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In the present work we have reported the results of investigations on local structures of e-beam

evaporated (Gd2O3-SiO2) composite thin films by synchrotron based EXAFS measurements. The

evolution of local structure in the case of the Gd2O3-SiO2 system is found to be different from the

HfO2-SiO2 system reported by us earlier. The EXAFS analysis has shown that the Gd-O bond length

decreases monotonically as SiO2 content in the films increases. Also the amplitudes of the peaks in

the FT-EXAFS spectra of the samples, which depend jointly on the coordination numbers as well as

the Debye-Waller factors (measure of disorder) are found to decrease monotonically with increase in

SiO2 contents in the Gd2O3 matrix. Atomic force microscopy (AFM) measurements of the samples

also show continuous evolution of amorphous-like denser microstructure with increase in SiO2

content in the films. Hence incorporation of SiO2 in the Gd2O3 matrix, results in a continuous change

in oxygen coordination yielding a change in the Gd-O bond length and also results in a continuous

increase in amorphousness and a smoother morphology of the samples and, unlike the HfO2-SiO2

system, does not show any maximum for a particular SiO2 concentration. VC 2011 American Institute
of Physics. [doi:10.1063/1.3642083]

I. INTRODUCTION

Gadolinium oxide (Gd2O3) has been identified as a

very useful material for the semiconductor industry and

optical coating technology.1 High-k dielectric Gd2O3 has

been extensively used as low leakage current gate dielectric

in the development of GaAs based metal oxide semiconduc-

tor (MOS) diodes2,3 and GaAs and GaN based metal-oxide-

semiconductor field-effect transistors (MOSFETs).4–7 It has

also been demonstrated that epitaxial Gd2O3 films devel-

oped as the gate dielectrics for Si are comparable to the

state-of-the-art SiO2 gate oxide due to very low leakage

current.8

Because of its high refractive index and extended trans-

parency from the ultraviolet to infrared region of the spec-

trum,9 Gd2O3 has also proven its importance as a high

refractive index coating material in optical thin film technol-

ogy. In a series of publications,10–14 we have reported

the dependence of various structural and optical properties,

viz., surface topographies, microstuctures, viscoelasticity,

bandgap, refractive index etc., of reactive electron beam

deposited thin film optical coatings of Gd2O3 on different

process parameters, namely, reactive oxygen pressure, depo-

sition rate, substrate temperature etc. Using the optimized

process parameters for thin films of Gd2O3 and SiO2,

several types of multilayer high reflection filters have been

developed11 for ultraviolet and deep ultraviolet laser

wavelengths.

Composite thin films consisting of high-index and low-

index materials deposited through a co-deposition technique

have gained significant importance in the optical coating

technology because of their refractive index tunability prop-

erty. This has enabled one to design thin film devices with

minimum number of layers in the stack. In our earlier com-

munication,15,16 we have reported the refractive index and

bandgap tunability in e-beam deposited composite (Gd2O3-

SiO2) thin films. Composite films of Gd2O3-SiO2
15,16 have

shown superior micro-structural and morphological proper-

ties as compared to those of pure Gd2O3 thin film and have

shown better potential as high-k dielectric material and high

refractive index material for fabrication of multilayer dielec-

tric coatings.

Retention of the amorphousness of the composite films

is an important criterion for its application in both as high-k

dielectric and optical multiulayers, since amorphous struc-

ture with small grain size leads to high density and high re-

fractive index in thin films, which also helps in preventing

the leakage current, and incorporation of SiO2 has been

found to help in retaining the amorphous phase in high-k

dielectrics up to a relatively higher temperature.17–20 We

have in an earlier communication21 investigated the micro-

scopic reason for enhanced amorphousness and superior op-

tical properties of the HfO2-SiO2 composite films by

carrying out synchrotron-based extended x-ray absorption

fine structure (EXAFS) measurements on these films. In the

present communication, we have carried out EXAFS meas-

urements on pure Gd2O3 and composite (Gd2O3-SiO2) thin

films and compared them with the previously reported results

on HfO2-SiO2 composite films.
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II. EXPERIMENTAL SECTION

The present set of Gd2O3-SiO2 composite films with dif-

ferent Gd2O3 to SiO2 ratios have been prepared by a reactive

co-evaporation technique where 99.9% pure Gd2O3 and SiO2

powders were evaporated simultaneously using two 8 kW

electron beam guns on quartz substrates maintained at

350 �C.11 The rates and thickness of the coatings were moni-

tored in situ using Inficon’s XTC/2 quartz crystal monitors

and Leybold’s OMS-2000 optical thickness monitors. High

purity O2 is bled into the system in a controlled fashion

through a MKS mass flow controller to compensate for the

dissociation of the oxide evaporants. The O2 flow is con-

trolled so that pressure inside the chamber remains constant

at�1� 10�4 mbar during deposition.

