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Abstract—The electrical properties of high dielectric con-
stant materials being considered for replacements of SiO-: in
metal-oxide semiconductor (MOS) field effect transistors are dom-
inated by point defects. These point defects play important roles in
determining the response of these films in almost any imaginable
reliability problem. A fundamental understanding of these defects
may help to alleviate the problems which they can cause. The
best known methods for determining the structure of electrically
active defects in MOS materials and devices are conventional
electron spin resonance (ESR) and electrically detected magnetic
resonance (EDMR). In this paper, we review the limited ESR and
EDMR work performed to date on high-x materials. A discussion
of magnetic resonance techniques as well as a brief overview of
the extensively studied Si/SiO- system is also included.

Index Terms—Defects, electron paramagnetic resonance (EPR),
electron spin resonance (ESR), gate insulator, high dielectric con-
stant, high-x, MOS, reliability, trapping.

1. INTRODUCTION

HE International Technology Roadmap for Semiconduc-

tors [1] indicates that the currently used gate dielectric
materials will be insufficient to sustain the aggressive scaling
of metal-oxide-semiconductor (MOS) devices that has enabled
the microelectronics industry to follow Moore’s Law for over
thirty years. These ultrathin films based on SiO, and its ni-
trided derivatives (Si-O-N) exhibit excessive gate leakage cur-
rent which can lead to extremely high power dissipation. A so-
lution to this problem may be the use of high dielectric constant
materials which would allow a physically thicker, but capaci-
tively equivalent material to be used as the gate dielectric [2].
Early on, Hubbard and Schlom [3] identified certain binary ox-
ides as thermodynamically stable on silicon while Robertson [4]
calculated bandgaps and offsets for a variety of oxides. As a re-
sult, most interest has focused on Al,O3, ZrOs, and HfO», as
candidates to replace SiO». All exhibit lower leakage currents
than SiO, at equivalent oxide thickness. HfOy and ZrO» both
have higher dielectric constants (x ~ 25) than AloO3(k < 9).
However, HfO» is favored over ZrO, because it is more stable
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against silicide formation than ZrOs [5]. For these and other
reasons, HfO, based dielectrics are widely considered to be the
most promising high-~ candidates.

There are several major challenges in the integration of
high-~ gate dielectric materials in MOS systems. A critical re-
quirement for any potential high-~ gate dielectric replacement
for SiO; is the quality of the Si/dielectric interface [2]. Many
groups report electrical measurements of interface trap density,
Dj:, in the range of ~ 10 — 10'2/cm? eV, a density much
higher than that observed in device quality Si/SiOs. In addition
to high D;;, many groups report high densities (> 10'2/cm?)
of shallow electron traps in HfO5 /Si films [6]-[10]. Our results
on atomic layer deposited (ALD) HfO, films indicated quite
high densities (> 2 x 1012 cm~2) of large capture cross section
electron traps and also indicated that some trapped electrons
stay trapped over long periods of time [6]. Electron trapping
was also observed in similar samples subject to constant voltage
stress [7]. A recent study by Zafar er al. [8] reported positive
threshold voltage shifts in ALD HfO, gate n-field effect tran-
sistor devices, resulting from high electric field stressing. They
argued that the trapping of charges occurred at existing traps,
and that their experimental procedure did not create additional
traps. Zhu et al. [9] recently reported positive flatband voltage
shifts which they attribute to negative effective-trapped charge
in jet vapor deposited HfO» films; they reported a trapped
electron density saturating at ~ 2 x 102 cm™2 for all samples
in their study. Early on, Gusev et al. [10] reported high electron
trap densities in HfO, based transistors. They found that at low
stress voltages, electrons fill existing traps, with creation of
new traps being observed at higher stress voltages.

Electron traps and interface traps impact mobility in high-r
devices. The fact that some electron traps can rapidly charge
and discharge and that trap generation takes place at high fields
but not at low fields makes reliability assessment (accelerated
testing and lifetime extrapolation) extremely difficult, posing a
possible fundamental physical limit for high-+ dielectric based
transistors as discussed in other papers in this special issue. Very
little is known about the atomic scale structure of the electrically
active defects responsible for trapping in these high-k/Si sys-
tems. Understanding the origin and physical nature of high-k/Si
interface traps and bulk trapping centers will be crucial in de-
veloping an interface comparable to that of SiO,. Magnetic res-
onance methods such as conventional electron spin resonance
(ESR) and electrically detected magnetic resonance (EDMR)
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are the best techniques currently available for understanding the
structure of these point defects.

After a brief review of the ESR and EDMR measurement
techniques, this work reviews magnetic resonance investiga-
tions of interface and dielectric trapping defects in Si/high-k
systems. For a basis of comparison, a brief overview of the ex-
tensive work on SiO/Si systems is provided.

II. MAGNETIC RESONANCE MEASUREMENTS:
THEORY AND OPERATION

A. Electron Spin Resonance

A schematic of an ESR spectrometer is shown in Fig. 1. In
ESR, the sample is placed in a microwave cavity that is critically
coupled to a microwave generator. The cavity is placed between
the pole faces of a magnet which supplies a large magnetic
field, H. In order to make a measurement, the magnetic field
is slowly swept with the microwave frequency, v held constant.
If defects with unpaired electrons are present, resonance will
occur at magnetic field determined by the structure of the de-
fect and the orientation of this defect within the magnetic field.
In conventional ESR, resonance is observed by monitoring the
net absorption of microwave power by the sample; the absorp-
tion changes the coupling of the cavity, reflecting microwave
power back through the circulator to be measured by detector
electronics. In order to improve sensitivity and signal to noise,
a small oscillating magnetic field is superimposed on the large
magnetic field and a lock-in amplifier is used. Signal averaging
often provides an additional improvement in signal to noise. Al-
though only defects with unpaired electrons can be detected,
in principle, essentially any electrically active defect may be
placed into an “ESR active” state through capture of either an
electron or a hole.

