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Abstract
In this report, we have discussed the microstructure and the local structure of composite
thin films having varying hafnia and silica compositions and prepared by reactive
electron beam evaporation. XRD and EXAFS studies have confirmed that the pure
hafnium oxide thin film has crystalline microstructure whereas the films with finite
hafnia and silica composition are amorphous. The result of EXAFS analysis has shown
that the bond lengths as well as coordination numbers around hafnium atom change with
the variation of hafnia and silica compositions in the thin film. Finally, change of bond
lengths has been correlated with change of refractive index and band gap of the
composite thin films.
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Characterization of electron beam deposited thin films of HfO2 and binary thin
films of (HfO2:SiO2) by XRD and EXAFS measurements
1. Introduction
Hafnium oxide (HfO2) has been extensively studied as a promising high-K dielectric
[1,2] to replace conventional silicon oxide (SiO2) gate dielectric in the sub-0.1μm
complementary metal-oxide semiconductor (CMOS) technology due to its high melting
point, thermal and chemical stability, relatively high refractive index and its superior
thermodynamic stability in contact with silicon. It has high dielectric constant (> 20),
wide band gap of the order of 6 eV and 1.5 eV band offsets with silicon. During studying
hafnium oxide as an alternate gate dielectric, it has been deposited on silicon substrate by
various deposition methods, such as, atomic layer deposition [3,4,5,6], chemical vapour
deposition [7,8,9], sol-gel process [10], reactive sputtering [11], pulsed deposition
[12,13,14,15,16,17], etc.
Thin films of HfO2 deposited by the above mentioned methods have been
characterized generally by performing some of the following measurements. The
thickness and refractive index of the films have been measured by ellipsometry. The
surface morphology of the films has been measured by atomic force microscopy (AFM)
and scanning electron microscopy (SEM) whereas the interfacial properties have been
evaluated by transmission electron microscopy (TEM). X-ray photoelectron spectroscopy
(XPS) has been used for the estimation of the chemical composition of the films. The
crystal structure and amorphousness of the films have been measured directly by X-ray
diffraction (XRD). The knowledge of the local structure around Hf atom, such as bond
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length or the number of nearest neighbors as well as the crystalline and amorphous
phases for the thin films have been obtained by extended x-ray absorption fine structure
(EXAFS) measurements [5,6,11,14,16,17,18] around L3-edge of hafnium.
As discussed in reference [6], amorphousness is highly desirable in high-K gate oxide
materials for their application in metal oxide semiconductor devices since the lack of
grain boundaries in amorphous materials prevents the leakage current as well as
fluctuations in the carrier concentration through local charge trapping. It also provides
compositional stability during the fabrication process of metal oxide semiconductor
devices. The importance of the local atomic structure information lies in the fact that the
microscopic properties, such as the dielectric response, the charge distribution, and band
gap, significantly depend on the local atomic distribution. We have, therefore,
summarized the XRD and EXAFS studies of HfO2-thin films deposited on silicon
substrate as follows.
The as-deposited films developed through atomic layer deposition [3,5,6], photo
induced chemical vapor deposition [7,9] and sputtering technique [18] and films
developed around 5000C through sol-gel preparation [10] have shown amorphous phases.
Pure monoclinic phase, however, have been observed in films when developed by sol-gel
process at temperature above 5000C. Monoclinic phases have also been observed in films
when subjected to post deposition thermal annealing [3,18,6]. It may be mentioned that
films subjected to post deposition rapid thermal annealing [3] as well as films grown by
chemical vapor deposition [8] at 4500C have become polycrystalline. Finally, the
transformation of orthorhombic to tetragonal to monoclinic phases in HfO2 films during
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post deposition annealing [5] and tetragonal to monoclinic phase transformation upon
increase in the substrate temperature [17] have also been observed.
One important outcome of the EXAFS studies on hafnium oxide [6] is that the
measured first-shell intensities in the two spectra of amorphous hafnium oxide (a-HfO2)
and crystalline hafnium oxide ( c-HfO2) films are almost identical which implies that the
number of near neighbors and the disorder along the Hf-O bond direction in a-HfO2 are
similar to those in c-HfO2. Therefore, the local structure of the a-HfO2 film has been
analyzed on the basis of monoclinic local structure as XRD studies has confirmed the
monoclinic phase in c-HfO2. The analysis has suggested that the local structure ordering
in a-HfO2 is similar to that of monoclinic HfO2 with seven near neighbors along the Hf-O
bond direction.
Because of its high refractive index and transparency over a wide spectral range
extending from deep ultraviolet to the mid-infrared regions [19,21,24,34,36] and high
laser-induced damage threshold [25,27,28,32,37], hafnium oxide has extensively been
used in the development of thin film optical coatings and multi-layered optical
components for use in the UV and infrared regions. These include anti-reflecting coating
[21,22,38,40], high reflectivity mirror [35], phase unifying mirror [41], heat mirror [23],
dichroic mirror [39], polariser [20], long pass UV-edge filter [29,30], UV-Raman edge
filter [26 ], etc. In course of laser damage studies and development of multilayered
optical thin film systems, hafnium oxide has been deposited mostly on silica substrates by
various

