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In the present work we have reported the results of investigations on local structures of e-beam
evaporated (HfO,—Si0,) composite thin films by synchrotron based extended x-ray absorption fine
structure measurements. It has been observed that for the composite film with 10% SiO, content,
both Hf—O and Hf-Hf bond lengths are less than their values in pure HfO, film. However the bond
lengths subsequently increase to higher values as the SiO, content in the composite films is
increased further. It has also been observed that at the same composition of 10% SiO, content, the
films have smallest grain sizes (as obtained from atomic force microscopy measurements) and
highest refractive index (as obtained from spectroscopic ellipsometry (SE) measurements) which
suggests that the e-beam evaporated HfO,—Si0, composite films with 10% SiO, content leads to the

most compact amorphous thin film
[doi:10.1063/1.3465328]

I. INTRODUCTION

Hafnium oxide (HfO,) has extensively been studied as a
promising high-K dielectric' to replace conventional silicon
oxide (SiO,) gate dielectric in the complementary metal-
oxide semiconductor technology due to its high melting
point, relatively high refractive index and its superior ther-
mal and chemical stability in contact with silicon. It is well
established that amorphousness is highly desirable in high-K
gate oxide materials for their application in metal-oxide
semiconductor devices since the absence of grain boundaries
in amorphous materials prevents the leakage current.” Addi-
tion of SiO, in HfO, has shown to increase its crystallization
temperature to higher value, enabling appearance of amor-
phous phases upto a higher temperature. Afify et al.™ have
reported an enhancement of crystallization temperature upto
1060 °C for HfO,-SiO, powder prepared by sol-gel tech-
nique, while Neumayer and Cartier® have reported a crystal-
liastion temperature of 1000 °C for spin coated HfO,-SiO,
composite films. Increase in crystallization temperature has
also been reported by Morais et al.” for reactively sputtered
HfSiO films deposited from a HfSi target. Since HSO
(HfO,-Si0, binary oxide mixture) is found to be thermody-
namically stable in contact with Si, it is being considered as
a potential replacement for SiO, as gate dielectric material in
CMOS transistor.®

HfO, has also been exploited as a high refractive index
material for fabrication of multilayer dielectric coatings.9
Use of HfO,—SiO, composite film in lieu of pure HfO, has
been exploredlo’11 for tuning the band gap and refractive in-
dex of the high index layer which ultimately leads to the
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development of multilayer optical coatings with relatively
smaller number of layers and also helps in extending the
range of its application to deep UV. Retention of the amor-
phousness of the composite film is an important criterion
also for its application in optical multilayer coatings since
amorphous structure with small grain size leads to high den-
sity and high refractive index in thin films.'"” Thus
HfO,-Si0, composite film together with its amorphous mi-
crostructure is useful in fabrication of rugate filters and other
special multilayers, that require intermediate refractive in-
dex, not available from standard materials.'?

Though several authors have so far reported preparation
of HfO,—-SiO, composite films and its characterizations by
different techniques,4’6’8 a systematic atomic scale local
structure investigations on the composite films over a large
range of SiO, content still remains to be explored. In the
present study, the local structures of the reactive e-beam
evaporated pure HfO, and composite HfO,—SiO, films have
been investigated by synchrotron based extended x-ray ab-
sorption fine structure (EXAFS) technique which is an ele-
ment specific tool and can be applied to both crystalline and
amorphous structures. The bond length variations observed
in the (HfO,-Si0,) composite films as a function of compo-
sition have been correlated with their refractive index varia-
tion as reported by us carlier."

