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Direct tunneling limits aggressive scaling of thermally grown oxides to about 1.6 nm, a thickness at
which the tunneling current densify at 1 V is ~1 Alcn?. This article demonstrates that stacked
gate dielectrics prepared by remote plasma processing and inclGglimgrathin nitrided SiQ
interfacial layers and(ii) either silicon nitride or oxynitride bulk dielectrics can extend the
equivalent oxide thickness to 1.1-1.0 nm beféy@xceeds 1 Alch Significant reductions in direct
tunneling are derived fronfi) interface nitridation at the monolayer level afig the increased
physical thickness of the nitride or oxynitride alloy layers. The “portability” of the interface
contribution is demonstrated by combining the nitrided Si@erface layers with transition-metal
oxides, e.g., T#s, in stacked gate dielectric structures and obtaining essentially the same
reductions in tunneling current om- and p-type substrates with respect to non-nitrided
plasma-grown interface layers. @000 American Vacuum Socief$s0734-210000)18304-9

[. INTRODUCTION goals for increased capacitance or decreased EOT through
the increases ik. The transition to alternative gate dielec-
Scaling of Si complementary metal-oxide semiconductotyrics can proceeded in two step$} the implementation of
(CMOS) devices to smaller feature sizes to achieve increasestacked gate dielectrics comprised of Siidterface layers
in device speed and integration requires increases in gaignd either Si-nitride or oxynitride bulk dielectriés? fol-
dielectric capacitance, which must be accomplished by retowed by (ii) the substitution of alternative highexides or
ducing the equivalent oxide thickne@SOT) of the gate di-  silicates, such as &rf)O,—SiO, (Refs. 6 and Y or Ta0s
electric to less than 1 nm. Direct tunneling limits scaling of (Refs. 8 and 9for the nitrides or oxynitride alloys. Direct
thermally grown oxides and nitrided oxides to approximatelysubstitution of plasma-deposited nitrides for oxides without
1.5-1.6 nm, a thickness regime in which direct tunnelingan interfacial oxide layer has been shown to degrade field-
current at~1 V in inversion bias generally exceeds 1 Akm  effect transistofFET) drive currents im-channel devices by
as for example, in microprocessor applications for desk-togbout a factor of 2, and ip-channel devices by more than a
computers. Significantly lower direct tunneling currents, factor of 101%* thereby nullifying any gains from the in-
~1073 Alcm?, are required for battery-operated devices. Thecreased capacitance. The insertion 00.5-0.6 nm of a
requirement of reduced tunneling has stimulated considemlasma-grown interfacial oxide with or without monolayer
able research in alternative insulators with dielectric conscale interface nitridation, between the Si substrate and the
stantsk greater than Si@ This is based on an assumption bulk nitride dielectric layer, restorastype MOS (NMOS)
that increased physical thickness will significantly reduce theand p-type MOS (PMOS FET drive currents to essentially
direct tunneling current while at the same time meet targetethe same values as in devices with oxide gate dielectrics of
the same EOT*'! Similar improvements in interface-
3Electronic mail: lucovsky@ncsu.edu controlled electrical properties have been obtained with
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transition-metal-oxide bulk dielectrics as demonstrated in 102 — _
this article for TaOs on bothn- and p-type S{100 sub- 1ot | 17 poly-Si/Si0,/n-Si(100)
strates = Substrate Injection
. NE 00 (,um""(c
2]
< 10"
[I. EXPERIMENTAL RESULTS 202t
>
Stacked dielectric layers have been prepared by 300°C @ 1031
remote plasma processing, includirf@; interface formation é 10
and monolayer interface nitridatidf® followed by (ii) re- § o5
mote plasma-assisted deposition of nitride and oxynitride al- 3 sk
loy films.1*1> Analysis of nitrided interface layers by second- A =30mm
ary ion mass spectrometrySIMS) and nuclear reaction 107 E.
analysis(NRA) were used to identify the process conditions 10'80 p 2 3 4 5