techniques.

These

include,

conventional

electron

beam

evaporation

[19,20,21,22,23,24], ion assisted electron beam evaporation [25,26,27,28,29,30,31],
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reactive electron beam evaporation [32,33] and various types of sputtering
[25,34,35,36,37,38,39].
The optical properties of hafnium oxide thin films have been found to be dependent
on various deposition techniques mentioned above and process parameters during the
deposition. While characterizing the optical properties of the deposited thin films of
hafnium oxide, the optical constants (n, k) of the films have been computed from the
transmission, reflection and thickness measurements. It has been reported that the films
coated by ion-assisted electron beam evaporation [30] have higher values for n, as
compared to that of the films deposited by conventional electron beam evaporation.
Although the values of k for the films deposited by both the techniques are quite small,
the ion assisted deposited film has higher value for k as compared to that of the film
deposited by conventional electron beam evaporation. As discussed in reference [35], the
films developed by ion beam sputtering have higher values for n and lower values for k in
the deep UV region as compared to those of the films developed by plasma ion assisted
deposition. When comparing the optical properties of thin films deposited by
conventional electron beam evaporation [23], r.f. magnetron sputtering [36] and reactive
magnetron sputtering [34,38], the highest values of n and the lowest values k of have
been reported in the deep UV to near infrared region corresponding to the film deposited
by reactive magnetron sputtering [34].
Recently, comprehensive studies have been carried out on the optical properties,
surface morphology, film homogeneity and crystal phases of hafnium oxide films
deposited on silica or quartz substrate. As usual, spectroscopic ellipsometry and
spectrophotometry have been applied for the measurements of refractive index, extinction
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coefficient, transmission and reflectivity in the deep UV to near infrared region of the
spectrum. Surface roughness and film homogeneity have been measured by atomic force
microscopy (AFM) and scanning electron microscopy (SEM) respectively, whereas, xray diffraction (XRD) have been applied for crystal phase studies of the thin films of
hafnium oxide. It has been reported that the as-deposited films produced by r.f.
magnetron sputtering [36] and reactive magnetron sputtering[38] are characterized by
amorphous phase, high transmissibility in the deep UV to near infrared wavelength
region and small values of surface roughness. Annealing the film to high temperature has
resulted in substantial reduction of the optical transmission and crystal phase transition to
monoclinic phase [38]. Thin films of hafnium oxide deposited by plasma ion assisted
electron beam evaporation [31] have been characterized for three samples corresponding
to low, medium and high values of plasma ion momentum transfer. It has been reported
that the films corresponding to low and high values of the momentum transfer have lower
refractive indices and higher optical band gaps as measured at 250 nm wavelength. For
both the cases, the films are characterized by inhomogeneous microstructure and
monoclinic phase. On the contrary, the film corresponding to the medium value of the
plasma ion momentum transfer has higher refractive index with lower optical band gap,
smaller value for surface roughness, homogeneous microstructure and amorphous phase.
Thus amorphous thin film of hafnium oxide having high refractive index, high
transmission and minimum surface roughness has been found to be very much suitable
for antireflection coating [38].
Hafnium oxide has also been used in the development of mixed composite films with
low index refractory materials. Binary oxide system of (HfO2:SiO2) has been studied for
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its suitability towards an alternate gate dielectric material. In course of this study, thin
films of hafnium silicate has been deposited on silicon substrate by electron beam
evaporation and sputtering [42]. High resolution transmission electron microscopy
(TEM) images have shown that both as-deposited and annealed films are amorphous
demonstrating the thermodynamic stability of the film with silicon. XRD studies of the
thin films of (HfO2:SiO2) prepared by chemical solution deposition on silicon wafer [43]
have been carried out for various % composition of HfO2 and annealing temperature. It
has been reported that the phase separation and crystallization of tetragonal HfO2 was
observed in the film having HfO2 concentrations ≥ 50% and ≤ 25% when annealed at
