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Structural colour of unary and 
binary colloidal crystals probed 
by scanning transmission X-ray 
microscopy and optical microscopy
Hyun Woo Nho1,2 & Tae Hyun Yoon1

Colloidal crystals composed of micro- or nano- colloids have been investigated in various fields such as 
photonics due to their unique optical properties. Binary colloidal crystals have an outstanding potential 
for fine-tuning material properties by changing the components, concentration, or size of colloids. 
Because of their tunable optical, electrical, magnetic, and mechanical properties, those materials 
attracted great attention. However, it has been hard to elucidate internal structures without fluorescent 
labelling or cross-sectioning. Here, we demonstrate the structural analysis of not only unary but also 
binary colloidal crystals using scanning transmission x-ray microscopy and compare the results with 
colloidal structures and optical properties observed by optical microscopy. Based on the comparison 
of images obtained by these two methods, the domains of colloidal crystals consisting of different 
structures and colours were directly identified without any additional sample preparation. Therefore, it 
was possible to investigate the structural colours of local domains of unary and binary colloidal crystals 
such as the face centred cubic (FCC) structure with different orientations, that is FCC (111) and FCC 
(001), and hexagonal close-packed structure, HCP (0001).

Two- or three- dimensional colloidal crystals have been studied extensively because of their unique optical 
properties and potential for various industrial applications such as optical devices (waveguides, flexible polymer 
colloidal crystal lasers)1–6 and sensors (pH, volatile organic solvent, humidity)7–13. Due to the interference phe-
nomena, light waves with similar wavelength to the period of colloidal structures often show selectively inhibited 
light propagation and are known as photonic band gap or photonic stop band. Recently, an omnidirectional pho-
tonic band gap, which was not observed in typical unary colloidal crystals composed of PS or SiO2 particles due to 
their low dielectric contrast, was reported in binary colloidal crystals or unary colloidal crystals with inverse opal 
structure and has attracted significant attention. Binary colloidal crystals consist of particles with two different 
sizes and compositions, while inverse opal structures comprise particles and an “air sphere”14. Since unary colloi-
dal crystals can be used as template for binary colloidal crystals or inverse opals, the structural characterization 
of unary colloidal crystals is important. Although the most common structure of unary colloidal crystals is the 
face centred cubic (FCC) structure, plane stacking faults or multiple domains are frequently observed because 
of the small difference of free energy (~10−3 kB per sphere) between FCC and hexagonal close-packed structures 
(HCP)15.

X-ray microscopy (XRM) can be used complementary to conventional imaging techniques for photonic crys-
tals such as electron microscopy (EM) and optical microscopy (OM). The latter two methods have been used as 
general techniques for the investigation of colloidal crystals. These microscopic techniques have advantages and 
disadvantages with respect to the characterization of colloidal crystals. For example, colloidal crystals can be 
observed with the highest spatial resolution using EM; on the other hand, limited (thinner than 0.5–1 µm) sample 
thickness16 or surface observation is inevitable for transmission electron microscopy (TEM) or scanning trans-
mission electron microscopy (SEM), respectively. The spatial resolution of OM is not high enough to investigate 
the structure of colloidal crystals; therefore, advanced fluorescent optical microscopy, such as laser scanning 
confocal microscopy or stimulated emission depletion microscopy, have been used to characterize structures 
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of colloidal crystals with better resolution17. However, for these fluorescence microscopic techniques, colloi-
dal particles have to be labelled with fluorescent dyes and immersed in solution for refractive index matching. 
Therefore, complementary microscopic techniques with of high spatial resolution capabilities, good penetration 
depth (>1 µm), and label-free imaging capability are necessary. Synchrotron-based X-ray microscopy (XRM, 
i.e., scanning transmission X-ray microscopy, STXM) fulfils those requirements and has been used to investigate 
colloidal crystal structures18–23.

The structural colour of colloidal crystals is one of the unique characteristics of colloidal crystals useful for 
various optical applications. Generally, spectroscopy (reflectance or transmittance spectra) has been used to char-
acterize the optical properties of colloidal crystals. However, it is difficult to grow single-domain colloidal crys-
tals experimentally, which is mainly due to the small differences of the free energy between crystal structures15. 
Therefore, spectra represent averaged characteristics of multiple domains of colloidal crystals because the light 
source with a beam diameter of a few millimetres covers multiple domains. It is not possible to differentiate 
domains of different structures using spectroscopy. Thus, lots of studies considering the structure and colours 
have been restricted to theory due to the limitations of observation tools.

In this study, unary and binary colloidal crystals were prepared and characterized using both scanning trans-
mission X-ray microscopy (STXM) and optical microscopy. This is the first study reporting the observation of 
structures of binary colloidal crystals using STXM and directly identifying correlations between their colours 
and real structures. The colloidal crystals were fabricated with a modified spin coating method using a mixture 
of small and large colloidal particle-suspended solution. The internal structures of colloidal crystals were inves-
tigated using STXM and the structural colours of different domains were observed with optical microscopy. We 
can easily and directly match colloidal structures and colours using these two techniques.

