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1. Materials and Methods 
1.1. Materials 

Tetrabutyl phosphonium chloride ([P4,4,4,4][Cl]), 80% in water was obtained from TCI, Japan. 
Acrylamide (Am) 98%, trimethylolpropane ethoxylate triacrylate (Mw~912), and 3-
(trimethoxysilyl) propyl methacrylate 98% were obtained from Sigma Aldrich, Ireland and 
used as received. 7-Diethylamino-3-thenoylcoumarin was obtained from Alpha Chemical, 
USA.  All solvents including ethanol, isopropanol (IPA), propylene glycol methyl ether acetate 
(PGMEA), were high performance liquid chromatography grade (HPLC) purchased in 
anhydrous form, from Sigma Aldrich and used without further purification. Table S1 shows 
the photoresist composition used for the fabrication of photonic structures. 
 

Table S1: Acrylamide (Am) based photoresist which used [P4,4,4,4][Cl] as cosolvent and 24 mol % 

trimethylolpropane ethoxylate triacrylate (TMPET) crosslinker. 

Chemical Molecular 
weight (g/mol) 

Amount 
(mg) 

Moles 
(mmol) 

Mole % 
(in relation to Am) wt % 

Acrylamide (Am) 71.08 205 2.81 100.0 14.4 
trimethylolpropane ethoxylate 

triacrylate (TMPET) 912 610 0.66 24 43 

7-Diethylamino-3-thenoylcoumarin 
(DEATC) 327.39 4.1 0.012 0.42 0.3 

Tetrabutylphosphonium chloride 
[P4,4,4,4][Cl] 80% solution 294.88 600 1.62 - 42.3 

 
 1.2. Structure fabrication by direct laser writing  

Direct Laser Writing by two-photon polymerisation was performed on a Nanoscribe GT 
Photonic Professional system (Nanoscribe GmbH). This system uses a 170 mW laser operating 
at 780 nm. All structures were fabricated in the oil immersion configuration using a 63X 
immersion objective (Zeiss, Plan Apochromat). Substrates used for DLW were high precision 
glass substrates No. 1.5 (tol. ± 5 μm) with an accurate thickness of 170 μm ± 5 μm, purchased 
from Thermo Fisher Scientific. A drop of the unpolymerised photoresist was placed in the 
centre of the glass coverslip, while a drop of oil (Zeiss Immersol 518F) was placed in the centre 
of the glass substrate on the opposite side. Following a successful optimisation process, all 
structures were fabricated using the same parameters (50% laser power, 25 mW and 10000 
μm/s scanning speed.) 

To ensure covalent attachment of the fabricated structures to the glass substrate, the glass 
coverslips were treated using a silanisation procedure.1 After fabrication, the structures were 
rinsed with isopropanol and dried under nitrogen.  
 

1.3. Structure design  

The design of the structures consisted of grid structures with a range of dimensions (line 
width, hole size and thickness). The samples used for vapour analysis consisted of a grid 
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structure designed from repeating squares of 2.75 μm by 2.75 μm (a), line width (d) of 0.5 μm 
of five different heights h (1.5 μm, 2.0 μm, 2.5 μm, 3.0 μm and 3.5 μm), as shown in Figure 
S1. For optical measurements, each grid array covered a total area of 290 μm by 290 μm, 
achieved through sequential fabrication of 58 μm x 58 μm repeating units. In order to 
compensate for errors in thickness arising from the position of the substrate/photoresist 
interface (± 0.5 μm), a second set of structures was designed by adding a 1 μm base layer 
underneath the grid structure, while keeping all other dimensions the same. This base layer 
ensured that any error in the structure height, due to errors in identifying the interface (Fig. 
S1D), were absorbed by the solid base. This means that the incremental variation in the height 
of the photonic grid (h = 1.5 μm, 2.0 μm, 2.5 μm, 3.0 μm and 3.5 μm, respectively) was kept 
constant.  
 

 

Figure S1: Top (A,B) and side view (C, D) of grid structure with and without the base layer. A) Top view of the 
58 μm x 58 μm repeating grid structure with (left) and without (right) the 1 μm base layer. B) Top view detail 
showing the dimensions of the designed grids with (left) and without (right) the base layer; a = 2.75 μm; d = 0.5 
μm; . C) Side view of the grid structure with (left) and without (right) the 1 μm base layer. hb = 1 μm; h = 1.5 μm, 
2.0 μm, 2.5 μm, 3.0 μm and 3.5 μm, respectively. D) Side view detail of the grid structure with base layer (hB = 1 
μm) showing its role in compensating for any variation in interface position, thereby ensuring a constant 
incremental variation in h. 

