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A B S T R A C T   

Photonic crystals can be employed effectively as simple and low-cost colorimetric sensors for monitoring vari-
ation in the environmental refractive index. In most cases, the photonic colorimetric approach relies on the use of 
porous and permeable materials to highlight refractive index (RI) modulation, although a fine control over the 
size distribution and free volume can be complex to achieve. Here, we propose nonporous low-layer count 
distributed Bragg reflectors (DBRs) as simple optical devices for colorimetric refractive index sensing. In our 
feasibility study, we simulated the reflectance of DBRs consisting of two to five SiO2/TiO2 bilayers upon variation 
of the external refractive index. We found that the 2-bilayers sample exhibits the highest sensitivity to RI var-
iations, and identified the ratio between the first and third order reflectance intensity as simple yet efficient 
ratiometric parameter to discern analytes with different refractive indices. This approach can provide a prom-
ising perspective for the development of cheap and portable devices for environmental detection of a wide range 
of substances.   

1. Introduction 

Photonic colorimetric sensing represents a simple and effective 
approach that can be useful for monitoring changes in the surrounding 
environment, such as humidity and temperature [1,2], as well as for the 
identification of a large variety of substances, ranging from liquid-
s/vapours to bio analytes [3–8]. The structural reflection colour of 
photonic crystals (PhCs) originates from the periodic arrangement along 
the three spatial dimensions of materials with different refractive indices 
[9,10], which gives rise to a forbidden band for photons, the so-called 
photonic band gap (PBG). This, in turn, can be exploited as simple yet 
effective colorimetric probe/parameter that responds to those external 
and environmental stimuli that are able to modify the photonic lattice 
spacing and/or refractive index (RI) contrast [11–17]. 

For instance, the infiltration of liquids and capillary condensation of 
gases in mesoporous one-dimensional PhCs, also known as Distributed 
Bragg Reflectors (DBRs), has been widely utilized for sensing purposes 
[18–20], while the large surface area in these porous systems can also 
enable biosensing applications [21–23]. However, the precise control 
over pore size distribution that is essential for analyte percolation and 

for driving analyte selectivity in these devices is in general very difficult 
to achieve with scalable fabrication techniques (i.e. solution-based 
processes and radio-frequency sputtering, among others), while this 
can be usually attained by means of highly complex fabrication pro-
cedures [24]. Furthermore, full sensing reversibility results to be limited 
in some cases, owing to the stagnancy of the analytes or spurious 
external substances, within the porous microstructure. Therefore, while 
porosity represents usually a great advantage in colorimetric photonic 
sensing, alternative approaches relying on non-complex photonic 
structures are also worth exploring. For instance, a ratiometric detection 
scheme should in principle enhance measurement reliability and sensi-
tivity, as in this way any noise/signal fluctuation would be compensated 
[25]. 

Here, we propose simple low-layer count DBRs as nonporous and 
cost-efficient platforms to track environmental refractive index varia-
tions. In order to assess our idea, we developed a simulation program 
which permits to calculate rapidly the reflection spectra of the device 
under different refractive conditions and for varying number of layers, 
thus providing an efficient theoretical tool for identifying the optimal 
DBR design and, importantly, the most significant absolute and 
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ratiometric spectral parameters to monitor upon variation of the RI 
contrast. In particular, we envisage DBRs fabrication by means of radio 
frequency (RF) sputtering, as it provides reliable thickness and a low/ 
controlled porosity while being a relatively easy, cheap and scalable 
production process. The final goal of our study is to provide a simple 
label-free colorimetric RI sensor capable to detect a broad range of 
substances while operating in the visible range, which does not require 
any porous microstructure and/or complex micro/nanofabrication 
procedures to monitor environmental RI variations. 

