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High dielectric constant hafnium oxide films were formed by electron beam �e-beam� evaporation
on HF last terminated silicon �100� wafers. We report on the influence of low energy argon plasma
��70 eV� and oxygen flow rate on the electrical, chemical, and structural properties of
metal-insulator-silicon structures incorporating these e-beam deposited HfO2 films. The use of the
film-densifying low energy argon plasma during the deposition results in an increase in the
equivalent oxide thickness �EOT� values. We employ high resolution transmission electron
microscopy �HRTEM�, x-ray photoelectron spectroscopy �XPS�, and medium energy ion scattering
experiments to investigate and understand the mechanisms leading to the EOT increase. We
demonstrate very good agreement between the interfacial silicon oxide thicknesses derived
independently from XPS and HRTEM measurements. We find that the e-beam evaporation
technique enabled us to control the SiOx interfacial layer thickness down to �6 Å. Very low
leakage current density ��10−4 A /cm2� is measured at flatband voltage +1 V into accumulation for
an estimated EOT of 10.9�0.1 Å. Based on a combined HRTEM and capacitance-voltage �CV�
analysis, employing a quantum-mechanical CV fitting procedure, we determine the dielectric
constant �k� of HfO2 films, and associated interfacial SiOx layers, formed under various processing
conditions. The k values are found to be 21.2 for HfO2 and 6.3 for the thinnest ��6 Å� SiOx

interfacial layer. The cross-wafer variations in the physical and electrical properties of the HfO2

films are presented. © 2008 American Institute of Physics. �DOI: 10.1063/1.2978209�

I. INTRODUCTION

As the semiconductor industry drives toward smaller de-
vice sizes while striving to maintain power consumption at
acceptable levels, in particular, for portable applications, the
incorporation of new materials becomes inevitable.1 HfO2 is
a leading candidate among the high dielectric constant
�high-k� materials to replace, or be combined with, silicon
dioxide in many applications. Amorphous HfO2 was found to
enhance transistor performance in transparent thin-film
transistors.2 Furthermore, HfO2 films formed by pulsed laser
deposition at low temperature demonstrated suitable proper-
ties when incorporated in metal-insulator-metal capacitors
for mixed signal integrated circuit applications.3 More sig-
nificantly, HfO2 or HfO-based high-k dielectrics with metal
gates have recently been introduced into the gate stack of
metal-oxide-semiconductor �MOS� field effect transistors at
the 45 nm technology node.

Nevertheless, there are still major issues relating to the
control of the interfacial silicon oxide that forms at the
high-k/silicon interface.4 This is of critical importance in en-
suring that the equivalent oxide thickness �EOT� of the com-
plete dielectric stack is not dictated by the silicon oxide in-
terfacial thickness. In addition, some fundamental properties

of HfO2 are still not clearly understood. For example, the
origin of electron and hole trapping sites in the bulk of HfO2

films is still debated,5 and the thermal stability of thin-film
HfO2 ��50 Å� on silicon is another major issue still
unresolved.6

Growth techniques such as atomic layer deposition
�ALD� yield very good quality high-k films.6 However, for
dielectric materials which evaporate stoichiometrically, the
electron beam �e-beam� evaporation technique is a very cost-
effective way of investigating the basic chemical and electri-
cal properties of high-k films, as well as providing a route for
screening a wide range of potential high-k materials as suit-
able candidates for gate dielectric applications.7 This tech-
nique could also help in discriminating between intrinsic
properties of the dielectric material and extrinsic material
issues such as impurity contamination.

In this study an e-beam evaporation technique has been
used to form HfO2 layers from monoclinic HfO2 source ma-
terial. HfO2 layers with a target thickness in the range of
30–50 Å were deposited on HF last silicon �100� substrates.
We combined a wide range of chemical, structural, and elec-
trical characterization techniques to investigate the basic
properties of the high-k layers. X-ray photoelectron spectros-
copy �XPS� was used to characterize the chemical composi-
tion of the HfO2 film and the HfO2 /Si interfacial chemistry.
High resolution transmission electron microscopy �HRTEM�a�Electroni mail: karim.cherkaoui@tyndall.ie.
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was used to independently measure the thickness of the in-
terfacial layer �IL� and the thickness of the HfO2 overlayer.
Electrical characterization in the form of current density-
voltage �JV� and capacitance-voltage �CV� measurements
was carried out on MOS capacitors fabricated by depositing
nickel �Ni� contacts on the HfO2 layers in order to evaluate
the leakage current across the dielectric and in order to cal-
culate the dielectric constant of the HfO2 film and the inter-
facial SiOx layer.

