices. The gas flows were 60 sccm,Nand 160 sccm He. The

concentration of nitrogen on the top surface of the oxide was
controlled by the time of the plasma exposure. The differ-
[I. EXPERIMENTAL PROCEDURES ences between the interface and top surface plasma nitrida-

The processing steps for fabricating\“O—N" struc- tion processes are in the respective process pressures, which
tures were performed in a multichamber system, which iscontr_ol.tr_]e bal_ance between neutral and charg.ed mtrogen
shown in Fig. 1. This system contair# a load-lock cham- spemes'njectedlnto. the process chamber. The active species
ber; (i) a remote plasma processing chamber for oxidationfor_the mter_face nitridation are mtrpgen _atoms, Whereas 'Fhe
nitridation, and bulk film deposition(iii) a rapid thermal active species for the top surface _nltrldatlon process in which
annealing(RTA) chamber;(iv) a buffer chamber to isolate the plasma afterglow penetrates into the deposition chamber
the surface analysis chamber from the remote plasma prét® nitrogen ions. o _
cessing chamber; an@) a surface analysis chamber with ~ For the materials characterization studies, the substrates
Auger electron spectroscofAES). The process for incor- Used in these were 50-mm-diam phosphorus-dopéghbe
poration of nitrogen at the Si—SjOnterface combines two Si(100 with a resistivity of 0.02-0.048) cm. The nominal
300°C stepsii) plasma-assisted oxidation of a hydrogen-€lectron concentration at room temperature wesX 10'
terminated Si surface using remotely exciteg/i@e, fol- Cm °. After a standard wet chemical two-step RCA clean
lowed by (i) plasma-assisted nitridation using remotely ex-and a rinse in dilute HE1 wt %), a 10-nm-thick sacrificial
cited N,/He. The plasma oxidation creates a device-qualityoxide was grown at 900 °C in dry Oby a conventional
Si-SiQ, interface and approximately 0.5-0.6 nm of $jO thermal oxidation process. Immediately before loading the
and the plasma nitridation step controls the concentration osample into the multichamber processing system, the sacrifi-
nitrogen atoms incorporated at the Si—Sifterface by cial oxide was removed by etching in a dilute KE wt %)
varying the N/He plasma exposure time. For the oxidation solution, rinsing in a flowing deionize(Dl) water for 20 s,
process, the flow rates through the plasma t(iggstream and then blow drying in flowing N
delivery) were 20 sccm of @and 200 sccm of He. For the AES was performed usina 3 keV electron beam in an
nitridation process, the upstream flow rates through then-line analysis chamber to quantify the initial stages of the
plasma tube were 60 sccm,dnd 160 sccm He. For each of oxidation and nitridation of the Si surface. To determine
these steps, the process pressure was 0.3 Torr, and thewhether the nitridation process resulted in spatial localization
power at 13.56 MHz was 30 W. of nitrogen atoms at the Si—SjOnterface, angle-resolved

(iv) Surface Analysis
(AES & LEED)
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TaBLE |. Process sequence fdi) “N-0O,” (i) “O-=N,” and (iii)

“ N—O—N" structures. See Fig. 2. %ggigﬁﬁ‘:)" 4:; E
- . - { Si (100) |
Process step in Fig. 1 (i) “N-O" (ii) “O-N"(iii) “N-O-N" i I
I 1
No. 1 (oxidation . J J : + I
No. 2 (nitridation) . Skip J N,Plasma ' _ ;
No. 3 (bulk oxide deposition J J J Nitridation ™ — !
No. 4 (RTA) J J J X ‘ Si (100) K
No. 5 (top nitridation) Skip N J SR —— -

v

Bulk SiO,

Deposition <« Nitrided
x-ray photoelectron spectroscopfRXPS) analyses, at 15°, Si (100) Intedace
45°, and 75° takeoff angles with respect to the surface, were
carried out at the University of Texas at Austin. Secondary- +
ion-mass spectroscopySIMS) analyses were done at . _______________,
EVANS EAST, NJ, using positive CsNion detection for . EostiOnide Dopositionanneal |
depth profiling of the interfacial nitrogen concentration, and *
for determining the effective areal density of nitrogen atoms. N, Plasma
Nuclear reaction analysed\RA) were carried out at the Nitriditios Nirided

