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Abstract
Nano-structured colorful zinc oxide (ZnO) replicas were produced using the wings of the
Ideopsis similis butterfly as templates. The ZnO replicas we obtained exhibit iridescence,
which was clearly observed under an optical microscope (OM). Field emission scanning
electron microscope analysis shows that all the microstructure details are maintained faithfully
in the ZnO replica. A computer model was established to simulate the diffraction spectral
results, which agreed well with the OM images.
M This article features online multimedia enhancements

1. Introduction
The study of biological microstructures is one of the most
important research areas in biomimicry, which gives us hints
for the design and the fabrication of novel materials. Natural
materials, which posses abundant biological structures,
provide novel platforms and templates on which to construct
and organize new materials. From a materials perspective,
intact biomaterials, such as bacteria [1] and fungal colonies
[2], wood cells [3], diatoms [4], echinoid skeletal plates
[5], pollen grains [6], eggshell membranes [7], human and
dog’s hair [8] and silk [9] have been used for the biomimetic
synthesis of a range of organized inorganic architectures with
potential applications in catalysis, magnetism, separations
science, electronics and photonics.
Recently, using butterfly wing scales as templates to
maintain ordered inorganic materials has attracted great
attention. Many groups, including our own, have found new,
creative methods and different butterfly wings with which
to transfer natural templates to inorganic materials. Gary
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Cook [10] and his fellows have done some pioneering work
on the synthesis of ‘silicify’ butterfly wings. In his work,
silicate minerals were deposited in the inner space of the
wing scales and produced a heavy coating (100–150 nm thick)
on the surfaces by a chemical vapor deposition technique.
Silver et al [11] fabricated the nano-structured phosphor
materials using butterfly wings as templates, but the butterfly
wing template has not been previously utilized for the
formation of ferroelectric inverse replication by the sol–gel
process. Recently, Li et al [12] created ordered lead lanthanum
zirconate titanate (PLZT) structures with micrometer and submicrometer periods using a dipping or impressing sol–gel
process. These processes did not reproduce a true replica of the
wing scales, which were called negative casts. Zhang et al [13]
claim that they have fabricated a photonic crystal with a threedimensional structure. However, no compelling photonic
crystal optical properties are shown. The lack of replication
precision may be one of the main reasons why they could not
a gain successful photonic crystal structure replica. In our
previous work [14, 15], we fabricated ZnO microtubes and a
ZnO replica using butterfly wing scales as templates. By using
zinc nitrate water–ethanol solution as a precursor, we have
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Figure 1. (a) Photograph of Ideopsis similis; (b) reflected optical micrograph of two typical scales on the fore wing; (c) low-magnification
(500×) FESEM image shows the arrangement of the wing scales; (d) and (e) high-magnification FESEM image of the two typical scales:
(d) the elongate one. Ridges (planes 1) are parallel to a line from A to A . Micro-ribs are just visible on them. The set of crossribs underneath
the ridges and at right angles to them are planes 2. ∗ indicates the lamellae on the ridges. Micro-ribs. • Crossribs. (e) The wider one.

solved this problem. For rather than depositing the precursor
on the surface, zinc ions penetrate the smallest gaps within
the substrate, causing the ridges and micro-ribs themselves
to be mineralized in situ and directly. Though the butterfly
wing templates we chose were verified as two-dimensional
photonic crystal structures, the ZnO replica of butterfly wings
still did not represent typical photonic crystal properties as we
anticipated. The microstructures in the butterfly wing scales
possess alternate layers of chitin and air. The refractive index
of chitin is 1.54, while that of ZnO is higher, about 2.1. So we
can deduce that the replicas will show some different photonic
properties. To mimic this construction, control of both the
thickness and the refractive index of the ZnO films is required.
The scales on the upper face of the wings were arranged one
by one, too thickly to transmit light. So in the current work,
by choosing a region of the wing with a sparse arrangement of
scales as templates, we can derive an iridescent ZnO replica
with butterfly wing scales’ microstructures, which is difficult
to fabricate using other approaches. Different from the works
introduced above, the ZnO replicas have their own colors
which have never been reported. Based on the simulation
results of the microstructures with a computer model, the
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iridescence is mainly produced by double-grating diffraction.
Using this method, not only the morphology of the structure,
but also the optical properties, especially the existence of PBG,
can be inherited by the inorganic replica, which could not
currently be fabricated by traditional lithography techniques.