 

 

 

 

 



 S5 

1.4. Transmission measurement set-up with integrated bubbling system 

Figure S2A shows the in-house customized transmission measurement setup which can then 
be integrated with the bubbling system, as shown in Figure S2B. In this configuration, the 
three-dimensional adjustable sample holder was fixed on an upper rotating stage, and the 
sample was illuminated with collimated white light via a fiber and 4X objective lens. The signal 
was collected by a 5X objective lens (NA=0.1), and the magnified image generated through a 
lens combination, which consists of a convex lens (focal length f1=25.4mm) and a 20X 
objective lens. Combined with the three-dimensional adjustable sample holder, an iris can be 
used to select an area of interest for measurement. The signal from the region of interest is 
passed through a beam-splitter to a fibre-coupled spectrometer and CCD camera, respectively. 
The samples were characterized under normal incidence light and with the zero-order 
transmission data presented in the manuscript. The change in transmission with viewing angle 
could also be measured by separately rotating the detection arm.  
 

Figure S2. A) Image of the angle-resolved transmission setup. B) Schematic for integration of the bubbling 
system for vapour sensing into the optical setup. 
 

1.5. Finite Difference Time Domain (FDTD) simulations 
 

A commercial FDTD numerical simulation tool was used to simulate the transmission 
spectra of the designed grid structure and to investigate the influence of dimension changes on 
the transmission spectra. A refractive index of 1.5 was used over the full spectral range 
corresponding to the volume weighted solution refractive index with an error of ±0.03. The 
refractive index of acrylamide, trimethylolpropane ethoxylate triacrylate and 
tetrabutylphosphonium chloride are 1.462, 1.473, 1.54, respectively. The simulation setup for a 
4×4 grid structure is shown in Figure S3. A plane wave source was used, located at 2 microns 
below the glass surface. PML boundary conditions were applied in x, y and z directions with a 
mesh size of 0.1×0.1×0.01 μm. A monitor recorded the transmitted signal 50 μm above the 
structure. 
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Figure S3. A) and B) show the top view and cross-section view of a 4 × 4 grid structure. 

 

Figure S4 shows the effect of changing the line width (d), the structure height (h) and the 
size of the square (a) of a grid structure, on the transmission spectrum. It can be observed that 
changing the size of the square (a) from 1.00 μm to 3.5 μm, as shown in Figure S4A, has a less 
dramatic effect on the positions of the transmission bands compared to changes in the line 
width d (Figure S4B and C) and grid height h (Figure S4D). The coloured squares shown in 
Figure S3A indicated the CIE colours calculated from the spectra, with little change in expected 
colour observed over the range. The FDTD simulations reveal that line width changes (d = 0.5 
μm to 0.7 μm, while keeping the height constant) and grid height changes (h = 1.5 μm to 4 μm, 
while keeping the line width constant) can generate a significant peak red shift in the 
transmission spectrum, accompanied by changes in the relative intensity of the transmission 
bands.   

As the grid structures are used for vapour sensing, FDTD simulations were also used to 
simulate the effect of changes in the refractive index of the ambient environment on the 
transmission spectra (Figure S4E). Increased ambient refractive index, RI(ambient), over the range 
1 to 1.2 results in a blue shift of the spectral peaks. Figure S4F shows that any decrease in the 
refractive index of the grid, RI(polymer), will also result in a blueshift of the spectral peaks.  

  

(
a) 
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Figure S4. Simulated transmission spectra of a grid structure, generating by varying the grid dimensions (size of 
repeating square (a), line width (d) and the structure height (h)) and the refractive index of the gas environment 
or polymer structure. A) Transmission spectra for different values of a, when d=0.5 μm and h=3.0 μm. Inset 
colours represent the CIE coordinates; B) and C) Transmission spectra for different line width (d=0.5 μm to 0.7 
μm) when square size (a) and structure height (h) are kept constant (a=2.75 μm, h=2.0 μm and 3.0 μm); D) 
Transmission spectra for different structure heights (h=1.5 μm to 4 μm, in 0.5 μm increments) when square size 
(a) and line width (d) are kept constant (a=2.75 μm and d=0.5 μm). E) Transmission spectra changes generated 
as a result of changing the refractive index of the ambient environment (RI (ambient) = 1 to 1.2, in 0.05 increments); 
F) Transmission spectra changes generated as a result of changing the refractive index of the polymer structure 
(from RI(polymer) = 1.4 to 1.55, in 0.01 increments). 
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2. Structure Characterisation 

 2.2. Optical microscopy  

Following fabrication and development, structures were analysed using optical microscopy 
using an inverted ZEISS Axio Vert.A1 optical microscope. Optical microscope images below 
(Figure S5) show a typical grid structure covering an area of 290 μm × 290 μm, achieved 
through sequential fabrication of 58 μm × 58 μm repeating units.  