8000C and 10000C respectively. When XRD was performed on silica free HfO2 film,
crystallization of monoclinic HfO2 was observed after annealing at 500-12000C. XPS
studies have also been carried out on thin films of (HfO2:SiO2) prepared by sol-gel
process [44] on silica substrate for investigating the chemical composition of the thin
films as well as the nature of chemical bonds present. It has been reported that all the asprepared samples are characterized by high carbon content which reduced to very low
value after calcinations. In order to estimate the crystallization and microstructure of
HfO2 in the thin films of (HfO2:SiO2) on silica substrates having 70% HfO2 and 30%
SiO2 composition and prepared by sol-gel process [45], both XRD and EXAFS
experiments have been have carried out on these films subjected to various heat
treatments. It has been observed that the film remains fully amorphous at least up to
9000C, even after long heat treatment. Thermal annealing at 10000C for short period
resulted in the crystallization of HfO2 in the tetragonal phase. Partial transformation to
the monoclinic HfO2 phase had initiated after heat treatment at about 12000C for
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moderate period. It has been confirmed by EXAFS studies that part of the film
maintained still amorphous phase when heat treated at 11000C for a long period.
Composite thin films consisting of high-index and low-index materials have also
major role in the optical coating technology because of their of refractive index tunability
property[47]. Using composite thin films it has been possible to design thin film devices
with minimum number of layers in the stack. Studies on the optical properties of
(HfO2:MgF2) composite thin films deposited by electron beam evaporation [46] have
shown the refractive index variation in the range 1.38 to 1.91 for various deposition ratios
corresponding to 550 nm wavelength. Extensive studies have been made on morphology,
grain structure and optical properties of co-evaporated thin films of (HfO2:SiO2)
deposited by reactive electron beam evaporation on quartz substrate [48]. In course of
these studies, films have been grown with by varying (HfO2:SiO2) composition and phase
modulated ellipsometry and AFM have been successfully used to determine their
refractive index and surface roughness variations respectively. It has been reported that
the films with lower silica percentage composition have improved refractive indices and
band gaps, superior surface roughness as well as denser morphology as compared to
those of the pure hafnia film. In this report, we have discussed the microstructure and the
local structure of pure hafnium oxide thin film and composite thin films having varying
hafnia and silica compositions as prepared by reactive electron beam evaporation. XRD
and EXAFS measurements on these films have been carried out for estimating the
microstructure and the local structure around hafnium atom.
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2. Experiment
Several thin films samples of hafnium oxide and composite (HfO2:SiO2) were
deposited in a fully automatic box coating unit VERA-902 [48]. This coating system
contains two 8kW electron beam guns and two resistance sources which have been
interfaced with the process controller along with Inficon’s XTC/2 quartz crystal monitors
as well as Leybold’s OMS optical thickness monitor. Using various in-built and user
defined programs, the sources can be simultaneously operated to carry out the codeposition process. A cold cathode ion gun, Denton’s model CC102 is provided in the
coating system for performing ion beam cleaning as well as ion assisted deposition
(IAD). The rates of evaporation from individual sources is detected dynamically and
controlled to an accuracy better than 0.1 nm/sec while using the crystal monitors. The
deposition of the films was carried out using the electron gun with sweep and automatic
emission control. The coating materials HfO2 and SiO2 were chosen from Cerac’s batches
with a typical purity level of 99.9%. During the deposition process of the composite thin
films, the quartz substrate temperature was maintained at 3500C and the pressure was
kept at 1x10-4 mbar by using MKS mass flow controller. The optical thickness of the thin
films were maintained at 6-8 quarter waves corresponding to 600 nm. During the
deposition process the evaporation rate was continuously monitored and controlled as
required in the co-deposition process. In order to remove unwanted fluctuation in the rate
of evaporation, proportional, differential and integrated parameters of the thickness as
process control systems were optimized. Based on the accurate process control, hafnia
percentage in the composite films of (HfO2:SiO2) was varied in the range of 0-100%.

