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The outstanding properties of SiO2 , which include high resistivity, excellent dielectric strength, a
large band gap, a high melting point, and a native, low defect density interface with Si, are in large
part responsible for enabling the microelectronics revolution. The Si/SiO2 interface, which forms
the heart of the modern metal–oxide–semiconductor field effect transistor, the building block of the
integrated circuit, is arguably the worlds most economically and technologically important materials
interface. This article summarizes recent progress and current scientific understanding of ultrathin
~,4 nm! SiO2 and Si–O–N~silicon oxynitride! gate dielectrics on Si based devices. We will
emphasize an understanding of the limits of these gate dielectrics, i.e., how their continuously
shrinking thickness, dictated by integrated circuit device scaling, results in physical and electrical
property changes that impose limits on their usefulness. We observe, in conclusion, that although Si
microelectronic devices will be manufactured with SiO2 and Si–O–N for theforeseeable future,
continued scaling of integrated circuit devices, essentially the continued adherence to Moore’s law,
will necessitate the introduction of an alternate gate dielectric once the SiO2 gate dielectric thickness
approaches;1.2 nm. It is hoped that this article will prove useful to members of the silicon
microelectronics community, newcomers to the gate dielectrics field, practitioners in allied fields,
and graduate students. Parts of this article have been adapted from earlier articles by the authors@L.
Feldman, E. P. Gusev, and E. Garfunkel, inFundamental Aspects of Ultrathin Dielectrics on
Si-based Devices, edited by E. Garfunkel, E. P. Gusev, and A. Y. Vul’~Kluwer, Dordrecht, 1998!, p.
1 @Ref. 1#; E. P. Gusev, H. C. Lu, E. Garfunkel, T. Gustafsson, and M. Green, IBM J. Res. Dev.43,
265 ~1999! @Ref. 2#; R. Degraeve, B. Kaczer, and G. Groeseneken, Microelectron. Reliab.39, 1445
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I. INTRODUCTION AND OVERVIEW

A. SiO2 enabled the microelectronics revolution

Nature has endowed the silicon microelectronics ind
try with a wonderful material, SiO2 , as is shown in Table I.
SiO2 is native to Si, and with it forms a low defect densi
interface. It also has high resistivity, excellent dielect
strength, a large band gap, and a high melting point. Th
properties of SiO2 are in large part responsible for enablin
the microelectronics revolution. Indeed, other semicond
tors such as Ge or GaAs were not selected as the sem
ducting material of choice, mainly due to their lack of
stable native oxide and a low defect density interface. T
metal–oxide–semiconductor field effect transistor~MOS-
FET!, Fig. 1, is the building block of the integrated circu
The Si/SiO2 interface, which forms the heart of the MOS
FET gate structure, is arguably the worlds most economic
and technologically important materials interface. The e
of fabrication of SiO2 gate dielectrics and the well passivate
Si/SiO2 interface that results have made this possible. S2

has been and continues to be the gate dielectric par ex
lence for the MOSFET. Figure 2 is a transmission elect
photomicrograph of an actual submicron MOSFET, show
the SiO2 gate dielectric as well as the Si/SiO2 interface.

In spite of its many attributes, however, SiO2 suffers
from a relatively low dielectric constant~k5dielectric con-
stant, or permittivity, relative to air53.9!. Since high gate
dielectric capacitance is necessary to produce the requ
drive currents for submicron devices,1,4 and further since ca-
pacitance is inversely proportional to gate dielectric thic
ness, the SiO2 layers have of necessity been scaled to e
thinner dimensions, as is shown in Fig. 3. This gives rise
a number of problems, including impurity penetratio
through the SiO2 , enhanced scattering of carriers in th

TABLE I. Selected properties of SiO2 gate dielectric layers.

Native to silicon~SiO2 is the only stable oxide phase on Si!
Low interfacial (Si/SiO2) defect density~;1010 eV21 cm22, after
H2 passivation!
Melting point51713 °C
Energy gap59 eV
Resistivity;1015 V cm
Dielectric strength;13107 V/cm
Dielectric constant53.9
-

FIG. 1. Schematic illustration of a
submicron ~channel length! CMOS-
FET ~complementary metal–oxide–
semiconductor field effect transistor!
~courtesy of C. P. Chang, Agere Sys
tems!.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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channel, possible reliability degradation, high gate leak
current, and the need to grow ultrathin and uniform Si2

layers.
This article summarizes recent progress and current

entific understanding of ultrathin~,4 nm! SiO2 and Si–
O–N gate dielectrics on silicon based devices.~Si–O–Nwill
refer to oxynitride dielectrics for which N/~N1O!<0.5, and
most often much less than that.! We will emphasize an un
derstanding of the limits of these gate dielectrics, i.e., h
their continuously shrinking thickness, dictated by integra
circuit device scaling, results in physical and electrical pro
erty changes that impose limits on their usefulness. We
also discuss the near-future need for alternate gate diele
materials such as Si3N4 and other metal oxides and nitride
known as ‘‘highk’’ materials.

In a continuous drive to increase integrated circuit p
formance through shrinkage of the circuit elements, the
mensions of MOSFETs and other devices have been sc
since the advent of integrated circuits about 40 years a
according to a trend known as Moore’s law.5–8 Moore’s law
describes the exponential growth of chip complexity due
decreasing minimum feature size, accompanied by con
rent improvements in circuit speed, memory capacity, a
cost per bit. SiO2 gate dielectrics have decreased in thickn

FIG. 2. Cross-section transmission electron photomicrographs of a 35
~channel length! transistor, and a detailed view of its 1.0 nm SiO2 gate
dielectric and Si/SiO2 interface@from Timp et al. ~Ref. 15!#.

FIG. 3. Decrease in gate SiO2 ~or equivalent oxide! thickness with device
scaling~technology generation!. Actual or expected year of implementatio
of each technology generation is indicated@adapted from ITRS~Ref. 16!#.
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
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from hundreds of nanometers~nm! 40 years ago to less tha
2 nm today, to maintain the high drive current and gate
pacitance required of scaled MOSFETs. Further, as can
seen in Fig. 3, SiO2 thickness continues to shrink. Man
ultrasmall transistors have been reported, with SiO2 layers as
thin as 0.8 nm.9–15 The International Technology Roadma
for Semiconductors,16 excerpted in Table II, shows that SiO2

gate dielectrics of 1 nm or less will be required within 1
years.@It will become obvious while reading this article tha
SiO2 layers thinner than;1.2 nm may not have the insula
ing properties required of a gate dielectric. Therefore al
nate gate dielectric materials, having ‘‘equivalent oxi
thickness’’ less than 1.2 nm~for example!, may be used
Equivalent oxide thickness,tox~eq), is the thickness of the
SiO2 layer ~k53.9! having the same capacitance as a giv
thickness of an alternate dielectric layer,tdiel (k5kdiel).
Equivalent oxide thickness is given by the relationsh
tox~eq)5tdiel~3.9/kdiel).# At these thicknesses, the Si/SiO2 in-
terface becomes a more critical, as well as limiting, part
the gate dielectric. A 1 nm SiO2 layer is mostly interface,
with little if any bulk character. It contains about five laye
of Si atoms, at least two of which reside at the interface17

Given its prominence, much of this article will focus on th
physical and electrical properties of the Si/SiO2 interface.

Due to its commercial relevance, the Si/SiO2 system has
received an enormous amount of scientific attention. It
daunting to count the number of scientific papers: using
INSPEC Database we found 36 708 references~since 1969!
devoted to this system.@We intersected the set ‘‘silicon’’ with
the set ‘‘~SiO or SiO2 or SiOx!’’ and then subtracted the se
‘‘quartz.’’# Only 2% of these references are cited in this
ticle. Several excellent books18–23 and review papers on di
electric selection,24 atomic scale interactions between Si a
O,25–27oxidation of Si,28–30SiO2 structure,31 interface struc-
ture and defects,32–34 reliability,35 metrology,36

Si–O–N,2,37,38 and general growth, structure an
properties39,40 have been published. However, some ba
scientific issues at the forefront of the field remain un
solved. Among these issues are an understanding of the e
diffusion mechanisms and incorporation reactions of oxid
ing and nitriding species in SiO2 , an atomistic understandin
of the initial stages of oxidation, the role of postoxidatio
processing on physical and electrical properties, the bond
structure at and near the Si/SiO2 interface, the relationship
between local bonding/chemistry and electrical defects,
the failure mechanisms in ultrathin dielectrics. All of the
topics will be addressed in this article.

It is amusing and instructive to learn that not only
SiO2 enabling to microelectronics, but also to some forms
life itself. Many forms of animal and plant life have ce
membranes and exoskeletons composed of pure, crysta
~opaline!SiO2.41 This should not be too surprising, since
and O are the two most abundant elements in the ea
crust. In particular, one celled animals called diatoms fash
their cell membrane via self-assembly~molecule by mol-
ecule!, from SiO2 dissolved in H2O, at ambient
temperature.42 They exist in thousands of symmetric mo
phologies. Figure 4 is a scanning electron microscopy im
of the SiO2 exoskeleton of a diatom, on which one can o

m
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TABLE II. MOSFET technology timetable, adapted from the International Technology Roadmap for Sem
ductors~ITRS! ~Ref. 16!.

First year of
production 1999 2001 2002 2005 2008 2011 2014

DRAM generation 1G 1G 4G 16G 64G 256G 1T
Minimum feature
size, nm

180 160 130 100 70 50 35

Equivalent oxide
thickness, nm

1.9–2.5 1.5–1.9 1.5–1.9 1.0–1.5 0.8–1.2 0.6–0.8 0.5–0
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serve SiO2 features as small as 100 nm. It is humbling
discover that diatoms evolved with such ‘‘scaled dime
sions’’ 400 million years ago, and suggests that in the futu
SiO2 , as well as other electronic materials structures, mi
be self-assembled by biomimetic processes. In fact, s
structures have already been achieved.43,44

B. Fundamental limits of SiO 2 : Is the end in sight?

The use of ultrathin SiO2 gate dielectrics gives rise to
number of problems, including high gate leakage curre
reduced drive current, reliability degradation, B penetrati
and the need to grow ultrathin and uniform SiO2 layers. We
may ask when any of these effects will fundamentally lim
the usefulness of SiO2 as a gate dielectric.45

Due to the large band gap of SiO2 , ;9 eV, and the low
density of traps and defects in the bulk of the material,
carrier current passing through the dielectric layer is n
mally very low. For ultrathin films this is no longer the cas
When the physical thickness between the gate electrode
doped Si substrate becomes thinner than;3 nm, direct tun-
neling through the dielectric barrier dominates leaka
current.11,40,46–48 According to fundamental quantum
mechanical laws, the tunneling current increases expon
tially with decreasing oxide thickness. Gate leakage curre
measured on 35 nm transistors fabricated using advan
wafer preparation, cleaning, and oxidation procedures14 are
shown in Fig. 5. The leakage current is seen to increase
one order of magnitude for each 0.2 nm thickness decre

FIG. 4. Scanning electron microscope image of a diatom exoskeleton, c
posed of opaline SiO2 ~courtesy of J. Aizenberg, Bell Laboratories/Luce
Technologies!.
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Assuming a maximum allowable gate current density o
A/cm2 for desktop computer applications, and 1023 A/cm2

for portable applications, minimum acceptable SiO2 thick-
nesses~physical!would be approximately 1.3 and 1.9 nm
respectively.

Recent electron energy loss spectroscopy~EELS!experi-
ments on ultrathin Si/SiO2 interfaces, in a scanning transmi
sion electron microscope~STEM!, support these findings.17

Oxygen profiles across the interface were obtained and
shown in Fig. 6 for SiO2 films 1.0 and 1.8 nm thick. The
profiles consist of bulk-like regions and interfacial region
and the interfacial regions are thought to be due to interfa
states. Based on this analysis, it has been calculated tha
minimum oxide thickness, before leakage current becom
overwhelming, is 1.2 nm. This comes from the fact tha
satisfactory SiO2 tunnel barrier is formed when it is equal i
thickness to six times the decay length of the interfac
states, about 630.12 nm>0.7 nm, plus a 0.5 nm contribu
from interfacial roughness.

Reduced drive~drain!current has been reported in sma
transistors with ultrathin gate dielectrics.10 Figure 7 shows
that drain current increases with decreasing SiO2 thickness,
but then falls off; gate leakage current continuously
creases, as expected, with decreasing SiO2 thickness. Thus
for SiO2 layers thinner than about 1.3 nm there is no adv

m-

FIG. 5. Gate leakage current measured at 1.5 V as a function of o
thickness~measured by TEM! for 35 nm NMOSFETs. Leakage current in
creases one order of magnitude for every 0.2 nm decrease in SiO2 thickness.
Horizontal lines indicate 1 A/cm2 acceptable leakage current for deskto
applications, and 1 mA/cm2 acceptable leakage for portable applicatio
@data of G. Timp, from Greenet al. ~Ref. 45!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tage in performance~drive current!for incurring the burden
of an ever-increasing gate leakage current. This would s
gest that SiO2 layers thinner than 1.3 nm no longer deliv
any performance advantage. The cause of the decre

FIG. 6. Oxygen bonding profiles measured by STEM-EELS. The Si s
strate is on the left and the gate polycrystalline Si is on the right.~a! 1.0 nm
~ellipsometric! oxide, annealed at 1050 °C/10 s. The bulk-like O signal~y
axis, arbitrary scale! yields a FWHM of 0.85 nm, whereas the total O sign
yields a FWHM of 1.3 nm. The overlap of the two interfacial regions h
been correlated with the observation of a very high gate leakage cur
102 A/cm2. ~b! a thicker ~1.8 nm ellipsometric! oxide, also annealed. The
interfacial regions no longer overlap and the gate leakage curren
1025 A/cm2 @from Muller et al. ~Ref. 17!#.

FIG. 7. Drive current vs leakage current for two ultrasmall~gate lengths of
70 and 140 nm!NMOSFETs. In both cases it can be seen that gate cur
increases, as is expected, with decreasing SiO2 thickness. However, drain
current first increases and then falls off with decreasing oxide thickn
Decreasing the oxide thickness past the fall-off thickness confers no fu
advantage on the device@from Timp et al. ~Ref. 10!#.
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
g-

ed

drive current is not fully understood. One possibility is a
additional scattering component from the upp
~SiO2/polycrystalline Si gate!interface. Some experimenta
evidence exists for this case49 but the observed effect is no
enough to explain the data in Fig. 7. Another cause could
a universal mobility curve effect, i.e., lowered mobility du
to enhanced scattering because of extreme carrier con
ment in the inversion layer of the ultrathin oxide. The iss
of long-range electrostatic interactions between charge
very heavily doped gate, source, and drain regions, and e
trons traveling in the channel, was recently theoretica
studied50 using both semiclassical two-dimensional se
consistent Monte Carlo–Poisson simulations and a quan
mechanical model based on electron scattering from ga
oxide interface phonons. It was shown that excitation a
absorption of plasma modes in the gate region may resu
a net momentum loss of carriers in the channel, thus decr
ing their velocity, and leading to reduced drain current.

Reliability ~lifetime to breakdown! of ultrathin SiO2 is a
major concern for oxide scaling into the sub-2 nm range a
currently a contentious issue.35,40,51–62 Electrons traveling
through the SiO2 layer may create defects such as electr
traps and interface states63–65that in turn, upon accumulation
to some critical density, degrade the insulating properties
the oxide. The accumulated charge the film can withsta
before its breakdown (Qbd) decreases with oxide thickness.54

Recently, it was predicted that oxide films thinner than ab
2.2 nm would not have the reliability required by the indu
try roadmap.54 Data from another research group,62 shown in
Fig. 8, indicates that acceptable reliability will be achievab
for SiO2 thicknesses as low as 1.4 nm. At about 1.0 n
thickness, the statistical probability of a percolation path m
reduce reliability to an unacceptable level.66 One should
mention that all reliability data is model dependent. Unli
directly measured parameters such as the gate leakage
drive currents, reliability studies always involve extrapo
tions from relatively high~;2.5–4 V!stress voltages to rea
device operating voltages~;1.0–1.2 V!. The extrapolations
are based on different, although most often percolation ty
models with several parameters extracted from the h

-

nt,

is

nt

s.
er

FIG. 8. Predicted maximum allowable operating voltage as a function
oxide thickness~Ref. 16! ~solid line!, modeled so that requirements
power dissipation and circuit speed for successive technology genera
are met. The Lucent data, at either 25 or 100 °C, estimates the safe ope
voltages~for 10 year lifetime reliability! for sub-2.5 nm oxides, based o
measured results and extrapolation principles~Ref. 62!. The Lucent data
clearly show that the 10 year reliability of sub-2.5 nm oxides meets
ITRS specifications for SiO2 layers as thin as 1.4 nm.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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stress voltage experiments. Finally, the real impact of ox
breakdown on circuit performance, which ultimately is t
critical issue, has yet to be understood.

Thus the fundamental limits imposed on SiO2 are exces-
sively high gate leakage current, reduced drive current,
reliability. The first two of these properties impose a limit
;1.3 to 1.4 nm as the thinnest SiO2 acceptable. Although
potential improvements in interfacial roughness may p
the leakage limit to;1.0 nm, reliability may then be the
limiting factor. Complementary metal–oxide–semiconduc
~CMOS!applications of SiO2 or Si–O–Ngate dielectrics are
limited neither by the ability to grow the ultrathin films in
manufacturing environment~see Sec. IV!, nor to suppres
the diffusion of B through them~see Sec. VI!. Therefore
according to Table II, SiO2 will have to be replaced in a
little as 5 years if gate capacitance is to increase accordin
projected scaling. Technology generations that require,1.0
nm equivalent SiO2 thickness will have to rely on alternate
high-k gate dielectrics~see Sec. VII!. This transition will no
be simple to implement, as SiO2 is the major reason tha
silicon technology has been so successfully integrated
far. One can say that SiO2 has only one disadvantage, lowk,
and most alternate gate dielectrics currently have only
advantage, highk.

In this introductory section we have systematically e
amined the repercussions of decreasing SiO2 gate dielectric
thickness on several physical and electrical parameters.
though the end of SiO2 scaling may be in sight, it will be
manufactured in integrated circuits for at least the next
cade. This article is not intended to be an obituary for SiO2 ,
however, since its useful life will undoubtedly be extend
by innovations in device design, e.g., dual gate dielec
thickness devices67,68 or vertical MOSFETs.69

II. PHYSICAL CHARACTERIZATION METHODS FOR
ULTRATHIN DIELECTRICS

In this section we will briefly introduce the various an
lytical techniques useful for studying the physical properti
such as thickness, composition, density, crystallinity, bo
ing, and surface and interface morphology, of ultrathin g
dielectrics. We will overview only the basic principles of th
techniques, the information they yield, and their streng
and limitations. The techniques are grouped into the follo
ing categories: optical, x-ray, ion beam, electron beam,
scanning probe microscopy. Each technique will be rep
sented by important dielectric results. Our choice of te
niques is not exhaustive, but primarily reflects our percept
of the impact of the various techniques on the understand
of the field.

A. Optical methods

The most commonly used optical techniques are sin
wavelength and spectroscopic ellipsometry,29,70–85 reflec-
tance difference spectroscopy~RDS!,86–88 second harmonic
generation~SHG!,89–97 and Fourier transform infrared spe
troscopy~FTIR!.82,98–107

Ellipsometry is based on the measurement and su
quent modeling of changes in the polarization state of a li
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
e

d

h

r

to

us

e

-

l-

-

c

,
-
e

s
-
d
-
-
n
g

le

e-
t

beam reflected from a sample surface, as is illustrated in
9. The measured parameters are the ellipsometric angleC
andD, defined from the ratio

Ri /R'5tan~C!exp~ iD! ~1!

of the Fresnel reflection coefficientsRi andR' for the light
polarized parallel and perpendicular to the plane of in
dence. The reflection coefficients are determined by the
tical properties and composition of the substrate and over
ers, their thicknesses, and morphology. The parameterC
andD can be measured either at a given wavelength of lig
i.e., single wavelength ellipsometry~most often 633 nm!, or
as a function of photon energy, i.e., spectroscopic ellipso
etry. The single wavelength configuration is often used
fast, nondestructive, on-line monitoring of film thicknes
provided that the refractive index of the film is known. Th
spectroscopic mode allows determination of the refract
index~h! as well as the thickness. For SiO2 films on Si, good
agreement has been demonstrated, Fig. 10, between th
lipsometric oxide thickness and thickness values determi
by transmission electron microscopy~TEM! and x-ray pho-
toelectron spectroscopy~XPS!, for films as thin as;2 nm.108

Since the very first publications on Si oxidation, ellipsome

FIG. 9. Principles of an ellipsometric measurement.

FIG. 10. Oxide thickness measured by x-ray photoemission spectrosc
compared to measurements on the same films by ellipsometry, transmi
electron microscopy, and capacitance–voltage techniques@from Lu et al.
~Ref. 108!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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has been the tool of choice to measure film thickne
Knowledge of the thickness is critical in modeling oxidatio
kinetics and determining growth mechanisms.29 An example
of its application is shown in Fig. 11.

The ellipsometric parameters,C andD, can be detected
with very high accuracy, making ellipsometry one of t
most sensitive thickness measurement techniques. How
the interpretation of the measurements is very model dep
dent, especially in the ultrathin regime whereh may become,
as is the case for SiO2 , a function of thickness.78,109,110For
more complex gate dielectrics such as Si–O–N or
SiO2/Si3N4 multilayer stacks, the analysis is further comp
cated by the fact thath changes with the composition of th
film.111,112For example, at a wavelength of 630 nm,h varies
linearly with the amount of N in the film, Fig. 12, from
value of 1.46 for SiO2 to a value of approximately 2.0 fo
stoichiometric Si3N4 .111

Sensitivity to the Si/SiO2 interface of ultrathin films is
relatively low using conventional ellipsometric configur
tions. Interfacial sensitivity can be enhanced via an imm
sion ellipsometry technique, in which the Si/SiO2 sample is
placed in a liquid having anh close to that of SiO2 , thereby

FIG. 11. Si~100!oxidation kinetics at different temperatures, as measu
by high temperature ellipsometry@from Massoudet al. ~Ref. 73!#.

FIG. 12. Refractive index of Si–O–N layers as afunction of composition
@adapted from data in Brownet al. ~Ref. 111!#.
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effectively increasing the optical thickness of the oxi
overlayer.75,113 Sensitivity to surfaces and interfaces m
also be significantly enhanced using RDS. While in conv
tional ellipsometry the measurements are performed un
oblique incidence, in RDS the primary photon beam is n
mal to the surface, as is illustrated in Fig. 13. The analysi
based on the determination of the reflectance difference
the light polarized along principle axes of the crystal surfa
The anisotropic properties of surfaces and interfaces
therefore be determined. RDS has been applied to the s
of Si oxidation as well as the wet cleaning of Si.86,87 Details
of the RDS technique and its application to semiconduc
surfaces and interfaces have recently been reviewed.88

Another important method for the selective optical pro
ing of surfaces and interfaces is SHG.89–97 In general, the
polarization amplitude,P, of a photon beam of optical fre
quencyv, interacting with a solid sample, can be express
in terms of an expansion over the amplitude of the elec
magnetic field~E!, as

P;a~v!E~v!1b~v,2v!E2~v!1¯ . ~2!

