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We present the results of the spectral transmittance and reflectance of a SiO5/TiO2 1D photonic crystal deposited
by Radio Frequency sputtering on a flexible polymeric substrate, which shows a blue-shift in its transmittance
stopband proportional to the incidence angle when bent. An adjustable sample holder was designed to regulate
the bending and keep the sample in a bent condition. Different angles of incidence were also achieved through
variable angle reflectance, where an increase in incidence angle led to the blue-shift and narrowing of the
transmittance stopband. We addressed the sample’s resistance against bending wear and tear by comparing the

transmittance spectra acquired for the flat sample before and after the measurements made in bent configura-
tions. An important stability has been observed.

1. Introduction

The field of thin optical films deposited on flexible substrates has
been rapidly growing in the past few years thanks to the great potenti-
ality of these systems for developing applications in various areas,
expanding the already broad spectrum of applications of rigid thin films.
Sensing, amplification and flexible screens for augmented reality are
only some of the high interest examples [1-6].

Different protocols can be employed to realize thin films, such as sol-
gel [1,7,8] and Radio Frequency (RF) sputtering [9], which has already
been demonstrated to be a suitable technique for the fabrication of 1D

photonic structures on flexible substrates [2,10-14].

The development of flexible photonic devices not only requires
specific fabrication protocols, but also different design approaches and
characterization procedures [15-18]. In particular, the optical and
spectroscopic assessment must be performed both before and after the
bending, as well as during the bending procedures in order to put in
evidence possible interactions between mechanical stress induced by
bending and optical or spectroscopic features [2]. To do so, sample
holders designed to monitor the properties of the sample in bent con-
figurations must be developed.

In this paper, the spectral transmittance of a glass based multilayer
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structure fabricated on a polymeric substrate is studied under different
bending conditions, and the results are compared to the ones obtained
via variable angle reflectance technique. For this purpose, a sample
holder has been designed and fabricated to monitor the properties of the
sample in bent configurations. Also, the 1-Dimensional Photonic Crys-
tal’s (1D-PC) stability against bending wear and tear is tested.

2. Experimental

The 1D-PC was fabricated by multi target non-reactive RF-sputtering
technique on a self-standing polymeric flexible substrate (76 mm x 25
mm x 1 mm). Simultaneously, the deposition was performed on a silicon
substrate for Scanning Electron Microscopy characterization. Before the
deposition, the silicon substrate was cleaned using an ultrasonic bath in
deionized water. Afterwards, both substrates were cleansed with iso-
propanol and dried in nitrogen. The residual pressure in the sputtering
chamber before the deposition was 4.5- 10”7 mbar. Inside the chamber, a
target plate (15 cm x 5 cm) of SiO3 and an identical one of TiOy were
placed in order to alternate the deposited materials: once the first layer
is formed, the sample is moved over the other target plate and the
deposition of the second layer starts; this process is iterated until all the
layers are deposited. The deposition process was performed in an Ar
environment (5.4-10° mbar) with a set RF power of 100 W for both
targets, the substrates were not heated, and the holder’s temperature
was kept at 30 °C. Starting from a SiO, layer, a total of 10 alternating
layers was deposited. To monitor the thickness of the layers during the
deposition, two quartz microbalances INFICON model SQM-160, each
facing one of the targets, were employed. More details about the
deposition setup and process are available in Ref. [19]. Eventually, an
8-hour heat treatment was performed, in air, at 150 °C.

Scanning Electron Microscopy (SEM) analyses were carried out, on
the 1D-PC grown on silicon substrate, using a JEOL JSM-7001F SEM-
FEG instrument. Measurements were performed at 20 keV electron beam
energy and 10 mm of working distance. The thicknesses of single layers
were estimated by processing the cross-sectional SEM micrographs,
resulting in a thickness of 83 + 2 nm for the SiO3 layers and 51 + 3 nm
for the TiO5 ones. The analysis was performed on the film cross-section
fixing the sample on a 90 ° stub and using Backscattering Electrons (BSE)
images to better separate the different SiO5 and TiO, layers from the
substrate (Fig. 1). To have a conductive surface, a layer of about 15 nm
of carbon was deposited on the sample.

To study the optical properties of the 1D-PC deposited on the poly-
meric substrate under bending, we developed a sample holder adjust-
able in size, thus allowing us to regulate the bending of the substrate and
keep the sample in a bent condition during the measurements. This
sample holder and a possible configuration are reported in Fig. 2.

Transmission spectra and reflectance spectra at different angles in
the Vis-NIR region (300-1200 nm) were obtained using a double beam
Varian-Cary 5000 spectrophotometer with a resolution of 2 nm. We
studied a fixed point of the sample to avoid the deviations that could
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have arisen from the sample’s inhomogeneities; in particular, the spot
chosen was at approximately 1.4 cm from the short edge of the sample
and centred in the other direction. Furthermore, we used a 2x2 mm slit
to limit the shined area and always kept the 1D-PC as close to it as
possible. The machine is also capable of performing variable angle
reflectance, allowing us to compare the dependence of the reflectance on
the angle of incidence when the sample is flat, with the results obtained
by changing the incidence angle through bending.

The angles of incidence in the case of bent surface were estimated
with a simple code that approximates the bent shape with a parabola.
Through geometrical considerations, we were able to show that, in the
range studied, the measured angles were always within 1.5 ° from the
estimated values. In any case, the objective was not to quantify this
angle dependence, but rather to study it qualitatively: the angles are
therefore to be taken as a rough index that represents how bent the
sample is, also because the discrete size of the sampling beam means that
the measurements are made on a portion of the 1D-PC that does not have
a single incidence angle.

