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Effect of thermal annealing on sensing properties of optical fiber
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Abstract— In this work we discuss an effect of thermal annealing on
optical and electrical properties of indium tin oxide (ITO) thin films
deposited on a short section of the multimode polymer-clad silica (PCS)
optical fiber core. ITO films were deposited using a different
configuration of high-power impulse magnetron sputtering (HiPIMS)
and radio frequency magnetron sputtering (RF MS) cathodes. Due to
tuned ITO film thickness it was possible to observe for these structures a
lossy-mode resonance (LMR) and trace changes in the properties of
films. Electrical resistance of the ITO overlays was also measured. Both
optical and electrical measurements were repeated after annealing at
200°C in a tube furnace and nitrogen atmosphere. The measurements
have shown that thermal annealing changes an optical response to the
external refractive index (RI) of the fiber sensor and also changes the
ITO layer resistivity. As an effect of thermal annealing, we observed a
shift of the LMR towards longer wavelengths. In addition, as a result of
annealing, the resistivity of the ITO layer was reduced.

In rising need for body fluid analysis, optical fiber
sensors are considered as a suitable solution [1]. Systems
based on optical fibers are modular and can be connected
in series, which allows for simultaneous measurements of
several parameters. Due to low fabrication cost, they can
be disposed after contact with a patient’s body fluids and
replaced with new ones. To increase the reliability of
measurements, an optical readout from sensors needs to
be verified, most likely by the same setup but different
sensing mechanism. One of the solutions is simultaneous
optical and electrochemical analysis.

An optical effect employed in this work is lossy-mode
resonance (LMR). It occurs when optical properties of the
fiber core, deposited thin overlay and surrounding liquid
are in a certain relation [2]. This relation is fulfilled when
tuned- in- properties indium tin oxide (ITO) is deposited
as an overlay. Tracing LMR also makes quick
measurement of the refractive index (RI) of surrounding
liquid possible. Due to high RI sensitivity, ITO-coated
optical fiber structures can be used to measure, for
example, the composition of a solution, and also the
growth of a biological film on the sensor’s surface [3].
Thanks to electrochemical activity of ITO, it can be also
used for LMR  simultaneous  electrochemical
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measurement, which makes the cross-verification of
results possible [1]. However, there is a need for post-
deposition optimization of ITO properties for these
simultaneous measurements, e.g., towards the reduction
in resistivity of the overlays. As one of the post-
processing solutions can be considered thermal annealing.

In this work we discuss the effect of thermal annealing
on optical and electrical properties of ITO overlays
deposited, by using different magnetron sputtering
configurations, on a short section of the multimode
polymer-clad silica (PCS) optical fiber core. The
annealing effect is analysed by comparing the optical
response of the sensor, in particular when submerged in
liquids of different RI, as well as by comparing the
resistivity of the ITO-coated section.

The sensors were based on PCS optical fiber (150 mm
in length, @ = 400 pm fused silica core) where the central
section had been chemically exposed to methylene
chloride and then some of the cladding was mechanically
removed to a length of 25 mm. Next, ITO overlays were
deposited on the exposed core section using a different
configuration of high-power impulse magnetron
sputtering (HiPIMS) and radio frequency magnetron
sputtering (RF MS) cathodes [4]. HiPIMS provides high
density plasma with pulses of high energy output which
shortens the PCS samples exposure time to high
temperature during the deposition process. The
introduction of RF MS decreases the process time even
further by speeding up the development of HiPIMS pulses
and reducing the working pressure [5].

One run of deposition was done on three fiber samples
called as A, B and C, installed in a metal frame that was
placed on a rotating stage in the process chamber, and
after a half of the process time the frame was flipped to
the other side. At the top and on the side of the substrate,
sputtering targets were installed in the process chamber
(Fig. 1) in a different configuration of cathodes. The
configuration for the sample series is summarized in
Table 1. It was done to find the most suitable deposition
process parameters.
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Optical transmission of the ITO-LMR samples was
measured using an Ocean Optics USB4000 spectrometer
and Ocean Optics HL-2000 white light source. To
identify RI sensitivity, the samples were submerged in
liquids with RI in the range np=1.334+1.466. The np of
the liquid was measured using a Rudolph’s Digital J57
refractometer. Obtained transmission spectra were
normalized using the data set for a sample with no
overlay measured in air.

Electrical resistance of the ITO layers was also
measured on a 25 mm length of the sensor area using a
digital multimeter.

After both optical and electrical measurements, the
samples were annealed at 200°C in a tube furnace in a
nitrogen atmosphere for 2 hours. Next, the measurements
were repeated. In particular, we analysed the LMR shift
observed in the spectrum as an effect of thermal
annealing.
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Fig. 1. Schematic representation of elements in the process chamber.

Table 1. Magnetron sputtering configurations used in the experiment.