The first term of the polynomial expansion represents
linear optical response, which is the basis of the ellipsom
ric and RDS techniques described above. In centrosymme
solids such as Si, the second, nonlinear coefficientb is non-
zero only at interfaces, where crystal symmetry is brok
The electrical dipoles present at such interfaces give ris
the surface/interface selectivity of SHG. Recently, SHG g
eration methods have been used to investigate the struc
of Si/SiO2 and Si/Si3N4 interfaces, Fig. 14, as well as th
initial stages of Si oxidation in N2O and O2.89–92,95,96

FTIR is a powerful method to examine chemical~sto-
ichiometry, bonding and impurities!, and structural~stress,
transitional layer! aspects of ultrathin dielectric
films.82,98–106,114,115The technique, based on the absorpti
of light in the infrared region of the spectrum, is sensitive

d

FIG. 13. Schematic illustrations of various polarized light methods for t
film characterization@adapted from Drevillonet al. ~Ref. 88!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 14. Second haromonic genera
tion measurements~y axis, arbitrary
units!, as a function of photon energy
for Si~111!/Si3N4 and Si~111!/SiO2 in-
terfaces~left panel!, and the effect of
annealing on the Si~111!/SiO2 inter-
face ~right panel! @from Meyer et al.
~Ref. 94!#.
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rotational, bending, and stretching vibrational modes, a
therefore can probe local atomic configurations and com
sitions. It is one of a few techniques that can be used to st
the behavior of H on Si surfaces and interfaces,116–118as is
illustrated, for example, in Fig. 15. The spectrum of Si–
stretching vibrations in an amorphous SiO2 oxide film is
characterized by two bands, designated transverse op
~TO! and longitudinal optical~LO!, polarized parallel and
perpendicular to the plane of the film, respectively;115,119this
is exemplified in Fig. 16. Unfortunately, the bands may
broad, which complicates their interpretation. Detail
analysis of the relative intensities and TO/LO peak positio
~1065/1252 cm21, respectively, for Si–O!, based on rece
theoretical and experimental findings is given in a rec
review.36 It has also been shown that both TO and LO ban
show a shift to lower wave numbers with decreasing ox
thickness, usually attributed to the presence of Si subox
near the Si/SiO2 interface.36 In the case of NO and N2O
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
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grown Si–O–N films, in addition to the above TO and LO
bands of the oxide, a peak at 960 cm21 has been observed
distinct from the vibrational frequency at 840 cm21 charac-
teristic of Si3N4 .120 This peak has been attributed to th
asymmetric stretching vibration of double-bonded N ato
in the Si–N–Sistructure. In Fig. 17 it is shown that IR
methods have also been used to study composition and th
ness of SiOx films at the interface of Ta2O5 and other oxide
films deposited on Si, and the evolution of such layers up
thermal treatment.103,107

B. X-ray based methods

Higher energy photon-based methods~x-ray analyses!
are widely used to determine chemical and structural pr
erties of ultrathin dielectrics and their interfaces. X-ray ph
toemission spectroscopy~XPS! is a common technique use
to determine local chemical environment.121–126XPS analy-
-
y
-

FIG. 15. Example of the use of Fou
rier transform infrared spectroscop
~absorbance as a function of fre
quency!to study H binding on a par-
tially oxidized Si surface@from Gurev-
ich et al. ~Ref. 747!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 16. Thickness dependence of the transverse o
cal and longitudinal optical modes of SiO2 ~on Si!, as
measured by Fourier transform infrared spectrosco
@from Queeneyet al. ~Ref. 119!#.
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sis is based on the fact that core electron energies are c
acteristic of the emitting atom. For any given atom, ex
core level positions, the so-called chemical shifts, cha
with local chemical environment. The analysis of photoem
sion from the Si 2p core level has been used to investiga
the structure of the Si/SiO2 , Si/Si3N4 , and Si/SiOxNy

interfaces,27,121,122,124,127–140 defect states in dielectric
films,141,142 valence band alignment,143–145 and the initial
stages of oxidation.27,146–162The Si 2p level for Si atoms in
stoichiometric SiO2 , with all Si atoms in an Si~–O)4 tetra-
hedral configuration, is shifted to;4 eV deeper binding en
ergy with respect to the position of the level in elemental
Photoemission yields of much lower intensity, at energ
between the SiO2 line and substrate Si, Fig. 18, have al
been observed. These are usually interpreted in terms of
oxide ~Si11, Si12, and Si13! states at the interface or in th
film,122,124,129,130,163–165as can be seen in the compilation
Table III. More recently this traditional interpretation ha
been questioned.133,136,139,166,167It has been argued that se
ond nearest neighbor effects can lead to additional shift
Si 2p levels, making quantitative analysis of suboxide sta
even more complicated. In either case, current estimate

FIG. 17. Fourier transform infrared spectra of the Ta2O5 /Si system showing
the progression of absorbance features in the Si–O stretch region, follo
various anneals@from Alers et al. ~Ref. 103!#.
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the total concentration of Si in the suboxide states are
tween one and two monolayers, whereas an atomic
abrupt interface would result in one monolayer of suboxi
@A monolayer of a species on Si~100!represents a concen
tration of 6.831014cm22, assuming no steric hindrance.# An
example of a new approach to analysis of the Si/SiO2 inter-
face is depicted in Fig. 19. XPS is also useful in obtaini
film thickness, determined by the Si(2p) mean free path and
the ratio of Si 2p peaks corresponding to SiO2 in the film
and Si in the substrate.121

ngFIG. 18. Synchrotron-based Si 2p x-ray photoemission spectra fo
Si~100!/SiO2 and Si~111!/SiO2 interfaces@from Himpselet al. ~Ref. 130!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Early XPS studies of Si–O–N films were limited to the
detection of N at the interface of samples annealed in N168

More recent high resolution photoemission studies
N~N 1s) core levels were useful in understanding N bond
and depth distribution, using either HF etch back or varia
photoelectron takeoff angle methods.2,126,135,137,157,162,169–17

Assignments of N 1s peaks are indicated in Table IV, base
on theoretical Si–N and Si–O–Nbonding configurations de

FIG. 19. Si 2p core level x-ray photoemission spectrum of the model int
face derived from H8Si8O12 clusters on Si, showing peak assignments@from
Banaszak-Hollet al. ~Ref. 136!#.

TABLE III. Summary of XPS Si 2p analyses for the Si/SiO2 system.

~1! Chemical shifts with respect to the Si substrate (Si0) peak, in eV, as-
suming five (Si0,Si11,Si21,Si31,Si41) components of the Si 2p spectra.
Second nearest neighbor effects@Banaszak-Hollet al. ~Ref. 136#are not
considered.
Reference Si11 Si21 Si31 Si41

130 0.95 1.75 2.48 3.90
132 1.00 1.65 2.50 4.00
743 0.95–1.00 1.72 2.50 3.60
134 0.98 1.82 2.65 3.84
138 0.97 1.73 2.58 3.57
744 0.94–0.95 1.78–1.80 2.50–2.56 4.00–4.0

~2! Intensities of different oxidation states
I~Si0!1I~Si11!1I~Si21!1I~Si31!1I~Si41)5100% at a photon energy of 20
eV, for different oxide film thicknesses, from Taoet al. ~Ref. 744!.@Note:
I~SiOx)5total XPS intensity from Si11, Si21, and Si31 suboxide states.#

Film
~nm! I~Si0) I~Si11) I~Si21) I~Si31) I~Si41) I~SiOx)/I~Si0)

0.9 11.53 1.91 1.46 2.82 82.29 0.54
1.5 5.99 1.06 0.96 1.67 90.32 0.61
1.8 3.64 0.31 0.76 0.75 94.04 0.50

Also, Taoet al. ~Ref. 744!, for a 0.9 nm film at different photon energies

Energy
~eV! I~Si0) I~Si11) I~Si21) I~Si31) I~Si41) I~SiOx)/I~Si0)

130 3.95 0.79 0.89 2.01 92.36 0.93
150 7.29 1.35 1.28 2.70 87.38 0.76
200 11.53 1.91 1.46 2.82 82.29 0.54
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
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picted in Fig. 20. Depth analysis via XPS requires know
edge of the escape depths of the N 1s or Si 2p photoelec-
trons, which are on the order of 2.0–3.5 nm for conventio
Al Ka or MgKa x-ray sources. A detailed analysis of th
N 1s peak shape shows that the peak is asymmetric and
sists of several components. Evidence for this can be fo
in Figs. 21 and 22.

X-ray scattering techniques have also been success
used to study various structural aspects of ultrathin ox
films on Si, including interface roughness,173–183 variations
in oxide density in the ‘‘bulk’’ of the film and near the
interface,184 and ordered structures near the interface.185–189

The state of order at the interface is still a matter of deb
and will be discussed in more detail in Sec. V.

X-ray diffraction crystal-truncation~CTR! profiling has
been developed to measure roughness at buried interface
that the SiO2 layer need not be etched off.173–175In the case
of an amorphous overlayer, the variation of x-ray diffract
intensity along the truncated rod provides information ab
the root mean square value of roughness at the interf
Since the diffraction from the interface is rather weak, t

-
FIG. 20. N 1s core level x-ray photoemission spectrum shifts
Si~100!/SiO2 interfaces, calculated for N–Si3 ~circle!, N–Si2O ~square!, and
N–SiO2 ~triangle! configurations, as a function of distance,z, from the
interface@from Rignaneseet al. ~Ref. 748!#.

TABLE IV. Summary of N 1s XPS analysis. Multiple~at least two!local
electronic configurations of N atoms are observed in the films.

N 1s peak at;397.6 eV

located closer to the interface~Ref. 2!
N triple bonded to Si, i.e., as in Si3N4 ~Ref. 137!

N 1s peak~s!at ;398.3–399 eV

located further into the film~Ref. 158!
less straightforward interpretation~N double bonded to Si, N–O
bonds, strained bonds, second neighbor effects! ~Ref. 745!
shifts with film thickness~Ref. 746!

N 1s peak~s!at .400 eV

due to metastable bonding configurations of N~Ref. 172!
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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experiment is best performed with a synchrotron radiat
source. X-ray diffraction measures the Fourier transform
the electron density. By measuring and modeling inten
profiles, one can obtain statistical information about
smoothness of the interface. The technique has been us
explore the quality of the interface as a function of proce
ing parameters such as growth temperature, Fig. 23, and
terface nitridation.173–175,190It has also been demonstrate
that CTR results correlate well with roughness measurem
deduced from the SHG technique.191

X-ray reflectivity is another method for studying the i
terface, since the reflectivity represents the Fourier transf
of the spatial derivative of the sample density in the perp
dicular direction. Modeling x-ray reflectivity spectra wit
film thickness and density as fitting parameters yields inf
mation about structural properties of oxide films. In a rec
study of thin rapid thermal oxides~RTO!, Fig. 24, the best fit
to the data was found using a two layer model, the t
~;1.5 nm! interfacial oxide layer being slightly denser tha
the overlying ‘‘bulk’’ oxide layer.184

C. Ion beam analysis

The family of ion beam based techniques includes Ru
erford backscattering spectroscopy~RBS!,192–195medium en-
ergy ion scattering spectroscopy~MEIS!,2,103,196–209nuclear
reaction analysis~NRA!,25,37,210–226and secondary ion mas
spectroscopy~SIMS!.227–233 These techniques provide ver
accurate determinations of composition and distribution
Si, O, N, and other elements in dielectrics.

FIG. 21. N 1s core level x-ray photoemission spectrum for a Si–O–N film
thermally grown in N2O, showing contributions from N–Si3 and N–Si2O
bonds@from Lu et al. ~Ref. 137!#.
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In RBS, a high energy ion beam~typically H1 or He1,
with greater than MeV energy!, scatters off the target. Th
scattering event is described by a Coulomb interaction,
cross-section of which is well known. The energy of t
backscattered ions is determined by the energy of the i
dent particles, the masses of the primary ions and the ta
atoms, and the scattering geometry, all based on a bin
collision model. Typical backscattering data is illustrated
Fig. 25. The integrated area of a backscattered peak ca
easily converted into a concentration of a particular elem
in the target, as is done for the case of SiO2 films in Fig. 26.
Experiments can be performed in either random or chan
ing scattering geometries. In the channeling geometry,
ion beam is aligned along a crystallographic direction of
target substrate. This significantly reduces the backgro
scattering from the substrate and increases sensitivity to
overlayer. Since impinging particles in the MeV ener
range lose relatively little energy upon scattering, ene
shifts of the backscattered peaks will be small compared
the energy resolution of the solid state detectors used in R
experiments. The result is that RBS has relatively poor de
resolution, i.e., 10 nm or greater, and is therefore not us
in the ultrathin dielectrics regime, although depth resolut

FIG. 22. N 1s core level x-ray photoemission spectra of an unannea
plasma-deposited 4 nm Si–O–N film, at 15° and 75°takeoff angles. Four
distinct chemical bond states for nitrogen are observed@from Changet al.
~Ref. 172!#.
e

in-

ft
FIG. 23. Synchrotron x-ray diffraction studies of th
Si/SiO2 interfaces of;10 nm SiO2 gate oxides grown
at different temperatures. The left panel shows the
tensity for the (20 Kz) diffraction rod. The right panel
demonstrates how the interface width~deduced from
the fit of the experimental results shown on the le!
changes as a function of growth temperature@from
Tanget al. ~Ref. 175!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 24. Typical x-ray reflectivity data from an SiO2 film ~a!, and fits
corresponding to the real space models~b!. In ~b! the single oxide layer
models~broken lines!produce poor fits, whereas the two layer model~solid
line! fits the data well. Layer 1 is the higher density, interfacial SiO2 layer
@from Kosowskyet al. ~Ref. 184!#.

FIG. 25. Typical Rutherford backscattering energy spectra taken in a c
neling configuration, with grazing exit angle~upper panel!and 180° back-
scattering~lower panel!detector geometries. The sample was Si~111! with
;1.5 nm of SiO2 @from Jackmanet al. ~Ref. 195!#.
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
can be improved by utilizing glancing angle geometries. D
spite this shortcoming, it is important to know the integrat
elemental concentrations in multicomponent films, and R
is a very accurate technique for measuring film composit
and stoichiometry, as well as impurity concentrations.

MEIS is based on the same ion–solid interaction pr
ciples as conventional RBS. A schematic of a typical ME
experiment is illustrated in Fig. 27. Compared to RBS, ME
uses lower ion beam energies, typically 100–200 keV. In t
energy range,dE/dx, the stopping power, is at its maximu
for protons ora particles in solids, resulting in optimal dept
resolution. For example, the stopping power for;100 keV
protons is 130 eV/nm for Si, 120 eV/nm for SiO2 , 180
eV/nm for Ta2O5, and 200 eV/nm for Si3N4 . More impor-
tantly, in MEIS backscattered ion energies can be measu
with a high resolution toroidal electrostatic energy analy
~DE/E;0.15%, i.e.,DE;150 eV for 100 keV ions!, greatly
increasing the energy resolution relative to the detectors u
in conventional RBS. Taking into account the values of t
stopping power and the travel length factor, this energy re
lution translates into almost monolayer depth resolution
the near surface region. As an example, it has been dem
strated that 0.3–0.5 nm accuracy in N depth profiles, near
top surface or for ultrathin films, can be achieved,201 as is
illustrated in Fig. 28. However, due to the statistical nature
ion energy loss in solids, known as the straggling effect,

n-

FIG. 26. Integrated amount of Si and O from Rutherford backscatte
experiments for both the Si~110!/SiO2 and Si~100!/SiO2 systems@from Jack-
manet al. ~Ref. 195!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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resolution decreases with increasing distance from the
face. We also note that a thorough understanding of st
gling below the 2 nm range remains elusive.

MEIS allows one to simultaneously monitor absolu
concentrations and depth profiles of N, O, Si, and other
ments in dielectric films.199–201,203,204,234–238As in RBS, the
detection limit is proportional to the square of the atom
number. Thus sensitivity is very high for heavy elements,
decreases with atomic number. For example, the detec
limit of N in SiO2 is ;231014N/cm2, depending on film
thickness and the width of the N distribution in the film. Th
detection of very light elements such as H and B can
enhanced in the elastic recoil configuration, as has b
demonstrated,198,239Fig. 29. Light elements can also be d
tected in a forward scattering geometry, usually using
heavier element as the incident particle to increase the s
tering cross section and to facilitate detection. This metho
called elastic recoil detection~ERD!,240,241or in the case of
H detection, H forward scattering~HFS!. Habraken and col
leagues examined N, O, Si, and H using ERD of prima
MeV ions.37,225 More recently, Brijs242 used a 60 MeV Ni
beam, in a grazing angle geometry with a magnetic se
spectrometer, to look at forward scattering from ultrathin S
O–N layers. An example of ERD to detect trace H in a Si3N4

film241 is shown in Fig. 30.
It is worth noting that contrary to other depth profilin

techniques such as SIMS, both the sensitivity to a given
ement in the film and the depth resolution increase with
creasing dielectric film thickness. Another strength of ME
and most other ion scattering methods is mass sensiti
which enables isotopic labeling experiments. The use o
isotopes~18O and16O!, in combination with high resolution
depth profiling, has been used to study the mechanism o
oxidation in the ultrathin regime.199,200,204,238The principle of
such an18O labeling study is shown in Fig. 31. MEIS ha
also proven itself useful in the arsenal of tools used to a
lyze ultrathin high-k metal oxides,103,206–208Fig. 32.

In addition to elastic scattering during ion–solid intera
tions ~the bases of RBS and MEIS!, high energy ions c
induce nuclear reactions in the target.25,216 NRA techniques
are based on the detection of protons,a particles, andg rays
generated in nuclear reactions induced by the collision
high energy charged particles with N, O, Si, H, D, and oth
elements. Table V is a compilation of those nuclear reacti
that have applicability for the study of dielectrics. The cro
sections for these reactions can be determined in indepen
calibration experiments, and the signal-to-background r

FIG. 27. Principles of a medium energy ion scattering experiment. MEI
essentially a low energy, high resolution variant of Rutherford backsca
ing ~RBS!. E andE8 are the incident and scattered particle (H1) energies,
M1 andM 2 are the particle and target atomic masses, andu is the scattering
angle.
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is in many cases quite favorable. Since the nuclear reac
rates are only sensitive to the number of nuclei in the film
the technique yields absolute concentrations of the spe
investigated. For example, the technique allows one to de
mine the absolute concentration of14N with 7%–10% accu-
racy at a detection limit of;531013N/cm2 via the reaction
14N(d,a0,1)

12C, induced by 1.1 MeV deuterons.173,243The O

is
r-

FIG. 28. A medium energy ion scattering study of a thin~;2 nm! Si–O–N
film grown on Si~100!in a furnace at 950 °C for 60 min in NO ambient. Th
upper panel shows the scattering spectrum measured at a scattering an
125°. The inset shows the corresponding N and O profiles as a functio
distance from the oxide surface. The lower panel shows a closeup o
spectrum in the N region along with the results of simulations for differ
N distributions:~1! all N ~determined to be 8.831014 N/cm2! is located at
the Si/SiO2 interface,~2! all N is uniformly distributed in the film,~3! N
profile shown in the inset~best fit!, and~4! N profile same as~3! but ex-
tended 0.3 nm into the substrate. Therefore profiles~1!, ~2!, and ~4!can be
eliminated from consideration@from Lu et al. ~Ref. 201!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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content in films can also be measured by NRA, using
16O(d,p)17O reaction at 850 keV.212 Knowledge of these
concentrations allows one to calculate film thickness, ass

FIG. 29. Medium energy ion scattering elastic recoil spectra for a H ter
nated Si~100!surface followed by deposition of an ultrathin amorphous
overlayer ~upper panel!, and B segregated to the Si~111! surface~lower
panel! @from Copelet al. ~Ref. 198!#.

TABLE V. Compilation of useful nuclear reactions for gate dielectri
analysis.

Target
element

Nuclear
reaction

Energy,
keV

Sensitivity,
atoms/cm2

H H~15N,ag!12C 6420 ;1014

D D~3He,p)4He 700 ;1012

14N 14N(d,a0,1)
12C 1100 ;531013

15N 15N(p,a)12C 1000 ;1012

15N 15N(p,ag)12C 429 ;1013 ~estimated!
16O 16O(d,p)17O 850 ;1014

18O 18O(p,a)15N 730 ;1012

18O 18O(p,a)15N 151 ;1013 ~estimated!
27Al 27Al( p,g)28Si 405 ;1013

28Si 28Si(p,g)29P 371

29Si 29Si(p,g)30P
324
417

;1013 ~estimated!

30Si 30Si(p,g)31P 499 ;1013 ~estimated!
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
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ing that film density is known.244An additional advantage o
the NRA technique is the detection of N(15N) and O(18O)
isotopes with the help of the following reaction
15N(p,a)12C at 1000 keV,18O(p,a)15N at 730 keV, and the
resonant reactions of15N(p,ag)12C at 429 keV and
18O(p,a)15N at 151 keV. An example of NRA analysis i
shown in Fig. 33. Due to the narrow resonances of the la
two reactions, widths of 120 and 100 eV, respectively, th
can be used for depth profiling of15N and18O on about a 1
nm depth scale, under favorable conditions.219,245,246Nitro-
gen depth profiling can also be performed by HF acid e
back and subsequent NRA measurement of N remainin
the film.173 Isotopic labeling, in combination with NRA mea

i-
i

FIG. 30. An elastic recoil detection spectrum collected from a Si3N4 layer
;300 nm thick. A 28 MeV Si beam was used. The H is present as a m
constituent of the film, a remnant of chemical vapor deposition at 800
The H signal is sitting on the N signal background@from Barbouret al.
~Ref. 241!#.

FIG. 31. Principles of an isotopic labeling~in this case18O2 reoxidation of
an Si16O2 film! medium energy ion scattering experiment.18O is detected at
the interface~new oxide growth! and at the oxide surface~surface exchange
reaction!.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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surements, has proven useful for studying transport and
corporation of N and O during thermal oxynitridation in N
or N2O.25 A further useful application of NRA, Fig. 34, is
based on its ability to detect H/D using the reactio
H~15N,ag!12C at 429 keV and D~3He, p)4He at 700 keV,
since H and D are believed to be important to dev
performance.220,221,225,226

SIMS is an industry standard technique, used to mon
concentration profiles in semiconductor structures. It
been used very effectively to study growth mechanisms
oxides,228,230,247as well as the incorporation of N227,248and
H231,249,250in oxides. The SIMS experiment involves co
tinuous sputtering of the sample and accurate measure
of the sputtered species by mass spectroscopy. Relativ
RBS or MEIS, the technique has a very high sensitivity,
the order of 0.001 at. %, can be performed rapidly, and
more commonly available. However, the technique begin
reach its limiting depth resolution~estimated to be;2 nm!
for sub-5 nm films. Another more important complication
SIMS analysis is the matrix effect, in which the sputtered
yield depends strongly on the local chemistry around
element. For example, in Si–O–N films, the ion yield of
CsN1 ~Cs1 being the sputtering ion! from N in bulk Si is
about six times smaller than N in SiO2 . Further, the ion yield
for N near the interface is about three times that observe
the bulk of an SiO2 film.227 This effect is shown in Fig. 35
The use of CsN1 ions as the detected species seems to m
mize the matrix effect, since for negative ions matrix effe
are even more severe. In many cases, SIMS analysis is
complicated by surface contamination and initial sputter
effects, which make quantitative measurements of the c

FIG. 32. Medium energy ion scattering depth profiles for a thin~7 nm!
Ta2O5 film as-deposited on Si~upper panel!and after an ultrahigh vacuum
anneal at 950 °C for 30 min~lower panel!. The annealed sample sho
significant intermixing near the interface@from Alers et al. ~Ref. 103!#.
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
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FIG. 33. Isotopic labeling during N2O oxynitridation of Si, studied in com-
bination with nuclear reaction analysis. Excitation curves are shown for
nuclear reaction18O(p,a)15N, for SiO2 reoxidized in 18O2 ~top!, and Si
oxynitrided in N2O and reoxidized in18O2 ~middle!. 18O depth profiles are
shown in the insets. The bottom figure is the excitation curve of the nuc
reaction15N(p,ag)12C for a Si–O–N filmobtained by thermal annealing o
SiO2 in 15N2O. The inset shows the15N depth profile@from Ganemet al.
~Ref. 217!#.