8

XRD measurements on the thin film sample containing pure hafnia and composite
thin films samples having varying hafnia and silica percentages were carried out using a
versatile x-ray diffractometer (VXRD) setup [49]. The main assembly of VXRD is a
diffractometer (D8 Discover, Bruker AXS) with Cu (sealed tube) source. A Göbel mirror
is used after the source in order to select and enhance CuKα radiation (λ = 1.54 Ǻ). The
diffractometer uses a two-circle goniometer [θ(ω)-2 θ] with quarter-circle Eulerian cradle
as sample stage. The latter has two circular (χ and φ) and three translational (X, Y and Z)
motions. Scattered beam was detected using NaI scintillation (point) detector. Powder
diffraction data were initially recorded by scanning both the incident angle (α) and the
exit angle (β) equally ( such that α = β = θ). Data collected in this way is sensitive to
whole sample. Since the thickness of the sample is very small it was necessary to make
the diffraction data sensitive to the top of the deposited film and powder diffraction data
were recorded by keeping the incident angle fixed at grazing angle and scanning the exit
angle such that β = θ. Fixing the incident angle at grazing angle reduced the penetration
depth and increased the illuminated area of the sample. In course of recording the data,
the value of θ of was optimized at 0.4 degree.
EXAFS experiments on the above mentioned thin film samples were carried out at
the BL17C1 beamline on the Twaiwan Light Source (1.5 Gev, 300 mA) which is located
at the National Synchrotron Radiation Research Center, Hsinchu, Taiwan. The heart of
the beamline is a Si(111) double crystal monochromator (DCM). During EXAFS
experiments, all measurements were performed at the L3 absorption-edge of hafnium.
Since x-ray photons are absorbed when transmitted through the quartz substrate of the
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thin films, the data were recorded in the fluorescent mode. Gas ionization chamber type
detectors were used to record the incident photons on the experimental samples as well as
the fluorescent photons from the samples.
3. Result and discussion
Fig.1(a) shows the recorded XRD pattern of the thin film sample made of 100% pure
HfO2 whereas Figs.1(b) to 1(d) are the recorded XRD patterns corresponding to the
composite thin film samples having (HfO2:SiO2) composition as (90%:10%), (85%:15%)
and (80%:20%) respectively. It may be seen from Fig.1(a) that pure hafnium oxide film
has crystalline microstructure with several peaks. While comparing these peaks with
powdered reference of hafnium oxide, it has been confirmed that the microstructure of
the deposited pure hafnium oxide film is not monoclinic. The exact nature of the
microstructure has, however, been established from the analysis of the EXAFS data. It
may be further seen from Figs.1(b) to 1(d) that the composite thin films of (HfO2:SiO2)
are amorphous having a broad peak in the XRD pattern. This broad peak which lies in the
range of (250-370) for 2θ is ascribed to the quartz substrate and amorphous hafnia.
The experimental data recorded at the L3 absorption-edge of hafnium during EXAFS
experiment on thin film samples prepared with pure hafnia as well as varying
(HfO2:SiO2) composition were processed by the well known software program ATHENA
[50] available under IFEFFIT package which first calculated the energy-dependent
absorption coefficient μ(E). After atomic absorption background subtraction, the program
converted the energy dependent absorption coefficient as a function of photoelectron
wave-number, k, defined by ħ2k2/2m = E – E0, where E is the incoming X-ray photon
energy and E0 is the absorption threshold energy and m is the electron mass. This
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photoelectron wave-number based absorption function χ(k) is called as EXAFS function.
Finally, the EXAFS function χ(k)’s are Fourier transformed (FT) using a Gaussian
window for k-range of [2.0-8Å-1] with a k2 weighting in order to account the large kregion fully. The FT operation is done in the R-space, where R is the radial distance
between the absorbing atom and the neighboring atom. For the pure HfO2 thin film, Fig.
2(a) represents the typical energy dependent absorption curve. Fig. 2(b) represents the
corresponding absorption curve in the k-space. Fig. 2(c) shows the plot of χ(R) which is
FT version of EXAFS function χ(k) in the R-space. Finally, figs.[3(a)-3(c)], [4(a)-4(c)],
[5(a)-5(c)], [6(a)-6(c)] show the energy dependent absorption curves (a), absorption
curves in the k-space (b) and the plots of FT spectra in R-space (c) corresponding to
composite thin films having varying (HfO2:SiO2) compositions of (90%:10%),
(80%:20%), (70%:30%) and (50%:50%) respectively. Fig.7 shows the combined plot of
FT spectra corresponding to pure HfO2 and composite thin films with varying
(HfO2:SiO2) compositions. It may be seen from this figure that the intensities as well as
the widths of the first shell (Hf-O) and second shell (Hf-Hf) peaks increase with the
variation of hafnia and silica concentrations when the thin film samples changes from
amorphous to crystalline phase (see figs.1). The lowest value of the first shell peak
intensity may, however, be noted with the film having small silica concentration of 10%.
It may be, also, seen from fig.7 that the widths of the first shell and the second shell
peaks are minimum for the film with this small silica concentration. When comparing the
second shell peaks, it may be clearly observed that the peak intensity is lowest