Experimental Section
Fabrication of colloidal crystals for STXM observation. As illustrated in Fig. 1A, Colloidal crystals 
were fabricated on the Si3N4 membrane (100 nm thickness) substrate (NX5150 C, Norcada Co., Edmonton, AB, 
Canada) for STXM analysis. We purchased 500 nm polystyrene (PS; ~25 mg/mL; Polysciences, Warington, PA, 
USA), which was spin-coated on the Si3N4 membrane substrate. Before spin coating of the PS solution, the Si3N4 
substrate was treated with O2 plasma (100 W, 0.2–1 mbar, 45 s; CUTE, Femto Science, Gyeonggi-Do, Republic of 
Korea) to clean the surface. The frame of the Si3N4 substrate was attached to the glass substrate by using kapton 
tape for spin coating because the Si3N4 substrate was too small (5 × 5 mm frame and 1.5 × 1.5 mm membrane) to 
be mounted on the chuck of the spin coater. Subsequently, 5 μL of the PS colloidal solution was put on the Si3N4 
substrate, spin-coated at 2000 rpm for 15 s, and then ramped up at 3500 rpm for 600 s.

Figure 1. (A) Schematic illustration of the spin coating method for the fabrication of binary colloidal crystals 
and (B) cross-sectional view of the fabricated binary colloidal crystal on the Si3N4 membrane substrate. SEM 
images of (C) unary colloidal crystals consisting of polystyrene (PS) with 500 nm colloids, (D) binary colloidal 
crystals with 500 nm PS and 100 nm SiO2, and (E) amorphous colloidal mixture with 500 nm PS and 200 nm 
SiO2.
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Binary colloidal crystals were also fabricated using the spin coating method: 100 μL of 25 mg/ml, 500 nm PS 
solution was mixed with 100 μL of 5 mg/ml, 100 nm SiO2 solution (PSI-0.1, Kisker Biotech GmbH & Co. KG, 
Steinfurt, Germany). The other procedures (O2 plasma treatment and spin coating) were the same as the fabrica-
tion of unary colloidal crystals.

Observation of colloidal crystal using STXM and optical microscopy (OM). The colloidal crystals 
were analysed with an optical microscope (DM6000M, Leica, Germany) equipped with a colour CCD (DFC 550, 
Leica, Germany) and synchrotron-based STXM. The schematic illustration of the OM and STXM setup is shown 
in Fig. 2. OM images were acquired with 50x or 10x objective lenses with numerical aperture (NA) of 0.8 and 0.3, 
respectively. (see ESI-Figure 1) STXM image was acquired at the 10 A beamline of the Pohang light source (PLS, 
Pohang Accelerator Laboratory, Republic of Korea) and 10ID-1 (SM) beamline of the Canadian light source (CLS, 
University of Saskatchewan, Canada). The storage ring current of 300 mA at the PLS was operated in top-up mode 
(SR energy of 3.0 GeV). The storage ring current was 250 mA in decay mode (SR Energy of 2.9 GeV) at the CLS. 
The synchrotron-based monochromatic soft X-ray was focused to ~40 nm using the Fresnel zone plate. The first 
order of a diffractive focused X-ray was selected using the order-sorting aperture (OSA, pinhole of 100 µm). The 
sample was mounted on the interferometrically controlled piezo stage and raster scanned with a 20-nm step size. 
The intensity of transmitted X-ray was measured using a scintillator photomultiplier tube (PMT). The unary col-
loidal crystals consisting of 500 nm PS were observed at 500 eV. The binary colloidal crystals made of 100 nm SiO2 
and 500 nm PS were investigated at 280 eV for SiO2 and at 500 eV for PS. The aXis2000, a software for x-ray image 
and spectra analysis, was used to calculate the optical density (OD) of the binary colloidal crystals consisting of 
PS and SiO2 (aXis2000, http://unicorn.mcmaster.ca/aXis2000.html, Hitchcock A. P., 2012), while the Trak EM2 
of Fiji (open source image processing platform)24 was used to align and overlay pseudocolours on the two images 
obtained at different photon energies.

Results and Discussion
Fabrication of unary and binary colloidal crystals. The 3D colloidal crystals were fabricated by spin 
coating. In other studies, layer-by-layer methods were introduced for the fabrication of binary colloidal crys-
tals25,26. Lager particles were firstly spin-coated on the substrate and then smaller particles were spin-coated on 
the interstices of the lager particles. Based on this approach, monolayer or bilayer colloidal crystals could be 
easily fabricated; however, the fabrication of multilayered or 3D colloidal crystals was difficult, since the pre-
deposited particles were easily peeled off. In this study, co-crystallization method using spin coating technique 
was employed for the single step fabrication of multilayered colloidal crystals. Because there was the step height 
(~100 μm) between the substrate and kapton tapes for the fixation of the substrate, the colloidal solution was kept 
thick enough for the formation of multiple layers (Fig. 1B). Using this method, not only unary colloidal crystals 

Figure 2. Schematic illustration of (A) scanning transmission X-ray microscopy (STXM) and (B) optical 
microscopy (OM). Colloidal crystal images measured by (C) STXM (transmission mode measured at 500 eV) 
and (D) OM (transmission mode).

http://1
http://unicorn.mcmaster.ca/aXis2000.html
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(Fig. 1C) but also multiple layers of binary colloidal crystals were fabricated (Fig. 1D and E) in the vicinity of kap-
ton tapes. However, as described in other studies, the size ratio [γS/L, diameter ratio between small (S) and large 
(L) particles] of binary colloidal crystals is theoretically limited below 0.22527. This was experimentally confirmed, 
as shown in Fig. 1C–E. When γS/L was 0.2, three small SiO2 particles were closely packed in the interstices of large 
PS particles (Fig. 1D). However, when γS/L was increased to 0.4, the structure changed to an irregular amorphous 
structure (Fig. 1E). Based on these results, we confirmed the fast, simple, and easy fabrication of multilayered 
binary colloidal crystals assembled by spin coating of the suspension of large and small colloidal particles.