 
Figure S5. Optical microscope images at different magnification showing a typical grid structure (no base layer, 
h = 3.5 μm) covering an area of 290 μm by 290 μm, achieved through sequential fabrication of a 58 μm × 58 μm 
repeating unit.  

 
 2.3. Scanning electron microscopy  

Scanning Electron Microscopy of the fabricated grid structures was carried out on a Zeiss 
Ultra Plus Scanning Electron Microscope, using an accelerating voltage of 5 kV. Prior to SEM 
imaging, the structures were coated with 30 nm Au-Pd layer using a Cressington Sputter Coater 
208HR. Fig. S6-S8 show the SEM images of the five grid structures (no base layer) with 
heights of 1.5 μm, 2.0 μm, 2.5 μm, 3.0 μm and 3.5 μm, respectively.  

Line width and square size for each grid structure were measured manually from top-down 
SEM using the measure tool in ImageJ. A minimum of six measurements were performed per 
fabricated grid to ensure a representative measurement. The average square, line width, and 
respective % errors were tabulated for each grid height (Figure S7F).    

The designed versus experimentally measured square and line width dimensions (from SEM 
images) are listed in Fig. S7F. Compared to the designed dimensions, the error of the line width 
(d) is ~6%-20%, and the error of the square inner length (a) is ~2%-7% (Figure S7F). The error 
in structure height is mainly due to the automatic interface finder. During the direct laser 
writing process, the interface finder is set at -0.5 μm (0.5 μm below the substrate) to ensure 
correct identification of the photoresist/substrate interface. In the event of this not being this 
value, incorrect identification of the interface can result in fabrication starting above the 
surface, resulting in structure delamination during or after fabrication. Therefore, there will be 
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a maximum 0.5 μm mismatch between the designed and actual structure height. By comparing 
experimental transmission spectra with simulation spectra, shown in Fig. S13, the simulated 
height of each grid structure (hsim) can be found (Fig. S7F). The grid samples with the smaller 
designed height (h=1.5 μm and h=2 μm) show the highest errors between experimental and 
design dimensions, as expected, since the interface finder compensation has a more dramatic 
effect on the structures with lower heights.   

 

 
Figure S6. SEM images showing the 58 μm x 58 μm repetitive unit of the grid structure (no base layer) of different 
heights (1.5 μm, 2.0 μm, 2.5 μm, 3.0 μm and 3.5 μm). 
 
 
 

 
Figure S7. SEM images of the grid structure (no base layer) of different designed heights (a) 1.5 μm, (b) 2.0 μm, 
(c) 2.5 μm, (d) 3.0 μm, (e) 3.5 μm. (f) lists the measured line width for each structure (𝑑!, 𝑑", 𝑑#, 𝑑$), the average 
line width	𝑑% ,  representative length of the repeating square (𝑎!, 𝑎!) and % error for line width and square length 
compared to design dimensions. hsim represents the simulated structure height based on FDTD analysis of the 
transmission spectra of each of the grid structures.  
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Figure S8. Representative SEM images at 5k and 15k magnification of the grid structures (no base layer) of 
different heights A) 1.5 μm, B) 2.0 μm, C) 2.5 μm, D) 3.0 μm and E) 3.5 μm. Scale bar represents 1 µm for all 
images. 

A

B 

C

D

E 
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An advantage of direct laser writing, is the ability to fabricate truly 3 dimensional structures 
with associated complexities of design. In this regard, 3-dimensional woodpile structures were 
also fabricated. The figure below shows an example of a layered woodpile structure which 
contains a total of 15 sequentially layered lines. It demonstrates the ability to achieve self-
standing submicron features in this material (Fig. S9). 

 
Figure S9. SEM images of 3-dimensional woodpile structure. The images shown in A) B) C) were taken at 30° 
tilt, scale bar represents 10 µm. The image shown in D) was taken at 40°  tilt, scale bar represents 1 µm.  