corresponding to the film with equal hafnia and silica concentrations. During EXAFS
studies, similar results for the peak intensities and peak widths in the FT spectra of pulsed
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laser deposited composite films of (HfO2:ZrO2) with the variation of hafnia and zirconia
concentrations have also been reported [16]. As reported in reference [48], two
dimensional AFM images of (HfO2:SiO2) composite thin films have depicted small grain
structure for the film with lower silica concentration. Therefore, the above mentioned
small peak widths in the FT spectrum corresponding to lower silica concentration in the
(HfO2:SiO2) composite thin film is attributed to the small grain structure in the film.
Detailed analysis of FT spectra in the R-space has been carried out in order to
extract the information on the distance of the neighbouring atom (R), coordination
number of the neighbouring atom (N) and mean-square disorder of neighbour distance
(σ2) around the hafnium atom. While analyzing the FT spectra, the software program
ARTEMIS [50] available under IFEFFIT package have been extensively used to fit the
Fourier transformed EXAFS spectra with the theoretical spectra which are calculated
based on the possible crystal phases of HfO2 and its lattice parameters and fractional
coordinates obtained from the literature. It has been reported in [5,45] that thin films of
pure HfO2 show various crystalline phases, namely, monoclinic, orthorhombic,
tetragonal, cubic phases, etc. during post deposition annealing. Polycrystalline phases of
pure HfO2 have, also, been identified when films are grown by chemical vapour
deposition [8] and atomic layer deposited films are subjected to rapid thermal annealing
[3]. Initially, we have considered all the single crystalline phases separately for carrying
out the fitting work. Figs.8, 9 and 10 show the fittings of the FT spectra with the
theoretically calculated spectra corresponding to pure HfO2 thin film when monoclinic,
orthorhombic and tetragonal phases are considered respectively. It may be clearly seen
that none of the pure crystalline models has been able to give good fitting result.
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Subsequently, we have considered the polycrystalline model of pure HfO2 thin film
consisting of monoclinic, orthorhombic and tetragonal phases. Fig.11 shows the fitting
result when combined monoclinic and orthorhombic phases are considered. It may be
seen from this figure that the fitting of the FT spectrum with the theoretical spectrum is
yet to be improved. Finally, the best fitting result shown in Fig.12 has been achieved
when mixed composition of monoclinic, orthorhombic and tetragonal phases is
considered. It may be seen from this figure that the fitted FT spectrum is multiply
structured with three broad peaks. As extracted from the fitting results, the peak with
highest intensity corresponds to the Hf-O bond whereas the remaining two peaks
correspond to two separate Hf-Hf bonds. Thus the long range ordering shown by the
multiple structure in the fitted FT spectrum has further established the crystalline
microstructure of the pure HfO2 thin film with mixed composition of monoclinic,
orthorhombic and tetragonal phases.
Figs.13 to 16 show the fitting of the FT spectra with the theoretically calculated
spectra corresponding to composite thin films having varying (HfO2:SiO2) compositions
of (90%:10%), (80%:20%), (70%:30%) and (50%:50%) respectively. It may be seen
from these figures that the fitted FT spectra have only two broad peaks. As discussed
earlier, the peaks with higher and lower intensities corresponds to Hf-O and Hf-Hf bonds
respectively. The limited number of broad peaks in the FT spectra is correlated with the
short range ordering which confirms the amorphous structure of these composite thin
films. It has been discussed in reference [6] that when the measured first-shell (Hf-O)
intensities in the FT spectra of amorphous (a-HfO2) and crystalline (c-HfO2) are almost
identical, the number of near neighbours and the disorder along the Hf-O bond direction
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in a-HfO2 are similar to those in c-HfO2. Therefore, the local structure of the a-HfO2 film
has been analyzed on the basis of monoclinic local structure of c-HfO2. It may be seen
from Fig.7 that the measured first-shell intensities in the FT spectra of the current c-HfO2
and amorphous (HfO2:SiO2) thin films are more or less similar. We have, therefore,
analyzed the local structure of amorphous (HfO2:SiO2) thin films around Hf atom on the
basis of the mixed crystalline local structure of pure HfO2 thin film. As discussed earlier,
the mixed crystalline local structure consists of monoclinic, orthorhombic and tetragonal
phases.
The results obtained through the EXAFS analysis of the FT spectra corresponding to
pure HfO2 thin film having polycrystalline microstructure and amorphous (HfO2:SiO2)
thin films as discussed above, have been summarized in Table.1. EXAFS studies on pure
HfO2 thin films [5,6,14,16,17] , HfSiO thin film[11] and composite (HfO2:SiO2) thin film
[45] prepared by various deposition methods and subjected to post deposition annealing
have shown variations of the bond length (R) and coordination number (N) corresponding
to (Hf-O) and (Hf-Hf) shells. The same has been observed when the results shown in
Table.1 have been compared with the published data corresponding to the atomic layer
deposited thin films [6] and the film deposited by sol-gel method [45]. The (Hf-O) and
(Hf-Hf) bond lengths corresponding to the