FIG. 34. Nuclear reaction analysis detection scheme and a typical spec
for D in SiO2 films @from Baumvolet al. ~Ref. 220!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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position near the top;1 nm surface layers difficult. How
ever, high depth resolution SIMS analysis has proven v
useful for investigating ultrathin Si–O–Nfilms.248 One more
aspect of SIMS analysis is that the peak concentration o
element, and details of its profile in ultrathin films, may n
be accurate, due to ion mixing. The measured areal den
of the element should be used instead. Reference sam
calibrated by other quantitative methods~NRA, MEIS, etc.!
allow for more accurate SIMS analysis.

Finally, we mention one more high energy techniqu
positron spectroscopy,251–253that has potential for the stud
of defects in MOS structures. Based on the transport
annihilation of positrons in voids in solids, results have de
onstrated a correlation between positron annihilation d
and the generation rate of interface states.252,253

D. Electron microscopy

Electron microscopy, either in transmission~TEM! or
scanning reflection~SREM! modes, is a powerful techniqu
for visualizing the structural and morphological features
semiconductors.254–256An excellent example of its applica
tion to the study of the Si/SiO2 interface is shown in Fig. 36
Initially, TEM was used as a direct way to measure ox
thickness and film roughness.108,257–259However, for SiO2

films thinner than;2 nm the use of TEM to measure oxid
thickness becomes problematic due to uncertainty in defin
the Si/SiO2 and polycrystalline Si/SiO2 interfaces, since the
image is averaged over the travel length of electrons in

FIG. 35. Illustration of the matrix effect in N secondary ion mass spect
copy analysis. SIMS profiles shown in B, C, and D correspond to the
shown in A, but reoxidized in O2 for different times. One can see how th
area under the N peak increases as the N is pushed away from the S2

interface, even though the amount of N in the film remains constant@from
Frostet al. ~Ref. 227!#.
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
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sample.40 Over the past decade, electron microscopy has
vanced in sophistication along two main directions: atom
resolution imaging17,255,260–265and real-time observation o
processes such as oxidation.254,266–271Further, atomic col-
umn scanning in TEM has been made possible by genera
very small ~;0.2 nm! electron probes.17,261–263,265Using
such probes, atomic number~Z! contrast structure imaging265

and electron energy loss spectroscopy~EELS!17,261,263can be
performed. A schematic diagram of an atomic probe micr
copy apparatus with EELS is shown in Fig. 37. T
Z-contrast method allows one to obtain direct informati
about atomic positions, since scattering power varies w
atomic number. In EELS, a fraction of the transmitted ele
trons lose energy by exciting a target atom’s core electro
and are thus characteristic for that atomic species, as we
its chemical state. EELS can therefore probe variations
composition as a function of distance from the interfa
even for amorphous materials~see Fig. 6!.

Real-time measurement capabilities arede rigueur for
studies of dynamic processes. TEM266–268 and
SREM254,270,271have been used to understand the details
Si oxidation and etching~from SiO desorption at elevate
temperatures!. Real-time studies of the interaction of O w
the Si~111! surface as a function of temperature, pressu
and time have been performed.266–268A layer-by-layer oxide
growth mode, illustrated in Fig. 38, was clearly observed
high pressure and low temperature. At high temperature
low pressure, the SiO desorption regime, step flow was
served. The intermediate regime was characterized by
face roughening. Layer-by-layer oxidation of Si~001! was
also observed by SREM,270,271a technique illustrated in Fig
39. The initial stages of Si oxidation,272 Fig. 40, as well as
nitridation273 have also been studied by low energy electr
microscopy~LEEM!.274

-

iO

FIG. 36. Transmission electron microscopy lattice images of
Si~100!/SiO2 interface in two orthogonal̂110& projections. Interface sharp
ness and flatness, as well as the presence of a new interfacial structure
stressed in the original paper. A schematic representation of the prop
interface structure is also shown@from Ourmazdet al. ~Ref. 749!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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2073J. Appl. Phys., Vol. 90, No. 5, 1 September 2001 Appl. Phys. Rev.: Green et al.
FIG. 37. Schematic illustration of a high resolution transmission elec
microscopy, electron energy loss spectroscopy experiment@from Duscher
et al. ~Ref. 265!#.

FIG. 38. Transmission electron microscopy images~a! of a clean
Si~111!~737! surface and~b! the same area after exposure to 1 atm of O2 at
400 °C for 20 min~oxide thickness;1.0–1.5 nm!. One can see the identic
step distribution in the two images@from Rosset al. ~Ref. 268!#.
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
E. Scanning probe microscopy

Scanning probe microscopy techniques such as ato
force microscopy~AFM! and scanning tunneling microscop
~STM! are important methods for imaging the surface m
phology of ultrathin dielectric films. Since the invention o
STM almost 20 years ago,275–277probe microscopy method
have been successfully applied to study surfa
structure,278,279 interfacial roughness,280,281 wafer surface
morphology after various pregate oxidation cleani
steps,282,283initial stages of Si oxidation,284–292initial stages
of nitridation,160,273,293–299and oxide decomposition.300,301

An example of the applicability of STM is shown in Fig. 41
Spectroscopic mode STM experiments were used to st
oxide breakdown mechanisms, and also to identify O bo
ing configurations during initial oxidation.302 A fundamental
limitation of probe microscopy methods is related to t
probe tip size and shape.303 STM usually affords the bes
lateral and vertical resolution. Since the radius of the tip
typically on the order of;10 nm, it is difficult to observe
smaller features, e.g., short wavelength roughness, espec
if they have a high aspect ratio. In general, the lateral re
lution is better for STM than AFM, in part because in AFM
the tip tends to broaden due to contact with the sample
fundamental limitation for STM as it applies to SiO2-based
dielectrics is the large band gap of SiO2 ~;9 eV), which
usually limits STM studies to films less than;1.5 nm thick.
Alternate~high-k! dielectrics have smaller band gaps and a
often O deficient, resulting in energy gap states. These p
erties result in a higher conductivity~at a given voltage and
equivalent thickness!, than SiO2 , enabling the use of STM
for the examination of thicker, highk dielectric films.

n

FIG. 39. Scanning reflection electron microscopy images of Si~100! sur-
faces before~a!, and after the oxidation times and temperatures shown~RT
5room temperature!. The first contrast reversal~b! corresponds to oxidation
of the uppermost dangling bonds and the first subsurface layer. The fol
ing images~c! and~d! correspond to second and third layer oxidation@from
Watanabeet al. ~Ref. 271!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 40. Low energy electron microscopy video images of the Si~100!-~231!surface exposed to 53108 Torr of O2 at 600 °C~left! and 550 °C~right!, as a
function of O2 exposure time. One can clearly see a transition from a step flow etching mode~left! to a random terrace etching regime.@From Wurmet al.
~Ref. 272!#.
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Ballistic electron emission microscopy~BEEM!,304,305

scanning microwave microscopy~SMM!,306–309scanning ca-
pacitance microscopy~SCM!,310 scanning tunneling spec
troscopy~STS!,311,312and hot electron emission microscop
~HEEM!313 are recent variations of scanning probe tec
niques for the study of thin dielectric films. The BEEM tec
nique, shown in Fig. 42, is based on the local ballistic tra
port of electrons emitted from an STM tip through a th
metal electrode/thin oxide/Si structure.305 It has been used to
better understand the mechanism of defect generation in

FIG. 41. Atomic resolution scanning tunneling microscopy image of
unoccupied states of a Si~111!-737 surface exposed to a small amount of O2

~0.2 L! at room temperature. At least two different configurations of
~bright and dark spots A and B! are seen@from Avouris et al. ~Ref. 285!#.
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
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oxides, and therefore oxide breakdown. In HEEM, hot el
trons emitted into vacuum from biased MOS structures fo
a direct image of spatial emission distribution and can
used to investigate prebreakdown phenomena with less
20 nm spatial resolution. SMM measures the response
thin dielectric film to a microwave cavity scan.306–308It al-
lows one to measure the dielectric constant of the film, m
ing the technique especially attractive for highk studies, as
is shown in Fig. 43. However, poor lateral resolution~;1
mm! precludes its use for studying small features. SCM h
recently been used to study the gate region of ultralarge s
integration~ULSI! transistors, but its low lateral resolutio
limits its ability to image the gate.314,315SCM allows one to
image the tunneling current through an oxide at a given b
while simultaneously recording the AFM image.

III. ELECTRICAL CHARACTERIZATION METHODS
AND PROPERTIES

In this section we will discuss the electric characteriz
tion of ultrathin oxide layers. As the thickness is scaled fro
4 to 1 nm, an increasing complexity in the interpretation
electrical data is observed. We will show that capacitanc
voltage (C–V) measurements require quantum mechan
corrections, gate leakage current is dominated by dir
rather than Fowler–Nordheim tunneling, and charge pum
ing measurements need corrections for excessive lea
current. When electrically stressed, the basic oxide degra
tion mechanisms described for thicker oxides (tox.4 nm) are
still applicable. Oxide wearout can be described as the c
tinuous creation of trapping centers. These traps cause st
induced leakage current, and can trap charge until bre
down is finally triggered. The occurrence of soft breakdo

e
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2075J. Appl. Phys., Vol. 90, No. 5, 1 September 2001 Appl. Phys. Rev.: Green et al.
in ultrathin oxide layers impacts their reliability and als
changes the breakdown detection technique. Despite al
missing links in our understanding of the electrical propert
of ultrathin SiO2 layers, a quite complete picture of the e
sential physical phenomena is in place.

FIG. 42. Schematic of a ballistic electron emission microscopy experim
on a MOS structure, including~a! layout of the experiment,~b! band struc-
ture forVb50, and~c! for Vb.0. Images shown on the right correspond
a 4 nm Pd/7. 1 nm SiO2 /p-Si capacitor structure@from Ludekeet al. ~Ref.
305!#.

FIG. 43. Schematic of the near-field scanning microwave microscope.
graph inset shows measured~points!and modeled~line! permittivity results
for samples of different permittivities@from Steinhaueret al. ~Ref. 308!#.
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
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A. Characterization methods

In this section, the application of electrical characteriz
tion techniques to sub-4 nm oxides will be discussed.
will focus on the three most commonly used measureme
C–V, leakage current, and charge pumping~CP!.

1. C–V measurements

The most frequently used electrical technique to ass
the properties of both the thin oxide layer and its interfa
with Si is the C–V measurement. In thicker oxide laye
C–V curves can be fitted satisfactorily with classical mo
els, described in textbooks.316 The C–V technique can be
used to determine flatband and threshold voltage, fi
charge, and interface state density. It is also often use
determine the oxide thickness.

In sub-4 nm oxide layers,C–V measurements provid
the same information, but the interpretation of the data
quires considerable caution. The assumptions needed to
struct the ‘‘classical model’’ are no longer valid, and qua
tum mechanical corrections become mandatory, t
increasing the complexity of the analytical treatment. Fir
several authors have demonstrated that for ultrathin lay
Maxwell–Boltzman statistics no longer describe the cha
density in the inversion and accumulation layers satisfac
rily, and should be replaced by Fermi–Dirac statistics.317,318

In addition, band bending in the inversion layer near t
semiconductor–insulator interface becomes very strong,
a potential well is formed by the interface barrier and t
electrostatic potential in the semiconductor. This poten
well may be narrow enough to give rise to electron confin
ment at discrete energy levels,317–319 as illustrated in Fig.
44~a!. The correct analytical treatment requires solving
coupled effective mass Schrodinger and Poisson equat
self-consistently.318 Closed form analytical treatments re
quire a simplification of the problem,320,321e.g., replacing the
actual potential well by a triangular well and/or by conside
ing only the lowest subbands. One of the main effects of
quantum mechanical treatment of the inversion layer i
considerable shift of the inversion charge centroid away fr
the semiconductor–insulator interface, as illustrated in F
44~b!. This effect can be modeled as an additional capac
in series with the oxide capacitance.

A similar effect is generated by polycrystalline Si depl
tion on the gate side of the capacitor of a MO
transistor.318,322This effect is related to both the high fields
the insulator surface as well as the incomplete activation
the dopants near the polycrystalline Si/SiO2 interface. A car-
rier concentration profile with a finite width, having a ce
troid several tenths of a nanometer away from this interfa
results. This effect can also be modeled as an additional
pacitance in series with the oxide capacitance. As a con
quence of quantum mechanical effects and polycrystalline
depletion, the measured capacitance is smaller than the
pected~physical!oxide capacitance, and the difference b
comes very significant for ultrathin layers. This also impli
that oxide thickness extraction fromC–V measurements be
comes more difficult, but not impossible. IfC–V curves are
fitted properly, a good agreement betweenC–V extracted

nt

e
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oxide thickness and physical oxide thickness, measured
ellipsometry, for example, may be obtained, as illustrated
Figs. 10 and 45.60,108,317,318,320

For very thin oxides~typically sub-2 nm!, the huge leak
age current through the oxide, due to direct tunneling
electrons~see Sec. III A 2 and Fig. 5!, creates an addition
complication in the interpretation ofC–V curves. A sharp
drop in the capacitance is observed as the volt
increases.321,323,324This effect is illustrated in Fig. 46 and ca
be modeled by taking into account the tunnel conducta
and an additional series resistance.

2. Gate tunnel current

When a voltage,Vox , is applied across an oxide laye
with thicknesstox , the resulting oxide field,Eox5Vox /tox ,
gives rise to a current flow through the oxide. This curre
originates from electrons that quantum mechanically tun
through the Si/SiO2 potential barrier from the Si conductio
band to the SiO2 conduction band, as is illustrated in Fig. 4
When the tunneling occurs through a triangular barrier, F

FIG. 44. ~a! Schematic representation of a potential well in strong inversi
In the state of weak inversion the triangular shape is adequate. In the q
tum mechanical picture the energy spectrum consists of a discrete s
energy levels. The first energy level does not coincide with the bottom o
conduction band.~b! Electron density as a function of distance from t
interface. The average distance to the interface is larger in the qua
mechanical framework. Therefore a larger band bending is needed
given population in the conduction band@from Van Dortet al. ~Ref. 319!#.
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
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47 ~left!, the conduction mode is called Fowler–Nordhe
~FN! tunneling325 and the measured current density,JFN, can
be described by the well-known formula:

JFN5A•Eox
2 expS 2B

Eox
D . ~3!

A and B are two constants, andB is related to the electron
effective mass in the oxide conduction band and the Si/S2

barrier height. In thin oxide layers, oscillations in the ga

.
n-
of
e

m
a

FIG. 45. Comparison between capacitance–voltage extracted oxide t
ness and thickness measured by ellipsometry. Every ellipsometric thick
represents the average of nine points and everyC–V extracted thickness
represents the average of 64 capacitors~area 1024 cm2! over a 200 mm
wafer. TheC–V extracted thickness obtained using quantum mechan
models agrees well with the ellipsometric thickness@from Lo et al. ~Ref.
318!#.

FIG. 46. Experimental metal–oxide–semiconductor capacitance–vol
curves for 1.3, 1.5, and 1.8 nm SiO2 films, respectively. The sharp decreas
of the gate capacitance results from high gate tunneling current@from Choi
et al. ~Ref. 321!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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current occur. These arise from the interference of incid
and partially reflected electron waves propagating betw
the conduction band edge and the anode interface.326–328

When the oxide voltage drops below 3.7 V, electrons
longer enter the oxide conduction band, but tunnel direc
from the anode to the cathode, as illustrated in Fig.
~right!. In state-of-the-art CMOS technologies, direct tunn
ing is the dominant current conduction mechanism at op
ating voltage, and for oxide layers less than;3 nm it is also
the conduction mode for accelerated oxide wearout
breakdown tests. The direct tunneling current density can
be described easily in a closed analytical form, but sev
approximate formulas and computer simulations can
found in the literature.48,329–333The general trend in thes
analytical formulas is that precision is bought at the expe
of complexity. The simplest analytical expressions fail in t
low voltage range, the very range of interest to forecast
leakage current at operating voltage. In Fig. 48, theI G–VG

characteristics for oxides between 9.7 and 2.2 nm thick
shown. The change from a FN tunneling to a direct tunnel
mechanism is indicated. The huge increase due to direct
neling, as shown in Fig. 5, poses a major leakage cur
problem in VLSI technologies and severely limits the scal
of the oxide thickness.

A special case arises when ap1 polycrystalline Si/
oxide/Si structure is biased with negative gate voltage. Si
the inversion layer cannot form in the highly dopedp1 poly-
crystalline Si, electrons are injected from the valence ba
This is evidenced by the higher potential barrier extrac
from the I G–VG characteristic, as well as by experimen
using a polycrystalline SiGe electrode.334–336Charge separa
tion experiments demonstrated that in this case, for ultra
oxides at low voltage, hole tunneling from the anode dom
nates the gate current.337

3. Charge pumping

Charge pumping is a technique well suited to electrica
characterize the Si/SiO2 interface, and it has been used
study both interface quality and subsequent degradation
der electrical stress.338,339Charge pumping consists of me
suring the dc current at the Si substrate, due to recombina
processes at interface defects, while pulsing the interf
from accumulation to inversion under the action of perio

FIG. 47. Schematic illustration of Fowler–Nordheim~left! and direct~right!
tunneling mechanisms of electron flow though an oxide potential barrie
heightFB .
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
nt
n

o
y
7
-
r-

d
ot
al
e

e

e

re
g
n-
nt

e

d.
d

in
i-

y

n-

on
ce

gate pulses. When ultrathin oxide layers are investigate
parasitic current component, resulting from direct electr
tunneling, is added to the charge pumping current, as il
trated in Fig. 49.340 This effect is very similar to that ob
served inC–V measurements~see Fig. 46!and can lead to
large errors in the extracted interface trap density and
flatband and threshold voltages. However, since the cha
pumping current is proportional to the measurement f
quency, whereas the leakage current is not, the charge pu
ing signal can be easily extracted by combining low and h
frequency measurements.340 Consequently, charge pumpin
remains a simple and accurate method that allows the de
mination of interface trap density, without the quantum m
chanical modeling required forC–V measurements.

B. Oxide degradation during electrical stress

In this section oxide degradation during electrical stre
ultimately leading to breakdown, is discussed. We define
ide degradation as the continuous, gradual deterioration
the oxide properties, resulting from structural damage ge
ated in the oxide by electrical stress. Breakdown is trigge
when the accumulated damage reaches a critical level. D

f

FIG. 48. The gate current density as a function of gate voltage for S2

films with thicknesses between 2.2 and 9.7 nm. The transition from Fow
Nordheim to direct tunneling is indicated@from Degraeveet al. ~Ref. 3!#.

FIG. 49. Frequency dependence of the charge pumping current vs gate
base level on a 1033 mm2 N-channel transistor having 1.8 nm gate oxid
Measurement conditions: sinusoidal gate pulses, 2 V pulse amplitude,
reverse bias. The charge pumping signal is superimposed on the gate
leakage current@from Massonet al. ~Ref. 340!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ing oxide stressing, several properties can be monito
such as interface trap creation, negative and/or posi
charge trapping, hole fluence, neutral electron trap creat
and the generation of a stress-induced leakage cur
~SILC!. These properties are important indicators of ox
stress and can help one understand degradation mechan

Several research groups have proposed breakdown m
els that directly correlate one of these properties with bre
down. One line of thought is common to all models: som
damage related parameter exceeds a critical threshold a
moment breakdown is triggered. An important observation
that a relationship between accumulated oxide damage
breakdown is only found for intrinsic breakdown. Extrins
breakdown is determined by localized, defect related ph
cal processes that do not influence global degradation
nomena.

1. Interface trap creation

During high field oxide stressing, interface traps are c
ated at the Si/SiO2 interface.341,342Their density can be ob
tained either fromC–V316 or charge-pumping measuremen
on transistors.338 Recently, low voltage SILC measuremen
on sub-3.5 nm oxides have been used to quantify the in
face trap density.343 The mechanisms proposed for interfa
trap generation correspond to those for bulk trap generat
and will be discussed later in this section.

It has been claimed that the interface trap density,D it ,
reaches a critical density,D it,crit , at the moment of oxide
breakdown. In earlier work, the triggering of breakdown w
thought to be caused by a local interface softening due
trap accumulation,341 but more recently the critical interfac
trap density is merely viewed as a monitor for the total d
sity of traps in the oxide. By means of a percolati
model55,344,345~to be discussed in detail later!, the interface
trap density can be related to this total density.56

2. Oxide charge trapping

In oxides of thickness greater than 4 nm, a typical o
servation during high field constant current stressing~CCS!
is the initial decrease of the applied voltage needed
achieve the required current, followed by a voltage incre
which can become larger than the initially applie
voltage.341,346The voltage shifts are caused by charge tr
ping of initially positive then negative charges, leading
oxide field distortion and subsequent change in the tun
current density. During constant voltage stressing~CVS!, ex-
actly the opposite current shifts are measured, i.e., an in
increase of the current followed by a decrease.

In sub-4 nm oxides the charge buildup almost co
pletely disappears. Typically, as illustrated in Fig. 50, a v
small increase of the stress current during CVS is measu
which is attributed to positive charge trapping and t
gradual generation of a SILC.347 In some previous
work348,349it was claimed that positive charge trapping in t
oxide was responsible for triggering the breakdown eve
During CCS, for example, locally enhanced charge trapp
will not influence the total current density in the capacit
however, it may lead to a local current density increase,
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sulting in an increased stress, which in turn leads to furt
positive charge trapping. In this way, a positive feedba
mechanism is initiated that finally results in breakdown. Tw
arguments oppose this idea:~i! in ultrathin sub-4 nm oxides
the measurable positive charge trapping is extremely sm
and yet the oxides break down, and~ii! the possible role of
the negative charge in the oxide is completely ignored, wh
for tox.4 nm the net charge trapped at breakdown is ne
tive. Other work350–352claims that the net negative trappe
charge in the oxide exceeds a critical threshold value
breakdown. Vincentet al.352 related their observation to
charge trapping kinetics, without assuming any additio
trap creation. This is in contradiction with most work o
oxide degradation that clearly show an increase in the
density.

