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1 Abstract

In this report, helium ion microscopy (HIM) is used to study the micro and nano-structures responsible for structural
color in the wings of two species of Lepidotera from the Papilionidae family: Papilio ulysses (Blue Mountain
Butterfly) and Parides sesostris (Emerald-patched Cattleheart). Electronic charging under the beam of uncoated
scales from the wings of these butterflies is successfully neutralized, leading to images displaying a large depth-of-
field and a high level of surface detail, which would normally be obscured by traditional coating methods used for
scanning electron microscopy (SEM). The images are compared to those from variable pressure SEM, demonstrating
the superiority of HIM at high magnifications. In addition, the large depth-of-field capabilities of HIM are exploited
through the creation of stereo pairs which allows the exploration of the third dimension. Furthermore, the
extraction of quantitative height information which matches well with cross-sectional transmission electron
microscopy (TEM) measurements from the literature is demonstrated.

2 Introduction

The huge diversity of colors observed in nature has been a source of fascination throughout human history. The
visual appearance of most biological systems is governed by the distribution of pigments, chemicals that selectively
absorb part of the spectrum of white light. Perhaps the most striking colors however are produced by entirely
different mechanisms based on spatial variations in refractive index on the order of the wavelength of incident light.
Termed “structural color”, this has garnered particular attention because it provides nature with ways to create a
variety of remarkable optical effects that would be impossible through the use of pigments alone. Several reviews
are available on this topic, detailing examples of structural color observed across the animal and plant kingdoms
(Vukusic 2003; Parker 2000; Kinoshita 2005). These range from the vibrant metallic sheen of some Coleoptera
(beetles) (Kurachi 2002; Parker 1998; Seago 2009), through the dramatically-colored wing interference patterns
found on the transparent wings of some Hymenoptera and Diptera (wasps and flies) (Shevtsova 2011) and to the
vivid and often iridescent examples of avian skin (Prum 2003; Prum 1999). Various nanostructures are employed to
create these stunning optical effects including thin film multilayers, diffraction gratings, two-dimensional and three-
dimensional photonic crystals, either alone or in combination. These are examples of the evolution of structural
color driven by natural selection pressures where conspicuousness and vividness are advantageous in attracting
potential mates. There are other examples where the survival advantage conferred by camouflage has driven the
evolution of antireflective structures, such as the nipple arrays found on the eyes and wings of some species of moth
(Bernhard 1967; Yoshida 1996) and the wings of some cicada (Stoddart 2006). Indeed, these represent two of a
whole host of structural color examples found in Lepidoptera (the large order of insects that includes moths and
butterflies), which have been studied in great detail (Balint 2004; Vukusic 2000; Yoshioka 2008; Ghiradella 1994). By
investigating the nature of the structural color mechanisms at play in Lepidoptera, researchers hope to gain further
insights into their development and behaviour. Additionally, after millions of years of optimization through
evolution, the natural world may offer effective designs for new biomimetic optical devices that exploit structural

color mechanisms to control light (Parker 2007; Watanabe 2005; Boden 2008). Possible applications include
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antireflective structures for solar cells (Boden 2010), anti-counterfeiting on banknotes (Berthier 2006) and for artistic
decoration on, for example, furniture (Vigneron 2006).

Although light microscopy can be used to characterize the effects of structural coloration in the form of direct
imaging and microspectrophotometry (Vukusic 2009; Yoshioka 2006), it is not generally useful for investigating the
form of the structures themselves because of their subwavelength scale. Hence electron microscopy, with its
superior resolution, has been extensively employed for characterization of these structures. TEM has proved useful
in obtaining high resolution cross-sectional images of biological structures, and has the advantage of revealing
internal structures that may not be apparent in surface imaging. However, as it relies on a projection image
formation method, only two-dimensional information can be obtained from a single image. With TEM 3D
tomography, using multiple images combined with computer modelling, it is possible to successfully characterize
three dimensional structures in butterfly wings (Argyros 2002; Michielsen 2008). However, TEM sample preparation
is difficult and time-consuming as the sample has to be fixed, stained and embedded in resin before a thin (<100 nm)
section is prepared. Sample preparation for SEM is far less arduous than for TEM and the technique provides an
easily-interpretable, three-dimensional view of the biological structures. Therefore, despite poorer resolution
compared to TEM, SEM is used extensively for structural color characterization. Sections from Lepidoptera wings are
generally dry (and so vacuum compatible) and simple slicing techniques using razor blades are often sufficient to
expose sub-surface structure for SEM imaging (Vukusic 2009). More controllable cyrosectioning can also be
employed for this, as can focused-ion-beam cross-sectioning for site-specific exposure of underlying structures
(Stavenga 2004; Vukusic 2009).