IBM T.J. Watson Research Center, NY, for calibration/ Si (100) “Interface
conformation of the nitrogen concentratibh.Core-level |
).(PS analyses Were. done using Beamline U4A. at the Nal_zle. 2. Process sequence for fabrication dil<“O—N" structure dielec-
tional Synchrotron Light Source/Brookhaven National Labo-y;ics: (1) 0,/He plasma oxidation of Si surface, followed 6g) N,/He
ratory, NY, at a photon energy of 150 eV to study the inter-plasma nitridation at 0.3 Torf3) bulk SiO, film deposition,(4) postoxide
facial chemical bonding arrangements. deposition anneal, an®) N,/He plasma nitridation of oxide at 0.1 Torr.
MOS capacitors with field oxide isolation were made on
Si(1000 wafers using conventional photolithography pro-
cesses. For electrical characterization, the substrates were thelncorporation of nitrogen at the Si-SiO  , interface:
same 50-mm-diam phosphorus-dopetype S(100) with a  The “N-0O" structure
resistivity of 0.02—0.04%) cm and an effective electron con-
centration of ~5x 10 cm 3. For the current density—
voltage J-V) studies, the use of heavily doped Si wafers
reduces spreading resistance, thereby minimizing any par
sitic series resistance and the accompanying voltage drops
the bulk Si. Phosphorous-dopedype S{100) wafers with a
resistivity of 5.0—10.0Q2 cm (effective electron concentra-
tion, ~5x 10 cm™?) were used in the studies for determin-

ing the effectiveness of top s_urfe_lce nitridation in _bIOCkingthree functions; iti) removes carbon contamination from the
boron transport out of heavily ion-implantgd poly-Si gate Si surface,(ii) creates a device-quality Si—SiOnterface,

electrodes. Capacnance—yolta@—(V) measurements were and (iii) grows ~0.5—0.6 nm of Si@.X° Figure 3, trac),
. . ) . Yhows the differential AES spectrum from the Si substrate
mate the densities of interfacial defects, both interface trapSer the RCA cleaning step. A comparison of the relative
(Dy), and fixed positive charge. A frequency of 1 MHz WasSintensities of the Si substrate, $i; AES feature at~91 eV

used for the high-frequency voltage sweeps. and the SiQ Si,\y AES feature~76 eV AES demonstrates
that the RCA clean produces-a0.7-nm-thick chemical ox-
ide. There is also evidence for carbon contamination as indi-
cated by the ¢, | AES peak at-272 eV. The chemical wide
was etched away ugina 1 wt%HF:H,O solution, but this
This article focuses on the role of nitrogen incorporationdid not completely remove the carbon contamination as
into ultrathin gate oxides, 5—2 nm thick. The approacheshown in Fig. 3, traceii). Additionally, as shown in Fig. 3,
used to incorporate nitrogen into the oxide were remotdrace (iii ), the carbon contamination did not disappear fol-
plasma processing and rapid thermal annealing. The locatidowing in situ heating to 300 °C. However, as shown in Fig.
of the incorporated nitrogen is eith€éA) at the Si—-SiQ@ 3, trace(iv), the Q,/He plasma treatment was effective in
interface, ‘N—O” structure (B) on the top surface of the reducing the carbon contamination level. Note that if the
oxide, “O—N" structure or (C) both at the Si-Si@inter-  carbon were at the Si—Sj0Onterface, it would be observable
face and on the top surface of oxideN“~O—N" structure by AES since the oxide thickness after the plasma treatment
(see Table)l was ~0.4—-0.5 nm, which is less than the electron escape

Processing for the N—O” structureused steps 1-4 of
the process sequence in Fig. 2. Interfacial oxidation/
nitridation of a H-atom-terminated @i00) surface has been
2hown to produce a device-quality interface first using the
leHe remote plasma oxidation process and then incorporat-
ing nitrogen at the Si—SiQinterface via the B/He remote
plasma nitridation at 0.3 Toff This O,/He plasma process
(the first step of the process sequence in Figpivides

[ll. RESULTS AND DISCUSSION
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FIGE; 3. On-line AES sp?ctra of Si surfaces afté: RCA cleaning, (i) 1 Fic. 5. ARXPS spectra of |\ from O,/He plasma oxidation of Si followed
wt % of HF dip,(iii) 300 °C heating for 10 min in the UHV system, afid) by 90 s N,/He plasma nitridation and RTA. Takeoff angles wéjer5°, (i)

5 s O,/He plasma oxidation of the Si surface. Electron-beam energy was %50, and(iii) 15°. The takeoff angle is the angle between the film surface
keV. and the electron analyzer.

depth of the electrons~1 nm) associated with the G,  poration of nitrogen atoms is reflected in the evolution of the
Auger feature. Therefore, it is concluded that the/e Ny, AES peak at~379 eV. The intensity of the |
plasma reduces carbon contamination at the Si surface, ariglature increased monotonically as the exposure time to the
the Si—SiqQ interface, during the formation of a superficially N,/He plasma was increased, demonstrating that longer ex-
thin SiO, layer on the Si substrate. These observations anfosure times resulted in increasing nitrogen atom incorpora-
conclusions confirm a previously published result by Ya-tion, either at the Si—SiQinterfaceor in the bulk of ~0.6-
suadaet all® nm-thick oxide layer.

