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A new method based on the Ketteler-Helmholtz dispersion relations is described. This method allows accurately determining the
optical properties of thin films from a single transmittance curve. The case of zirconium oxide thin film postdeposition irradiated
with ultraviolet light is analysed. The effect of ultraviolet irradiation is compared with low temperature postdeposition heating.
It is shown that both processes have a comparable effect on the optical properties of the films. However, as our analysis leads to
inferring that ultraviolet irradiation produces smoother film surfaces, the use of ultraviolet irradiation is an interesting alternative
to the heating process. Accordingly, the reduction of light scattering from the interface with air provides films of better optical
quality, which is especially valuable in case of multilayer systems.

1. Introduction

Novel optical materials are continuously created and the
interest in regard to their optical properties is mandatory.
The context of thin films is especially important [1–3]. Ideally,
the theoretical formalisms regarding the determination of
the complex refractive index, 𝜂 = 𝑛 − 𝑖𝜅 (𝜅 > 0 for
absorbing materials), should be developed with a minimal
number of approximations. It is then required to compute the
intensity of the reflected and/or the transmitted light out of
the sample as exactly as possible. Accordingly and in order
to get accurate empirical knowledge about 𝜂(𝜆), numerous
spectrophotometric methods have been developed [4]. Here,
we restrict our formalism to the case of a thin film of arbitrary
absorptance, deposited on a thick absorbing substrate, which
is however sufficiently transparent to allow the intensity of the
transmitted light to be measured with sufficient accuracy. In
the present study, we apply this new approach to the case of
ultraviolet irradiated zirconium oxide (ZrO2) thin films.

Furthermore, zirconium oxide thin films have been given
considerable attention in the past decades due to a wide
range of possible applications, which include laser mirrors,

broadband interference filters, and ionic conductors. ZrO2 is
an importantmaterial, which possesses interesting properties
such as large resistance against oxidation, high melting
point (2,715∘C), excellent thermal stability, and good ionic
conductivity in the Y-stabilized cubic phase. For example,
ZrO2 thin film is a promising candidate to replace silicon
dioxide as the gate dielectric in complementary metal-oxide-
semiconductor technology [5–15]. It is an electrical insulating
material with a band gap of 5 eV and has potential use as
an alternative material for storage capacitors in dynamic
random access memories. In addition to its interesting
electrical properties, ZrO2 thin film also has highly attractive
optical properties such as low absorption of light, high
index of refraction, high transparency over a wide spectral
range, and high field damage threshold and is therefore
very attractive for laser optic applications [16–23]. The prop-
erties of the film, however, highly depend on the deposi-
tion method chosen as well as the deposition conditions
(substrate nature and temperature, partial gas pressure, and
deposition rate). For this reason, the link between optical
properties and microstructure has been widely investigated
[24–29].
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Among the various fabrication techniques available to
produce thin films, vacuum depositions techniques are the
most often used. The main way to produce good samples of
oxide films involves a reactive process, where the metal is
evaporated or sputtered in a residual atmosphere containing
oxygen. In our case, ZrO2 thin films were obtained by
DC reactive magnetron sputtering where argon was used
as the sputtering gas in the presence of oxygen as the
reactant. Sputtering deposition is a widely used technique
which offers several advantages over other methods: high
deposition rates; dense defect-free oxide films; not requiring
high temperature; the fact that films have a composition close
to that of the source material; the fact that high melting point
materials are easily sputtered; sputtering usually leading to
less contamination than evaporation methods; the fact that
sputtered films have a good adhesion on the substrate; the
fact that it can also be performed top-down. Due to its ability
to reduce arcing during the reactive process, pulsed direct
current magnetron sputtering is a valuable version of the
sputtering technique [30–44].