By making comparisons with a calibrated spin standard, the
amount of power absorbed at resonance allows determination
of defect concentrations. Defect concentration measurements
are typically accurate to better than a factor of two in absolute
number and about 4+ /—10% in relative number. For most of the
studies reviewed in this paper, ESR samples consist of a thin
film of dielectric on a high resistivity Si substrate. Typically the
samples are not coated with a metal or poly-Si gate. More than
one sample may be stacked in an ESR cavity to improve signal
to noise.

Information about the local environment or structure of the
defect can be gleaned from the relationship between the mag-
netic field and microwave frequency at which resonance occurs,
known as the g tensor. In the simplest cases, the g is defined by

9= 50 ey
where h is Planck’s constant, v is the microwave frequency, 3
is the Bohr magneton, and H is the magnetic field at which res-
onance is observed. The g tensor can be related to the electron
wave function through a second order perturbation theory cal-
culation:
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Fig. 1. Schematic of an ESR system.

Here A is the atomic spin orbit coupling constant,
go = 2.00232 is the free electron g-value, L; and L; are
angular momentum operators defined with respect to the ¢ and
7 directions of the defect’s principal axis system, d represents
the defect ground state electron wave function, k corresponding
to the other possible states, and E energy levels. The g is
dependent on the magnetic field vector and its relationship
to the defect’s principal axis system. The symmetry of the g
tensor reflects the symmetry of the paramagnetic defect center
under study.

The ESR g value of an axially symmetric defect (most of the
defects discussed in this paper have axial or near axial sym-
metry) is given by

1
g= (g”2 cos? 0 + gJ_2 sin® 0) 2 3)

where g corresponds to the tensor value for the magnetic field
parallel (perpendicular) to the defect axis of symmetry.

Additional information about the structure of paramagnetic
defects can be obtained from observations of the interaction of
unpaired electrons with magnetic nuclei; these are called hyper-
fine interactions. About 5% of silicon nuclei are magnetic 2°Si
which possess a nuclear spin —1/2. Nearly 100% of hydrogen
and nitrogen nuclei are magnetic; most hydrogen possess a spin
1/2 nucleus and most nitrogen have spin —1 nuclei. The limited
conventional ESR and EDMR studies of high dielectric constant
thin films have yet to exploit observation of electron nuclear
hyperfine interactions; however, observation of electron nuclear
hyperfine interactions was quite useful in developing an under-
standing of deep level centers in conventional SiO5 based MOS
technology. As is the case in the observation of spin orbit inter-
actions, electron nuclear hyperfine interactions are described in
terms of a second rank tensor.

B. Electrically Detected Magnetic Resonance

EDMR or spin dependent recombination (SDR), is very sim-
ilar to ESR but the detection scheme involves measurements
of spin dependent changes in device currents. Instead of a ca-
pacitor-like test structure, EDMR typically utilizes a working
MOS transistor configured as a gate controlled diode. Instead of
measuring microwave power absorption, a resonance induced
change in recombination current is monitored. As very small
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changes in current can be measured with a highly sensitive elec-
trometer, the sensitivity of this technique is many orders greater
than that standard ESR. EDMR does not directly provide a quan-
titative measurement of defect density, though qualitative differ-
ences can be readily inferred.

III. OVERVIEW OF MAGNETIC RESONANCE STUDIES
OF THE Si/SiOy SYSTEM

Extensive magnetic resonance studies have provided a first
order understanding of trapping defects at the Si/SiO, interface
and in the SiO; “bulk.” To set the stage for the discussion of
high-« results, a brief overview of the major results is included
here. More extensive reviews of ESR in MOS systems can be
found elsewhere [11], [12].

A. Si/SiO Interface Defects

Beginning with the work of Nishi, e al. [13], and later ex-
tended and expanded by several other groups [14]-[21] the dom-
inant electrically active defects at the Si/SiO» interface have
been identified as several varieties of Py, centers (Py,, Pro, Pp1).
All Py, centers consist of an unpaired electron on a Si back-
bonded to three other Si atoms at the Si/SiO» interface. Initial
measurements by Nishi et al. [13] and later, more extensive,
measurements by Poindexter and coworkers [14], [15] linked
Py, densities to the densities of interface traps in Si/SiO» capac-
itors of relatively low quality, that is in capacitors with fairly
high to high as-processed interface trap density. Lenahan and
coworkers [16]-[21] and later other groups established similar
relationships between P}, densities and interface traps generated
in high quality devices via a number of device reliability prob-
lems such as radiation damage, hot carrier stressing, high oxide
field stressing, etc..

Measurements of several groups established that the Py, cen-
ters have two levels in the silicon bandgap [16], [17], [22], [23].
The essentially identical (111) Si/SiO, Py, centers and (100)
Si/Si04 Py centers each have two (fairly broad) levels sepa-
rated by about 0.7 eV and more or less symmetrically distributed
in the silicon band gap. The (100) Si/SiOs Py,; variant has two
levels separated by just a few tenths of an electron volt, with
the density of states is skewed toward the lower part of the sil-
icon bandgap [24]. The most important of the P}, centers is the
Py center; it generally dominates conventional technologically
relevant (100) Si/SiO; interface instability problems [18], [19],
[21]. A schematic of a (100) Py, center is shown in Fig. 2. A
g-tensor map (plot of g value versus angle) from Kim, et al.
[18] is shown in Fig. 3. The g-map is constructed by making
ESR measurements at various orientations of the sample in the
magnetic field. The solid lines in Fig. 3 were fit using (3) and
indicate that for the (100) Si interface Py, g = 2.0013 and
g1 = 2.008. 29Si hyperfine by Gabrys, et al. [21] provided a
more detailed picture of Py structure, clearly demonstrating
that the Py, center involves an unpaired electron in a very high
p-character wave function strongly localized on a single silicon.
Recent 29Si hyperfine measurements by Stesmans et al. [25]
confirmed the Gabrys et al. results of a Py, and furthermore
provided a more definitive identification of the Py,; center which
also involves a (100) Si/SiO; interface silicon “dangling bond”

Fig. 2. Illustration of the P, center, the most important conventional (100)
Si/SiO, interface trapping center. Quite similar defects clearly play important
roles in new high dielectric constant/silicon based devices.

