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Single-layer mixture coatings of Zr0,-Si0, and Nb,0,-Si0, produced by the ion beam sputtering (IBS) deposition technique
were investigated in detail. Effective medium approximation (EMA) models and two non-optical methods, namely Rutherford
backscattering spectroscopy (RBS) and X-ray photoelectron spectroscopy (XPS) were applied for characterization of elemental
composition of these films. The comparison of obtained results indicates discrepancies in atomic material concentrations. The
reasons and potential sources of such discrepancies are discussed qualitatively and indicate limitations of optical models.
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1. Introduction

The IBS technology is well suited for production of
high quality optical coatings and has some advan-
tages compared to traditional evaporation tech-
niques (electron-beam evaporation, ion-assisted
deposition etc.) [EI, E]. Moreover, very complex de-
signs can be realized by using the so-called “zone
target” approach to mix the materials at an atomic
level thus varying the refractive index in a continu-
ous and well controllable manner [@]. Such IBS-
based material mixing approach opens up complete-
ly new possibilities in optical and laser applications
[é]. Furthermore, films of mixed materials are also
known to exhibit very good physical features: re-
duced optical losses [@], better mechanical proper-
ties [[L1]], and higher resistance to laser irradiation
(112, [13]. However, before implementation of mate-
rial mixing technology into the production of more
advanced coatings, it is important to understand
how the materials are mixed at a molecular level.
For this purpose the effective medium approxima-
tion (EMA) based on the mixed particle model is
frequently used to determine the volumetric frac-
tions of materials in mixture coatings. The EMA ap-
proach is a relatively simple technique which is also
sensitive to many factors and therefore sometimes
results in non-accurate evaluations [[14]]. To evaluate
the validity of EMA-based techniques for IBS coat-

ings we directly compare the obtained results with
those of other non-optical techniques — Rutherford
backscattering spectroscopy (RBS) and X-ray pho-
toelectron spectroscopy (XPS). RBS is known to be
an accurate way for determining atomic concentra-
tions of elements [@, @]. XPS is a surface chemi-
cal analysis technique that can be used to analyse
elemental composition and chemistry of a material.
Sometimes, as in this case, the material is measured
after etching it with Ar* ions [@]. A direct compari-
son between optical and non-optical techniques can
provide an important information about the short-
comings of EMA models and which approximation
better describes the composition of the coatings.

2. Experiment

2.1. Preparation of thin film samples

All films were produced on the 25.4 mm diameter
Fused Silica (FS) substrates. The ion-beam sputtering
(IBS) technique was used for deposition of experi-
mental coatings. Two vacuum pumps (cryopump and
dry mechanical pump) were equipped for obtaining
the vacuum of the base pressure of 3 x 10™* Pa. To
remove the impurity layer, the ion source was used for
presputtering of the target before deposition. The tar-
get consisted of two metal plates: Zr (or Nb) for high
refractive index material and Si for low refractive
index material. During the process, oxygen gas was
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supplied in the vacuum chamber to ensure complete
oxidation of sputtered metal particles. The resulting
working pressure was 3 x 10~? Pa. Sputtering processes
were controlled by a broadband optical monitor [].
All films were of the same physical thickness — 61/4n,
where 7 is the refractive index of the coating. A total
of nine different compositions were investigated with
the silica fraction varying from 0 to 100% in desira-
ble increments of 25%. The fraction of each material
in the mixture was adjusted by sputtering appropriate
parts of the target zones with the high energy ion beam
during the deposition process. The coating with ap-
proximately 75% of high-refractive-index material was
named the “high-index” mixture layer. Target coat-
ings of 50% /50% and 25% /75% are named “medium-
index” and “low-index” mixture layers, respectively.
Later, the exact fractions were characterized by using
effective medium theories.

3. Characterization of thin films

All the samples were measured in previous investi-
gation by X-ray diffraction, angle-resolved and total
integrated scattering, atomic force microscopy, and
laser-induced damage threshold methods [@]. In ad-
dition, spectrophotometric data were also obtained.
From reflectance and transmission measurements
(Figs. E](a, b)), refractive indeces were modelled in a
low-absorbance spectral region by using OptiChar
characterization software [@]. The volumetric frac-
tions f,, = X in each (high refractive index)  (silica), ,
mixture system were analysed according to the so-
called effective-medium theories. Maxwell Garnett
(MG) [@], Bruggeman (BG) [@], and Lorentz-Lor-

enz (LL) [@, | mixing formulas [[14] were used:
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where f is the volumetric material fraction of the
higher-refractive-index material in a mixed layer, €.
& and ¢, are the dielectric functions of the effective-
medium (mixture) material, the high-refractive-index
material, and the low-refractive-index material, re-
spectively.