Postdeposition annealing of the sample is often necessary
to releases voids incorporated during the deposition process
which in turn favours the formation of more closely packed
thin films leading to an increase in refractive index. Postde-
position annealing is also used to complete the oxidation of
the films. However, because subsidiary effects such as surface
roughness modifications might come out in the process, it is
important to take into account the surfacemorphology of the
films, especially in the case ofmultilayer systems.The amount
of energy brought into the material in such process is a
key factor that leads to significant morphological differences.
Indeed, the actual heating process and its temporal evolution
are significant. Other postdeposition processes that can be
used to complete the oxidation of the films are worth being
considered and could give very different outcomes. Photon-
assisted oxidation has been reported to improve the quality
of ultrathin (few tens of nanometres) oxide films [45–47].
These studies indicate that the rate of oxygen incorporation
is enhanced by the action of ultraviolet (UV) photons
by reducing the chemical activation barriers. Atomic-scale
interfacial phenomena induced by ultraviolet irradiation have
also been studied.

In this work, we investigate the effect of postdeposition
ultraviolet irradiation on the oxidation of zirconium oxide
thin films deposited by direct current reactive magnetron
sputtering.We compare results obtained frompostdeposition
heating at relatively low temperature and ultraviolet irradia-
tion. Both processes favour a better oxidation but our aim is
to investigate how differently these processes can affect the
optical and surface properties of the films.

2. Theory

In order to get physical understanding of the resulting prop-
erties of thin films, we use one-band Ketteler-Helmholtz dis-
persion relations [48] to fit theoretical transmittance spectra
to the experimental ones.These dispersion relations are based
on a harmonic oscillator atom (Lorentz) model and remain
exact at any wavelength, even in the absorption band region

and whatsoever the oscillator strength of this band. Both
the real, 𝑛, and imaginary, 𝜅, parts of the complex refractive
index, 𝜂, can be fully determined at any wavelength, 𝜆,
through only four parameters that are physically meaningful.
These parameters are 𝐴: the relative permittivity (dielectric
constant) on the short wavelength side of the absorption band
and 𝐵: the oscillator contribution to the relative permittivity
(a measure of the oscillator strength) such that 𝐴 + 𝐵 is
the relative permittivity on the long wavelength side of the
absorption band, the spectral location of the absorption
band, 𝜆𝑜, and finally the (approximate) relative width of this
band, Γ. Formally, Γ is a measure of the bandwidth of the
absorption band. In the case of a narrow band, Γ is the ratio
of full width at half maximum of the imaginary part of the
relative permittivity, 𝜀im(𝜆), which is equal to the product2𝑛(𝜆)𝜅(𝜆), over 𝜆𝑜 (the Maxwell relation, 𝜀 = 𝜀re + 𝑖𝜀im =𝜂2, leads to 𝜀im(𝜆) = 2𝑛(𝜆)𝜅(𝜆)). Finally, it is noteworthy
that these relations satisfy the Kramers-Krönig relations [49].
Naturally, here these relations are preferred to Sellmeier’s
and Cauchy’s dispersion relations. The one-band Ketteler-
Helmholtz dispersion relations are

𝑛 (𝜆) = √ 12 [(𝐴 + Σ𝐴) + √(𝐴 + Σ𝐴)2 + Σ2𝐵],

𝜅 (𝜆) = √ 12 [− (𝐴 + Σ𝐴) + √(𝐴 + Σ𝐴)2 + Σ2𝐵],
(1)

where

Σ𝐴 = 𝐵 𝜆2 (𝜆2 − 𝜆2𝑜)
(𝜆2 − 𝜆2𝑜)2 + (Γ𝜆𝜆𝑜)2 ,

Σ𝐵 = 𝐵Γ 𝜆3𝜆𝑜(𝜆2 − 𝜆2𝑜)2 + (Γ𝜆𝜆𝑜)2 .
(2)