20101

2,008

2,006

Fig. 3. Plot of g-value versus angle for P,¢ in which the angle is defined by
the difference between the (100) Si/interface normal and magnetic field. The
sample is rotated about the (110) axis. From Kim et al. [18].

center in which the unpaired electron is also rather highly local-
ized in a high p-character orbital on an Si/SiOs interface silicon
atom.

B. SiO2 “Bulk” Intrinsic Defects

By far, the most significant family of defects in SiOs are
known as E’ centers. These defects involve an unpaired electron
residing on a silicon back-bonded to three oxygens. The most
widely studied E’ center is an oxygen vacancy in the SiO con-
sisting of an unpaired electron on a Si atom that is back-bonded
to three O atoms. A schematic of this E’ center variant is shown
in Fig. 4. Early studies in the 1980’s showed that these defects
are the dominant hole traps in SiOy [17], [18], [26], a result
that was confirmed in numerous subsequent studies [27]-[32].
E’ center variants have been shown to dominate %°Co and VUV
irradiation [17], [18], [26]-[31], [33]-[35], low field stressing,
and SOI buried oxides. E’ centers have also been implicated
in reliability problems such as time dependent dielectric break-
down [36], [37] and SILC [38]. A predictive thermodynamics
based model of E’ center precursor density in thermally grown
Si04 was proposed by Lenahan and Conley, et al. [39]-[42].
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Fig. 4. Tllustration of an E’ center variant. The E’ center family dominates the
electronic properties of conventional SiO. gate oxides. This E’ variant is a hole
trapped in an oxygen vacancy.

(100)Si/Al,04(0.5)/ZrO,(5 nm)
4.3 K; 20.277 GHz
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Fig.5. Puo and Py defect spectrums, in a stacked Si/Al>O3 /ZrO- structure.
From Stesmans and Afanas’ev [44].

IV. REVIEW OF MAGNETIC RESONANCE STUDIES
OF Si/HIGH-k SYSTEMS

A. Interface of Si/High-r Systems

The first ESR study of the interface of a Si/high-k system was
conducted by Stesmans and Afanas’ev [43], [44]. A dielectric
stack consisting of (100)Si (HF last)/0.5 nm Al;O3/5 nm ZrO»
was investigated. AloO3 and ZrO, were deposited via atomic
layer deposition (ALD) using either tri-methyl aluminum
(TMA) and H50O or ZrCl, and H,O. ESR measurements were
taken at 4.3 K and 20.277 GHz. As-deposited samples show
very weak signals. After 8.48 eV vacuum ultraviolet illumi-
nation, ESR spectra (shown in Fig. 5) similar to Si/SiOs Py
and Py centers were detected. A g-map for these defects is
shown in Fig. 6. Their analysis of the g-tensor [using (3)] yields
g = 2.00185 and g; = 2.0081 for Py, and g = 2.00577,
g2 = 2.00735, and g3 = 2.0022 for Py, which the authors
argue is, in both cases, within experimental error, identical to
that observed in Si/SiO,. The signals appear to be broadened in
comparison to the Si/SiO signals, which the authors suggest
is due to low quality SiO». The authors interpret their results as
an indication that the Si/high-« interface is identical to a low
quality Si/SiO» interface.
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Fig. 6. G-map of Py and Py, center spectra taken on a stacked
Si/Al203/ZrO, structure. Here, the angle ¢ is defined as the difference
between the (100) Si/interface normal and the magnetic field. The sample is
rotated about the (110) axis. From Stesmans and Afanas’ev [43].
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Fig. 7. EDMR traces of ZrO, and Al, O3 based devices. From Baldovino, et
al. [45].

3360

Si/ZrO5 and Si/Al;O3/Si interfaces were investigated by
Baldovino et al. [45] using spin dependent photoconductivity
EDMR. In their room temperature measurements, samples
were exposed to 470 nm light and the spin dependent change
in photoconductivity was measured. ZrO- films (15 nm thick)
and AlyOj3 films (11 nm thick) were grown via ALD using
either TMA and H>O or HfCl, and H-O, respectively. Si (100)
surface preparation prior to ALD was either HF last or native
oxide. As shown in Fig. 7, they found comparable levels of
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Fig. 8. g-map for data from Fig. 7. Dashed lines are Stesmans ez al. data. The

rotation angle is the angle between the (100) Si/dielectric surface normal and
the magnetic field. The rotation is about the (110) axis. From Baldovino et al.
[45].

Pyo-like defects in all samples. Analysis of their g-tensor,
shown in Fig. 8, yields g = 2.0024 and g, = 2.0074 for Py
in ZrO2 and g; = 2.0016 and g; = 2.0084 for Py in Al20Os3.
The g-values extracted for ZrO, are similar for both HF-last
and native oxide surfaces and are similar to those reported for
Si0,. As it is well known that ALD growth of ZrO5 or HfO5 on
HF-last (H-terminated) Si using ZrCl, or HfCly results in poor
initiation and growth of a rough interfacial layer [7], [46]-[48],
this result suggests growth of an SiO, interfacial layer. The g
values extracted for Al,O3 are significantly different than those
reported for SiO», suggesting an interface distinctly different
from Si/SiOs.

