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photonic band gaps and optical band gaps†
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Duong Nguyen Minh,a Jae Hyun Sima and Youngjong Kang *ac

Hyperuniform photonic structures (HPSs) have been doped with complex index materials to increase their

reflectivity and colour expression range. HPSs synthesized using dielectric SiO2 nanoparticles have been

mixed with a small amount of dopant nanoparticles (cd # 1%) having a complex refractive index. Various

dyes including Sudan I, Sudan Blue II, Alizarin yellow GG, Bromocresol purple and polydopamine (PDA)

are used as dopants. Large reflectivity enhancements of HPSs (�100%) are observed by resonant

interference of photonic band gaps (PBGs) and optical band gaps (OBGs). Reflectivity enhancements are

observed only when PBGs of HPSs match with OBGs of dopants. The colour expression range of HPS

increases by 600% by doping with melanine-like PDA nanoparticles, which have the imaginary part of

the refractive index in whole visible range.
Introduction

Biological systems have developed exquisite colouration tech-
niques through long period of evolution. Biochromes are
produced mainly by two mechanisms: selective absorption by
molecular pigments (pigmentary colour) and reection by
photonic nanostructures (structural colour).1 Biopigments such
as melanin, chlorophylls, carotenoid and porphyrin are
ascribed to the production of pigmentary colours.2–5 On the
other hand, structural colours are generated by collective
interference of light with periodic dielectric structures consist-
ing of keratin, collagen, chitin or air.6–8 Although some bio-
chromes are produced exclusively by pigmentary or structural
colouration, many of the biological systems generate colours by
the combination of both pigmentary and structural colouration
to increase colour expression range and contrast.9,10 For
example, the adaptive colours of cephalopods are achieved by
a complicated interplay of absorption by chromatophores and
reection by photonic structure.11 The brilliant colours of
a peacock tail also originate from photonic structures made up
of keratin and black melanin nanorods.12 Articial photonic
band gap (PBG) structures have been extensively investigated
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not only for the purpose of mimicking biological PBG structures
but also for utilizing their unique optical properties in displays,
sensors and radiation sources.13–17 Unlike the biological ones,
however, most of the articial PBG structures are made solely of
transparent dielectric materials without interplay with light-
absorbing complex-index materials. There are only a few
examples of articial photonic structures utilizing complex-
index materials (n ¼ n � ik), where the real part (n) indicates
the phase velocity and the imaginary part (k) indicates the
attenuation amount.18,19

Herein, we report an approach for creating hyperuniform
photonic structures (HPSs) exhibiting vivid colours by intro-
ducing complex index materials as dopants (Scheme 1). Our
approach utilizes resonant interference between the reection
by PBGs of HPSs and absorption by the optical band gaps
(OBGs) of dopants. HPS is a colloidal nanoparticle solution
exhibiting PBGs, where there is no regular order in the long
range but only short-range order.20 Due to lack of crystallinity,
HPSs exhibit unique angle-independent photonic colours
unlike other conventional crystalline counterparts.21–23 Since
they can be easily tuned by various chemical and electrical
stimuli, the angle-independent photonic colours of HPSs have
been widely utilized in displays and sensors. For example, Kang
et al. reported full-colour tunable photonic pixels and micro-
electric eld sensors based on HPSs.24 Despite these prom-
ising properties, their practical applications are oen hindered
by their relatively low reectivity and faint colours compared to
those of their crystalline counterparts, which partially originate
from the lack of crystallinity and low refractive index contrast.
While these low optical properties can be enhanced by
increasing the refractive index contrast, the choice of material
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Reflectivity enhancement of HPS by PBG/OBG resonance.
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pair is quite limited.25,26 Instead of synthesizing photonic
structures with new materials, in this study, we employed
a small amount of complex index dopants in HPSs, which are
made of conventional dielectric materials such as SiO2. With
the addition of a small amount of dopants (<1%), the reectivity
and the colour expression range of HPSs increased by 100% and
600%, respectively, compared with that of undoped HPSs. In
this case, a strong correlation between PBGs and OBGs was
observed.
Experimental section
Materials and instruments