One aspect of electron microscopy that must be addressed when attempting to image biological samples is specimen
charging. The carbon-based chitin polymer, of which most structural color structures are formed, is an insulator and
therefore charge accumulates in the vicinity of the beam impact site. This raises the local potential with respect to
the material around the impact site, affecting the emission of secondary electrons and even the beam electron
trajectories, resulting in deterioration in quality of the SEM image through the appearance of charging artefacts.

Several techniques are used to combat charging effects when imaging insulating materials in an SEM. The most
widely used method is to coat the sample with a layer of conducting material, a few nanometres in thickness, by
evaporation or sputtering. The coating, usually a high atomic number metal such as Cr, W, Pt, Ir or metal alloy such
as Au/Pd, acts as a grounding plane to eliminate the fields associated with charging. With careful control of the
thickness, the resolution can even be increased due to extra mass-thickness contrast at the edges of coated
structures. There are however several drawbacks with this approach: Achieving a thin and uniform coating over the
sample can be difficult, especially when the sample exhibits a high degree of surface topography, as is common with
biological structural color features, which can lead to self-shadowing artefacts. These can however be minimized by
tilting and rotating the sample during coating (Goldstein 2003). The addition of a coating inherently alters the sample
from its true uncoated form and it can be difficult at high magnifications to discriminate between the true
characteristics of the sample and artefacts from the coating (Bazou 2010). The granular structure of the coating
material is often visible in high resolution SEM images of coated biological specimens and much effort has been
spent on the development of coatings with small grain sizes to minimize this effect (Schatten 2011; Chen 1995).

Charging effects associated with SEM of insulating specimens can be mitigated without coating by using low
accelerating voltages. Reducing the beam energy from the standard operating value of 10-20 keV causes the
emission of secondary and backscattered electrons to initially increase and the beam current to decrease until a
point is reached for which the charge entering and exiting the sample is balanced (Goldstein 2003). The exact
neutrality point differs between materials but modern SEMs allow effective operation at low beam energies and fine
adjustments of beam energy in this range, enabling the search for the neutrality point and therefore the elimination
of unwanted charging phenomena. However, careful control of the balance of charges in this way is difficult to
achieve and varies with tilt angle as well as beam energy. Furthermore, the energy spread of the electron gun
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increases at low beam energies, resulting in degradation of the electron-optical performance due to higher
chromatic aberration. This can however be mitigated using beam deceleration techniques whereby the source emits
at a high voltage but a negative bias is applied to the sample to reduce the landing voltage (Phifer 2009). Low voltage
SEM imaging is also more susceptible to hydrocarbon contamination (Postek 2006). Biological samples are not easily
cleaned due to their sensitivity to plasma cleaning techniques and so the build-up of hydrocarbons during imaging
can be a significant problem, especially at high magnifications.

The development of SEMs that can operate with chamber pressures considerably greater than those associated with
typical high vacuum conditions has led to a third way of overcoming charging problems for insulating samples.
Environmental or variable pressure SEMs (E/VP SEMs) contain differential apertures to isolate the column vacuum
from that of the chamber, allowing the latter to be up to 1000 times that of the former (Robinson 1974). By
introducing a gas such as helium or nitrogen into the chamber, collisions of secondary electrons with the gas
molecules result in ionization events that produce positive ions and more electrons. An insulating sample will
normally acquire a negative charge during imaging and SE detectors can be positively biased so that positive ions will
be accelerated towards the sample, neutralizing the negatively charged regions. The main advantage of this
technique is that it is self-regulating and therefore charge neutralization is easily achieved without the need for
continuous adjustment. However, the technique suffers from a decreased signal-to-noise ratio because of the
scattering of the incident beam by the gas molecules. Higher beam energies are generally used to increase the mean
free path of beam electrons through the gas and so reduce scattering but this is at the expense of reduced surface
detail that low kV SEM can provide.

In recent years, scanning helium ion microscopy (HIM) has emerged as a new imaging technique with all the
advantages of SEM’s simple sample preparation procedures and easily interpretable, three dimensional results but
with the added benefit of superior resolution and depth-of-field (Ward 2006; Scipioni 2008). Charging also affects
HIM, with insulating samples quickly acquiring a positive charge during imaging due to the positively charged
incident beam and the flow of negative charges out of the sample in the form of SEs. The positive charge that
develops suppresses the outgoing SEs resulting in a dramatic reduction in contrast in images of the insulating region
of the sample. This problem however can be easily remedied using an electron flood gun mounted in the HIM
chamber. Electron flood guns have been used to reduce surface charging in x-ray photoelectron spectroscopy
(Huchital 1972), focused ion beam (Utlaut 2007) and secondary ion mass spectrometry (Gilmore 2003) techniques
for many years. In HIM, an integrated electron flood gun can be used to deliver a diffuse beam of low energy
electrons to the area being imaged between successive scans (or lines of a scan). The low energy electrons are
attracted to the area of the sample that is acquiring a positive charge under the primary beam. Careful adjustment of
the flood gun parameters including electron energy, flood time and deflection can lead to effective charge
neutralization enabling high-contrast imaging of uncoated, insulating samples. This charge neutralization technique
has previously been demonstrated by Bazou et al. for HIM imaging of human colon cancer cells (Bazou 2010).