amorphous thin films having (HfO2:SiO2)

compositions of (90%:10%) and (70%:30%) shown in Table.1 are more or less similar to
those for the amorphous and partially amorphous thin films as reported in [6] and [45]
respectively. Also, the first shell (Hf-O) coordination numbers (7 and 6 ) corresponding
to amorphous thin films having (HfO2:SiO2) compositions of (90%:10%) and (70%:30%)
respectively, are identical to those for the above mentioned amorphous and partially
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amorphous thin films. However, the second shell (Hf-Hf) coordination numbers (7 and 6)
shown in Table.1 are not identical to the reported values corresponding to the amorphous
and partially amorphous thin films referred above. Although the first shell (Hf-O) and the
second shell (Hf-Hf) coordination numbers (7 and 7) shown in Table.1 corresponding to
pure HfO2 thin film having polycrystalline microstructure are identical to those for the
polycrystalline HfO2 reported in [45], the (Hf-O) and (Hf-Hf) bond lengths are slightly
different for the two cases.
It may be seen from Table.1 that as the silica percentage in the (HfO:SiO2) thin
film varies in the range 0-50% , both the (Hf-O) and (Hf-Hf) bond lengths vary. The
minimum values for these bond lengths correspond to the film having (HfO:SiO2)
composition of (90%:10%). The variation of the measured refractive index with the
variation of

