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Abstract: Nowadays, many kinds of colloidal photonic crystal (PC) sensors with inverse opal (IO)
structures have been developed. However, there are few systematic studies on the factors influencing
their recognition capability and responsiveness capability. In this paper, the relationships between
recognition capability of IO structured PC sensors and all the parameters in Bragg—Snell’s law have
been explored. In addition, research on the recognition ability of PC sensors typically focuses only on
the refractive index difference between the identified substances. Herein, we define two concepts,
namely the absolute refractive index difference and the relative refractive index difference, and prove
that the recognition ability not only relies on the absolute refractive index between the identified
substances, but also on the relative refractive index. Bragg-Snell’s law analysis confirms that the
responsiveness capability is directly proportional to the void size of the 1O structure, which is also
confirmed by the finite difference time domain (FDTD) method. It is believed that these systematic
studies have important guiding significance for creating advanced IO structured PC sensors.

Keywords: colloidal photonic crystal sensor; inverse opal structure; recognition capability and
responsiveness capability; Bragg-Snell’s law; finite difference time domain method

1. Introduction

Photonic crystals (PCs) [1,2], a type of periodic structural materials, are formed by
periodic arrangement of materials with different refractive indexes [3] and show great
potential in controlling and manipulating the flow of light [4]. Therefore, PCs could be used
as novel optical devices, such as reflective mode displays [5], optical filters [6], low-loss
waveguides [7-9] and optical fibers [10-12]. To meet the strong demand for photonic
materials with tunable optical properties, responsive PCs have been proposed [13]. These
responsive PCs exhibit wide application prospects in the PC sensor field [14,15].

In the last few decades, PC sensors have shown significant development, especially
colloidal PC sensors due to their unique advantages, such as a cost-effective bottom-up
strategy [16-18] and easily manipulated structures [19-21]. Among all PC structures,
inverse opal (IO) is one of the most popular research issues, as they benefit from their
inherent characteristics of highly ordered pore structure. Once an external substance
(e.g., solvents or vapors) infiltrates the inverse opal structure, it replaces the air in the pores,
changing the refractive index and shifting the reflected wavelength in the system [22]. The
wavelength shift is related to the refractive index of external substances, and it can be easily
detected by a spectrometer. Moreover, if the reflected wavelength is located in the visible
band and spans two or more color bands after the response, the PC sensor has the same
functionanilty as a colorimetric sensor [23-25]. As a result, the sensitivity of PC sensors
mainly depends on the wavelength response range. However, there are few systematic
studies on the relationship between wavelength response range (AA) and IO structure, the
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refractive index contrast between PC materials and voids, or the refractive index contrast
between PC materials and external substances.

In this paper, Bragg—Snell’s law was adopted to calculate the central reflection wave-
length of five PC sensors composed of different materials before and after response, thus
predicting the functional relationship between wavelength response range (AA) and refrac-
tive index contrast, including the refractive index contrast between PC materials and voids,
and between PC materials and external substance. The functional relationship between
wavelength response range and void size and void ratio of IO structures could be described
by extracting the simulated reflectance spectra obtained via a finite difference time domain
(FDTD) method. According to the functional relationship predicted by Bragg-Snell’s law,
various types of IO structured PC sensors are suitable for identifying two external sub-
stances with a higher absolute difference of refractive index and smaller relative difference
of refractive index. On the basis of the latter, as obtained by the FDTD method, PC sensors
with higher sensitivity could be designed. It is believed that this work will provide great
guidance for creating advanced PC sensor systems.

2. Result and Discussion

IO structured PC sensors are usually composed of matrix materials and voids with
a close-packed face-centered cubic (FCC) structure. There are some general guidelines to
fabricate IO structured sensors. The most widely used strategy is to fill the matrix material
into the interstices of the colloidal PC template and then remove the colloidal PC arrays.
Since the colloidal PC template is composed of tightly packed microspheres, the void ratio
of IO structure is 74%, and the volume ratio of matrix materials is 26% in this system.
Another method is to directly fabricate the composite PC film composed of colloidal PC
arrays and matrix materials and then remove the PC arrays. Thus, the void ratio of the
IO structure fabricated by this method can be precisely adjusted. Herein, we select IO
structured sensors composed of different matrix materials and discuss the relationship
between the performance of these sensors and the properties of the matrixes. Thus, the
void ratio in these systems is 74%, and the volume ratio of matrix materials is 26%. The six
chosen matrix materials are germanium (Ge) [26], TiO; [27-29], SnO, [30,31], carbon [32],
WO;3 [33] and poly(ethylene glycol) diacrylate (PEGDA). The parameters of the chosen
matrixes and voids are listed in Table 1.