For this work, HIM has been employed to image a range of uncoated biological structures responsible for producing
structural color in Lepidoptera wing scales. An electron flood gun is used for charge neutralization to provide high-
contrast images of uncoated, insulating samples, with a high level of surface detail. In addition, the large depth-of-
field offered by the HIM is exploited to access the third dimension through the creation of stereo pairs (Wells 1960).



Figure 1. (color on line) Photographs of butterfly species investigated in this study, with the areas from which the scales were taken shown
by a white circle in each image: (a) Papilio ulysses, male; (b) Parides sesostris, male. Scale bars are 1 cm.

3 Materials and Methods

The wing scales of two species of Lepidoptera are studied in this work (see Figure 1), chosen as they provide
examples of a range of different optical structures. Some structural color features, such as chitin-air multilayers, can
only be imaged successfully after careful cross-sectioning. These were avoided in favour of structures located at the
scale surface or structures that could easily be revealed by cutting with a razor blade. The two samples studied in
this report are as follows:

i Black dorsal ground scales from Papilio ulysses (male) which exhibit an extremely low reflectance, assisted
by a complex microstructure designed to scatter and trap light and so enhance absorption (Vukusic 2004).

ii. Dorsal scales from Parides sesostris (male) from an area which exhibits a high reflectance of green light
(Figure 1c) due to differently-oriented domains of a 3D photonic crystal located beneath the surface
structures (Vukusic 2003; Poladian 2009; Saranathan 2010).

3.1 Sample preparation

The Lepidoptera specimens were all purchased in a dead and dry form from The Insect Company, UK
(http://www.insectcompany.com). Scales from each specimen were transferred from the wings with tweezers and
deposited onto carbon tabs attached to 1 cm diameter aluminium SEM stubs (Agar Scientific, Ltd.). For the P.
sesostris sample, razor blades were used to cut through some of the scales to reveal the underlying photonic crystal
structures beneath the upper lamina. The samples were left overnight to allow the carbon tabs to dry and fully
outgas before loading into the helium ion microscope.



3.2 Helium Ion Microscopy

HIM was performed in a Orion Plus™ helium ion microscope (Carl Zeiss). The accelerating voltage was approximately
30 keV and the beam current was between ~0.1 and 2 pA with a 10 um aperture and a working distance of between
7 and 8 mm. Beam alignment and astigmatism correction was performed on a conductive sample before moving a
butterfly scale into position and focusing. The electron flood gun was powered up in line mode and a He beam dwell
time of 1 us was selected. The flood energy, flood time, x deflection and y deflection were then varied iteratively to
optimize the contrast of the image. Charge neutralisation was achieved with typical flood times of 1000 us and flood
energies in the range 700-1100 eV. Line averaging of 64 was then implemented to capture the image. On some
images, it was necessary to perform post-capture histogram equalization to redistribute the intensity variation
across the entire greyscale range. No other digital enhancement techniques were used.

3.3 Photonic crystal structure measurements

Measurement of the periodicity of the photonic crystal structure found in the scale of P. sesostris was performed on
an image of the structure at a field of view of 2 um. The sample was tilted in an attempt to view as close as possible
along the normal to the (111), hexagonally-arranged plane (although small variations in domain orientation across
the image were unavoidable). Values of the period of the structure were measured using line profiles along the three
close packed directions of the hexagonal pattern. The period is given as an average of 90 measurements with the
standard deviation used as a measure of the variation in period within the imaged region.

Three dimensional renderings of the level set approximations to the photonic crystal structure in P. sesostris were
performed in MATLAB. The intermaterial dividing surface (IMDS) between chitin and air is define by the gyroid level
set as (Michielsen 2008)

sinXcosY +sinYcosZ+cos XsinZ =t (1)
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The parameter t determines the volume fraction of chitin to air and a is the lattice parameter. MATLAB volume
rendering functions were then used to fill in the chitin part of the gyroid on one side of the IMDS and display the
structure as a 3D object with simulated lighting.

3.4 Stereoscopy

Stereoscopic imaging has been employed for extracting depth information in SEM since the 1950s and involves the
capture of two images of the same area but at different tilt angles (Wells 1960). The images are placed adjacent to
one another and then the stereo effect can be visualized either with the aid of a stereoscope or by simply relaxing
the eyes, focusing at infinity, and allowing the images to appear to overlap (parallel viewing method (Goldstein,
2003)).