2. Experimental details
The butterfly wings chosen as bio-templates are from Ideopsis
similis (Linnaeus) (family: Nymphalidae), which were kindly
supplied by Shanghai Natural Wild-insect Kingdom Co., Ltd.
It is a common danaid butterfly occurring throughout SouthEastern China. The wingspan was 60–75 mm. The color of the
markings on the forewing is transparent greenish blue. Those
on the hind wing are light gray. The major biopolymeric
constituents of butterfly wings are chitin. The average
elemental composition of a butterfly wing is approximately
70.03 wt% C, 28.45 wt% O and 1.52 wt% of other elements
(P, S, K, etc) according to the EDS data.
Analytic grade reagents HCl, NaOH, Zn(NO3)2 and
alcohol were purchased from the Shanghai Chemical
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Figure 2. Left: photographs of samples at each step in the synthesis process. (a) Dissected fore wing of Ideopsis similis; (b) soaked wing
templates; (c) the as-synthesized white replica. Right: XRD patterns of the corresponding samples on the left column.

Company. In this work, we adopted the same approach as used
before [15] to produce a colorful ZnO replica with hierarchical
periodic raster structures from biologically derived templates
by reactive three-step processing. In the first step, all the
wings were pretreated for the dipping process. Secondly, the
wings were dipped carefully into a closed vessel containing
a solution of the precursor. The immerged wing scales were
subsequently dried in air at room temperature between a pair
of clamped microscope slides, so as to keep the soaked wings
flat. Thirdly, the butterfly wing template was removed at high
temperature, leaving ZnO in the form of ceramic butterfly
wings.
The as-synthesized sample was examined by x-ray
diffraction (XRD) measurements on a Bruker-AXS x-ray
diffractometer system with Cu Kα radiation. The investigation
of morphologies and microstructures of the products was
carried out by a field-emission scanning electron microscope
(FESEM, Philips FEI XL30) under a 5.00 kV electron
beam and optical microscope (OM, Zeiss’s Axioplan 2
imaging). The investigation of the original butterfly wings’
chemical composition was taken by energy dispersive x-ray
spectroscopy (EDS) microanalysis (JED2300) attached to
JEOL JSM-6360 LV SEM.

3. Results and discussion
FESEM was used to study the fine structures of the wing
scales. For FESEM, all the samples were stuck to microscope

stubs with double-sided carbon tape, and then coated by a
thin, sputtered gold layer to provide a conducting surface and
avoid charging effects. It should be noted that previous studies
[16] have proven that there is no significant distortion of the
scale geometry during this process. On the upper-left corner
(figure 1(a)) is the photo of Ideopsis similis, from which we
can clearly see that the scales between the veins are white;
actually they are a little transparent. The optical micrograph
(figure 1(b)) shows two typical scales on the wing’s membrane:
one is long and narrow, while the other with a rounded ending
is a little wider. These scales are all brown under the reflected
OM. All the ridges appear as longitudinal striations within the
scales. The low magnification field emission scanning electron
microscope (FESEM) image (figure 1(c)) shows the margins
along the veins, which exhibit only one layer of developed
scales. Smaller scales on the transparent wing membranes are
located very sparsely, while the arrangement of scales along the
veins looks like that of tiles on a roof. Also there is an amount
of melanin pigment present within the scales. So the color of
the veins on the wings looks dark brown. Higher resolution
FESEM examination of the elongate scales and wider scales
is shown in figures 1(d) and (e). Each scale is composed of
‘ribs’ apart from one another. Each of these ‘ribs’ is a multilayer structure, composed of a series of air and chitin layers.
In general, the ridges are further decorated by two systems
of external folds. One set, the lamellae (indicated by ∗ in
figure 1(d)), is typically more prominent; these slant along the
ridges and generally overlap to some degree. Perpendicular to
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Figure 3. FESEM images of natural wings and the ZnO replica at increasing magnifications. Left: the original wing templates; right: the
ZnO replica. (a) and (b) Sparse arrangement of the scales on the wing membrane; (c) and (d) regions around the scale sockets; (e) and
(f ) venations on the membrane.