Characterization of colloidal crystals using STXM and optical microscopy (OM). The domain 
of colloidal crystals can be distinguished based on the different colours in OM transmission images (Fig. 2D). 
These results are not limited to our observations; in other studies, similar images were found28–30. Some domains 
are brownish-green, others show pale-purple or yellow–ochre colours. In addition, identical regions were inves-
tigated with STXM to observe colloidal crystal structures with high enough spatial resolution for the charac-
terization of individual particles or interstices (Fig. 2C). Because the OM image was measured in transmission 
mode, the colours representative of colloidal crystal domains match the complementary colours of the stop band 
or photonic band gap. In other words, red light cannot penetrate green domain and navy or blue colours cannot 
infiltrate the yellowish domain and vice versa. In spectroscopic studies, the transmission or reflectance peak posi-
tion is often calculated based on the modified Bragg equation31,32.

λ = θ–m 2d(n sin ) ,eff
2 2 1/2

where m is the order of diffraction; λ is the wavelength; d is an interplanar distance that is determined by the 
diameter of the particle (D), that is, (2/3)1/2D for face-centred cubic (FCC) and hexagonal close-packed (HCP) 
structures; neff is the effective refractive index, 1.44 for PS based on neff = nPSΦ + nair(1 – Φ), where Φ is the filling 
fraction of the particles and 0.74 for FCC and HCP; and θ is the incident angle of light. Based on this equation, the 
diffractive colours of FCC (111) and HCP (0001) should be identical and those structures cannot be distinguished 
based on the colour. However, the FCC and HCP domains have different colours in the OM image. If the colloi-
dal particles consist of 500 nm PS, the second order of the diffractive wavelength of the FCC structure is 587 nm 
(yellow) and the transmitted light should be bluish.

Figure 2C shows that structures consisting of different domains, such as FCC (111), FCC (100), and HCP 
(0001), could be identified using STXM. In addition, internal defects were directly observed in real space18,19. 
Based on those two images (Fig. 2C and D) and the observed identical regions using STXM and OM, we could 
directly correlate the colloidal structures with their colours. The FCC (100), FCC (111), and HCP (0001) domains 
show brownish-green, pale-purple, and yellow–ochre colours, respectively. As stated above, although the con-
ditions for the fabrication of single-crystalline colloidal crystals were proposed in several reports33,34, it is still 
hard to grow single-crystal domains due to the small differences of the free energy of FCC and HCP (10−3 kB per 
sphere)15. Various domains of colloidal crystals have different stacking sequences; therefore, structural character-
ization is fundamental to reveal the relation between optical properties and the crystal structure.

There have been assumption and theoretical simulation results that different colours of colloidal crystals cor-
relate with distinct structures or orientations28,32. Therefore, structures of colloidal crystals, such as FCC (100) 
and FCC (111), can be inferred based on different colours. However, most techniques for the characterization 
of colloidal crystals cannot directly detect differences between FCC and HCP in the real space. Most studies 
focused on FCC structures of self-assembled colloidal crystals33,35–38. Scanning electron microscopy is commonly 
used to characterize colloidal structures because of the superior spatial resolution. However, only the top surface 
can be observed with SEM such that the sample should be cross-sectioned to observe internal structures and 
sequences to confirm if the structure is FCC or HCP. Therefore, FCC and HCP structures cannot be identified in 
SEM images without destructive sample preparation. In addition, conductive metallic coating is hardly avoidable, 
which can change the optical properties. Another common tool to characterize colloidal crystals is confocal scan-
ning laser microscopy (CSLM), which compensates for the disadvantage of OM, the spatial resolution, by adopt-
ing pinholes to block the light that is out of focus39. However, the colloids have to be labelled with fluorescent dyes 
to investigate their crystalline structure using CSLM. Furthermore, colloidal crystals have to be immersed in a 
proper solution for refractive index matching39,40. Therefore, it is difficult to observe colloidal crystals under dry 
conditions. However, by using STXM and OM, the real structure can be identified without destructive sample 
preparation or fluorescent labelling. In addition, the FCC and HCP structures can be differentiated based on the 
different colours, that is, pale purple and yellow ochre or greenish colours.