Stereo pairs were generated by adapting the method described in (Goldstein 2003). An image was captured at a
particular tilt angle as described in section 3.2. The specimen was then tilted by 6 degrees and the same area was
brought back into focus. A second image was then captured to complete the stereo pair. A tilt of 6 degrees was
chosen as this produces good stereo effects for the average pair of human eyes at a comfortable reading distance
(Goldstein 2003). A scan rotation of 90° was applied so that the tilt axis was vertical with respect to the image. The
two images were then cropped, aligned and rescaled if necessary to produce the stereo pair.
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Figure 2. Quantitative stereo analysis schematic diagrams: (a) Representation of a stereo pair with a feature chosen as the origin (0,0) and
feature A, on a higher plane compared to the origin, identified on both left and right images; (b) Schematic diagram of sample tilt angles
and vectors from the origin to a feature of interest for height calculations performed on stereo pair representation in (a).

Furthermore, this technique can be extended to extract quantitative depth information from HIM images (Boyde
1973). For the following analysis, a parallel projection approximation is used, which is valid at all magnifications
greater than about 100, for which the beam deflection angles are sufficiently small (Goldstein 2003). A feature which
is visible in both images of the stereo pair is selected as the origin, (0,0) (see Figure 2). Vectors are then drawn from
and perpendicular to the y tilt axis passing through the origin to another feature visible on both images in the pair

(feature A). The tilting of the stage between capturing the left and right images can be represented as a rotation
about the y axis by an angle a, where

a=60,-0, (3)

and 6r and &, are the stage tilt angles for the left and right images, respectively. The vector joining the tilt axis

running through the origin to the feature of interest in the left image, (xz,z1), can be transformed to the equivalent
vector in the right image, (xz,zr), by a rotation anticlockwise of a, with the following rotation matrix:



Xp | [cosa —sina|x, (4)
z, | |sina  cosa |z,

The z component of the vector in the left image, z;, is then given in terms of the x components, x; and xz measured
from the two images:

X, oS — X, (5)

sin

A vector rotation of -6, can now be performed on (xz,z;) to calculate (xy,zp), which is the vector joining the tilt axis
running through the origin to the feature of interest at zero degrees tilt:

X | | cos8, sing, |x, (6)
Z, - —sin@, cosb, | z,

The height difference between the origin and the feature of interest at zero degrees tilt is then given by:

z,=2z,c080, —x, sin6, (7)
_ (xL cosa — X,

- cosf, —x,sinb,
sina

3.5 VP SEM

To provide a comparison, the P. ulysses sample was also imaged in a EVO™ LS25 environmental SEM (Carl Zeiss),
with a LaBg source and a VP detector, operated in variable pressure (VP) mode at a pressure of 13 Pa (adjusted to
achieve optimum charge neutralization). The accelerating voltage was 25 kV, the beam current was 707 pA and the
working distance was 6 mm.

To quantitatively compare images obtained from HIM and VP-SEM, line profiles of the contrast changes across edges
of the structures imaged were extracted. A linear fit was performed on the region of the line profile representing the
edge and then the distance over which the contrast changes from 25% to 75% of its overall change was measured to
provide a figure of merit for image sharpness. Five line profiles, each averaged over 20 pixels, were extracted from
each image and an average of the resulting sharpness value was calculated, along with the standard deviation as a
value of the uncertainty in the result.

4 Results and Discussion

4.1 Black ground scales from Papilio ulysses

HIM images of the black ground scale from Papilio ulysses over a range of magnifications and tilt angles are
presented in Figure 3. The scale is typical of the ground scales found on most papilionids and is a variation on the
general structure of ground scales found throughout the lepidopteran families (Ghiradella 1985). Such scales have
been described in detail by Ghiradella et al., who introduced terminology for the typical features present (Ghiradella
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1989; Ghiradella 1991). This terminology is used in the annotated sketch in Figure 3d to identify the features in the
accompanying HIM image (Figure 3c). The scales are projections from single epidermal cells on the surface of the
wing (Vukusic 2001; Ghiradella 1991). The cell extends out from the wing, lays down cuticle material and then dies
back allowing the cuticle to dry and harden (Ghiradella 1991). The complex structure of the final scale is thought to
develop through a combination of direct cellular membrane control and via the exploitation of elastic buckling under
stress (Ghiradella 1994). The fully developed scale consists of a flat and relatively featureless lower lamina separated
from an intricately-structured upper lamina, by curved pillars called trabeculae, forming a cavernous scale interior.
The upper lamina consists of a series of parallel ridges running longitudinally along the scale with a separation of 2-3
um. Extending between the ridges are networks of cross-ribs defining a mesh of irregular windows into the hollow
interior. These are a variation of the regular rows of windows defined by straight cross-ribs that is more typical of
ground scales in Lepidoptera (Ghiradella 1985). Thin lamellae lie on the tops of the ridges, slanted towards the wide
end of the scale, with some overlap. In other species (e.g. those of the Morpho family (Kinoshita 2002)), these
lamella are further developed and overlapped to form optically active multilayer structures, leading to vivid and
iridescent coloration, but this is not the case in P. ulysses, where lamella overlap is minimal. Fine microribs run down
the ridge walls from the lamellae to and across the cross-ribs.