the lamellae are the micro-ribs (indicated by in figure 1(d)),
fine columns or flutes that run from one lamella to the next and,
if a cross-rib (indicated by • in figure 1(d)) is present, along the
cross-rib to the next ridge. One may note that the morphology
of the microstructures of the two scales is identical; the only
difference is the size. The dimensions of the wider scales
formed by the ridges of micro-ribs (2000 nm by 800 nm) are
much larger than the elongate ones (as shown in figure 1(d))
of 1300 nm by 700 nm. So the wider scales’ ‘ribs’ are a little
bigger than those of the elongate ones.
The left column of figure 2 shows photos of the samples
of each step in the synthesis process. The bio-template used in
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the process is a piece of dissected fore wing of Ideopsis similis
shown in figure 2(a). After pretreatment and soaking in the
precursor, the wing shown in figure 2(b) looked a little yellow
as the immersed precursor partially hydrolyzed. The soaked
wings were expanded on microscope slides, and they became
more transparent than the original templates, as the melanin
pigments within them were dissolved in the precursor, so we
could even see the blue background under the slides. The
photos of the white as-synthesized replica indicated that the
replica faithfully retained the original figure of the templates.
Veins and cells can be identified clearly.
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Figure 4. Reflected optical micrographs of the ZnO replica obtained. (a) A magnified region of replica scales showing the sparse
arrangement of the elongate scales; (b) medium magnification of the iridescent and elongate wing scales replica. Inset: high magnification
of the iridescent scales replica (scale bar 50 µm); (c) a magnified region of dark brown veins showing the ordered arrangement of a single
layer of wider ground scales; (d) medium magnification of the brown scales replica.

The right column shows the XRD diffraction peaks of the
original, soaked and replica samples at different processing
steps. The XRD pattern of the original template is presented
in figure 3(a), and three sharp crystalline reflections at 19.7◦ ,
28.2◦ and 31.3◦ can be observed on an amorphous background.
These results indicate that the chitin matrix of the wings has
a comparatively rigid crystalline structure, and its structure
exists as a stable structure with thermal decomposition
in the temperature range of 25–200 ◦ C according to the
TGA analysis shown in the supplementary data available at
stacks.iop.org/BB/1/89. The XRD result of the soaked wings
indicates the hydrolyzation of zinc nitrate. All diffraction
peaks can be indexed to zinc hydroxide nitrate hydrate
(Zn(OH)(NO3)(H2O)) (SG: P21/c; JCPDS file No. 84-1907).
The intensity of the peaks is so high that the low and broad
amorphous background of the chitin templates cannot be
observed. The x-ray diffraction data of the white replica
reveals that the as-synthesized sample possesses a zincite
hexagonal structure of high crystallinity, and all the peaks
match well with Bragg reflections of the standard zincite
crystalline phase (SG: P63mc; JCPDS file No. 36-1451),

which indicates that zincite has been produced. The average
crystallite size of the replicas is 13 nm, as estimated from
the zincite (1 0 1) diffraction peak of a replica based on the
Scherrer formula.
The morphology and micro-structural features of the
natural wings and the ZnO replica are presented at increasing
magnification in the right and left columns of figure 3,
respectively. The images in the right column are quite similar
to the left ones, indicating that the replica obtained retains
the microstructures of the original templates completely and
accurately. At low magnification, figure 3(a) (500×) shows
the arrayed scales, while the image of the ZnO replica was
taken at 1000×. Figure 3(b) shows that after calcination
and oxidation, the arrangement of the replica scales closely
resembles that of scales in the wing bio-templates. We noted
that there are some tiny cracks on the membrane due to the
shrinkage of the calcination. Medium magnification images
of the samples are shown in figures 3(c) and (d). The socket
of the scale is visible, and the scale is fixed by peg-and-socket
attachments. Each individual scale is basically a flattened sac
with a stalk that fits into a socket on the membrane. Not only do
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Figure 5. Left: simplified sketch of the diffracting structure showing planes 1 and planes 2. Right: calculated spectra of original wing
scales and ZnO replica scales. Diffraction is dominated by planes 1. Angles of incidence are both 45, and diffraction angles are 5◦ smaller.
Table 1. Mean dimensions of the original templates and the ZnO
replica.