Frequently the e-beam technique involves the use of low
energy ions to assist the deposition of the film.8 The argon
�Ar� ion bombardment of the film during deposition has the
potential to densify the high-k film during the growth pro-
cess, reducing the possibility of void formation that would
lower the effective k value. Optical coatings have signifi-
cantly benefited from the use of ion assist during film
deposition.9 In this work, we also investigate the effect of the
argon ion-assist process on the physical and electrical prop-
erties of the resulting HfO2 /SiOx /Si�100� structures, with a
particular emphasis on the interfacial SiOx layer thickness
between the HfO2 and the silicon substrate. We will show
that the use of an argon ion assist during the film formation
results in a thicker IL. A range of experiments are reported,
including O2 with an Ar ion assist, O2 with no Ar ion assist,
and no O2 with Ar ion assist. The purpose is to determine the
process combinations that result in the enhanced IL growth.
Experimental results are also presented for the case of a two-
stage growth process where direct exposure of the Si surface
to the Ar ions is prevented during the e-beam evaporation of
a 10 Å HfO2 film prior to the Ar ion assist being activated
for the remaining nominal 15 Å HfO2 film deposition. The
paper demonstrates very good agreement between the inter-
facial oxide thickness derived independently from XPS, HR-
TEM, and electrical measurements. The local surface rough-
ness and the cross-wafer uniformity of the HfO2 films are
assessed by atomic force microscopy �AFM�, spectroscopic
ellipsometry �SE�, and the cross-wafer dispersion of current
density versus voltage characteristics.

II. EXPERIMENTAL DETAILS

The HfO2 layers are formed on N- and P-type silicon
�100� 4 in. wafers �2–4 and 10–20 � cm, respectively� by
e-beam evaporation. The Si wafers undergo a standard
chemical clean and are dipped in HF �10:1 de-ionized water
/ HF for 10 s� to remove the native Si oxide before being
loaded into the e-beam chamber. The wafers are placed on a
rotating carousel for improved uniformity. Oxygen can be
introduced into the chamber during the deposition at variable
flow rates �from 0 up to 7 SCCM �SCCM denotes cubic
centimeter per minute at STP��, and low energy ��70 eV�
argon ion assist can be employed to densify the HfO2 films
during formation. The Ar+ ions are produced by flowing Ar
gas across a heated tungsten filament. A bias of 120 V is
applied to the anode to accelerate the Ar+ ions to the sub-
strate. The base pressure in the chamber is 10−6 Torr and can
rise up to 2�10−4 Torr when both O2 and Ar are introduced.
The source material consists of 3–5 mm monoclinic HfO2

pellets of 99.99% purity. The Si wafers are heated to 150 °C

during the deposition. The minimum HfO2 film target thick-
ness was 25 Å, however, the measured physical thickness
�as it will be discussed below� was found to be consistently
higher �35–40 Å�. Control of the precise film thickness of
these thin films in an e-beam evaporation system designed to
produce much thicker optical films is difficult, however, ex-
cellent reproducibility was achieved for the same nominal
conditions during repeat depositions. MOS capacitors with a
range of gate areas were subsequently fabricated using pho-
tolithography and a lift-off process. Results are presented for
55�55 �m2 MOS structures. The metal gate consists of
300 nm of Ni deposited ex situ by e-beam. Nickel was se-
lected as a high work function gate metal since the experi-
mental matrix did not include high temperature ��450 °C�
post-metal-thermal budgets. The XPS analysis of the samples
was carried out in a VG Microtech electron spectrometer at
base pressures of 2�10−9 and 1�10−10 Torr in the prepa-
ration and analysis chambers, respectively. The photoelec-
trons were excited with an Al K� x-ray source �h�
=1486.6 eV�, and the pass energy of the analyzer was 20 eV,
yielding a resolution of 1.2 eV. The Hf 4f , O 1s, Si 2p, and
C 1s peaks were recorded along with 20–1000 eV survey
scans at 0° and 35° with respect to the surface normal. The
intensities of the peaks were determined as the integrated
peak areas assuming an integral “Shirley” background. All
the samples are thin enough to detect the XPS signal from
the full stack down to the silicon substrate, and no thinning
by dilute HF etching was necessary. We have also applied the
medium energy ion scattering �MEIS� technique to gain
more information on the depth dependence of the film stack
chemistry. The MEIS data consist of two dimensional maps
of scattered ion intensity where the two coordinates are the
scattered ion energy and the scattering angle for a given in-
cidence of the 100 keV He+ ion beam. More experimental
details of this technique are described in depth in Ref. 10.
The scattering geometry used is an incidence angle of 54.7°
�corresponding to �111� in� and a scattering angle of 90°
�corresponding to �211� out�. This geometry was chosen to
minimize the substrate contribution and emphasize the amor-
phous overlayers. In this study we only analyze the energy
spectra, and we largely ignore the crystallographic informa-
tion since it is not relevant in the case of the amorphous film
stacks investigated in this work. SE measurements were car-
ried out using a phase modulated spectroscopic ellipsometer
in the spectral range between 1.5 and 6.5 eV at an angle of
incidence of 70.30°. The HfO2 samples are modeled with a
five phase system �from top to bottom�: the incident medium
�air�, the surface roughness layer, the HfO2 layer, the silicon
oxide interlayer, and the Si substrate. The thickness of the
interlayer between the HfO2 film and the Si substrate was
fixed to the value obtained from HRTEM measurements. The
measurements have been performed on eight different points
on the wafer. At each point the probed area �beam size� was
approximately 1�3 mm2.

