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Aggressive scaling of complementary metal—oxide—semicond(¢€tdiOS) devices requires gate
dielectrics with an oxide equivalent thicknegs,.~1 nm or less by the product introduction year
2012. Direct tunneling presents a significant performance limitation in field-effect trangiSETS

with homogeneous oxide gate dielectricd.7 nm. Boron diffusion fronp™ poly-Si gate electrodes

in p-channel FETs leads to additional electrical problems for oxide thicknes3asn. Interfacial
nitridation improves reliability im-channel FETSs; however, by itself, it is not effectiveprtype
metal—oxide—semiconductor FETs due to boron pileup at the Si—dielectric interface. Proposed
solutions include top-oxide surface nitridation and the integration of composite oxide—nitride
dielectrics into CMOS devices. Thisviewdiscusses the integration of hydrogenated silicon nitride
films, prepared by remote plasma-enhanced chemical-vapor deposition, into electrical devices with
composite oxide—nitridéON) gate dielectrics. FET devices with ON dielectrics having the same
oxide-equivalent thicknesk,,.qand gate dielectric capacitance as devices with homogeneous oxide
gate dielectrics display improved performance and reliability. However, reductions in direct
tunneling current due to increased physical thickness are below expectations based on tunneling
calculations which assume the tunneling mass of electrons in nitride films is approximately the same
as in SiQ. The combination of a lower electron tunneling mass and a reduced conduction-band
offset energy(i) places important limitations on the extent to which devices with ON gate dielectrics
can meet the aggressive scaling needed in advanced CMOS device§j)amises important
questions that have to be addressed when evaluating alternativ& ldgiectrics such as T8,

TiO,, and ALO;. However, tunneling can be reduced by combining monolayer interface nitridation
with ON stacks. ©1999 American Vacuum Socieff§s0734-210(099)19604-(

|. INTRODUCTION tride, SiN,, as well as other transition-metal binary and ter-
nary oxides such as J@s and ZrSiQ, respectively. These

“alternative dielectrics can be incorporated into stacked struc-
tures, such as the oxide—nitrid®N) composites, and be

As in-plane device dimensions of complementary metal
oxide—semiconductofCMOS) devices in ultra-large-scale

inte_grated_ circuits are aggressively s_,caled<t_d>00 nm to combined with monolayer-level nitrided Si—Si@terfaces.
achieve higher levels of speed and integration, there musIthis article focuses on the nitrided oxides, in particular,

I r in the oxide-equivalent thickn f dielec- L
axso be decreases in the o ) de.equ alent thic €ss 0 deegtacked ON structures and nitrided Si—§i@terfaces, but
trics, tox.eq t0 <2 NM to maintain current levels required for

fast circuit operatiort. Direct tunneling current increases ex- does not address the other alternative Hghaterials.

ponentially with decreasing thickness establishing an impor- Selective mgorpor_at!on of nitrogetN) atoms |_nto ad-
tant limitation on the use of SiDas a gate dielectric. For vanced gate dielectric8) reduces defect generation at the

example, an oxide thickness ef3 nm defines the regime of Si—Si0, interface when incorporated at concentrations from
! 2 —2
ultrathin oxidesin which direct tunneling is the dominant €SS than about 1 at. %~2-7x 10" cm™?) to monolayer

H . ~ 4 —2 2-5 /i .
mechanism for current transport through these films. A pracl™~ 78X 10* cm ) levels;™ (ii) allows use of physically
tical limitation for homogeneous oxide dielectrics tig cq thicker stacked dielectrics when silicon nitride layers are in-

~1.7 nm, the thickness at which the tunneling current at arforporated into the body of gate dielectric as in ON stacks,
oxide bias of~1 V reaches a level o<1 Acm 2 The and(iii) reduces bororiB) atom penetration out of heavily
technology challenge is to increase gate dielectric physicaoped p™-polycrystalline silicon(poly-Si) gate electrodes
thickness to reduce tunneling current while maintaining ahrough the dielectric films to the Si—Sj@terface when the
tox.eqthat corresponds to a significantly thinner $im by nitride layers are at the polycrystalline Si—dielectric
using alternative insulators with dielectric constants higheinterface®~'° This review demonstrates separate and inde-
than SiQ. These alternative dielectrics include silicon ni- pendent control of N-atom incorporation in these different
parts of oxide gate dielectrics through combined use of low-
dElectronic mail: gerry_lucovsky@ncsu.edu temperature plasma-assisted processing at 300 °C, and low-
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Fic. 1. Schematic diagram of remote plasma processing chamber.