In addition to these relations, wemake use of a formalism
[50] that allows computing the exact calculation of the
transmittance of an arbitrary absorptance thin film, on an
arbitrary absorptance substrate.The optical system of interest
consists of a thin film of complex refractive index 𝜂 and of
thickness 𝑠, deposited on a thick substrate of thickness 𝑠2
and refractive index 𝜂2. Both the incidence (labelled by the
subscript 0) and transmission (labelled by the subscript 3)
medium are assumed identical and transparent (𝜂3 = 𝜂0 =𝑛0). It is possible to prevent the complication due to the
internal reflections inside the substrate with the help of a
wedged substrate. For a typical 1mm thick substrate, a wedge
angle at the interface “transmissionmedium|substrate,” 𝜃𝑤, of
about 1∘ is sufficient. In practice, it turns out that neglecting
internal reflection inside the substrate leads to very small
errors. However, in the following formalism, the Fresnel
coefficients include the effect of 𝜃𝑤. The incident light is
assumed to be a narrow beam (ray), at normal incidence.
The system is then a Fabry-Pérot resonator having a weak
pseudofinesse, 𝐹20 (we use the designation “pseudofinesse,”𝐹20, since, formally, the usual “finesse” is a specific case of
the more general concept of “reduced finesse,”𝐻20, which is



Advances in Materials Science and Engineering 3

defined by𝐻20 ≡ 𝐹20/𝐺20 (see (5)); in absence of optical losses
(𝜅 = 0 ⇒ 𝛼 = 0) the reduced finesse becomes the usual
finesse). Without any further significant approximation, it
can be shown that the transmittance of this layered system,𝑡30, is given by (the rightmost index corresponds to the
incidence medium)

𝑡30 = 𝛾[ 1𝐺220 + (4/𝜋2) 𝐹220sin2 (2𝜋 (𝑛𝑠/𝜆) − 𝛿)] , (3)

with

𝛾 =
{{{{{{{{{{{{{

𝛾𝑠 = 4 𝑛0 cos (𝜃3)𝑛2 cos (𝜃𝑤)


(𝑛2 − 𝑖𝜅2) cos (𝜃𝑤)𝑛0 cos (𝜃3) + (𝑛2 − 𝑖𝜅2) cos (𝜃𝑤)

2 𝑒−𝛼2𝑠2 for “𝑠” type polarization

at interface “3 | 2”
𝛾𝑝 = 4 𝑛0 cos (𝜃3)𝑛2 cos (𝜃𝑤)


(𝑛2 − 𝑖𝜅2) cos (𝜃𝑤)𝑛0 cos (𝜃𝑤) + (𝑛2 − 𝑖𝜅2) cos (𝜃3)


2 𝑒−𝛼2𝑠2 for “𝑝” type polarization

at interface “3 | 2”,
(4)

where the absorption coefficient, 𝛼, is linked to the Beer-
Lambert-Bouguer law, 𝐼 = 𝐼𝑜 exp(−𝛼𝑧), and the extinction
coefficient, 𝜅, through 𝛼 = 4𝜋 𝜅/𝜆. The parameter 𝐺20
describes the degradation of the finesse, due to the absorption
in the thin film and the asymmetry of the interfaces “3/2” and
“1/0” [51]. Accordingly, 𝐺20 is designated as the “reduction.”
The parameter 𝛿 is the mean phase shift upon internal
reflections: 𝛿 = (𝛿21 + 𝛿01)/2. Finally, the propagation
angle in the transmission medium, 𝜃3, is given by 𝜃3 =
arcsin[𝑛2sin(𝜃𝑤)/𝑛0]. The parameters 𝐹20 and 𝐺20 are given
by (𝑟𝑖𝑗 is the reflectance at interface “𝑖 | 𝑗”)

𝐹20 ≡ 𝜋 4√𝑟12𝑟10
√(1 − 𝑟12) (1 − 𝑟10) ,

𝐺20 ≡ exp ((1/2) 𝛼𝑠) − √𝑟12𝑟10 exp (− (1/2) 𝛼𝑠)
√(1 − 𝑟12) (1 − 𝑟10) ,

(5)

with

𝑟10 = 
𝜂 − 𝑛0𝜂 + 𝑛0


2 ,

𝑟12 = 
𝜂 − 𝜂2𝜂 + 𝜂2


2 ,

𝛿10 = arctan[−2 𝑛0𝜅(𝑛2 − 𝑛20) + 𝜅2] ,
𝛿12 = arctan[2 𝑛𝜅2 − 𝑛2𝜅(𝑛2 − 𝑛22) + (𝜅2 − 𝜅22)] .