< lamellae
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Figure 3. (a-c) HIM images of P. ulysses black ground scale at various magnifications and tilt angles: (a) 10 um scale bar, 0° tilt; (b) 2 um scale
bar, 0° tilt; (c) 400 nm scale bar, 21° tilt (d) annotated sketch of HIM image in (c), identifying features on the wing scale using nomenclature
from the work of Ghiradella (Ghiradella 1989; Ghiradella 1985) .

The elaborate structure of the P. ulysses ground scale shown Figure 3 makes it a highly efficient light absorber and
hence leads to the extreme blackness of the areas of the wings covered with these scales. Melanin pigment is
responsible for absorbing light but the structure on the wing is thought to act in several ways to enhance light
absorption (Vukusic 2004):



i) The structure increases the surface area of the wing and so increases the amount of pigment exposed to
incident light.

ii) The structure scatters incident light, guiding it into the hollow interior of the scale and increasing the optical
path length of light through pigment-containing parts of the scale.

iii) The tapering of the cross-ribs and the presence of subwavelength-scale microribs has an antireflective effect,
through a graded index mechanism similar to that of the nipple arrays found on the eyes and wings of
some species of moth (Bernhard 1967).

Vukusic et al. demonstrated the importance of the structure to the absorbing efficiency of the scale by removing its
effect using an index matching fluid, which resulted in a ~40% decrease in optical absorption. The development of
such a highly-absorbing structure could have been driven by the need for thermoregulation (as a way of increasing
wing and body temperature (Bird 2003)) and/or to enhance the vividness of the blue areas of the wing (see Figure 1),
both by providing a highly-contrasting border and by reducing back reflection of light transmitted through the
multilayered reflector on the cover scales.

Similar areas of black scales from Papilio ulysses were imaged directly from above (zero tilt) using HIM and VP SEM
to compare the two techniques. From Figure 4, the resolution and depth-of-field limitations of VP-SEM are
immediately apparent in comparison with the HIM technique. In the HIM images (Figure 4 b & d), the entire sample
appears in focus and fine surface details are visible where as this is not the case in the corresponding VP-SEM images
(a & c). The large depth-of-field in HIM (5-10 times that of an SEM) is a result of the atomic scale source size which
allows the microscope column optics to be run with a smaller demagnification than in a typical SEM. Consequently,
the beam convergence angle, ¥, is smaller allowing sharp imaging of features at a wider range of working distances
within one image. This is particularly useful for structural color investigation where, as the images presented here
clearly show, the features of interest extend well into the third dimension. Measurements of the contrast change
(line profile) across edges of the features of the scale give a quantitative assessment of the sharpness of the image.
These measurements (Figure 4 e & f) reveal a factor of ~16 difference between the two techniques, with the edge
sharpness of the HIM image measured as 3.4 nm +/- 0.5 nm, compared to 55.3 nm +/- 8.4 nm for the VP-SEM image.
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Figure 4. (a-d) Images of uncoated Papilio ulysses black dorsal scales taken at two different magnifications at zero tilt angle (a & c) EVO SEM
in VP Mode; (b & d) Orion HIM. Scale bars: (a & b) 500 nm, (c & d) 300 nm; (c) and (d) also show edges across which line profiles were
measured for the calculation of image sharpness; (e & f) Examples of line profiles on (e) EVO image, (f) Orion image, with the image
sharpness, dave, given as an average of 5 measurements.

The features of the P. ulysses ground scale described above can also be resolved in SEM images of coated specimens.
However, the fine surface detail visible on the inside walls of the cross-ribs and trabecula in Figure 3c would be
difficult to resolve in SEM and could easily be obscured by a conductive coating. This fine texture on the surface
could be evidence of chitin bundles or fibrils (Vukusic 2001; Ghiradella 1994; Neville 1976) which appear to be
oriented predominately horizontal with respect to the scale surface. Indeed, a number of thin fibrils (~10-30 nm in
diameter) can be observed extending across the windows in the cross-ribbed structure, providing further evidence of
the fibrillous nature of the cuticle material. Future work will include imaging at even higher magnifications in an
attempt to resolve yet finer details, with care taken to avoid damaging the material with high beam doses. The
ability to resolve such details could prove important in understanding the growth mechanisms that produce these
structures and could uncover hitherto unknown differences between species/families at this fine structural level. It
may also help to provide further insights into the evolution of these optical effects.