Fic. 2. Time evolution of differential AES spectra for thg @mote plasma-
assisted oxidation process combined with postoxidation nitridation from a
thermal-budget rapid thermal anneali(iRTA), e.g., 30 s at  N,/He plasma for different exposure times.
900 °C25-810-121hjs review is restricted to devices in which
the nitride layers are prepared by remote plasma processing,
and does not address formation of nitrided gate dielectrics btion of ~1 ML ( 7+1X 10" cm™?) for a 90 s exposure
thermal processing, rapid thermal chemical-vaportime. This concentration was determined from the SIMS data
deposition* jet vapor depositiod? or other plasma deposi- in Fig. 3 by using a nitride interface layer standard, and
tion processes, where devices with similar performance haveonfirmed by nuclear reaction analysis. Localization of nitro-
also been reported. gen atoms at the Si—SjQnterface was confirmedi) by
optical second-harmonic generatiafi,) by angle-resolved

Il. EXPERIMENTAL PROCEDURES x-ray photoelectron spectroscogARXPS), and (iii) by

Dielectric layers for the device studies of this article have
been prepared primarily by remote plasma-assisted process-
ing, a technique that is differentiated from conventional or
direct plasma processing in three waji$:it provides selec-
tive excitation of source and carrier gases as determined by
their point of injection into the system, either through the
plasma tube, or through the downstream showerhead injec-
tion ring; (ii) the deposition substrate is outside of the plasma
glow region, andiii) the source gases injected downstream

108
Secondary lon : SiN°

Sio, Si Substrate
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from the plasma generation region are prevented from back-
streaming into the plasma generation region by gas flow and
process pressurésee Fig. L The integration of remote
plasma processing chambers into multichamber systems has
made it possibldi) to interrupt plasma-assisted oxidation,
nitridation and/or deposition processes and then, without re-
moving the sample from an ultra-high-vacubdHV) com-
patible environment, perform on-line chemical analysis by
Auger electron spectroscofpAES) and (ii) to integrate on-
line sequences of plasma processing with rapid thermal
annealind’ Figure 2 shows differential AES data as a func-
tion of nitridation time. Figure 3 shows secondary ion mass
spectrometry(SIMS) depth profile data corresponding to the
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nitridation conditions in Fig. 2. Figure 4 shows the integrated . .

. . . 2 Fic. 3. Secondary ion mass spectrometry depth profiles for thaH&
S_lMS_ areal density of Fig. 3 plotted as a_funcuon of nitrida- pjasma nitridation process. The plasma processed interface has been over-
tion time. These data have been normalized to a concentraeated with~5 nm of plasma-deposited SjO
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2.0 This article focuses primarily on the nitride layers in ON
N,/He Plasma stacked dielectrics prepared by the processes lafjidlednd
(iv).

Device grade silicon nitride films have been prepared by
RPECVD at 300 °C using either,Nf HN3 as the source gas
for N, and SiH as the source gas for Si. Previous publica-
tions have focused on the local atomic bonding of Si, N, and
H in these films as a function of source gas mixtures, e.g.,
the ratio of NH, to SiH,.5"181°As-deposited films prepared
from 10:1 NH;/SiH, mixtures provided optimized perfor-
mance of nitride films as gate dielectrics for thin-film
transistors® whereas annealing these films at 400—450 °C in
forming gas, and using them as a constituent layer in stacked
oxide—nitride—oxidg ONO) gate dielectrics yields marginal
0 30 60 90 120 150 performancé:” On the other hand, annealing the ONO stacks

Nitridation Time, t (s) at 900 °C for approximately 30 s in an inert ambient, e.g., Ar,

Fo 4. Nt at ridation time. The value of 6 and then performing a 400—-450 °C forming gas anneal re-

T i o . Tne value o #82  sults in excellent device performance with reliabilty gener-

atoms. ally exceeding oxide dielectrics with the same oxide-
equivalent thicknes%”?! These differences in performance
between(TFTs and field-effect transistord~ET9 with re-

comparing in Fig. 5 the intensity ¢8) the N signal with(b)  gpect to processing temperatures have been resolved by em-

the ratio of the N signal to the substrate Si signal, both aPloying AES and infrared spectroscopy for chemical

functions of time. A plot of the N signal intensity is sublinear -haracterizatior® The optimized as-deposited films display

due to the attenuation of AES electrons through the oxidesj_p bonding by on-line AES, whereas the films deposited
film, whereas a plot of the N intensity, normalized to the Siith 1ower flow rates of NH or N, to SiH, are subnitrides

substrate signal, which is also attenuated by passage throughih hoth Si—Si and Si—N bonds detected by AES. Bonded

the oxide region, is linear, consistent with nonuniform incor'hydrogen occurs predominantly as Si—H in the subnitrides

poration. whereas SiN—H groups dominate in the hydrogenated ni-

Device fabrication has integra’Fed different Combinationstrides. Typical bonded hydrogen concentrations in the as-
of four 300 °C remote plasma-assisted processes in Comb'nﬁéposited films are-20 at. % for films grown from B and

tion with postdeposition rapid thermal annealifig:plasma- ~25-30 at.% for films grown from Ngi"® Optimized

assisted o>§|dat|0|j for Sl—Sp|ntgrf§9e format.u_)n,(u) films display predominantly SiN—H bonding, but there are
plasma-assisted interface nitridatiofiii) deposition of | o\ 4oiie SiiH groups as well. Upon annealing at tem-