The N,/He plasma-assisted nitridatidthe second step in The issue is the “exact” location of the nitrogeat the
Fig. 2 of the superficial oxide was also studied using on-lineSi—SiQ, interface or in the bulk of the superficial oxide
AES. Figure 4 shows differential AES spectra for 15 s  layer. The following experiments using ARXPS established
O,/He plasma oxidation of the Si surface followed @@y—  that the nitrogen incorporation was essentially the
(v) N,/He plasma nitridation treatments ranging from 30 toSi—SiO, interface; i.e., at the metallurgical boundary be-
120 s, in 30 m s increments. The notation, ;*N, (60 9,” tween the Si substrate and the Si@yer, and not uniformly
means that the 15 s,@He plasma oxidation of the Si surface distributed in the Si@ film, or at its top surface. Figure 5
was followed by a 60 s NHe plasma nitridation. The incor- shows the ARXPS spectra of thg 4 feature from the @/He

dn(E)/dE (arbitrary units)

Nlee Plasma

(v) O, + N, (120s)
(iv) O, + N, (90s)
(ii)y O, + N, (60s)
(i) O, + N, (30s)

(i) O, (15s)

0

100 200 300 400 500 600
Kinetic Energy, E (eV)

plasma oxidation of the Si surface followed by the 90 s
N,/He plasma nitridation and RT/00 °O sample for take-

off angles of(i) 75°, (ii) 45°, and(iii) 15°. The “takeoff”
angle is the angle between the wafer plane and the analyzer
axis. The total Si@dielectric layer thickness was 1.0 nm.

The normalized intensity of the |\ peak decreased with
decreasing the takeoff angle. Since the 15° takeoff angle en-
hances the surface sensitivity, this establishes that the nitro-
gen atoms were located not the top surface of the thin
plasma oxide or uniformly in the bulk of the oxide, but rather
were closer to, or effectivelat the Si—SiQ interface?®-2?

This observation is consistent with comparisons between the
optical second-harmonic-generation signals from nitrided
and non-nitrided Si—SiQinterfaces’

SIMS has been used to quantify the nitrogen content at
the Si—SiQ interface. We prepared four samples at different
nitridation times ranging from 30 to 120 s; this was the sec-
ond step of the process sequence used. The first, third, and
fourth steps of this process sequence were the same for all

Fic. 4. On-line AES spectra, ugina 3 keV electron beam, frorfi) 15 s » . . .
0,/He plasma oxidation of Si surface followed kij)—(v) N,/He plasma fOL_” sample_s,:(|) alss Q/H_e plasma 0X|da¥!_0n(") bulk
nitridation of the plasma-grown oxide for 30, 60, 90, and 120 s. oxide deposition { 7.0 nm-thick, followed by (iii) a 900 °C

JVST B - Microelectronics and Nanometer Structures
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Fic. 7. Normalized SIMS areal density with respect to the 90 s nitridation as
a function of nitridation time. One monolayer of nitroges 7+ 1x 10*
cm~?) was achieved at an exposure time of 90 s.

Fic. 6. SIMS depth profiles of four different interfacial nitridation timés:
30 s, (ii) 60 s,(iii) 90 s, andiiv) 120 s. The total oxide thickness wa<.8
nm, and the detected secondary ions were CsN

postoxide deposition anneal. Figure 6 presents SIMS deptfP-calledsubstrate injectiomode. The traces in Fig. 8 dem-
profiles, obtained by standard ion etching procedures, jonstrate that interfacial nitrogen at the submonolayer and

which the detected species were Csins. The peak inten- monolayer levels reduced significantly tunneling current in
sity of nitrogen at the Si—SiQinterface increased with in- the FN region. Specifically, the tunneling current at any volt-
creasing exposure time to the, Mle plasma, as did the in- 29€ above the threshold for FN injection decreases with in-

tegrated response. The depth profile reflects the depth of tHg€ased nitridation time, and therefore, with increasing frac-
nitrogen incorporation, as well as the effects of the ion-tional |_nt_erfa_ce n_|tr|dat|on. Howevgr, this re_ductlon sat_urates
milling process which broadens the distribution. In particu-for @ nitridation time of 90 s, the time required for a single-
lar, the sharp rise marks the spatial localization of nitrogeriOnolayer to converge. This reduction is not due to an oxide
atoms at, or in the immediate vicinity of the Si—Siter- thlckqess change and/qr a flatband voI_tagg shift that results
face. To quantify the SIMS data, the features in Fig. 6 werdfom incorporation of nitrogen at the Si—Sidnterface. In
integrated to obtain a normalized areal density of nitrogerP@rticular, since there is only 1 ML of interfacial nitrogen,
atoms. Consistent with the spatial localization of the nitrogeri® €quivalence of accumulation capacitance in devices with
atoms at the Si—dielectric interface, the relative sensitivity

factor employed was for N atoms in a Si—host material.