To confirm the correlation between the colours observed by OM and colloidal crystal structures measured by 
STXM, another location of the colloidal crystals was investigated and the details of the structures were identified 
(Fig. 3). Synchrotron-based X-ray microscopy is a versatile tool for the observation of colloidal crystals because 
of the high spatial resolution, significant penetration depth, and chemical speciation capability. Although the 
measurement speed of STXM is lower than that of TXM, the field of view (FOV) or magnification can be varied 
in STXM. Therefore, it is much easier to compare the OM and STXM images of identical regions to determine 
correlations between the colour and colloidal structure by measuring STXM images at relatively low magnifi-
cations and then increasing the magnifications step by step. Figure 3 shows that the detailed structure of each 
domain was directly characterized using STXM and the spatial resolution was high enough to identify the most 
common structures of individual colloidal particles such as the FCC (100), FCC (111), and HCP (0001) structures 
(Fig. 3C–E). Based on the comparison of the colourful OM images, we could infer the colloidal structures of each 
domain in a large FOV. The OM image in Fig. 3A has a lower optical densities compared with Fig. 2D because of 
the smaller number of layers of the colloidal crystal. Similar to other studies, thick colloidal crystals (more than 
four layers) have a high chromaticness because the number of layers of the colloidal crystal affects the width of 
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the photonic stop band and optical density34,41. Such trends are also evident in the OM images (Figs 2D and 3A). 
When increasing the number of layers, dark and vivid colours were observed, although the structure of the col-
loidal crystal was identical. The number of layers measured by STXM in Figure 2D is four. However, in Fig. 3D 
and E, the HCP and FCC structures showed only three layers. Therefore, the colour of the structures in Fig. 3A 
are dark goldenrod and ivory, respectively. The colour of the domains in Fig. 3C–E are represented as average 
red, green, and blue (RGB) colour intensity and their distributions are shown in Fig. 3F. Based on the RGB inten-
sity, we obtained more quantitative colour information from the OM image. In the FCC (100) and HCP (0001) 
domains, the green and red colour components were relatively higher than the blue colour component. In the 
FCC (111) domain, the blue colour component was relatively higher than that of other two structures, although 
red and green colour components were still dominant. In addition, the number of layers of the colloidal crystal 
also represents the different RGB values (ESI-Figure 2). Each pixel of the OM image was plotted in RGB colour 
space using a frequency-weighted mode. The mono, double, and triple layers were clustered in different groups 
and structures such as FCC (100), FCC (111), and HCP (0001). The RGB measurement result for the FCC (111) 
domain is in partially agreement with the calculation based on the modified Bragg equation. As mentioned above, 
the transmitted colour of FCC (111) should be bluer than that of other structures. In addition, the RGB values of 
HCP (0001) and FCC (111) differ, which cannot be explained by the modified Bragg equation.

Internal defects also affect the optical properties of colloidal crystals. To verify the influence of defects on 
the optical properties, optical transmission, reflection, and diffraction studies were performed in the past29,42. 
Defects or stacking faults induce the broadening or splitting of transmission peaks or reflection spectra, known 
as photonic stop band. However, there are other causes for the broadening of the photonic stop band such as 
inhomogeneous thickness and multiple domains with different orientations of colloidal crystals. With increasing 
thickness of the colloidal crystal, the width of the stop band decreases34,41. In addition, different wavelengths 
of incident light are attenuated in different domains with a distinct orientation based on the Bragg equation. 
Therefore, although theoretical simulation studies of optical properties of colloidal crystals are well established, 
the experimental work is still in the beginning stages. It is difficult to determine which disorder (defects or differ-
ent crystal orientation) of colloidal crystals contributes to the broadening or splitting of the stop band with spec-
troscopic studies using a beam with a diameter of a few millimetres. Moreover, local defects within the colloidal 
crystals cannot be characterized well. However, defects representing distinct colours (dark reddish colours) are 
easily recognized in OM images (Fig. 3A) and detail structures of those defects can be observed in STXM images 
(Fig. 3B–E). Therefore, orientations and defect effects showing similar optical properties can be manifested in 
multi-domain colloidal crystals using OM and STXM imaging.

In our previous study23, structures of colloidal crystals of 500 nm PS were analysed using full field transmis-
sion X-ray microscopy (TXM), where we distinguished fcc and hcp 3D structures with thickness of 3 or 4 layer 

Figure 3. (A) OM image (transmission mode) of the four-layered colloidal crystal. Green, dark goldenrod, and 
ivory colours were observed in different domains. (B) STXM transmission image acquired in the region marked 
with a red dashed line in (A). (C) STXM image of the FCC (100) domain (green), (D) HCP (0001) domain 
(dark goldenrod), and (F) FCC (111) domain (ivory). (F) Red, green, and blue colour intensity of each domain 
of (C), (D), and (E).

http://2
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via comparisons of their line profiles of optical densities with those simulated from model structures. Similarly, 
STXM can also provide us 3D colloidal crystal structures with information along the normal axis as well as lateral 
direction, which can be compared with the optical transmission data from OM. In STXM, each structure was ana-
lysed by measuring the void distances of each structure of colloidal crystals and comparing theoretical distances. 
The void distances marked as a, b, and c in the FCC (100) plane; a’, b’, and c’ in the HCP (0001) plane; and a”, b”, c” 
in the FCC (111) plane were measured (Fig. 3C–E) and compared with theoretical distances. The detailed values 
are represented in ESI-Table 1. The differences between theoretical and measured distances were less than 8% and 
originated from the size deviation of colloids and stacking faults21.

