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Abstract

The accurate determination of sample thickness is crucial for its comprehensive characterization in materials science. Inter-
ference oscillations in optical spectra offer a simple method to achieve this, relying on the sample’s preservation of light
coherence. However, conventional spectra may fail to exhibit these oscillations in numerous samples due to factors such as
high transparency, anisotropy, or scattering caused by nanostructures. In this study, we implement a crossed polarization
spectral transmittance measurement which successfully unveils hidden interference oscillations by exploiting the polarization
conversion characteristics in the wing of the Episcada hymenaea translucent butterfly. We compare the thickness measure-
ments obtained using this method with those derived from Scanning Electron Microscopy and find a relative difference as

low as 5% as well as high robustness against variations in the refractive index.

Introduction

The fascinating properties exhibited by various materials
found in nature often surpass expectations based on their
constituent components, a phenomenon that is frequently
attributed to intricate hierarchical nanostructures [1, 2]. In
recent decades, biomimetics [3] and bio-inspired materials
have witnessed substantial progress, yielding advancements
in properties such as tensile strength [4], hydrophobicity
[2, 5], and drag reduction [3]. Within this realm, structural
color has emerged as a topic of growing interest, owing to
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its potential for mitigating pollution by reducing the use of
contaminating dyes [6, 7]. Of particular significance is the
investigation of structural color in butterfly wings, with the
blue morpho butterfly serving as a paradigmatic example [8,
9], while other species have shown fascinating polarization
sensitive color properties [10—13].

While the optical properties of butterfly wings have been
extensively studied, recent developments have harnessed
their anisotropy for various technological applications. But-
terfly wings have been employed as vapor detectors [14],
thermal sensors [15], and platforms for Surface Enhanced
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Raman Spectroscopy (SERS) [16]. In understanding and
optimizing these applications, accurate knowledge of wing
thickness is crucial, as it directly influences optical and
mechanical performance, and often serves as a prerequi-
site for determining other parameters, such as the refractive
index. Currently available techniques for measuring thick-
ness, such as ellipsometry [17] and interferometry [18], are
very reliable but possess certain limitations, including their
specialized nature and high cost.

To address these challenges, we propose a straightfor-
ward technique to determine the thickness of Episcada
hymenaea translucent butterfly wings based on interference
oscillations in the spectral transmittance aided by polariza-
tion conversion. This species is particularly intriguing due
to its similarity with the Greta oto [19, 20], which exhibits
remarkably low reflectance over a wide range of incident
angles. Notably, both species are one of the few examples of
transparency-based camouflage found in terrestrial environ-
ments. The transparency of the wings presents a unique chal-
lenge, as the oscillations required for thickness calculations
are not readily discernible in the direct spectra. To overcome
this limitation, we have implemented a novel crossed polari-
zation measurement approach that effectively exploits the
anisotropy within the nanoscale structure. This technique
significantly enhances contrast and unveils the oscillations
necessary for precise thickness determination, employing
only linear polarizers.

Materials and methods

The transmittance measurements were performed with a
halogen lamp, model HL-2000 from Ocean Optics as the
light source. The lamp was connected to a collimator by a
1000 um optical fiber to focus the light onto the sample,
which was mounted on a goniometer. To confine the analy-
sis to the transparent portion of the wing and minimize the
influence of the sample holder, two irises were positioned
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in the incoming path, effectively reducing the spot size.
The transmitted light was collected using another collima-
tor and detected with a fiber-coupled spectrometer, namely
the S2000 model from Ocean Optics. The sample holder,
an aluminum plate with a centrally positioned hole, was
placed between a polarizer and an analyzer. The wing was
clamped at the bottom of the plate, allowing most of the
structure to remain unobstructed above the hole, where
the light was incident. For a schematic of the setup, see
Fig. la.

For the transmittance measurements, different polar-
izer—analyzer configurations, denoted as Ty, (i,j = 1,2),
were employed. The first index represents the position of the
polarizer, while the second index corresponds to the position
of the analyzer. To establish an orthonormal basis for polari-
zation, the following procedure was implemented without
placing a sample in the sample holder (lamp signal only):

1. The polarizer was set at an arbitrary angle, defining the
i = 1 position.

2. The analyzer was rotated until the signal was maxi-
mized, determining the j = 1 position.

3. The analyzer was rotated again until the signal was mini-
mized, establishing the j = 2 position.

4. With the analyzer in the second position (j = 2), the
polarizer was rotated until the signal was maximized
once more, representing the i = 2 position.

Consequently, four configurations were obtained: 7 and T,
for parallel (or direct) transmitted light and T, and T,, for
crossed-polarized transmittance. The crossed polarization
signals were normalized to the direct polarization measure-
ment without the presence of a sample, using the configura-
tion that matched the first index. For instance, 7, was nor-
malized with respect to T);. To calibrate normal incidence
(¢; = 0°), a glass plate was placed on the sample holder, and
its position was adjusted until the reflection aligned with the
incoming beam.
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Fig. 1 a Experimental setup used to measure spectral crossed-polarized transmittance and b Schematic of the model used to calculate the trans-

mittance of a thin film
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To evaluate the suitability of the technique, a comparative
analysis is conducted, whereby the thickness derived from
the experimental spectra is contrasted against measurements
obtained through imaging with a scanning electron micro-
scope (SEM), model JSM/5900 LV SEM from JEOL.