 

3. Transmission measurements 

 3.1. Angle resolved transmission spectra 

The effect of changing the viewing angle on the transmission spectra was investigated using 
the in-house built angle-resolved setup introduced in section 1.4. Spectra for the grid structure 
with a height of 3.0 μm and no base layer is shown in Figure S10. Due to diffraction effects, 
the measured spectrum and observed colour changes for viewing angles greater than 4° become 
much weaker. All spectra shown in the manuscript correspond to the zero-order transmission 
with normally incident light.  

 

Figure S10. A) Transmission spectra of a 3.0 μm tall grid structure (without base layer) observed from different 
viewing angles; B) corresponding CCD images showing the colour in transmission observed at different viewing 
angles.  

(
c)c 
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 3.2. Zero-order transmission spectra for different grid structures 

 

CCD images in Figure S11 show the colours of the grid samples of different height designs 
(1.5 μm, 2.0 μm, 2.5 μm, 3.0 μm and 3.5 μm) when viewed in transmission, with and without 
the underlying base layer. It is clear to observe that samples with different heights exhibit 
different structural colours. In the absence of a base layer, variation in the glass-photoresist 
interface results in a variation of grid height, and a resulting variation in observed colour across 
a given sample. This is consistent with the largest differences being seen for the lower grid 
height samples.  

 
Figure S11. Comparison of CCD images of the grid structures of different heights viewed in transmission. Top 
row: structures fabricated without a base layer (L-R): 1.5 μm, 2.0 μm, 2.5 μm, 3.0 μm, 3.5 μm. Bottom Row: 
structures fabricated with a base layer (L-R): 1.5 μm, 2.0 μm, 2.5 μm, 3.0 μm, 3.5 μm. 

 

Figure S12 (a) shows an example, where interface finder failed for one repeating unit, 
resulting in a different height and colour compared to the rest of the array.  

 
Figure S12. Optical microscopy images of a grid structure (2.0 μm designed height, without base layer) showing 
one of the fabricated repeating units (marked) at a higher height compared to the rest of the array. This is due to 
an error in the interface finder during the fabrication process, which results in a different colour. 
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Figure S13 provides measured transmission spectra for arrays with varying design heights 
(1.5 μm, 2.0 μm, 2.5 μm, 3.0 μm, 3.5 μm) in the absence of a base layer, compared with 
simulated spectra. Using the values of a and d obtained from the SEM images and table in 
Figure S7, the simulated grid height, hsim, was adjusted to find the values which produce spectra 
corresponding to the experimental spectra. This can be used to confirm the discrepancy 
between the actual height and design height. As expected, the difference is more pronounced 
for the lower height structures. Greater agreement with the design value is observed for h above 
2 μm. 

  
Figure S13. Measured transmission spectra for arrays without underlying film, directly compared with simulated 
spectra of varying height. A) when d = 0.4 μm and a = 2.7 μm. B) when d = 0.46 μm and a = 2.7 μm. C) when d 
= 0.53 μm and a = 2.6 μm. D) when d = 0.56 μm and a = 2.6 μm. E) when d = 0.7 μm and a = 2.6 μm. 

 

Introduction of a 1 μm base layer underneath the photonic grid structure resulted in 
improved fidelity of the grid structure to the designed height, since any mismatch in the 
interface position will take place in the thin film base layer. This resulted in photonic structures 
showing more uniform structural colours compared to the structures without the 1 μm base 
layer, as seen in the bottom panels in Figure S11.  

 

 



 S14 

 
Figure S14. Tilt SEM images (30°) at 5k and 15k magnification of the grid structures (with 1 μm base layer of 
different design heights A) 1.5 μm, B) 2.0 μm, C) 2.5 μm, D) 3.0 μm and E) 3.5 μm. 

1.5

2

A

B

C

D

E
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Moreover, in order to verify the accuracy of structure height, the experimental spectra were 
compared with simulation results using the design parameters. The transmission spectra of 
samples with set dimension (a=2.75 μm, d=0.5 μm) and different thickness of 1.5 μm, 2.0 μm, 
2.5 μm, 3.0 μm and 3.5 μm were calculated through FDTD simulations. From Fig. 2(c), the 
transmission spectra of the grid samples fabricated with the base layer are closer to the 
simulation results compared to the same grid designs fabricated without the base layer, 
especially for the thinner samples, as seen in Figure S13. Therefore, having a thin base layer 
represents a feasible option for reducing height errors, and improving design fidelity. 