2. Methods 

A simulation routine was coded in Wolfram Mathematica, using the 
transfer matrix formalism to calculate the reflection spectra of two- 
material DBRs [26]. The program was designed in a way that it was 
possible to obtain quick estimates of transmission spectra by defining 
the thickness, porosity and refractive index dispersion curves of the 
materials, as well as the dispersion curve of the external refractive index, 
number of layers, angle of incidence of the hypothetical probe beam, 
and wavelength sampling interval. The effects of porosity on the 

refractive index were defined according to the Maxwell-Garnett model 
[27]. The refractive index dispersion equations of the different sub-
stances were obtained from literature [28]. The program was set up as to 
use a discrete, point-by-point calculation of the reflection values ac-
cording to the sampling interval. The reference structure of choice was a 
SiO2–TiO2 1D photonic crystal with layer thicknesses respectively 100 
nm and 60 nm for the two glasses, in order to obtain a PBG centred at 
600 nm. The program was set to simulate the reflection spectra from 
300 nm to 900 nm with a 1 nm sampling interval, allowing to investigate 
not only the first-order PBG, but also the third order. The simulations 
were run for different sets of conditions and the spectra were collected 
and compared. The first- and third-order PBG maximum reflection 
values and positions were identified as viable probe quantities of the 
device. 

3. Results and discussion 

First, we calculated the reflectance spectra for the DBRs exposed to 
vacuum (RI ¼ 1) consisting of 2, 3, 4 and 5 SiO2/TiO2 bilayers, and for 
incidence angles of 0� (normal incidence), 15�, 30�, and 45� (Fig. 1). 

Fig. 1. Simulated reflection spectra of SiO2–TiO2 DBRs with (a) 2, (a) 3, (a) 4, and (d) 5 pairs of layers, at various incidence angles, α.  
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This serves to assess the intrinsic properties of the DBRs, in terms of 
photonic dispersion in absence of any substance in the surrounding 
environment, thus providing a control measurement. We can observe 
the PBG centred at 600 nm for all the crystals, while the third-order PBG 
arising from the third-harmonic destructive interface appears at 340 nm. 
This latter reflection is positioned at 340 nm and not at 200 nm simply 
due to the sensible increase in the refractive index of the glasses at lower 
wavelengths compared to that at 600 nm. The plots show very clearly 
the well-known dependence of the first-order PBG maximum R(1) on the 
number of layers N: 
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In addition, one can also note the shift upon increase of the incidence 
angle that determines the photonic dispersion of our systems, in 
agreement with the Bragg-Snell law [29,30]. From these data, we can 
already identify at least five possible parameters that can be considered 
to track the RI variation namely: i) the PBG spectral position, the 

reflectance maximum of the ii) first- and iii) third-order peaks, iv) their 
intensity ratio and v) the photonic dispersion (reflectance spectrum vs. 
incidence angle). We will from now on refer to the first-order PBG 
maximum reflectance and position as R(1) and λ(1) respectively, and 
likewise to the third-order equivalents with R(3) and λ(3). 

We then calculated the reflectance spectrum for refractive index 
variation ranging from 1 to 2 (step ¼ 0.25) at the four incidence angles 
(0�, 15�, 30�, and 45�) and layers count (2, 3, 4, 5 bilayers). The R(1) and 
λ(1) values, as well as the half-maximum first-order PBG edge positions, 
were then plotted as a function of the external refractive index (Fig. 2), 
providing in-fact a first figure of merit of the optical response of the 
device. Increasing the number of bilayers leads to R(1) values tending 
asymptotically to 100% (Fig. 2a), therefore rendering such parameter 
almost insensible to external stimuli. On the other hand, low-layer 
counts DBR exhibiting relatively lower R(1) values are indeed very sen-
sitive to next, as in this case the topmost layer interface with the external 
medium has a comparatively greater importance to the response of the 
device, and the PBG is less defined and thus more susceptible to external 
variation than the high-layer count counterparts. Passing to the DBRs 
dispersion properties as a function of next (Fig. 2b), we note that PBG 

Fig. 2. PBG (a) maximum reflection value, (b) maximum position, and (c) edges position as a function of the external medium refractive index, for DBRs with 
different number of layers and at different incidence angles. 