Il. EXPERIMENTAL SECTION

The thin film samples were deposited in a fully auto-
matic box coating unit “VERA-902” (Vacuum Technique,
Dresden) adopting reactive electron beam evaporation
technique.13 This coating system is equipped with three 8
kW electron beam guns which are interfaced with the pro-
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FIG. 1. w vs E spectra of (a) pure HfO, and (b) a representative composite
thin films with (HfO,:SiO,) ratio of (70:30).

cess controllers along with Inficon’s XTC/2 quartz crystal
monitors and Leybold’s OMS-2000 optical thickness moni-
tors. For the preparation of the present set of HfO,—SiO,
composite films by codeposition, 99.9% pure HfO, and SiO,
were evaporated simultaneously from two different e-beam
sources. During the deposition process the substrate (quartz)
temperature was maintained at 350 °C and high purity O, is
bleeded into the system to compensate for the dissociation of
the oxide evaporants. The O, flow is controlled by a MKS
mass flow controller so that pressure inside the chamber re-
mained constant at ~1 X 10™* mbar during deposition. The
evaporation rates from individual sources were detected and
monitored dynamically by the crystal monitors. Using the
above process control, HfO,—SiO, composite films with dif-
ferent HfO, to SiO, ratio had been prepared.

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) at the National
Synchrotron Radiation Research Center, Hsinchu, Taiwan.
The beamline uses a Si(111) double crystal monochromator
(DCM) and the measurements have been carried out in the
fluorescence mode at the L5 absorption-edge of hafnium with
Fe foil as a reference material for on-line calibration of the
monochromator.

Grazing incidence x-ray diffraction (GIXRD) measure-
ments on these films have been carried out using Cu K, ra-
diation in a versatile diffractometer (Model D8, Discover,
Bruker AXS). Since the measurements have been carried out
on thin film samples the data were recorded by keeping the
incident angle fixed at a grazing angle in order to keep the
probing region of the sample near its surface.

lll. RESULTS AND DISCUSSION

Figure 1 shows the experimental EXAFS (u versus E)
spectra of the pure HfO, and a representative composite film
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FIG. 2. x(R) vs R spectra of a pure HfO, and composite thin films with
(HfO,:Si0,) ratio of (90:10), (80:20), (70:30), and (50:50).

having HfO,:SiO, ratio of (70:30) measured at the Hf L,
edge. Since the oscillations in the absorption spectra are im-
portant, the experimentally obtained u versus E data are first
converted to x(E) versus E, where x(E) is defined as
follows:'*

_ ME) — po(E)
= stk

where, E; is the absorption edge, uo(E) is the bare atom
background, and Au(E,) is the step in the u(E) value at the
absorption edge. The energy scale is also converted to the
wave number scale k, given by:

2m(E -
P /%, 2)

x(k) is weighted by k> to amplify the oscillations at high k
and finally the y(k)k? versus k spectra is Fourier transformed
to generate the y(R) versus R spectra in terms of real dis-
tances from the center of the absorbing atom.

Figure 2 shows the x(R) versus R spectra of pure HfO,
and composite thin films having varying (HfO,:SiO,) ratios
of (90:10), (80:20), (70:30), and (50:50) respectively. Quali-
tative comparison of the above spectra with that presented by
Afify et al.*® for amorphous and crystalline HfO,—-Si0O,
samples shows that the present set of spectra resembles more
to that of the amorphous phase. However, it may also be seen
from Fig. 2 that the intensities of the first shell and the sec-
ond shell peaks are less in the composite films compared to
that in pure HfO, film manifesting enhancement of amor-
phousness in the composite films compared to the polycrys-
talline nature of pure HfO, film as reported by other workers
alsol >0 1¢ may also be seen from Fig. 2 that the first shell

, (1)
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FIG. 3. Experimental y(R) vs R spectra with best-fit theoretical plots for (a)
pure HfO, and (b) a representative composite thin films with (HfO,:SiO,)
ratio of (90:10).

peak intensity is lowest corresponding to the film having
silica concentration of 10% indicating that the film is highly
amorphous. The above observation is consistent with our ear-
lier detail morphological studies on these samples by atomic
force microscopy (AFM) where it was observed that with the
incorporation of 10% SiO, in HfO, films, there is an im-
provement of morphological parameters of the films com-
pared to pure HfO, film with a decrease in power spectral
density function, improvement in height-height correlation
function, decrease in surface roughness and evolution of a
perfect Gaussian grain structure dsitribution."!

