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Investigation of Optical Response of Gasochromic Thin Film

Structures through Modelling of Their Transmission Spectra
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Properties of chromogenics materials have been of great interest for more than 50 years till now. Some examples
of their practical application are photochromic lenses, electrochromic smart windows or even some examples of
sensors devices based on gasochromic thin �lms have already been commercially available on the market. However,
recognition of di�erent physical and chemical processes that in�uence the optical response of such materials under
changes in surrounding atmosphere is still an open subject for discussion. This work presents results of experimental
and theoretical investigations of optical response of the two selected gasochromic (Ti�V�Ta�W)Ox and (Ti�V�
Ta�Nb)Ox oxide thin �lms under ethanol vapor stimulations. Based on the measured experimental transmission
spectra, the complex refraction index characteristics were plotted using optical models elaborated for the VIS-NIR
spectral range. The models were further used for the prediction of optical responses of optical gas sensing structures
with observed gasochromic behavior.
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1. Introduction

The principle of operation of most available gas sensors
consists in detection and measurement of changes of an
electrical property (resistivity) of the sensing material ex-
posed to selected gas(es) and at appropriate, usually ele-
vated, temperature. But in some of the materials, among
change of the electrical properties, occurrence of optical
e�ect has been recognized. This kind of materials belongs
to so-called group of �chromic� (or �chromogenic�) mate-
rials [1�3] for which the change in optical properties is a
result of chemical or physical process induced by various
external stimuli, e.g. optical UV irradiation. Changes
in optical properties can be seen as a change in trans-
parency or in a color of a material. Usually the process
is reversible when the speci�c external factor is removed
and the material comes back to its previous state.
To date, reports on the analysis of optical properties

of gasochromic materials relies mostly on explanation of
coloration mechanisms and they are very rare [4, 5]. How-
ever, for i.e. designing of smart optical coatings with
gasochromic property, the analysis of the complex refrac-
tion index changes in the gasochromic thin �lms under
external gas environment is strongly required. This re-
port presents some exemplary experimental and theoret-
ical results of investigations of optical response of multi-
component oxide thin �lms under presence of air�ethanol
vapor gas mixture. Ethanol has been chosen as a repre-
sentative organic chemical compound that recently arose
increasing interest of researchers from around the world.
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2. Experimental

The multicomponent oxide thin �lms, denoted in this
work as (Ti�V�Ta�Nb)Ox and (Ti�V�Ta�W)Ox, were
prepared by impulse magnetron sputtering process us-
ing metallic Ti�V�Ta�Nb and Ti�V�Ta�W mosaic tar-
gets, respectively. Oxides of selected transition metals
belong to the most studied group of chromogenic ma-
terials [2�8]. For preparation of the oxide thin �lms
the targets were sputtered in reactive oxygen plasma.
The �lms were deposited on Corning 7059 type, 0.7 mm
thick glass substrates. The thickness of deposited thin
�lms was: 116 nm for (Ti,V,Ta,W)Ox and 308 nm for
(Ti,V,Ta,Nb)Ox. Details of the thin �lms preparation
procedure used for the purpose of the present work were
previously described in (e.g. [9�11]).
The atomic percent of elements in the prepared thin

�lms was determined using Hitachi S-4700N scanning
electron microscope equipped with Noran Vantage en-
ergy dispersive spectrometer. The amount of atomic per-
cent of particular elements in the thin �lms, which are
described in the current work, are: Ti-12.41, V-11.85,
Ta-5.6, Nb-0.72 and Ti-22.06, V-2.92, Ta-2.06, W-4.10
for (Ti-V-Ta-Nb)Ox and (Ti�V�Ta�W)Ox thin �lms, re-
spectively.
X-ray di�raction (XRD) method was used to determine