Fig. 3. Reflection spectra of DBRs with different layer counts and at various angles of incidence, calculated upon exposure to substances with known refractive index 
dispersion: air, Cargille BK7 matching liquid, and water. 
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position vs. the refractive index is mostly not affected by the layer count. 
A simple explanation for such effect is provided by the Snell’s law of 
refraction, which states that only the very first interface is involved in 
the refractive process. On the other hand, the photonic dispersion can be 
still used as sensing parameter, as the variation of the spectral param-
eters become more evident at higher incidence angles by virtue of the 
aforementioned Snell’s law. Finally, we also plotted the PBG low- and 
high-energy edge positions (from here on referred to as λHE and λLE 
respectively) as a function of next and incidence angle α (Fig. 2c), noting 
that this parameter can be more sensitive to the external refractive index 
dispersion than λ(1), thanks to the higher local slope values. Further-
more, this behaviour suggests the possibility to use such devices as 
tuneable optical band-pass or notch filters, in which the tuning element 
is simply the surrounding medium dispersion. 

While these simulations are useful to provide an understanding of the 
devices response to the environment refractive index change in the close 
proximity of the PBG centre, the differential behaviour of the first- and 
–third-order bands can potentially provide additional information on 
the refractive index at different wavelengths, with the outlook of 
building up a ratiometric sensor. To test this hypothesis, we simulated 
the optical behaviour of the DBRs upon exposure to three possible 
analytes that do not absorb in the investigated spectral range, while 
exhibiting different optical properties, namely air [31], water [32] (at 
room temperature) and Cargille BK7 matching liquid [33] (Fig. 3). From 
the qualitative point of view, we can see that whereas the absolute 
values of λ(1) and λ(3) do not exhibit any significant dependence on the 
number of layers, essentially confirming the data shown in Fig. 2b, 
R(1)/R(3) and λHE/λLE show a differential behaviour as a function of the 
incident angle α and the investigated substance. Interestingly, this sug-
gests that a ratiometric sensing approach can be in principle adopted. 

To evaluate such an aspect from the quantitative point of view, we 
plotted these latter ratiometric quantities as a function of the incidence 
angle (Fig. 4). We can clearly appreciate that the dispersion curves for 
the three substances differ from one another and, importantly, depend 
strongly on the layer count. Starting from R(1)/R(3) (Fig. 4a,b,c), the 
amplitude of the fluctuation around the unity increases by decreasing 
the number of layers. For instance, if we focus on the 2-bilayers DBR, we 
can see that the fluctuation is sensibly different among the investigated 
substances both in terms of amplitude (10%, 20% and 15% for air, BK7, 
and water, respectively) and shape. In particular, R(1)/R(3) in this case 
exhibits a higher slope variation vs. α than the higher-count samples, a 
quantity that also depends on the nature of the substance. This in fact 
can represent a valid and robust sensing parameter for the colorimetric 
discrimination of substances with relatively similar refractive index 
dispersions. Again, this can be possible in low-layer count DBR, in which 
the reflectance intensity and the R(1)/R(3) parameter can be modulated 
appreciably upon variation of the environmental refractive index. 
Another useful quantity can be identified in the ratio between the po-
sitions of the PBG low- and high-energy edges, λLE/λHE. As one can see in 
Fig. 4d,e,f, this parameter is less sensitive to the number of layers than 
R(1)/R(3), as the slope of the curve does not change drastically with 
increasing layer count. However, λLE/λHE can still exhibit different 
dispersion curves vs. the examined substances and, in addition, can 
provide a reliable parameter in DBR with high-layer counts due to the 
highly defined PBG edges in these samples. 

It should be pointed out that, while these estimates are valid for a 
freestanding periodic structure, the presence of the substrate is expected 
contribute to the linewidth. This is a critical aspect in the view to 
fabricate these devices via RF sputtering, since this method allows 
deposition of materials in a wide range of substrates [34]. To minimize 