Tetraethyl orthosilicate (TEOS, 98%), dopamine$hydrochloride,
tris (hydroxymethyl) aminomethane (Tris) and potassium per-
sulfate (99+%) were purchased from Sigma-Aldrich. Sudan I,
Sudan Blue II and Alizarin Yellow GG were purchased from
Tokyo Chemical Industry Co., Ltd. and ethyl alcohol anhydrous
(99.9%) was purchased from Daejung Chemicals. Bromocresol
purple and sodium n-dodecyl sulfate (99%) were purchased
from Alfa Aesar and N,N0-methylenebisacrylamide was
purchased from Fluka Chemicals. Styrene ($99%) was
purchased from Sigma-Aldrich and puried through a neutral
alumina column to remove inhibitors. All other chemicals were
used without further purication. Deionized (DI) water
(>18.4 MU cm) was produced by Milli-Q (Millipore, USA). The
synthesized nanoparticles were puried by sequential centri-
fugations using Supra R22 (Hanil, Korea) and CF-10 (Daihan-
Scientic, Korea). Diameters of the synthesized nanoparticles
were determined by taking the average of over 100 particle
images obtained with a scanning electron microscope (Hitachi
This journal is © The Royal Society of Chemistry 2018
S-4800). Absorbance spectra of dyes were obtained on a UV-Vis
spectrometer (Agilent 8453); reectance spectra and CIE
(Commission International de l'Eclairage) XYZ colour spaces of
HPSs were obtained using an HR2000+ spectrometer (Ocean
Optics, USA) equipped with UV-Vis-NIR light source. Photo-
graph images were taken with Nikon D-90.

Synthesis of SiO2, polydopamine (PDA) and polystyrene (PS)
nanoparticles

SiO2 nanoparticles were synthesized by the conventional
Stöber method using TEOS.27 First, ethanolic ammonia solu-
tion was prepared by mixing ammonia solution (60 mL) and
anhydrous ethanol (90 mL). TEOS (5 mL) was dissolved in
anhydrous ethanol (150 mL) and then, ethanolic ammonia
solution was added drop-wise to the TEOS solution with stir-
ring for 1 day. Diameter of SiO2 nanoparticles was controlled
by changing the concentration of either TEOS or/and
ammonia. PDA nanoparticles were synthesized by oxidative
polymerization of dopamine$hydrochloride in a basic condi-
tion.28 Dopamine$hydrochloride (0.5 g) and sodium hydroxide
(0.052 g) were dissolved in DI water (260 mL) and reacted at
50 �C for 5 h with stirring. Diameter of PDA nanoparticles was
controlled by changing the concentration of sodium
hydroxide. PS nanoparticles were synthesized by emulsion
polymerization.29 Styrene (3 mL), N,N0-methyl-
enebisacrylamide (0.022 g) and sodium n-dodecyl sulfate
(0.059 g) were mixed together with DI water (100 mL). Each
potassium persulfate solution (11 mM, 20 mL) and aqueous
styrene solution was purged with nitrogen gas. Aer nitrogen
gas purging, potassium persulfate solution was poured into
the aqueous styrene solution with vigorous stirring and then,
RSC Adv., 2018, 8, 36272–36279 | 36273
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Fig. 1 (a–e) SEM micrographs of SiO2 nanoparticles used for HPSs. The average diameters of nanoparticles are (a) dSiOz
¼ 141 � 6 nm, (b) 212 �

6 nm, (c) 159� 9 nm, (d) 174� 10 nm and (e) 199� 9 nm. SEMmicrographs of PS nanoparticles used as dopants, (f) PSSD-I (d¼ 190� 10 nm) and
(g) PSSDB-II (d¼ 190� 10 nm). (h–j) SEMmicrographs of PDA nanoparticles used as dopants. Their average diameters are (h) dPDA ¼ 155� 30 nm,
(i) 172 � 16 nm and (j) 220 � 14 nm. Histograms and polydispersities for particles are shown in Fig. S1.†
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the reaction proceeded for 1 day at 75 �C. All nanoparticles
were puried by consecutive centrifugations at least 3 times.
SiO2 and PDA nanoparticles were centrifuged at 5000 RCF for
30 minutes, and PS nanoparticles were centrifuged at 14 000
RCF for 1 h.
Fabrication and characterizations of dye-inltrated PS
nanoparticles

Sudan I and Sudan Blue II were inltrated in PS nanoparticles
by swelling/deswelling procedures.30 Hydrophobic Sudan I and
Sudan Blue II can be inltrated into the swollen PS nano-
particles with THF and entrapped as a solvent, which is
Fig. 2 Absorbance spectra of (a) Sudan I (c ¼ 0.05 mM) and (d) Sudan Bl
nm) with the addition of (b) PSSD-I and (e) PSSDB-II. Reflectivity changes o
PSSDB-II.

36274 | RSC Adv., 2018, 8, 36272–36279
gradually exchanged with water. For that, PS nanoparticles
dispersed in water (0.5 wt%, 60 mL) were mixed with the dye
solution (1 mM in THF, 10 mL) with stirring. Aer 30 min,
ample amount of water was added to the solution. The resulting
Sudan I and Sudan Blue II inltrated PS nanoparticles (PSSD-I
and PSSDB-II) and were isolated by multiple sequential centri-
fugations at 14 000 RCF for 1 h and redispersion in DI-water.
PSSD-I and PSSDB-II were stable in water, and there was no
elution of dye. The amount of inltrated dyes in PS nano-
particles was calculated based on the change of UV-Vis absor-
bance intensity between the dye-dissolved THF solution and
supernatant of dye-inltrated colloidal solution.
ue II (c ¼ 0.05 mM). Reflectivity changes of the blue HPSs (lpeak ¼ 400
f the red HPSs (lpeak ¼ 585 nm) with the addition of (c) PSSD-I and (f)

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Direct addition of complex index materials in SiO2 HPSs. Each dye, Alizarin yellow (c ¼ 2 � 10�5 M) and Bromocresol purple (c¼ 5� 10�6

M), was dissolved in HPSs without infiltration in PS nanoparticles. Absorption spectra of (a) Alizarin yellow and (d) Bromocresol purple. Reflectivity
changes of (b) the blue and (c) the red HPSs with addition of Alizarin yellow. Reflectivity changes of (e) the blue and (f) the red HPSs with addition
of Bromocresol purple. Similar to the case of adding dye-infiltrated PS nanoparticles, the reflectivity enhancement was observed only when PBG
of blue (lpeak ¼ 407 nm) and red HPS (lpeak ¼ 590 nm) matched with OBG of Alizarin yellow (lpeak ¼ 360, 450 nm) and Bromocresol purple (lpeak
¼ 585 nm), respectively.
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Fabrication of hyperuniform photonic solutions (HPSs) doped
with complex index materials

HPSs were prepared by using SiO2 nanoparticles. SiO2 nano-
particles dispersed in water were concentrated to 45 wt% by
consecutive centrifugations. Doping of HPS with the complex
index materials was conducted by adding the synthesized
PSSD-I, PSSDB-II or PDA nanoparticles to HPS. To minimize PBG
shi by the additon of the dopants, highly concentrated PSSD-I,
PSSDB-II and PDA nanoparticle solutions were added. The
particle number density of each solution was calculated based
on the weight percent of colloidal solution, diameter of
nanoparticles and their density (dSiO2

¼ 1.58 g cm�3, dPS ¼
1.05 g cm�3 and dPDA ¼ 1.52 g cm�3). A calculated amount of
each dopant (PSSD-I, PSSDB-II and PDA nanoparticles) was
added to HPS to obtain the desired dopant concentration (cd).
In this case, the dopant concentration was dened as the
number ratio of dopant particles to SiO2 nanoparticles:

cd ¼ # of dopant particles
# of SiO2 nanoparticles

� 100:

Results and discussion

HPSs consisting of SiO2 nanoparticles were prepared by
following our previously reported method with slight modi-
cations.31 Briey, SiO2 nanoparticles were rst synthesized by
the conventional Stöber process using TEOS (Fig. 1a–e).32 The
prepared colloidal nanoparticle solutions were then
This journal is © The Royal Society of Chemistry 2018
concentrated by sequential centrifugations. When the concen-
tration of SiO2 nanoparticles in water was increased to 30 wt%,
the solution started to exhibit weak photonic colours. For our
experiments, the concentration was controlled to 45 wt%. The
resulting HPSs exhibited different photonic colours depending
on the diameter of SiO2, i.e., from blue to red with increasing
size from d ¼ 141 � 6 nm to 212 � 6 nm. In this case, the
photonic colours of HPSs were completely angle-independent
as we previously reported, which suggests that there is only
short-range order without crystal formation (Fig. S2†).31 To
investigate the effects of doping with complex index materials,
a small amount of polystyrene (PS) nanoparticles containing
organic dyes was added to SiO2 HPSs. Dye-inltrated PS nano-
particles were prepared by adding dyes (1 mM in THF) to
swollen PS nanoparticles (d¼ 190� 10 nm) with THF.30 Sudan I
and Sudan Blue II were chosen for our experiments. Once the
dye was absorbed in PS nanoparticles, the solvent was
exchanged with water. Sudan I- and Sudan Blue II-inltrated PS
nanoparticles (PSSD-I and PSSDB-II) were stable in water, and
there was no elution of dye (Fig. 1f and g). The amount of
inltrated dye in PS nanoparticles was calculated based on the
change in UV-Vis absorbance intensity (c ¼ 35 mM in PS
particles, Fig. S3†). In this report, the term dopant is dened as
nanoparticles having the imaginary part of the refractive index
that are added to HPSs made of pure dielectric particles. As
shown in Fig. 2, the reectivity of pure HPS was originally low
(30–40%) before the addition of complex index dopants.
RSC Adv., 2018, 8, 36272–36279 | 36275
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Fig. 4 (a–d) Reflectivity changes of (a) blue (dSiO2
¼ 159 � 9 nm), (b) green (dSiO2