Based on a standard reference sample prepared at EVANS 10°
EAST, NJ, by implantation of known amounts of N atoms N /He P'as“_‘a . _
into crystalline Si, the areal density of nitrogen atoms incor- 10 | Substrate Injection (n-Si)
tox_eq =4.5nm

porated during the 90 sXHe nitridation step was approxi-
mately 1 ML of nitrogen, or ~7+1x10" nitrogen
atoms cm? localized at the Si—SiQinterface. NRA studies
confirmed that the 90 s MHe plasma nitrogen process in-
corporated~ 8.4+ 1 X 10* nitrogen atoms cii¥ or approxi-
mately 1 ML’. Figure 7 presents normalized integrated ar-
eal densities with respect to the 90 s exposure as a function
of nitridation time. The interfacial nitrogen concentration is
demonstrated to increase linearly with the nitrogen plasma 108 |
exposure time.

This interfacial nitridation process has been used in the o L
fabrication of MOS capacitors in a thickness range from 4.5 10 o 1 2 3 4 5 6 7
nm [Fowler—Nordheim(FN) tunneling regioh down to 2.0 Gate Voltage, V, (V)
nm (direct tunneling regionon n-type S{100 substrates us-
ing both aluminum(Al) and heavily phOSphOI’US-dOpG![T Fic. 8. Substrate ir_]jection quégate _electrode biased_positiv}ely—v
poly-Si gate electrodes. Figure 8 includes a series-o¥ traces fpr 4.'5-nm-th'|ck gate_omde oRSi(100), der_nonstratlng the effect of

. . . interfacial nitrogen in reducing tunnel currents in the FN region. The gate

traces for a 4.5-nm-thick gate oxide o5i(100) wafers. The  gjecrode was Al The flatband voltage is independent of interfacial nitrida-
current flows from the substrate to the gate electrode in theon so that data can be displayed as a function of gate voltage.

i) O, (155)

(i) O, (15s) + N,, (30s)
(i) O, (155) + N, (60s)
108F 4y 0, (158) + N, (90s)
(V) O (158) + N, (120s)

10-5 L

Current Density, J, (Alcm?)
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Fic. 10. Substrate injection modgate electrode biased positively—V
Fic. 9. High-frequency(1 MHz) and quasistaticC—V measurements of traces for 3.0- and 2.0-nm-thick gate oxide ®i(100), demonstrating the
devices(i) without interfacial nitridation andii) with a 90 s interfacial effect of the monolayer of interfacial nitrogen reducing tunnel currents in
nitridation process. The gate electrode was Al. the direct tunneling region. The flatband voltage is independent of interfacial
nitridation so that data can be displayed as a function of gate voltage. The
gate electrode was phosphorus-implamédpoly-Si.

and without interfacial nitridation is consistent with any in-
creases in thickness for the nitrided interfaces beif@1l  sion in a methanol/HF solutigrprior to growth of an ultra-
nm. Calculations based on the WKB approximation indicatethin (~4.2-nm-thick oxide layer reduced leakage currents
that differences in physical thickness of 0.1 nm cannot ac¢see Fig. 1 of Ref. 24 This improvement in electrical per-
count for the observed reductions in tunneling current forformance was attributed to a smoother Si surface prior to
devices with 1 ML of interfacial nitrogen. Figure 9 displays oxidation.
high-frequency and quasistatic—V measurements for de- Hedgeet al” investigated interface roughness of 4.0-nm-
vices (i) without the interfacial nitridation andi) with the  thick oxynitride films by atomic force microscopfAFM)
90 s N,/He plasma nitridation step. The tv@-V curves are and cross-sectional transmission electron spectroscopy
essentially identical. This means that the effective oxidgXTEM). Compared with the control oxid@ 4.0-nm-thick
thicknesses and flatband voltages are the same with antbermal oxide grown at 800 °C inJollowed by a postoxi-
without the interfacial nitrogen. Therefore, the tunneling cur-dation anneal in B), the NOoxynitride prepared by anneal-
rent reductions in the FN region are not due to an oxiddng the control oxide in a dilute nitric oxidéNO) ambient at
thickness variation or a flatband voltage shift. Additionally, 800 °C for 45 min, was smoothdby AFM) and had less
these results indicate that the nitrogen incorporation does natterface roughnesgy XTEM).
generate a measurable difference in fixed oxide charge, The experiment of Haocetal?* demonstrated that a
which would shift theC—V curve along the voltage axis, smooth interface reduced leakage currents; while the experi-
e.g., in the negativex direction for fixed positive charge. ment of Hegdeet al?® showed the nitridation promoted an
Based on these measurements, the fixed positive charge dificrease in the Si—SiQnterface smoothness. Therefore, the
ference between these two devices<ig0' cm™2. combination of these two experiments suggests that the in-
As shown in Fig. 10, a reduction of direct tunneling cur- corporation of the nitrogen smoothes the Si—SiQerfaces,
rent has also been observed for oxide thicknesses of 3.0 arahd a physically smoother interface displays a reduced tun-
2.0 nm for substrate injection in MOS capacitors with neling current. Therefore, an important aspect of reducing
poly-Si gate electrodes. Th&-V traces in Fig. 9 include tunneling currents by interfacial nitridation in the plasma
reference devices without interface nitridation, as well as deprocess described above is here assumed to be an increase in
vices with monolayer nitrogen interface nitridatithe 90 s  effective interface smoothness.
plasma treatmeitlt is important to note that this reduction Experiments have demonstrated that there is a suboxide
of tunneling in the direct tunneling regime is the same for(SiO,, x<2.0) transition layer between the substrate Si and
both samples, suggesting that the nitrogen incorporation istoichiometric bulk oxidé%?” that can manifest itself as in-
modifying the interfacial tunneling transmission probability. terface roughness. The results of XPS experiments suggest
We shall now discuss the relationship between interfacéhat the incorporation of the nitrogen into this transition layer
structure and the electrical characteristics of devices witliegion modifies the interfacial structure, and in particular,
monolayer interface nitridation. Haet al>* demonstrated reduces the degree of suboxide bonding.
that a new wet chemical wafer cleaning procedi@enodi- To investigate the changes in interfacial chemical struc-
fied RCA cleaning, a rinse in dilute HF, followed by immer- ture that were related to nitrogen incorporation o180
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Fic. 11. Core-level Si, 1/, XPS spectra for 15 s He plasma oxidation of
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Fic. 12. Core-level S, 1/, XPS spectra for 15 s He plasma oxidation of