Fig. 4. First- and third-order reflection ratio as a function of the incidence angle α for DBRs surrounded by the three reference substances: (a) air, (b) BK7 matching 
liquid and (c) water. Plot of the ratio between low-energy PBG edge position (λLE) and high-energy PBG edge position (λHE), as a function of the incidence angle α for 
DBRs surrounded by the three reference substances: (d) air, (e) BK7 matching liquid and (f) water. 
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any effect of the substrate on the optical read-out, a high transparency in 
the spectral region of interest is an important requisite. This can be 
achieved usually by either choosing a fitting substrate material for a 
specific DBR, or tailoring the DBR properties according to the available 
choice of substrate materials. Alternatively, one can choose a material 
with a refractive index that matches the one of the analyte, to reduce the 
contributions of the substrate/environment interface. A higher number 
of DBR layers also reduces the relative contribution of the substrate to 
the overall spectral features, therefore a compromise between DBR 
sensitivity and low substrate contributions should be evaluated when 
designing the device. 

Finally, we proceed to the evaluation of the theoretical resolution 
limits of our DBRs. With this in mind, we calculated the fluctuations in 
the optical properties of the devices as a function of the intrinsic fabri-
cation parameters that are mostly affected by errors/imperfections 
during the manufacturing process: layer thickness and porosity. We 
selected radiofrequency sputtering as a reference fabrication technique, 
as it usually allows reliable control over the layer thickness and low 
porosity, while being a relatively easy, cheap and fast method of fabri-
cation [35]. In this case, one may reasonably expect thickness fluctua-
tions within 1 nm for each layer, and porosity under 5% for both SiO2 
and TiO2 [36]. Therefore, to obtain the tolerance limits, we performed 
separate simulations with thickness and porosity values within those 
extremes. Focusing on the 2-bilayers configuration that shows the most 
sensible response against variations in the next, we found that a 1 nm 
fluctuation corresponds to a maximum error of 0.027 on refractive 
index, whereas if the porosity ranges between 0% and 5% the R(1) value 
varies by 0.9%, corresponding to a 0.06 interval in refractive index. Note 
that another advantage of this method is that the device response is 
approximately linear, which makes conversion straightforward, and 
therefore the error can be easily propagated. In summary, given these 
extremes the minimum discernible refractive index variation would be 
about 0.09, a value that is essentially dominated by the uncertainty on 
porosity. The same procedure was employed to estimate the reliability of 
the PBG edge positions. Also in this case, porosity contributes the most 
to the estimated refractive index uncertainty: in particular, an error of 1 
nm on layer thickness accounts for minimum discernible refractive 
index fluctuations of 0.05 and 0.12 at λHE and λLE, respectively, while 
porosity leads to variations of 0.08 at λHE and 0.20 at λLE. These results 
impose an important caveat to the use of such parameters. In particular, 
while the PBG edge positions can be in general easily assessed, they also 
entail greater intrinsic uncertainty to the RI estimation, therefore might 
be considered as a complementary parameter. 

4. Conclusions 

In summary, we have reported on the design of simple colorimetric 
devices for refractive index sensing applications, which do not require 
neither a micro/nanoporous structure nor complex geometries. We 
focused on a simple DBR architecture that usually ensures relatively 
high colorimetric response against a wide range of analytes, while being 
simple and low-cost devices that can be fabricated from scalable pro-
cesses. Our data indicate that low-layer count DBRs represent an inter-
esting option for monitoring external refractive index variations, due to 
the better responsivity of the amount of reflected light against external 
stimuli. Specifically, we identified a ratiometric parameter, namely the 
ratio between the first- and third order reflectance intensity (R(1)/R(3)), 
whose photonic dispersion permits to obtain a reliable optical finger-
print of the analyte, as well as a complementary parameter in the low-to- 
high energy PBG edge position ratio (λLE/λHE) which can be used to 
provide additional information on the dispersion curve. Finally, we 
evaluated the resolution limits of the proposed devices, observing that 
proper fabrication is the key element that affects such a parameter, as we 
found that the uncertainty on the thickness and porosity of the deposited 
layers is determinant for the resolution of the refractive index value 
detection. In this context, while such systems can be quite easily 

fabricated by many different techniques, radiofrequency sputtering is 
the most appealing due to the high degree of control on these critical 
properties. In addition, process scalability can enable applications of this 
simple low-count stacks in packaging, i.e. to track the presence of food 
contaminants from the production site to the consumers. 
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