III. RESULTS AND DISCUSSION

Table I summarizes the deposition conditions for the set
of samples used in this study �influence of ion assist: A, B, C,
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and D; influence of oxygen flow: 1, 2, and 3�. Figure 1 shows
typical high frequency CV characteristics measured on a 55
�55 �m2 area N-type MOS capacitor �two measurement
frequencies: 100 Hz and 1 MHz� from sample A. The figure
also includes two CV characteristics �same measurement
conditions� measured on sample A after forming gas anneal-
ing �FGA� at 400 °C for 30 min �N2 /H2 95%/5%� and a
simulated quantum-mechanical �QM� CV.11,12 The theoreti-
cal curve that presents the best fit to the measured capaci-
tance between weak inversion and strong accumulation after
FGA was obtained for an EOT of 10.9�0.1 Å. The mea-
sured experimental CVs �as-deposited sample� presented in
Fig. 1 are not ideal characteristics. However, they are pre-
sented to illustrate several issues regarding the formation of
high-k dielectric layers at low temperature �150 °C�. The CV
stretch-out observed in the as-deposited sample, as compared
to the annealed sample, could be attributed to charge build
up in the oxide as the CV sweep is carried out. This charge
could screen the applied field across the oxide and result in
lower carrier concentration at the silicon surface than theo-
retically expected at a given gate voltage. The effect of this
charge build up on the leakage currents across the MOS ca-
pacitors will be discussed. In addition to the reduced slope,

the CVs exhibit significant frequency-dependent dispersion
in the depletion region �Vg�0.5 V�, an effect that is attrib-
uted to defect states at the oxide/Si interface located at a
specific energy in the band gap.13 Apart from the annealed
sample A, all the results presented in this study were ob-
tained from samples that experienced very low thermal bud-
gets �maximum temperature=150 °C�. Evidence has been
provided in previous work that Si dangling bonds �Pb cen-
ters� are the dominant defect at the oxide/Si�100� interface
responsible for the frequency-dependent dispersion of the
CV in depletion for HfO2-based MOS structures with no
thermal budget following the HfO2 deposition.14 It was also
demonstrated that these interface states can be passivated by
annealing in forming gas �95%N2 /5%H2� at 400 °C.15 Pb

centers induce two discrete energy levels within the Si band
gap �within both upper and lower gaps�, the energy state Pb

�0 /−� contributing to the CV frequency dispersion observed
on the N-type wafers �Fig. 1� is located at 0.29 eV above
midgap.16,17 The N-type wafers �2–4 � cm� employed in
this study have a Fermi level also located at �0.3 eV above
the intrinsic level. This implies that the interface state elec-
trical response �capacitance or conductance� is highest at, or
very close to, the flatband voltage �Vfb�.

Previous CV measurements on a sample prepared under
conditions identical to those used for sample A gave an in-
terface state peak density of 2.7�1012 cm−2 eV−1 and an
integrated density of 0.73�1012 cm−2 extracted from a 10
kHz CV.14 Electron Paramagnetic Resonance �EPR� mea-
surements on another identically prepared sample shown in
Fig. 2 give a total Pb0 plus Pb1 concentration of �1.5�0.5�
�1012 cm−2 with approximately 95% of this due to the Pb0

centers. EPR spectra were recorded at room temperature with
the field applied along the �100� surface normal and parallel
to �011� in the film plane. Figure 2 also shows the fit for the
field along the surface normal. The spectrum is dominated by
the Pb0 line at g=2.0060, with that due to Pb1 at g=2.0036
barely visible. The large Pb0 / Pb1 ratio is typical of the
�100�Si /SiO2 interface grown at low temperatures.18 A good
match between the densities of interface states and Pb centers

TABLE I. List of samples and process parameters used in this study.

Deposition conditions

Sample
ID

O2 flow
�SCCM�

Ar ion
assist Nominal thickness

Impact of ion assist
A 7 No 25 Å
B 7 2 stage 10 Å no ion assist

+15 Å ion assist
C 7 Yes 25 Å
D 0 No 25 Å

Impact of oxygen flow
1 0 Yes 25 Å
2 2.5 Yes 25 Å
3 5 Yes 25 Å

FIG. 1. 100 Hz and 1 MHz capacitance-voltage characteristics measured on
sample A as-deposited and after FGA at 400 °C for 30min in N2 /H2 95%/
5%. The line in bold is the QM CV fit. Although the CV slopes in depletion
and into accumulation differ for pre-FGA and post-FGA samples, the flat-
band voltage remains at Vgate�0.3 V.

FIG. 2. EPR spectrum at room temperature for a nominal 3 nm HfO2 on
Si�100� in the as-grown state. The deposition conditions are as for sample A.
The magnetic field is parallel to the �100� surface normal. The smooth curve
shows the fit. The dominant signal at g=2.0060 is from Pb0; the signal from
Pb1 at g=2.0036 is barely visible.
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has been recorded before for HfO2 films grown on Si�100�
by metal organic chemical vapor deposition.19

It is interesting to note that in Fig. 1 the FGA not only
reduces the interface state density but also removes the
stretch out. This is evident from Fig. 1 since the simulated
CV matches very well the experimental data after FGA
across the full bias range. It is yet to be clarified whether this
charge trapping effect is removed by hydrogen passivation of
oxide bulk defects or whether it is eliminated by the tem-
perature annealing regardless of the ambient. It is, however,
clear that the FGA did not cause any EOT increase, i.e., there
is no IL regrowth under these annealing conditions, since the
maximum capacitance is not changed after FGA.