Before and after the measurements in bent configurations, we ac-
quired the spectrum of the flat layout to see if the bending procedure
altered the sample’s properties at rest. Also, since the curved shape
implies that some points are closer to the slit than others, and thus are
shined by a beam that has diverged less, we checked whether the dis-
tance from the slit influenced the results.

3. Results and discussion

The variable angle reflectance spectra are shown in Fig. 3. As the
angle increases, the high-reflectance band shifts to higher frequencies
and narrows. Note that the first angle is 20 °, as it is the smallest allowed
by the instrument used.

Then, the spectral response of the fixed point we had chosen (see the
previous section) was studied in different bending conditions, and is
shown in Fig. 4. This measuring procedure allows to see the influence of
the bending only, because it rules out the dependence on the possible
inhomogeneities of the 1D-PC.

From Fig. 4, it can be deduced that increasing the bending of the
sample increases the blue-shift of the resonance, as previously observed
with variable angle reflectance measurements. What is different,
though, is the fact that here no narrowing of the bands is observed. Since
we have carefully kept the sampled point the same during the mea-
surements, and the light beam is quite collimated, we could attribute the
narrowing effect, previously observed, to the procedure used in reflec-
tance measurements, where the light is spread on a much broader
portion of the sample. This means that, to study the optical properties of
the bent 1D-PC, variable angle reflectance is not a valid choice: for the
same incidence angles, the results are, in general, different between
variable angle reflectance and the transmittance measurements ob-
tained by bending the sample.

To evaluate the stability of the sample against bending, we measured

Fig. 1. Cross-sectional SEM micrograph of the 1D photonic crystal and layers’ thickness estimation.
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Fig. 2. (a) Picture of the holder with two supports; (b) support and sample holder with the 1D-PC mounted in a bent configuration.
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Fig. 3. Variable angle reflectance made on the 1D-PC.

the transmittance spectrum of three arbitrary points of the sample before
and after repeatedly bending it. In particular, the configurations of Fig. 4
were reached roughly 10 times each and held for periods of time always
longer than 2 minutes. The corresponding spectra are reported in Fig. 5:
the bending did not sensibly alter the position of the stopband for any of
the considered points, although the film suffered cracking damage.
Despite this, SEM analysis did not show any alteration of the layers as a
result of bending. Additionally, the sample responded elastically to
bending below the 30.5 ° configuration.

Finally, we wanted to investigate if any of the observed effects could
depend on the different distances between slit and sample in the various
bending configurations. Ideally, the point that is being investigated
should stay as close as possible to the slit, in order to avoid dispersion of
the light and hence more surface exposed, which also means that light
enters the sample at a wider range of angles. However, since we needed
to accommodate the bent sample, the distance between the slit and the
examined point of the 1D-PC depended on the configuration. We tested
the two extremal configurations, namely at maximum possible bending
and at almost zero bending (the polymer couldn’t stay straight due to the
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Fig. 4. Transmittance spectra under different bending conditions. The angles
have been estimated using a parabolic model.

previous stresses, which resulted in a slight bending). These measure-
ments have been done using the leftmost support shown in Fig. 2(a) and
the point sampled was the one selected at the beginning. In particular,
the “close” condition is the one that allows the least distance between
sample and slit, “medium” has the holder in the middle of the support,
while “far” has it at the support’s edge. The support was approximately
3.7 cm long.

What we can see is that the distance from the slit seems to red-shift
the band, but the effect becomes significant only after a certain spacing
value. In fact, the “close” and “medium” configurations in Fig. 6(a) have
the exact same transmittance. An important variation is observed only if
we compare them with the “far” configuration. If we compare the two
pictures, having a bigger angle makes the dependence on the distance
greater. We believe it is because the light impinges on a broader area of
the 1D-PC if it is more bent, resulting in a wider range of incident angles
with respect to the slightly bent case.



G. Zanetti et al.

Transmittance [%]

10 i . . " N . . :
300 400 500 600 700 800 900 1000 1100 1200
Wavelength [nm]

Optical Materials: X 19 (2023) 100241

Transmittance [%]

-10 *
300 400 500 600 700 800 900 1000 1100 1200
Wavelength [nm]

Transmittance [%)]

-10 . . "

300 400 500 600 700

800 900 1000 1100 1200

Wavelength [nm]

Fig. 5. Comparison between transmittance spectra before and after bending for three points of the 1D-PC.

80

70

Transmittance [%]

60

50

40

30

20

\/X\
Close

Medium
Far

-10
300 400 500 600 700 800 900

Wavelength [nm]

(a)

1000 1100 1200

Transmittance [%]

-10
300 400 500 600 700 800 900
Wavelength [nm]

(b)

1000 1100 1200

Fig. 6. Transmittance of the fixed sample point at different distances from the slit. In (a), the estimated angle is 44.5 °, while it is 8.0 ° in (b).

4. Conclusions

Flexible glass based multilayer structures extend the scope of pho-
tonic applications by removing the constraint of a rigid device. In order
to tap into this potential, we must understand what consequences
bending has on the optical properties of photonic structures, especially
those based on planar configuration designs. In this paper, we reported
the phenomenology of a 10-layer SiO5/TiO, 1D-PC deposited by RF-
sputtering technique on a flexible polymeric substrate. The main find-
ings are the slight blue-shift proportional to the bending and the
impossibility to study bent configurations by directly employing

variable angle reflectance, as it yields results that behave differently
from the spectra obtained by physically bending the sample. Moreover,
the size of the sampled region greatly affects the optical properties, as it
determines the range of incidence angles at which a light beam enters
the 1D-PC. This is evident from the change in transmittance spectra
collected at different distances between slit and sample surface. The

studied structure also manifests great stability against bending wear and
tear.
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