 

3.3 Solvent vapour sensing 

Solvent vapour sensing was performed by measuring the transmission spectra of the samples 
using the in-house setup with integrated bubbling system. A sealed flow-in / flow-out quartz 
cell of dimensions 45 mm × 32.5 mm × 12.5 mm was designed to hold the sample. Dry air was 
used to dry the sample before each test to ensure that the sample was not affected by 
environmental humidity changes. A dry-air carrier gas was bubbled through solvents and was 
regulated using two Key Instruments FR2000 Series Variable Area Flow Meters (0.1 L/min → 
0.5 L/min, and 0.4 L/min → 5 L/min respectively).  

The spectral data in the presence of ethanol and water vapour is shown in Figure S15. Figure 
S15 (A and B) compare the responses to ethanol (red) and water vapour (blue) of a range of 
different height arrays. Focussing on a single array of design height 3.5 μm, Figure S15 C and 
D show that the solvent response is also dependent on the flowrate of the interrogating vapour, 
with greater red shifts seen for higher flowrates. 

 
Figure S15. Spectra demonstrating the response of the arrays to ethanol and water vapour: A and B the different 
height arrays at a constant flow rate (1 L/min) of ethanol vapour and water vapour, respectively; C) and D) 
showing the effect of flowrate on a 3.5 μm tall array. 
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It is noted that, while addition of a stabilising base layer improves the homogeneity of height 
across an array, this can also serve to affect the response of the array. In the absence of the base 
layer, as can be seen by comparing Figure 3 in the main manuscript with Figure S16 below, a 
larger spectral shift can be achieved in response to vapours. This suggests that for a given 
volume expansion, the constrained expansion of the grid line which is covalently attached to 
the substrate in the absence of the underlying film, results in a greater increase in the grid height 
and consequently larger spectral shift. The grid lines on the base film could expand in both the 
horizontal and vertical directions. The simulations in Figure S4 show the greater influence of 
the change in grid height on the spectral shift. 

 

Figure S16. Transmission spectra of the photonic structures of designed height h = 3.5 μm without film, before 
(black) and after 1 min in the presence of solvent vapours (isopropanol– top; ethanol – middle and water – bottom) 
where the gas vapours were transported using dry air at a flow rate of 1L/min. Inset numbers represent the red 
shift of the peaks of the spectral bands. 

 

To further understand the dynamic response of the polymeric grids, we turn to the measured 
transmission spectra before and after (90 seconds) the introduction of water vapour and 
compare this to FDTD simulations, shown in Figure S17. By assuming a symmetric swelling, 
in which the structure dimensions (d and h) expand by the same percentage, we can account 
for all spectral shifts (across all height arrays) by an expansion of just 5% - 7.5%. For the tallest 
structure, it is noted that the rectangular line cross-section does not give a good agreement with 
the amplitude of the transmission peak at ~ 525 nm. However, as the amplitude of the 
transmission is influenced by the cross-sectional geometry, we posit that using a trapezoidal 
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shape with values of a = 2.6 μm, d = 0.65 μm and h =3.3 μm, a much better fit to the 
experimental spectra can be obtained, and can be used to give good agreement with the 
experimental spectra for the same expansion percentage. Using these parameters, and an 
expansion of 5% in d and h, an excellent fit to the data for the grid after water vapour exposure 
is also obtained. 

 

 

 
Figure S17. A) Schematic of expansion. B) C) D) and E) Transmission spectra of the photonic structures of 
design heights hsim = 2.0 μm, 2.5 μm, 3.0 μm and 3.5 μm with film, before (black) and after 90 s in the presence 
of water vapour, where the gas vapour was transported using dry air at a flow rate of 1 L/min (green). The dash 
lines show the fitted FDTD simulations. F) The transmission spectrum of sample with hdesign = 3.5 μm after 
adjusting the a, d and h values for the dry sample (black) while maintaining 5% expansion in d and h after 90s 
exposure to the water vapor (green). 

 

In Figure 5, we present a simple optical pattern, achieved by just varying the height of the 
repeating array through a cycle of 1.5 μm, 2.0 μm, 2.5 μm, 3.0 μm, and 3.5 μm blocks. The 
SEM images of this array are presented in Figure S18 and provide a snapshot into the dynamic 
response of the array, caused by time dependent response of different blocks.  
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Figure S18. SEM images showing a 5 x 5 array containing 58 μm x 58 μm repetitive units of different design 
heights (h = 1.5 μm, 2.0 μm, 2.5 μm, 3.0 μm and 3.5 μm, respectively). Scale bar represents 50 μm in A, 10 μm 
in B and 20 μm in C. Images in B and C were achieved at a 40 degrees tilt and 30 degrees tilt, respectively.  
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