4.2 Green cover scales from Parides sesostris

The green cover scale from the second papilionid included in this study, P. sesostris, also has an upper lamina

consisting of an array of ridges running longitudinal along the scale, with a periodicity of ~0.6-1 um (Figure 5a). The

cross-ribs in this scale are straighter and define more regular-shaped windows into the scale interior (Figure 5a,

inset) compared to the mesh-like inter-ridge structure found on P. ulysses ground scales. The lamellae on top of the
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ridges are not individually discernable but appear to have formed into continuous bands. Microribs are again present
running down the ridge to the cross-ribs. However, perhaps the most striking feature of this scale is the lattice
structure located underneath the top lamina, in the interior of the scale. The images in Figure 5 show this structure
exposed at the corner of the scale where a section of the upper lamina has been removed. The structure consists of
arrays of air holes in a chitin matrix and is an example of a three-dimensional biological photonic crystal that has
been studied in detail by a number of different groups (Vukusic 2001; Michielsen 2008; Poladian 2009; Saranathan
2010; Ghiradella 1994). Figure 5 shows that the structure is divided into domains or crystallites, at different
orientations but within which the arrangement of holes appears regular and ordered. Between domains, areas of
disorder exist, similar to grain boundaries in a polycrystalline material. Similar structures are found in a number of
other species including the papilionid Teinopalpus imperialis and the lycaendids Callophrys rubi and Cyanophrys
remus (Michielsen 2008; Saranathan 2010). Higher magnification images of the area of the photonic crystal shown
within the dashed box in Figure 5 are presented in Figure 6. This particular domain is at an orientation with respect
to the viewing direction that leads to the observation of a hexagonal array of holes. The large depth-of-field available
with HIM allows the edges of the holes in the several layers beneath the surface to be discerned which gives
information on small variations in the orientation with one domain. The period of the structure in the domain shown
in Figure 6 was measured to be 223 nm +/- 17nm. This is within the range reported by Michielsen and Stavenga of
260 +/- 63 nm, based on a TEM study (Michielsen 2008).

Figure 5. HIM SE images of a region of a green scale from Parides sesostris: (a) Low magnification image showing the end of a scale with a
section of the upper lamina removed to reveal the underlying photonic crystal structure; (b), (c) & (d) are successive zooms on the area in
which the upper lamina has been removed. The black dashed boxes mark the area imaged at higher magnification in the subsequent image.
Scale bars and stage tilt angles: (a) 5 um, 30°, (inset) 1 pm, 0°; (b) 2 um, 30°; (c) 1 um, 35°; (d) 1 um, 40°.
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Figure 6. (a, c) High magnification HIM SE images of 3D photonic crystal found in the Parides sesostris wing scale. (a) is a zoom on the area
marked by the box in Figure 5(d), and the box in (a) marks the area for the image in (c). (b,d) 3D renderings of air-chitin gyroid structure,
sliced at arbitrary position along the (111) plane and oriented to approximately match the viewing angle of the structures in the
corresponding HIM images in (a) and (c) . Scale bars and stage tilt angles: (a) 200 nm, 40°; (b) 100 nm, 45°.

Various crystal geometries have been proposed for the structure found within each domain including face-centred
cubic (Ghiradella 1994) and tetrahedral (Vukusic 2001) but the latest understanding, first suggested by Michielsen
and Stavenga is that the structure more accurately matches that of the bicontinuous, triply periodic gyroid structure
(Michielsen 2008; Saranathan 2010). In this type of structure, two distinct and continuous volumes separated by an
intermaterial dividing surface (IMDS) form a complex interlocking 3D network. Such structures are known to form
through self-assembly of lipid bilayers as a way to minimize curvature energy. Saranathan et al. developed this idea
into a model for the development of such a structure in wing scale cells (Saranathan 2010). This first involves the
formation of a pentacontinuous, core-shell double gyroid structure from the interaction of the cell plasma
membrane and the smooth endoplasmic reticulum. Chitin is then deposited into the extracellular space that forms
the core of one of the gyroid networks enclosed by the plasma membrane lipid bilayer. The cell then dies away and
air replaces the cytoplasm and membranes, leaving the air-chitin bicontinuous gyroid structure. The classification of
the Parides sesostris photonic crystal as a gyroid has been supported by evidence from small angle x-ray scattering
(SAXS)(Saranathan 2010), pattern matching in TEM cross-sections (Michielsen 2008) and photonic band structure
calculations (Poladian, 2009). The IMDS of the gyroid structure can be approximated by constant mean curvature
surfaces which themselves can be modelled by level set approximations (Saranathan 2010; Michielsen 2008;
Wohlgemuth 2001). Three dimensional renderings of the level set approximations in MATLAB, sliced, scaled and
oriented normal to the (111) direction to match the corresponding HIM images in Figure 6 (a & c) are presented in
Figure 6 (b & d). The models were constructed using a lattice parameter of 223 nm (taken from measurement
described above on the domain imaged in Figure 6) and a chitin volume fraction of 0.4 (t =-0.3 in equation 1)
(Michielsen 2008). The simulated structures match well to the imaged section of the photonic crystal and the
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analysis suggests that it is possible to determine the orientation of domains by orienting the model to match the
edges of the holes in the underlying layers, viewed through the top layer holes in the HIM image. In principle, this
technique could be used to characterize the orientation of the different domains within the scale and the smaller
changes in orientation within one domain but this is left as an area for future work.