I froe Pasa en 120 pranres greate than the 300°C deposton temperure
assisted nitridation of oxide top surf:':lcésee Table 1617 there is a loss of bonded hydrogen with an activation energy

of ~0.4 eV. For annealing at temperatures greater than
500 °C, loss of bonded hydrogen continues, but additional
1 absorption begins to appear in the Si—N bond stretching re-
gime (see Fig. 6. Films annealed to 900°C, and thereby
optimized for gate dielectrics in MOS devices, typically dis-
2> play bonded hydrogen concentrations primarilyisolated
e SiN—-H groupd(i.e., not having other SiN-H groups as near-
est neighborsof 10-15 at. %, but show no detectable IR
absorption in Si—H configurations. These isolated SiH-H
bonds are stable up to annealing temperatures of at least
1200°C*®
Top surface nitridation has also been accomplished by a
300 °C plasma-assisted process in which the process pressure
is reduced to 100 mTorr effectively changing the plasma
reactor from a remote to an after-glow mdtfeln the after-
, . , , 0 glow mode the concentration of charged N species at the film
0 30 60 90 120 150 surface is many orders of magnitude higher than it is in the
Nitridation Time, t (s) remote reactor process regime. This after-glow process is
Fic. 5. Comparison ofi) the ratio of the amplitudes of thedN, and sub- used tF) form a nltr,lde Ia),/er O.n the top S.urface of a, preVI(,)USIy
strate Sy feature peaks as a function of nitridation time afithe am-  deposited oxide dielectric. Figure 7 indicates the intensity of
plitude of the N, feature peak as a function of nitridation time. the N¢, . AES feature as a function of plasma exposure time
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1343 G. Lucovsky: Reaction/annealing pathways for forming ultrathin SiN films 1343
TaBLE |. Process steps for forming device-quality stacked gate oxide dielectrics.
Process step Process conditions Processing results
(a) Remote plasma- Substrate temperature 300 °C In situ substrate cleaning
assisted oxidation Process pressure: 300 mTorr (reducesC andF level)
Plasma excited mixture: HejO Forms Si—SiQ interface
(200 sccm He, 20 sccm 4D Growth passivating oxide-0.5 nm
Time: ~15-30 s Introduces suboxide bonding at
Si—SiO, interface
(b) Remote plasma- Substrate temperature 300 °C Forms body of dielectric film
enhanced CVD Process pressure: 300 mTorr Deposition rate: 2.5—-5.0 nm/min
Plasma excited mixture: HefO Stoichiometric Si@
(200 sccm He, 20 sccm 4D No IR detectable Si—H or Si—-OH
Downstream mixture: He/SiH Low Si-OH (<5 at. % H
(20 sccm He/0.4 sccm SjH
(c) Remote plasma- Substrate temperature 300 °C Inserts approximately one
assisted interface Process pressure: 300 mTorr monolayer of nitrogen atoms
nitridation Plasma excited mixture: He/N at Si—-SiQ interface
(160 sccm He, 60 sccm N Nitrogen is localized at interface
Time: ~90 s Nitrogen concentration scales with
time
(d) Remote plasma- Substrate temperature 300 °C Ferthsnolecular layers
assisted top surface Process pressure: 100 mTorr silicon nitride at top surface of
nitridation Plasma excited mixture: He/N a plasma or thermally grown
(200 sccm He, 20 sccm N oxide sufficient to suppress boron
Time: ~10-20 min diffusion
(e) Rapid thermal Temperature 900 °C Reduces oxidation-induced
annealing Time~30 s suboxide bonding at
Low pressure or atmospheric Si—-Sibterface
inert gas ambiente.g., An Promotes densification of oxide films
Reduces bonded Kmostly in
nitrides
. N_/He Plasma - 0.1 Torr
0.30 L P TR S P o )
1 Si-N Asymmetric [ (vih) ty = 30 min
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Fic. 6. Infrared absorption spectrum for plasma-deposited hydrogenated sili-

con nitride film: (i) as deposited at 300 °C, artill) after a postdeposition

900 °C rapid thermal anneal.
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Fic. 7. Differential AES spectra for remote plasma-assisted top oxide sur-

face nitridation.
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Secondary lon : CsN*

utilizes neutral species, such as N atoms and excited nitrogen
molecules, §. As noted above, the top-surface nitridation is
qualitatively different and is run at 100 mTorr and utilizes
charged nitrogen species instead of neutrals. The plots in Fig.