Samples where the HfO2 films were formed with the Ar
ion assist �either throughout the deposition or in a two-stage
deposition process in the case of sample B� presented con-
siderably higher EOT values. Table II summarizes the EOT
values for samples A–C. These values were extracted simi-
larly to sample A from the QM CV characteristics corre-
sponding to the maximum capacitance in strong accumula-
tion �not shown�. Based on the amplitude of the CV
frequency dispersion observed on samples B and C, the in-
terface state density is also larger for samples B and C than
for sample A. Ions impinging on the Si�100� bare surface
will create defects inducing measurable effects by CV even
at energies as low as 70 eV. It was demonstrated previously
that 60 eV argon ions can create a thin amorphous layer on
Si�100� samples.20 It is interesting to note that the 10 Å
HfO2 layer deposited prior to initiating the ion assisted
growth does not prevent the damage at the Si /SiOx interface
�sample B�. In order to understand the EOT values, HRTEM
was performed on three samples �A–C�. The high resolution
cross-sectional images �Fig. 3� show clear bilayer stacks on
all three samples. The HfO2 films have physical thicknesses
in the range of 37–40 Å. The achieved physical thicknesses
are within the useful thickness range for high-k gate oxide
studies. In addition, the deposited HfO2 films seem to be
amorphous under our deposition conditions. Figure 3 also
shows an increasing IL physical thickness from 6 Å in
sample A to 29 Å in sample C. It should be noted that an
enhanced IL thickness of 19 Å is still present when the Si
surface is protected by a 10 Å thick HfO2 layer before turn-
ing on the Ar+ ion assisted deposition �sample B�. Table II
also includes k values extracted from the QM CV measure-
ment fits to experimental measurements. The method of ex-
traction first assumes that the HRTEM images give accurate
thickness estimates for all three samples �sample A: t�SiOx�
=6 Å, t�HfO2�=37 Å; sample B: t�SiOx�=19 Å, t�HfO2�
=37 Å; sample C: t�SiOx�=29 Å, t�HfO2�=40 Å�. The sec-

ond assumption is that the k value for the hafnium oxide
layer falls within the range of 16–25. The third assumption is
that the k value for the IL is in the range of 3.9–8.0. We
regard these three assumptions as very reasonable. All com-
binations of possible k values were sampled during the EOT
extraction, narrowing the range of possible k values and
EOTs. The EOT extractions for samples B and C were taken
from the maximum capacitance measurements in strong ac-
cumulation. Sweeping the possible k values for both layers in
each sample yields EOT values of 25.6�0.3 Å for sample B
and 33.1�0.5 Å for sample C. The possible range of k val-
ues was extracted as k�SiOx�=4.2�0.3 and k�HfO2�
=19�3 for sample B and k�SiOx�=4.3�0.2 and k�HfO2�
=23�2 for sample C. In sample A, the EOT is extracted
from the QM CV fit from weak inversion to strong accumu-
lation. The three assumptions yield an EOT of 10.9�0.1 Å

TABLE II. Summary of EOT and k values for the HfO2 films and the ILs
extracted from the QM CV fits of the CV data. The reported k values rep-
resent the median values of the range of possible k values for each process.

Sample EOT k�SiOx� interlayer k�HfO2� oxide

A 10.9�0.1 Å 6.3�1.7 21.5�3.5
B 25.6�0.3 Å 4.2�0.3 19.0�3.0
C 33.1�0.5 Å 4.3�0.2 23.0�2.0

FIG. 3. HRTEM cross sections showing the increase in the IL layer from �a�
no ion assist deposition +O2 �sample A�, �b� two-stage deposition +O2

�sample B�, and �c� ion assist throughout the deposition +O2 �sample C�.
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for a range of k values k�SiOx�=6.3�1.7 and k�HfO2�
=21.5�3.5. The mean k for HfO2, obtained from the three
median values �21.5, 19.0 and 23.0� is 21.2.

The higher k �6.3�1.7� value for the IL of sample A
compared to the other samples, which are closer on average
to the SiO2 value �3.9�, could be explained by the formation
of a substoichiometric interfacial oxide in sample A. The
deposition temperature �150 °C� is too low to favor the
growth of stoichiometric SiO2. Although there is only limited
knowledge regarding the electrical properties of subnanom-
eter SiOx layers, it was previously demonstrated that even for
thermally grown SiO2 layers, the initial 6 Å of the silicon
oxide layer at the Si interface is predominantly
substoichiometric.21 This is supported by theoretical predic-
tions showing a k value of 6–7 for a 6 Å interfacial substo-
ichiometric SiOx layer between Si�100� and 17 Å of SiO2.
Our extracted median k value for sample A is 6.3, within the
range of 6–7 predicted by theory.22 In general, the k values
for all samples span a significant range, albeit reduced from
the initially assumed ranges in most cases. Nevertheless, the
range of extracted EOT becomes smaller as we move from
sample C ��0.5 Å� to sample A ��0.1 Å�.