the Si surface followed by annealing at 900 °C for 30 s in Ar ambient. Thethe Si surface followed by 90 s XHe plasma nitridation and annealing at
substrate was §i00). The interfacial features have identified and fit with 900 °C for 30 s in Ar ambient. The substrate wagl80. The interfacial

modified Lorentzian functions.

features have been identified and fit with modified Lorentzian functions.

surfaces, we used core-level XPS with incident photon ensubstrate peak, and the*SiSiO, peak are associated with
ergy of 150 eV. The interfaces for this study were preparedhe interface region between the Si substrate and thg SiO
by: (i) an O,/He plasma oxidation of the Si surface followed film. This means that the integrated spectral intensity of the

by a 30 s 900°C anneal in Ar ambient, atid an O,/He
plasma oxidation, followed by a 90 s,MHe plasma nitrida-

Sit™, SP*, and St* reflects the areal density of suboxide
bonding at the interfac&:?®Note that arideal Si(100—SiO,

tion and then a 30 s 900°C anneal in Ar. The dielectricinterface would have 1 ML of suboxide bonding in thé'Si

thickness for each of these samples wa%.0 nm. The de-
tails of the core-level XPS measurements are discussed
Ref. 27. Figures 11 and 12 show the core-level, {PS
spectra from the above samples. The labef§, Sit ", SP*,
Si**, and St*, are, respectively, &ia Si atom in the sub-
strate Si with four Si atom nearest neighbors;" Si=1,2,
and 3; a Si atom in the SiQ(x<2) transition region with
nearest-neighbor oxygen at¢s) and St*; a Si atom in the

SiO, layer with four oxygen neighbors.

state. Table Il contain€) the integrated peak density of the
suboxide features normalized with respect to the integrated
peak density of $j (ii) the chemical shifts with respect to
the SP substrate feature, ari) the full width at half maxi-
mum (FWHM) of the St*, SF*, Si*, and St' states.
Clearly, the suboxide density in the'Siand St* are de-
creased with the incorporation of the nitrogen at the inter-
face; these reductions are 8% for thé Sfeature, and 33%

for the Sf* feature. The Si* state, however, increased with
There is some controversy regarding if the specific bondinterfacial nitridation. This increase is in part due to Si—N
ing configuration is the suboxide portion of the XPSbonding at the interface. For example, the chemical shift
spectrunt® however, there is no controversy regarding thebetween the Si" feature for the non-nitrided and nitrided
assumption that the XPS spectral features between the Sinterface was 0.1 eV, and the FWHM of the®Siof the

TaBLE II. Core-level PES data from Fig. 10 (@He plasma process followed by RTAnd Fig. 11 (Q/He
process followed by pVHe plasma and RTA (i) integrated peak density of suboxide features normalized with

respect to integrated peak density of,Sii) chemical shifts with respect to the®Siubstrate feature, ar(di)
full width at half maximum(FWHM).