Table 1. The parameters of the matrix materials.

Species Materials Refractive Index at Volume Ratio in PC
P 500 nm System

Ge 4.39 74%
TiO, 2.71 74%
. SnO, [34] 2.20 74%
matrix Carbon 243 74%
WO; 2.02 74%
PEGDA [6,35] 1.47 74%
void Air 1.00 26%

According to Bragg-Snell’s law, the central reflected wavelength of the 10 structured
PC sensors can be estimated by Equation (1).

1/3 1/2
T 8 1/2
m/\IO = (3\@47\101(;1) <3> Dvoid (nvoid2¢void + nmatrixz(l - (onid)) (1)

where m is diffraction order, Ajp is the central reflected wavelength of 10 structured PC
Sensors, ¢yeiq is the void ratio, Dyiq means the void size and 71y4i4s and nmatrix are the
refractive indexes of voids and matrixes, respectively. The value of m is 1. The values of
Pyoid and ny,4iq are known to be 74% and 1.00, respectively. The refractive index is assumed
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to be constant in this discussion. The refractive index of Ge matrix is 4.39 (Table 1). Thus,
the central reflected wavelength of the 10 structure (Aj0) based on Ge matrix can be plotted
as a function of the void size (Dyeiq), as shown in Figure 1.
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Figure 1. Relationship between central reflection wavelength (A;0) of the IO structure (A;p) based on

Ge matrix and void sizes (Dy;q) of the system.

Ge matrix-based PC sensors are used as colorimetric sensors; the range of central
reflection wavelengths should be 380-780 nm [36,37] to ensure the PC sensors have distinct
structural colors, indicating that the void size range of the Ge-based 10 structure is between
97 and 200 nm (marked by red lines in Figure 1). The relationships between the central
reflected wavelengths of the IO structures composed of other matrixes are exhibited in
Figure S1 in Supplementary Materials. The void size ranges of 1O structures are listed in
Table S1 Supplementary Materials.

When external substances infiltrate the IO structured PC sensor, it is assumed that
voids of the IO structure are filled and no swelling occurs in the system. The wavelength
response range (AA) after response can be described by Equation (2).

1/2
)1/3 (2) D x [(Tl52¢ + nmatrixz(l - (P)>

1/2 1/2

- (nvoids2¢ + nmatrixz(l - Qb)) ] (2)

where AA is the wavelength response range, ¢ is the volume fraction of the voids before
response and the volume fraction of external substances after response, D means the average
size of voids in the original 1O structure and the average size of the external substances after
response and #1g, Nmatrix and 1yi4s represent the refractive index of external substances,
matrix and voids, respectively. The larger the value of AA, the stronger responsiveness and
the higher sensitivity of the PC sensor.

The values of ¢ and n,;q4 are known to be 74% and 1.00, respectively. The values of
Mmatrix are listed in Table 1. As a result, the wavelength response range (AAge) of the 10
structure composed of Ge matrix can be described by Equation (3). The Equations that
describe the wavelength response range of PC sensors constructed by other matrixes are
given in Supporting Information Equations (51)~(S5) in Supplementary Materials.

5 1/2
AAGe = 1.633D * ((0.74 *ng2 + 5.011) — 2.398) )

where AAge is the wavelength response range of an IO structured PC sensor with Ge matrix,
D means the void size in the original IO structure and the average size of the external
substances after response, and 75 represents the refractive index of external substances.
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Equation (3) shows the relationship of wavelength response range (AAge) between the
refractive index of external substances (1) and void size (D) in the original IO structure.
Since PC sensors are used to identify different substances, it is important that the PC
sensor shows different response capacities to different substances rather than having a
wide response range for one substance. For an IO structured PC sensor with Ge matrix, the
wavelength response range contrast (AAcontrast) is described by Equation (4).