(6)

Since the parameters 𝑠2, 𝜂2, 𝜃𝑤, and 𝑠 are assumed
known, 𝑡30 is determined from (3) to (6) without any further
approximation and according to the actual value of 𝑛(𝜆)
and 𝜅(𝜆), which here are given by the one-band Ketteler-
Helmholtz dispersion relations, (1).

3. Experimental

ZrO2 thin films (typically, 100 nm thick) were deposited at
room temperature on a standard 1mm thick soda lime glass

substrate (Corning 2947 Micro Slides, 𝑇𝑔 ≈ 565∘C) from
DC reactive magnetron sputtering. The glass substrates were
thoroughly cleaned using methanol and dried with nitrogen
gas flow. We have used the CMS-18 deposition system from
Kurt J. Lesker Co.The targets were made of zirconium, grade
702 purity, 3.0 inches in diameter, 0.25 inches in thickness.
The sputtering was performed from ionization of an argon
gas in the presence of oxygen (flow rate kept constant at
10% of that of argon). The total pressure of the gas mixture
was also kept constant at 0.53 Pa (4mTorr). The plasma
operating power was set at 360W. Target to substrate distance
is approximately 10 cm, a distance roughly corresponding to
the mean free path of the sputtered molecules which is an
important parameter for the resulting properties of the films.
To obtain uniform layer deposition, the substrate rotates with
a speed of 5 rpm. The thickness of each layer was selected by
controlling the deposition time.

To induce a modification of the optical properties by
postdeposition heating of the films, samples were put in
a standard laboratory oven (KILN MFG Inc., Colorado
G series) running in ambient air at atmospheric pressure.
During heating, the sample is sited flat on a thick glass
plate in the oven. The samples were exposed for one hour
to a temperature of 100∘C. Incidentally, previous studies [7,
19, 24, 37, 39] have shown that the phase morphology of
the as-deposited zirconium oxide films is monoclinic when
deposited by magnetron sputtering at room temperature.
The monoclinic phase is known to be stable up to 1,170∘C.
Then, the present low annealing temperature is well below
the temperature needed to obtain the first phase transition
from monoclinic to tetragonal phase. To induce a similar
effect on the optical properties of the films by postdeposition
ultraviolet irradiation of the films, samples were irradiated
for one hour from a 300 watts’ Xenon, ozone-free arc
lamp (Newport 6258). The lamp specifications state that the
irradiance at 0.5m is 50mW per m2 per nm. Lamp to sample
distance was approximately 15 cm. We then compare the
optical andmorphological properties of the films under these
processes. The mechanism of photon-assisted oxidation is
the main hypothesis behind this part of the study. Indeed,
we have chosen the wavelengths specifically in regard of
their activation ability [45–47]. The fact that we observe the
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Figure 1: Effect of long-term UV exposure. The solid, dashed, and
dotted lines correspond to as-deposited, one-hour, two-hour, and
three-hour exposures, respectively. Note that there are two dotted
lines that overlap.
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Figure 2: Effect of heating the sample for one hour at 100∘C.

expected increase in transmittance is a strong indication that
the current interpretation is truthful. This is also supported
by the fact that offset wavelength values have also been tried
and result in no significant increase in transmittance.

The transmittance spectrum of the films was recorded
using a spectrophotometer (CARY 5000 controlled by the
Cary WinUV software) operating in the wavelength range
200–2,500 nm. The morphological properties of the films
were analysed using a Dimension 3100 Digital Instruments
atomic force microscope (AFM). It operates using silicon tips
with integrated cantilevers resonating at 270–340 kHz.

4. Results

4.1. Description. We first show how the film reacts to long-
term ultraviolet exposure. In our experiments, we have set
the lamp emissions at 312 nm and 254 nm because these
wavelengths have a direct effect on the chemical activity of
oxygen [47]. Figure 1 shows the result of three consecutive
one-hour exposures with the lamp emitting at 312 nm. The
increase of transmittance is an indication of the improvement
of the oxidation state of the film. One can see that the benefit
of the exposure increases with time and that it was optimized
after the second exposure. The third one-hour exposure did
not have much effect on the sample.