Si(1+)/Si(0) Si(2+)/Si(0) Si(3+)/Si(0)

Normalized integrated Oplasma 0.358 0.294 0.349

peak density O+N, plasma 0.330 0.198 0.472
Si(1+) Si(2+) Si(3+) Si(4+)
Chemical shift(eV) O, plasma —-0.94 -1.82 —2.50 —3.88
from Si(0) 0O,+N, plasma -0.92 -1.74 —2.40 —3.82
FWHM (eV) O, plasma 0.67 0.62 0.81 n/a
0,+N, plasma 0.71 0.52 0.90 n/a
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Fic. 14. On-line AES spectra ugina 3 keVelectron beam fronti) a 4.0-
Fic. 13. Core level S, 1, XPS spectra from the-0.9-nm-thick SiN, nm-thick SiG surface, followed by(ii)—(vii) N,/He plasma top surface
deposition on the Si substrate followed by annealing at 900 °C at 0.3 Tornitridation for 1-30 minutes. The process pressure was 0.1 Torr.
for 30 s in He ambient in on-line RTA.

increased top surface nitrogen incorporation. Based on these
AES spectra, we can estimate the atomic concentration of
nitrided interface was increased. Figure 13 showg ¥PS  nitrogen[N] using the following equation:

spectra from 9-nm-thick §\,. The binding energy differ- |
N

ence between the Si;;, and the Si—-N peak in the B, s
layer is about 2.5 eV. This value is very close to the relative _ N

A : N]= —— X100 (at. %), 1
binding energy of Sit (~2.4-2.5 eV. The integrated sub- [N] Isi In lo ( ) @)
oxide XPS response for the nitrided interface is larger than §+ S_N+ S

that of the non-nitrided interface; however, after subtraction ) . )
of the Si—N contribution, the actual suboxide fraction is re-"/Nere€ln. Isiandlo are AES intensitieS of N, Si, and O,
duced. respectively gn(SN, sti, andSQ are relative sensitivity fac-
From the combination of XPS studies and electrical mea®’s .for N, Si, a}nd G respectively. )
surements, it is, therefore, concluded that the incorporation, I':|gu're 1,5 d|splay§{N] as a function ,Of IS%I/He plasma
of the nitrogen at the Si—SiQinterface leads to reduced nitridation t|m.e,t'N (mm): [N] increases with time and' tends
interfacial suboxide bonding, and that this modified interface® Sa“_”ate with Increasing exposure “‘N_e The_ data fit the
structure leads to reductions in both FN and direct tunneling©/l0Wing pseudo-first-ordereaction relationship:
A model based on the XPS data that includes quantitative
differences between the suboxide transition regions of ni-
trided and non-nitrided interfaces has been discussed in Ref. N,/He Plasma - 0.1 Torr
29. This model tunneling calculation accounts for the reduc-
tions in both FN and direct tunneling that have been dis-
cussed above.

w
o

N
(¢}
T

N
o
T

B. Incorporation of nitrogen on the top surface of an
oxide: The “ O—N" structure

Processing for the ©O—N" structureemployed steps 1, 3, 10}
4, and 5 of the process sequence in Fig. 2. Figure 14 shows
on-line AES data fronii) bulk oxide deposition followed by
the 900 °C annealoxide thicknessf,,~4.0 nm and (ii)-

(vii) the top surface NHe plasma process at 0.1 Torr for
exposure times from 1 to 30 mifl.As the N,/He plasma
exposure time was increased) the N¢,, Auger peak at
~379 eV increased and) the Sjy feature(Si-0, at~76

eV) and Q. feature at~510 eV decreased. This demon- gg. 15. Nitrogen concentratiofiN] as a function of N/He plasma nitrida-
strates that a longer MHe plasma exposure time resulted in tion timety.

Nitrogen Concentration, [N] (at.%)
&

O L L L L ! !
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Nitridation Time, tN (min)
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EI((); 1.6' ?_IMSI de%th prrl_ofli(les of top Sl31rface gi:]ridgtion. Nci‘tridatior:jtime_ Was ps. 17. High-frequency1 MHz) C-V traces for(i) devices with no nitro-
min. Total oxide thickness was 3 nm. The detected secondary ons gen on top oxide surface, ariil)—(v) devices with 2—20 min WHe nitri-

were CsN'. dation of the top surface of the oxide. Equivalent oxielectrica) thickness
decreased with increasing top nitridation time. The gate electrode was
phosphorous-implantea* poly-Si.
[N]=20.41—exp —0.14,)} (at. %), 2)

where 20.4 is the concentratiof@t. %) at long exposure The as-deposited oxide physical thickness is 3.3 nm and the
times, and 0.14 is proportional to the reaction rate (mMjn  equivalent oxide thickness is 3.3 nm as well. If 0.4 nm of the
The saturation value of 20.4 at. % is consistent with the ni-oxide is converted to the-0.4 nm SiN, layer, the total
trogen being incorporated into asNi, layer that is of the equivalent oxide thickness would be reduced.1 nm.
order of 2 molecular layers thick; 0.8 nm, or alternatively, Similarly, if the 0.8 nm oxide layer is converted to 0.8 nm of
has a nitrogen areal density 6f4—5x 10'° atoms cm®. SisN,, the total equivalent oxide thickness would be2.9