that resulted in monolayer nitridation, i.e., a concentration of
nitrogen atoms, Z 1xX10%cm 2, that equals the concentra-
tion of Si atoms on @100 surface. After plasma processing,
dielectric stacks were subjected to Ensitu rapid thermal
anneal for 30 s at 900 °C in an inert gas atmospkeig, He
or Ar at ~1-2 mTorp. This was followed by(i) deposition
of polycrystalline Si gate electrodes, ion implantation of As
or B at a dose of~5%x10 '°cm 2, and dopant activation
annealing at 1000 °C for about 60 s. Device structures were
then completed by conventional processing steps, including
photolithography, wet/dry etching, and postmetallization an-
nealing(PMA). Devices were also fabricated with Si@nd
Ta,O5 films deposited at 300 °C by remote plasma process-
ing. The down-stream injected source gases for the respec-
tive SiO, and TgOs depositions were silane and Ta ethoxide.
These devices had Al gate electrodes, but the PMAs were
done prior to deposition of Al gates to prevent chemical
reactions between the J@; dielectrics and the Al electrode.
Capacitance—voltageC(-V) and current—voltagel V)
were made using Hewlett Packard HP 4248A and HP 4155B/
41546B, respectively. The values of EOT were obtained
from analysis of 100 kHC—V data including corrections for
polysilicon depletion and potential drops in the channel
region?® This article(i) demonstrates separate and indepen-
dent contributions for reduction of direct tunneling from in-
terface nitridation and physically thicker bulk dielectric lay-
ers, (i) compares direct tunneling for nitrides and oxynitride
alloys relative to oxides, andii) demonstrates improve-
ments inC—-V andl -V properties obtained by incorporating
plasma-grown oxide and monolayer-nitrided oxide interface
layers in devices with T8z bulk dielectrics.
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Figures 1a), 1(b), and 1c), respectively, illustrate reduc-
tions of direct tunneling derived froith) monolayer interface
nitridation***3and(ii) incorporation of physically thicker ni-
tride layers into stacked dielectrics, and then frgim) a

Fic. 1. (a) Current density—gate voltagd+£V) plots for MOS capacitors
with EOT ~2 and 3 nm.(b) J-V characteristics of MOS capacitors with
plasma-deposited nitride/oxid&l/O) stacks compared to device with a ho-
mogeneous oxide lay¢EOT~1.9 nm. (c) J-V characteristics for a PMOS
FET compared to a device with a homogeneous oxide for EQY nm.

combination of monolayer interface nitride and incorporation
of physically thick nitride layers in stacked structures. Re-

ductions in direct tunneling at abba 1 V bias across the
dielectric are(i) a factor of ~10 for interface nitridation for
substrate accumulation at EOTs-e2 and 3 nm(ii) a factor
of ~10 for EOT of~1.9 nm, for different ratios of nitride-
to-oxide thickness from-4:1 and 0.67:1, andii) a factor of
more than 200 for EOT~1.6 nm, for thecombinationof

have been found to be the same for both substrate accumu-
lation and inversion using FET devices with grounded and
connected source and drain contacts and with an appropriate
sign of bias voltage applied to the gate electrGti@hese
reductions in direct tunneling are effectively independent of
oxide thickness in range that extends from at least 2 to 3 nm

interface nitridation, and increased physical thickness. Théor devices with bulk oxide dielectrics, and down+dl nm

effects of interface nitridation in the direct tunneling regime
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for devices with TgOs, as shown in Fig. @). Interface ni-
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300 chemical-vapor depositio(RPECVD ~10-15 at. % after
annealing/thermal exposure at 1000%“Eigure %c) demon-
strates a tunneling current reduction of more than 200 with
respect to Si@for a device with a nitride gate dielectric and
a nitrided SiQ interface layer and EOT, as determined from
analysis ofC—V data of 1.6 nm. The SiOdevice data are
degraded due to boron transport to the Si—Si@erface
during the activation anneal for the™ poly-Si gate elec-
trode, and a calculated-V curve is also shown for com-
parison in Fig. 1c).
MOS capacitors were fabricated for devices with aQ:a

RPECVD layer with three different interfaces Gn HF-last
0 ‘ ! : : Si and (ii) with ~0.5-0.6 nm of plasma-grown SjOwith
30 20 1.0 00 10 20 . . e : .
(@) Gate Voltage, V. (V) and without mterfamal nitridation. Figures& and 2b) dis-
play, respectivelyC—V andJ-V data for these stacked de-
vices with the RPECVD T#s bulk dielectrics. The electri-
cal thickness of stacked dielectrics, extracted fr@wV
) data, ranged from 1.1 to 1.6 nm. Direct deposition onto HF-
@ last Si gave negative flatband voltage shifts-@.05-0.15 V
@ relative to flatband voltages for MOS capacitors with inter-