It could be hypothesized that the thick IL is formed dur-
ing the exposure of the Si surface to O2 and Ar+ ions during
the e-beam stabilization time prior to HfO2 deposition. In
order to unambiguously establish how this IL forms, a HF
last silicon wafer was exposed to the argon ions and the
oxygen gas for 3 min in the chamber prior to e-beam evapo-
ration without proceeding with the HfO2 deposition step.
This is the normal time necessary to stabilize the e-beam
system before starting the HfO2 deposition, when the silicon
wafer is exposed to the Ar ion assist and the oxygen ambient.
Figure 4 shows the XPS Si 2p spectrum recorded on this
wafer. The difference between the silicon surface which was
subjected to the procedure compared to the control wafer
which was measured following HF last treatment and ex-
posed to atmospheric conditions for the same length of time
prior to measurement is evident. These spectra clearly show
that the bulk of the IL, which has a thickness of the order of
30 Å, grows in the initial stabilization phase prior to dielec-
tric deposition. From combined CV and XPS analysis it was

established that the IL thickness is reduced by �10 Å when
the O2 flow rate is decreased from 7 to 2.5 SCCM in the
presence of Ar+ ion assist. In addition, previous XPS mea-
surements recorded on HfO2 films formed by e-beam using
Ar+ ion assist under varying O2 flow rates demonstrated a
very thin ��6 Å� IL when O2 was absent.23 It is therefore
the combined presence of oxygen and low energy Ar+ ions
during the deposition procedure that results in such signifi-
cant SiO2 layer formation. One can speculate about the
mechanisms by which the IL formation is enhanced. The low
energy Ar+ ions modify the Si surface and probably make it
more reactive. In addition, the Ar plasma process will cause
the formation of O radicals, resulting in the formation of an
oxide layer through a process of low temperature plasma
oxidation.24,25 The presence of �20 Å of interfacial SiO2 in
the case of sample B also demonstrates that O2 molecules or
oxygen radicals can diffuse through 10 Å of HfO2 at low
temperature �150 °C�. Relatively thick SiO2 IL formation
during HfO2 deposition using reactive sputtering in Ar /O2

ambient has already been observed previously.26–28 In all
studies, the IL thicknesses, 25, 28, and 32 Å, respectively,
are very close to the IL thickness �30 Å� of the current work
for HfO2 films formed in O2 ambient and with the ion assist
on �samples C, 2, and 3�. This indicates that in the presence
of Ar /O2 plasma and in low temperature conditions �from
24 °C �Ref. 26� to 100 °C �Ref. 28�� the oxidation process
results in a typical IL thickness around 30 Å. The IL thick-
ness is further increased �from 25 to 36 Å� when the sub-
strate temperature is raised to 500 °C.26 Yamamoto et al.,27

however, managed to reduce the IL thickness by forming a
Hf metal layer preventing oxidizing species from diffusing to
the Si interface during the deposition. This Hf metal layer
must be engineered to be entirely oxidized otherwise the
presence of metallic Hf deteriorates the electrical properties.

In a different study Choi et al.29 used a similar approach
to demonstrate the catalytic nature of Hf metal on Si. The
authors showed using the e-beam evaporation technique that
depositing a thin HfO2 layer from HfO2 pellets in O2 ambi-
ent resulted in an IL less SiO2-like than when the HfO2 film
was formed from Hf metal in the same O2 ambient. They
concluded that the presence of Hf–Si bonds during the depo-
sition resulted in more Si–O bonds. Hence, the Si surface
should not be exposed to Hf and oxygen at the same time to
limit the IL formation during deposition by e-beam.

Sample A �no ion assist and O2 ambient� and sample 1
�ion assist and no O2 flow�, which both have comparable IL
thicknesses of �6 Å, provide further evidence that a com-
bination of an O2 ambient and an Ar ion assist during depo-
sition is required to result in the formation of a thick IL.
However, while the XPS data obtained on both samples
present comparable IL thicknesses �Fig. 5�, the electrical
properties of the two films are entirely different. Figure 6
shows the leakage current density of MOS capacitors fabri-
cated on the two wafers. The JV characteristics point to a
short between the gate electrode and the substrate for the
sample using the ion-assist process without O2. To under-
stand the origin of these poor electrical properties, a third
experiment �sample D� was performed where both the O2

and the ion assist were suppressed. The JV characteristics of

FIG. 4. XPS spectrum of a silicon wafer exposed to Ar ions during the
stabilization time prior to the HfO2 layer deposition compared to the spec-
trum of a blank Si wafer after HF dip and not subjected to the Ar ions �the
HfO2 film deposition was not carried out on these samples�.
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sample D are compared to samples A and 1 in Fig. 6, and it
is very similar to sample A �but with slightly better insulating
properties resulting from the increased EOT value of 15 Å�.
The IL layer of sample D evaluated by XPS was found to be
similar to samples A and 1 �Fig. 5�. This last experiment
demonstrates that the O2 ambient is not a necessary condi-
tion to obtain good insulating properties for HfO2 films
formed by e-beam and confirms that the use of ion assist
without oxygen is responsible for the poor electrical charac-
teristics �sample 1�.

