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ARTICLE INFO ABSTRACT
Article history: Colloidal crystal (CC) thin films that produce structural colours oweida visible
Receivedl5 October 2015 spectrum have been self-assembled from silica nanopatrticles (SRpamatural
Received in revised form 7 February 2016 sedimentation method. A series of colloidal suspensions containing urSféfa
Accepted 9 Februar3016 (207-350 nm) were prepared using the Stdéber method. The prepared silica
suspensions were directly subjected to natural sedimentation at an elevated
temperature. The SNPs were deposited under the force of geaityself-
Keywords: . assembled into an ordered array. The solid CC thin films producectustiu
Silica nanoparticles colours over a wide visible spectrum from red to violet. Visual inspeetimh
Colloidal crystals colorimetric measurements indicated that the structural colour of the Cfilrthin
Photonic crystals is tuneable by varying the SNPs diameters and the viewing anglesIoEedy
Thin films packed face-centred cubic (fcc) structure of the CC thin film wafirmed using
Self-assembly SEM imaging and was in agreement with the intense colour obseovedhe film
Gravity sedimentation surface.

Structural colours

1. Introduction structural colours that cover a wide rangg the visible

As a periodic three-dimensional nanostructure system, thespectrum [16,24]. Natural opals have SNPs generally in the size

photonic crystal (PC) has the ability to control photon range of 156400 nm and produce a range of structural colours

ropagation [1]. This property can be used for man Otential[25]. Due to difficulties in controlling the Stéber process,
propaga . p. perty e yp which consists of the hydrolysis and condensation of silicon
applications such as: optical switching, colour displays,

biological sensors, energy storage, and solar cells [2,3]. Such alkoxide, fabricating uniform populations of SNPs in this size

. . . range has been challenging. Moreover, if the prepared colloids
systgm is also known as the c_:oII0|daI. crystal (CC) or p.hOtO.n'care not uniform in size, then additional purification processes
colloidal crystal (CPC) if its periodic nanomaterial is

. o using selection [26] or redispersion procedures [27] are
?ss?[n?led from colloidal spheres such as silica or pOIyStyren‘?“equired in order to improve the uniformity of the colloids
PS) [4]. .

Natural precious opals, which consist of highly ordered In this paper, structurally coloured silica CC films were
silica nanoparticles (SNPs), are probably the oldest and bes obtained by the gravity sedimentation self-assembly of SNPs

known examples of CCs [5]. One of the most important and hrough the drying of the prepared colloidal suspension. As the

interesting properties of natural opals is the tuneable structur::x'f)mpareoI SNPs in the suspensions were uniform, the suspension

colour effect. This brovides a novel wav of producina colours V&S used without any purification and/or modification. In

X ‘ P yay ot producing addition, by only controlling the amount of solvent ethanol in
without cI;)IouraInts [((3;] ?r|1d ha[f79 p])ractflfcal applications [suth 3%he Stober process, the diameter of the SNPs could be varied in
structurally coloured films , effect pigments [10], ' ) :
photonic papers and inks [11], opal fibres and fabrics 4P the range of 206850 nm. This allowed a wide range of

Artificial opal CC materials have been extensively studied structural colours to be produced by the CC films. The
al op : ) y morphology of SNPs and the CC films is investigated using a
and fabricated using self-assembly methods: such a

sedimentation [15], vertical deposition [16], physical BEM technique. The tuneable behaviour of structurally

confinement [17], spin coating [18], and most recently the dip_coloured CC films is discussed.
drawing method [19]. Current research has focused on PS-

based colloids [2@3] due to the facile control of the polymer
colloids size through soap-free emulsion polymerisation. This
technique allows specific colours in the visible range to be :
produced by the self-assembly of a target polymer sphere2-1- Materials
However, little published work shows silic&C films with

2. Experimental

The chemical reagents used throughout the experiments
included the following. Tetraethyl orthosilicate (TEOS)