The first magnetic resonance studies of HfO, films on sil-
icon were initiated by Kang et al. [49]-[51]. Kang et al. investi-
gated HfO,, films with a combination of ESR and electrical mea-
surements. HfO, films were deposited on H-terminated (111)
and (100) Si by ALD using Hf(NO3)4 and H2O as precursors
[71, [52], [53]. HfO5 samples were 14.5 nm thick and had an
interfacial layer thickness of 0.5-1.2 nm. High resistivity sub-
strates and relatively thick films without a metal or poly capping
layer were used to improve ESR sensitivity. The use of (111) Si
substrates [49]-[51] follows the approach of early ESR work
on Si/SiO4, taking advantage of the simpler surface structure
where all the Si bonds are oriented in the (111) direction [11],
[13], [14]. Low resistivity (100) Si substrates were used for elec-
trical measurements. Capacitor structures were formed either by
evaporating Pt using a shadow mask, or photolithographic pat-
terning of TiN. ESR measurements were made at room temper-
ature at 150 K operating at X-band. Fig. 9 shows ESR traces
taken with the magnetic field parallel to (a) and perpendicular
to (b) the (111) surface normal. The spectra clearly reveal the
presence of several defects. One of these defects, the strongest
signal in Fig. 9, is identified by arrows in both parts (a) and (b).
This signal has g tensors parameters deduced from the g map of
Fig. 10: g = 2.0018 and g, = 2.0094. The axis of symmetry
for this defect, the (111) axis, also can be deduced, where the
g value versus the angle between the magnetic field orientation
and the (111) axis of the Si substrate is mapped out.

g = 2.0018
(a)

Absorption (Arb. Units)

g = 2.0094
3445 3460 3475 3490
Magnetic Field (Gauss)

Fig. 9. ESR traces of HfO>/(111)Si sample with magnetic field (a) parallel
to and (b) perpendicular to the (111) surface normal. The HfO, interface silicon
dangling bond defect is designated by arrows in parts (a) and (b). From Kang et
al. [49].

90

45
Angle (degrees)

Fig. 10. ESR g-value anisotropy map for the HfO, interface silicon dangling
bond defect on (111) silicon substrate at different values of angle rotation of the
magnetic field. The solid line is given by the equation (3) with g = 2.0018
and g, = 2.0094. The dashed line is the same equation with g, = 2.0013
and g, = 2.0081 for the (111) Si/SiO- P,, dangling bond defect. From Kang
et al. [50].

The g tensor values of this signal (g = 2.0018 and g, =
2.0094) are similar to but not the same as those of the (111)
Si/Si0y Py, interface dangling bond (9 = 2.0013 and g, =
2.0081). Both have the same (111) symmetry axis. They at-
tributed this signal to a Py-like silicon dangling bond at the
interface of the HfO5/Si system. However, the fact that the
differences between the g tensor of the HfO5/Si P},-like dan-
gling bond and that of the SiO5/Si interface P}, dangling bond
are much larger than experimental error, demonstrates that for
these H-terminated Si substrates, the HfO5/Si interface dan-
gling bond is somewhat different, consistent with electrical and
TEM measurements. Shown in Fig. 11 is a plot of capacitive
equivalent thickness versus optical thickness for a series of ALD
HfO- films [54]. If one assumes that the interfacial layer is in-
dependent of film thickness, extrapolation of a linear fit to the
data in this figure intersects the y axis at about 0.7 nm, sug-
gesting an interfacial layer with an equivalent electrical thick-
ness of 0.7 nm. Shown in Fig. 12(b) is a TEM image of a sim-
ilarly deposited 5 nm thick ALD HfO- film clearly showing an
interfacial layer thickness of 1.1-1.2 nm [48]. The fact that the
physical thickness of the interfacial layer is greater than its elec-
trical thickness indicates that the interfacial layer has k > 3.9
and is thus not pure SiOs. If the interfacial layer were pure SiO»,
one would expect that the observed g tensor values would be
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Fig. 11. Plot of capacitive equivalent thickness versus optical thickness for a
series of ALD HfO- films. From Conley, et al. [54].

Fig. 12. TEM image of (a) an ALD HfO, film deposited using dual metal
precursors and modulated temperature annealing (MTA) and (b) an ALD HfO,
film deposited without MTA. The image in (b) clearly shows an interfacial layer
thickness of 1.1-1.2 nm. The addition of modulated temperature annealing in
(a) allows a reduction of interfacial thickness to ~0.5-0.6 nm. From Conley et
al. [48].

identical to those of the Si/SiOy Py, center; this is clearly not
the case.

Figs. 13 and 14 suggest close links between the interface
dangling bonds and interface traps in the HfO5/Si system.
Fig. 13 compares ESR spectra of HfO5/(111) Si samples for
(a) as processed and (b) post-60 second 400 °C forming gas
(5% H2/95% N3) anneals. A 70% decrease in the ESR signal
intensity corresponds to the CV curves in Fig. 14 which show
a clear decrease in Nj;.

ESR studies in conventional SiO5/Si on (100) silicon sub-
strates demonstrated that the (111) studies were relevant to the
problems at hand, as an essentially identical defect dominates
both interfaces [14], [18]. If the Si/SiO5 analogy holds for the
HfO,/Si Py, like defect structures, (3) predicts that a single
HfO,/(100) Si silicon dangling bond signal with ¢ = 2.0069
would be observed for a magnetic field oriented along the (100)
surface normal (6 = 54.7°), if, as is the case for the (111) in-
terface, g = 2.0018 and g, = 2.0094. This prediction is con-
firmed in Fig. 15, in which ESR measurements on (100) Si/HfO,
samples reveal that the strongest signal present appears at the
predicted g value, g = 2.0068+0.0002. The conventional (100)
Si/Si04 Py, signals would be g = 2.0059 for this orientation.