\ faces formed by plasma oxidation with and without interfa-
\ cial nitridation. In addition, the flatband voltages of MOS
y capacitors with the plasma-processed interfaces were the
same t0+0.005 V as those prepared on Si wafers from the
same ingot with similarly processed interfaces and plasma-
deposited Si@dielectrics. Similar to the devices with SiO
dielectrics, monolayer interface nitridation reduced direct
tunneling by factors~5-10 for a substrate accumulation
bias of approximately 1 V, which was independent of sub-
Fic. 2. (@ C=V and (b) J-V characteristics for devices with plasma- Strate type.
deposited T30s. The solid squares are for direct deposition onto HF-last Si, ~ Figures 3a) and 3b) include, respectivelya) J-V char-

and the other solid and open characters are for devices with nitride a”ﬁcteristics for PMOS EETs with stacked oxide/nitride dielec-
non-nitride plasma-grown Si—SjOnterfaces. TheC—-V curves for the

PMOS capacitors have not been plot for an accumulation bias of more thalfics in an EOT range from 'abOUt.2-4 FO 1.3 nm, dbila

abot 1 V due to significant leakage curreisiee(b)]. The solid circles are  plot of J4 versus EOT for an inversion bias voltage-et V,

for deposition onto HF-last Si, the open circles for a RPAO S&yer, and which demonstrates that the 1 A/&fine is not crossedintil

the solid squares are for monolayer nitrided RPAO ,Sithe EOT values . . .

for the traces labeletl)—(6) are:(1) 1.09 nm,(2) 1.20 nm,3) 1.17 nm,4)  he EOT is reduced below1.1 nm. The devices of Fig. 3

1.19 nm,(5) 1.30 nm, and6) 1.29 nm. included monolayer-nitrided interfaces. Figure 4 compares

the direct tunneling current for both substrate accumulation

o o . and inversion in NMOS devices without the interfacial nitri-

tridation also reduces tunneling in the Fowler—Nordheim reation step with EOT~2 nm. Threedifferent stacked gate

gime but by different amounts depending on the bia6-10  giejectrics are in the devices of Fig. @ a plasma-processed

for gate injection, and more than 50 for sub_strate anec’tf’o_n. oxide with the interface layer prepared by RPAO and the

In Fig. 1(b), the approximately equal reductions of tunneling bulk dielectric by RPECVD(ii) an oxide/nitride stack, with

in (i) different nitride-to-oxide ratios is consistent with the _, 5 o oxide prepared by remote plasma-assisted oxi-
tunneling mass of electrons in the nitride films being reduced

by a factor of about one half with respect to the tunnelinnganggvng?;’ mand thg /mtnd-;a. dlayter kde_g:;ﬂgd by
mass of electrons in SiQfrom ~0.55m for SiO, to ~0.25 :and(iii) an oxide/oxynitride stack with-0.6 nm

mo for SisN,, wherem, is the free-electron mad&.These ©Of OXide prepared by RPAO, and the oxynitride layer also
tunneling mass values are in effect fitting parameters opdePosited by RPEFV& The oxynitride alloy has an ap-
tained by assuming conduction-band offset energies of 3.1Broximate composition afSiO,)o 5(SisN4)os Or equivalently,
and 2.15 eV, respectively, for Si-Si@nd Si-SiN,. The @ N:O ratio of about 2:1. Studies of alloys with Si@®ac-
effective mass fit parameter for 8, is smaller than values tions ranging from 0.3 to 0.7 have demonstrated that the
quoted elsewhere for films produced by other chemicalimaximum direct tunneling current reductions relative to ho-
vapor depositionCVD) techniques/*® and is assumed to mogeneous oxides were obtained for nearly equal, Sitl
reflect the relatively high concentration of bonded hydrogerSi;N, alloy fractions, or an alloy composition given by
in the nitrides prepared by remote plasma-enhancedSiO,),5(SisNy)gs the same as shown in Fig. 4.
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101 a particular surface; e.g., the so-called'Seature decreased
markedly on Si111) after the 900 °C anneal and significantly
100 4 g0 smaller reductions took were found for the!'Siand SF*
S off (257C) features which are intrinsic to flat&il1) surfaces and inter-
oo faces.
g Figure 5 indicates a modified interface band structure pre-
o 107 . sented in Ref. 21 for 900 °C annealé non-nitrided and
g [N (b) nitrided Si—SiQ interfaces. The suboxide bonding de-
CITEN fines a transition region with an average SiO composition
32 between the Si substrate and the gifelectric which is
10 N different for non-nitrided interfaces. The thickness of the
PMOSFET, Na=1x1078/cm 3 \ transition region between the Si substrate has been obtained
105 — — from normalizing the excess Si interfacial bonding to an av-
8 10 12 14 16 18 20 22 24 26 erage density for a SiO alloy composition; i.e., the average of
(b) Tox-eq (Angstrom) for N/O Films