* Corresponding author. (99.0%) was purchased from Sigma-Aldrich Co., LLC;
E-mail addressiHuw.Owens@manchester.ac (k. Owens). ammonia (NH3, 25% in HZO) and ethanol (EtOH, 999%) were
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obtained from Fisher Scientific Co., Ltd., UK; distilled water assembled into a CC thin film with a close-packed face-centred
(H20, distilled by USF-ELGA water purifier) was dispensed cubic (fcc) structure, which can be seen in Figure 1(b) and 1(c).
from the laboratory. All the materials were used as received  Figure 1(b) shows the top view of the CC film, where the

without any further purification. hexagonal close-packed arrangement of SNPs represents the (1
1 1) plane of the fcc structure [16] and [29]. The square
2.2. Synthesis of silica nanoparticles arrangement of SNPs on the side view represents the (1 0 0)

plane of the fcc structure, which can be seen in Figure 1(c). Due

Uniform SNPs of diameter ranging from 207 nm to 350 nm to the uniform and ordered arrangement of SNPs, a particular
were synthesized based on the Stober method [28]. Firstly, &tructural colour can be observed from the surface of the CC
mother solution containing ammonia (8 ml), ethanol (&8 -  thin film.
ml), and distilled water (6 ml) was prepared in a 250 ml round-
bottomed flask under vigorous stirring. When the temperature3.2. Structural colours tuned by particle diameter
of the mixture reached 60 °C, the TEOS (6 ml) was then added
into the solution. The solution was stirred under an inert Figure 2 shows the top view SEM images and relevant

atmosphere for 2 hours until the reaction completed. images of different coloured CC thin films. The uniform SNPs
in Figure 2(a)-(e) having mean diameters of 350 nm, 282 nm,
2.3. Preparation of CC films by sedfssembly of SNPs 270 nm, 249 nm, and 207 nm resulted in the CC films as shown

in Figure 2(f)-(j) with variable structural colours of red, yellow-
Silica CC thin films were self-assembled from SNPs green, green, cyan, and violet at normal incidence, respectively.
through natural gravity sedimentation. Specifically, the It is known that silica powder is white in colour, and its
prepared silica suspension, without any purification and/orsuspension solution is opalescent due to scattering. However,
modification, was allowed to settle on a petri dish through the silica CC films show a range of vivid structural colours,
sedimentation by gravity. The drying of suspensions at 60 °Cwhich is due to the Bragg diffraction of the ordered fcc
accelerated the particles self-assembly rate and resulted in soligtructure. The structural colour of CC films can be expressed
silica CC thin films exhibiting structural colours in by applying a modified Bragg's equation [30]:

approximately 10 minutes. A = 20111d(Ne — Sir? 6)Y2, 1)

where A is the wavelength of the reflectance peak of the
coloured CC film, d is the interplanar spacing between (1 1 1)
planes, & is the effective refractive index (RI) of the CC
material, and is the angle between the normal and the incident
light (the viewing angle).

For an opal with an fcc structure, the relationship between
(111) plane and sphere radius r or diameter d is given as:

2.4. Characterisation of SNPs and CC films

The morphology of the prepared SNPs and CC films were
recorded using a Hitachi S-3000N scanning electron
microscope (SEM). The SNPs diameter and polydispersity
were measured using a Malvern Zetasizer Nano S dynamicfhe
light scattering (DLS) device. Images of the structural colours

were captured using a digital camera (iPhone 5s). Theduiy= 1.633 = 0.8165d, (2)
chromaticity coordinates of the film samples were obtained | addition, the effective RI of the opal can be expressed
using a Konica-Minolta CS-200 Chromameter. using the following equation [30]:
Neff = Vs + M(1-V), 3
3. Resultsand discussion where g and n refers to the RI of the silica sphere and the
air, which is approximately 1.45 and 1, respectivelyjsvthe
3.1. SEM analysis of SNPs and CC thin film volume fraction of the silica sphere. Taking 0.7405 as the

volume fraction of the silica sphere in an fcc structure [30], the

Typical SEM images of silica nanoparticles (SNPs) with a ffective Rl can be calculated as 1.333. _
mean diameter of 350 nm are given in Figure 1. (a) shows the  Therefore, the modified Bragg's equation is then rewritten
isolated SNPs that were prepared using the modified StobefS-
method. It can be seen that the SNPs are spherical in shape apd: 1.633d(1.333- sir? §)12 (4)
uniform in size (polydispersity index (PDI) = 0.1). Using the
natural gravity sedimentation method, the SNPs were self-

Fig. 1. SEM images of SNPs (a) and related CC films in tey ) and side view (c).
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are displayed in

the first image of each set.