Interference in thin films

To calculate the thickness (d) of the wing based on the trans-
mittance spectra, we employed the formula for an isotropic
and homogeneous thin film [21]. Considering the situation
depicted in Fig. 1b, where a single unsupported layer is
embedded in air, we see that the overall transmission (t) is a
superposition of an infinite number of beams, each following
a different path through the sample. The total transmission
(t) is given in Eq. 1.

t =t [1 + 12 e + (2 e*) + 1. (1

Equation 1 introduces the Fresnel transmission (reflection, r)
coefficients for light passing through an air-sample interface.
The coefficients #, (r,,) represent the transmission (reflec-
tion) coefficients of light when it approaches the interface
from air. Conversely, the coefficients ¢, (r,,) correspond to
the case of light approaching the interface from the sample.
Meanwhile, 6 is the optical path length traversed through
the sample. As |12 ¢?®| < 1 the geometric series converges
to the result in Eq. 2.
tﬂStSaei5
= o
sa

& = 2avdy/ 2 — sin’¢;. 3)

The optical path é traveled by a wave through the sample
can be expressed as shown Eq. 3 by using Snell’s law [21],
where v = i is the wave number, d is the sample thickness,
¢; is the angle of incidence, and i, is the (possibly complex)
refractive index of the sample.

The transmission coefficient represents the fraction of
incoming amplitude that is transmitted. Since our measured
quantity is intensity, the transmittance T is the relevant
parameter. It is defined as T = |#|? in cases where the incom-
ing and exit media are the same [21]. In the particular case
of vanishing damping 7, r,,,, and 6 are real, and the transmit-
tance (T) is expressed using Eq. 4. If the refractive index,
and thus, the Fresnel coefficients, are approximately constant
in the considered spectral range, we find that the extremum
values of the transmittance occur when the condition
26 =jmj=0,1,2,...1s satisfied. From this condition, the

. L _ j
thickness of the film is given by d = » m, where v;

is the wavenumber corresponding to the extrema of order j.

(@)

However, this equation requires knowledge of the corre-
spondence between the experimental extrema and the extre-
mal order j, which often proves impractical. By considering
two consecutive extrema, maxima or minima, we can dis-
pense with this information and we arrive at Eq. 5, used for
thickness calculations from the experimental spectra.

2 42
tas tsa

T = :
147t —2r2 cos(26)
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The wings of the Episcada hymenaea exhibit a notable level of
homogeneity at visible wavelength scales, particularly within
the bulk of the layer, comprising a composite of chitin, chi-
tosan, and proteins as reported for the similar Greta oto species
[19], also a member of the Ithomiini tribe [22]. Importantly,
both chitin and chitosan exhibit minimal frequency depend-
ence (low dispersion) of the refractive index within the spec-
tral range under examination, while also displaying negligible
absorption [23, 24]. Moreover, the anticipated anisotropy,
which is effectively utilized in this technique, is expected to
be exceedingly small. These combined factors render the uti-
lization of Eq. 5 a reasonable approximation in this context.

d=

Results

For reference, the thickness of the sample was measured
from the SEM image shown in Fig. 2a. Since the thickness
exhibits variation across the wing, a total of 22 locations

»BB8 B. 35km

Fig.2 SEM image of the side of the wing of a Episcada hymenaea
butterfly specimen. For reference, three lengths across different
regions are marked. In the insert, there is a picture of the wing
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Fig.3 Transmittance spectra for the a 7, and b 7, configurations. As a

thickness calculation

were sampled for analysis, with three of these locations
highlighted in the provided image. To obtain an approxi-
mate value for the thickness, the average measurement was
computed, while the standard deviation was employed as
the associated uncertainty. A thickness of d = 446 + 45 nm
was obtained.

The transmittance spectra for both crossed configurations
are presented in Fig. 3. Notably, distinct interference oscil-
lations are observed, which are absent in the lamp refer-
ence signal (Fig. 3) and the parallel transmittance spectra of
the wing (Online Resource). From the maxima and minima
within the spectra, Eq. 5 is employed to calculate the thick-
ness of the wing. The average thickness and its associated
uncertainty were determined using the mean and standard
deviation, respectively.

A crucial factor to consider in the calculation is the refrac-
tive index of the sample. While the precise value remains
unknown in this study, a commonly reported refractive index
of 1.56 [23, 24] for chitin was employed as an initial refer-
ence. To explore the robustness of this technique to differ-
ences in refractive indices and obtain a range of thickness
values, two additional values were considered. An index of
1.62, which closely aligns with the maximum reported value
for chitin within the spectral range [23], was utilized as the
lower bound. Conversely, an upper bound was calculated
using n, = 1.51, a value approaching the lowest refractive
index reported for chitosan, a material with a lower refrac-
tive index than chitin, within the experimental wavelength
range [23]. The results of these calculations are presented
in Table 1.