The experimental y(R) versus R spectra for the pure
HfO, film and the representative composite film with
HfO,:Si0, ratio of (90:10) have been shown in Figs. 3(a)
and 3(b), respectively. It can be seen from the above figures
qualitatively that, apart from the decrease in peak heights,
there is a clear shift in both the first and second shell peaks
of the composite film toward lower R values depicting de-
crease in the (Hf-O) and (Hf-Hf) bond lengths due to in-
crease in amorphousness of the sample. In order to extract
quantitative information on the bond distance (R) and coor-
dination number of the neighboring atoms (N) around the Hf
atom, the experimental y(R) versus R spectra have been fit-
ted with theoretical spectra. It should be mentioned here that
a set of EXAFS data analysis program available within the
IFEFFIT package was used for the above analysis.17 This in-
cludes data reduction and Fourier transform to derive the
x(R) versus R spectra from the absorption spectra, genera-
tion of the theoretical EXAFS spectra starting from an as-
sumed crystallographic structure and finally fitting of the ex-
perimental data with the theoretical spectra using the FEFF 6.0
code. The bond distances, co-ordination numbers (including
scattering amplitudes) and Debye—Waller factors (o), which
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FIG. 4. XRD pattern of (a) pure HfO, and (b) a representative composite
thin films with (HfO,:SiO,) ratio of (90:10).

give the mean-square fluctuations in the distances, have been
used as fitting parameters. The best fit theoretical spectra for
the pure HfO, film and the HfO,—Si0O, composite film have
also been shown in Figs. 3(a) and 3(b) along with the experi-
mental spectra. As extracted from the fitting of y(R) versus R
spectrum, the peak with highest intensity corresponds to the
(Hf-O) bond whereas the remaining two peaks correspond to
two separate (Hf-Hf) bonds.

The crystalline structure of the pure HfO, film has been
confirmed by the GIXRD measurements, the spectrum (in-
tensity versus 26) being shown in Fig. 4(a). The peaks in the
spectrum have been compared with the standard reference
data'® of HfO, for different possible crystalline phases, viz.,
monoclinic, tetragonal and orthorhombic,6’16’19’20 however,
the XRD spectrum of the HfO, film, though having few dis-
tinctive peaks, does not correspond preferentially to any of
the above structure and thus indicates mixed-phase or ran-
dom polycrystalline nature of the sample. GIXRD spectra of
the HfO,—SiO, composite films, on the other hand, show
amorphous-like broad features. The XRD spectrum of the
composite film with HfO,:SiO, ratio of 90:10 being shown
in Fig. 4(b) where all the sharp XRD features are found to
disappear confirming a homogenous amorphous structure.
Since the local structures for polycrystalline and amorphous
phases are generally similar, the theoretical EXAFS spectra
of pure HfO, and composite HfO,—SiO, films have been
simulated assuming amorphous nature of the samples.

The local structural parameters for the first two coordi-
nation shells around the Hf-atom, as extracted from the fit-
ting of the experimental Fourier transform (FT) spectra of
the different samples with their respective theoretical spectra,
have been summarized in Table I along with the expected
uncertainties. It may be seen that both the Hf—O and Hf-Hf
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TABLE I. Structural parameters bond length (R) and coordination number (N) corresponding to first (Hf~O) and second (Hf-Hf) coordination shells around
hafnium atom in thin film samples of pure HfO, and (HfO,:SiO,) composite as obtained from EXAFS data analysis.