In a later study by Stesmans and Afanas’ev [55], HfO5 films
(5-7 nm thick) deposited via three different methods were in-
vestigated. Shown in Fig. 16 are post 8.48 eV photo-dissoci-
ation ESR traces of HfOy samples deposited via either ALD
(300 °C, HfCly&H20), metal-organic chemical vapor depo-
sition (MOCVD, 485 °C, TDEAH & O3), or CVD (350 °C,

z

S

_E' (a) as processed
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= _

£ g =2.0018

g r'd

s (b) forming gas anneall

2

< T T T

3445 3460 3475 3490

Magnetic Field (Gauss)

Fig. 13. ESR spectra of the (a) as processed and (b) post 60 sec 400 °C forming
gas anneal sample of the ALD HfO,/(111)Si system. The sharp peak in the
middle of the spectra corresponds to the HfO- interface silicon dangling bond
defect. The forming gas anneal reduced the dangling bond signal by 70%. From
Kang, et al. [49].
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Fig. 14. 1 MHz Capacitance versus voltage traces of a ~147A thick HfO2
film, before (Pre) and after (Post) a 60 sec, 400 C anneal in forming gas. From
Kang, et al. [49].

g= 2.0068

ESR Absorption (Arb. Units)

T T T T

3455 3465 3475 3485
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3445 3495

Fig. 15. HfO,/(100) Si silicon interface dangling bond signal with
g = 2.0069 for a magnetic field oriented along the (100) surface normal.
Adapted from Kang, et al. [50].

Hf(NO3)4). ESR traces were taken at 4.3 K and 20.5 GHz. They
find that the density of Pyg-like and Py, -like defects is process
dependent. ALD and MOCVD samples show Py and Py,; den-
sities of approximately 2 x 10'? /cm? each while the CVD film
shows about four times higher Py density. Py and Py,; can
be passivated by a 400 °C forming gas anneal and reduced by
oxygen anneals. Although no g-tensor analysis was reported for
these samples, the authors conclude that the observed Py, and
Py, signals are identical to those observed at the Si/SiO» inter-
face and suggest that the interfacial layer does not contain Hf
but may be O deficient.

Finally, Lenahan et al. [56], recently found another defect at
the HfO,/Si boundary in a sub-set of samples. Fig. 17 shows
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Fig. 17. ESR traces of HfO,/(111)Si sample with magnetic field oriented
109° from the (111) surface normal. The back-bonded HfO- interface silicon
dangling bond defect is designated by the arrow. Adapted from Kang, ez al. [49].

an ESR trace taken with the magnetic field at an angle of 109°
with the (111) surface normal axis. A much weaker signal was
detected with g tensors g = 2.0018 and g, = 2.009. The g
map of the defect (shown in Fig. 18) indicates that this defect
has an axis of symmetry pointing 109° from the (111) surface
normal. In a tetrahedral bonding arrangement, such as that found
in crystalline Si, the bonds are 109.5° apart. Therefore, given its
axis of symmetry and practically identical g tensor values, the
signal of Fig. 17 is most likely that of a back-bonded silicon
dangling bond as illustrated in Fig. 19.

A very recent EDMR (SDR) study on fully processed HfO»
metal gate transistors provides very strong evidence that Py,-like
defects will play important roles in HfO, gate transistor relia-
bility problems. It also directly links Py,-like centers to interface
traps. Pribicko et al. [57] observe Py,-like spectra in SDR mea-
surements. The (100) Si/HfO, transistors utilized in their study
had TiN gates. The transistor’s nominal 2 nm HfO, gate dielec-
tric (EOT ~ 1 nm) was deposited by ALD using an HfCl, pre-
cursor. The interface between the HfO5 and the silicon included
a nominal 0.4 nm chemical oxide. The key result of their study
is illustrated in Fig. 20. As the figure illustrates, oxide electric

2.007 -

2.006 0
109

2.005

2.004

2.003 -

2.002

2.001 T T T 1
60 80 100 120 140

Angle (Degrees)

g value

Fig. 18. ESR g-value anisotropy map for the back-bonded HfO- interface
silicon dangling bond defect on (111) silicon substrate at different values of
angle rotation of the magnetic field. The solid line is given by the equation (3)
with g = 2.0018 and g, = 2.009. From Lenahan et al. [56].

field stressing generates significant densities of Pj,-like Si/di-
electric interface traps. This increase in Py,-like defect density
is accomplished by an increase in interface trap density, as indi-
cated by the increasing amplitude of the recombination current.
The authors [57] also report a hysteretic effect in the interface
trap generation process. Application of a sequence of alternating
positive and negative gate bias results in respective increases and
decreases in the Py,-like defect SDR amplitudes as well as inter-
face trap density (evaluated via gate controlled diode surface re-
combination velocity measurements). Their results suggest very
strongly that at least partially reversible chemical reactions at
the Py,-like sites are triggered by various gate biases. Their re-
sults also clearly indicate that Py,-like centers can play an im-
portant role in high-x dielectric MOS reliability phenomena.

Finally, one other group has also reported (rather low signal
to noise ratio) ESR traces of Py and Pyi-like defects in
(100)Si/Aly03 samples [58]. AlyO3 films (4 nm thick) were
deposited via ALD using TMA and H5O.

B. “Bulk” High-k Defects: Intrinsic

To the best of our knowledge, only one group has used
ESR measurements to study intrinsic defects in the bulk of
a high-x film. HfO, films deposited on H-terminated Si via
ALD (Hf(NOs3)y & Hy0) were investigated by Kang, et al.
[6] with a combination of ESR and electrical measurements.
The samples utilized in the ESR portion of the study were 42.7
nm thick and received a 420 °C post deposition Ny anneal for
60 seconds. The films were made quite thick to increase the
volume of dielectric in the ESR cavity and thereby increase
the sensitivity of the measurements. The samples utilized in
the CV measurements were 25.7 nm thick, and received a 450
°C post deposition Ny anneal for 60 seconds. CV (100 kHz)
measurements were made using either a mercury probe to form
a temporary gate electrode or on photolithographically defined
TiN gate capacitors.