3. Hole fluence

When the gate oxide of an NMOSFET is stressed wit
positive gate voltage, while source and drain are ground
electrons tunneling through the oxide are provided from
source and drain and injected from the transistor channe
this configuration, a positive current can be measured at
substrate~charge separation technique!.349,353 The substrate
current density has a similar oxide field dependence as
FN current density, as is shown in Fig. 51. However,
should be noted that the curves in Fig. 51 are not parallel;
ratio between gate and substrate current depends on the
ide field. A well-known and widely accepted explanation f
the physical origin of the substrate current has be
given,354–356 and is schematically illustrated in Fig. 52
When the injected electrons enter the anode~the polycrystal-
line Si gate!, they lose their energy by creating high ene
holes, possibly through the excitation of some intermedi
state,357 and these holes can then be injected back into
oxide. The hole fluence reaches the cathode and is meas
as a positive substrate current,Jp . In ultrathin oxide layers
the valence band injection of electrons can generate a
current that may dominate the anode hole-genera
current.356

Another possible explanation for the substrate curren
the creation of holes in the cathode by photons generate
the anode. This has been suggested by DiMariaet al.,358 and

FIG. 50. Increase in current as a function of stress time for different g
voltages. Solid lines are fit assuming a single trap mechanism plus s
induced leakage current@from Nigamet al. ~Ref. 347!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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recently experimental evidence supporting this model
been presented.359 The hole current density can be related
the electron current density,Jn , as follows

Jp5a~Eox!Jn , ~4!

where a(Eox) is the field dependent hole generation ef
ciency. In the anode hole injection model,a is interpreted as
the probability for a tunneling electron to generate an an
hole which is injected back into the oxide towards t
cathode.356 Under constant voltage stress,a is found to be
almost constant,330 while under constant current stress,a in-
creases slightly. However, for thin oxides the difference
tween the initial and final values ofa is very small. There-
fore an approximate equivalent relation to Eq.~4! also holds
for the integrated values ofJp andJn , the hole fluence,Qp ,
and the electron fluence,Qn :

Qp5a~Eox!Qn . ~5!

Chen et al.354 observed for the first time that the ho
fluence reaches a critical value at breakdown, design
Qp,crit . This result has been confirmed,360,361 and further,
substrate hot hole injection experiments indicate that a c
cal hole fluence is needed to trigger oxide breakdown.362,363

In Fig. 53,Qp,crit andQBD , measured over a wide field rang
of 8–14 MV/cm, are plotted. Clearly,Qp,crit remains con-

FIG. 51. Gate and substrate currents as a function of oxide field in a ca
separation experiment. The ratioJsub/Jg is field dependent, increasing wit
increasing field@from Degraeveet al. ~Ref. 3!#.

FIG. 52. Schematic illustration of the anode hole injection model. Injec
electrons reach the anode with high energy and can generate hot hole
can tunnel back to the cathode, giving rise to the substrate current. FN r
to Fowler–Nordheim tunneling@from Degraeveet al. ~Ref. 3!#.
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stant over the entire field interval, whileQBD decreases with
increasing field. A satisfactory physical explanation for t
experimentally observed invariance ofQp,crit cannot be
found in the literature, but the various suggested possibili
will be discussed in detail in Sec. III B 6.

It should be noted that in the work of Satakeet al.,360

Qp,crit was observed to be constant only at 300 K; at low
temperatures it decreased as a function of the field. T
observation is consistent with the findings of Kaczeret al.,364

where an increase as a function of field is found for tempe
tures above 300 K. These temperature effects indicate
the hole fluence at breakdown is possibly not the determin
factor for breakdown.

4. Neutral electron trap generation

During oxide stressing, neutral electron traps are gen
ated in the oxide.365,366Although many researchers have r
lated such trap creation to the breakdown process, di
measurements of the oxide neutral trap density,Dot , as a
function of the applied stress conditions, are not commo
done. In order to measure this degradation phenomenon
neutral traps have to be made electrically visible. This can
accomplished by periodically interrupting the stress to fill t
generated traps with electrons, without creating any ad
tional traps. A technique ideally suited for this purpose
uniform substrate hot electron~SHE! injection.367–369 In
some cases368,369 the necessity of a trap filling step is dem
onstrated. Indeed, immediately after stress, a majority of
available oxide traps are neutral, and further, the probab
of occupancy depends on the applied stress field. There
the trapped charge, measured immediately after stress, is
a good indication of the neutral trap density.

Substrate hot electron injection can also be used to st
the oxide in a field range below the practically accessible
field range.345,370In Fig. 54, the neutral trap density increa
is shown as a function of the injected fluence. Degradat
and breakdown in the field ranges of 6.0–8.5 MV/cm w
SHE injection and 8.5–11.0 MV/cm with constant volta
FN injection are presented. The fraction of filled traps af
SHE injection is found to be constant for all stress fields.345

ier

d
that
ers

FIG. 53. Charge to breakdown,QBD , and the hole fluence at breakdown, a
a function of electric field. The hole fluence at breakdown is constant in
measured field range, althoughQBD decreases continuously in the sam
range@from Degraeveet al. ~Ref. 3!#.
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In the field range under consideration, breakdown occ
whenDot reaches a critical value, within some small stat
tical fluctuation. This result supports the idea that a criti
electron trap density is necessary to trigger breakdown.

A breakdown model based on neutral trap generation
been proposed by several authors.55,345,365,371–373It is as-
sumed that at some place on the capacitor the local
density becomes sufficiently large to allow the formation o
conductive chain of traps connecting the anode with the c
ode interface. This model will be investigated in further d
tail in Sec. III C 1.

In Fig. 55 the generated neutral trap density has b
plotted as a function of hole fluence for different oxide thic
nesses and FN stress conditions. A unique relationshi
observed, independent of oxide field and thickness.345Thus it
can be concluded that the critical hole fluence,Qp,crit , cor-
responds to a critical generated density of neutral elec
traps, Dot,crit , proving that both breakdown criteria ar
equivalent.

5. Stress-induced leakage current

The fifth phenomenon that occurs during oxide degra
tion is the generation of a SILC through the gate. Str
induced leakage current is illustrated in Fig. 56, whe
I g–Vg curves from fresh and stressed samples are sho
The SILC rises continuously with injected fluence, and itsVg

dependence can be empirically fitted with a FN express
using a barrier height of 1 eV.374–377When the SILC is con-
tinuously monitored as a function of time after a given stre
two components can be distinguished.366,378 Initially, a de-
caying transient component is observed, leading to a ste
state SILC after some time. Both components depend
oxide thickness, as is illustrated in Fig. 57. Thick oxid
have a large transient component and low steady state c
ponent, whereas ultrathin oxides have a very small trans
component and a large steady state component.

The SILC itself is in some cases an important reliabil
problem. Leakage current through the gate translates

FIG. 54. Occupied electron traps at a filling field of 7 MV/cm,Dot,7 , as a
function of the injected electron fluence measured during oxide stressin
fields between 6.2 and 11.1 MV/cm. Oxide stressing was performed e
by Fowler–Nordheim~open symbols! or substrate hot electron injectio
~closed symbols!. For each stress condition, the mean breakdown valu
indicated by an asterisk@from Degraeveet al. ~Ref. 345!#.
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power waste problem in MOSFETs, resulting, for examp
in having to constantly charge the batteries of portable
vices. Such leakage is especially detrimental to the per
mance of nonvolatile memories. When the charge stored
the floating gate leaks off, the threshold voltage of the c
shifts and the stored information is lost after som
time.366,375,379,380

The transient component of the SILC results from em
tying negatively charged traps immediately after stress
simple tunneling model predicts a 1/t decay of this
current.365 In recent publications, however, it has been sho
that, apart from the electron component, a hole compone
also present in the transient current. Consequently, the e
tron transient current was found to follow a 1/tn dependence
with n,1.381 Substrate hot electron381 and channel hot elec
tron injection382 experiments further confirm the role of th
hole component in the transient SILC. The steady state c
ponent of the SILC is caused by trap-assisted tunneling fr
cathode to anode. In thick oxides the probability that an el
tron can use traps as ‘‘stepping stones’’ for tunneling is v
small, resulting in a small steady state SILC component
thinner oxides, fewer traps are necessary for the electron
move from cathode to anode, and therefore the steady s

at
er

is

FIG. 55. Generated neutral electron traps,Dot,7 , as a function of the hole
fluence for different oxide thicknesses~7–14 nm!, stress types~constant
voltage and constant current!, and oxide fields~9.5–12 MV/cm!. A unique
relationship is observed@from Degraeveet al. ~Ref. 345!#.

FIG. 56. Gate current density as a function of applied voltage for an
stressed device~open symbols! and after various high field stresses ha
been applied~solid symbols!. A gradually increasing leakage current, calle
the stress induced leakage current, appears at low voltage@from Degraeve
et al. ~Ref. 3!#.
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component will dominate.383 Modeling of the SILC trap-
assisted tunneling process has been the topic of re
publications.384,385

In ultrathin oxides, a new SILC component, arising fro
electrons that tunnel directly into interface traps,
observed.343,386This leakage current is relatively large in th
low voltage range, close to the flatband voltage, as illustra
in Fig. 58. In Fig. 59 the close relationship between SIL
and the oxide trap density is illustrated. To gather this d
the FN stress was periodically interrupted to measure
leakage current densityJE at a fixed low oxide fieldE, while
on the same device the density of neutral oxide traps
determined.345 Plotted against each other, a stres
independent, one-to-one relationship is revealed between
steady state SILC increase and the generation of ne
traps.379 Several other authors have emphasized the rela
between the neutral trap density and the SILC,57,376,387but
very recently this relationship has been questioned.388 De-
spite these recent observations, many authors consider S
to be a measure of the neutral trap density. Conseque
SILC, either bulk trap or interface trap related, has been u

FIG. 57. The oxide thickness dependence of the steady state and tra
components of stress induced leakage current. As the oxide thicknes
creases, SILC is transformed from a steady state to a transient current
current is measured at a field of 5.4 MV/cm following a stress at 9.5 MV/
for 20–30 C/cm2 @from Moazzamiet al. ~Ref. 378!#.

FIG. 58. PoststressI –V curves comparing N and P metal–oxide
semiconductor devices. In both cases the peak degradation occurs ne
flatband voltage. The current increase is primarily observed when the s
voltage is within 1 V of the flatband voltage@from Nicollian et al. ~Ref.
386!#.
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as a degradation monitor and time-to-breakdo
predictor.54,60,347,389–391

6. Discussion of trap generation mechanisms

It is clear from the results shown in the previous sectio
that trap generation is the key factor determining oxide d
radation and breakdown. Here, we compare three trap g
eration models: the ‘‘anode hole injection model,’’ the ‘‘ele
trochemical model,’’ and the ‘‘H release model.’’

In the anode hole injection model,356 illustrated in Fig.
52, it is assumed that holes tunneling back to the cathode
create electron traps in the oxide, probably in conjunct
with an electron in the SiO2 conduction band. The physics o
the trap creation process is still speculative. There have b
several studies demonstrating that the interaction of elect
and holes in an oxide results in trap creation.360,392–394How-
ever, the precise role of electrons and holes in the trap
ation process and the details of the microscopic mechan
are still uncertain. The most important difficulty in studyin
this effect is the inability of most techniques to separat
control the hole and the electron injection.

Electrons injected in the oxide may lower their ener
by light emission.395,396Experimental evidence has been pr
sented that photoexcitation of valence band electrons in
cathode by light generated in the anode, and not anode
injection, is the dominant source of the measured holes in
substrate.358,359,396If this is correct, or if there exists a volt
age limit to anode hole injection,358 it could be questioned
whether the anode hole injection model will correctly pred
low voltage oxide reliability. Recent modified
simulations397,398of anode hole injection show the existen
of an exponentially decaying impact ionization rate at lo
voltage, which corresponds to the exponentially decay
trap generation rate measured by SILC.54

According to the anode hole injection model, the obs
vation of a unique relation between hole fluence and neu
electron trap generation~Fig. 55! is interpreted as a causa
relation, i.e., the holes are necessary to create the traps.
mechanism is outlined in Fig. 60~a!. However, other exp
nations are possible. As is outlined in Fig. 60~b!, energy
release of the incoming electrons at the anode can, be
hole creation, also activate some other mechanism tha

ient
in-
he

the
se

FIG. 59. The steady state stress induced leakage current measured at a
field of 5 MV/cm, plotted as a function of the generated density of neu
traps. Independent of the stress condition, a one-to-one relation is obse
@from DeBlauweet al. ~Ref. 379!#.
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responsible for neutral electron trap generation. This s
gests that the hole fluence and the trap creation have a c
mon origin, i.e., the energy released by the electrons at
anode, but not a causal relationship.

A second model, named the ‘‘electrochemica
model,365,399–403is illustrated in Fig. 60~c!. Here, the electr
field itself directly induces electron trap creation in the o
ide. According to this interpretation, all processes that
related to the energy release of the injected electrons a
anode are independent of the trap generation mechan
Furthermore, the electron fluence has no impact on the
generation rate. A trap creation mechanism based on the
teraction of oxide dipoles with the electric field has be
proposed.401,402

A third model for the mechanism depicted in Fig. 60~b!
is H release at the anode. Most older publications341,404 on
this issue deal with interface trap creation at the cathode,
the model’s basic ideas can easily be extended to bulk o
traps. In the H release model, the electrons tunnel thro
the oxide potential barrier and reach the anode with suffic
energy to release H from the anode/oxide interface. Hyd
gen is always present in sufficient amounts due to form
gas (N2/H2) anneals, a standard practice to reduce the in
interface trap density. The released H diffuses through
oxide and can generate electron traps. Again, as for the a
hole injection model, the precise physical details of the m
croscopic trap generation mechanism with H are subjec
speculation. An interesting argument in favor of the H
lease model is provided by the work of Cartieret al.405 An
oxide, without a polycrystalline Si gate, is exposed to a
mote H plasma. It is observed that trap creation at
Si/SiO2 interface evolves identically to the interface trap c
ation induced by a hot electron stress. On the other ha
some recent experiments using D-annealed samples pro
no support for the H release model,406 although a clear iso-
tope effect, measured by SILC and flatband voltage chan
has been observed.407,408

FIG. 60. Outline of three neutral electron trap generation mechanisms
rently discussed in the literature.
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C. Oxide breakdown

Thus far we have discussed oxide degradation phen
ena during electrical stress. In this section we focus on
breakdown event itself. First, the modeling of the breakdo
event will be discussed. Then, the occurrence of so-ca
soft breakdown in ultrathin oxides, and its relationship
device failure, will be addressed.

1. Breakdown modeling

As early as 1990 a ‘‘weakest link’’ breakdown mod
had been proposed.373,409,410In this model, a capacitor is di
vided into a large number of small cells. It is assumed t
during oxide stressing neutral electron traps are gener
randomly over the capacitor area. The number of traps
each cell is counted, and at the moment the number of tr
in one cell reaches a critical value, breakdown occurs,
definition. In other words, in that critical cell the number
traps is sufficiently large to create a conductive path fr
anode to cathode.

A disadvantage of this model373 is its two-dimensional
nature. Therefore a new ‘‘weakest link’’ model based on p
colation theory principles411 has been proposed that can a
curately describe the intrinsic breakdown distribution. T
use of the percolation concept for oxide breakdown mod
ing has been suggested412 and thoroughly elaborated
upon.53,55,344,345The percolation model for breakdown exis
in two versions:~i! the sphere model, where each genera
defect in the oxide is characterized by a sphere with rad
0.9 nm, and~ii! the cube model, where each defect is rep
sented by a cube whose edge is 1.3 nm in a thr
dimensional frame. Both models are implementations of
same concept and provide, therefore, similar results. As
example, the sphere model344 is schematically illustrated in
Fig. 61. It is assumed that electron traps are generated in
the oxide at random positions in space. Around these tra
sphere is defined with a fixed radiusr, the only parameter of
the model, Fig. 61~a!. If the spheres of two neighboring tra
overlap, conduction between these traps becomes poss
Further, the two interfaces are modeled as an infinite se
traps, Fig. 61~b!. This mechanism of trap generation and c
lescence continues until a conducting path is created f
one interface to the other, which is the definition of brea
down in this model, Fig. 61~c!. In a computer simulation, the
total electron trap density needed to trigger breakdow
Dot,crit , can now be calculated. It is found that the simulat
Dot,crit distribution can be fitted with a Weibull function.53

The percolation model of breakdown is able to quanti
tively explain two important experimental observations:~i!
as the oxide thickness decreases, the density of oxide t
needed to trigger breakdown decreases,56,345,369and ~ii! as
the oxide thickness decreases, the Weibull slope,b, of the
breakdown distribution decreases, i.e., a larger spread o
tBD values is observed.55,344,345,413The latter effect is illus-
trated in Fig. 62. An important consequence of the decre
ing Weibull slope for thinner oxides is the strongly enhanc
area dependence oftBD or QBD .345,413 Indeed, based on the
random nature of the breakdown location, it has been sho
that for the scale factorsh1 andh2 of two Weibull distribu-

r-
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tions ~either tBD or QBD distributions! of capacitors with
identical oxide thickness, but areaA1 and A2 , respectively,
the following relationship holds:414,415

h1

h2
5S A2

A1
D ~1/b!

. ~6!

Equation ~6! predicts that asb decreases, the area depe
dence ofQBD will be enhanced. This is illustrated in Fig. 6
for films of varying thickness. It can be concluded that f
thick oxides (tox.10 nm), the intrinsicQBD value is, within
acceptable approximation, constant in the range of capa
areas commonly available for experimental purposes. H
ever, for thin oxidesQBD can no longer be considered ar
independent. This has important implications when theQBD

FIG. 61. Various steps of the percolation model for oxide breakdown. As
density of neutral electron traps increases, conductive clusters of trap
formed, ultimately leading to the creation of a conductive breakdown p
from anode to cathode@from Degraeveet al. ~Ref. 3!#.

FIG. 62. NormalizedQBD ~charge-to-breakdown! Weibull distributions for
oxides of different thickness. The decrease of the slope with decrea
oxide thickness is clearly observed@from Degraeveet al. ~Ref. 345!#.
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value is used as the figure of merit for the oxidation proce
a common industrial practice. It is meaningless to specif
QBD value without specifying the area, and it is further ne
essary to specify the area whenQBD values of different oxide
thicknesses are compared.

2. Soft breakdown

Breakdown in oxides of thickness greater than 5 nm p
ceeds by the creation of a localized conductive path,
lowed immediately by the propagation of thermal dama
leading to a highly conductive short between anode and c
ode. On the other hand, it has been known for several y
that ultrathin oxides can exhibit anomalous failure,374 char-
acterized by the creation of a more resistive breakdown p
This phenomenon has been termed soft, quasi, early, or
destructive breakdown, or B-mode SILC. Only recently h
this breakdown mode gained much attention in sub-4
oxide layers.61,416–428Soft breakdown~SBD! can be defined
as oxide breakdown without lateral propagation of the bre
down spot due to thermal damage.418 It is generally accepted
that soft and hard breakdown originate from the same p
cursor defects,3,425,429 show the same stress curre
dependence,427 and can be described by the same Weib
statistics,429,430 although the latter point has recently be
called into question.431

It has been shown that theI g after soft breakdown has
unique relationship withVg , i.e., it is independent of area
suggesting that soft breakdown is a localized effect.421 Fig-
ure 64 shows a typical example of anI g–Vg plot, after soft
breakdown. A dramatic rise compared to SILC is observ
but the SBD is less destructive as compared to hard bre
down. This conclusion has been confirmed by emission
croscopy experiments.422 However, for very small area de
vices, a lower, unstable current is measured.421 This might be
explained by the difference in energy available for discha
at the moment of breakdown. Typically, when the appli
voltage is plotted as a function of time during CCS, a ve
small drop in the voltage~or equivalently a small jump of the
current during CVS!, followed by noisy behavior, signa
soft breakdown. However, the small voltage jump observ
during FN stress is not a characteristic feature of soft bre
down, although often claimed as such in the literature.

e
are
h

ng

FIG. 63. The 63% value ofQBD ~charge-to-breakdown! as a function of the
area of the test capacitor, for different oxide thicknesses, under gate in
tion. As the oxide thickness decreases, a stronger area dependence
served@from Degraeveet al. ~Ref. 345!#.
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fact, when the test structure area is scaled down, the vol
jump is of the order of volts.421 On typical large area tes
structures, the small voltage or current jumps indicating s
breakdown become very difficult to detect with automa
measurement systems. Therefore other breakdown dete
methods have been proposed. The most effective one is
use of the sudden increase of the gate current noise a
detection monitor.61 This noise has been studie
extensively.421,423,424,427,432,433At low gate voltage, multilevel
random telegraph signals are observed with current am
tudes that depend on the applied gate voltage, shown
example, in Fig. 65. It has been demonstrated that theI –V
characteristics of the on and off states are shifted ove
constant voltage interval.421 This observation can be ex
plained by electron capture-emission-induced local fi
fluctuations in the breakdown path.421,423 With this model,
the area of the soft breakdown site is estimated to b
310213cm2.421

The current conduction mechanism through the s
broken region in the oxide has been modeled in sev
ways, but the physical picture remains unclear. Models ba
on variable range hopping of carriers,390,419 point contact
conduction,434,435 energy funnels,420 resonant tunneling

FIG. 64. I G–VG curves for a capacitor with an oxide thickness of 4.5 nm
comparison is made between the current in the fresh device, after stre
~stress induced leakage current, SILC!, and after soft~SBD! and hard~HBD!
breakdown@from Crupi et al. ~Ref. 421!#.

FIG. 65. An example of a two level random telegraph signal in the g
current of a capacitor after soft breakdown@from Crupi et al. ~Ref. 421!#.
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through strategically placed traps,436,437 direct tunneling
through a thinned oxide region,417,438 and electrode con-
trolled conduction433 have been proposed.

Some researchers have claimed that soft breakdown
not occur in short channel length transistors; instead, h
breakdown is immediately observed.425 However, soft break-
down has been demonstrated in 50 nm gate length device439

and has been shown to depend on applied voltage, not
length.428 It has been further claimed that after soft brea
down no significant variations in MOSFETI d–Vg character-
istics can be observed and therefore, for some applicati
soft breakdown does not necessarily imply dev
failure.61,439 In determining the relationship between so
breakdown and device failure, the position of the breakdo
spot is extremely important. Breakdowns which occur in t
drain/gate overlap region have been shown to more p
foundly affect transistor function than breakdowns in t
middle of the transistor.426,440However, the most recent evi
dence points to devices being operational after soft bre
down if operated at low voltage and current, such as wo
be the case in an actual circuit.441,442

3. Breakdown acceleration models

The most important issue for the analysis oftBD data, in
order to predict oxide reliability, is the choice of the prop
i.e., field or voltage, extrapolation law. Indeed, oxide reliab
ity has been pinpointed as one of the possible showstop
in scaling the oxide thickness;3,54,429,443however, this predic-
tion was based ontBD values measured at very high field
whereas actual devices operate at much lower voltages
fields. The correctness of the oxide reliability prediction
actual operating conditions depends completely on the va
ity of the extrapolation law.