Analysis of binary colloidal crystals. The characterization of binary colloidal crystals was one of chal-
lenges of this study because of the complexity of their structures, heterogeneity of the colloids, and limitations of 
the characterization method. However, one of advantages of STXM is the capability of chemical speciation and 
elemental mapping via acquiring images at different photon energies. Therefore, chemical contrast images of two 
different elements were readily acquired for binary colloidal crystals consisting of different colloid components. 
As illustrated in Fig. 4, PS and SiO2 particles have a different X-ray absorption contrast at the C K-edge (285 eV, 
C = C 1π*), O K-edge (544 eV), and Si K-edge (1845 eV). At the pre-edge of the C K- or O K-edge, carbon or oxy-
gen are relatively transparent, respectively. Consequently, only SiO2 particles can be observed at the pre-edge of 
the C K-edge (Fig. 4C) and only PS particles can be measured at the pre-edge of the O K-edge (Fig. 4D) with high 
contrast. Therefore, as shown in Fig. 5, 100 nm particles of SiO2 (Fig. 5A-1, B-1, and C-1) and 500 nm PS particles 
(Fig. 5A-2, B-2, and C-2) could be classified by observations at 280 eV and 500 eV, respectively. The STXM images 
for SiO2 and PS colloidal crystals were merged to represent both structures simultaneously [Fig. 5A-3 for FCC 
(100), 5B-3 for HCP (0001), and 5C-3 for FCC (111)] using pseudocolours (i.e., green for SiO2 and red for PS).

The larger PS particles are templates and the smaller SiO2 particles fill the interstices between the PS parti-
cles. Because the void types (i.e., tetrahedral or octahedral void) in colloidal crystals originate from colloidal 
structures of larger PS particles, the colloidal structures of SiO2 particles are determined based on the colloidal 
structure of the PS particles. Thus, the discrepancies of the three-dimensional colloidal structures of SiO2 are 
induced by FCC (111) and HCP (0001) structures of PS particles having different combinations of voids. For 
instance, the peak-to-peak distance between most bright positions (void blocked by single PS particle) in the 
FCC (111) structure is 1/√3 times the diameter of the PS and the radius ratio [maximum radius filling the void 
(r)/radius of PS (R)] is 0.225 in the tetrahedral void. However, in the HCP (0001) structure, the peak-to-peak 
distance between most bright open voids is √3 times the diameter of the PS and the radius ratio (r/R) is 0.414 
in the octahedral void. Therefore, the volume of the octahedral void is approximately 6-fold larger than that of 
the tetrahedral void. Although the volume is different between the tetrahedral and octahedral voids (Fig. 5C-2), 
the bright position (combination of tetrahedral and octahedral voids, see ESI-Figure 3) was evenly distributed in 
FCC (111) structures and SiO2 particles filled those voids equally (Fig. 5C-1) because the combination of voids 
between the first and second layer (tetrahedral–octahedral or tetrahedral–tetrahedral voids) reduces the volume 
differences to 3.5-fold. However, the HCP structure contains combined open holes (eclipse-shaped octahedral 
voids), which are filled with a larger number of SiO2 particles due to the volume differences remaining approx-
imately 6-fold. Therefore, the SiO2 particles in octahedral voids (Fig. 5B-1 and B-3) were more remarkable with 
higher contrast than those in the tetrahedral voids. This indicates why the FCC (111) and HCP (0001) structures 
show different colours. Although the total number of voids is identical (two tetrahedral and one octahedral voids 
per colloid)15, combinations or sequences are different in the FCC or HCP structures. In the HCP structure, octa-
hedral–octahedral voids have a localized larger void volume (~6-fold) than tetrahedral–tetrahedral voids in the 
FCC structure. Moreover, in the HCP structure, light is able to pass without change of the refractive index from 
octahedral–octahedral voids because these voids are connected. Therefore, the effective refractive index, neff, of 
the modified Bragg equation should be considered for the local void types in three-dimensional colloidal crystals. 

Figure 4. (A) Simulated optical density (OD) for binary colloidal crystals consisting of 500 nm PS and 100 nm 
SiO2. The black and red lines indicate the OD of the PS and SiO2 colloids, respectively. (B) Model structure of 
binary colloidal crystals of the double layers. Expected figurations of STXM measured (C) at 280 eV (pre-edge 
of C K-edge) and (D) at 500 eV (pre-edge of O K-edge).

http://1
http://3
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The refractive index neff should be smaller in the HCP structure than in the FCC structure because the local void 
volume of eclipse-shaped octahedral voids is larger and reflected λ becomes smaller than in FCC. Hence, the 
transmitted light is shifted to red. Otherwise, neff is higher in the FCC structure than in the HCP structure; there-
fore, the transmitted colour is bluish.

In addition, internal structures of those binary colloidal crystals could be observed without destructive sample 
preparation. Several studies reported the difficulties of structural characterization of binary colloidal crystals due 
to limitations with respect to the characterization of internal structures or spatial resolution25,43,44. Even if smaller 
particles covered the voids on the top surface with the regular structure, the internal ones cannot be identical to 
those on the surface. Indeed, distorted internal structures or internal defects were observed, as shown in Fig. 6 
(red arrow). The SEM image (Fig. 6A) of the top layer of colloidal crystals shows that 100 nm SiO2 particles filled 
the interstices between 500 nm PS particles. Based on the observation of the arrangement of PS, the structure or 
orientation of the colloidal crystal could be inferred. However, the irregular structures of SiO2 particles marked as 
red arrow in the STXM image measured at 280 eV at the pre-edge of the C K-edge in Fig. 6B could not be identi-
fied in Fig. 6A because the SiO2 particles were beneath the PS particles. In addition, a transition from HCP (0001) 
to FCC (100) plane orientation was observed in the area marked by a green dashed circle. Figure 6B shows that 
the colloidal structure consisting of SiO2 differs in the first row (i.e., ‘Y’ shape) and second row (i.e., ‘ + ’ shape) of 
the green dashed circles. However, as stated above, this discrepancy was not identified in the SEM image (Fig. 6A) 
because the transition originated in the bottom layer of the colloidal crystals and internal structures could not be 

