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Supplementary Figure 1. Details of simulation results of vapour-response selectivity of the Morpho-inspired 

nanostructure based on spatially-controlled adsorption of vapours onto its horizontal (H) and vertical (V) 

regions of top, middle, and bottom segments of the nanostructure (segments 1 – 3, respectively).  (a) 28 

reflectance spectra and (b) PCA scores plot of vapour adsorption onto horizontal regions of the top, middle, and 

bottom segments of the nanostructure. Contributions of PCs: 56.8, 29.0, and 8.9%, for PC1 – PC3, respectively.  (c) 

28 reflectance spectra and (d) PCA scores plot of vapour adsorption onto vertical regions of the top, middle, and 

bottom segments of the nanostructure. Contributions of PCs: 63.5, 29.1, and 5.6%, for PC1 – PC3, respectively.  

Each data point in (b, d) is a PCA-processed spectrum related to the changes in n x d.  Employed in simulations are 

three vapours with n = 1.3, 1.4, and 1.5 and their three vapour concentrations related to condensed liquid layers of 

thickness d = 5, 10, and 15 nm. Blanks in (b, d) are spectra without adsorbed vapours (n = 1, d = 0 nm).   
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Supplementary Figure 2.  Details of simulation results of vapour-response selectivity of bio-inspired six-

lamella nanostructure with a variable extinction coefficient k.  (a) Reflectance spectra of a six-lamellae 

nanostructure with k = 0, 0.05, 0.10, 0.15, and 0.20. Each spectral set at a given k has 55 spectra that correspond to 

three model vapours of n = 1.3, 1.4, 1.5, their three concentrations related to condensed liquid layers of thickness d = 

5, 10, 15 nm, all for six lamella, and one blank (n = 1, d = 0 nm).   (b) PCA scores plot summarizing effects of k = 0 

– 0.2 on the resulting sensor selectivity via the effects of the contributions related to the refractive index of the 

vapour. Contributions of PCs: 56.9 and 22.7 %, for PC1 and PC2 respectively. Each line is an example of a single 

model vapour condition (n = 1.4, d = 10 nm), the trajectories of these lines provide visualization of the inter-

lamellae response-selectivity as a function of increasing extinction coefficient.  A vertical plane at k = 0.05 

illustrates sensor resolution between all six lamella.  
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Supplementary Figure 3.  Effect of lamella in fabricated nanostructures on reflectance spectra.  (a) Reflected 

light image of six regions of photonic nanostructures fabricated with (regions 1 – 3) and without (regions 4 – 6) 

lamella.  Each type of nanostructures was fabricated as three replicates (regions 1 – 3 and 4 – 6).  (b) Reflectance 

spectra of photonic nanostructures with lamella (regions 1 – 3).  Fabricated lamella produce complex reflectance 

pattern over the 450 – 700 nm spectral range.  (c) Reflectance spectra of photonic nanostructures without lamella 

(regions 4 – 6).  Structures without lamella produce a simple diffracted reflectance response with its maximum at ~ 

740 nm.   The area of structures in (a) is 2 mm x 2 mm. 
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Supplementary Figure 4. Optimization of electron beam dose for the fabrication of nanostructures with six 

lamella.  The dose was in the range from 950 to 1025 μC cm
-2

 for the structures formed using a 1800 rpm spin speed 

and was in the range from 870 to 900 μC cm
-2

 for the structures formed using a 2000 rpm spin speed.  The optimal 

combination of the spin speed (2000 rpm) and electron beam dose (900 μC cm
-2

) resulted in structures with the 

desired thinnest ridge.   
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Supplementary Figure 5. Experimental observation of narrow resonances in six-lamella nanostructures 

fabricated with different ridge spacing.  (a) Schematic and dimensions of fabricated nanostructures. Ridge 

spacing was varied from 740 to 900 nm in 20-nm steps keeping constant the length of the lamella (300 nm) and 

thickness of the ridge (100 nm). Measurements were done at 30 degrees to normal using a back-reflection fiber optic 

probe (see Methods). At 0 degrees reflectance was very simple without narrow resonances.  (b) Reflectance spectra 

of nanostructures with variable ridge spacing.  Numbers in the top right corner in each graph show ridge spacing in 

nm. Lamella were very poorly developed for 740 and 760 nm ridge spacing because of the insufficient gap between 

neighbor lamella.   
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Supplementary Figure 6.  Example of a fabricated large area nanostructure with a total area of >1 cm

2
.  (a) 

Reflected light photo of the fabricated large area nanostructure. (b) Results of determination of reflectance, 

measured normal to the surface with a bare Si water as a reference. Determined reflectance was 93.5 ± 1.5 % (mean 

± 1 ); RSD = 1.6 % as measured at 654 nm.  A small reflectance dip in the middle of the scan is due to a slight 

indentation of the nanostructure upon handling.  
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Supplementary Figure 7.  Control of electron beam energy to produce a chemical surface gradient on the 

fabricated nanostructures.  Results of simulations of electron beam penetration into the 1200-nm thick PMMA 

stack of lamella at (a) 5 keV and (b) 10 keV beam energies. 
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Supplementary Figure 8. Auger mapping of Si of a silane coating on the fabricated photonic nanostructure.  