Figure 7 shows the core level XPS spectra for the Hf 4f
and the O 1s for different samples �A–C�. We have also in-
cluded the XPS spectra measured on HfO2 layers deposited
on HF last silicon �100� wafers under varying oxygen flow
rates �samples 1–3�. The asymmetry in the O 1s peak is due
to the presence of a chemically shifted oxygen component at
higher binding energy which has been attributed to surface
absorbed oxygen. The spectra show that the energy separa-
tion between the Hf 4f 7/2 and the O 1s peaks is independent
of oxygen flow rate and remains constant at 513.7�0.1 eV,
which is the separation found for a pure HfO2 powder
sample measured by the same spectrometer. This is direct
evidence that the changing oxygen flow rate did not affect

the chemical state of the elements in the HfO2 film, since the
presence of metallic hafnium or hafnium silicide would alter
this energy separation by introducing different chemically
shifted peaks. The presence of substoichiometric HfO�x�2�
would give rise to additional peaks in the Hf 4f spectrum as
reported by Cho et al.30 for pulsed laser deposition of HfO2

in an oxygen deficient environment. Using the conventional
relative sensitivity factors �RSFs� for the two elements and
the peak areas,31 the hafnium to oxygen concentrations for
all samples were determined to be in the ratio of 1:2 �Hf:O�
to within 3%. This confirms that, within experimental error,
the film composition is constant and independent of oxygen
flow within the investigated range. In addition, the peak pro-
file and energy position of the Hf 4f and the O 1s peaks for
the three different procedures �A–C� shown in Fig. 7 indicate
that the HfO2 deposits stoichiometrically independent of the
processing sequence used. Hence, the stoichiometry of the
HfO2 film in sample 1 is not the cause of the poor insulating
properties observed in Fig. 6.

The next part of the study involves measuring the thick-
ness of the IL that forms at the interface when the HfO2 layer
is deposited. By comparing the relative areas under the SiO2

IL signal �seen at �103 eV binding energy� and the Si bulk
signal, it is possible for changes in the interfacial oxide
thickness to be monitored. Vitchev et al.32 have used this
approach to evaluate the interfacial silicon oxide thickness
on silicon for HfO2 and Al2O3 overlayers. Seah and
Spencer33 used an extended approach for SiO2 on Si to ex-
amine the influence of substoichiometric silicon oxide on the
dielectric thickness determinations. Equation �1� is the basic
equation used for an analysis of a SiO2 IL,

ln�1 +
Rexp

R0
	 = �LSiO2

�−1d sec 	 . �1�

Equation �1� relates the SiO2 thickness �d� to the SiO2 signal,
where Rexp is the ratio of the area under the Si4+ peak to that
of the Si0 and R0 is the same ratio for an infinitely thick pure
SiO2 sample and a pure silicon sample. The value of R0 was
taken from Ref. 34 to be 0.82 and is thus single valued in this
analysis, excluding the contributions from substoichiometric
silicon oxide. LSiO2 is the electron attenuation length of an

FIG. 5. Si 2p XPS spectra for several samples investigated in this study. The
Si4+ signal indicates the IL thickness variation under different deposition
conditions. Note the increase in the IL thickness when both O2 and the Ar
ion assist are present during the deposition �samples B and C�.

FIG. 6. Oxide leakage current density vs gate voltage for sample A, showing
very similar leakage characteristics to HfO2 films deposited under no O2 and
no ion assist �sample D�. The leakage current of a HfO2 film deposited under
no O2 and ion assist �sample 1� is also shown. All three films have the same
HfO2 target thickness of 25 Å.

FIG. 7. Hf 4f XPS spectra for samples A–C compared to samples deposited
under variable O2 flow �samples 1–3�.
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electron originating from a silicon atom in SiO2 and the av-
erage value of 33 Å was taken for LSiO2. Since both the
substrate and the SiO2 layer are attenuated equally by an
overlayer,32 Eq. �1� can be used to accurately estimate the
interfacial oxide layer thickness in a high-k /SiO2 /Si system.
When the IL has substoichiometric contributions, the Eq. �1�
estimate will be less accurate and therefore should be con-
sidered in conjunction with the HRTEM estimates. Figure 8
shows the results of an angular XPS study carried out to
determine the thickness of the interfacial silicon oxide layer
from the slope of ln�1+Rexp /R0� versus sec 	 for three dif-
ferent samples �A–C�. This results in the determination of the
interfacial oxide as 5.7 Å in the case of sample A, 17.7 Å
thick with the two-stage deposition �sample B�, and 34.5 Å
with the ion assist �sample C�. The quantitative agreement
between the thickness values of the interface oxide layer as
determined using XPS and HRTEM measurements, shown as
an inset in Fig. 8, supports the use of pure SiO2 values for
LSiO2 and Ro in Eq. �1� of the XPS analysis.

To gain more understanding of the composition of the
HfO2 /SiOx /Si structures, and to elucidate factors that could
influence the leakage current density, the samples were ana-
lyzed by the complementary technique of MEIS. Figure 9
shows the MEIS spectra measured on samples A–C and 1.
Each spectrum corresponds to a cross section taken at a con-
stant scattering angle of 90° in the two dimensional data. The
spectra show very similar peaks for the main elements �Hf,
Si, and O� present in the three different films. All samples
present a high background signal spanning from low energy
to the high energy side of the Si peak. It is interesting to note
that the background signal increases from sample A to
sample C probably as a consequence of the IL thickness
increase. It is believed that the high dechanneling seen for
100 keV He+ ions passing through a high Z number over-
layer such as Hf is due to multiple scattering within the layer.
The broadening of the O peak for sample C seems to support
this argument. The peak around 80 keV is attributed to argon,
which is clearly present in the spectra of samples B and C
�Ar ion assist either used partially or fully�. The double fea-
ture of the Ar peak in sample C suggests that it is located in

two distinct layers �possibly SiO2 and HfO2�. Another peak
occurring at around 85 keV is difficult to ascribe. It could be
a contaminating impurity, yet it is only present when the ion
assist is used during the deposition and the peak intensity is
very much reduced in sample B. Another very interesting
feature is the low energy tail of the Hf peak. It could be
attributed to zirconium �Zr�, an element always present in
HfO2 source material. However, the same source material
was used for all depositions, and the presence of a sharp peak
at the same energy in the spectrum of sample C seems to
contradict this explanation. Another possible explanation
could be the presence of Hf in the SiO2 IL. Such Hf diffusion
could be enhanced by the ion assist, which could explain
why we see it reduced in samples A and B, with the presence