Samples

Original
templates
(µm) (L1)

ZnO
replica
(µm) (L2)

Shrinkage
ratio (%)
(1-L1/L2)

Distance
between scales

Length
Width

73.3
26.2

34.4
14.8

53.1
43.5

Size of the
scales

Length
Width

66.0
14.5

31.3
8.6

52.6
43.4

Dimensions of
the ‘ribs’

Length
Width

1.0
0.7

0.5
0.4

50.0
42.9

the ridges and micro-ribs maintain integrality in the replica,
the venations on the membrane are kept too. Figures 3(e)
and (f ) show the higher magnification of the two samples.
Venations on the membranes are clearly identified, not only
on the original templates but also on the ZnO replica. The
organic templates are all transferred to ZnO ones. The results
shown above clearly indicate that the process can create a
perfect ceramic replica of this biological template and the
shrinking ratio is ∼50% during the heating process. If the sizeshrinking effect is not taken into account, the replica inherits
the characters of the template completely, including the
nanometer-level venations on the membranes, the micrometerlevel ordered ‘ribs’, and the ordered arranged organic scales.
The dimensions of the microstructure of the original and the
ZnO replicas as deduced from FESEM observations are listed
in table 1.
Using an optical microscope (OM), we investigated the
ZnO replica and discovered that scales with different colors
have different arrangements and distinct morphologies, which
corresponded to the original templates. Figure 4 shows
the optical microscopy images using an oil immersion lens
for the sake of higher magnification and resolution. A
magnified region of replica cells (figure 4(a)) shows the sparse
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arrangement of the elongate scales. A medium magnification
image (figure 4(b)) shows that these elongate scales have filmy
colors on the surface due to interference and diffraction. As
the scale replicas are not very flat, the incident angles are not
equal and hence the colors on the surface are not same. Also
the focus of the OM is not long enough (only mm); the fringes
of the scales are a little dim, which can be clearly seen in the
higher magnification image (inset of figure 4(b)). Meanwhile,
the region along the veins is dark brown, as shown in
figure 4(c). A medium magnification image (figure 4(d)) gives
more details about the replica. The scales are arranged more
closely and some overlap the membrane like roof tiles. The
dimensions of the cell (length < 5.0 mm) are not large enough
for the sample measurements; we encountered great difficulty
in the diffraction spectral collection.
To quantify the spectral and the directional properties of
the butterfly wings and replicas, we simplified the replica
microstructures as a double-grating-like structure, shown
in figure 5. A computer model based on the Stratton–
Silver–Chu integral [17] was improved to simulate the
diffraction measurements of the ZnO replica. For simplified
representation of the computer mode simulation, the ridges
(see 1 in figure 1(d)) form a set of flat planes, like the vanes of
an open Venetian blind, and set at an angle with respect to the
plane of the scale itself. These are referred to as diffracting
planes 1. Below planes 1, the ribs of the structure (see 2
in figure 1(d)) form a second set of flat diffracting planes at
right angles to the first and set at an angle to the plane of the
wing membrane. More calculation details can be found in
the supplementary data available at stacks.iop.org/BB/1/89.
Using the dimensions deduced (shown in table 1) in the
integral, the calculated spectra are shown in the left column of
figure 5. The upper part on the right shows the results for the
original butterfly wing scales. There are no significant peaks
in the visible region, so the color of the original scales may
be dark brown. The lower part on the right of figure 5 shows
the spectral of the ZnO replica, the main peaks of which are
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around 510 nm (green) and 630 nm (orange). The results agree
well with the color of the ZnO replica we observed shown in
the OM images (figures 4(a) and (b)).