Also worth noting is the smooth appearance of the surface of the photonic crystal structure, even at the high
magnification used for capturing the image in Figure 6c. This contrasts with the nanoscale texturing observed on the
inner walls of the windows in the of the upper lamina structures of both this scale and the P. ulysses ground scale
and could provide clues to differences in the way cuticle is formed in these areas.

The P. sesostris wing scale studied here reflects green light as a result of the photonic band gap exhibited by the
periodic structure underneath the top lamina. Band gap calculations indicate that gyroid structured photonic crystals
made from materials with relatively low refractive index contrast (e.g. ~1.5 between chitin and air) do not exhibit
complete photonic band gaps and so reflectance is highly angle dependent for a structure with a single orientation
(i.e. the structure should exhibit iridescence). The reflectance characteristics of the P. sesostris wing scale however
show little variation with viewing angle. A combination of mechanisms is thought to be responsible for the
suppression of iridescence:

i) The division of the structure into domains at different orientations prevents strong deviations in reflected
intensity for the structure as a whole and so suppresses iridescence (Vukusic 2001).

ii) The structure of the upper lamina acts to either collimate the incident light, reducing the range of angles it is
incident at, or to randomize the incident and reflected light (Poladian 2009).

The tubular nature of the windows into the interior of the scale formed by the ridges and cross ribs of the upper
lamina is evident from the cross-sectional images in Figure 7. The depth-of-field in the images shows both ridge and
photonic crystal structures in focus. Trabeculae linking the two are also visible in Figure 7b.

Figure 7. HIM SE images of the green scale from Parides sesostris showing detail of ridges and cross-ribs in cross-section on the upper
lamina from two different viewpoints. Scale bars and stage tilt angles: (a) 2 um, 40°; (b) 500 nm, 45°.

It has been suggested that the non-iridescent reflection of green light could be a camouflaging mechanism as it
resembles the diffuse green coloration of leaves (Vukusic 2001; Ghiradella 1991). However, as Figure 1b clear
illustrates, only part of the wing exhibits this coloration and the remaining black areas would seem to be rather
conspicuous against a green background in daylight. More likely is the suggestion that the coloration could be used
in courtship displays as a method for the female to recognize potential mates (Ghiradella 1991) or for cryptic
signalling using reflection of circularly polarized light in the UV (Poladian 2009).
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4.3 Stereo Pairs

As seen in the previous sections, the large depth-of-field available in HIM can be used in combination with sample
tilt to gain insights into how the features on lepidoteran wing scales lie with respect to one another in the 3™
dimension. Figure 8 presents a series of images from the same region of the ground scale of Papilio ulysses taken at
various tilt angles. The large depth-of-field means that all parts of the sample remain in focus as the sample is tilted
and the features on the side walls and lower lamina are revealed. This can be exploited further by forming stereo
pairs from images taken at two tilt angles. Figure 9a is a stereo pair formed from images taken at stage tilts of 15°
and 21° (i.e. images (d) and (e) from Figure 8) and when viewed using the parallel viewing technique (Goldstein
2003), provides a feel for the depth of the crevices between the cross-ribs and the height of the ridge and lamellae.
Likewise, the 3D nature of the photonic crystal structure from Parides sesostris is apparent from the stereo pair in
Figure 9. (These stereo images can also be viewed through filtered spectacles in the form of red-cyan anaglyphs
included in the supplementary material section (Figures S1 and S2)).