The results demonstrate that all calculated thickness val-
ues align closely with the measurement obtained from the
SEM image. Notably, the average thickness, which consid-
ers the combined thickness values from both configurations,
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Table 1 Calculated thickness values obtained for the Episcada hyme-
naea butterfly wing using various refractive indices

Bound Upper Middle Lower
n, 1.51 1.56 1.62
Thickness 7', (nm) 417 + 38 400 + 35 381 +32
Thickness 7,, (nm) 439 +4 422 +2 403+ 1
Average thickness (nm) 423 + 34 406 + 32 387 +29

The presented values include measurements for each individual
configuration, as well as an average that incorporates all extrema
observed in both configurations. The reported values represent the
average thicknesses derived from different extrema, with the associ-
ated uncertainty expressed as the standard deviation

exhibits a maximum relative difference of 13% and a mini-
mum of 5%. This observation is particularly noteworthy con-
sidering the non-uniform nature of the wing’s thickness and
the fact that the transmittance measurements were conducted
in proximity to the center, as opposed to the edge observed
in the SEM image.

Clearly the thickness values obtained from the 7, con-
figuration exhibit closer proximity to the reference thick-
ness and display smaller deviations. This outcome can be
attributed to the increased signal strength associated with
this polarization configuration, which subsequently enhances
the signal-to-noise ratio and improves the definition of the
observed maxima and minima. However, it is important to
note that due to the reduced number of extrema evident in
the spectra (Fig. 3b), the averaging process encompasses
fewer data points, potentially explaining the decreased stand-
ard deviation observed.

An additional intriguing aspect revealed by Fig. 3 is the
increase in transmittance when the sample is positioned
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between the polarizers, an effect that is further amplified by
increasing the angle of incidence. This phenomenon sug-
gests that the sample induces a rotation in the polarization
direction of the incident light, resulting in an intensified
projection of light in the orthogonal direction. A material
that rotates the plane of polarization of linearly polarized
light is said to be optically active [25]. Previous reports have
shown optical activity in the wings of other butterfly species,
alongside polarization conversion effects dependent on the
angle of incidence [10-13].

Discussion

The theoretical framework leading to Eq.5 provides a simple
and convenient optical technique to determine the thickness
of a sample, assuming certain conditions such as homogene-
ity, linearity, negligible absorption, and minimal dispersion
of the refractive index reasonably approximate the material
under investigation. However, in the case of the Episcada
hymenaea butterfly wing, these interference oscillations
are not observed in the direct polarization measurements
(Online Resource). This absence of oscillations can be
attributed to the combination of the very small reflection
coefficient and the optical activity present in the sample.
These factors contribute to the overwhelming dominance
of the first term in the summation presented in Eq. 1. The
small coefficients cause the summation terms to drop off
rapidly, while the optical activity induces a rotation in the
polarization direction, which depends on the path traversed
through the sample. Because the interference is proportional
to the scalar product of the fields [26], the increased rotation
of the multiply reflected beams further reduces the interfer-
ence interaction.

Recent studies have reported optical activity in both chi-
tin [27] and chitosan [28]. Moreover, numerous works have
revealed the occurrence of polarization conversion effects
originating from nanostructures present in the wings of dif-
ferent butterfly species [10-13]. The bristles or microhairs
on the transparent portion of the wing (Online Resource)
closely resemble the organized structures observed in those
species. It is possible that these bristles contribute to the
polarization rotation, as the incident light spot, measuring
approximately 2 mm in diameter, interacts with several of
them. Another article demonstrated interesting polarization-
dependent transmittance in the transparent part of the wings
of the Chorinea sylphina species [6], which lacks reticular
structures in the bulk of its wing but is covered with scales
akin to the bristles observed in our species. The exact nature
of the optical activity in the Episcada hymenaea is cur-
rently being investigated, and at present is an open question
whether it arises from metastructures, the configuration of
the constituent molecules, or both.

By utilizing the crossed polarization configuration for
transmittance measurements, we exploit the polarization
conversion to unveil the desired oscillations. Since the first
term in the field summation only involves a single pass
through the sample, it is expected that its rotation will be
minimal. Therefore, this term becomes negligible when
measuring in the orthogonal direction, effectively truncat-
ing the initial terms in the series. This in turn enables the
emergence of the interference oscillations necessary for the
application of Eq. 5.

Conclusion

Through the implementation of this technique, we success-
fully obtained thickness values that closely matched the
measurements obtained from a SEM image. Even without
precise knowledge of the exact refractive index, the maxi-
mum difference observed between the calculated thickness
and the reference value was 13%. The relative robustness
to small variations in the refractive index demonstrates
that this technique is suitable for the precise measurement
of the thickness or as an initial estimate in the iterative
process commonly employed to determine optical con-
stants [17].

It is anticipated that this technique can be extended to
other highly transparent materials that show polarization
conversion characteristics. In particular, those composed of
chitin and chitosan, which are increasingly being utilized as
sustainable materials [29, 30].
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