SiO, Si Substrate 9(a) indicate the reductions in tunneling current increase as
1022 - ks interface nitridation is increased with an apparent saturation
2., of the effect occurring for monolayer coverage. The plots in
T Figs. 9b) and 9c) are for monolayer interface nitridation.
DA (i) 'N-O-N' Structure Capacitance—voltageC—V) characterizations for devices in

Fig. 9 indicate that oxide-equivalent capacitance is essen-
tially the same for each pair of devices in Fig&h)%and 9c¢),

and the group of devices in Fig(d. This means that the
pairs of devices in Figs.(®) and 9c) and the groups of
devices in Fig. @), respectively, have essentially the same
thickness to+0.1 nm. The effect of interface nitridation is

Concentration (atoms/cc)
2

10} e % clearly to reduce tunneling. It is important to note that the
> e fractional reduction of tunneling currerft) saturates at a
o e, level of monolayer coveragéii) is independent of the injec-
SR T L tion direction, substrate, or gate electrodié) is indepen-
1019 s ' AL SR dent for the gate electrode material; lfivt) is not indepen-

0 2 4 6 8 10 12
Depth, x (nm)

dent of oxide thickness, showing different behavior in the
Fowler—NordheimFig. 9a)] and direct tunnelin§Figs. 9b)

and 9c)] regimes. These data are consistent with a tunneling
electron mass of-0.5m,, and a conduction-band offset en-
ergy of ~3.15 eV. The reduction in Fowler—Nordheim tun-
neling is about a factor of 10 gate injection, and increases to
about 50-60 for substrate injection. In other publications, it
is demonstrated that the reductions in tunneling current are
associated with changes in suboxide interfacial bonding that
%ccompanies the interface nitridatith.

Fic. 8. Secondary ion mass spectrometry depth profiles(ifothe top-
surface N/He plasma nitridation process, afid the combined top-surface
and interface M/He plasma nitridation processes.

plasma excitation of He and downstream injection gf N
ARXPS has demonstrated that nitridation is restricted to th
top surface of the oxide fili? this has been confirmed by
SIMS, which is shown in Fig. 8.
Finally, device fabrication procedures incorporated con-B. Suppression of boron atom transport for PMOS
ventional photolithography, masking, ion implantation, dop-devices
ant activation anneals, and postmetallization anneals. The minimum thickness of silicon nitride in contact with
a p*-polycrystalline gate electrode that is needed to stop
Ill. RESULTS boron out-diffusion during a high-temperature dopant activa-
This section discusses electrical measurements of metaltion anneal900—1050 °C has been estimated to be at most
oxide—semiconductdiMOS) capacitors and FETs, and is or- 0.8+0.1 nm, or approximately 2 molecular layers, corre-
ganized into three parts whi¢h demonstrate tunneling cur- sponding to a nitrogen atom areal density of X4®5
rent reductions due to interface nitridatidii) quantifies the < 10" cm™2 The areal density of nitrogen atoms is deter-
stopping of boron out-diffusion frorp™ polycrystalline Si;  mined from the physical density of the nitride matefia3.1
and (ii) discusses the performancemfype MOS(NMOS)  gmcm %) and mass of one molecular unit 08} (140 gm.
andp-type MOS(PMOS FETs with stacked ON gate dielec- Figure 10 include<C—V traces for capacitors with plasma-
trics and nitrided Si—Si@ All device structures were sub- deposited and annealed nitride layers of eitherx@4 or
jected to 30 s, 900 °C rapid thermal anneal prior to the depo9.8=0.1 nm, and for a control device with oxide dielectric
sition of either Al or polycrystalline Si gate electrodes. This without a nitride capping layer. The effect of boron transport
section also includes a short discussion of differences in peout of thep*-poly-Si is to shift theC—V characteristic to
formance between devices that include stacked ON dielegnore positive valuesncreasing the flatband and threshold
trics and devices with g\, dielectrics alone. voltages. TheC—V characteristics for devices with top ni-
tride films thicker than 0.8 nm are essentially the same as
those for nitride films that are 0.8 nm thick. It is significant
Figures %a), 9(b), and 9c) present current—voltage char- to note that 0.4 nm of nitride yields @—V positioninter-
acteristics for NMOS and PMOS structures with and withoutmediate between that of a dielectric with a 0.8 nm nitride
intentionally nitrided interface$t is important to note that layer, and the oxide dielectric indicating that some boron
this interface nitridation process is run at 300 mTorr, a prespenetration and transport has occurred through the 0.4 nm
sure in which the plasma is confined to the plasma generddm.
tion region, and at which the interface nitridation process Figures 11a) and 11b) indicate a series of experiments