(HfO:SiO2) composition in the thin film and the highest value of the

refractive index corresponding to the film having (HfO:SiO2) composition of (90%:10%)
has been reported in [48]. Considering amorphous (HfO:SiO2) thin film having finite
silica percentage composition, it may be seen from Table.1 that the bond lengths increase
as silica percentage increases from 10% to 50%. As reported in [48], the refractive index
of the amorphous (HfO:SiO2) thin film decreases along with the increase of band gap
when the silica percentage increases from 10% to 50%. Although, the respective (Hf-O)
and (Hf-Hf) bond lengths corresponding to the first and the second coordination shells
are more or less identical in the cases of pure HfO2 film and composite film having
(HfO:SiO2) composition of (50%-50%), the refractive indices of these two films are not
equal. This may be due to the fact that the additional (Hf-Hf) bonding corresponding to
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the third coordination shell present in the case of pure HfO2 film is missing in the case of
composite thin film.
Therefore, we have arrived at the following conclusions for amorphous (HfO2:SiO2)
thin film when the results of the present EXAFS study is correlated with those of the
ellipsometric studies reported in [48].
(1) Refractive index is maximum and (Hf-O) and (Hf-Hf) bond lengths are minimum
when silica percentage is 10%.
(2) As the silica percentage increases from 10% to 50%,
(a) (Hf-O) and (Hf-Hf) bond lengths increase.
(b) Refractive index decrease.
(c) Dielectric constant decrease.
(d) Band gap increase.
It has been reported that for most investigated high K materials [51,53], the band gap
is roughly inversely proportional to the dielectric constant. As the dielectric constant
increases, the band gap decreases. Decreasing of refractive index and dielectric constant
along with increasing (Si-Si) bond length has been reported in the case of ion plated SiO2
film [52], when the film is successively annealed in N2 ambient with increasing anneal
temperature. Decreasing of refractive index with increasing silica percentage have also
been observed in (TiO2:SiO2) composite thin films [47] prepared by co-deposition
technique. Finally, EXAFS studies on the Ti-Si binary oxide thin films [54] prepared by
using an ionized cluster beam deposition method have shown the change in local
structure with the change in TiO2 content. It has been reported that (Ti-O) bond length
increases with increasing TiO2 percentage in the Ti-Si binary oxide thin films in which
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the TiO2 species are highly dispersed within the SiO2 matrixes. In the case of
(HfO2:SiO2) composite thin films SiO2 species are most probably dispersed in HfO2
matrixes. This is may be the reason for the similarity of the bond length changes in the
(HfO2:SiO2) composite thin films and Ti-Si binary oxide thin films with changes of
SiO2 and TiO2 concentrations respectively.
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Fig.1(a): XRD pattern of pure HfO2 thin film
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Fig.1(b): XRD pattern of composite thin film with (HfO2:SiO2)
composition of (90%:10%)
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Fig.1(c): XRD pattern of composite thin film with (HfO2:SiO2)
composition of (85%:15%)
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Fig.1(d): XRD pattern of composite thin film with (HfO2:SiO2)
composition of (80%:20%)
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Fig.2(a): Energy dependent absorption curve of 100% HfO2 film

Fig.2(b): Weighted absorption curve in k-space for 100% HfO2 film

Fig.2(c): Plot of Fourier transformed [k2χ(k)] in R-space for 100% HfO2 film
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Fig.3(a): Energy dependent absorption curve for (90%:10%)(HfO2:SiO2) film

Fig.3(b): Weighted absorption curve in k-space for (90%:10%)(HfO2:SiO2) film

Fig.3(c): Plot of Fourier transformed [k2χ(k)] in R-space for (90%:10%)(HfO2:SiO2) film
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Fig.4(a): Energy dependent absorption curve for (80%:20%)(HfO2:SiO2) film

Fig.4(b): Weighted absorption curve in k-space for (80%:20%)(HfO2:SiO2) film

Fig.4(c): Plot of Fourier transformed [k2χ(k)] in R-space for (80%:20%)(HfO2:SiO2) film
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Fig.5(a): Energy dependent absorption curve for (70%:30%)(HfO2:SiO2) film