¼ 174 � 10 nm) and (c) red HPSs (dSiO2
¼ 199 � 9 nm) with the

increase of the PDA nanoparticle concentration (0 # cd # 2.0). The reflectivity increased logarithmically as a function of the dopant concen-
tration with showing a maximum at cd ¼ 1.0%.
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However, the addition of a small amount of dopants, i.e., PSSD-I
or PSSDB-II (cd ¼ 0.1%) signicantly changed the optical prop-
erties of HPSs. The reectivity of HPSs increased 55% aer the
addition of complex index dopants, i.e., PSSD-I or PSSDB-II.
Interestingly, there was a strong correlation between PBG of
HPS and OBG of dopant. The reectivity enhancement was
observed only when the absorption bands of dyes matched with
the reection bands of HPSs. As shown in Fig. 2b, the reectivity
of blue HPS (lpeak ¼ 400 nm) signicantly increased aer
addition of PSSD-I, which showed absorption bands at lpeak ¼
�400 nm. On the other hand, the reectivity of red HPS (lpeak ¼
585 nm) was not affected by PSSD-I (Fig. 2c). The effects of
dopant were completely opposite for PSSDB-II, which exhibited
absorption bands at lpeak ¼�600 nm (Fig. 2d–f). The reectivity
of blue HPS was almost insensitive to the addition of PSSDB-II,
and red HPS showed apparent reectivity enhancement by the
addition of PSSDB-II. No reectivity enhancement was observed
when pure PS nanoparticles were added to HPSs, which sug-
gested that the reectivity enhancement of HPS is mainly
induced by the imaginary part of the refractive index of dopants
(Fig. S4†). While polydispersity of particles affects reectivity, it
is not the case in our experiments. In general, reectivity
increases when polydispersity decreases. However, the added
dopants were more polydispersed than original SiO2 HPSs
(Fig. S1†). Furthermore, the concentration of dopant was very
low due to which polydispersity and the refractive index
36276 | RSC Adv., 2018, 8, 36272–36279
contrast change in the real part by dopants must be almost
negligible. For example, the real part of refractive index of PS
changed from 1.630 to 1.640 (at l ¼ 400 nm) and from 1.595 to
1.598 (at l ¼ 600 nm), respectively, when 1 wt% of dopant was
added to PS (Fig. S5†). Hence, these results strongly suggest that
PBGs of HPSs resonate with OBGs of dopants. Such resonant
behavior is not limited to a certain dye pair. The reectivity
enhancement was also observed for several different dyes and
even when dyes were directly dissolved in the photonic solution
without inltration in PS nanoparticles (Fig. 3). For example,
the reectivity of blue HPS (lpeak ¼ 407 nm) increased with the
addition of Alizarin yellow GG (20 mM), which showed absorp-
tion bands at lpeak ¼ �400 nm, whereas no enhancement was
observed for red HPS (lpeak ¼ 585 nm) (Fig. 3a–c). Similarly, for
Bromocresol purple exhibiting absorption bands at lpeak ¼
�600 nm, the reectivity of red HPS increased with the addition
of 5 mM of Bromocresol purple (Fig. 3d–f). Blue HPS was almost
insensitive to the addition of Bromocresol purple because its
PBG and OBG did not match. Resonance of PBGs with OBGs has
been previously observed by Zhou and coworkers;18,19 they re-
ported that light was diffracted only near the absorption center
of the dye incorporated in the photonic crystals. Similarly,
strong interference effects in highly absorbing media were
utilized for anti-reection coatings.33,34 Because the real and
imaginary parts of the refractive index are related to the
Kramers–Kronig relations,35 casuality suggests that the
This journal is © The Royal Society of Chemistry 2018
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introduction of complex index materials in the dielectric
photonic structures is expected to affect the photonic band
structures. Since there is no contrast in the imaginary part of
index for the wavelength away from the absorption region, the
reection enhancement by complex index dopants occurs near
the absorption peak. For HPSs doped with complex index
materials, the refractive index contrast in both real part and
imaginary part index contrast contributes to increased
reectivity.

In the aspect of resonant interference, black materials are
more advantageous than colored dyes since they have strong
absorption in the whole visible wavelength regions. When black
materials are used as dopants, PBGs can match with OBGs of
dopants at all visible wavelength regions. For this purpose, we
used melanine-like polydopamine (PDA) nanoparticles as black
dopant materials, which show a monotonic broad absorption
band in UV and visible regions (Fig. S6†). The complex refractive
index of PDA lm was determined by spectroscopic ellipsometry
(Fig. S5†). The size of PDA nanoparticles matched with that of
each corresponding HPS: for blue HPS, dSiO2

¼ 159 � 9 nm/dPDA
¼ 155 � 30 nm; for green HPS, dSiO2

¼ 174 � 10 nm/dPDA ¼ 172
� 16 nm; for red HPS, dSiO2

¼ 199 � 9 nm/dPDA ¼ 220 � 14 nm
(Fig. 1c–e and h–j). On addition of a small amount of PDA
nanoparticles to HPSs, the reectivity increased at all wave-
length regions. To observe the effects of dopant concentration
(cd), PDA nanoparticle concentration was varied from 0% to
2.0%. As shown in Fig. 4, the reectivity of blue, green and red
Fig. 5 (a and c) Reflectivity changes and (b and d) FWHM changes in g
matching (dPDA ¼ 172 � 16 nm) and (c and d) size-mismatching PDA na