(HfO,—-Si0,) (HfO,-Si0,) (HfO,—SiO,) (HfO,—Si0,) (HfO,—Si0,)
Sample (100%—0%) (90%—10%) (80%—20%) (70%-30%) (50%—-50%)
First coordination shell N (atoms) 7+0.2 7+0.3 7+0.3 6+0.2 6+0.2
(Hf-O) R(g) 2.189+0.005 2.146 =0.005 2.172 +0.006 2.181+0.005 2.190 = 0.006
02(1&2) 0.0317 £0.001 0.0052 £ 0.001 0.0039 +0.002 0.0113+0.002 0.0252 +0.002
Second coordination shell N (atoms) 7+0.3 7+0.3 702 6+0.2 5+0.3
(Hf-Hf) R(/K) 3.448 =0.005 3.405 £0.006 3.431 £0.005 3.441 £0.005 3.439 = 0.006
(72(1&2) 0.0317 £0.001 0.0052 £0.002 0.0039 +0.001 0.0113+0.001 0.0252 +0.002

bond lengths (R) and coordination numbers (N) change with
the variation in silica compositions in the samples. It can be
seen that the bond lengths are less for the composite films
with 10% SiO, content compared to pure HfO, film. How-
ever, the bond lengths increase with the increase in SiO,
content in the composite films beyond 10%. The ¢ values
(which gives the average fluctuation in the bond lengths) is
also found to be minimum for the film with SiO, content of
10%. The results also agree well with the trend reported by
Affify et al.*> who have also found that for sol-gel deposited
amorphous HfO,-Si0, films, Hf~O and Hf-Hf bond lengths
are less compared to pure HfO, compound and the bond
lengths increase as the crystallinity of the samples improves
with annealing. The above facts along with the AFM results,
reported carlier," suggest that HfO,—SiO, composite films
described here with 10% SiO, content leads to the most com-
pact amorphous structure.

To investigate the dielectric response of the above films
on their local atomic distribution, efforts have been given to
correlate the variation in bond lengths with the change in
refractive index of the composite (HfO,—Si0,) films. Figure
5 shows the variation in refractive index (@550 nm), along
with the probable uncertainties in its value, with the silica
percentage in the composite (HfO,—Si0,) films based on our
ellipsometric measurements as reported carlier.'" Tt may be
seen that the refractive index for the composite film with
10% SiO, content is higher than that of pure HfO,, though it
subsequently decreases continuously with the increase in
silica percentage beyond 10% in the films. The (Hf~O) and
(Hf-Hf) bond lengths for the composite (HfO,—SiO,) films
obtained from the EXAFS measurements are also shown in
Fig. 5 along with the probable uncertainties in their values.
The above figure clearly reveals a strong correlation between
the refractive index and the local structure of the composite
HfO,-Si0, films. The refractive index of the films increases
as the bond lengths decrease with the maximum value of the
refractive index being obtained for the sample with the 10%
silica content which is also having minimum values of the
(Hf-O) and (Hf-Hf) bond lengths. Beyond 10% of silica
composition in the composite films, refractive index de-
creases as the bond lengths increase. It may be mentioned
that the variation in refractive index and dielectric constant
with the variation in (Si—Si) bond length has also been re-
ported by Yeh and Chen®' for SiO, thin films annealed at
different temperatures.

IV. SUMMARY AND CONCLUSIONS

In summary, local structures of e-beam evaporated pure
HfO, and composite (HfO,-SiO,) thin films have been in-
vestigated by EXAFS analysis. Variation in bond lengths
around hafnium atom with the change in silica percentage in
the composite thin films of (HfO,—Si0,) as obtained by the
EXAFS studies is correlated with the change in refractive
index of the films. It has been confirmed that as the silica
percentage increases in the composite film, both Hf~O and
Hf-Hf bond lengths decrease initially to attain minimum val-
ues and subsequently increase to higher values resulting in
the decrease in refractive index. The lowest values of the
bond lengths occur when the refractive index of the compos-
ite thin film is maximum corresponding to 10% silica content
in the film which is also having highly amorphous micro-
structure with smoother morphological properties.
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