Different volumetric fractions are calculated by
using different EMA theories. Additional measure-
ments were necessary to claim which model exhibit

Fig. 1. (Colour online) Transmission and reflection spec-
trums of (a) zirconia-silica and (b) niobia-silica samples.

the best approximation. By this investigation authors
continue their work to fully analyse and characterize
mixed materials produced by IBS. For additional in-
dication of elemental composition in mixtures, XPS
and RBS techniques were chosen. Both of them are
non-optical measurement techniques capable of ac-
curate estimation of atomic concentrations in thin
films.

3.1. Analysis of X-ray photoelectron spectroscopy

XPS measurements were performed with Versa-
probe 5600 instrument manufactured by Physical
Electronics, and data reduction was performed with
Multipak software. Monochromated Al radiation
(25 W, 15 kV) was focused into a 100 ym analysis
area and used for measurements of the samples.
The floating column Ar ion gun working at 500 V
and rastering it over a 2 x 2 mm area was used for
depth profilling. Sputtering by Ar ions was used for
etching the sample to measure the in-depth profile.
It was calibrated by SiO, standard and estimated to
be at approximately 2:3 nm/min. Quantitative ac-
curacy of the XPS method depends on several fac-
tors, and determination of its exact value is difficult
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especially when ion gun sputtering is used. Consid-
ering all known factors, in this paper the accuracy of
XPS is considered to be 10% of the value (15% for Si
in mixtures).

The atomic concentration depth profiles of XPS
measurements are shown in Fig. . Contamination
was found on the surface of all the samples. The ob-
served contamination was considered to be mainly
hydrocarbons from the atmosphere. Hydrogen can-
not be measured with the XPS method, but carbon
was detectable in all the samples. The etching was
performed in 0.5 min steps and after the first step
of etching, contamination layers were already fully
removed from the thin films. An exception was no-
ticed in the “high-index” zirconia-silica mixture.
Contamination was examined through all depth
profiles. Additional investigation is necessary to ex-
plain this observation. To neglect the influence of
contamination and sputtering process, atomic con-
centrations of films were obtained after the first step
of sputtering. Data were recalculated by neglecting
carbon.

(a)

(b)

Fig. 2. (Colour online) XPS atomic concentration depth
profiles of (a) zirconia-silica and (b) niobia-silica samples.

3.2. Analysis of Rutherford backscattering data

Two sets of single-layer coatings were also analysed
using a linear particle accelerator Tandetron 4110A
[@]. A proton beam of 1.4 and 1.8 MeV energy was
collimated to 1.5 mm spot diameter. As a universal
vacuum chamber was adapted for RBS experiments,
one stationary angle 0 = 135° was available for experi-
ments in Cornell geometry [@]. RBS spectra were
iteratively modelled using the RBXN code [].
Typical RBS spectra of single-layer optical coatings
and theoretical calculations (black line in Figures) are
presented in Figs. E(a, b). The charge of 1.7-2.3 and
0.9-1.0 uC was collected on the samples when the en-
ergy of the beam reached 1.4 and 1.8 MeV, respective-
ly. The results of atomic concentrations measured by
the RBS technique are summerized in Figs. @(a) and
5(a). No contamination was noticed on the samples,
because it is difficult to measure the consistency of
carbon or hydrogen by the RBS method. Nuclears of
those elements are too small to cause backscattering.