A. Interface nitridation in MOS capacitors
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that provide insight into the boron blocking mechanism ofThe effects of boron penetration are referenced to the oxide
the 0.8 nm nitride films. The traces in Fig. (Al are for  layers. Keeping the areal density fixed, and increasing oxyni-
PMOS devices in which the thickness of the top nitride ortride alloy thickness is more effective at blocking boron
oxynitride layer has been fixed at 0.8 n(i):a 0.8 nm nitride  transport than keeping the top-layer thickness constant and
film; (i) two films with 0.8 nm thick oxynitride alloy films increasing the SiQalloy fraction. Studies made omtype

with compositions of 30% and 70% SjQrespectively; and substrates, but using Al, rather than -poly-Si gate elec-

(iii ) a control oxide. A similar set of traces is included in Fig. trodes, indicated that fixed charge levels were at most in the
11(b), where instead of top-layer thickness being held conlow 10'* cm 2 regime. As such, shifts in flatband voltage,
stant, the top-layer nitride atom areal density was held a leveaklative to calculated values, were significantly smaller than
corresponding to 0.8 nm of nitride-4.5+-0.5x 10" cm™?).  the shifts in flatband voltage due to boron penetration to the
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Fic. 10. Normalized quasistatic—V curves for thermal oxide, and 0.4 and
0.8 nm top nitride deposited onto thermal oxides. Curves are shifted due tgig. 11. C-V traces for different top-surface nitride barrier layers. Each set
boron penetration through thin gate material. The dopant activation anneabf traces has an oxide dielectric for refereribi®. 1) in which the flatband
ing is 1000 °C for 60 s. voltage has been shifted to positive values by B-atom penetration to the
Si—Si0, interface. Each set of traces also includes a 0.8 nm nitride layer
(No. 2) which effectively completely suppresses B-atom transport. The
traces in(a) are for a fixed barrier layer thickness of 0.8 nm, and thoge)in

Si-SiG, interface. Additionally, shifts in flatband voltage . o a fixed area density of nitrogen atomsd.5x 10 cm2

due to fixed positive charge are in tbpposite directiorto

shifts associated with boron penetration to the Si—3@r-

face, so that these would tend to decrease the quantitative

values of the flatband voltage shifts in Figs(dland 11b).

with the samé,_.o; and finally(iii ) direct tunneling leakage

was reduced relative to oxide dielectrics with the sape,.

These electrical properties of PMOS FETs are illustrated,
Plasma-deposited nitride layers have been incorporatespectively, in Figs. 12), 12(b), and 1Zc) and Fig. 13.

into NMOS and PMOS FETs and have been discussed digure 13 displays direct tunneling in PMOS devices with

some length in Refs. 11 and 12, respectively. The oxide layt,, 1.9 nm, and with different nitride-to-oxide thickness,

ers employed were formed either by thermal oxidation jn O t,/t,, ratios. The reduction in tunneling current in the two

or plasma-assisted oxidation using @s the source gas. devices with ON gate dielectrics is about the same even

Weak interface nitridation at the-2—5x10'? cm™2 level  though thet,/t, ratios, and physical thicknesses, are mark-

occurred during the nitride deposition, and as demonstrateddly different.

in Ref. 12, this was sufficient to improve device reliabilty = PMOS devices have recently been fabricated with inter-

with respect to devices with oxide dielectrics alone. NMOSface nitridation at the 7—810" cm 2 level, and with

and PMOS FETs were made with different oxide and nitridet, ¢~ 1.6 nm?® The drive currents scale with the increased

layer thicknesses, and witf, ., values ranging from about capacitance, and the reliability shows improvements similar

1.8 to 3.5 nm. In all instances the following results wereto what has been discussed above. However, significant de-

obtained: (i) transistor drive currents were determined by creases in the tunneling current are obtained, reflecting sepa-

toxeqr OF €quivalently, the capacitance of the dielectric layer;rate and independent contributions frgiminterface nitrida-

(ii) reliability was improved with respect to oxide dielectrics tion and(ii) the increased physical thickness of the ON stack

C. Properties of NMOS and PMOS FETs

J. Vac. Sci. Technol. A, Vol. 17, No. 4, Jul/Aug 1999
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Fic. 12. Properties of PMOS FETs with ON gate dielectrics. Comparison
are made with a FET with a control oxid@) drain current as a function of
drain voltage for different normalized gate voltagés), charge to break-

down, and(c) substrate injection tunneling current.

as compared to an oxide with the satgg.,. These devices firmed

are discussed in more detail in Ref. 25.