This journal is © The Royal Society of Chemistry 2018
HPSs increased logarithmically with an increase in the PDA
nanoparticle concentration. The reectivity enhancement factor
was �100% at cd ¼ 1.0%. However, the reectivity decreased
when the dopant concentration was very high (cd > 1.0%). The
decrease in reectivity at high dopant concentration was
ascribed to the increase in absorption by PDA. These results
suggest that PBG/OBG resonant enhancement is quite effective
even at low dopant concentrations. This reectivity enhance-
ment is very similar to the phenomenon observed in some
biological systems. For example, melanosomes in pigmented
skin generate high brightness over other cellular components
compared with that in unpigmented skin.36

The reectivity of HPSs can be affected by their structural
changes induced by polydispersity change of HPS or by crys-
tallization. Generally, it is expected that more ordered photonic
structures show higher reectivity.37 To test whether the addi-
tion of PDA nanoparticles affects crystallinity of HPSs, the
changes in FWHM (full width at half maximum) were measured
for green HPS at different PDA concentrations. As shown in
Fig. 5, FWHM values were almost constant at all PDA concen-
trations. Even when size-mismatched PDA nanoparticles (dPDA
¼ 106 � 8 nm) were added to HPS (dSiO2

¼ 174 � 10 nm) (Fig. 5c
and d), FWHM values did not change. This result indicates that
the addition of PDA nanoparticles at the dopant level does not
affect the structure of HPS; thus, reectivity enhancement was
considered to be mainly due to resonant interference effects of
PBGs and OBGs.
reen HPSs (dSiO2
¼ 174 � 10 nm) with the addition of (a and b) size-

noparticles (dPDA ¼ 106 � 8 nm).

RSC Adv., 2018, 8, 36272–36279 | 36277
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Fig. 6 Photographs of (a) blue, (b) green and (c) red HPSs showing colour saturation enhancement by the addition of complex index dopants,
PDA nanoparticles. Colour saturation. (d) Colour coordinates of each HPS are depicted on a CIE graph. Colour expression range of PDA dopped
HPSs is enhanced by almost 600% compared to that of the undopped HPSs.
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Doping HPS with black PDA nanoparticles is benecial not
only for enhancing reectivity but also for improving the colour
saturation and the colour expression range (Fig. 6). Since PDA
nanoparticles attenuate background scattering other than the
PBG/OBG resonant region and the PBG/OBG resonant peak is
augmented, the colour contrast of HPS can be strengthened by
doping with PDA nanoparticles.38,39 HPSs made of pure SiO2

nanoparticles originally showed faint photonic colours (Fig. 6).
However, the photonic colours were gradually saturated and
became vivid with increasing concentration of PDA nano-
particles. Compared with blue and green HPSs, red HPS
required higher PDA concentration to exhibit vivid photonic
colours, which is believed to be because of the relatively low
absorption coefficient at the red band region (Fig. S6†). Because
of the improved colour saturation, the colour expression range
of HPS increased by almost 600% aer doping with PDA
nanoparticles.
Conclusions

In summary, we have demonstrated the reectivity enhance-
ment of HPSs made of SiO2 nanoparticles by doping with
complex index materials. HPSs containing a small amount of
light-absorbing dopants (cd # 1%) exhibited large reectivity
enhancement (�100%) when PBGs of HPSs matched with OBGs
of dopants. Furthermore, the colour expression range of HPS
also increased signicantly (�600%) by doping with complex
index materials. Considering the restricted kind of dielectric
materials having high refractive index, doping with a small
amount of complex refractive index materials allows us to
fabricate practical photonic structures very easily without the
trouble of synthesizing new materials. Moreover, resonant
interference of PBGs with OBGs in the complex refractive index
media may give a clue for understanding why nature frequently
utilizes complex index materials rather than pure dielectrics to
fabricate biological optical components.
36278 | RSC Adv., 2018, 8, 36272–36279
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