5 1/2 > 1/2
Acontrast = 1.633D % (0.74 sng2 +5.011  — (0.74 % 11gy? + 5.011) ) @

where AAcontrast means the wavelength range contrast of the PC sensor response to external
Substance 1 and Substance 2, D means the void size in the original IO structure and the
average size of the external substances after response and ng1 and ng, are the refractive
indexes of external Substance 1 and Substance 2, respectively. The equations that express
the wavelength range contrast (AAcontrast) caused by two external substances in the 10
structure composed of other matrixes have been given in Equations (56)—(510).

According to Figure 1, the void size range of the Ge-based system is between 97 nm to
200 nm. Therefore, the value of Dy;q can be temporarily set to 97 nm when discussing the
relationship between the wavelength range contrast (AAcontrast) and the refractive index
difference between external Substance 1 and Substance 2. Here, the absolute difference in
the refractive index of two substances is defined as An.,, which is equal to the absolute
value of ng; minus ng,. The relative difference between the refractive indices of Substance 1
and Substance 2 can be defined by A#n; in Equation (5).

Ang , = |nsp — ngq|
nsi

©)

Setting the absolute difference of refractive index (Ans.,) to 0.1, 0.05 and 0.03, respec-
tively, the relationships between the wavelength range contrast (AAcontrast) and relative
difference of refractive indices (Ans.;) can be plotted in Figure 2.
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Figure 2. The relationships between the wavelength range contrast (AAcontrast) and relative difference
of refractive indices (Ans.y).

Figure 2 shows that wavelength range contrast (AAcontrast) decreases with the increase
of the relative difference between the refractive indices (Ans;) when the absolute difference
of refractive indices is a constant (Ang.,). Moreover, when the absolute refractive index
difference is constant, the larger the value of Ans_,, the greater the value of AAcontrast- These
results mean the ability of an IO structured PC sensor to distinguish two kinds of substances
is not only related to their absolute difference of refractive index but also related to the
relative difference of refractive index.
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Setting the absolute difference of refractive index (Ans.,) to 0.1 and the void size
(Dyoid) to 97 nm, the relationship between the wavelength range contrast (AAcontrast) and
the refractive index difference between external Substance 1 and Substance 2 (Ang.;) can be
plotted as in Figure 3.
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Figure 3. The relationship between the wavelength range contrast (AAcontrast) and the relative
difference of refractive index between external Substance 1 and Substance 2 (Ang.y).

Figure 3 shows that the wavelength range contrast (AAcontrast) increases with the
reduction of the refractive index of the matrix when the absolute difference and the relative
difference of the refractive index of two additional substances are both constant. In this
case, the refractive indices of the two applied substances are also constant. If we define
Anpca as the absolute difference in the refractive index of the IO structured PC sensor
system and Anp.r as the relative difference in the refractive index of this system, Anpc.a
and Anypcr can be described by Equations (6) and (7), respectively.

Anpc-a = |Mmatrix — nvoidl (6)
Anpc-r _ ‘nmatrix - nvoid| (7)
Myoid

where Arnpca is the absolute difference in the refractive index of the IO structured PC sensor
system and Arnpc.r is the relative difference in the refractive index of this system, nmatrix
means the refractive index of the matrix and n,,;q means the refractive index of the void.
Figure 3 shows that wavelength range contrast (AAcontrast) increases with the reduction of
the refractive index of the matrix. In other words, wavelength range contrast (AAcontrast)
increases with the reduction of absolute difference in the refractive index of the PC system
(Anpc-a), while it decreases with the relative difference in the refractive index of the system.
The change of wavelength range contrast (AAcontrast) With the refractive index difference is
opposite in the external system and PC internal system. The above results also prove that
the IO structured PC sensor composed of two materials with similar refractive indexes will
show greater discrimination of external substances. This may be a novel conclusion, which
will have great guiding significance for material selection of PC sensors with IO structure.