(a)

(b)

Fig. 3. (Colour online) Set of (a) zirconia-silica and (b)
niobia-silica samples. Measured (blue 1.4 MeV, higher
peaks, red 1.8 MeV, lower peaks) and modelled (thin
black) RBS curves of coatings.
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3.3. Analysis of spectrophotometric data

In order to compare obtained results from EMA volu-
metric fractions with RBS and XPS data, an estima-
tion of molar atomic concentrations is done by con-
sidering an ideal stoichiometric ratio in pure zirconia,
silica (Zr, Si:O = 1:2), and niobia (Nb:O = 2:5) coat-
ings []. Molar atomic concentrations for each sample
were calculated by using the system of equations:

V.
% L = Jfu
vtV iy

e 55 +50 =100% 4)

s M
v, =L
po N

Ap

where f, is the same volumetric fraction of pure oxide
in the mixture obtained from EMA, V, and V _ are
the volumes of high-refractive-index material and sil-
ica, respectively. Symbol s represents a molar fraction
of: metal — niobium or zirconium, Si - silicon, and
O - oxygen. V_ isavolume of any individual pure ox-
ide material, s is molar fraction, M is a molar mass,
N, is an Avogadros number, and p is a mass density of
material. For IBS coatings the mass density is close to
that of bulk materials [é]. By solving the equations of
system (4), we are able to estimate molar atomic frac-
tions for every group of atoms in all films.

4. Results and discussion

Figures H(a) and E(a) illustrate the results of all three
different methods for obtaining atomic concentra-
tions of mixed materials. From EMA estimations
it was difficult to claim which of the models corre-
sponds to the real situation. Other methods were
used to compare concentrations with optical ap-
proximations and for determining the correct model.
Usually the RBS method can be trusted for precise
determination of atomic concentrations of materi-
als []. Because of precision, this technique was
used as a comparison for EMA and as an indicator of
the real situation. As another non-optical technique,
XPS method was used to estimate atomic concentra-
tions in depth profiles of mixtures.

By neglecting the influences of surface contami-
nations and sputtering, it was showed that results
obtained by the XPS technique are in agreement
with RBS measurements. A few discrepancies are
found in ZrO,-Si0O, mixtures, which still requires
additional investigation. For a pure zirconia sam-
ple, RBS measurement exhibited incomplete oxida-
tion with stoichiometric ratio of 1:1.82 instead of

()
(b)
. Element :
Coating Model Zr Si O

Low LL 1.06 0.86 1.03
refractive BG 1.20 0.82 1.03
index MG 1.26 0.80 1.03
Medium LL 1.00 0.83 1.04
refractive BG 1.09 0.74 1.04
index MG 1.11  0.72 1.04
High LL .02 073  1.02
refractive BG 1.07 0.61 1.02
index MG 1.08 0.60  1.02

Fig. 4. (Colour online) (a) A direct comparison of atom-
ic fractions within zirconiasilica samples. (b) A table of
(RBS data)/(EMA data) ratios for Zr, Si, and O elements
in zirconia-silica mixes.

ideal 1:2. XPS measurements showed the result of
1:2.08 which is within the error bars of ideal stoichi-
ometry. In a pure niobia sample, both non-optical
techniques detected incomplete oxidation. The RBS
technique showed that for a pure niobia sample the
ratio of niobium and oxygen was 2:4.8, while XPS
showed 2:4.6. Controversial results were also shown
in the measurements of pure silica. The ratio ob-
tained by the RBS technique of silica with oxygen
was 1:2.2, when XPS measured 1:2.4. The difference
can be caused by the difficulty of obtaining exact
concentration with the RBS method. The contrast of
substrate and the thin film diminishes when they are
of the same material (SiO,). All three samples were
considered reference samples having the ideal stoi-
chiometry for EMA analysis.

In NbZOS—SiO2 mixes, the Lorentz-Lorenz model
exhibits a reasonably good estimation of the volumetric
fractions with respect to data of non-optical methods.
For a niobium element, the ratios between LL model
and RBS measurements were within 6%, when BG and



103 T. Tolenis et al. / Lith. J. Phys. 54, 99-105 (2014)

(a)
(b)
Element
Coating Model Nb Si (¢

Low LL 1.03 0.86 1.04
refractive BG 1.19 0.80 1.04
index MG 126 078  1.04
Medium LL 1.04 0.93 1.00
refractive BG 1.16 0.80 1.00
index MG 1.18 0.77  1.00
High LL 1.06 1.07  0.97
refractive BG 1.12 0.85 0.98
index MG 1.13 0.84 0.98

Fig. 5. (Colour online) (a) A direct comparison of atom-
ic fractions within niobia silica samples. (b) A table of
(RBS data)/(EMA data) ratios for Nb, Si, and O ele-
ments in niobia-silica mixes.