It is very interesting to compare the effect of ultraviolet
irradiation to what can be expected from postdeposition
heating of the sample. Figures 2 and 3 show such results
for one-hour ultraviolet irradiation with the lamp emitting
at 254 nm compared to heating for one hour at 100∘C.
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Figure 3: Effect of ultraviolet irradiation for one hour at 254 nm.

One can see that the benefit of these processes in terms
of improvement of the oxidation state of the films is very
similar as can be seen by the increase of their respective
transmittance spectrum.

In terms of surface roughness, however, the two processes
could lead to very different outcomes. One of the draw-
backs of postdeposition heating is that it tends to increase
the surface roughness, which in turn can have a dramatic
consequence on the surface diffusion and optical properties
of the film. Figures 4 and 5 show the results of atomic force
microscopy analysis performed on two similar samples after
they have been irradiated or heated. The statistical behaviour
of the surface roughness is characterized by determining the
deviations of the surface profile from its mean value. The
arithmetic average 𝑅𝑎 of the deviations, the rms value 𝑅𝑞,
and the maximum height 𝑅max are the main quantitative
parameters used to characterize the surface roughness. Both
Image Statistics and Box Statistics show that these parameters
are indeed smaller in the case of ultraviolet irradiation. From
this result, we can see that the use of ultraviolet irradiation is
an interesting alternative to heating processes since it leads to
less dramatic alteration of the film surface.

4.2. Spectral Analysis. Here, the parameters are 𝑠2 = 1mm,𝜃𝑤 = 0∘, and 𝑠 = 85 nm and 𝜂2 is the complex refractive
index of the Corning 2947 glass. The thickness of the films
is determined form an a priori established calibration curve
based on the deposition time. This value could appear low,
but we should take into account the fact that the refractive
index of all thin films is very high. In addition, the fit quality
becomes unsatisfactory when 𝑠 deviates by more than 3 nm.

This complex refractive index is adequately described by
the following phenomenological relations (the wavelength is
expressed in 𝜇m):

𝑛2 = 1.5091 + 0.22305𝑒−4.9882𝜆,
𝜅2 = 1.5 ⋅ 10−7 + 1000𝑒−75(𝜆−0.06). (7)

The transmittance, 𝑡30, is determined from (3) to (6),
according to the actual value of 𝑛(𝜆) and 𝜅(𝜆), which are given
by the one-band Ketteler-Helmholtz dispersion relations, (1).

Since both radiative and thermal treatments result in
similar modification in transmittance spectrum and in order
to characterize the largest effect obtained, our analysis is
limited to the extreme cases. The first case is the lowest
transmittance as-deposited thin film (see Figure 3) and the
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Figure 4: Roughness analysis of the sample heated for one hour at 100∘C.

second one is the highest transmittance UV-exposed thin
film (three-hour 312 nm exposure; see Figure 1). Figure 6
compares the experimental spectra with the fitted spectra
obtained from the above formalism.

The agreement is very good for both cases. Indeed, the
curves are difficult to distinguish one from the other. From
the fitted curves, we obtain the following parameters. For the
as-deposited film, 𝐴 = 4.6, 𝐵 = 0.85, 𝜆𝑜 = 160 nm, and Γ =2.5. Then, as can be seen in Figure 7, these parameters fully
determine 𝑛(𝜆) and 𝜅(𝜆) for that film, via (1) to (2).

For the UV-exposed film, 𝐴 = 4.2, 𝐵 = 0.9, 𝜆𝑜 = 160 nm,
and Γ = 0.6. Again and as seen in Figure 8, these parameters
fully determine 𝑛(𝜆) and 𝜅(𝜆) for that film.