[2]
[3]

4. Conclusion
In conclusion, the butterfly wing scales templating procedure
has been shown to provide a facile, biomimetic method
for the synthesis of hierarchically periodic ZnO material.
The biomorphic 3D porous structures maintained the
microstructural features of the original butterfly wing scale and
membrane morphology down to the sub-micrometer level. As
the microstructure of the replica is hierarchical and porous, it
may be useful for applications as photonic catalysts. Since
ZnO itself has many functional usages, these replicas can
serve as building blocks to construct micro- and nano-scale
devices, such as UV light-emitting diodes and high-efficiency
photonic devices. Also, as some of the beautiful iridescent
butterfly wings are photonic crystal materials, the method
presented here could be used for potential applications in
photonic crystals. The successfully synthesized iridescent
ZnO scales replica we obtained gives us technological and
theoretical support and confidence to achieve this aim.

Acknowledgments
This work is financially supported by the following funds:
National Natural Science Foundation of China (no 50371055),
Major Project on Basic Research of Shanghai (no 04DZ14002)
and Major Fundamental Research Project of Shanghai (no
05 nm 05020).

References

[4]

[5]

[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]

[1] Davis S A, Burkett S L, Mendelson N H and Mann S 1997
Nature 385 420

[17]

Zhang B-J, Davis S A, Mendelson N H and Mann S 2000
Chem. Commun. 781
Li Z, Chung S-W, Nam J-M, Ginger D S and Mirkin C A 2003
Angew. Chem., Int. Ed. Engl. 42 2306
Ota T, Imaeda M, Takase H, Kobayashi M, Kinoshita N,
Hirashita T, Miyazaki H and Hikichi Y 2000 J. Am. Ceram.
Soc. 83 1521
Shin Y, Liu J, Chang J H, Nie Z and Exarhos G J 2001 Adv.
Mater. 13 728
Dong A, Wang Y, Tang Y, Ren N, Zhang Y, Yue Y and Gao Z
2002 Adv. Mater. 14 926
Sun B H, Fan T X, Zhang D and Okabe T 2004 Carbon
42 177
Rambo C R and Sieber H 2005 Adv. Mater. 17 1088
Anderson M W, Holmes S M, Hanif N and Cundy C S 2000
Angew. Chem., Int. Ed. Engl. 39 2707
Wang Y, Tang Y, Dong A, Wang X, Ren N and Gao Z 2002 J.
Mater. Chem. 12 1812
Meldrum F C and Seshadri R 2000 Chem. Commun. 1 29
Ha Y H, Vaia R A, Lynn W F, Costantino J P, Shin J,
Smith A B, Matsudaira P T and Thomas E L 2004 Adv.
Mater. 16 1091
Hall S R, Bolger H and Mann S 2003 Chem.
Commun. 22 2784
Dong Q, Su H L, Zhang D and Zhang F Y 2006
Nanotechnology 17 3968
Kim Y 2003 Biomacromolecules 4 908
He J and Kunitake T 2004 Chem. Mater. 16 2656
Cook G, Timms P L and Spickermann C G 2003 Angew.
Chem., Int. Ed. Engl. 42 557
Silver J, Withnall R, Ireland T G and Fern G R 2005 J. Mod.
Opt. 52 999
Li B, Zhou J, Zong R L, Fu M, Bai Y, Li L T and Li Q 2006 J.
Am. Ceram. Soc. 89 2298
Zhang J Z, Gu Z-Z, Chen H-H, Fujishima A and Sato O 2006
J. Nanosci. Nanotechnol. 6 1173
Zhang W, Zhang D, Fan T X, Ding J, Guo Q X and Ogawa H
2006 Nanotechnology 17 840
Zhang W, Zhang D, Fan T X, Ding J, Guo Q X and Ogawa H
2006 Micropor. Mesopor. Mat. 92 227
Vukusic P, Sambles J R and Lawrence C R 2000
Nature 403 36
Azzam R M A and Bashara N M 1972 Phys. Rev. B 5 4721

95