the crystal structure of prepared thin �lms. XRD spectra
were recorded using Philips X'Pert powder di�ractome-
ter with Cu Kα radiation in the range of 2θ between
10◦ and 65◦. However, it seems that the particles in
the prepared thin �lms were too �ne and no di�raction
patterns were found, which indicates on amorphous be-
haviour of the prepared thin �lms. Therefore, X-ray pho-
toelectron spectroscopy (XPS) has been applied to deter-
mine the chemical states of the elements at the surface of
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the thin �lms. Experiments were performed using Specs
Phoibos 100 MCD-5 hemispherical analyser in an ultra-
high vacuum conditions by the aid of Specs XR-50 X-ray
source with Mg Kα (1253.6 eV) beam. Photoelectrons
were collected at 45◦ take-o�-angle and analysed by a
concentric hemispherical analyser. Data were collected
in the range equivalent to Ti 2p, O 1s, V 2p, Ta 4f ,
Cr 2p, W 4f , and Nb 3d states. All the spectra were
calibrated with respect to the binding energy of adven-
titious C 1s peak at 284.8 eV. XPS measurements have
shown that in both manufactured �lms TiO2, V2O5 and
Ta2O5 forms occur. Additionally, depending on the kind
of additional dopant WO3 or Nb2O5 phases were also de-
tected. Surface analysis was performed with atomic force
microscopy (AFM) investigations and average roughness
of the �lms was evaluated as 2.81 nm for (Ti�V�Ta�
W)Ox and 1.65 nm for (Ti�V�Ta�Nb)Ox thin �lms and
the roughness distribution at the surface was homoge-
neous.

Gasochromic properties were investigated using exper-
imental setup presented in Fig. 1. To provide the opti-
cal signal a coupled deuterium�halogen light source (Mi-
cropack DH-2000-BAL) was used. The samples were il-
luminated from the thin �lm side at a normal incidence.
Light passing through the sample was then focused and
acquired by Ocean Optics QE65000 scienti�c grade spec-
trophotometer working in the range of 200�1000 nm.
Small roughness of prepared �lms allows to neglect light
scattering e�ect in further analysis. Coloration process
was assured by supplying the chamber with vapor pro-
vided by a synthetic dry air �ow through a bubbler �lled
with 99.6% purity ethanol. Bleaching process was as-
sured by the �ow of pure synthetic air through the cryo-
stat. The measurements were carried out in steady state
conditions after saturation of the thin �lm with ethanol
vapor. The way how the experiment was carried out has
already been described in our previous paper [12].

Fig. 1. Experimental setup for gasochromic investiga-
tions of thin �lms.

Analyses of theoretical studies were performed using
SCOUT software package [13].

3. Results and discussion

3.1. Results of optical investigations

Figure 2 (symbols) presents measured transmission
characteristics of investigated thin �lms. As one can see,
both �lms were well transparent in the visible part of
the light spectrum. Application of gas mixture contain-
ing ethanol vapor results in transparency decrease of the
�lms in the wavelength range above 400 nm. Observed
dimming e�ect was as big as 28% and it was about twice
deeper for the thin �lm containing Nb2O5. The observed
process of coloring/bleaching was fully reversible and re-
peatable [12]. Collected optical transmittance spectra

Fig. 2. Transmission characteristics of: (a) (Ti�V�Ta�
Nb)Ox and (b) (Ti�V�Ta�W)Ox thin �lms recorded un-
der di�erent composition of air�ethanol gas mixture.

were further used for determination of the complex re-
fraction index components. For calculation of theoretical
transmission curves (solid lines, Fig. 2) the so-called re-
verse synthesis was applied using the SCOUT [13] soft-
ware. The simple Sellmeier empirical dispersion model
was �rst used, where refraction (n) and extinction (k)
coe�cients can be presented as functions slowly varying
on the wavelength (λ):

n = A+
B

λ2
+
C

λ4
, (1)

k = D ∗ exp
(
E

λ

)2

, (2)

where A, B, C, D, E are �tting parameters.
However, this model was insu�cient for description

of absorption in shorter wavelength range, therefore the
O'Leary�Johnson�Lim (OJL) model for interband tran-
sition was applied [14]. The best �ts of the theoretical
curves to the experimental ones are presented in Fig. 2
(solid lines).
Figure 3 presents spectral characteristics of calculated