5. Discussion

The fact that the refractive index of the as-deposited thin film
is higher than expected (≈2 for bulk ZrO2, around 600 nm)
can be attributed to a partial oxidation of Zr in the thin
film. Indeed and in accordance with the Kramers-Krönig
relations, a significant metallic content increases the effective
refractive index at the expense of low transmittance, as seen
in all spectra presented in this paper. Eventually, this might
represent a film of nonstoichiometric nature. As shown in
Figure 7(b), this assumption of a nonfully oxidized film is
supported by the relatively high values for 𝜅, which are not
representative of a transparent medium. To a lesser extent
and as seen in Figure 8, this lack of complete oxidation
also manifests in the case of UV-exposed thin film, even
though 𝑛(𝜆) and 𝜅(𝜆) are significantly lower in the case. As
an extrapolation, we could expect a similar condition for the
case of heated films.

Besides, in the case of the as-deposited film, 𝑛(𝜆)
exhibits an unusual behaviour. Indeed, for transparent mate-
rials the refractive index usually increases with decreasing
wavelength, which is the reverse situation here. However,
this unusual behaviour is theoretically obtainable from the

Ketteler-Helmholtz dispersion relations when the bandwidth
of the absorption band is very large. Actually, any loss
mechanism can be associated with an effective “absorption”
band. Accordingly, being a diffusion process that might cover
a large spectral range, light scattering form the surface or the
volume of thin film can be described by means of a large
bandwidth absorption band, especially at short wavelengths,
as it is the case here in the UV-Vis. Thus, we can expect
that this is the situation for the as-deposited thin film and
that UV irradiation significantly reduces light scattering.This
assumption is strongly supported by the large difference in Γ
when comparing as-deposited and UV-exposed films. Since
the surface roughness (“Box Statistics” in figures) is lower for
irradiated film, we conjecture that it is the surface scattering
that is reduced. In addition, it is worth noting that in this
last case 𝑛(𝜆) exhibit the usual and expected behaviour. This
strongly suggests that a better oxidation of Zr is also achieved
but apparently not completed as suggested from the higher
than expected refractive index. This better oxidation could
also explain the reduction of the volume scattering. Again and
as an extrapolation, we could expect this to apply also in the
case of heated films.

6. Conclusions

The introduction of a spectral analysis method based on
the Ketteler-Helmholtz dispersion relations is found useful
to determine the optical properties of thin films. The case
of zirconium oxide appears especially interesting. Indeed,
we have studied the effect of postdeposition ultraviolet
irradiation on the oxidation of zirconium oxide (ZrO2) thin
films deposited by direct-pulsed current reactive magnetron
sputtering and have compared this effect with low tem-
perature postdeposition heating on samples that were not
completely oxidized. We showed that the benefit of these
processes in terms of improvement of the oxidation state of
the films is very similar as can be seen by the increase of their
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Figure 5: Roughness analysis of the sample irradiated for one hour at 254 nm.
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Figure 7: Comparison of the real (a) and imaginary (b) parts of the complex refractive index for the as-deposited thin film (see Figure 6).
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Figure 8: Comparison of the real (a) and imaginary (b) parts of the complex refractive index for the UV-exposed thin film (see Figure 6).

respective transmittance spectrum. In addition, the spectral
analysis method described in this paper leads to identifying
unusual dispersion behaviour. We infer that such behaviour
can be attributed to the presence of an effective “absorption”
band, which is due to a light scattering process covering a
large spectral range. It seems that UV irradiation significantly
reduces surface light scattering.

Besides, the evolution of the surface roughness in regard
of the postdeposition processes is a key factor, depending
on which process is used. Indeed, any heating process
performed on thin films tends to increase their surface
roughness, which in turn can have a dramatic consequence
on their optical properties. We have then performed atomic
force microscopy measurements on samples that have been
irradiated or heated. It was shown that their respective
quantitative roughness parameters are indeed smaller in the
case of ultraviolet irradiation. Our results show that the use of
ultraviolet irradiation is an interesting alternative to heating
processes since it leads to less dramatic alteration of the
film surface. This opens the way to additional treatments
in order to obtain the best optical performances form thin
films. Perspectives of further work include the study of the
synergy between heating processes (in situ and/or ex situ)
and irradiation. In addition, the relative contributions to light
scattering from the surface and from the volume of thin films
should also be further investigated.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

The authors greatly thank the Fondation de l’Innovation du
Nouveau-Brunswick and the Faculté des Études Supérieures et
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