There have been contradictory opinions on the ex
field dependence fortBD . Some research groups claim th
based on the anode injection model, the logarithm oftBD

scales with 1/Eox , whereas others find better results using
Eox dependence. Most recently, aVg dependence has bee
proposed for ultrathin oxides where ballistic transport
electrons through the oxide occurs. According to the an
hole injection model,354–356 the field dependence ofa, the
probability of creating a hole which can tunnel back into t
oxide ~see Sec. III B 3!, can be described as

a5a0 expS 2H

Eox
D

and

QBD5Q0 expS H

Eox
D ~7!

with a0 and H constants~for a fixed oxide thickness!and
Q05Qp,crit /a0 . With this equation,tBD becomes

tBD5
QBD

JFN
'

QBD

A*
expS B*

Eox
D5

Q0

A*
expS B* 1H

Eox
D

5t0 expS G

Eox
D ~8!

ing
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with t0 a constant. Reported values forG5B* 1H vary
from 290 to 350 MV/cm, depending on oxide thickness a
stress type~constant voltage or current stress!. Equation~8!
expresses the 1/Emodel, because the logarithm oftBD de-
pends linearly on the reciprocal oxide field. TheE model, on
the other hand, predicts a linear relationship between
logarithm of tBD and the oxide field:400,402,403

tBD5t0 exp~2g•Eox!, ~9!

where t0 and g are constants. TheE model had been use
long before there existed any physical data to support it
the literature, publications trying to prove the correctness
either theE or the 1/Emodel can be found,361,403,410,444–446

as is illustrated in Fig. 66.
All attempts to provide theE model with a sound physi

cal basis assume that a direct correlation exists between
electric field and oxide degradation. Therefore proponent
this model ignore the role of injected electrons as an in
mediate step for generating oxide traps@see Sec. III B 6, Fig.
60~c!#. Recent experiments clearly demonstrate that the
ide degradation process is fluence driven.447,448Furthermore,
detailed simulations of anode hole injection, including m
nority carrier ionization,397,398 no longer link a 1/Emodel
directly with the anode hole injection concept. Instead
mixed model, with approximate 1/E dependence at high
voltage andE dependence at low voltage, is used. Oth
groups have proposed similar unified models.449–452

The E vs 1/E model discussion is mainly valid for ox
ides thicker than 5 nm, where the injection of electrons
dominated by nonballistic FN injection; the injected ele
trons enter the conduction band of the SiO2 and interact with
it. The oxide field mainly determines the electron energy
the anode and consequently, the oxide degradation. S
there exists a unique relationship between the FN cur
density and oxide field,QBD should be measured using CC
For ultrathin oxides, however, the injected electrons tra
ballistically through the oxide without interacting with th
SiO2 network. This can be either by FN tunneling above 3
V, typically in oxides with thicknesses of between 5 and 3
nm, or by direct tunneling below 3.5 V, typically in oxide
with thicknesses of below 3.5 nm. The electron energy at
anode is determined by the voltage difference between
cathode and the anode, which corresponds to the applied
voltage.398,447,453As a consequence,QBD should be measure
using CVS.453 This also means that for an ultrathin oxide t
gate voltage determines the breakdown, and CCS metho
ogy needs to be replaced by CVS analysis.347,453

4. Temperature dependence of breakdown

Since advanced CMOS integrated circuits operate so
what above ambient, the temperature dependence of o
degradation and breakdown has received considerable a
tion. The temperature dependence oftBD in ultrathin oxides
is especially strong,364 as is illustrated in Fig. 67. In mos
research, it is assumed that an Arrhenius law can describ
temperature dependence oftBD , and many authors have de
termined the activation energy for their oxides. The acti
tion energies depend, however, on the oxide thickness,454 the
voltage or field range,446 and the temperature range350,455,456
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of the measurement. From the huge spread of the obse
values it can be concluded that the Arrhenius relationshi
not suitable as a description for the temperature depend
of tBD .364,457,458However, both the trap density at brea
down as well as the trap generation rate depend
temperature,458 although the oxide traps created at differe
temperatures are not completely equivalent and con
quently, oxide damage generated during electrical stres
different temperatures is not simply cumulative.364

5. Oxide reliability predictions

Accurate predictions of oxide reliability can only be o
tained if a correct and complete reliability specification
defined. This specification must contain four elements:

FIG. 66. Two data sets from the literature, one supporting theE ~field!
extrapolation model@two top figures, from Suehleet al. ~Ref. 444!#and the
1/E model @lower figure, from Schuegrafet al. ~Ref. 445!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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allowed failure rate, expected lifetime, the oxide area, a
the voltage and temperature conditions. A typical specifi
tion reads: 0.01% failures are allowed after 10 years of
operation, at 1.5 V and 70 °C, on a device of area 0.1 c2.
With similar specifications, it has been reported that a r
ability limit for oxide thickness scaling is encountered
about 2.2 nm~optical thickness!at room temperature.54,443

Recent work has shown these predictions to be overly pe
mistic. Improved accuracy of the voltage acceleration law
well as oxide uniformity improvements, have shifted the
liability limit to oxides as thin as 1.5 nm.62,459

IV. FABRICATION TECHNIQUES FOR ULTRATHIN
SILICON OXIDE AND OXYNITRIDES

The gate dielectric’s ultimate electrical performance
determined not only by its composition~SiO2 vs Si–O–N!
and fabrication method~growth, deposition, or implantation!,
but also by pregrowth surface preparation and postfabr
tion processing such as plasma etching of the gate stack.
interdependence between the various steps, especially
face preparation, becomes more prominent for ultrathin g
dielectric layers, since the Si/SiO2 interface is a more signifi-
cant part of the layer as it gets thinner.

A. Surface preparation

Surface preparation is a more appropriate term t
cleaning, since preparation of the Si surface for subseq
oxidation is far more involved than merely removin
contamination.460 In fact, engineering of the surface, i.e
conditioning it to result in its smoothest, cleanest, and m
unperturbed state, is just as important a step as the a
dielectric fabrication. Silicon surface preparation has be
the subject of exhaustive work.461–468Among the important
physical attributes of ultrathin SiO2 layers and the Si/SiO2
interface that can be influenced by surface preparation
interfacial roughness,469–471 interfacial transition layer
width,180 contamination level of the SiO2 and the
interface,472–474 and chemical bonding structure at th
interface.104,124,475Figure 68 is an example of the effect o
various cleans on the surface roughness and reliability
ultrathin oxides.

FIG. 67. Arrhenius plots of time-to-breakdown for oxides of various thic
nesses. The results reveal that no single activation energy can be deter
and that the thinner the oxide the higher the activation energy@from Kaczer
et al. ~Ref. 364!#.
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Wet cleaning currently dominates pregate oxidati
clean applications.476 The so-called ‘‘RCA’’ chemistry is the
most widely used clean for removing organic compoun
and metals from Si wafers.461,464 Subsequent processing i
HF, which removes the chemical oxide that results from
RCA clean, is optional. Although much research has go
into understanding wet cleaning chemistry, there is still mu
to learn about the effects of the various chemistries on
electrical properties of the resultant dielectrics. This is a f
tile area for continued research.

Dry cleaning technology, so called because it involv
vapor or gas, and not liquid cleaning of the wafer surfaces
presently the subject of much research.477–479This is driven
in part by the much lower consumption of chemicals in d
versus wet processing~and the need to dispose of them in a
environmentally sensible manner!, but primarily by the drive
towardsin situ, cluster tool processing. A typical gate clust
tool, with pregate dielectric clean, and dielectric and po
crystalline Si growth modules, is shown in Fig. 69. Som
research has already demonstrated oxide reliability incre
due to dry pregate oxide cleans.469,480,481Further, comparison
of Si/SiO2 roughness, as measured by AFM469 as well as
STM,482 has shown thatin situ dry cleaned surfaces may b
smoother than wet cleaned samples.

B. Fabrication of ultrathin oxide and oxynitrides

Fabrication of ultrathin dielectric layers may be acco
plished by growth, deposition, or implantation. Growth r
fers to thermal oxidation or oxynitridation of the Si. Depos
tion usually refers to chemical or physical generation of
layer, not involving a reaction with the Si substrate. So
processes are combinations of deposition and growth,
low energy implantation of Si with N, followed by therma
oxidation in O2. Table VI is a compilation of published fab
rication techniques for SiO2 and Si–O–Ngate dielectrics.

1. Thermal oxidation and oxynitridation

The utter simplicity of growing thermal SiO2 by expos-
ing Si to O2 at elevated temperatures, as well as the perf
tion of the resulting interface, are in large part responsi
for the success of Si as the integrated circuit material
choice. Of course, the quality of the SiO2 and the Si/SiO2
interface is in the growth details. Virtually all commerci
SiO2 gate dielectrics are grown by thermal oxidation, usi
O2 or H2O as the oxidant species. Since oxidation in H2O
enhances oxidation kinetics,483 it is not generally used for the
growth of ultrathin films. However, some argue th
H2O-oxidized SiO2 results in dielectrics with lower defec
densities and perhaps enhanced reliability.484,485Thermal ox-
ides consume Si during growth, thereby continuously cre
ing a new and fresh interface. Thermal growth usually ta
place at a higher temperature than chemical or phys
deposition, and higher fabrication temperature has been
sociated with improved dielectric properties.486–489 Chemi-
cally and physically deposited gate dielectrics usually requ
postdeposition annealing at temperatures higher than
deposition temperature to attain properties similar to ther

ned
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FIG. 68. Effects of various pregate
oxidation cleaning schemes on~a! in-
terfacial roughness,~b! leakage cur-
rent, and ~c! reliability of ultrathin
SiO2 gate dielectrics. Note that in this
work, dry cleaning (UV/Cl2) resulted
in the best properties. SC1 and SC
are the two components of the ‘‘RCA’
chemical clean~Ref. 464! @from Sap-
jeta et al. ~Ref. 469!#.
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oxides.490,491Thus attempts to reduce thermal budget by
positing dielectrics at temperatures lower than therm
growth temperatures may be misguided.

Silicon oxidizes according to a linear-parabolic~Deal–
Grove!kinetic law, well-described in the literature.483,492,493

However, this formalism breaks down in the ultrathin fil
regime, and the details of the first stages of SiO2 formation

FIG. 69. Schematic of a gate dielectric single-wafer cluster tool showing
loading and unloading ports, and the preclean, dielectric, and polycrysta
Si modules.
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
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are still not well-understood, in spite of muc
research.211,494,495Oxidation mechanisms will be discusse
in detail in Sec. V B.

There are currently two primary thermal techniques
growing SiO2 or Si–O–N,furnace or rapid thermal oxida
tion ~RTO!. Oxidation usually takes place in the temperatu
range of 750–1100 °C. Typical apparatus for both techniq
are shown in Figs. 69 and 70. Although there are many w
to input thermal energy into Si to oxidize it, at present v
tical furnace technology is the manufacturing standard

e
e

TABLE VI. SiO2 and Si–O–Ngate dielectric fabrication techniques.

Thermal oxidation/oxynitridation

O2 , H2O, O3

N2O, NO, NH3 , N2

Chemical deposition

Chemical vapor deposition~CVD!
Plasma enhanced chemical vapor deposition~PECVD!
Jet vapor deposition~JVD!
Atomic layer deposition~ALD!

Physical deposition

Low energy ion implantation
Remote plasma nitridation
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ultrathin oxide growth.~The furnace tube is oriented vert
cally to improve film uniformity and reduce particulate co
tamination.!However, the ability to visit a variety of pro
cessing temperatures, made possible by the low thermal m
of the single wafer RTO systems, where only the wafer
significantly hot, represents an advantage over furnace t
nology. The rate of many reaction processes in integra
circuit fabrication, oxidation being typical, is governed b
the Arrhenius law:

rate5A exp~2Ea /kT!, ~10!

whereEa andA are the activation energy and preexponen
factor for a given reaction process. When two or mo
Arrhenius processes can occur at the same time there wi
a competition between them, with their relative rates g
erned by the individualEa andA terms for each process. A
lower Ea yields a faster~relative!reaction at any given tem
perature, assuming theA terms are similar. For example,
can be seen in Fig. 71 that between two processes ha
different activation energies, the rate of an undesirable p
cess~e.g., dopant diffusion! can be retarded at higher tem
peratures with respect to that of a desirable process~e.g.,
oxidation!. Thus a ‘‘desired’’ process may be favored in t
high temperature regime, not accessible by high ther
mass vertical furnace technology. Fast ramp furnace tech
ogy, utilizing small wafer loads, has been developed to
the gap between single wafer RTO and batch furn
technologies.496,497

Vertical furnaces are robust and reliable, offer excell
thickness uniformity, and an isothermal environment
which variations in wafer optical properties, due, for e
ample, to front side lithographic isolation patterns or varyi
backside layers, play little or no role in wafer temperatu
uniformity. On the other hand, RTO offers better absol
thickness control for,2.0 nm oxides, a greater processi
temperature range, and is ‘‘cluster-friendly,’’ i.e., single w
fer processing chambers can be integrated for control of
terfaces~see Fig. 69!. RTO chambers are small and do

FIG. 70. Schematic of a vertical furnace for the growth of gate dielectr
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attain high temperatures during operation; therefore, in
grated processing is readily accomplished. An RTO proc
clustered to a pregate oxidation clean, is a likely scheme
growing ultrathin dielectrics in the near future. As dielectri
get thinner, the advantages ofin situ processing should be
come apparent, since interfacial effects due to contamina
and surface roughness will start to dominate electrical ch
acteristics. Such processing has already succeeded in pro
ing high performance 30 nm~minimum feature size!
transistors.14,482Figures 72 and 73 are examples of oxidati
kinetics attainable in RTO and furnace systems. Thinner
ides, grown at higher temperatures for shorter times, are t
cal of the RTO process.

Various oxidation gases can be used to grow SiO2 , al-
though the common practice is to use O2 or H2O. CO2 will
also oxidize Si to form SiO2 , with some retardation of oxi-
dation kinetics.498 Ozone (O3) is sometimes added to the O2

gas stream to enhance growth kinetics, since atomic O
ozone decomposition by-product, is very reactive. Low te
perature growth~<400 °C! is achievable in O3.499–503 Ox-
ynitrides, essentially SiO2 containing small~less than 5%–
10% locally, and less than 1% if averaged over the fi
thickness! but significant amounts of N, can readily b
grown using N2O or NO. This important body of work will
be covered in Sec. VI B.

2. Chemical deposition

Chemical deposition processes are usually used whe
lower thermal budget for the dielectric growth step is d
sired. Since deposition kinetics are slow at such temperat
~typically 350–600 °C!, a plasma source is commonly us
to activate the reaction. This technique has been used
effectively to deposit ultrathin Si–O–N with precise N
distributions.490,504–506Chemical deposition methods do n
consume the substrate, unlike thermal oxidation, and inte
cial properties are usually inferior to those of thermal oxid
High temperature anneals~>750 °C!are usually necessary t
bring the electrical performance up to the level of therm
oxides.490,491,507,508

.

FIG. 71. Arrhenius plot of two competing processes, characterized by
ferent activation energies~E!, demonstrating a key advantage of rapid the
mal processing: the ability to visit high processing temperatures for s
times allows one to favor a desired over an undesired process.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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SiO2 and Si–O–Nlayers have been deposited by chem
cal vapor deposition~CVD!,508,509especially for the prepara
tion of ‘‘stacked’’ oxide multilayers.507 Such CVD/thermal
oxide stacks may improve dielectric reliability.510 However,
their application to ultrathin gate dielectrics will be limite
due to difficulties in controlling deposited layer thickne
uniformity across large~200–300 mm!wafers. Thermal oxi-
dation is inherently an easier process to implement u
formly. Atomic layer deposition~ALD!, in which films are
grown approximately one monolayer at a time, has been u
to grow ultrathin SiO2 layers.511,512This may be an importan
technique to grow<0.5 nm SiO2 layers, useful as buffe
layers between Si and high-k gate dielectrics. ALD has the
outstanding advantages of superb conformal coverage
well as precise thickness control. Figure 74 illustrates o
cycle of this layer-by-layer process. Jet vapor deposit
~JVD! has been used to deposit high N-containi
Si–O–N.513,514Although these layers have properties simi
to Si3N4 , the interface, and to a lesser extent the bulk, c

FIG. 72. SiO2 thickness as a function of O2 pressure for constant growth
times. Layers were grown by rapid thermal oxidation at 1000 °C@M. L.
Green~unpublished data!#.

FIG. 73. SiO2 thickness as a function of time, at various temperatures,
films grown in a vertical furnace at atmospheric pressure@M. L. Green
~unpublished data!#.
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tain significant amounts of O. Gate dielectrics produced
this room temperature, supersonic gas flow, remote pla
technique are sufficiently intriguing to warrant furth
research.515 Figure 75 is a schematic diagram of the JV
deposition scheme.

Wet-chemically prepared oxides, e.g., the ultrathin~,1.0
nm! oxides resulting from chemical oxidation of the Si
oxidizing solutions ordinarily used to clean Si461,516 or in
H2O

104 or ozonated solutions,517 may be appropriate precur
sors for ultrathin gate dielectric layers. When annealed
temperatures as low as 350 °C they exhibit FTIR spec
identical to high temperature SiO2 .104

3. Physical deposition

Physical growth techniques for SiO2 or Si–O–Ninclude
ion implantation, usually followed by an anneal or oxidatio
treatment, and high density plasma oxynitridation or nitrid
tion. Both techniques afford great control over SiO2 or Si–

r

FIG. 74. Layer by layer~atomic layer!deposition mechanism of SiO2 from
tetraisocyanatesilane~TICS! and H2O @from Gasseret al. ~Ref. 511!#.

FIG. 75. Schematic diagram of apparatus for plasma assisted jet vapor d
sition of Si3N4 from SiH4 and N2 @from Wanget al. ~Ref. 513!#.
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O–N thickness, composition, and structure. Using plas
nitridation, for example, one can incorporate much more
in an ultrathin layer than by thermal oxynitridation in NO
N2O. Physical growth techniques are distinct from plasma
ion induced chemical deposition, in that in the former
deposition takes place. The dielectric layers are gro
through the incorporation and subsequent reaction of the
ergetic species with the substrate. These techniques ma
duce damage in the substrate.

Conventional ion implantation has been used to gr
ultrathin SiO2 ,68 Si–O–N,518,519and Si3N4 .520 Because it is
desirable to have the implanted species close to the subs
surface to limit damage and facilitate subsequent incorp
tion during a high temperature step, the implantation sho
be done at low energies, for example,25 keV. Most con-
ventional implanters do not afford high ion fluxes at the
energies, so implantation time may become problematic
production. However, selective ion implantation is a uniq
scheme for growing dual oxide thicknesses on a single
vice, as is illustrated for the case of O implantation in F
76. In this case the thicker oxide is created by the reoxida
of an area previously implanted with O. The same effect
be achieved by preimplanting N into selected areas.67 Most
of the implanted N is incorporated into the growing Si–O–N
during subsequent oxidation; the retarding effect of incor
rated N on oxidation kinetics519,521 is utilized to result in a
thinner oxide in the N implanted areas. Although the
schemes are very attractive from a device design standp
it remains to be seen if the implanted SiO2 and Si–O–N
films have the required reliability for ULSI devices.522 Fi-
nally, Si–O–N films have been grown by implantation o
NO1 to directly form Si–O–N.523 Thus far this method ha
not been applied to ultrathin films.

Plasma immersion implantation is a high ion flux ra
technique that allows rapid incorporation of the implant
species at low energies. Thus ultrathin layers can be gr

FIG. 76. Process flow for growing dual gate oxide thicknesses using a
preimplant@from King et al. ~Ref. 68!#.
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without the time constraint of conventional implantatio
However, there is no mass selectivity using this method,
other species present in the chamber may be extracted
the plasma and implanted as well. For example, since H2O is
ubiquitous in many plasma chambers, Si–O–Nfilms usually
result from growth in a nominal N plasma.524 Since N ions
may be extracted from the plasma at very low energies,
the floating potential of;10 V, very shallow implantation is
possible. Thus the surface of previously grown thermal
ides can be lightly implanted with N525 using, for example,
the apparatus depicted in Fig. 77. Unlike incorporation of
during thermal oxynitridation in NO or N2O, where the N is
confined to the Si/SiO2 interface, mobility degradation is no
observed with the plasma process because the N is a
SiO2 surface.526 In addition, reliability of these oxides is ac
ceptable, in spite of the damage caused by the plasma
plantation, if proper annealing treatments are used.527 How-
ever, for the case of sub-2.0 nm plasma immersion oxid
both mobility and reliability may be degraded. Further stu
ies of plasma immersion nitridation have been carr
out.528–530Higher temperature favors nitridation, over oxid
tion caused by residual species such as H2O, and composi-
tions closer to Si3N4 are possible.531,532

C. Postoxidation processing and annealing

Crucial electrical performance parameters such as mo
ity and interface state density are directly related to phys
structure and chemical bonding at the Si/SiO2 interface. This
interface does not reach its final configuration after oxid
tion, but rather after all postoxidation processing has b
completed.486 Since the interface is defined by the last SiO2

to form and the last thermal and/or physical~e.g., irradiation!
treatment it is exposed to, postoxidation processing, wh
involves among other steps implant activation anneali
polycrystalline Si deposition, and plasma etching and de
sition, greatly impacts the properties of the gate dielect
Plasma processing in particular has been studied as a m
issue in determining the final electrical quality of ga
dielectrics.533–535

A fundamental understanding of the ‘‘processing wi
dow’’ for postoxidation treatments is absent, making the p

O

FIG. 77. Schematic of the process module for surface nitridation of SiO2 in
a high density N plasma@from Kraft et al. ~Ref. 525!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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toxidation arena a fertile area for research. It is gener
agreed that annealing parameters play an important rol
device manufacturing.536 However, in most cases these p
rameters are chosen empirically and not optimized. For
ample, the transition region at the Si/SiO2 interface has been
studied in great detail~see Sec. V!. It has been suggested t
high temperature annealing after oxidation will minimize t
high density transition layer and result in improved electri
performance.184,537,538 X-ray reflectivity has been used t
study the effects of annealing on the transition layer, a
shown in Fig. 78. Spectroscopic ellipsometry has also b
used to study SiO2 density changes as a function of oxidatio
temperature and postoxidation annealing parameter539

Higher temperature growth or annealing was seen to red
SiO2 density.

Several postoxidation annealing studies have conce
themselves with interfacial roughness.In situTEM studies of
the interface have shown that postoxidation annealing
proves roughness for the~100!, but not the~111! interface.540

TEM, STM, and electrical measurements have been co
lated in another study, in which it was found that anneal
in Ar improved roughness for low index@e.g.,~100!or ~110!#
interfaces, but degraded higher index interfaces.541 Spectro-
scopic ellipsometry has been used to show that roughne
reduced by reoxidation of suboxides at lower temperatu
~,900 °C!, and by viscous flow at higher temperatures75

Longer anneals have been shown, through EPR studie
result in irreversible degradation of the interface due to f
mation of silicon monoxide, SiO.542,543

D. HydrogenÕdeuterium processing

It has long been realized that H plays an important r
in MOS device performance.21,33,225,543–551The relatively
high background level of H-containing molecules in silic
microelectronics processing ambients~e.g., NH3 and SiH4 in
CVD reactors!, and the high diffusivity of H in SiO2 , sup-
ports the belief that H is ubiquitous in the Si/SiO2

system.544,552–556In fact, nuclear reaction analysis expe

FIG. 78. Excess scattering strength in the interfacial layer, as measure
x-ray reflectometry, as a function of oxide thickness. The open squares
respond to as-grown layers grown in 760 Torr of O2 , and the open triangles
for layers grown in 40 Torr of O2 . Annealed layers are indicated by th
closed squares. Annealing is seen to remove the high density interf
layer, since the excess scattering decreases@from Kosowsky et al. ~Ref.
184!#.
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ments have revealed that H557 or D220 concentrations in SiO2
films can be as high as the 1021cm23 range. Figure 79 shows
D depth profiles for a thin~;5 nm! SiO2 film annealed in D
at 450 °C.220,221One can see that D is located in an extend
region close to the interface.