Figure 5. (A) STXM transmission images of the FCC (100) domain measured (A-1) at 280 eV for the 
observation of SiO2 and (A-2) at 500 eV for the analysis of PS colloids in binary colloidal crystals. (A-3) 
Pseudocolour image obtained by merging (A-1) and (A-2). (B) STXM transmission image of the HCP (0001) 
domain (B-1) observed at 280 eV for SiO2 and (B-2) at 500 eV for PS. (B-3) Pseudocolour image obtained by 
merging (B-1) and (B-2). (C) FCC (111) planes measured in STXM transmission mode at (C-1) 280 eV for SiO2 
and (B-2) at 500 eV for PS. (B-3) Pseudocolour image obtained by merging (C-1) and (C-2).
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observed by SEM. As a result, SiO2 and PS particles were separately observed and internal structures and defects 
were directly identified by chemical STXM imaging at different incident photon energy.

The optical properties of binary colloidal crystals in different domains are characterized by colourful OM 
images, similar to unary crystals. The OM images and collected RGB intensities are shown in Fig. 7A and D. 
Additionally, the colloidal structures in the region marked with a red dashed box in Fig. 7A could be recognized 
in Fig. 7B and C. There are three types of domains with structures similar to the structures represented in Fig. 5, 

Figure 6. (A) SEM image of binary colloidal crystals consisting of 100 nm SiO2 and 500 nm PS. STXM 
transmission images acquired (B) at 280 eV and (C) at 500 eV. Identical domain boundaries and positions were 
marked with the same colour (dashed line) in each image.

Figure 7. Images of binary colloidal crystals of 100 nm SiO2 and 500 nm PS observed by (A) OM, (B) STXM at 
280 eV, and (C) at 500 eV. (D) Red, green, and blue colour intensity in each domain of FCC (100), HCP (0001), 
and FCC (111).
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that is, FCC (100), HCP (0001), and FCC (111). Therefore, we could compare the colours and structures of binary 
colloidal crystals. The colours in each domain are similar to that of unary colloidal crystals. However, a slight 
increase in the green colour intensity was measured (Fig. 7D). As stated above, the stop band can be calculated 
with the modified Bragg equation and the absorption wavelength is proportional to neff, which is determined by 
the filling fraction of the colloids. If small colloids fill the voids of large colloids, neff should increase and a red shift 
of the absorption maximum (stop band) is expected. Because the OM image was measured in transmission mode, 
the red shift of the stop band corresponds with the increasing green colour intensity.

Recently, a STXM-based novel imaging technique, ptychography, was developed for chemical composition 
imaging with better spatial resolution. Because diffraction patterns are reconstructed to the real space image by 
phase retrieval algorithms in ptychography, limitations of the spatial resolution originating from X-ray optics can 
be overcome. As a result, 5 nm structures were observed using this technique45. For further research, we consider 
ptychography with sub-10 nm spatial resolution to acquire images of resolved single colloids of binary colloidal 
crystals.

Conclusions
We demonstrated the correlations between structures and colours of local domains of colloidal crystals using 
STXM and OM. Based on the capabilities of STXM, such as significant penetration depth and chemical specia-
tion capability, the internal structures and defects were directly observed for unary and binary colloidal crystals 
consisting of PS and SiO2. Each component of binary colloidal crystals was measured at the pre-edge of the C 
K-and O K-edge to separately observe SiO2 and PS. The STXM and OM images of each domain of FCC (100), 
FCC (111), and HCP (0001) having different colours in unary colloidal crystals were compared to determine 
the correlations of structures, crystal orientations, and colours. Due to the local discrepancy of orientations and 
void volumes of colloidal crystals, the different FCC (100), FCC (111), and HCP (0001) show different colours. 
Observations using STXM are used complementary to OM and SEM to directly confirm the internal structures of 
colloidal crystals with simple measurements and minimized preparation. Therefore, we suggest that STXM can be 
used as the breakthrough tool to characterize colloidal crystals consisting of multiple components.

References
 1. Taton, T. A. & Norris, D. J. Device physics: Defective promise in photonics. Nature 416(6882), 685–686 (2002).
 2. Yan, Q., Wang, L. & Zhao, X. S. Artificial defect engineering in three-dimensional colloidal photonic crystals. Advanced Functional 

Materials 17(18), 3695–3706 (2007).
 3. Lee, W., Pruzinsky, S. A. & Braun, P. V. Multi-photon polymerization of waveguide structures within three-dimensional photonic 

crystals. Advanced Materials 14(4), 271–274 (2002).
 4. Joannopoulos, J. D., Johnson, S. G., Winn, J. N. & Meade, R. D. Photonic crystals: molding the flow of light. (Princeton University 

Press, 2011).
 5. Furumi, S., Fudouzi, H., Miyazaki, H. T. & Sakka, Y. Flexible polymer colloidal-crystal lasers with a light-emitting planar defect. 