the densities of Si and SOThe calculation for direct tun-

Fic. 3. (@ J, Vs V, for PMOS FETS with EOT from 1.3 to 2.4 nnib) neling would give the same results if the triangular barriers

Scaling of J, vs EOT for PMOS FETs of(a). Limiing EOT for 3, ~ Were replaced by steps with an appropriately averaged band

<1 Alcm 2 is less than 1.1 nm. offset energy,~1.58 eV for the interface with suboxide

bonding, and 2.65 eV for the nitrided interface with suboxide
bonding. The difference band offset energies between the

[ll. DISCUSSION non-nitrided and nitrided interfaces is consistent with char-
Two issues relevant to data presented above are now a_ag:terizations that indicat_e that_ thbatpms_, are ponded at the

dressed(i) application of a microscopic model that accounts/nterface and in a lgozrgflguratlon with in which they have

for the reduction of tunneling current associated with inter-tree Si neighbor&: > _ _ _

face nitridation, andii) a model calculation which demon- ~ Figure 6 compares cglcuzll?tmns of direct tunneling based

strates why stacks with Si-oxynitride alloy bulk layers, rather" the WKB approxmano?r?' for th_ree dl_fferent _dlelectr_lcs

than stacks with Si-nitride bulk layers, show the largest reWith EOT=2.0 nm: (i) an ideal oxide with no interfacial

ductions in direct tunneling. trans!tlon reg|on(1)_,__(||) an o?<|de Wlth _mterfac_lal subox!de
The interfacial bonding structure of devices with nitrided °0nding (2), and (iii) an oxide with interfacial suboxide

interfaces has been determined from analysis of x-ray phd20nding and a nitrided interfad®). The tunneling mass for

toelectron spectroscopiXPS) spectra’ and has been dis-

cussed in detail in Ref. 17. In summary, XPS studies were SiOy

performed with plasma-grown ultrathin oxides in the thick- ) S1ox )

ness regime from 1 to 1.5 nm on($11) and S{100 sub- \l\ 4 ) .

strates:(i) both interfaces displayed an integrated spectral si02 \ $i02 .E' 19e

content in thesuboxide bonding regimeetween the @ Si s |B8eV) Si (1.1 eV) Si_|B8eY) si(-1ev)

substrate feature at99 eV and the Si@bulk oxide feature ~ — | 81810y Intorface SI-S10, ieartace

at ~103.5 eV in excess of the one monolayer that defines

and the ideal abrupt and flat interfa¢g) integrated intensi- _

ties in this region decreased by 15%-20% between as T e i

deposited(300 °Q and annealed condition@00 °Q, and 0.27 nm 0-35 nm

(iii) the decreases in suboxide bonding occurred mostly it 5. Modified interface band structures determined from XPS data in

bonding arrangements that were imrinsic with respect to  Refs. 17 and discussed in detail in Refs. 18.