MG models showed the mismatches within 19% and
26%, respectively (Fig. E(b)). For a silicon element, the
ratios using LL model were within 14%. For BG and
MG models, the mismatches were 20% and 23%, re-
spectively. For an oxygen element, all models showed
the ratio within 4%. This is in good agreement with
conclusions obtained by Janicki et al. [@]. Very simi-
lar, but less accurate results are observed in zirconia-
silica mixtures. For a zirconium element, the ratios be-
tween LL model and RBS measurements were within
6%, when BG and MG models showed the mismatches
within 20% and 26%, respectively (Fig. H(b)). For asili-
con element, the ratios using the LL model were within
27%. For BG and MG models, the mismatches were
39% and 40%, respectively. For an oxygen element,
all models showed the ratio within 4%. A pure zirco-
nia sample also has a poly-crystalline nano-structure,
while other samples are amorphous [[14]. Mixing zir-
conia in different phases with silica may result in addi-
tional discrepancies when using EMA models. Besides
the crystallinity, a pure sputtered ZrO, material tends
to have an increased stress compared to mixtures with

SiO, [Iﬁl]. The increased stress influences the refractive
index, as have been shown by Stenzel et al. [@]. The
reason for deviations is also the increased light scat-
tering caused by nano-crystallinity [] in a pure
zirconia sample as the reference sample. Refractive
index modelling was influenced by light losses, and
permittivity of ZrO, was different in pure zirconia
and its mixture with silica. In a high-index material
mixture of Zr0,-Si0,, RBS measurements show a
different result than XPS data do. The sample con-
tains more contamination than other samples, which
can influence the XPS results. Additional measure-
ments are required for this sample.

By considering RBS and XPS data it is evident that
discrepancies arise due to poor stoichiometry, con-
tamination, and different structures of materials in the
coatings. This allows us to conclude that the LL EMA
model is useful for quick estimation of material con-
centrations in IBS metal-oxide mixtures when the oxi-
dation is complete, reference samples are of the same
material as mixtures, and good stoichiometry is ob-
served. However, when it is not the case, large devia-
tions are possible and for absolute measurements other
supplementary techniques are needed.

5. Conclusion

The applicability of Lorentz-Lorenz, Bruggaman,
and Maxwell-Garnet effective medium approxima-
tion models for estimation of material fractions was
studied experimentally in ion beam sputtered oxide
mixture coatings. Estimations of used EMA models
exhibited slightly controversial results. After com-
paring them to the RBS and XPS measurements, it
was evident that the Lorentz-Lorenz model provided
a more reliable estimation of elemental composition
than BG and MG models did. This was observed in
case of all niobia-silica and zirconia-silica mixtures.
Small deviations for the LL model arise due to re-
fractive index differences in zirconia as a reference
sample and mixtures with silica. Additional discrep-
ancies may also arise due to the light scattering loss-
es caused from rough crystalline structure or mass
density variations in mixed coating. In niobia-silica
mixtures incomplete oxidation was observed, which
may also distort the results of effective medium ap-
proximations. This allows us to conclude that in
situations where an ideal stoichiometric ratio is vio-
lated, none of EMA techniques are able to describe
volumetric fractions without using supplementary
techniques. Also, larger deviations from the data of
non-optical methods are more significant in a high-
index zirconia-silica mixture. An explanation of this
discrepancy requires additional investigation.
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Santrauka

Darbe i§samiai istirtos vienasluoksnés ZrO,-SiO, ir
Nb,O.-SiO, dangos, uzgarintos naudojant jonapluoscio
dulkinimo technologija. Nustatant chemine sudétj bu-
vo pasinaudota trimis nepriklausomomis metodiko-
mis: efektyviosios terpés aproksimacija, Rezerfordo
atgalinés sklaidos spektroskopija ir Rentgeno spinduliy
fotoelektrony spektroskopija. Tiesiogiai lyginant gautus

rezultatus buvo pastebéta metodiky netikslumy. Tokiy
netikslumy priezastys atsiranda dél netobulos stechio-
metrijos, bandiniy uzterStumo ir skirtingos medziagos
biuisenos dangose. Jvertinta, kad Lorenco-Lorenzo mo-
delis tinka nustatyti greitg ir apytikslia medziagy kon-
centracija, bet atliekant tikslesne analize butini kiti me-
todai.