Hydrogen, as well as D, in their many bonding and is
topic configurations including atomic/molecular H, Si–H1,
OH groups, and bridging H, influence the electrical behav
of the Si/SiO2 system through various defect processes,
can be seen in Fig. 80.64,65,404,453,549Hydrogen annealing be
low ;600 °C has been proven to passivate dangling bond
the interface, which in turn further reduces the concentrat
of surface states.33,544,546,550On the other hand, it has bee
demonstrated that H can be associated with detrimenta
fects such as negative-bias-temperature instability~NBTI!,
radiation induced interface traps and oxide charges, and
passivation of interface traps in MOS-bas
devices.546,550,555,558,559The role of atomic H has been spe
cifically pointed out in many of these effects.64,549,558–560Re-
cent first principles density functional calculations sugg
that SILC in MOSFETs with ultrathin oxides can be attri
uted to the H bridge, a complex between an O vacancy an
H atom in which the H atom occupies the bond center o
Si–Si bond, similar to interstitial H in SiO2 .561 In addition to
the electrical effects, H may be involved in chemical rea
tions in the SiO2 films, such as oxidation in nominally dry
and wet ambients, and nitridation via the use of NH3,218

by
or-

ial

FIG. 79. Integrated amount of D, measured by nuclear reaction analys
a thin ~;5.5 nm!deuterated SiO2 film, as a function of vacuum annealin
temperature and time@from Baumvolet al. ~Ref. 221!#.

FIG. 80. Schematic energy band diagram showing defect generation
cesses in the Si/SiO2 system involving H@from Stathiset al. ~Ref. 750!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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although this mechanism is not well-understood.37 More de-
tails on the behavior of H in the Si/SiO2 system can be found
in recent review papers.543,544,546,547Hydrogen also plays an
important role in thin Si3N4 and Si–O–Nfilms deposited on
Si, as summarized in recent reviews.37,225,506

Replacing H by its heavier isotope, D, offers advanta
both for studying fundamental aspects of H/D behavior
ultrathin SiO2 films, as well as for improving the electrica
properties of the devices. Several groups have success
used D to mimic basic aspects of H reactivity and diffusiv
in SiO2 .220,229,231,562–565The practical benefits of D proces
ing include improved immunity of the D-passivated Si/SiO2

interface against electrical stressing.565–575 In particular, D
annealed MOSFETs showed a retardation of the rate of
terface trap buildup, under gamma irradiation, by factors
2.6–4.5 compared to conventional H processing,566 Fig. 81.
Lyding and coworkers demonstrated that final annealing
NMOS devices in D, instead of H, resulted in improved h
electron degradation immunity,567,571,575as is shown in Fig.
82. It was further observed that the hot electron reliabi
lifetime of transistors was improved by factors of 10–50,571

Fig. 83. Subsequently, the D isotope effect was confirmed
other groups,568,569,572,573,576Fig. 84.

It is clear that the difference in mass between H and D
not enough to explain the significant isotopic effects. El
tronic effects also need to be taken into account.571,577 One
can draw an analogy between the electrical findings and
sults of experiments on H and D desorption from Si surfa
induced by tunneling current from an STM tip, Fig. 85,
which a large isotopic effect was observed.571,578 It was ar-
gued that H and D desorption from the interface under
electron electrical stress can be caused by multiple exc
tions of the Si–H or Si–D vibrational modes. The desorpt
yield is governed by competing processes: the excita
rate, which in turn depends on current density and elec
energy, and the excitation decay via substrate phonon
was postulated and then deduced from first principles ca
lations that the coupling between the substrate pho
modes and Si–H and Si–D vibrations is much stronger
the Si–D case.571 This enables more efficient energy dissip
tion of the excited Si–D bond, whereas in the Si–H case
easier to pump the energy up until the bond breaks. A

FIG. 81. Increase in the density of interface traps (D it) as a function of time,
after 40 MeV electron irradiation, for metal–oxide–semiconductor str
tures annealed in D2 or H2 for two bias protocols:~i! 7 V or ~ii! 27 V during
irradiation, then switched to 7 V@from Sakset al. ~Ref. 566!#.
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FIG. 82. Time dependent degradation of the transconductance (gm) for five
N metal–oxide–semiconductor transistors annealed at 400 °C for 1 h in2

or D2 @from Lyding et al. ~Ref. 567!#.

FIG. 83. Hot electron degradation lifetime versus substrate current, u
stress voltages of 4.2–4.6 V, for transistors annealed in H2 or D2 @from Hess
et al. ~Ref. 571!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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2093J. Appl. Phys., Vol. 90, No. 5, 1 September 2001 Appl. Phys. Rev.: Green et al.
result, the D at the interface exhibits much longer lifetim
under electron stressing, as was seen in Fig. 83. One m
of hot electron degradation, alluded to above, invokes H
sorption during excitation. Further elucidation of this po
requires an understanding not only of all relevant bulk a
H-defect vibrational frequencies, but also direct measu
ments of the vibrational lifetimes of the Si–H and Si–
modes themselves. Ultrafast optical experiments offer di
evidence for the lifetimes, thereby significantly increasi
our understanding of H/D effects in defective solids. Rec
bulk studies, combined with previous work on surfaces
leading to a much deeper understanding not only of vib

FIG. 84. Threshold voltage shift as a function of hot electron stress time
transistors annealed in H2 ~open symbols! or D2 ~closed symbols! @from
Devineet al. ~Ref. 568!#.

FIG. 85. The yields of H and D desorption from the Si surface in
electronic excitation regime, as a function of voltage, determined from
temperature scanning tunneling microscopy measurements@from Foley
et al. ~Ref. 578!#.
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tional lifetimes, but more importantly of MOSFET transco
ductance degradation.579

The isotopic effect is very sensitive to processing h
tory, especially to the way the D is incorporated into the g
dielectric, and subsequent thermal processing. The ma
tude of the effect seems to be correlated with the amoun
D left after all processing steps.571–573Deuterium anneals in
the 400–600 °C range are usually used to dose the gate
electric and the interface with D, as can be seen from Fig.
The amount of incorporated D is strongly dependent on
materials structure of the device. Deuterium diffuses ea
through SiO2 layers, whereas Si3N4 layers significantly re-
tard D penetration.569,580 It is also observed that impurities
for example dopants in polycrystalline Si gate layers, m
affect the diffusivity, since undoped polycrystalline Si a
pears to be an efficient barrier for D transport.580 Ference and
coworkers employed a deuterated PECVD Si3N4 capping
layer for the MOSFETs, both as a huge reservoir of D clo
to the gate, as well as an efficient diffusion barrier to prev
its escape under subsequent thermal treatment, and obs
a significant effect on hot electron immunity.572,573As far as
the thermal anneals are concerned, one can see from Fig
that D in SiO2 , like H, is not very stable and tends to esca
at temperatures higher than approximate
550–600 °C.221,550,581

V. THE SiÕSiO2 SYSTEM

A. The initial stages of oxygen interaction with
silicon surfaces

The interaction of O with the Si surface is known
depend on temperature, time, and O2

pressure.26–29,147,268,289,300,301,582–585Lander and Morrison,586

and subsequently others,268,281,294,301,582,587–592observed two
distinct regions in pressure-temperature phase space, Fig
that represent completely different O–Si interactions. In
low temperature-high pressure half of the diagram, O in
action with the surface results in oxide growth:

Si~s!1O2~g!5SiO2~s!. ~11!

In the high temperature-low pressure regime, on the ot
hand, surface etching via volatile SiO formation, also kno
as disproportionation, occurs:

2Si~s!1O2~g!52SiO~g!. ~12!

These oxide growth and etching modes are often referre
as ‘‘passive’’ and ‘‘active’’ oxidation, respectively. Recentl
several groups have shown that there is a transition regim
pressure-temperature space between the active and pa
oxidation modes~also shown in Fig. 86!, where the surfac
morphology differs dramatically from that of eithe
region.268,281,301,587,591In particular, it has been shown tha
the surface becomes very rough in this region, as is show
Fig. 87, whereas under normal active and passive oxida
the surface may remain flat, Fig. 88. Below, we summar
the critical aspects of the interaction of O with Si surfac
More details on O adsorption and the initial stages of
oxidation may be found elsewhere.26

r
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1. The passive oxidation regime

Basic questions about the first few monolayers of ox
growth, such as whether the initial oxidation proceeds b
layer-by-layer or three-dimensional island growth mec
nism, have been intensely debated over the p
decade.26,147,268Research tools brought to bear on this pro
lem include conventional XPS,146,147,156,583 synchrotron-
based XPS,130,159,593 HRTEM,261,262 LEEM,272 and
MEIS.199,204Further, STM results for submonolayer O co
erages have been reported.284,285,289,290,300,301,587,594–596

Some STM images show nucleation and growth of ox
islands on Si~111!285,290,301,594,595and Si~100!287,289,294,587

surfaces, as is illustrated in Fig. 89. The islands are thou
to be one monolayer high. However, since STM sees a lo
density of states at the surface rather than a real geome
map of surface atoms, changes in the local electronic c
figuration of the Si and O atoms must be considered w
interpreting STM images. For example, in one report
difference in grayscale level in the images, Fig. 89, was
gued to represent different height variations~0.2 nm! in ox-
ide islands grown at 873 K.290 However, larger contras
variations, observed for a higher temperature oxide, co
easily be due to a change in the local electronic configu
tion, e.g., local stoichiometry, rather than a simple hei
variation.

Island growth was also suggested from both core le
and valence band photoemission experiments.149,159,597These
studies show nonuniform oxidation behavior at submo
layer coverages, with phase separation of oxidized and n
oxidized areas on the surface, as seen in Fig. 89. Oxida
kinetics at high temperatures was also described withi
nucleation and growth model,147 and island growth of the
surface oxide has been predicted from first princip

FIG. 86. Oxygen pressure-temperature phase diagram for Si~100! showing
three different oxidation regimes. The transition~roughening! regime was
deduced from scanning tunneling microscopy measurements of su
roughness@from Seipleet al. ~Ref. 281!#. The solid and the dashed lines a
from Landeret al. ~Ref. 586!and Smithet al. ~Ref. 582!, respectively.
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
e
a
-
st
-

e

ht
al
cal
n-
n

e
r-

ld
-
t

l

-
n-
on
a

s

calculations.598,599Some researchers suggested that oxide
land growth at elevated temperatures proceeds via sur
diffusion of O to the growing oxide islands.147,290However,
relatively little is known about O diffusivity on S
surfaces.278 STM studies have suggested that O diffusion a
tually occurs as SiO bound to the surface, which is che
cally reasonable given the known stability of SiO. We al
note that STM images taken during the interaction of O w
Si at room temperature show a more uniform O overlaye
comparison to those taken after elevated tempera
anneals,285,287,290offering further evidence for the thermody
namic stability of SiOx islands. Photoemission, scanning tu
neling spectroscopy, and EELS experiments are consis
with the interpretation that the stable bonding configurat
for O at submonolayer coverages is the bridging posit
between two Si atoms.122,129,159,161,285,290,600–602Some alter-
native metastable structural models have been suggeste
surface bound O, notably singly bound O with a dangli

ce

FIG. 87. Large area~3003300 nm2! scanning tunneling microscopy topo
graphs of the initial Si~100! surface~a! @a 20320 nm2 closeup of which is
shown in ~b!#, and after exposure to increasing O pressure from~c! 2
31028 Torr to ~h! 131027 Torr. For all figures~c!–~h! the total O exposure
was 63 L@from Seipleet al. ~Ref. 587!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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bond, peroxy Si–O–O–Si species, and singly bound O2

species.104,272,312,603,604

Oxidation behavior, after the first monolayer, has be
studied by XPS, AFM, TEM, SREM, and MEIS. Stepwis
evolution of the net concentration of Sin1 (n51,2,3,4) oxi-
dation states, as measured by Si 2p XPS during the oxidation
of Si~100!,159 Fig. 90, and antiphase oscillations of Si11 and
Si31 intensities as a function of oxide thickness
Si~111!,156 Fig. 91, were cited as support for layer-by-lay
oxidation. @Although the term ‘‘layer-by-layer growth’’ has
become popular in the literature to describe the initial oxi
tion of Si, one should keep in mind that,~i! thermally grown
SiO2 on Si surfaces is amorphous and, therefore, not a
ered system, and~ii! traditionally this term refers to thermo
dynamically stable structural behavior during film grow
~i.e., the Frank/van deer Merwe growth mode!, whereas the
initial oxidation of Si is likely kinetically limited, at leas
under some conditions.#In contrast, XPS results130 were in-
terpreted as implying discontinuous, island-like film grow
for oxide thicknesses less than 0.8 nm.

When interpreting XPS results, one should keep in m
that experimental data are subject to different interpretati
and analyses. An analysis of XPS~Al Ka, 1487 eV! and
synchrotron XPS ~130 eV! data taken on the sam
Si~100!/SiO2 sample yielded differences in the concentrati
of the Sin1 states by as much as a factor of 2, and a diff

FIG. 88. Schematic representation of the three different mechanisms a
during the interaction of O with Si surfaces at high temperatures:~a! active
oxidation~SiO desorption!,~b! roughening regime, and~c! passive oxidation
~SiO2 growth! @from Feltzet al. ~Ref. 301!#.
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ence of about 30% in the oxide thickness.134 This discrep-
ancy was attributed to differences in data analysis cause
uncertainties in cross sections, photoelectron mean
paths, and takeoff angles, rather than fundamental dif
ences between the two techniques. Other XPS146 and syn-
chrotron XPS593 experiments performed on samples oxidiz
under similar conditions also yield different results. In ad
tion, the traditional interpretation of the Sin1 suboxide states
observed in photoemission, Fig. 18, as a Si atom withn (n
51,2,3) O bonds in the first coordinatio
sphere,122,124,125,130,161 is currently under
debate.133,136,165,167,605An alternate interpretation derive
from experiments illustrated in Fig. 19. It has been argu
that the local electronic configurations, and correspond
Si 2p chemical shifts, around each Si atom depend not o
on the nearest neighbor configuration but also on the O
bonding in the second coordination sphere.133,136,166,167Two
different first principles electronic structure calculations su
port the traditional interpretation of the Si 2p photoemission
spectra, but differ as far as the second nearest neighbo
fects are concerned.163–165,605

Hattori and colleagues144 usedin situ noncontact mode
AFM to examine the evolution of SiO2 surface microrough-
ness during the initial oxidation of Si~100! and Si~111!. It
was observed that the surface roughness varies periodi
with the progress of oxidation, Fig. 92. The change of t
microroughness was found to correlate with periodic osci
tions of the XPS signal, illustrated in Fig. 91, of the suboxi
states, in particular Si11. This observation was interpreted i

ive

FIG. 89. Series of scanning tunneling microscopy images~36336 nm2!
during Si~111! passive oxidation~850 K, 131026 Pa!as a function of time:
~a! clean Si~111! 737 surface to~1! 1205 second exposure. Inhomogeneo
oxide nucleation at steps and homogeneous oxide nucleation on terrace
be seen@from Feltzet al. ~Ref. 301!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 90. ~Left! Peak heights of the
Si11, Si21, Si31, and Si41 oxidation
states@measured by synchrotron base
photoelectron spectroscopy during th
initial oxidation of Si~111! at different
temperatures# as a function of O cov-
erage, measured by Auger spectro
copy. The right panel shows possibl
bonding configurations and corre
sponding peak intensities. One can s
that at room temperature all Si atom
are oxidized at more or less the sam
rate, whereas at high temperature
some Si atoms are oxidized faster. Th
distribution of adsorbed O is therefor
highly nonuniform @from Tabe et al.
~Ref. 159!#.
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terms of the formation of Si11 at the interface which, in turn
causes the formation of protrusions at the oxide surface,
93, further supporting the layer-by-layer model of growth.144

Surface composition and morphology on Si~111! have
been studied by MEIS for passive oxidation conditions.591 It
was shown, Fig. 94, that the width of the O backscatter
peak, as a function of O coverage at elevated temperatu
has a plateau for coverage less than 3.260.4 monolay
This result is consistent with a model in which the surface
covered by a nonstoichiometric oxide before ‘‘bulk’’ oxida
tion begins. As oxidation proceeds the O peak broadens
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
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flecting oxide growth in the subsurface layers.591 Surface ox-
ide formation at elevated temperatures was compared
the interaction of O with Si at 300 K. These results imp
that the difference in oxidation between elevated and ro
temperatures is due to a difference in local stoichiometry

One can distinguish between two different kinds
layer-by-layer oxidation. The first refers to a single atom
layer being oxidized at a time, which can be called mon
layer growth. A second case refers to a bilayer growth mo
with the unit being a Si bilayer. Ross and coworkers266,268

showed, via real-time HRTEM experiments, that surfa
e

-
-

FIG. 91. ~Left! Si 2p photoelectron
spectra showing the evolution of th
Si11, Si21, and Si31 suboxide states
during the initial oxidation of Si~111!.
The right panel summarizes the den
sity of the suboxide states as a func
tion of oxide thickness@from Ohishi
et al. ~Ref. 156!#.
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steps are immobile during the initial oxidation of Si~111!,
suggesting that the oxidation follows a monolayer grow
mode, depicted in Fig. 38. Photoemission results, Fig.
also imply a monolayer growth mode.144

The kinetics of the initial oxidation of the Si~001! sur-
face was recently explored by SREM, in combination w
Auger measurements of O and Si signals.271 Very similar to
the pioneering microscopy work by Ross and Gibson,267,268a
periodic reversal of the SREM contrast and immobility of t
surface steps was observed, as can be seen in Fig. 39. B
on these observations, the authors concluded that the
likely layer-by-layer oxidation scenario is random nucleati
of nanometer-scale oxide islands, followed by their sub
quent lateral growth.

FIG. 92. Changes of the root mean square~determined by atomic force
microscopy! value of surface roughness and the Si11 suboxide states during
initial oxidation of Si~111! @from Hattori et al. ~Ref. 144!#.

FIG. 93. Schematic model illustrating the correlation between the peri
oscillations of surface roughness and the Si11 suboxide states during the
initial oxidation of Si~111! as evidenced in Fig. 92@from Hattoriet al. ~Ref.
144!#.
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Shklyaevet al.588,589,606used optical methods, includin
ellipsometry and second harmonic generation, to study
very early stages of oxide formation as a function of pr
sure, temperature, and ambient~O2 vs N2O!. A decrease in
the rate of oxide formation was observed with decreas
oxidant pressure as the transition to the Si etching regim
approached, shown in Fig. 95. These results were interpr
with an oxide island nucleation and growth model, accord
to which the nucleation proceeds through the interaction
the layer of intermediately adsorbed species, with the crit
size of the islands decreasing with O pressure.

Infrared absorption spectroscopy and density functio
cluster calculations were recently used to study the ini
oxidation of Si using the H2O-exposed Si~100!-~231!sur-
face as a model.104,607The Si–Si dimer bond was found t
dissociate during initial oxidation, followed by O incorpora
tion into the Si backbonds. It was also found that high te
perature annealing of this surface results in the formation
Si-epoxide intermediate states, consisting of three-memb
Si–O–Sirings.104

Finally, we should mention the change of the electro
band gap of ultrathin SiO2 layers on Si as a function o
oxidation, as observed by valence band spectroscopy.143,144

One can see that while for thicker films the band offset d
not change with thickness, Fig. 96, for thinner films the t
of the SiO2 valence band decreases by approximately 0.2

ic

FIG. 94. Medium energy ion scattering studies of the interaction of O w
Si~111!. The plots show how the width of the O MEIS peak~which is a
measure of the oxide layer thickness! changes as a function of O coverag
(1 monolayer57.831014 O/cm2) and O exposure~in the insets!. The bottom
panel shows simulation results for three different growth modes@from Lu
et al. ~Ref. 591!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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as the films become thicker than;0.9 nm, Fig. 97. This
result is consistent with local density cluster calculations
ultrathin SiO2 layers, in which it was found that the band ga
decreases for films thinner than 0.7 nm.608 Muller and co-
workers used STEM to study the physical and electro
structure of ultrathin SiO2 layers17 and recently followed this
up with ab initio electronic structure calculations.609 Muller’s
results, Fig. 6, have been interpreted to show that more
a monolayer of Si at both interfaces of a Si/SiO2/Si sand-
wich are in the suboxide configuration, and that this sub
ide has wave function tails that decay slowly into the SiO2 .
The result of this analysis places limitations on how th
such a structure can be and still limit charge transport
acceptable levels in devices. Although the concept of a s
ing limit for SiO2 films, in the range 1 to 2 nm, is agree
upon by most workers in the field, the authors’ provocat
interpretation of their STEM data has yet to be substantia
by other methods.

2. The active oxidation regime

Walkup and Raider610 used laser induced fluorescence
study SiO(g) evolution during O interaction with Si~111!.
SiO molecules were detected in the active oxidation regi

FIG. 95. Pressure dependence of the initial growth rate (Rgr) and oxide
decomposition rate (Rdc) ~upper panel!, and the initial sticking coefficien
~lower panel! @from Shklyaev~Ref. 606!#.
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On the other hand, they noted that in the passive oxida
regime, the SiO density in the gas phase was below the
tection limit, 33106 molecules/cm3. SiO desorption was
found to be thermally activated and linearly dependent on
O flux ~pressure!. SiO evaporation under active oxidat
conditions was also observed using mass spectromet27

Starodub and coworkers592 developed a sensitive XPS
method for detecting volatile SiO species, based on its c
densation on an Ag foil. As an example, Fig. 98 shows h
SiO desorption increases with temperature~the amount of Si
condensed on the Ag foil is proportional to the area under
Si 2s XPS peak!. They also found that small but measura
yields of SiO(g) desorb from the oxide film during the initia
stages of passive oxidation, even when the oxide film c
tinuously covers the surface.

SiO desorption implies that Si atoms leave the surfa
i.e., that surface etching is occurring. Surface etching
also been observed as a result of Si interaction with ot
reactive gases, for example, I611 and Cl,477,612 at high tem-
peratures. Surface morphology in this oxidation regime
been studied by conventional electron microscopy in

FIG. 96. Valence band density of states for ultrathin dry oxides of thi
nesses of 1.6–40 nm@from Alay et al. ~Ref. 143!#.