A plot of CV flatband voltage versus electron fluence is
illustrated in Fig. 21. A corona ion/UV illumination technique
was used to photo-inject charge into HfO, films [59]. The
electrons were injected at relatively low average oxide field
(< 2MV/cm) and the density of injected electrons was also
rather low; thus, it is likely that the observed charge build up
is due to trapping at pre-existing defects or defect precursors.
With the simplifying assumptions that trap density is uniform



LENAHAN AND CONLEY: MAGNETIC RESONANCE STUDIES OF TRAPPING CENTERS IN HIGH-« DIELECTRIC FILMS ON SILICON 97

Gate dielectric

I ~109.59

<111>

surface normal

I Y * . Wi R ;- Interface
¥
&
Si substrate
Fig. 19. Schematic illustration of the back-bonded HfO, silicon interface dangling bond defect.
0.9 0.8
.——4/_i No Stre_——ss
w 0.4 4 +0.50 V |
£ w +070V 76 o® ¢
] 1 °
. | +0.90 V
g 011 —— S04+ @
< | +0.95 V £
S 0.6 <
3 J +1.10 V 0.2
‘_El 1.1
< +1.30 V 0e . . .
Q 46 0 1 2 3
n -1.6 13 2
(a) Fluence (10" electrons / cm”)
-2 .1 T T T
Fig. 21. Flatband voltage shift versus electron fluence for a 25.6 nm ALD
3390 344!\2agn etic Field ?éQ)O 3540 HfO, film. The AVgp data can be fit to a curve obtained from equation (4)
(solid line) with capture cross section o of 3 X 10~!2 ¢cm? and trap density Ny
of 2 x 102 cm~2. From Kang et al. [49].
6.00E-09 (b) +1.30V “;‘
00 - A 4 gz =2.04
5.00E-09 +1.40V =
AN [ ] T’ﬂ\
z 4.00E-09 - - 4 S
= +0.95 V a® A s
7 3.00E-09 - +0.90V CuVW R =
- 1070V A8 o Fl
2.00E-09 - +0.50 V ..' " S
.. ol. '- g* (b)
1.00E-09 - ot ety 2
-...-" No stress 62,!! :
" L
0.00E+00 1itttsassnsas . . . § @
-0.25 -0.15 -0.05 0.05 0.15 0.25
V gate (V) T T T
Fig. 20. EDMR measurements on a fully processed metal gate HfO- 3190 3290 . ,3390 3490
transistor configured as a gate controlled diode. (a) Comparison of SDR Magnetic Field (Gauss)

amplitude changes after 30 minute gate voltage stresses. (b) Comparison of
gate controlled diode current after 30 minute gate voltage stresses. Note the
correspondence between increasing current peaks and SDR amplitudes. From
Pribicko et al. [57].

throughout the dielectric and that only a single trap capture
cross section need be considered, the flatband voltage shift may
be described by:

AVpp = [é\ltZ} (L—e")

“

where C,x is the oxide capacitance per unit area, Ny is the
number of traps per unit area, e is electronic charge, o the cap-
ture cross-section, and 7 is the fluence (charge carriers injected
per unit area). The solid line in Fig. 21 is a plot of the AVgp
versus fluence as obtained by (4). A fit of (4) to the data in
Fig. 21, indicates that AV g versus fluence can be fit to a curve

Fig. 22. (a) ESR trace generated by electron photo-injection at an electron
fluence of 2 X 1013 cm~2. (b) Simulated ESR spectra with g,, = 2.04, g,, =
2.01, and g,, = 2.000. From Kang et al. [6].

corresponding to a capture cross section o of 3 x 10713 cm?
and trap density of Ny = 2 x 10'2 cm~2. These numbers imply
simple filling of a large density of pre-existing traps of large
capture cross-section.

Fig. 22 illustrates ESR spectra generated by the electron in-
jection. The same electron injection procedure was used for the
ESR measurements as for the CV measurements of Fig. 21.
However, as mentioned previously, ESR samples were some-
what thicker and were grown on high resistivity substrates to
enhance the sensitivity of the ESR measurements. The fairly
complex pattern presented in Fig. 22, corresponds to two dif-
ferent center spectra. The g-tensor for the signal on the left-
hand side of Fig. 22(a) is g.. = 2.04, gyy = 2.01, gor =
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Fig. 23. Schematic diagram of the m wave functions for an O; molecule
defect. From Kang, et al. [6].
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Fig. 24. Electronic energy levels of the O, defect. From Kang, et al. [6].
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2.000. A computer simulation! of a spectrum expected for a ran-
domly oriented array of defects with this g tensor is illustrated
in Fig. 22(b).

Numerous ESR studies of materials with ionic bond charac-
teristics have identified ESR spectra similar to these, as due to
O, ions coupled to cations [60]-[71]. Kanzig and Cohen [72]
have derived expressions for the g tensor of O, ion defects,
based on the electronic ground state energy levels for the O; in
an ionic system as depicted by Fig. 23. The Kanzig and Cohen
model should hold for HfOs, since the Hf-O bond has 70% ionic
character. As Fig. 23 illustrates, the O, ion has both ¢ and 7
bonding. The crystal field around the defect removes the de-
generacy of the m bonding and antibonding levels, splitting the
2pm, orbitals by an energy A, as shown in Fig. 24. Following
the energy level diagram of Fig. 24, Kanzig and Cohen derived
the expressions for the g tensors:

- (wiw)

2 3
2’ ()\23—A2> - ()\2+AA2)% +1] (5)
A\
= <A2+ )
2 2 A
_% <)\21A2> - 02+ A2)! —1] (6)
PR
9zz =ge +2 (m) l (7

where g. = 2.0023 is the free electron g value, A is the spin orbit
coupling of oxygen (usually taken to be 0.014). The energy level
separations E and A are defined in Fig. 24. The parameter [ is

IThe simulation was carried out using WINEPR SimFonia Simulation Soft-
ware of Bruker Instruments, Billerica, MA.

a correction to the angular momentum about z caused by the
crystal field and is normally close to one [70]-[72]. In general,
A < A <K FE, and thus to a first order approximation, (5)—(7)
may be simplified to yield: gxx =2 ge, Gyy = ge + 2N/ E, gpz =2
Jo + 2M/A.