Fig.5(b): Weighted absorption curve in k-space for (70%:30%)(HfO2:SiO2) film

Fig.5(c): Plot of Fourier transformed [k2χ(k)] in R-space for (70%:30%)(HfO2:SiO2) film
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Fig.6(a): Energy dependent absorption curve for (50%:50%)(HfO2:SiO2) film

Fig.6(b): Weighted absorption curve in k-space for (50%:50%)(HfO2:SiO2) film

Fig.6(c): Plot of Fourier transformed [k2χ(k)] in R-space for (50%:50%)(HfO2:SiO2) film
28

1.6

(100%-0%)
(90% -10%)
(70% -30%)
(50% -50%)

-3

|χ(R)|(Å )

1.2

0.8

0.4

0.0
0

2

4

6

R (Å)
Fig.7: Combined plots of FT spectra in R-space corresponding to pure HfO2 and Composite thin films with varying (HfO2:SiO2)
compositions of (90%:10%), (70%:30%) and (50%:50%)
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Fig.8: Fitting of FT spectrum in R-space with the theoretical spectrum corresponding to
pure HfO2 thin film based on pure monoclinic phase
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Fig.9: Fitting of FT spectrum in R-space with the theoretical spectrum corresponding to
pure HfO2 thin film based on pure orthorhombic phase
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Fig.10: Fitting of FT spectrum in R-space with the theoretical spectrum corresponding to
pure HfO2 thin film based on pure tetragonal phase
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Fig.11: Fitting of FT spectrum in R-space with the theoretical spectrum corresponding to
pure HfO2 thin film based on combined monoclinic and orthorhombic phases
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Fig.12: Fitting of FT spectrum in R-space with the theoretical spectrum corresponding to
pure HfO2 thin film based on combined monoclinic, orthorhombic
and tetragonal phases

34

6

(HfO2:SiO2)(90%-10%)
1.4
1.2

experimental
theoretical

-3

|χ(R)|(Å )

1.0
0.8
0.6
0.4
0.2
0.0
0

2

4

R (Å)

Fig.13: Fitting of FT spectrum in R-space with the theoretical spectrum corresponding
to composite thin film having (HfO2:SiO2) composition of (90%:10%)
and amorphous structure
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Fig.14: Fitting of FT spectrum in R-space with the theoretical spectrum corresponding
to composite thin film having (HfO2:SiO2) composition of (80%:20%)
and amorphous structure
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Fig.15: Fitting of FT spectrum in R-space with the theoretical spectrum corresponding
to composite thin film having (HfO2:SiO2) composition of (70%:30%)
and amorphous structure
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Fig.16: Fitting of FT spectrum in R-space with the theoretical spectrum corresponding
to composite thin film having (HfO2:SiO2) composition of (50%:50%)
and amorphous structure
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Table 1
Structural parameters of the first (Hf-O), second (Hf-Hf) and third (Hf-Hf) coordination shells around hafnium in the thin film
samples of HfO2 and (HfO2 – SiO2) as obtained from EXAFS data modeling
Sample

First
coordination
shell (Hf-O)

Second
coordination
shell (Hf-Hf)

HfO2
( 100% )

( HfO2 – SiO2 )
( 80% - 20% )

( HfO2 – SiO2 )
( 70% - 30% )

( HfO2 – SiO2 )
( 50% - 50% )

N
(atoms)

7

7

7

6

6

R(Ǻ)

2.189

2.146

2.172

2.181

2.190

σ2(Ǻ2)

0.0317

0.0052

0.0039

0.0113

0.0252

N
(atoms)

7

7

7

6

R(Ǻ)

3.448

3.405

3.431

3.441

3.439

σ2(Ǻ2)

0.0317

0.0052

0.0039

0.0113

0.0252

N
(atoms)
Third
coordination
shell (Hf-Hf)

( HfO2 – SiO2 )
( 90% - 10% )

6

R(Ǻ)

3.804

σ2(Ǻ2)

0.0174
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