FIG. 97. Changes in the top of the valence band edge of ultrathin~,1.6 nm!
oxide films grown on Si~100! and ~111! surfaces@from Hattori et al. ~Ref.
144!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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reflection254,613 and transmission266,268 modes, by LEEM272,
and by STM294,301. It has been shown254,268,301,613that etch-
ing in the ‘‘pure’’ active oxidation regime at high temper
tures proceeds via a step-flow mechanism for both Si~111!,
Fig. 38, and Si~100!, Fig. 39. Both the step velocity and
‘‘vertical’’ etch rate increase with O2 pressure and appear t
be independent of the substrate temperature. The origi
the step movement across the surface has been explain
two different ways. Rosset al.268 suggested that the step flo
is caused by preferential evaporation from step edges wit
diffusion to the step. However, Feltzet al.,301 using AES, did
not detect O on the surface and argued, therefore, agains
mechanism. They and other workers favor a model where
step flow is caused by the formation of surface vacanc
taking place uniformly over the surface terraces, with th
subsequent diffusion to the steps.254,272,301

Vacancy diffusion to, and disappearance at steps g
rise to step movement across the surface. The vacancy d
sivity has been shown to be much higher than the surf
mobility of O.301 For the Si~100!-~231!surface, the diffus-
ing species is believed to be a divacancy, preferentially
fusing along the dimer rows.272 The surface vacancy diffu
sion length and terrace width are important factors that af
surface morphology during active oxidation. If the diffusio
length is greater than the terrace width, only step etch
occurs. At the opposite extreme, surface vacancies can
an island or a two-dimensional vacancy hole, as obser

FIG. 98. Si 2s photoelectron spectra for SiO deposited on a cold Ag surf
~placed just above the Si wafer! during the first 10 min of oxidation of
Si~100!at a pressure of 1027 Torr and at different temperatures:~1! 620 °C,
~2! 660 °C, ~3! 700 °C, ~4! 715 °C, ~5! 720 °C, and~6! 728 °C. The inset
shows the temperature dependence of the area under the Si 2s peak@from
Starodubet al. ~Ref. 592!#.
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experimentally by REM, STM, and LEEM.254,272,301Vacancy
island formation processes during active oxidation are si
lar to nucleation and growth of surface holes during Si s
limation at high temperatures254,269,614and during low energy
ion bombardment at high temperatures.615–617

The fact that SiO desorbs under high temperature-
pressure conditions can be used forin situ precleaning of Si
wafers covered with ultrathin native, chemical, or therm
oxide films.197,283,618,619To accomplish this, one must be ver
careful about using the lowest possible pressure during
high temperature anneals, as interfacial SiC formation an
surface roughening may otherwise occur. An interest
modification of this approach was demonstrated recently
Wilk et al.283 They showed that the temperature of SiO d
sorption can be lowered by supplying a flux of Si atom
during thein situ preclean. Their process also resulted in
smoother surface, as can be seen from the STM image
Fig. 99.

3. The transition regime

For both the active and passive oxidation regions
surface remains relatively smooth. However, this is not
case if oxidation is performed in the transition regime,
during active oxidation at low temperatures, as was show
Fig. 87. SEM experiments showed microscopic growth f
tures, interpreted as Si islands as large as microns in s
covered by a thin oxide layer.582 Ross and coworkers268 used
the term ‘‘roughening regime’’ to describe this unusual o
dation behavior, ascribed to surface roughening with a ch
acteristic lateral scale of about 5.0 nm. Significant surfa
roughening in the transition regime was independently fou
by STM for Si~111!289,301 and Si~100!,281 Fig. 100. Experi-
ments by Sutherlandet al.234 showed the existence of
roughening regime during the initial oxidation of Si~111!
with N2O, but at much higher pressures than are obser
for O2 roughening.

The origin of surface roughening is not fully understoo
and the shape of the transition regime in pressu
temperature space is only partially documented. Ross
coworkers268 found a relatively narrow transition regime
whereas recent STM experiments281,289,587suggest that this
regime covers several orders of magnitude in press

e

FIG. 99. Left: 10310 mm2 atomic force microscopy image of Si~100! with
a native oxide that has been partially desorbed by annealing at 780 °C fo
min. A high density of voids~100–500 nm wide, 4 nm deep! is seen on the
surface. Right: 131 mm2 scanning tunneling microscopy image of a smoo
Si~100!surface after desorption of native oxide at 780 °C for 10 min with
Si flux of ;0.1 nm/s@from Wilk et al. ~Ref. 283!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 100. Top and three-dimensional views of 3003300 nm2 scanning tunneling microscopy images after Si~100! exposure to O2 in the roughening regime
~600 °C, 631028 Torr! as a function of exposure:~a! 100 L, ~b! 200 L, ~c! 400 L, and~d! 800 L. 1 L51 langmuir51026 Torr s@from Seipleet al. ~Ref. 281!#.
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Roughening is thought to be caused by competition betw
the two simultaneous processes of oxide growth, and sur
etching from the areas not covered by oxide islands.268,301,591

However, neither HRTEM nor STM can probe the surface
directly, especially when the surface is very rough. Feltz a
coworkers301 used AES to complement their STM results a
showed that O is present on the surface. This observa
was later supported by MEIS experiments,591 in which both
the Si and O backscattering peaks were measured, Fig.
MEIS provides clear evidence for the presence of surfac
in the transition region of pressure-temperature space,
both Si and O peaks demonstrate surface roughening. F
the MEIS experiments the vertical roughness was estim
to be as large as 2 to 3 nm.

These observations suggest that once the oxide isla
form, they passivate the Si under the oxide and hinder e
ing of the steps near them, although the etching reaction
takes place in between the oxide islands, as shown in Fig
This process results in the formation of three-dimensio
conical islands with heights as large as 4.0 nm,281 shown in
Fig. 100. The O atoms, in the form of a surface oxide,
assumed to at least partially cover these islands, whe
areas in between the islands are assumed to be free of

Oxide island growth and etching in the transition regim
is kinetically limited. Thus time plays an important role
the roughening behavior. Therefore surface morpholo
should be described in three-dimensional pressu
temperature-time phase space, rather than by the con
tional pressure-temperature phase diagram.620–622Seiple and
Peltz showed that the roughness is not simply a function o
exposure, but depends on O2 pressure or, equivalently, time
at a constant exposure.289,587It should also be mentioned tha
observed discrepancies in growth modes in the passive
dation regime may be related to how close the oxidat
parameters in such studies were to the transition regime
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B. Growth mechanisms of ultrathin oxides, beyond
the Deal–Grove model

While the seminal paper by Deal and Grove483 brought
our understanding of the mechanism of thermal oxidation
Si to a new level of sophistication, much still remains und
debate, especially in the limit of thin~sub-10 nm!
films.28,29,31,199,585,623The Deal–Grove~DG! model483 treats
Si oxidation as the reaction of Si and O at the planar Si/S2

interface, accomplished by O2 transport to the interface o
the growing film. The model is schematically depicted
Fig. 102. For thick films, the model predicts a parabolic d
pendence of oxidation time on oxide thickness because
growth is limited by diffusion. Further, in the limit of thin

FIG. 101. Medium energy ion scattering spectra showing the developm
of the Si and O peaks in the oxidation transition region. Both the Si an
peaks show a low energy tail, characteristic of surface roughness. The
dation conditions are:~1! clean Si,~2! 1040 K, 1026 Torr, 3 min, ~3! 1040
K, 1026 Torr, 10 min, and~4! 1040 K, 1026 Torr, 120 min@from Lu et al.
~Ref. 591!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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films, DG shows that the reaction rate at the interface g
erns the growth and results in a linear relationship betw
the thickness and the oxidation time for a given pressure
temperature, although the microscopic mechanism of the
action which determines the rate constant is still unclear

The original assumption of the DG model was that t
reaction was first order between O and Si species. This
proximation is not entirely appropriate in the solid sta
where the reaction takes place at the dense, lattice
matched, and defect rich~suboxides, vacancies, interstitial
etc.!Si/SiO2 interface. Another assumption of the model th
becomes questionable in the thin film regime is the ste
state assumption, in which all fluxes are assumed cons
and defined by the incoming flux of O2 from the gas phase
Recently, it has been demonstrated624 that without the steady
state assumption it becomes possible to describe Si oxida
kinetic data very adequately, including the very initial r
gime, as is seen in Fig. 103.

The DG model yields oxide thickness as a function
the processing parameters temperature, oxidant pressure
time. This kinetic approach works well for the parabo
growth stage. In the ‘‘reaction-limited’’ region, it is not clea
that the linear dependence can be applied to the z
thickness limit. Ellipsometric,29,625Fig. 104, as well as othe
studies, showed that there is a region of ‘‘faster’’ initi
growth. These observations were the basis of several
nomenological models based on the DG formalism. A revi
of these models can be found elsewhere.493 In one model,73

for example, two exponential terms were added to acco
for the faster growth. In another model, reactive sites in
near-interfacial oxide, whose concentration exponentially

FIG. 102. Schematic illustration of the Deal–Grove model. The fig
shows one-dimensional O concentration distribution~C!, and O fluxes,F1 ,
F2 , andF3 , in the growing SiO2 film @from Deal and Grove~Ref. 483!#.
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cays with time, were introduced to account for the fas
initial growth.626

The breakdown of the DG model in the important ultr
thin regime motivated intense experimental and theoret
work aimed at elucidating diffusion and reactions on t
atomic scale. Much recent progress in the experimental a
came from the use of powerful isotopic labeling metho
using both O and Si, starting from pioneering work by Ri
and his group.210–214 A comprehensive review of isotopi
methods applied to Si systems has recently been publish25

Many studies involved the use of sequential oxidation of
in 16O2 and 18O2 , or in isotopically labeled H2O, with sub-
sequent analysis of the isotopes and their depth profiles

FIG. 103. SiO2 growth kinetics data from various sources, compared w
theory ~solid lines! @from de Almeidaet al. ~Ref. 624!#.

FIG. 104. Oxidation rate of Si~100! in dry O2 , measured by ellipsometry. A
fast initial oxidation regime is observed@from Massoudet al. ~Ref. 625!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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NRA210–214,216,627–629 ~see, for example, Fig. 33!
MEIS,199,200,202,204,238,630,631~see, for example, Fig. 94!, an
SIMS.228,232,247In a related study, a layer of deposited29Si
was used to trace the movement of Si during oxidation,223 as
is shown in Fig. 105. On the theoretical front, state-of-the-
ab initio calculations have shed further light on the comp
structures and reactions during Si oxidation.598,632–640

The new features experimentally observed in the ul
thin regime can be summarized as follows.199,202In addition
to the expected DG oxidation at the interface, two other
actions occur: an O exchange reaction near the oxide sur
and an oxide growth reaction near the interface. These r
tions are schematically depicted in Fig. 106. The latter re
tion presumably occurs throughout a transition region
tween crystalline Si and stoichiometric, amorphous SiO2 .
The transition region at the interface seems to play an imp
tant role in the oxidation process. Based on the29Si labeling
experiment,223 it was concluded that Si atoms from the su
strate do not diffuse through the growing oxide.

An important observation of the MEIS work199,202,204,631

is that the growth reaction takes place not at a sharp in
face, but throughout the transition region between Si a
stoichiometric SiO2 ; see Fig. 106. The implication of thi
result is twofold:~i! any theoretical model of Si oxidatio
must consider that oxidation is not just a first order chem

FIG. 105. Oxidation of an isotopically enriched~29Si epitaxial layer! Si
surface.~a! 29Si nuclear reaction analysis excitation curve~solid circles!and
simulated results~solid line! for an oxidized sample, with the29Si profile
shown in the inset, and~b! 29Si excitation curves of the initial29Si episample
~solid circles!and after oxidation in O2 @empty circles, same data as sol
circles in ~a!#. The arrows show the energy position of surface29Si atoms.
One can see that the29Si stays at the surface after oxidation@from Baumvol
et al. ~Ref. 223!#.
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reaction at a sharp interface, and~ii! more studies are neede
to understand the exact structure and composition of the t
sition region. One needs to know how the transition region
affected by the oxidation process, as well as how the pr
erties of the transition region are correlated with electri
defects, many of which are known28,29,31,122,124,129to be lo-
calized at the interface and near-interface regions.

Several models include the near-interfacial region as
element of the oxidation process. For example, Tiller641 and
subsequently others642–646 suggested that Si interstitial
formed at the reaction interface diffuse, or are injected i
the near-interfacial oxide, where they may subsequently re
with the O diffusing towards the interface. Si injection w
directly observed by STM during the very initial stages of
interaction with Si~100!,647 as is shown in Fig. 107. A simila
scenario, but with SiO formation at the interface and diff
sion towards the surface, has been suggested
others.598,639,648,649Some researchers postulate Si fragmen
or clusters, in the oxide72,214 and their subsequent reoxida
tion. Another reactive layer model495,585 further considers a
thin reactive SiO layer near the interface. However, acco
ing to this model, the reaction takes place on top of, and
throughout, the reactive layer, inconsistent with ME
results.199,200,630 One can propose a more gener
model199,200,630 in which the near-interfacial reaction i
caused by O interaction with incompletely oxidized Si, i.
suboxides, Si interstitials, clusters, and/or SiO. Again,
stress that the near-interface reactions become most im
tant for ultrathin films. For thicker oxides, the nea
interfacial reactions still probably occur; however, since t
reaction region in this case is much thinner than the thi

FIG. 106. Schematic model of the different regions where oxidation re
tions occur: interface reaction~traditional Deal–Grove!, near-interface reac-
tion, and surface exchange reaction. In thicker~.3 nm! films, the regions
are spatially separated, but in thinner films~,2 nm! they overlap@from
Gusevet al. ~Ref. 199!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ness of the film, they may, at least geometrically and poss
even kinetically, be considered as one reaction at the in
face, akin to the DG model.

The surface exchange reaction is perhaps even m
complicated than the interface grow
reaction.199,200,211–214,224,629,630The mechanisms of O uptake
reaction, and loss from the growing oxide film are not w
understood. One group claimed that the reaction was rel
to an exchange of atomic O with the SiO2 network.212 This is
consistent with the provocative suggestion that O, and
O2, is the primary diffusing species in SiO2 .637,650 Others
tried to correlate the O exchange with H2O traces presen
during oxidation.651 It has also been claimed that surfa

FIG. 107. A scanning tunneling microscopy image of the Si~100! surface
exposed to O2 at room temperature. The O2 exposure produced protrusion
seen as white spots. The bottom picture shows a line scan through
protrusions. One monolayer of Si~100! is 0.14 nm high@from Cahill et al.
~Ref. 647!#.
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defects, e.g., peroxy-bridged O, may be involved in the s
face reaction. Despite the fact that the surface exchange
action does not directly contribute to the growth of the Si2

layer, it may be important for sub-2.0 nm films, where bo
surface exchange and near interface reactions overla
space, Fig. 106, and may therefore influence each othe
recent study shows that an O exchange mechanism is
operative at the Si/SiO2 interface.652

Pasquarelloet al.633 performed first principles molecula
dynamics calculations, in which electronic structure evolv
self-consistently with atomic motions, to explore structu
rearrangements at the interface between crystalline Si
disordered SiO2 during high temperature oxidation. The ca
culations revealed interesting features. The upper layer of
Si substrate contained about a quarter of a monolaye
extra Si atoms, and they formed intralayer Si–Si bonds
was also found that changes in the bonding network near
interface occur via transient exchange events in which
atoms are momentarily bonded to three Si atoms. This m
stable configuration enables the interface to evolve with
leaving dangling bonds. Based on these calculations, the
lowing mechanism for the near-interfacial reaction w
proposed.633 Incoming O atoms react with Si–Si bonds in
reaction layer approximately 0.5–1.0 nm thick, near the
terface. At high reaction temperatures, network rearran
ment, via the formation of metastable threefold coordina
O atoms within the reaction layer, leads to a constant
change motion of O atoms through to the interface. T
process disturbs the Si lattice, which in turn promotes
incorporation of O into the disturbed network, resulting
the formation of new interfacial oxide. This mechanis
drives some excess Si atoms into the Si and SiO2 layers
adjacent to the interface. The new Si–Si bond ‘‘injecte
into the reaction layer reacts again with incoming O as
oxidation reaction proceeds. This scheme, based on netw
motion in the reaction layer, is consistent with isotopic lab
ing MEIS experiments,202 such as are illustrated in Fig. 108
which show evidence for motion of O atoms near the int
face and provide further evidence and a visualization of
excess Si near the interface.

The formation of the threefold coordinated O atoms w
also deduced from density functional theoretic
calculations.634,635Using first principles, total energy calcu
lations it was shown that the key process in the atomic sc
reactions during the formation of thin thermal SiO2 films on
Si, as well as SiO2 precipitation in O-rich Si crystals, is the
emission of Si interstitials. This process helps to elimin
dangling bonds and therefore explains the low concentra
of defects at the Si/SiO2 interface.

The structural and electronic properties of the~100!
Si/SiO2 interface and O diffusion in amorphous SiO2 were
studied using first principle calculations by Ng an
Vanderbilt.636 The calculations showed an O deficient, i.e.,
suboxide, transition region at the interface, Fig. 109,
thickness;2.0 nm. Calculations of the oxidation kinetics
SiO2 suggested that the peroxyl linkage configuration m
be responsible for O diffusion in the growing silica film, as
suggested by Fig. 110. This mechanism is similar to H

he
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mann’s peroxy-linkage diffusion model637 deduced from
density functional calculations.

Unfortunately, still unresolved is a fundamental a
quantitative understanding of~i! the O interaction with Si
either at the clean surface or the Si/SiO2 interface,~ii! what
fraction of the oxidation takes place at the ‘‘formal’’ interfac
as compared to the near interfacial region, and~iii! what is
the steady state concentration of Si–Si bonds, describa
for example, as suboxides and interstitials, as a function
distance from the interface. This level of information
needed if one attempts a more accurate, atomic scale rev
of the DG model.

FIG. 108. Oxygen medium energy ion scattering spectra before~solid sym-
bols! and after~open symbols! reoxidation of an initial 4.5 nm Si16O2 /Si
film in 18O2 . 18O incorporation at/near the interface and at the outer ox
surface is observed~see also Fig. 31!. The loss of16O at the surface is seen
The 16O peaks become broader on the lower proton energy side afte
reoxidation, indicative of isotopic mixing at the interface@from Gusevet al.
~Ref. 202!#.

FIG. 109. Distribution of the Si oxidation states~Si11, Si21, Si31, and
Si41! as a function of distance from the interface, calculated from Mon
Carlo simulations@from Ng and Vanderbilt~Ref. 636!#.
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
le,
of

ion

VI. THE SiÕSiOxNy SYSTEM

Ultrathin Si–O–N layers, with essentially the same d
electric constant as SiO2 due to their low N concentration
may replace SiO2 for thicknesses<2 nm, since the N offers
process latitude and protection against B and other impu
penetration through the gate dielectric. Oxynitrides may a
enhance reliability and reduce hot electron induced degra
tion. Several excellent reviews of Si–O–N layers have been
written.2,37,38

A. Oxynitride properties

1. Thermodynamics of the Si –O–N system

The bulk phase diagram of the Si–O–N system653 is
shown in Fig. 111. The diagram consists of four phases:
SiO2 , Si3N4 , and Si2N2O. The three compound phases a
composed of similar structures comprising SiO4 , SiN4 , and
SiN3O tetrahedrals, implying that SiO2 can be converted to
Si2N2O and finally to Si3N4 by replacing O with N in a
2N/3O ratio. However, the Si3N4 and SiO2 phases never co
exist in the bulk under equilibrium conditions. Si2N2O is the
only thermodynamically stable form of Si–O–N.653–657

At chemical equilibrium, N should not incorporate int
an SiO2 film as long as almost any partial pressure of O, i.
.10220atm, is present, as is implied in Fig. 111. A puzzlin
question is why N atoms are incorporated at all in SiO2 as a
result of the thermal decomposition of N2O

173,226,243,658–660

or NO,158,169,201,203,661,662since the partial pressures of ox
dizing species, which are decomposition by-products,
very large. At least two reasons for the presence of N in
SiO2 film can be suggested. First, N atoms may simply
kinetically trapped at the reaction zone near the interfa
and thus the N is present in a nonequilibrium state. In t
model it is assumed that the N is incorporated into the fi
during oxynitridation and reacts only with Si–Si bonds at
near the interface, not with Si–O bonds in the bulk of t
SiO2 overlayer. Alternatively, the N at the interface may i
deed be thermodynamically stable, due to the presenc
free energy terms not represented in the bulk phase diag
For example, N may lower the interfacial strain, known
exist at the Si/SiO2 interface.226,663–665This could explain
why incorporated N, especially in N2O or NO Si–O–N
films, is often associated with the Si/SiO2

e

he

-

FIG. 110. Proposed mechanism for diffusion of atomic O in amorph
SiO2 , via peroxyl bonds. The black atoms are O@from Ng and Vanderbilt
~Ref. 636!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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interface.135,173,201,243,260Even when N is implanted into Si i
tends to incorporate into SiO2 and migrate to the Si/SiO2
interface after subsequent oxidation.519,666Therefore there is
some evidence to suspect that the N plays a specific ro
the interface, but also that it is not stable away from it, in
SiO2 bulk.233,667

2. Physical properties

Figure 112 shows the change in dielectric constant
band gap of Si–O–Nfilms as a function of N content. In thi
case, the dielectric constant~k! was assumed to increase lin
early with increasing fraction of Si3N4 , from k(SiO2)53.9
to k(Si3N4)57.5.111 A very recent study shows a departu
from linearity;668 k is found to be higher than the predicte
values.

Due to the higherk of Si3N4 , an Si–O–N filmhaving
the same capacitance as an SiO2 film will be physically
thicker. However, at the same time the band gap, and th
fore the barrier height for electron and hole tunneling, d
creases with increasing N content. In addition, there i
possible change of the effective mass of the carriers. Al
these factors must be taken into account in understanding
tunneling properties of ultrathin Si–O–N films. Finally, the
refractive index~at 635 nm!also increases with the amou
of incorporated N fromh(SiO2)51.46 toh(Si3N4)52.0, as
is shown in Fig. 12.

3. Diffusion barrier properties of oxynitride layers

Boron penetration through the gate dielectric cau
threshold voltage shifts and degrades reliability.669–673 An
important property of Si–O–Nlayers is their ability to act as
a diffusion barrier to impurities, notably B.674–681 Oxygen,
N2O, and NO diffusion rates are also lowered in Si–O–N
films, significantly retarding the rate of further oxidation
nitridation, as can be seen, for example, in Fig. 113. O
explanation for the enhanced diffusion resistance is that
density of Si3N4 and Si–O–N ishigher than SiO2 ~rSiO2

FIG. 111. Thermodynamic~bulk! phase diagram of the Si–O–N system
@from Hillert et al. ~Ref. 653!#.
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52.3 g/cm3 and rSiN53.1 g/cm3!. Therefore the diffusivity
of N2O, NO, O2, N2 , as well as other nonreactive molecul
species such as the noble gases should be lower in th
containing films. Studies of B penetration in SiO2 films of
slightly varying density have shown enhanced diffusion
sistance to B with excess film density.682 However, the rigid-
ity of the N bonded lattice might be the basis of an equa
important explanation. The three bonds connected to eac
atom, such as in Si3N4 , are more constrained than the tw
bonds connected to each O atom in SiO2 . Whereas the Si–
O–Si bond angles can vary from 120° to 180° with litt
change in energy, the Si3N4 lattice is much more constrained
This may contribute to a decrease in the ability of the
trided lattice to permit diffusion of atoms and small mo
ecules.

To explain the ‘‘stopping power’’ of the N in Si–O–N
films, a model assuming B diffusion via peroxy linkage d
fects~Si–O–O–Sibonds!, whose concentration changes u
der different processing conditions and film thicknesses,
been suggested.683 For a 1.5 nm SiO2 film, the diffusivity at

FIG. 112. Dielectric constant~a! and band gap~b! as a function of N content
in the Si–O–Nsystem@from Brown et al. ~Ref. 111!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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900 °C would increase by a factor of 24 as compared with
nm oxides. According to this model, the role of N is to com
pete with B for occupation of the defect sites. Anoth
model, in which B diffuses substitutionally for Si atoms, h
also been suggested.678 The role of the Si–N bond is to im
pede substitution for that Si atom. The model incorporate
Monte Carlo simulation and showed good agreement w
experimental data. Several groups have also suggested t
dative B–N bond may be formed, thus hindering the dif
sion of B in the dielectric.