Thus, gxx 1S usually very close to the free electron
g = 2.0023, and gy is generally shifted somewhat higher than
the free electron; its value is typically about 2.01 +/—0.001.
As indicated by the simplified (7), the magnitude of the g,,
component is greatly influenced by the local surroundings
which result in the crystal field splitting A, and is thus a good
indicator of the environment surrounding the O, ion. The
larger the electronic crystal field present at the defect site, the
smaller the deviation of g,, from the free electron value.

The Kanzig and Cohen model for the O; ion has been widely
accepted in the literature dealing with these centers in many
ionic materials [60], [72]. ESR characterization of the O, ion in
ionic materials has been reviewed by Lunsford [70] and Che and
Tench [71]. Of particular interest with regard to these observa-
tions, ESR measurements of the O; ion in the chemically very
similar ZrO, system have been reported by several other groups.
The g tensor which we assign to O, in HfOs, g.., = 2.04,
Jyy = 2.01, gz, = 2.000, is quite similar to that reported in
ZrO5 [66]-[69]: g.. = 2.033, gy = 2.01, gpe = 2.003. As Zr
and Hf are chemically similar, the close similarity between the
two tensors provides further strong evidence that the HfOy ESR
spectra is due to an O, defect.

Kang, et al. [6] also reported the generation of a second strong
ESR spectrum with electron injection. The signal on the right-
hand side of Fig. 22 has a zero crossing g = 1.965. This signal,
like the Hf /O, , also consistently appears with the electron in-
jection. The magnitude of the signal does not track precisely
with that of the O, ion signal, although the amplitudes do ap-
pear to be roughly correlated. This signal is also quite similar
to a signal previously reported in ZrO, systems. A signal with
a g tensor of gy = 1.978 and g; = 1.953 and zero crossing
g = 1.953 has been attributed to a Zr™> related defect in ZrO,
[66]-[69], [73]. The close chemical similarity between Hf and
Zr suggests that Hf ™ and Zr™ would have somewhat sim-
ilar spectra; however, the considerably larger spin orbit coupling
constant of Hf would require a fortuitous scaling of crystal fields
to yield such similar g tensors. A plausible identification of this
defect would be a paramagnetic oxygen vacancy.

C. “Bulk” High-r Defects: Extrinsic

To date, only one group has reported on the structure of an
extrinsic defect in a thin film high-~ dielectric. Stesmans and
Afanas’ev [74] recently reported an ESR study of HfO, films
deposited via either CVD, MOCVD, or ALD. CVD was per-
formed at 350 °C using Hf(NO3)4 on HF last Si, MOCVD at
485 °C using tetrakis-diethylaminohafnium and O5 precursors,
and ALD at 300 °C using HfCl, and HoO on SiO5. ESR mea-
surements were performed at 4.3-35 K at 20.3 GHz and 34.9
GHz. As shown in Fig. 25 they observe a three line ESR spec-
trum in 100 nm thick CVD HfOs films. The spectrum appears
only after gamma irradiation (50 Mrads) and not after 8.48 eV
VUYV illumination. An etchback experiment showed that the de-
fects are located in the bulk of the HfO, film. They found that
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the three lines responded identically to microwave power satu-
ration and could be interpreted with the same set of g and hyper-
fine tensors at two different microwave frequencies. The three
lines implicate a nuclear spin, I = 1 atom such as '*N. (The
nuclear spin of one would yield three possible effective local
fields at a defect.) The fact that the defect is only observed in
the CVD film, the one deposited using a N-containing precursor,
also points to a nitrogen related defect. Based upon these ob-
servations, previous ESR literature, and simulations of the line-
shape, they assigned the spectra to NO5 radicals stabilized in the
bulk of the HfO, film and suggested that the defects could arise
due to residual nitrogen from the Hf(NO3)4 precursor. XPS re-
sults on ALD HfO, using Hf(NO3)4 as a precursor showed that
residual nitrogen groups are left over after deposition and that
the nitrogen could be eliminated by a 400 °C anneal [52], [53].

V. SUMMARY AND DISCUSSION
A. ESR Results: Si/High-k Interface

1) Defects: With respect to defect structures, there is wide-
spread agreement in the ESR high-« literature in that virtually
all studies to date report high densities of interfacial Si dangling
bond defects at the interface between Si and the high-« stack.
These defects clearly involve Si dangling bond centers precisely
at the Si/dielectric boundary and are similar (in some cases ar-
guably identical) to the fairly well understood Si/SiOs Py, cen-
ters. In addition, the defects respond to forming gas anneals in
a manner qualitatively similar to that of the P}, centers in that
their numbers are significantly reduced.

Although the Si/high-k interface experimental magnetic res-
onance results reported by several groups are similar in broad
outline, there is controversy with regard to the detailed conclu-
sions. While some groups argue that the defects at the Si/ZrO»,
Si/Al5 03, and Si/HfO, interfaces are all identical to the Si/SiO2
interface [43], [44], [55], [58], other groups conclude that the
defects are very similar, but not identical to those observed in
conventional SiO5/Si devices [45], [49]-[51]. One very pos-
sible explanation for the apparent disagreement is simply that
these studies involve differently processed films. Processing is

well known to have an impact on both the physical and elec-
trical properties of high-+ films, especially for nonoptimized
films. For ALD in particular, Si substrate surface preparation
is known to have a large impact on the growth and characteris-
tics of the interfacial layer (IL) [46], [47]. So it is quite possible
that differences in processing could explain the differences in
conclusions.