The nitrogen confinement on the top surface of the oxidexm. Note that the physical thickness is not significantly
was confirmed using SIMS. Figure 16 displays the SIMSchanged by the top surface nitridation process, which effects
depth profiles for N and O species for the 10 min top surfacerimarily the electrical thickness determined from the ca-
nitridation of a 3.0-nm-thick RPECVD oxide film. The pro- pacitance. These assumptions regarding the conversion of
file indicates that the nitrogen was confined near the topop surface oxide to nitride agree with the experime@talV
surface region, and did not penetrate to the SiSitder-  data, and are consistent with the SIMS data as well. Approxi-
face. This confinement was confirmed by fabricating anmately one-molecular layer of i, is formed on the oxide
n-channel metal-oxide—semiconduct®dMOS) capacitor after the 10 min nitridation and two-molecular layers of
with an n* poly-Si gate electrode. A previously published Si;N, are formed on the oxide after the 20 min nitridation.
study of top surface nitridation by remote plasma processing The heavily nitrided layer on the top surface of the oxide
used ARXPS to demonstrate confinement of nitrogen to thés an effective boron diffusion barrier for PMOS devices
top surface of the dielectric filrff with boron-dopeg™ poly-Si gate electrodes. Boron penetra-

Figure 17 shows high-frequen€¢¥ MHz) C—V measure- tion to the Si—SiQ interface is easily detected by fabricating
ments on(i) a device with a control oxide and not subjected PMOS capacitors with boron-dopga” poly-Si gate elec-
to top surface nitridation, andi)—(v) devices in which the trodes onn-type Si substrates and monitoring the flatband
control oxide was subjected to top surface plasma-assistawbltage shift via theC—V technique®® Boron diffusion from
nitridation for periods of 2—20 min. The initial oxide thick- the p™ poly-Si gate electrode into the Si substrate results in
ness before nitridation was approximately 3.3 nm. As showra largepositiveflatband voltage shift, typically-0.5 V.
in Fig. 17, top oxide surface nitridation did not change the Figure 18 shows the flatband voltage for PMOS devices
flatband voltage. This is consistent with nitrogen being in-with (i) an oxide gate dielectric as a control sample and
corporated only at the top surface of the oxide film and not(ii)—(v) oxides subjected to 2—20 minute, fiHle plasma top
penetrating through to the Si—SjiOnterface. However, as surface nitridation, which correspond to 5—-20 at. % of nitro-
the N,/He nitridation time was increased, the capacitance irgen incorporation at the top surface of the oxide. The flat-
the accumulation region was increased. This means that tHeand voltages were determined by analysis of high-
equivalent oxide thickness decreased as théHN plasma frequencyC-V data. Unlike the NMOS witm™ poly-Si
exposure time increased. Since the dielectric constant djate-electrode devices, large flatband voltage shifts are ob-
SikN, is about two times that of SiQ this decrease in tained. Compared to the flatband voltage of the oxide sub-
equivalent oxide thickness reduction is attributed to the togected to the 20 min nitridation~20 at. % of nitrogej
surface of the oxide layer being converted in g\gilayer.  which displayed a flatband voltage of 078.03 V, the flat-
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Fic. 18. Flatband voltage shift as a function of nitrogen concentrgtign ~ Fic. 19. SIMS depth profiles ofi) the “O—N" structure (10 min top

The flatband voltage was determined by the high-frequédiey method.  nitridation only and (ii) * N—O—-N" structure(90 s interfacial nitridation
The gate electrode was boron-implantgd poly-Si. and 10 min top nitridationsamples. The total oxide thickness wa8 nm.
The detected secondary ions were CsN

band voltages of the samples with less than 20 at. % of ni-

trogen at the top surface of the oxide were shifted towarc{he top surface via a 10 minXHe plasma nitridation. The

more positive voltages due to boron penetration into the d N S .
Si—SiG, interfacial region. This means that less than 20 at. %other sample has aN-O—N" structure which is described

of nitrogen at the top surface of the oxide did not effectiverT SFIOg.nfﬁ Tl?izlj?;allghfﬁgzzstﬁé e;mhsszitn: g!;ee;O:)rSolfl?lﬂeS; ng?