Another interesting aspect of the diffusion barrier pro
erties of Si–O–Nfilms is that Si interstitials generated at th
interface during oxynitridation are blocked from diffusin
into the oxide. This results in an enhanced flux of the int
stitials into the Si substrate, which in turn yields an increa
density of oxidation induced stacking faults. These may th
influence the extent of oxidation induced transie
diffusion.684,685

B. Oxynitridation processes

Nitrogen may be incorporated into SiO2 using either
thermal oxynitridation or annealing, or chemical and phy
cal deposition methods, as is shown in Table VI. Therm
nitridation of SiO2 in NO or N2O generally results in a rela
tively low concentration of N in the films, on the order o
531014N/cm2, the equivalent of,1 monolayer of N in the
thin SiO2 film. Whether annealing preoxides, or oxynitridin
the Si surface directly, the N content increases w
temperature.173,203 To attain higher N concentrations, oth
methods such as CVD,686 JVD,513 ALD,687 or nitridation by
energetic N particles can be used.525,688 These nitridation
methods can be performed at lower temperatures,;300–
400 °C. However, the deposition methods are nonequilibr
and subsequent thermal processing steps are often req
to improve film quality through minimization of defects. Be
cause the thermodynamics of the Si–O–N system and the
kinetics of N incorporation are rather complex, these diff
ent methods produce Si–O–N films with different total N
concentrations and depth distributions.

FIG. 113. The ratio of N2O-oxide to O2-oxide growth rates~for ;10 nm
films! as a function of final N content of the N2O oxides@from Greenet al.
~Ref. 521!#.
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1. NO processing

Oxynitridation of Si, or annealing of SiO2 , in nitrous
(N2O)689,690 or nitric ~NO!662,691 oxide is the most popula
processing method for making Si–O–N films by conven-
tional thermal routes. NO is believed to be responsible fo
incorporation in both cases.2,158,233,662,667,692If NO is the spe-
cies responsible for N incorporation, oxynitridation in pu
NO should be considered for ultrathin dielectrics, since
results in nearly self-limiting growth behavior.157 From the
practical viewpoint, the slower growth of Si–O–Nrelative to
pure SiO2 facilitates good thickness control in the ultrath
regime during high temperature processing. Compared
N2O, oxynitridation in NO results in more N incorporation
a given temperature.169,170,201In addition, NO Si–O–Nfilms
exhibit lower leakage currents and interface defect densit
as well as improved electrical stres
properties.157,170,662,691,693However, excessive N concentra
tion at the interface may lead to mobility degradation.694

Figure 114 shows the total amount of O and N in N
annealed ultrathin SiO2 films on Si~100!, after 1 h anneals i
the temperature range 700–1000 °C.203 As the temperature
increases, the total amounts of both N and O increase
well as the ratio of N to O in the film. It is believed that NO
diffuses to the interface and dissociates there, thereby oxi
ing and nitridizing the Si.692 Quantitative MEIS N depth
profiles203 of these Si–O–N films are shown in Fig. 115, in
which it can be seen that the width of the N-containing
gion increases with temperature. As the position of the in
face, deduced from the O depth profile and marked by
rows, propagates deeper into the Si substrate with increa
temperature, the N follows its movement. In all cases, the
is distributed almost evenly in the films except for the ve
near-surface SiO2 region. These results are inconsistent w
a model of a continuous Si3N4 layer near the interface. How
ever, multiple features in angularly dependent core le
~N 1s and Si 2p! photoemission spectra,137,169,201 and the
multiphase nature of electronic paramagnetic resona
~EPR!signals from Si–O–Nfilms,695 suggest more complex
local chemical bonding in the film.

FIG. 114. Concentration of N as well as O~right inset!and N/O ratio~left
inset! in ultrathin SiO2 films annealed in NO, as measured by mediu
energy ion scattering@from Gusevet al. ~Ref. 203!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Due to the relatively high concentration of N incorp
rated into NO films, the kinetics of reoxynitridation are ve
slow. To make a thicker NO film, an SiO2 preoxide of de-
sired thickness can first be grown, followed by an NO a
neal. Typically NO annealed preoxides yield N distributio
different from the NO grown films, in that the N becom
concentrated near the interface. The N pileup near the in
face results from NO molecular diffusion, and subsequ
incorporation, at the interface. The kinetics of N incorpo
tion in a 4.5 nm SiO2 film annealed in NO at 850 °C ar
shown in Fig. 116. One can see that after a fast initial ac
mulation, the rate of N incorporation saturates. The total c
centration of N for an NO-annealed preoxide is compara
with the concentration of an NO grown film oxidized und
equivalent conditions, at least for long oxynitridation time
Also noteworthy from Fig. 116 is the excellent agreeme
between MEIS and NRA N data.

2. N2O processing
Oxynitridation in N2O is particularly attractive becaus

it allows one to incorporate a small but significant amount
N near the Si–O–N/Si interface, typically;5
31014N/cm2, and because of its processing similarity to O2.
However, among other factors, oxynitridation in N2O is com-
plicated by the fast gas phase decomposition of the mole
into N2 , O2 , NO, and O at typical oxidation temperature
800–1100 °C.

a. Gas phase N2O decomposition at high temperature
In contrast to NO, a relatively stable molecule, N2O rapidly
decomposes at high temperatures. The decomposition
complex process. Gas flow rate, temperature, partial pres
of N2O, reactor type~e.g., rapid thermal processing vers
furnace!and geometry, and gas phase impurity levels all
fect the kinetics and final distribution of products.696,697An
additional complication is that N2O decomposition is
strongly exothermic and can cause temperature and there
film thickness nonuniformities across the reactor.698

NOx chemistry has been studied extensively for ma
years by environmental scientists. Of the many possible Nx

FIG. 115. Nitrogen medium energy ion scattering depth profiles, as a f
tion of the distance from the outer surface, for SiO2 films annealed in NO at
~1! 700 °C,~2! 775 °C,~3! 850 °C,~4! 925 °C,~5! 950 °C, and~6! 1000 °C.
The arrows show the interface position for each film@from Gusevet al.
~Ref. 203!#.
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reactions known to occur, Table VII, the first five key ste
seem to dominate the N2O decomposition to NO.699 The rate
limiting reaction is the first step

N2O→N21O. ~13!

This decomposition obeys first order kinetics, and thus
initial rate law for N2O decomposition is

Rinit52k1@N2O# , ~14!

which rapidly changes to

Rlate5k1@N2O# ~15!

as the reaction proceeds, wherek1 is the reaction constant o
the initial reaction. The apparent activation energy for t
decomposition of N2O is 2.5 eV/molecule. The characterist
decay time of the N2O concentration is on the order of;20

c-

FIG. 116. Kinetics of N incorporation into a 4.5 nm SiO2 preoxide annealed
in NO at 850 °C. The solid symbols represent the data obtained by med
energy ion scattering; empty symbols show nuclear reaction analysis re
@E. P. Gusev and M. L. Green~unpublished work!#.

TABLE VII. Reaction scheme for N2O decomposition@from Guptaet al.
~Ref. 699!#.

1. N2O→N21O
2. N2O1O→NO1NO
3. N2O1O→N21O2

4. O1O→O2

5. NO1O→NO2

6. NO21O→NO1O2

7. NO21NO2→NO1NO1O2

8. NO2→NO1O
9. NO21NO2→NO31NO
10. NO31NO→NO21NO2

11. NO21O→NO3

12. NO3→NO1O2

13. NO31O→O21NO2

14. NO21NO2→N2O4

15. N2O4→NO21NO2

16. NO21NO3→N2O5

17. N2O5→NO21NO3

18. O21O→O3

19. O3→O21O
20. O31O→O21O2

21. O31NO→NO21O2
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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s at 1000 K and decreases with increasing temperature. O
gen atoms then react further by the following two key re
tions:

N2O1O→2NO, ~16!

N2O1O→N21O2. ~17!

The branching ratio for these two reactions lies between
and 0.5 and varies with the specific conditions. The rate
for NO formation is given by Eq.~15!, and the apparen
activation energy for the formation of NO is 2.4 eV
molecule.

The main products of N2O decomposition are N2 , O2 ,
and NO, and the equilibrium concentration of NO increa
with temperature,699 as is shown in Fig. 117. Since N2 is
much less reactive than O2 and NO, one might expect that
properly chosen mixture of NO and O2 would produce a
Si–O–N filmsimilar to that grown in N2O, but this is not the
case. Oxynitridation in various mixtures of NO and O2 is
more similar to NO oxynitridation than to N2O
oxynitridation.700 This suggests that there are other act
species present during N2O decomposition which are impor
tant in the nitridation process. Atomic O is believed to play
key role in N2O oxynitridation.237,667,696Though the equilib-
rium concentration of atomic O is rather low, the transie
concentration of atomic O created in the first step of
decomposition process may be relatively high, especiall
N2O decomposition takes place near the wafer. Since O r
cals are very reactive, even a small partial pressure of O
have a significant effect on oxynitridation.

FIG. 117. Equilibrium concentrations of the major by-products~N2 , O2 ,
and NO! of the gas phase decomposition of N2O calculated using the
scheme shown in Table VII@from Guptaet al. ~Ref. 699!#.
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b. N incorporation and removal during N2O oxynitrida-
tion. Under equivalent conditions, N2O results in less N
incorporation than NO.201 The total concentration of N in-
creases with film thickness701 as well as with N2O oxynitri-
dation temperature,173 as can be seen from Fig. 118. Th
implies that N2O oxynitridation may not be an efficient N
incorporation mechanism for films thinner than;3 nm. The
N distribution in the films is sensitive not only to the pro
cessing conditions, but also to the reactor type.662,667,696

Rapid thermal~RT! N2O films show N pileup near the inter
face, while the distribution of N in the furnace-grown films
broader.201 In the RTN2O case the decomposition takes pla
near the hot wafer, and most of the decomposition produ
including atomic O, can diffuse to the wafer. In a conve
tional furnace N2O may decompose in the hot inlet of th
furnace before it reaches the wafer. This depletion effect a
explains the observation that the slower the input flow,
lower the N incorporation rate.658,696

The fundamental difference between oxynitridation
N2O and NO is that while both incorporate N via NO rea
tions near the interface, in the N2O case the N incorporation
occurs simultaneously with N removal from the upper lay
of the film.233 The final N concentration and distribution
influenced by a competition between N incorporation a
removal. The removal reaction likely involves O.667 Since
the reactivities of NO, N2O, and O2 with Si, SiO2 , and Si–
O–N are quite different, properly chosen sequences of t
mal reactions with Si can lead to Si–O–N films with differ-
ent N concentrations and profiles, and therefore electr
properties. Based on an understanding of the kinetics
thermodynamics of N incorporation in SiO2 , one can ‘‘engi-
neer’’ the N profile in an ultrathin dielectric.702 Nitrogen pro-
file engineering has also been accomplished using an O
N radical deposition technique.703

3. Nitridation in NH 3

Nitridation in NH3 was one of the first methods used
incorporate relatively high~;10–15 at. %!concentrations of

FIG. 118. Nitrogen content of 10 nm Si–O–N filmsgrown in N2O by rapid
thermal oxidation at 1000 °C as measured by nuclear reaction analysis@from
Greenet al. ~Ref. 173!#.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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N into SiO2 films.704–706Nitrogen piles up both at the inter
face and the outer surface during the initial stages of nitri
tion, unlike the case of N2O nitridation, and the N containing
region near the interface is about 3 nm wide. The concen
tion of N slowly increases with NH3 nitridation time, and the
N distribution becomes more uniform in the film.707,708The
thickness of the film remains essentially unchanged du
nitridation. Nitrogen incorporation is enhanced by decreas
the SiO2 film thickness. NH3, directly reacted with Si, has
also been used to form thin Si3N4 layers, although they may
contain substantial O if either the ambient or the NH3 con-
tain H2O or O.128,709–711

Ammonia nitridation introduces high concentrations
H into SiO2 films, which can act as electrical traps. SIM
analysis shows that the H concentration increases mono
cally with nitridation time and temperature. The H tends
pileup near the interface.712 It was shown that the high con
centration of H can be reduced by a postnitridation annea
a H-free ambient, e.g., N2 . It was also found that the rate o
H removal is not dependent on the annealing gas, consis
with thermally activated out-diffusion of H from th
film.707,708 Based on the detrimental effects of H on devi
performance, lighter nitridation, i.e., at lower temperature
shorter times, is desirable since it introduces less H. Deta
isotopic studies of the behavior of H,218 as well as O and
N,713 in NH3-nitrided SiO2 have been carried out.

Ammonia nitridation of SiO2 for gate dielectric applica-
tions has generally fallen into disfavor due to the deleteri
effects of the incorporated H. However, reasonable electr
results have been reported714,715 and there are still applica
tions for NH3 nitridation in the growth of some stacke
SiO2/Si–O–N/SiO2 gate716 and tunnel dielectric layers.717

4. Nitridation in N 2

Although N2 is relatively inert, annealing of SiO2 films
in N2 results in an initial reduction of fixed oxide charge.536

This behavior was attributed to the formation of an Si–O–N
layer near the interface, as detected by XPS.168 This work
was performed in a furnace at high temperatures~.925 °C!,
for long times~>1 h!. To reduce the thermal budget, one c
form Si–O–N in nominally pure N2 by rapid thermal
processing.718 The term ‘‘nominally’’ means here that al
though the input N2 gas stream is purified at the point of us
and is therefore extremely free of contaminants~typically
less than 1 ppb each of H2O, O2, CO2, and CO!, a cold wall
RTP module contributes impurities to the ambient throu
outgassing from the walls. N2 reacts with Si at moderat
temperatures~850–1050 °C!in an RTP module~due to the
presence of gas phase impurities! to form films ,1.2 nm
thick, as measured by ellipsometry, cross-sectional TEM,
MEIS. Figure 119 illustrates N content~measuredex situby
NRA! as a function of N2 nitridation time for RTN2 treat-
ment at various temperatures.718 At 850 °C, the N content is
almost constant with time, whereas at the higher temp
tures it increases and then may saturate with time. It can
seen from Fig. 119 that anywhere from 0.2 to 3 monola
equivalent of N can be incorporated, depending upon te
perature and time.@A monolayer equivalent is the concentr
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
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tion of the species, as if it were condensed at a tw
dimensional interface or surface, in units of monolayers~one
monolayer on Si~100!is 6.831014cm22!.# Oxygen and N
depth profiling by MEIS shows a fairly uniform distributio
of the elements in the films. Other researchers have also
the formation of Si–O–N layers during high temperatur
RTP.719

VII. THE POST-SiO2 ERA: ALTERNATE GATE
DIELECTRICS

SiO2 gate dielectric thickness is continually decreasi
with device scaling,16 as is illustrated in Fig. 3. SiO2 or
lightly nitrided Si–O–N gate dielectrics are expected to b
useful to thicknesses of about 1.3 nm.17,45Thinner films will
exhibit excessive gate leakage current, Fig. 5, and dim
ished drive current, Fig. 7, thus requiring the implementat
of alternate gate dielectrics. It will not be easy to repla
SiO2 , since with the exception of its lower dielectric con
stant, it is an ideal material~Table I!. Alternate gate dielec
trics will introduce many complicated materials science a
process integration issues, but many of these will be
dressed first for back-end capacitor applications,720–722 be-
fore the necessary introduction into the more demanding g
dielectric application, perhaps 5 years away.

FIG. 119. Kinetics of N incorporation during rapid thermal processing in2

at 850 °C~circles!, 950 °C ~squares!, and 1050 °C~triangles! @from Green
et al. ~Ref. 718!#.

TABLE VIII. Minimum essentials for high-k gate dielectric technology.

Thermodynamic stability on Si with respect to formation of SiO2

and MSix
Amorphous
9<k<25
Lower leakage than SiO2 at tox~eq)
Low D it (<531010 eV21 cm22)
Deposition technique should be capable of interface control
~prevention of adventitious SiO2 growth!
Conformal growth
Many other considerations~etchability, diffusion resistance to
oxygen, dopants and impurities, oxide defects, etc.!
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp



e
-

-
r
t

2110 J. Appl. Phys., Vol. 90, No. 5, 1 September 2001 Appl. Phys. Rev.: Green et al.
FIG. 120. Elements whose oxides ar
stable on Si, with respect to the forma
tion of both SiO2 and MSix ~silicide!,
at 1000 K. The question mark indi
cates lack of thermodynamic data fo
the silicide of the particular elemen
@adapted from Hubbardet al. ~Ref.
725!#.
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A. Si3N4

Si3N4 has been suggested as an alternative gate die
tric. However, typically its interface properties with Si a
poor. Further, it is difficult to fabricate ultrathin films withou
incorporating some O near the interface,723 since Si has a
greater affinity for O than for N. Indeed, the incorporation
O at the interface may be the reason that high N-contain
Si–O–N films have any reasonable electrical properties
all. Some progress has been made in growing electric
acceptable pseudo-Si3N4

723 and Si3N4
530 films but since the

dielectric constant, even for the best case of pure Si3N4 , is
only twice that of SiO2 , it may be preferable to use met
oxides, some of which have much higher dielectric co
stants. If the interface properties of Si3N4 are perfected, it
may be useful as an interim gate dielectric solution.

B. Alternate „higher… dielectric constant materials

Table VIII is a list of requirements for alternate ga
dielectrics. We will use this table to frame our discussion
more comprehensive treatment of high-k gate dielectrics will
be found in a companion review article.724 Alternate gate
dielectric materials must meet a variety of chemical, phy
Downloaded 18 Feb 2002 to 128.6.54.49. Redistribution subject to AIP
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cal, electrical, and manufacturing criteria. The gate dielec
must be thermodynamically stable on Si, with respect to
formation of both SiO2 and MSix . At the appropriate proces
temperatures to which the wafer will be exposed, Si sho
not reduce the gate dielectric to form SiO2 or silicide. If SiO2

were formed, the capacitance ‘‘budget’’ would be consum
by a low dielectric constant material. If the silicide we
formed, a conductive path across the channel might be
ated. Stability criteria for all simple, as well as some mu
component metal oxides, have been thoroughly explored725

The imposition of the thermodynamic stability criteria su
stantially reduces the field of acceptable alternate gate die
trics. Figure 120 shows the elements whose oxides are t
modynamically stable on Si, at 1000 K, with respect to bo
SiO2 or silicide formation.

Table IX is a partial list of candidate high-k materials
suggested by Fig. 120. No simple oxide seems to have
right combination of dielectric constant, thermodynamic s
bility on Si, and stability of the amorphous phase at reas
able processing temperatures. Zirconium, and other me
including notably Ti, will readily form silicides if the pro-
cessing ambient is not controlled properly.206 Al2O3 has a
reasonable dielectric constant, and has therefore been
TABLE IX. Some candidate high-k simple metal oxides.

SiO2 Al2O3 ZrO2 HfO2 TiO2 Ta2O5

Dielectric constant 3.9 9.5 22 20 80 25
Band gap, eV 9 8.8 4 4.5 3 5
Free energy of reaction:
Si1MOx→M1SiO2 at
727 °C, kcal/mole of MOx

63.4 42.3 47.6 7.5 252.5

Stability of amorphous
phase

high high low low high low

Silicide phase formation
possible?

no yes yes yes yes

Oxygen diffusivity at
950 °C, cm2/s

2310214 5310225 10212 ? 10213 ?
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subject of considerable research.207,726–728Since SiO2 and
Al2O3 have very stable amorphous phases, silicates729–731

and aluminates732,733may be promising candidates. It shou
be mentioned that some metal oxides, not stable on Si,
Ta2O5, may be suitable with the use of a barrier layer, or d
to the slow kinetics of the reaction, with the Si substrate.
that reason, Ta2O5 is included in Table IX; however, the us
of these materials involves compromises that will not lead
the most robust solutions for high-k gate materials.

Clearly, amorphous gate dielectrics~as is SiO2!, offer
many benefits and are the most desirable. However, m
metal oxides exhibit a strong tendency to crystallize. It
mains to be seen to what extent some degree of crystall
may degrade the reliability of metal oxides. Figure 121 is
example of amorphous phase stability in a silicate phase729

SiO2 readily forms a stable amorphous phase due to the S4

tetrahedral subunits that comprise it. Methods of stabiliz
the amorphous phases, either through the formation of
cates, or other alloying schemes,733 may have to be found
The microstructure of the dielectric layer plays a significa
role in its performance. Polycrystalline dielectrics are n
desirable because grain boundaries will facilitate mass
electrical transport, and thereby adversely affect reliabil
Crystallization may also give rise to interfacial roughne
which will lower channel mobility. Although epitaxial dielec
trics have been demonstrated,734 and promise very low defec
density interfaces, they too present problems. The requ
ment for an epitaxial match reduces the field of possi
candidates yet further. Also, the domain boundaries in
epitaxial dielectric that will result from growth on th
stepped Si surface may behave just like grain bounda

FIG. 121. TEM cross section of a;30 Å Hf7Si29O64 film with a Si cap ~a!
as-deposited at 500 °C and~b! after annealing at 1050 °C for 20 sec in N2.
The amorphous Si cap crystallized during the anneal, but the dielectric
remained amorphous and stable, while maintaining atomically sharp i
faces with both the substrate and the cap layer@from Wilk et al. ~Ref. 730!#.
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Further, epitaxial dielectrics will have anisotropic propertie
not necessarily desirable. Finally, commercial growth te
niques for epitaxy of these materials would have to be
veloped.

From an electrical standpoint, the dielectric constant
the alternate gate dielectric should be;9–25. If the dielec-
tric constant is too high, the gate dielectric layer will be t
thick relative to the channel dimensions, and fringing fie
effects will affect performance.735,736 The dielectric should
also have a large band gap, so that gate leakage current
be minimized. Few alternate gate dielectric materials h
band gaps approaching that of SiO2 , 9.0 eV, but the thicker
gate dielectric layer~compared to its SiO2 equivalent!will
also result in lower leakage current. Further, the gate die
tric should form a high quality, low defect density (,5
31010cm22 eV21) interface with Si. There are many othe
considerations that must be taken into account when se
ing a high-k material, including etchability, O diffusivity, and
electronic defect structure. These will not be known in de
until the field of candidates has been narrowed down.

Processing requirements for alternate gate dielectrics
also important. Without a manufacturable process, higk
materials will never be introduced into technology. It is ve
critical that adventitious SiO2 not be formed during alternat
gate dielectric growth. Although a few monolayers of SiO2 at
the interface might prove beneficial for good interface pro
erties, a thicker layer of this low dielectric constant mater
would not allow for the growth of an alternate gate dielect
with tox~eq) of ,1.0 nm. Reactive sputtering in particula
results in an adventitious SiO2 layer at least 1.5 nm thick,726

and is not a suitable deposition technique. Low press
CVD,727,737,738atomic layer deposition~ALD!,739 and mo-
lecular beam epitaxy~MBE!,734 all of which have the poten-
tial for growth with sufficient interface control, are cand
dates for deposition of the alternate gate dielectrics. Of th
MBE may be the most problematic in that this technique h
not made commercial inroads in Si processing. Further
the future new gate formation~‘‘replacement gate’’!
technologies740,741might be used to make integrated device
Conformal film coverage will be of paramount importan
for such technologies, since nonplanar topographies will
introduced, and processes such as ALD206,207,512,739,742or
LPCVD738 will be required.
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