Figure 8. HIM SE image tilt series from the same area of the black Papilio ulysses ground scales. Stage tilt angles: (a) 0°, (b) 5°, (c) 10°, (d)
15°, (e) 21°, (f) 26°. All scale bars are 400 nm.
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Figure 9. (a) HIM SE stereo pairs consisting of images of (a) region of black cover scale from P. ulysses and (b) photonic crystal structure
from P. sesostris. Scale bars (which apply to both images in the pair) and stage tilt angles: (a) 200 nm, left 15°, right 21°, (b) 500 nm, left 0°,
right 6°.

As a demonstration of quantitative feature height determination from HIM stereo pairs, a stereo pair of images from
the ground scale of P. ulysses was generated (Figure 10) and a feature on the lower lamina surface was chosen as the
origin (0,0). The calculated height differences between the origin and feature A, at the edge of the cross-ribs, and
feature B, on top of the lamella at the peak of the ridge are given in Table 1. As a comparison, measurements were
performed on a cross-sectional TEM micrograph of a wing scale from the same species from the literature (Vukusic
2004). The distances from the lower lamina inner surface to features at the equivalent positions to A and B were
measured across the TEM micrograph and are included in Table 1. The HIM height measurements are within the
range of the measurements for equivalent points on the TEM micrograph which validates the HIM technique.
Further measurements are required on samples of known dimensions to assess the accuracy of this measurement
technique, which will ultimately be limited by the accuracy of the tilt stage. Nevertheless, the preliminary study
reported here shows that the technique gives values that are similar to measurements from TEM cross-sections,

with the benefit that time-consuming TEM sample preparation is avoided.

Feature | zpgm(pum) Zorem (Um)
A 1.5 1.1-1.6
B 1.9 1.9-2.6

Table 1. Results from analysis of the distances in the z direction from the inner surface of the lower lamina to the edge of the cross-ribs
(feature A) and to the top of the ridge (feature B). zpy,\y is the distance calculated from the HIM stereo pairs in Figure 10. zgrgy is the range
measured from the TEM cross-section micrograph from (Peter Vukusic et al. 2004).
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Figure 10. (a) Stereo pair of images from the ground scale of Papilio ulysses, taken at a stage tilts of 10° (L) and 15°(R), with a feature is
chosen as the origin (0,0) and two features, A and B, identified for height calculations. Scale bar (which applies to both images in the pair) is
200 nm.

Stereo pair generation, with quantitative feature height measurements can be performed in SEM but the larger
depth-of-field available with HIM leads to a better stereo effect because the viewer can focus on features in both the
foreground and background. In addition, height measurements are made more accurate because the sharpness of
both the foreground and background features allows their precise location on the images to be identified. Therefore,
compared to SEM, the difference in the position of these features in the left and right images of the stereo pair can
be more accurately defined, and this applies to features separated by greater distances in the z direction. Software
exists (e.g. Mex™ from Alicona) that extends this concept of feature height extraction from stereo pairs to the
construction of a three-dimensional elevation profiles. This has been successfully applied to biological samples in
SEM (Tomes 2007; Chen 2010; Akisaka 2008) and future work could involve applying this to HIM-generated stereo
pairs to create three-dimensional topography maps.

5 Conclusions

The high resolution and large depth-of-field capabilities of HIM have been exploited to capture images of the
microstructure of scales from the wings of two species of butterfly to a level of detail not previously obtained with
SEM. Conductive coating is not required because effective charge neutralization can be achieved using an electron
flood gun integrated into the HIM. Fine texturing on the inner walls of the cross-ribs on the upper lamina of P.
ulysses scales was identified as possible evidence of the fibrillous nature of the cuticle material forming these
structures. The photonic crystal structure found in the interior of P. sesostris scales matched well to 3D renderings of
a bicontinuous air-chitin gyroid structure. In addition, the visibility of the underlying hole edges could be used to
orientate the rendered model and so characterize both the rough orientation of a particular domain and possibly the
small variations in intra-domain orientation. Stereo pairs were generated to provide insight into the three-
dimensionality of the structures and quantitative height information extracted from pairs of images matched well to
measurements on a TEM cross-sectional micrograph from the literature. The large depth-of-field available in HIM
proved particularly valuable for this as it allowed surfaces with height differences of several micrometers to be
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imaged in focus, simultaneously, at high magnifications (e.g. a 3 um field-of-view). Furthermore, the simple sample
preparation requirements of SEM were retained.

This study has demonstrated the potential of this new type of microscopy for imaging biological features responsible
for structural color effects to a high level of detail. There are a vast number of other such structures in nature and it
is hoped that HIM characterization can be employed to provide a deeper understanding of the mechanisms at play in
the development and operation of these remarkable natural structures.

6 Supplementary Material

Figure S1. 3D anaglyph of P. ulysses black ground scale for viewing through red/cyan filtered spectacles.
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Figure S2. 3D anaglyph of P. sesostris green scale photonic crystal for viewing through red/cyan filtered spectacles.
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