prevent boron penetration into the interface. The fIatbanc[Iained by detection of CsN ions. The sample with the
voltage of the device in which the oxide was subjected to a, N—O—%” structure displays twc.) separatedp and distinct
tzhoe n&'g mas?eangiiﬁggag?r;hw?s %tl a}Sviogigetﬁ:n:fg:trr];t\g'thpeaks; one is at the Si—SjGnterface and the other is at the
the doping on i P~ poly . ' top surface of the oxide, whereas the sample with the
|nd|c_at|ng that 20 a}t. /° hitrogen, or eqU|vaIen.tIy,0.8 M «o_N" structure displays only the top surface nitrogen
of SN, was effective in completely suppressing the boronpeak. As in the other SIMS profiles, the widths of the nitro-

" P o
transport OL.H of 'thep poly-Si dunng the dopan'g activation gen features are an artifact of the SIMS analysis technique.
anneal. This thickness for effective suppression of boro

: . . These interfacial and top oxide surface nitridation pro-
atom transport is the same as that determined in another se- . o
. . . ) o cesses have been combined for the fabrication of PMOS ca-
ries of experiments in which RPECVD nitride layers were

. . : Y pacitors with boron-dopeg@™® poly-Si gate electrodes. The
deposited onto the top surface of oxide gate dielectfics. equivalent oxide thickness for each device wa&.5 nm.
_ _ o _ The dielectric film thickness was determined by the high-
C. Incorporation of nitrogen at t_he Si—SiO 5, interface frequencyC—V method. We used two sample@) one in
and at the top surface of an oxide to form an which only top oxide surface nitridation was used to form
N=O-N" structure the “O—N” dielectric and (ii) a second in which interfacial
In this section, it is demonstrated that the combination ofand top surface nitridation were combined to form the
interfacial nitridation and top surface nitridation discussed in* N—O—N" dielectric.
the previous two sections can be used to fabricate The flatband voltages of the devices witlO“-N" and
“N—O-N" dielectricsfor PMOS devices wittp* poly-Si  *“N—O-N” structuredielectrics were essentially the same,
gate electrodes. Processing for thl=<O—N" structureis ~0.74=0.02 V. As we already noted in Sec. lll A, interfa-
illustrated in Fig. 2. The times were zefoontrol samplg  cial nitrogen does not shift the flatband voltage from the
and 90 s for the interfacial nitridation process, and 20 minvalue determined by substrate and poly-Si doping. However,
for the top surface nitridation. The nitrogen concentration aif boron were to diffuse into the Si substrate, the flatband
the Si-SiQ interface and on the top surface of the oxidevoltage would have been shifted to more positive values. The
were~7-8x 10" and~4—-5x 10'® cm?, respectively, and analysis of theC—V traces indicates both flatband voltages
corresponding to approximately rhonolayerof nitrogen at  are the same, and with 0.05 V of a flatband voltage calcu-
the Si—SiQ interface, andwo-molecularlayers of SiN, at  lated from the respective substrate and gate electrode doping.
the top surface of the oxide. This demonstrates th&t the top surface nitride layer effec-
SIMS depth profiling was used to characterize the nitro-tively suppressed boron diffusion in both samples @ndhe
gen distribution in the thin oxide films. The control sample interfacial nitride layer did not effect the flatband voltage
has an ‘O-N" structurewith nitrogen incorporated only at shift for the “N—O—-N" structuresample.
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101 that demonstratedi) effective suppression of boron diffu-
100 Ny/He Plasma - PMOS, p*poly-Si sion from the degeneratgly doped pply-Si gate.electrode
Substrate Injection (n-Si) . and(ii) an order of magnitude reduction of the direct tunnel-
&E‘ 101} toxeq = 2.5 NM ing current. This ‘N—-O-N" structuredgate dielectric sat-
3 102k isfies many of the electrical properties required for aggres-
= -~ sively scaled MOSFET devices.
2 10°% on stuowre o Finally, the quality of electrical quality of the monolayer
% 104F \ nitrided interfaces is consistent with the extension of con-
§ 105l e straint theory to Si—dielectric interfaces, as developed in Ref.
- o 35. The results of Ref. 35 indicate that an average number of
£ 109 bonds/atom in the interfacial region between crystalline Si
3 107h o & ([@NONStrucure and the noncrystalline dielectric must be less than about 3, an
N empirical demarcation level between device quality on the
10° low side of 3, as for Si—Si©(~2.8), and increasing defec-

107 o : . ‘ tive interfaces on the high side, as for SizMNgi (~3.5). In
0 1G to V. I2ta v 3 4 contrast, the average number of bonds/atom at a monolayer
ate Voltage, V, (V) nitrided interface of the type described in this article is es-
Fic. 20. Substrate injection modgate electrode biased positively—V Sen_tla"y the,' sgme as ata S'_§I@'terface’~,2'8’ so that
traces for devices with a 2.5-nm-thick gate oxiders8i(100, demonstrat- ~ device-quality interfaces are anticipated and indeed observed

ing effects of the monolayer of interfacial nitrogen in reducing tunnel cur-for monolayer-level interface nitridation.
rents in direct tunneling region. The gate electrode was boron-dpped
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