D. Nitrided interfaces

Devices made with nitrided interfaces have been dis-
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Fic. 13. (a) C-V characteristics demonstrated shift in flatband voltage due
to positive charge, and increased separation between high-frequency and
guasistatic plots due to interface trapping accompanying direct deposition of
thin nitride films onto Si(b) 14—V, characteristics for PMOS FETs with

a 4 nm nitride layer(ii) a 0.6 nm oxide separating a 2.4 nm nitride from the

Si substrate, angii) a 1.5 nm oxide separating a 1.0 nm nitride from the Si
substrate. The threshold voltage shift betwéenand (iii) is due in part to
substrate doping differencé6.16 V) and in part to positive charge at the
oxide—nitride interfacé0.04 e\j.

optimized nitride gate dielectrics perform poorly showing
threshold voltage shifts of abb@ V and saturated mobility
degradations of about 50, whereas NMOS devices show
much reduced threshold voltage shifts, and mobility degra-
dations of about 2. The mobility degradations are referenced
to devices with Si—SiQinterfaces, and sufficient nitriding of
the top surface of the oxide to suppress boron out-diffusion
during dopant activation.

IV. DISCUSSION
A. Control of nitrogen profiles

The experimental data presented above have shown that
remote plasma-assisted processing combiningplasma-
assisted oxidation(ii) plasma-assisted interface and top-
Surface nitridation, andiii) plasma-assisted film deposition
can control nitrogen profiles in ultrathin gate dielectrics with
values oft,,.eq extending to at least 1.8 nm. The nitrogen
concentrations have been determined by SIMS, AES, and
nuclear reaction analysid\RA). Localization of N atoms at
the Si—SiQ interface has been determined by AES, and con-
by angular-resolved x-ray  photoelectron
spectroscopy? and optical second-harmonic generattén.

B. Si—SiO, interface nitridation

Si—SiGO interface nitridation is important in the formation

cussed at length in Ref. 24. PMOS devices with single-layeof ultrathin stacked oxide—nitride gate dielectrics. The ex-
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TasLE Il. Average bonding coordination at Si—dielectric interfaces.

Material system Average coordinatidrN,) Electrical quality
Si—SiO, (1.5 molecular layeps 2.8 Excellent
Si—SiEN, (1.5 molecular layeds 35 Very poor(Ref. 24
Si—{SiO,}(t) — SikN, t=0.6 nm: 3.0 Very good(Ref. 30

t=oxide layer thickness t=1.5nm: 2.9 Excellent(Ref. 30
Si—{SisN4}H(t)-SiC, t=0.4 nm: 3.3 Poor (Ref. 30

t=oxide layer thickness t=0.8 nm: 3.4 Poor (Ref. 31
Si—N-SiQ {1 monolayer(ML)} 2.8 Excellent(Ref. 17
Si—~(Si0,)g.974 SiaN4) 0.023 2.3 at. %N:2.8 Excellent(Ref. 40
Si~(Si0,)0.8e SisNa)0.11 11 at. %N:3.0 Poor(Ref. 40
Si—TiO,}? (1.5 molecular layeds 4.0 Unreported
Si-Ta0s)® (1.5 molecular layeds 3.5 Unreported
Si—Al,04}° (1.5 molecular layeds 3.6 Unreported

@Average coordination(Ti)=6, (0)=3.0 (rutile/anatase bonding
PAverage coordination(Ta)=6, (0)=2.4 (Ref. 41).
“Average coordination: A(4.5), (O)=3.0[3:1 ratio of tetrahedral to octahedral sitgef. 42].