Ach =3.15eV

J. Vac. Sci. Technol. A, Vol. 18, No. 4, Jul /Aug 2000
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Fic. 6. Calculated tunneling based on the band structures in Fige& . " )
Ref. 18. Fic. 7. Calculated tunneling current vs alloy composition for fixed EOT of

1.2, 1.6, and 2.0 nm. The calculations assume lifgar k, and m} with
alloy composition.

these calculations was taken to be fh§ and the rest of the

details of the calculations are discussed in Ref. 21. The cal- o

culations demonstrate that direct tunneling is reduced by inffom 3.15 to 2.15 eV as the alloy composition is changed

terfacial nitridation by a factor of-10 with respect to de- T0M SIO; t0 SkN,. These assumed linear variations do not

vices with suboxide bonding. Additionally, the calculated 0llow directly from the pseudobinary character of the Si

tunneling in the device with the nitrided interface is nearly ©*ynitride alloys, and therefore, represent the simplest pos-

equal to that of the device with thideal abrupt interface. sible assumption. The _calculatlon of the tunneling current
Studies of direct tunneling in composite oxide/nitride gate@S been performed using the approach of Refs. 23 and 24.

stacks prepared by combining low-temperature plasmal € WKB approximation for direct tunneling for single-layer

assisted oxidation, oxide deposition, and nitride depositiond'eleCt”Cs indicates that tunneling transmission probability

followed by postdeposition rapid thermal anneafitg?? through a square barrier is approximately proportional to
have demonstrated that increases in physical thickness for exp — 2ta(m* {Ey— Ver)) 0] (1)
these O/N stacks are significantly compensateddnreases € ¢ '
in the tunneling mass and effective barrier height for tunnelwherea is a constantt is the physical thickness of the di-
ing. This has been determined by fitting the tunneling datalectric,my is an electron tunneling mass aBg— V¢ is an
with a model calculation in which the conduction-band en-effective uniform barrier heightor tunneling:E, is the in-
ergies for Si-Si@and Si—SjN, have been taken to be 3.15 terfacial barrier heighte.g., the conduction-band offset en-
and 2.15 eV, respectively. The tunneling mass then becomesggy between the Si substrate and the dielectkor a volt-
the fit parameter. For example, as shown above, in the physage drop V4. across the dielectrics,E,—Ves IS
cal thickness range between 1.5 and 2.5 nm, reductions @pproximately equal t&,—0.5 V4. There are two things
tunneling associated with 20% increases physical thickness to note: (i) consistent with what has been discussed above
are ~10, consistent with a reduced band off§et2.15 eV} with respect to tunneling reductions in oxide—nitride stacks,
and tunneling masé~0.25 my—0.3m) for the nitride!® the tunnel current reduction for thicker nitride film with re-
Figure 7 compares calculated tunneling currents forspect to a thinner oxide film of the same EOT is about a
single-layer gate dielectrics along the pseudobinary alloyactor of 10. This is due to compensating or off-setting fac-
join line from SiO, to SN, (Refs. 23 and 24for three  tors; i.e., the factor of 2 increase in physical thickness is
different EOT=2.0, 1.6, and 1.2 nm. The calculation hascompensated by decreases in the product of the tunneling
been performed for a potential drop of 1 V across the dielecmass and effective average tunneling barrier height. The
tric layer. The dielectric constant has been assumed to scab®wing of the curves in Fig. 7 results from the incorporation
linearly from a value of 3.8 in Si@to 7.6 in SiN,, so that  of linear scaling into an exponential tunneling current rela-
the physical thickness for a constant EOT increases linearljionship that is qualitatively similar to the approximate WKB
with nitride fraction from values of 2.0, 1.6, and 1.2 nm in expression introduced above. The increases in physical
SiO, to corresponding respective values of 4.0, 3.2, and 2.4hickness along with the decreases in massedfettivebar-
nm in SgN,. Linear scaling of the dielectric constant is con- rier height combine to predict a minimum in the direct tun-
sistent with the pseudobinary character of the Si oxynitrideneling near the middle of the alloy composition range, rather
alloy system. The tunneling mass has been assumed to déyan at the nitride end of the system. As noted above, this has
crease from~0.55 to 0.25my, and the band-offset energy been born out of the experiments described above.

JVST A - Vacuum, Surfaces, and Films



1168 Lucovsky et al.: Separate and independent reductions 1168

It is important to note that bowing of the curves in Fig. 7 The National Roadmap for Semiconductor Technol@@jA, Santa Clara,

is a direct result of the end-member value of the tunneling ,CA: 1997-

- - - S. C. Song, H. F. Luan, Y. Y. Chen, M. Gardner, J. Fulford, M. Allen,
mass assumed for3‘5I4 on the basis of the data in Flg(bll. and D. L. Kwong, Tech. Dig. Int. Electron Devices Meet., 31898.