Advanced Materials 19(16), 2067–2072 (2007).
 6. Mikosch, A., Ciftci, S. & Kuehne, A. J. C. Colloidal crystal lasers from monodisperse conjugated polymer particles via bottom-up 

coassembly in a sol–gel matrix. ACS Nano 10(11), 10195–10201 (2016).
 7. Go, D. et al. Programmable phase transitions in a photonic microgel system: linking soft interactions to a temporal pH gradient. 

Langmuir 33(8), 2011–2016 (2017).
 8. Huang, J., Hu, X., Zhang, W., Zhang, Y. & Li, G. PH and ionic strength responsive photonic polymers fabricated by using colloidal 

crystal templating. Colloid. Polym. Sci. 286(1), 113–118 (2008).
 9. Shin, J., Braun, P. V. & Lee, W. Fast response photonic crystal pH sensor based on templated photo-polymerized hydrogel inverse 

opal. Sensors and Actuators B: Chemical 150(1), 183–190 (2010).
 10. Pan, Z., Ma, J., Yan, J., Zhou, M. & Gao, J. Response of inverse-opal hydrogels to alcohols. Journal of Materials Chemistry 22(5), 

2018–2025 (2012).
 11. Xu, X., Goponenko, A. V. & Asher, S. A. Polymerized PolyHEMA photonic crystals:  pH and ethanol sensor materials. Journal of the 

American Chemical Society 130(10), 3113–3119 (2008).
 12. Barry, R. A. & Wiltzius, P. Humidity-Sensing Inverse Opal Hydrogels. Langmuir 22(3), 1369–1374 (2006).
 13. Tian, E. et al. Colorful humidity sensitive photonic crystal hydrogel. Journal of Materials Chemistry 18(10), 1116–1122 (2008).
 14. Maldovan, M., Ullal, C. K., Carter, W. C. & Thomas, E. L. Exploring for 3D photonic band gap structures in the 11 f.c.c. space groups. 

Nat. Mater. 2(10), 664–667 (2003).
 15. Mahynski, N. A., Panagiotopoulos, A. Z., Meng, D. & Kumar, S. K. Stabilizing colloidal crystals by leveraging void distributions. Nat. 

Comm. 5 (2015).
 16. Grimm, R. et al. Electron tomography of ice-embedded prokaryotic cells. Biophysical Journal 74(2 Pt 1), 1031–1042 (1998).
 17. Harke, B., Ullal, C. K., Keller, J. & Hell, S. W. Three-dimensional nanoscopy of colloidal crystals. Nano Letters 8(5), 1309–1313 

(2008).
 18. van Schooneveld, M. M. et al. Scanning Transmission X-Ray microscopy as a novel tool to probe colloidal and photonic crystals. 

Small 7(6), 804–811 (2011).
 19. Hilhorst, J. et al. Three-dimensional structure and defects in colloidal photonic crystals revealed by tomographic scanning 

transmission X-ray microscopy. Langmuir 28(7), 3614–3620 (2012).
 20. Byelov, D. V. et al. In situ hard X-ray microscopy of self-assembly in colloidal suspensions. RSC Advances 3(36), 15670–15677 (2013).
 21. Huang, B.-H., Wang, C.-C., Liao, C.-H., Wu, P.-W. & Song, Y.-F. Structural characterization of colloidal crystals and inverse opals 

using transmission X-ray microscopy. Journal of Colloid and Interface Science 426, 199–205 (2014).
 22. Rau, C. et al. Synchrotron-based imaging and tomography with hard X-rays. Nuclear Instruments and Methods in Physics Research 

Section B: Beam Interactions with Materials and Atoms 261(1–2), 850–854 (2007).
 23. Nho, H. W. et al. Nanoscale characterization of local structures and defects in photonic crystals using synchrotron-based 

transmission soft X-ray microscopy. Scientific Reports 6, 24488 (2016).
 24. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat. Meth. 9(7), 676–682.25 (2012).
 25. Velikov, K. P., Christova, C. G., Dullens, R. P. A. & van Blaaderen, A. Layer-by-layer growth of binary Colloidal Crystals. Science 2002 

296(5565), 106–109 (2002).
 26. Singh, G., Pillai, S., Arpanaei, A. & Kingshott, P. Layer-by-layer growth of multicomponent colloidal crystals over large areas. 

Advanced Functional Materials 21(13), 2556–2563 (2011).
 27. Wang, J. et al. Structural and optical characterization of 3D binary colloidal crystal and inverse opal films prepared by direct co-

deposition. Journal of Materials Chemistry 18(9), 981–988 (2008).



www.nature.com/scientificreports/

1 0SCIeNtIfIC RepORTS | 7: 12424  | DOI:10.1038/s41598-017-12831-4

 28. Velev, O. D., Jede, T. A., Lobo, R. F. & Lenhoff, A. M. Porous silica via colloidal crystallization. Nature 389(6650), 447–448 (1997).
 29. Vlasov, Y. A., Deutsch, M. & Norris, D. J. Single-domain spectroscopy of self-assembled photonic crystals. Applied Physics Letters 

76(12), 1627–1629 (2000).
 30. Goldenberg, L. M., Wagner, J., Stumpe, J., Paulke, B.-R. & Görnitz, E. Ordered arrays of large latex particles organized by vertical 

deposition. Langmuir 18(8), 3319–3323 (2002).
 31. Mı́guez, H. et al. Photonic crystal properties of packed submicrometric SiO2 spheres. Applied Physics Letters 71(9), 1148–1150 

(1997).
 32. Reynolds, A. et al. J. Spectral properties of opal-based photonic crystals having a SiO2 matrix. Physical Review B 60(16), 11422–11426 

(1999).
 33. Ye, Y.-H., LeBlanc, F., Haché, A. & Truong, V.-V. Self-assembling three-dimensional colloidal photonic crystal structure with high 

crystalline quality. Applied Physics Letters 78(1), 52–54 (2001).
 34. Mihi, A., Ocaña, M. & Míguez, H. Oriented colloidal-xrystal thin films by spin-coating microspheres dispersed in volatile media. 