The CIE 1931 Chromaticity Diagram

Fig. 2 Top view SEM images (a)-(e) and images (f)-(j) of coloured CC films 8MPs diameters of 350 nm, 282 nm, 270 nm, 249 nm, ahdr@0respectively; scale bars

In addition to the particle size factor, the effect of viewing

L , = angle on the structural colours of the CC film was also
0.8 e ——9— CIE 1931 2-deg investigated. In Figure 4, the CC film taken from Figure 2(f)
0.7 { - =8 = Film sample shows d.ifferent §tru9tural colours of red, yellow-green, green,
A i e and white at viewing angles of 0°, 30° 45°, and 90°,
0.6 L5 ""h,‘\ Sy respectively. At the 0° viewing angle, the normal incident, the
0.5 el increased to 30°, different structural colours were clearly
5 ‘ observed as shown in Figure 4(b), where the CC film shows
0.4 /' ¢ silica CC film exhibits an intense and uniform structural colour
0.3 §( 2 of red, as seen in Figure 4(a). When the viewing angle is
207'“ polychromatic structural colours including red, orange, and
2 // green. With a further increase of the viewing angle to 45°, the
0.1 - structural colour of the CC film appeared uniform green, as
o = seen in Figure 4(c).

The phenomenon of colour change with viewing angle is
known as the plagf-colour [5], and it can be explained using
the modified Bragg's equation. Specifically, based on the
sphere diameter of 350 nithe peak wavelength X at different
viewing angles (0) can be calculated using equation (4), where
occur when: the peak wavelength A is calculated as 762 nm, 706 nm, 646

_ _ nm, and 504 nm, at viewing angles of 0°, 30°, 45°, and 90°,
Amax= 1.633d@gy = 2.177d ®) respectively. It can be seen that as the viewing angle increases,

According to equation (5), itis clear that the wavelength of the wavelength of the reflectance peak A will decrease,
peak reflectance of the CC filkrhas a positive correlation with  contributing to a blue shift of the structural colour. This
the particle diameter d. Specifically, for the five coloured films explains the phenomenon observed in Figure 4(a)-(c), where
(Figure 2) that have SNP diameters of 350 nm, 282 nm, 270nmthe structural colour of the CC film gradually changed from red
249 nm, and 207 nm, their peak wavelengths were calculatedo green with the increase of viewing angle.
as 762 nm, 614 nm, 588 nm, 542 nm, and 451 nm, respgctivel However, at a certain viewing angle (approaching 90°),
The results are in agreement with the observed colournotal internal reflection will prevent the light source escaping
appearance of the CC films. The structural colours produced byrom the material's surface [30], resulting in the extinction of
the CC films in Figure 2 are tuned from red to violet with a the structural colour. This is confirmed in Figure 4(d) where at
systematically decreasing SNP diameter. a viewing angle of 90°, the CC film exhibits a white surface

The chromaticity coordinates of the coloured CC films colour similar to that seen in normal silica powder.
were plotted in a CIE 1931 chromaticity diagram as shown in  The effect of colour change with viewing angle can be
Figure 3. The x and y CIE chromaticity coordinates of the film represented by plotting the chromaticity coordinates of the red
samples are connected with dashed lines and are located vesample measured at several angles in the CIE 1931
close to the spectrum locus. This indicates that the film sampleshromaticity diagram, which is given in Figure 5. The
have produced intense structural colours and this is incolour of the marker corresponds to the observed colour of the
agreement with the visual inspection. CC film (Figure 4) and the circular marker represent the white
tile sample for comparison. It can observed from the marker
location that the colour shifts from the red to green region when

0 0.2 0.4 0.6 0.8 1

b 4
Fig. 3 CIE 1931 chromaticity coordinates of CC films with different?StNameters
measured at normal incidence.

At normal incidence, the longest wavelenghax will

3.3 Structural colours tuned by viewing angle
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displayed in (a).

the viewing angle is changed from 0° to 45° and this is in

agreement with the visual observation, Figure 4(a)-(c).

The CIE 1931 Chromaticity Diagram

0.9
08 /6"3 ‘*~\ | —o—CIE 1931 24
/
Vr D ®  While tile sample
0.7 Ko\
L N *  Ddegrec viewing angle
0.6 “a s o
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Fig. 5 CIE 1931 chromaticity coordinates of the film (Figure 4(ajhete different
viewing angles of 0°, 30°, and 45°.

4. Conclusions

CC thin films exhibiting structural colours covering a wide

range of the visible spectrum have been fabricated from SNPs

Fig. 4 Images of a red coloured CC film self-assembled from SNPs of 35llameter at viewing angles of 0° (a), 30° (b), 45° (c), arid @0 scale bars are the samelan
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