01 02 03
RF MS HiPIMS
Top position 3”1TO - 2”ITO
target target
HiPIMS RF MS RF MS
Side position 2”1TO 3”1TO 3”1TO
target target target
Pressure
[Pa] 0.7 0.5 0.5
Argon flow 15 15 15
[sccm]
Time [min] 40 120 48

Analysis of the obtained transmission spectra confirms
that the position of the sputtered target led to a different
thickness of overlays. The number of resonances, shown
by black arrows (Fig. 2), indicates the deposited layer
thickness — the more resonances, the thicker is the overlay
[6]. When RF MS was at the top position and HiPIMS
was on the side position, the configuration and 40 min-
long process led to the deposition of relatively thin
overlays - two main resonances can be seen (Fig. 2a).
When RF MS was only on the side, it led to an even
thinner overlay deposition - only one resonance occurred,
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even after the process time was tripled (Fig. 2b). Using
HiPIMS in the top position and RF MS on the side,
thicker ITO overlays were achieved - four resonances can
be seen (Fig. 2c).

The samples were submerged in liquids with RI in the
range np=1.334+1.466, where the brighter plots represent
the lower RIs of a used liquid. In all cases, the observed
resonances shifted towards longer wavelengths with
external RI, shown by the orange arrow (Fig. 2).

Resistance measurements were made on three samples
A, B and C, which were present during the same
deposition process, expect for series 01, which was not
considered for resistivity measurement. We have
observed differences in the resistance of samples made in
the same process (Tab. 2). It may be caused by the spatial
heterogeneity of plasma and its different interactions with
the samples. Further analysis indicates that thicker layers
show lower resistivity, while thermal annealing lowers it
even more. Lower resistance helps in conducting efficient
electrochemical measurements, and for this reason the
contribution of HiPIMS is preferable.

Thermal annealing also affects optical transmission of
optical fiber samples, the LMR shift towards longer
wavelengths (Fig. 3). We can still observe the LMR shift
towards longer wavelengths with an increase of RI. Due
to the thermal annealing of optical fiber structure, the RI
sensitivity decreased for all cases (Tab. 3.). This is an
effect of ordering the crystallographic structure of the
ITO layer, which leads to an increase of ITO overlay RI
[7]. It is an undesirable effect from an optical sensing
point of view. The effect of annealing is less pronounced
for samples received with the HiPIMS contribution due to
higher energy already delivered to sputtered particles in
this process, compared to RF MS applied solely.
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Fig. 2. Optical transmission spectra of a) 01, b) 02, ¢) 03, sample
series and the LMR shift before thermal annealing when immersed in
liquids of different RI.
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Table 2. Resistance of three samples A, B and C from 02 and 03 series
before and after annealing.

Resistance before Resistance after
annealing [Q] annealing [Q]
02A - 157 000
02B - 250 000
02C - 270000
03A 360 250
03B 320 300
03C 500 270
a) 585
580
=575
E y=194,22x + 297,94
=570
=
B 565
8 560
£ y=225,78x + 248,79
550
545
13 1,35 14 1,45
Refractive index
Before Before Linear Linear
annealing annealing (before annealing) (after annealing)
b)eso
650
E 610
g 630 y=222,66x + 320,17
é 620
g 610
600 y=252,16x+262,96
590
13 1,35 1,4 1,45
Refractive index
Before annealing After annealing
Linear (before annealing) Linear (after annealing)
c) 670
. 665
E
f 660
% 655 y=174,14x + 412,58
K
$ 650
2 s y =169,29x + 415,07
640
1,3 1,35 1,4 1,45

Refractive index
Before annealing After annealing

Linear (before annealing) Linear (after annealing)

Fig. 3. Resonance shift of a) 01, b) 02, ¢) 03 sample series with linear
approximation before and after thermal annealing when immersed in
liquids of different RI.
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Table 3. RI sensitivity for 01, 02 and 03 series before and after

annealing.
Sensitivity before Sensitivity after
annealing annealing
[nm/RIU] [nm/RIU]
01 232.05 199.22
02 249.49 221.55
03 183.30 183.11

In conclusions, obtained data indicates that ITO films
obtained with a contribution of HiPIMS are more resistant
to thermal annealing than those deposited using RF MS
only. Optical fibers with an ITO layer are sensitive to
changes in external Rl and respond as an LMR shift
towards longer wavelengths. When LMR sensors are
considered, thermal annealing changes the optical
response of the ITO-coated sensor and, in general, lowers
its optical sensitivity. Observed was an LMRs shift with
annealing towards longer wavelengths. However,
annealing also decreased electrical resistance of the
deposited ITO. Understanding both effects can lead to
finding optimal ITO deposition parameters and also
optimal annealing temperature for optical fiber sensors
used in simultaneous optical and electrochemical
measurements  [8+9]. For these applications, a
contribution of HiPIMS is expected.
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