EXAFS experiments on the above mentioned thin film

samples were carried out at the BL17C1 beamline on the

Taiwan Light Source (1.5 Gev, 300 mA) at the National Syn-

chrotron Radiation Research Center, Hsinchu, Taiwan.22 The

beamline uses a Si(111) double crystal monochromator

(DCM) and the measurements have been carried out in the

fluorescence mode at the L3 absorption-edge of gadolinium

at 7.2 keV.

Grazing incidence x-ray diffraction (GIXRD) measure-

ments on these films have been carried out using Cu Ka radi-

ation in a versatile diffractometer (model D8, Discover,

Bruker AXS). Because 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 area of the sample near its surface.

III. RESULTS AND DISCUSSION

Figure 1 shows the absorption spectra (lðEÞ versus E) of

composite (Gd2O3-SiO2) thin films with composition ratios

of (100-0), (90-10), and (70-30), respectively. In order to

take care of the oscillations in the absorption spectra, the

energy dependent absorption coefficient l(E) has been con-

verted to the absorption function v(E), defined as follows:23

vðEÞ ¼ lðEÞ � l0ðEÞ
Dl0ðE0Þ

(1)

where E0 is absorption edge energy, l0(E) is the bare atom

background, and Dl0(E0) is the step in the l(E) value at the

absorption edge. After converting the energy scale to the

photoelectron wave number scale (k), as defined by

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mðE� E0Þ

�h2

r
(2)

the energy dependent absorption coefficient v(E) has been

converted to the wave number-dependent absorption coeffi-

cient v(k), where m is the electron mass. Finally, v(k) is

weighted by k2 to amplify the oscillation at high k and the

v(k) k2 functions are Fourier transformed in R space to gener-

ate the v(R) versus R (or FT-EXAFS) spectra in terms of the

real distances from the center of the absorbing atom.

Figures 2(a), 2(b), and 2(c) show the experimental vðRÞ
versus R spectra of composite (Gd2O3-SiO2) thin films with

composition ratios of (100-0), (90-10), and (70-30) respec-

tively. It may be seen from Fig. 2 that the first shell peak in-

tensity gradually decreases with the increase of SiO2

percentage, and that there is a shifting of the second shell

maxima. A similar type of local structure evolution with the

grain size variation in (Gd2O3-HfO2) and (Gd2O3-ZrO2)

nanocrystalline powders as marked by the first shell peak

intensity variation as well as shifting of the second shell

maxima in the v(R) versus R spectra has been reported by

Menushenkov et al.24

FIG. 1. l vs E spectra of (Gd2O3-SiO2) composite thin films with composi-

tion ratios of (a) (100-0), (b) (90-10), and (c) (70-30).

FIG. 2. Experimental vðRÞ vs R spectra along with best-fit theoretical plots

for (Gd2O3-SiO2) composite thin films with composition ratios of (a) (100-0),

(b) (90-10), and (c) (70-30).
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As discussed in the previous section, the crystallinity of

the samples has been investigated by grazing incidence x-ray

diffraction (GIXRD) measurements on pure Gd2O3 and com-

posite (Gd2O3-SiO2) thin films. Figures 3(a), 3(b), and 3(c)

show the GIXRD (h-2h scan) patterns of pure Gd2O3 and

composite (Gd2O3-SiO2) thin films having 10% and 30%

silica contents respectively. It may be seen from Fig. 3(a)

that the GIXRD pattern of pure Gd2O3 thin film consists of

an amorphous-like broad peak indicating the absence of any

crystalline structure in the film.25 The addition of 10% silica

has significantly broadened this peak (Fig. 3(b)), which con-

firms the increase of amorphousness in the composite thin

film and the peak broadens further as SiO2 content is

increased to 30% (Fig. 3(c)).