perimental data in Refs. 5 and 17 and displayed in Figs. %ikely that they are Si-atom dangling bonds that are not com-
and 12 indicate that interface nitridation reduces tunnelingpensated by hydrogen due to steriochemical constraints.
currents and improves device reliability as well. The significant difference in performance between de-
vices with nitride gate dielectrics and those in which super-
ficially thin SiO, layers have been interposed between the Si
substrate and the 8, gate dielectric has been explained
through an application of constraint theory to crystalline
Improvements in NMOS and PMOS FETs with ultrathin semiconductor dielectric interfac&sThis theory, originally
stacked oxide—nitride gate dielectrics have been identified igeveloped for bulk glassé$,and recently extended to thin
Refs. 11 and 12. As noted above, these devices have lofiims?° has been further extended to the interface structures
levels of interface nitridation that occur during the nitride of this article. Table Il includes some of the results presented
deposition steff~1% of the surface Si atoms are nitrided in Ref. 26, where it has been shown than an average interface
The primary improvements in these devices with stackeghonding coordination oN,,~3 separates defect interfaces
gate dielectrics as compared to devices with oxide dielectricef device-quality interfaces. For example, Table Il shows
at the same,.¢q are (i) improved reliability, (i) improved  that N,,<3 for Si—SiQ, monolayer nitrided Si-SiQ
suppression of boron out-diffusion from™-poly-Si gate Si-SiO, (0.6) nm—SiN,, but N, >3 for Si—SiN,.
electrodes in PMOS devices, afid) tunneling current re-
ductions Of. about 7-1(see Figs. 1&), 12(b), an_d 120 E. Limitations on ON stacks due to direct tunneling
The tunneling currents are well below expectations and are
sufficiently small as to raise serious questions regarding Model calculations assuming equal electron tunneling
implementation of devices with stacked oxide—nitride gategmasses in Si@and SgN, have demonstrated tunneling cur-
dielectrics into commercial devices. However, significantrents decrease significantly with increases in physical thick-
improvements have been made in tunneling current redudiess at constartt,, o, as obtained by replacing SjQvith
tions by combining ON stacks with heavily nitrided inter- SisN, (k,~7.6) or stacked oxide/nitride dielectrié&2° For
faces; for example, reductions of tunneling current in excesgirect replacement of Si{by SiN,, a first-order estimate for
of two orders of magnitude have reported in PMOS FETdunneling reductions is obtained by applying the WKB ap-
With toyeq~1.6 Nm? proximation to a symmetric tunneling barrier. For small ox-
ide voltages, the tunneling probability is proportional to
exp(—2t/\4ep), Wheret is the film thickness, andl 4.g is the
deBroglie wavelength for electrons in the dielectric
Experiments described in Ref. 24 have established that (7)/{2m*E;}°% E,; is the barrier heightconduction-
devices with nitride gate dielectrics do not perform as well ashand offset energyandm is the effective electron tunnel-
stacked oxide/nitride devices with interfacial oxide layers asng mass,i=o0,n. For SgN, substitutions to reduce direct
thin as 0.5-0.6 nm. The performance of PMOS devices withunneling,t,,/\ gegl N>1, /N 4edl o - tn @Ndt, are the respective
nitride gate dielectrics is significantly poorer than NMOS nitride and oxide layer thicknessdg=rt,, andr is the di-
devices indicating that defects at the SizM\Giinterface de- electric constant ratid,, /k,~2, so that
vice from states in the lower half of the band gap that are ,, %
positively charged when the Fermi level resides close to the re(mp Epn) > (Mg Epo).- ()
valence-band edgésee Figs. 18°* Although these states Conduction-band offset energies at Si—Si@hd Si—SjN,
have not been identified by any spectroscopic technique, it imterfaces are, respectively;3.15 and~2.15 eV, so that

C. Improvements in NMOS and PMOS devices with
stacked oxide/nitride gate dielectrics

D. Limitations on interface nitridation

J. Vac. Sci. Technol. A, Vol. 17, No. 4, Jul/Aug 1999
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my/mg >0.37.mjg is ~0.5m,, wherem, is the free-electron nitridation of Si—SiQ interfaces at monolayer levels reduces
mass, so that tunneling current is reducethff>0.18m,.°  poth direct and Fowler-Nordheim tunneling up to approxi-
FOr toxeq~2 NM, reductions>10° require m; ~mj , of  mately a factor of 50 with respect to devices with non-
0.5m,. Comparisons with model calculations demonstratenitrided Si—SiQ interfaces fOrt y.eq from ~2 to 5 nm7:31

that this criterion also applies at larger applied biasthe dielectrics in these devices were plasma-depositeg) SiO

9
voltages?: _ _ _ _ and the plasma nitridation process confined nitrogen to
Electrical evaluation of FETs with Si—b, interfaces Si-SiQ, interface.

deposited by remote plasma processiri§ have yielded A similar analytical approach has also been applied to

Sensmfes of |r_1te(;fa(;]¢ :]rapshand ﬁ)ée_d c_réar%e_ about tlhree OBther insulators with increased dielectric constant ratios. Re-
ersto fn;z_agngtu Se' ng' er tt an glt '|__|§" N |r_ectt r]?p ac(;e- cent calculations have shown that barrier heights between the

ment of SiQ by SN, Is not viable. However, interface de- ., \ction band of Si and many alternative higloxides is

fect densities could be reduced to Si-§i@vels (mid- — _; o \/s2 o example, the conduction-band offset energy

0 -2 i [ . i
égwgg t)h:yslin;irg;f;g a?]'&gﬂ"?; F;(')?‘:'n'?na gaiog\tlgciepd between Si and T.8s is estimated to be-0.36 eV; however,
9 interposition of a thin SiQlayer between the Si and J@; is

ON gate dielectrié**°Other studies prepared device-quality . ; ) .