As note earlier in the article this value of the tunneling mass s, Tsenget al, Tech. Dig. Int. Electron Devices Meet., 647997).
used in this calculation may reflect the properties of 4c. R. parker, G. Lucovsky, and J. R. Hauser, IEEE Electron Device Lett.
RPECVD nitrides. Other authors have determined tunneling 19, 106(1998.

masses for 3N, that are higher~0.4—0.5m,, for nitrides °Y. Wu and G. Lucovsky, IEEE Electron Device Let9, 367 (1998.

. . . 6, T
prepared in other ways: 8 If higher values ofm, for SisN, 7‘;- "\’AV"\'jva'I}d W-dAéVVLa”acerkAp”\’/'l- tphy;- LetZ“* 2254(19?;
are used in the scaling of the tunneling mass, the bowing in 2 M- Wolfe and G. Lucovsky, Mater. Res. Soc. Symp. Pi@epress.
. . N . ; A. Chatterjeeet al, Tech. Dig. Int. Electron Devices Meet., 777998.
Fig. 7'|s S|gn|f|caqtly reducgd, in particular, the calculated sy £ | yan. B.Z Wu L. G. Kang, B. Y. Kim, R. Vrtis, D. Roberts, and
tunneling current is essentially constant for-0.6, rather D. L. Kwong, Tech. Dig. Int. Electron Devices Meet., 6QE98.
than increased between the middle of the alloy regime and’G. Lucovsky, Y. Wu, H. Niimi, V. Misra, and J. C. Phillips, Appl. Phys.
the end-member g\, composition. Lett. 74, 2005(1999.
1y, Misra, Z. Wang, Y. Wu, H. Niimi, G. Lucovsky, J. J. Wortman, and J.
R. Hauser, J. Vac. Sci. Technol. &, 1836(1999.
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the transition from(i) thermally grown oxides, including E. J. WaltergThe American Institute of Physics, Woodbury, NY, 1998

. o . p. 273.

modest _Ievels_ of bulk and w;tser_f_ace nltr|dat|pn achleved by 134, Niimi and G. Lucovsky, J. Vac. Sci. Technol. 7, 3185 (1999 J.
processing with NO and §0,” (ii) stacked dielectrics that ¢ sci. Technol. BL7, 2610(1999.

include alternative highek-materials. For the EOT range 4y, Ma, T. Yasuda, and G. Lucovsky, J. Vac. Sci. Technol1% 952
from about 1.6 to 1.8 nm to about 1.1 to 1.0 nm, tteal (1993; Y. Ma, T. Yasuda, S. Habermehl, and G. Lucovsky, J. Vac. Sci.
gate dielectric stack will be comprised of a superficially thin Technol. B11, 1533(1993; Y. Ma and G. Lucovsky,bid. 12, 2504
(~0.5 nm SiO, layer with monolayer interface nitridation, (1994

e . o 153, V. Hattangady, H. Niimi, and G. Lucovsky, J. Vac. Sci. Technol4A
and an oxynitridation alloy with a composition near the 3017(1996

middle of the glloy range(Si0,);—x(SisNy)x, where x 163, R. Hauser and K. Z. Ahmed, iBharacterization and Metrology for
~0.5-0.6(see Fig. 7. For the EOT range below about 1.1—  yLSI Technology: 1998 International Confereneeited by D. G. Seiler,

1.0 nm, the oxynitride alloys will be replaced by higlal- A. C. Diebold, W. M. Bullis, T. J. Shaffner, R. McDonald, and E. J.
ternative materials such as transition-metal silicagasd/or Walters (The American Institute of Physics, Woodbury, NY, 1996.
silicate alloy$, and/or TaOs.5° Figures 2a) and 2b) dem- 2%

V. A. Gritsenko, E. E. Meerson, and Y. N. Morokov, Phys. Rev5B

onstrate that the same interface that reduces nitride and aIonR2081 (1998,

degradation of device performance and reliability also canisy gp; x Wang, and T. P. Ma, IEEE Trans. Electron Devides 388
provide the same function when used with higlgate di- (1998.
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