FIG. 8. ARXPS analysis and the corresponding extracted IL thickness. The
inset shows the IL thickness extracted from ARXPS vs IL thickness obtained
from HRTEM.

FIG. 9. Scattered ion energy spectra obtained from MEIS experiments on
samples A–C and 1. The incidence angle is 54.7° ��111�� and the scattering
angle is 90° ��211��. The unlabeled arrows indicate peaks due to impurity
contamination. The dotted curves are the experimental data and the solid
lines are the simulated spectra assuming the parameters of Table III.
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of a tail rather than a peak in the spectra. However, this
explanation is, in fact, unlikely, since it was not possible to
fit the MEIS spectrum when it is assumed that Hf is present
in the IL.

Depth profiles were extracted from MEIS experiments to
fit the energy spectra using a model with an energy-
dependent and composition-dependent stopping power, an
Andersen screening correction, and an empirical straggling
value. Stopping powers were calculated from SRIM 2005 using
a bulk density for HfO2 and an SiO2 density 88% of bulk.
The model is based on a three or four layer system. The
simplest three layer model has layer one containing Hf/Si/O,
layer two Si/O, and layer three just Si �the latter layer ac-
counts for Si0 displacement at the SiO2 /Si interface�. A four
layer model is needed for the samples containing Ar. When
comparing the layer thicknesses as determined by MEIS and
HRTEM it should be noted that, in an aligned geometry, the
signal MEIS “sees” atoms that are moved from the bulk lat-
tice site by more than �10% of the interatomic distance
�along the �111� direction�, i.e., �0.023 nm, while the HR-
TEM thicknesses are evaluated from atomic number con-
trast. Hence, the IL thickness in Table III is the thickness
sum of the silicon in the SiOx layer and the displaced Si0

layer at the SiOx /Si interface. HRTEM does not distinguish
between displaced Si0 and nondisplaced Si0, therefore no
thickness contribution from this region is visible by HRTEM.
The results of the MEIS modeling are summarized in Table
III. The differences between MEIS and HRTEM data are
evident for the extracted IL thickness, in particular, for
samples A and 1, indicating that the displacement of the sili-
con substrate atoms is more significant in these two samples.

The MEIS results in Table III could explain the poor
electrical properties of sample 1 �see Fig. 6�, which has the
thickest IL deduced from MEIS. A possible mechanism for
the enhanced leakage measured in this sample is the dam-
aged Si surface by Ar+ ions, which is not oxidized in the
absence of O2 during the deposition.

Unlike ALD, the e-beam technique is a nonconformal
deposition method unsuitable for high aspect ratio step cov-
erage. However, the films obtained by this technique display
outstanding uniformity on planar 100 mm diameter silicon
wafers. This outstanding uniformity reinforces the argument
for the e-beam technique as a method of choice for screening
high-k dielectrics and investigating fundamental material
properties. The uniformity of the films is illustrated in the
gate leakage current density versus voltage �JV� plots of Fig.
10 �sample A, area=55�55 �m2, T=25 °C�. The measured

JVs �65 in total�, taken at any given voltage, always spread
over less than one order of magnitude. In the direct tunneling
regime, this translates into a thickness variation of less than
2 Å.35 The CVs of Fig. 1 indicate that the flatband voltage
�Vfb� is at Vgate�0.3 V. Hence, Vfb+1 V into accumulation
for the plotted JVs is at Vgate�1.3 V. Over 90% of the JV
characteristics give a leakage current density below 6
�10−5 A /cm2 at Vfb+1 V, confirming the excellent insulat-
ing properties of these thin films. The JVs of Fig. 10 present
two distinct regions. At low voltage ��1 V�, the current
transport through the film stack is dominated by defect-
enhanced mechanisms and was found to be highly tempera-
ture dependent. The higher voltage region ��1 V� is domi-
nated by the mechanism of direct tunneling. It is pointed out
that theoretical simulations are able to match the rate of the
current increase with voltage for 
V
�1 V. However, the
absolute amplitude of the measured current for sample A
prior to FGA at 400 °C �Fig. 10� is approximately two or-
ders of magnitude lower that the simulated JVs based on
direct tunneling1. While thinner EOT HfO2 films have been
demonstrated using e-beam technique,7 such a low leakage
current is unusual. This behavior could be explained simi-
larly to the evolution of the CV characteristics of Fig. 1
before and after FGA. As discussed earlier in terms of the
CV response �Fig. 1�, the samples prior to the FGA process
exhibit bulk charge trapping and a significant interface state
density ��1�1012 cm−2�. The bulk and interface charge
will reduce the density of electrons in the accumulation re-
gion for a given applied gate voltage, resulting in the abnor-
mally low leakage for the as-deposited �low thermal budget�
film. This explanation is supported by the results in Fig. 10,
which indicate that the leakage current density does increase
following the FGA at 400 °C to values around 2
�10−3 A /cm2 at Vfb+1 V into accumulation, in agreement
with the theoretically predicted current density by direct
tunneling.1