It should be noted that the R axes in the above figures

(Fig. 2) do not represent the actual distances from the

absorbing atom; rather, they represent the distances without

phase shift corrections and hence the peak positions do not

exactly correspond to the bond distances. In order to obtain

the actual quantitative information on the local structure

variation of the composite (Gd2O3-SiO2) thin film, the bond

distance and coordination number of the neighboring atoms

(N) around the Gd atom have been evaluated by fitting the

experimental v(R) versus R spectra with the theoretical spec-

tra. It should be mentioned here that a set of EXAFS data

analysis programs available within the IFEFFIT package was

used for the above analysis.26 This includes data reduction

and Fourier transform to derive the vðRÞ versus R spectra

from the absorption spectra, generation of the theoretical

EXAFS spectra starting from an assumed crystallographic

structure, and, finally, fitting of the experimental data with

the theoretical spectra using the FEFF 6.0 code. It may be

mentioned that powder Gd2O3 mostly exists in monoclinic

and cubic types of crystallographic phases.27–29 Referring to

Fig. 3(a), since the GIXRD spectrum of pure Gd2O3 thin film

shows an amorphous-like broad feature, which broadens fur-

ther as SiO2 incorporation in Gd2O3 matrix is increased; the

theoretical EXAFS spectra of pure Gd2O3 and composite

(Gd2O3-SiO2) thin films have been simulated assuming an

amorphous nature of the samples. The bond distances, coor-

dination numbers (including scattering amplitudes), and

Debye-Waller factors (r2) specifying the mean-square fluc-

tuations in the bond distances, have been used as the fitting

parameters.

The best fitted v(R) versus R spectra for the (Gd2O3-

SiO2) samples with composition ratios of (100-0), (90-10),

and (70-30) respectively have also been shown in Figs. 2(a),

2(b), and 2(c) along with the experimentally derived spectra.

As extracted from the fitting results, the peak with highest in-

tensity corresponds to the (Gd-O) bond and the remaining

two peaks correspond to two separate (Gd-Gd) bonds. The

local structural parameters of the first two coordination shells

around a Gd atom as extracted from the fitting have been

summarized in Table I for various samples. It may be seen

that (Gd-O) and (Gd-Gd) bond lengths (R), coordination

number (N), and mean-square fluctuation (r2) in the bond

distance change with the variation of SiO2 composition in

the thin film samples. It may be mentioned that the (Gd-O)

bond length of pure Gd2O3 thin film is more or less similar

to that of epitaxially grown Gd2O3 thin film as reported by

Nelson and Woici.30 It also may be seen that as the SiO2

content increases from the zero value in the composite

(Gd2O3-SiO2) thin films, the Gd-O bond lengths decrease

monotonically. The variation of (Gd-O) bond length with

compositional change has also been reported by Nakagawa

et al.31 for the (Gd2O3-CeO2) binary system. Figures 4(a)

and 4(b) show the bond length variation with SiO2 content in

the composite (Gd2O3-SiO2) thin film as obtained from

EXAFS experiment. It can also be seen from Fig. 2 that the

FIG. 3. GIXRD spectra of (a) pure Gd2O3 and (Gd2O3-SiO2) composite thin

films with composition ratios of (b) (90-10), and (c) (70-30).

TABLE I. Structural parameters bond length (R) and coordination number (N) corresponding to the first (Gd-O) and the second (Gd-Gd) coordination shells

around a atom as obtained from EXAFS data analysis of pure Gd2O3 and (Gd2O3-SiO2) composite.

Gd2O3 (Gd2O3-SiO2) (Gd2O3-SiO2) (Gd2O3-SiO2)

Sample Parameter (100%) (90%-10%) (80%-20%) (70%-30%)

First coordination shell (Gd-O) N (atoms) 8.71 6 0.13 8.37 6 0.11 8.04 6 0.10 7.52 6 0.11

R(Å) 2.413 6 0.007 2.409 6 0.011 2.404 6 0.006 2.389 6 0.008

r2(Å2) 0.0128 6 0.0015 0.0132 6 0.0082 0.0120 6 0.0012 0.0132 6 0.0015

Second coordination shell (Gd-Gd) N (atoms) 9.50 6 0.18 9.31 6 0.27 9.13 6 0.35 7.56 6 0.25

R(Å) 3.244 6 0.039 3.242 6 0.058 3.245 6 0.035 3.232 6 0.036

r2(Å2) 0.0181 6 0.0062 0.0697 6 0.0104 0.0371 6 0.0057 0.0317 6 0.0055
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decrease in bond length also accompanies a monotonic

decrease in the amplitudes of the first and second peaks in

the v(R) versus R (FT-EXAFS) spectra of the samples.