Advanced Materials 18(17), 2244–2249 (2006).
 35. Tarhan, İ. İ. & Watson, G. H. Photonic band structure of fcc colloidal crystals. Physical Review Letters 76(2), 315–318 (1996).
 36. Míguez, H. et al. Evidence of FCC crystallization of SiO2 nanospheres. Langmuir 13(23), 6009–6011 (1997).
 37. Cheng, Z., Russel, W. B. & Chaikin, P. M. Controlled growth of hard-sphere colloidal crystals. Nature 401(6756), 893–895 (1999).
 38. Gasser, U., Weeks, E. R., Schofield, A., Pusey, P. N. & Weitz, D. A. Real-Space Imaging of Nucleation and Growth in Colloidal 

Crystallization. Science 292(5515), 258–262 (2001).
 39. Fouquet, C. et al. Improving Axial Resolution in Confocal Microscopy with New High Refractive Index Mounting Media. PLoS ONE 

10(3), e0121096 (2015).
 40. Hell, S., Reiner, G., Cremer, C. & Stelzer, E. H. K. Aberrations in confocal fluorescence microscopy induced by mismatches in 

refractive index. Journal of Microscopy 169(3), 391–405 (1993).
 41. Bertone, J. F., Jiang, P., Hwang, K. S., Mittleman, D. M. & Colvin, V. L. Thickness Dependence of the Optical Properties of Ordered 

Silica-Air and Air-Polymer Photonic Crystals. Physical Review Letters 83(2), 300–303 (1999).
 42. Astratov, V. N. et al. Interplay of order and disorder in the optical properties of opal photonic crystals. Physical Review B 66(16), 

165215 (2002).
 43. Kim, M. H., Im, S. H. & Park, O. O. Fabrication and Structural Analysis of Binary Colloidal Crystals with Two-Dimensional 

Superlattices. Advanced Materials 17(20), 2501–2505 (2005).
 44. Yang, L. et al. In Situ Optical Microspectroscopy Monitoring of Binary Colloidal Crystal Growth Dynamics via Evaporation-Induced 

Cooperative Self-Assembly. Langmuir 28(9), 4160–4167 (2012).
 45. Shapiro, D. A. et al. Chemical composition mapping with nanometre resolution by soft X-ray microscopy. Nat. Photon. 8(10), 

765–769 (2014).

Acknowledgements
This research was supported by the National Research Foundation of Korea (NRF) funded by the Korea 
government (MSIP) (No. 2017R1A2A2A05001140). This research was also partially supported by the Ministry of 
Trade, Industry and Energy (MOTIE) and Korea Institute for Advancement of Technology (KIAT) through the 
International Cooperative R&D program (N053100009, “Horizon2020 Kor-EU collaborative R&BD on ACEnano 
Toolbox”) as part of the European Commission Horizon 2020 Programme under grant agreement NMBP-26-
2016-720952. We also would like to thanks Dr. Jian Wang of Canadian Light Source and Dr. Namdong Kim and 
Dr. Hyunjun Shin of Pohang Light Source for their assistance at the STXM beamline.

Author Contributions
H.W. Nho performed experiment. H.W. Nho and T.H.Yoon wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-12831-4.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-12831-4
http://creativecommons.org/licenses/by/4.0/

	Structural colour of unary and binary colloidal crystals probed by scanning transmission X-ray microscopy and optical micro ...
	Experimental Section
	Fabrication of colloidal crystals for STXM observation. 
	Observation of colloidal crystal using STXM and optical microscopy (OM). 

	Results and Discussion
	Fabrication of unary and binary colloidal crystals. 
	Characterization of colloidal crystals using STXM and optical microscopy (OM). 
	Analysis of binary colloidal crystals. 

	Conclusions
	Acknowledgements
	Figure 1 (A) Schematic illustration of the spin coating method for the fabrication of binary colloidal crystals and (B) cross-sectional view of the fabricated binary colloidal crystal on the Si3N4 membrane substrate.
	Figure 2 Schematic illustration of (A) scanning transmission X-ray microscopy (STXM) and (B) optical microscopy (OM).
	Figure 3 (A) OM image (transmission mode) of the four-layered colloidal crystal.
	Figure 4 (A) Simulated optical density (OD) for binary colloidal crystals consisting of 500 nm PS and 100 nm SiO2.
	Figure 5 (A) STXM transmission images of the FCC (100) domain measured (A-1) at 280 eV for the observation of SiO2 and (A-2) at 500 eV for the analysis of PS colloids in binary colloidal crystals.
	Figure 6 (A) SEM image of binary colloidal crystals consisting of 100 nm SiO2 and 500 nm PS.
	Figure 7 Images of binary colloidal crystals of 100 nm SiO2 and 500 nm PS observed by (A) OM, (B) STXM at 280 eV, and (C) at 500 eV.