1The simulated JV is based on an �6 Å SiOx and an �37 Å HfO2 com-
posite layer with tunneling effective masses of 0.5m0 and 0.11m0 in the SiOx

and HfO2, respectively, and electron affinities of 1.75 and 1.4 eV for the
HfO2 film and SiOx layer, respectively. The Ni gate work function is
�4.71 eV. This yields a value of �1�10−3 A /cm2 at Vfb+1 V.

TABLE III. HfO2 and IL thickness values extracted from the fit of the MEIS
spectra experimental data. The IL thickness values include a displaced Si0

layer at the Si interface with the oxide.

Sample
HfO2 width

�Å�

IL width
�including displaced Si0�

�Å�
Ar

�at. %�
Peak at
85 keV

A 35 29 0 None
B 42 32 0.03 Small
C 41 41 0.019 Larger
1 36 58 0.04 Largest

FIG. 10. 65 JV characteristics measured on 55�55 �m2 MOS capacitors
of sample A at 25 °C. The dotted curves are the measured JV characteristics
after FGA.
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The film surface roughness over 1�1 �m2 area was
measured using AFM. Typical rms values are in the range of
0.95–0.98 Å, and Table IV summarizes the results obtained.
The rms values are significantly lower than previously re-
ports by reactive sputtering.28 Uniformity of the HfO2 film
thickness across the wafer was also examined by SE, and the
results obtained are also presented in Table IV. The extracted
thicknesses for HfO2 layers are thicker than those obtained
by HRTEM �Fig. 3�. However, cross-wafer uniformity is ex-
cellent and shows a standard deviation of less than 1 Å,
demonstrating the ability of our e-beam evaporation tech-
nique to grow atomically smooth and uniform thin films.

IV. CONCLUSION

In this work we present a detailed study of the structural,
chemical, and electrical properties of high dielectric constant
HfO2 films formed on a HF last terminated silicon �100�
surface using an e-beam evaporation technique from mono-
clinic HfO2 pellets at 150 °C. In particular, we report the
influence of argon ion assist and oxygen flow on the proper-
ties of the resulting HfO2 /SiOx /Si structures, and we explore
the thickness variations in the interfacial SiOx layer with and
without argon ion assist and oxygen flow. As observed in
other work based on reactive sputtering, the samples involv-
ing an argon ion assist ��70 eV�, with additional oxygen,
result in �30 Å of interfacial SiOx. We demonstrate that by
using a two-stage process based on an initial growth
��10 Å� with no ion assist, and a subsequent argon ion
assisted growth ��15 Å�, the interfacial SiOx layer reduces
to �20 Å. For e-beam evaporation with oxygen flow and
without argon ion assist, we obtain an interfacial SiOx layer
of �6 Å, as determined by HRTEM analysis. Using a sys-
tematic QM CV fitting approach, we determine the median
dielectric constants to be 6.3, 4.2, and 4.3 for the �6, �20,
and �30 Å IL thicknesses, respectively. Although the pos-
sible k value ranges can be large, the error margins for the
EOT extractions are low, from �0.1 Å for sample A to
�0.5 Å for sample C. Based on XPS analysis, we can con-
firm that the interfacial silicon oxide layer growth occurs
during a stabilization period of argon ion-assisted growth in
the presence of oxygen, prior to HfO2 deposition. In addi-
tion, we establish from XPS of the e-beam deposited HfO2

films that the energy separation between the Hf 4f 7/2 and
the O 1s peaks is independent of the oxygen flow rate, or of
the ion-assist process, and remains constant at
513.7�0.1 eV. This is the separation found for a pure HfO2

powder sample measured by the same spectrometer, confirm-

ing that the HfO2 films are stoichiometric. Using angle-
resolved XPS, it is demonstrated that the interfacial SiOx

thickness is in agreement with the HRTEM analysis to within
experimental measurement error. This analysis is comple-
mented by MEIS experiments providing accurate informa-
tion regarding the chemistry of the IL and depth profile of the
film stacks, as well as demonstrating the presence of Ar in
the films formed with the argon ion assist. Electrical mea-
surements based on Ni /HfO2 /SiOx /Si�100� structures yield
very low leakage current densities ��10−4 A /cm2� mea-
sured at 1 V above the flatband voltage into accumulation for
an EOT of �10.9 Å. The thickness uniformity of the HfO2

films over varying length scales is determined by AFM, SE,
and current density versus voltage analysis. Surface rough-
ness values from AFM are measured as 0.95 and 0.98 Å for
samples A �no ion assist� and C �ion assist�, respectively.
These results demonstrate the potential of the e-beam depo-
sition technique to form suitable low EOT films for investi-
gating fundamental properties of thin HfO2 layers and to
screen other alternative high-k dielectric candidates for MOS
applications.
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