n and k components. From Fig. 3 it results that in the
both considered samples the calculated spectra were de-
pendent on the ethanol concentration in the vapor. Ob-
served increase in light absorption given in Fig. 3b and d
by k value can be associated with an increase in elec-
tron concentration due to the interaction of the ethanol
vapor molecules with the thin �lm surface [4, 5]. What
is noticeable, the characteristics of n component elabo-
rated for the (Ti�V�Ta�W)Ox were also changed but for
(Ti�V�Ta�Nb)Ox remain almost the same. One of the
possible reasons of this di�erence could be that in the
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case of thin �lm with tungsten, the saturation process
of the thin �lm with ethanol results in changes in vibra-
tional mode structure of W�O...OH2 bounds as it was
observed by Orel [5].

Fig. 3. The complex refractive index components:
(a, c) n and (b, d) k evaluated for (a, b) (Ti�V�Ta�
Nb)Ox and (c, d) (Ti�V�Ta�W)Ox thin �lms under dif-
ferent ethanol vapor concentration.

3.2. Results of computer simulations

Calculated n and k spectra were further used for com-
puter simulation of transmission characteristics of (Ti�
V�Ta�Nb)Ox and (Ti�V�Ta�W)Ox thin �lms with dif-
ferent thickness. For designing, the FilmStar Design soft-
ware was used [15]. The results of theoretical studies are
presented in Fig. 4.

Fig. 4. Simulation results showing the dependence of
transmittance vs. the thin �lm thickness for (a, c) (Ti�
V�Ta�Nb)Ox and (b, d) (Ti�V�Ta�W)Ox thin �lms:
(a, b) in an air and (c, d) in gas mixture containing
15% of ethanol vapor.

Analysis of the theoretical characteristics allows us to
conclude that the increase in the thin �lms thickness re-
sults in its average transparency decrease. However, this

decrease is much more visible in case of the thin �lm con-
taining tungsten oxide (Fig. 4b). Upon 15% of ethanol
concentration in the vapor, the coloring e�ect is compa-
rable in both investigated thin �lms (Fig. 4c,d).

Fig. 5. Simulation results of the transmission coef-
�cient characteristics for: (a) (Ti�V�Ta�Nb)Ox and
(b) (Ti�V�Ta�W)Ox thin �lms in air and in the gas
mixture containing 15% of ethanol vapor for selected
thin �lm thickness.

Figure 5 presents comparison of simulated color-
ing/bleaching process of the thin �lms with selected
thickness of 500 nm. What is worth to point out is that
the average change in transmission coe�cient level for
(Ti�V�Ta�Nb)Ox was about 40% in the whole investi-
gated spectral range, whereas for (Ti�V�Ta�W)Ox it was
more visible in a longer wavelength range. Choosing of an
�optimal� �lm thickness in the case of real application is
di�cult. The �lm thickness is always the �right choice� �
a compromise between minimum thickness but adequate
to observe an e�ect and too thick �lm that in�uence on,
e.g. higher light absorption, appearance of interference
fringes in transmission charts, and so on. Based on the
presented results it can be concluded that the thickness
of 100 nm should be appropriate in most cases of possible
applications.

4. Conclusions

In the present work experimental results of optical
transmission of selected oxide thin �lms measured in an
air and in air�ethanol vapor gas environments were used
in order to develop theoretical models for elaboration of
their refraction and extinction coe�cients. The models
proved their usefulness in prediction of the optical re-
sponse of investigated thin �lms with di�erent thickness.
The obtained results have shown that the predicted op-
tical changes for the thin �lm containing tungsten, were
more apparent in the longer wavelength range while for
the (Ti�V�Ta�Nb)Ox thin �lm the decrease in optical
transmission was almost constant in the whole investi-
gated wavelength range. Such simulation results can be
very helpful in the designing of di�erent structures con-
taining gasochromic thin �lms.
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