The PEGDA-based PC sensor has greater discrimination to external substances (Figure 3).
As a demonstration, the PEGDA-based PC sensor was used to explore the relationship
between wavelength range contrast (AAcontrast) and void ratio. In this discussion, two
substances with refractive indices of 1.33 and 1.43 were selected. The obtained wavelength
response range (AApggpa) of this PC sensor to a substance with a refractive index of 1.33
can be described by Equation (8).
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o 1/3/8\1? 1/2 1/2
AAPEGDA (3\@(]5) <3> D % [(1.769¢ + 2.161 * (1 — ¢)) (p+2161%(1—¢)) "] (8)
where AAppgpa means the wavelength response range (AApggpa) of this PC sensor to a
substance with a refractive index of 1.33, ¢ means the void ratio of the PEGDA-based IO
system and D is the void size in the system.
MATLAB was adopted to calculate AApggpa, and the obtained typical results are
shown in Figure 4.
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Figure 4. Typical examples of wavelength response range (AApggpa) of the PC sensor as a function
of void ratio (¢) and void diameter (D).

Figure 4 shows that the wavelength response range (AApggpa) increases with the void
size (D) and void ratio (¢). When the void ratio reaches 74% and the void size is 250 nm,
the wavelength response range (AApggpa) is close to 100 nm. This indicates that the PC
sensor shows strong responsiveness to a substance with a refractive index of 1.33.

The wavelength range contrast (AAppGDA-contrast) iS caused by the PC sensor showing
different response capabilities to a substance with a refractive index of 1.33 and one with a
refractive index of 1.43. This is expressed by Equation (9).

AAPEGDA _ (T <8> Y D [(2.045¢ + 2.161 * (1 — ¢))"/% — (1.769¢ +2.161 + (1 — p))/?]  (9)
—contrast 3\/§¢ 3

The void size range is between 204 to 412 nm (Table S1, Supplementary Materials).
Setting void size (D) to 250 nm, the relationship between AApEGpA-contrast and void ratio
(¢) can be plotted as in Figure 5.

The approximately linear relationship between the wavelength range contrast
(AAPEGDA-contrast) and void ratio (¢) can be found in Figure 5, which indicates that the
IO structured PC sensor composed of the closely packed voids (74%) shows a greater
recognition capacity to external substances. Equation (9) shows a positive, linear relation-
ship between the wavelength range contrast (AApEGDA-contrast) and void size (Dy,i4) when
the void ratio (¢) is constant. As a consequence, if the PC sensor system contains closely
packed voids and the pore diameter is sufficiently large in a limited range (204 to 412 nm,
Table S1, Supplementary Materials), the sensitivity of the IO structured PC sensor will be
greatly improved.
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Figure 5. The relationship between wavelength range contrast (AApgGpA-contrast) and void ratio (D)
of the system.

In addition to using Bragg-Snell’s law, the finite-difference time-domain (FDTD)
method is also used to determine the relationship between the response capacity of 10
structure and void sizes. An IO structured PC sensor composed of PEGDA matrix and
voids with different diameters is calculated using the FDTD method by an FDTD solution
software, where the volume ratio in the system is 30%. The simulation model of the
system in FDTD solution software is given in Figure S2 in Supplementary Materials. The
simulation results of reflection spectra are shown in Figure 6, where the central reflected
wavelength of the IO structure containing voids with a diameter of 130, 150, 180, 200 and
220 nm are 385, 443, 530, 589 and 647 nm, respectively. The reflected intensities are close
to 100%.

When water with a refractive index of 1.33 enters the 1O structured PC system, the
air in the voids will be replaced by water. Therefore, the central reflection wavelength
of the IO structure will shift. The simulated result of reflection spectra of IO structured
PC systems after response to liquid water or water vapor are given in Figure 7. These
results are also calculated by using FDTD solution software. Figure 7 shows that the central
reflected wavelength of IO structure containing voids with a diameter of 130, 150, 180, 200
and 220 nm are 409, 470, 563, 625 and 687 nm, respectively. The reflected intensities drop to
30% after response, which can be ascribed to the fact that two constituent materials of the
IO system possess a smaller refractive index difference after response.