nitride films by jet vapor depositidh and rapid thermal likely to increase this reIgtwe band offset energy by about
chemical-vapor depositiofRTCVD).%3 These films typically -2 €V- Assuming a nominal value of 25 fief, o, the tun-
require postdeposition anneals in oxidizing ambients formingi€ling mass of electrons in J@ must be >0.1mg or
thin SiO, layers at the Si—dielectric interface, and incorpo-~0.05mg for reduced direct tunneling, a condition which

rating oxygen in the bulk dielectric. should be realized. Based on electron transport through/over
Using the WKB approximation, the condition for reduced Schottky barriers? the relatively small barrier height be-
tunneling through stacked ON dielectric is given by tween Si and T#0g, means that tunneling transport may not

be the dominant leakage mechanism at bias voltages and
(toxeq{2m} Eo}O2<to{2m} Epo} O+t {2m} Epn}®° (2)  interface fields used in advanced FET devices. The barrier
height of Ref. 33(including increases to interposition of the
Sincetoxeq=to+ta /1, EQ.(2) reduces to the same condition sjo, layep is sufficiently low so that field-assisted thermi-
as abovemy >0.18m,. This constraint omm;; is supported  onjic emission over the Si/F@s barrier or thermally assisted
by experiments on ON devices with.eq~1.9 nm, lezmd With  tunneling through that barrier will promote electron injection
physical thickness ranging from 1.9 te3 nm."** These gjrecily into the band tail or conduction-band states of
devices display tunneling reductions of8 with respect to Ta,Os. This is supported by experiments which show that the

de/vicesh'V\gth SiQ d.ietlje;:trics ind7epe2d$_rr1]t of dthe'ratio of electron current from Si substrates through,Jafilms is
tn tO,W Ic W?]i]:/arganromv?ﬁ to. ) sre uhctlcz)ns.aref temperature activated and limited by a bulk transport
consistent withmy, ~0.3m, as first estimated on the basis of ;653435 The activation energy for transport in Ref. 34 is

tO':ndﬁr\]/'C?S W'tthti:/z" O}\I' di ISlrrtu!ar rheducttl)ons n dlr?cé . close to the conduction-band offset energy calculated in Ref.
unneling for stac e_ . . ielectrics aye een reporte "732, consistent with barrier-limited injection. Alternatively,
Ref. 13, where the nitride film was deposited by RTCVD and ther papers have suggested the bulk transport J0Jas a

subjected to a postdeposition anneal in an oxidizing ambieng ., . .
s . oole—Frenkel trap controlled process giving a different in-
These results have raised questions as to whether the map

order of magnitude tunneling current reductions required forélrpretatlon to the activation enerdf Poole—Frenkel con-

aggressively scaled devices can be realized with composit uct|on.were Fhe bulk .transport process, then the SizSiO
ON gate dielectrics in which a separate interface nitridatior|me?:ac.Ial barrier layer |In_the de\{lcesl of Tef.' S th()) ul:? actas
was performed. Nitrogen atoms diffuse to the Si—Siger- & Onhmic _contact,g()supp ying carrier flow-limited bulk trans-
face during the plasma-assisted deposition of the nitrid@°"t requ_lrement_. )
films, but the areal density of nitrogen atoms at these inter- =XPeriments  indicate that the temperature-dependent
faces are of the order of at most 1 at.%-2-5 leakage current in T®s devices is lower by several orders
X 1012 cm™2). of magnitude than the tunneling current in Sif0r the same

As noted above combining ON stacks with a separate infoxeq €Xtending to below 2 nrif However, to qualify as a
terface nitridation step that incorporates approximately 1 mMLeplacement for Sig) at least four criteria must be realized:
of interface nitrogen, tunneling currents in the ON stacks carl) the gate dielectric must have a capacitance that corre-
be reduced by more than one order of magnittidehe re- ~ sponds to~1 nm of SiG, (ii) the leakage current for a de-
duction of direct tunneling current in these devices then device with toe~1 nm must be at least three orders of mag-
rives from two effects{i) interface nitridation which gives nitude less than that of anl nm SiGfilm, (iii) the defect
about a factor of 1{see Figs. 9 and 18)],*> and (ii) physi-  generation rate under an appropriate stress bias test must
cally thicker films which also contribute about a factor of 10. correspond to a device lifetime of at least 10 years, @nd
Alternatively, the reduction in tunneling current in the ON electron and hole channel mobilities in FETs must be de-
device may be due to monolayer-level interface nitridationgraded by no more than 5%-10% with respect to their values
which occurs during plasma nitride deposition and annealat Si—SiQ interfaces. Initial results on electron mobilities in
ing. Other studies have demonstrated that plasma-assisteechannel devices with T&®s and TiO, dielectrics and Si©
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