The above trend of variation of Gd-O and Gd-Gd bond

lengths for the Gd2O3-SiO2 composite films are similar to the

HfO2-SiO2 composite films reported earlier by us,21 where

also it had been observed that the amplitude of the first and

second peaks in the v(R) versus R (FT-EXAFS) spectra of the

samples follow the same trend as the Hf-O and Hf-Hf bond

lengths with the height of the peaks being minimum for the

sample with 10% SiO2, for which the bond lengths are also

found to be minimum and the amplitudes of the peaks

increase further along with the bond lengths with an increase

in SiO2 content in the films. Several other authors32–35 have

also reported the change in oxygen coordination surrounding

Hf atoms due to incorporation of more covalent SiO2 in ionic

HfO2 lattice, while Cho et al.36 have indicated that creation of

oxygen vacancies surrounding Hf atoms change the Hf-O

bond lengths along with the O-coordination due to rearrange-

ment of Coulombic interactions. In other words, for HfO2-

SiO2 and Gd2O3-SiO2 composite thin film system, the change

in bond lengths is associated with the change in oxygen coor-

dination of Hf and Gd atoms.

However, apart from the coordination number, ampli-

tudes of the peaks in FT-EXAFS spectra also include the

effect of disorder through the Debye-Waller factor term (r2)

and, from the GIXRD measurements on the samples, as dis-

cussed above, we have observed an increase in amorphous-

ness in the samples with an increase in SiO2 content. It

should also be mentioned here that for Gd2O3-SiO2 compos-

ite films, rms roughness obtained from atomic force micros-

copy (AFM) measurements decreases monotonically

(implying evolution of more amorphous-like denser mor-

phology) with an increase in silica content, as shown in Fig.

4(c). Although AFM measurement does not directly yield in-

formation regarding crystallinity of samples, it is well estab-

lished in the literature that surface roughness of

polycrystalline films, irrespective of the preparation meth-

ods, increases as crystallinity of the samples improves

because of the evolution of grain structures. For example,

Tang et al.37 have observed for their sol-gel deposited

PbZrO3 films, that the rms roughness increases from 0.4 nm

for an amorphous film to 1.2 nm for a well-crystallized film.

Park et al.38 have observed a sharp increase in rms roughness

as the AFM tip enters from the amorphous region to the crys-

talline region for their organic rubrene thin films. Similar

results of an increase in surface roughness with improvement

in crystallinity were observed for rf magnetron sputter de-

posited Ta2O5 films by Lee et al.39 and Huang et al.40 Sur-

face roughness of crystalline Ba0.5Sr0.5TiO3 films deposited

by laser ablation41 and of thermal plasma deposited ZnO

films42 was observed to be significantly higher than their

amorphous counterparts. Hence the EXAFS measurement

results on our Gd2O3-SiO2 composite films show that with

an increase in SiO2 content in the films, along with the

change in oxygen coordination, which results in a decrease

in bond lengths and height in the Gd-O peaks in the v(R) ver-

sus R spectra of the samples, the morphology of the samples

also becomes more and more smooth because of a gradual

increase in amorphousness in the composite films.

The above results agree with those obtained in the case

of a HfO2-SiO2 system also.21 However, unlike in the case

of (HfO2-SiO2) composite thin films,21 the change in Gd-O

bond lengths, oxygen coordination due the incorporation of

SiO2, or evolution of amorphousness decreases monotoni-

cally with increase in SiO2 content in the films and do not

show a maximum for 10% SiO2 content.

IV. SUMMARY AND CONCLUSION

Thus in summary, from the synchrotron-based EXAFS

measurements, it has been found that for composite (Gd2O3-

SiO2) thin films, oxygen coordination of Gd decreases along

with an increase in amorphousness in the samples monotoni-

cally with the increase in SiO2 content in the films. This

results in a decrease in the amplitude of the Gd-O peak in the

FT-EXAFS spectra of the samples along with a decrease in

Gd-O bond length, while AFM measurements show continu-

ous evolution of denser microstructure in the films with an

increase in SiO2 content due to an increase in amorphousness

in the samples. It has also been observed that all of the above

variations are monotonic with respect to SiO2 content in the

films and do not show any maximum at any particular SiO2

percentage, as in the case of the HfO2-SiO2 composite thin

film system.
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