After responding to water, the wavelengths of these PC sensors containing voids with
a diameter of 130, 150, 180, 200 and 220 nm shift 24, 27, 33, 36 and 40 nm, respectively. These
individual data points were plotted as five points in a diagram, as shown in Figure 8. The
relationship between wavelength response range and void sizes predicted by Bragg—Snell’s
law (Equation (8)) can be plotted as a straight line (red line in Figure 8). Figure 8 shows
that the positions of the points are on the line, which indicates the relationship between
wavelength response range and void sizes obtained by the FDTD method is consistent with
Bragg-Snell’s law.
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Figure 6. Simulation results of reflection spectra of IO structure containing PEGDA matrix and voids
with diameters of (a) 130 nm; (b) 150 nm; (c) 180 nm; (d) 200 nm; and (e) 220 nm.
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Figure 8. The relationship between wavelength response range and void sizes predicted by Bragg—
Snell’s law and calculated by FDTD method.

Figure 9 shows the calculated reflectance spectra of higher refractive index-contrast IO
systems after response to water, where the absolute refractive index contrast of these 10
systems composed of WOs3, SnO; and TiO, matrixes are 1.02, 1.2 and 1.71, respectively. In
these 1O systems, the void diameters are 200 nm, and the void ratios of these systems are
30%. The simulation results of reflectance spectra were obtained via the FDTD method, and
the simulation models were composed of 18 layers (6 periods) of voids. Comparing Figure 9
with Figure 7, it can be easily found that the IO systems with higher absolute refractive
index contrast (1.02~1.71) show higher intensity of the reflection peak (95-100%) after
responding to water, which is much higher than the peak intensity (30%) of 10 structures
consisting of PEGDA matrix after a response. This indicates that the IO systems with higher
absolute refractive index contrasts show higher color brightness after response. However, it
does not mean that the IO structure composed of PEGDA and air has lower color brightness
after responding to water, since the intensity of the reflection peak is not only related to the
absolute refractive index contrast but also related to the structure thickness.

The reflection spectra of the IO structure composed of PEGDA matrix and voids with
different thicknesses before and after response are given in Figure 10. After responding to
water, the reflection peak intensity of IO structure composed of 6 layers (2 periods) and
12 layers (4 periods) of voids were close to 10% and 25%, both of which are less than the 30%
formed by the IO structure composed of 18 layers of voids (6 periods). This indicates that
reflection peak intensity after response will increase with the thickness of the IO structure.
Since the actual thickness of the IO structure can easily reach from tens to 100 um, thus these
will also show high reflection intensity and high color brightness even after responding
to water.
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Figure 9. Simulation results of reflection spectra of IO structure systems after response to water,
where the matrix materials of the systems are (a) WO3, (b) SnO, and (c) TiO,.
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Figure 10. Simulation results of reflection spectra of IO structure composed of PGEDA matrix and
void arrays with (a) 6 layers and (b) 12 layers before and after response to water.

3. Conclusions

We identified and explored the connections between the related factors affecting the
recognition capability of IO structured PC sensors. The analysis results using Bragg—Snell’s
law showed that the recognition capability of an IO structured PC sensor is negatively
correlated with the relative and absolute differences in the refractive index of the PC system.
Therefore, among the six matrix materials, PEGDA material with a refractive index of 1.47
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is the most suitable choice for PC sensors when they mainly depend on refractive index
changes to achieve a response. The recognition capability is also related to the refractive
index difference of external substances to be identified, which is positively correlated with
the absolute difference of their refractive index and negatively correlated with relative
differences. In addition, the recognition capability of two kinds of substances and the
response-ability to certain substances is related to the void size and void ratio of the IO
system. The response-ability shows a linear relationship with the void ratio. This result is
consistent with the prediction by the FDTD method. These analyses provide an efficient
strategy for fabricating advanced IO structured PC sensors.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst12060859/s1, Figure S1: Relations between central reflection
wavelength (AIO) and void sizes (D) of the IO structure systems, where the systems were composed
of (a) TiO2 matrix, (b) SnO2 matrix, (c¢) Carbon matrix, (d) WO3 matrix, (¢€) PEGDA matrix; Table S1:
The range of central reflection wavelengths and void sizes of the IO structures composited of different
matrixes; Figure S2: Simulation model of PC sensors composited of PEGDA matrix and the voids
with a closed-packed face-centered cubic structure. where the void ratio is 30%. (a) Top view;
(b) Three-dimensional diagram; (c) Main view; (d) Left view.
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