2) Reliability Implications: The electrical behavior of
high-x gate stacks is known to be strongly dependent upon
the thickness and composition of the IL between the high-x
dielectric and the Si substrate. It is also being realized that the
details of the IL may be critical for reliability assessment [76].2
As mentioned above, the thickness and chemical makeup of the
IL are strongly dependent upon processing details. Assessment
of this 0.5-1.5 nm layer is extremely difficult and thus not
much is known about the chemical makeup other than what has
been inferred electrically. The ESR studies thus may shed some
light on this IL, a region critical to the reliability response of
the film. Some ESR studies note interfacial defects somewhat
different, though similar to those observed in Si/SiOs. Other
ESR studies conclude that the interfacial defects are identical
to that observed in Si/SiOs; these suggest that the IL is pure
Si0,. However, this is unlikely to be the case in most instances,
as comparisons of electrical and TEM measurements indicated
that the IL typically has an intermediate dielectric constant.
One possible interpretation of identical defects is that the IL
could be a poor quality, O-deficient SiO5. This is a plausible
explanation, as some XPS results indicate the presence of a
strained Si rich oxide at the interface and suggest that the O
deficiency would result in an increased dielectric constant [75].
Another possibility is that the increased dielectric constant of
the IL is due to the presence of some metal (i.e., a silicate).
While some EDX/EELS results suggest that silicate formation
is unlikely [76], [77], other studies report phase separation
at the interface, crystalline high-~ and amorphous SiO» [75],
[78], [79]. The presence of some metal in the IL is consistent
with the ESR conclusion that the high-« interface defects are
similar, but not identical to, those at the Si/SiOs interface.

B. ESR Results: High-x Bulk

1) Intrinsic Defects: Kang et al. [6] observed the generation
of ESR active defects in ALD HfO, due to photo-injection of
electrons and noted that the number of trapped electrons is on
the order of the density of the defects generated. They concluded
that these defects are almost certainly dominating electron trap-
ping centers in the films they studied. The strongest electron trap
related defect is that of an O, center. The density of O, cen-
ters generated by the photo-injection is about 3 x 10'2/cm?.
In addition, they observed a second strong signal (zero crossing
g = 1.965) as a result of the electron injection, the identity of
which is not yet clear, but which may be a paramagnetic O-va-
cancy. They did note that the signal is similar to one observed
in ZrO, which has been linked to Zr™> ions. Another possible
structure is an electron trapped in an oxygen vacancy. The au-
thors conclude that the densities of these intrinsic defects are
possibly controllable via processing.

2See, for example, other papers in this issue.
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Fig.26. Inpercolation theory [90], breakdown causing defects can be modeled
as spheres that are randomly generated in the oxide as it is electrically stressed.
When enough of these defects line up closely enough and span a dielectric
film, breakdown occurs via conduction through this defect path. The bigger the
defects are or the greater their sphere of influence, the less defects it should take
to produce a breakdown path.

2) Extrinsic Defect: Only one extrinsic defect has been re-
ported to date. Stesmans, et al. [74] report generation of NOo
radicals after 50 Mrads of gamma irradiation. The signal was
only observed in HfO» samples that were deposited using a ni-
trogen containing precursor. Although the electrical properties
of this defect were not determined, the study confirms the im-
portance of processing on the properties of high-+ films.

3) Reliability Implications: Many groups have reported low
Weibull slopes in high-x materials that in some cases are inde-
pendent of thickness [80]-[86]. There are several possible ex-
planations for low Weibull slopes in high-~ films. First, it is
very likely that at least some of these results were due to ex-
trinsic behavior—the result of poor material quality. However,
as film quality has improved Weibull slopes have also increased.
Despite this improvement, high-x Weibull slopes are still lower
than SiOs films of similar thickness. Polarity also plays arole as
under certain bias conditions, and depending on the stack struc-
ture, reliability is dominated by the thin IL [82]. Another pos-
sibility is nonuniform defect generation, which has been simu-
lated to result in a reduction of Weibull slope [87].

A popular statistical model of breakdown involves percola-
tion theory [88] in which breakdown causing defects can be
modeled as spheres that are randomly generated in the oxide as
it is electrically stressed. When enough of these defects line up
closely enough to span a dielectric film, breakdown occurs via
conduction through this defect path. According to percolation
theory, the bigger the defects are, or the greater their sphere of
influence, the less defects it takes for breakdown to occur and the
lower the Weibull slope (see Fig. 26). Percolation theory might
imply that the low Weibull slopes reported in high- films could
be due to the smaller number of larger radius traps needed for
breakdown in these films [82].

Thus, another possible reason for low Weibull slopes may be
due to the nature of defect centers in high-~ materials [89]. Due
to d-shell based conduction bands [77], the bandgaps of high-«
materials are smaller than the bandgap of SiOs which may
lead to somewhat more shallow deep levels in these dielectrics.
The dominating deep level defect family in conventional SiO»
involves highly localized silicon “dangling bond” wave func-
tion defects. Defects with more delocalized wave functions
may dominate the defect structure of high-~ dielectrics such as
HfO5. One example is the O, defect, the precursor to which is
likely a dominant electron trap in HfO,. The unpaired electron
wave function of the O is less localized than the E’ center, the

dominant defect in SiO, which has been implicated in TDDB
by some studies. Thus, although atomic distances are similar,
the dielectric defect wave functions are likely different and may
have larger effective radius than E’ centers. Although the O3
defect has not been linked to TDDB, one might speculate that a
possible reason for the persistent low Weibull slopes in high-x
films is that the defects involved have a larger effective radius
than those involved in breakdown in SiOs.

VI. CONCLUDING REMARKS

Defectlevels at the dielectric/silicon interface, in the dielectric,
and possibly also near the dielectric/metal gate, will play
dominating roles in determining the performance and reliability
of MOS devices thatincorporate high-« dielectrics. The few ESR
studies that have provided some understanding of these defects
have been reviewed. Several independent studies on high-x gate
oxides all strongly indicate that Si/dielectric interface silicon
dangling bond defects similar to the Py, centers of conventional
Si/Si04 technology play dominant roles in the Si/dielectric
interface traps of these systems. Limited ESR studies of defect
centers in the dielectric “bulk” indicate the presence of traps
very different from those in SiO5. The differences in the traps
will almost certainly be reflected in the response of high-r
based MOS technology to a variety of stressing conditions.
An understanding of the physical and chemical nature of these
defects will likely help process engineers and device designers
to eliminate or ameliorate reliability problems caused by these
defects.
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