Auger electron spectroscopy was performed on a cross-section prepared by using focused ion beam milling. The 

sample preparation by focused ion beam milling has slightly altered the geometry of the sample.   
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Supplementary Figure 9. Visualization of functional nonafluorohexyltrimethoxysilane coating on the 

photonic nanostructure upon focused ion beam milling for sample preparation.  (a – c) X ray maps of O, F, and 

Al, respectively. (d) A combined X ray map.  Sample preparation for the focused ion beam milling has slightly 

altered the geometry of the sample.   
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Supplementary Figure 10. Results of XPS analysis of fluorine-terminated and amine-terminated silanes on 

the photonic nanostructures.  (a, b) Fluorine-terminated silane is nonafluorohexyltrimethoxysilane. (c, d) Amine-

terminated silane is 3-aminopropyltrimethoxysilane.  XPS spectra (a, c) before and (b, d) after electron beam 

exposure.  Circled are atomic elements of most indicative to the presence of surface coating indicating a significant 

removal of the coating after the electron beam exposure.   
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Supplementary Figure 11.  Example of spectral reflectance of a fabricated nanostructure upon exposure to a 

dry carrier gas (blank) and exemplary individual vapours (methanol, MeOH and water, H2O). (a, b, c) 

Spectra over different spectral ranges of the responses to the blank and to MeOH and H2O vapours. In a - c, the Y 

axis is a raw spectrometer signal to indicate the magnitudes of the responses.  (d) Differential reflectance spectra R 

showing spectral details of responses of two individual vapours. (e) Differential reflectance spectra R normalized 

by the peak at 687 nm showing relative spectral differences between two vapours.  The concentration of vapours 

was 0.18 P/P0, where P is vapour partial pressure and P0 is the saturated vapour pressure.   

 



Page 9 

-800

-600

-400

-200

0

0 0.05 0.1 0.15 0.2

D
e
lt
a
 C

o
u
n
ts

Conc. (P/P
0
)

-800

-600

-400

-200

0

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

D
e
lt
a
 C

o
u
n
ts

Time (h)

H2O

MeOH

H2O

MeOH

H2OMeOH

0.1 h

c

a

b

18000

18200

18400

18600

18800

0 1 2 3 4 5 6 7

C
o
u

n
ts

Time (h)

 
 

Supplementary Figure 12.  Response stability and reproducibility of a fabricated sensing nanostructure upon 

exposures to 160 cycles of exemplary methanol (MeOH) and water (H2O) vapours. (a) Response stability of raw 

sensor output: 0.04 % baseline drift at 562 nm over tested time of 7.5 h.  (b) Response reproducibility to 80 cycles of 

MeOH and 80 cycles of H2O.  (c) Calibration curves for MeOH and H2O. Measurement precision: 2 – 12 % relative 

standard deviation at the lowest tested concentrations of MeOH and H2O.  Each data point in (c) is the mean of 

measurements from 16 replicate cycles. Error bars = 3. Concentrations of vapours: 0.035, 0.07, 0.105, 0.14, and 

0.175 P/P0.   
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Supplementary Figure 13. Two-dimensional PCA scores plots demonstrating diversity of optical interactions 

of a nanofabricated FS-functionalized multivariable sensor with vapours of different nature.  (a) PC1 vs. PC2 

and (b) PC1 vs. PC3.  Contributions of the first three PCs were 55.7, 30.3, and 12.1%, for PC1 – PC3 respectively.  

Vapours: benzene (Ben), acetonitrile (ACN), methyl ethyl ketone (MEK), methanol (MeOH), and water (H2O). 

Concentrations of vapours:  0.05, 0.07, 0.09, and 0.11 P/P0. 
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Supplementary Figure 14. Time-dependent sequence of concentrations of model analytes 1 and 2 (alcohols) 

and an interferent 3 (water) for testing of fabricated sensors, natural Morpho scales, and sensor arrays. (a) 

Concentration steps of vapours 1 – 3 and their mixtures. (b) Concentration steps of vapours 1 – 2 and their mixtures. 
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Supplementary Figure 15.  R spectra of a fabricated sensor upon exposure to methanol and propanol 

vapours, their binary mixture, and a ternary mixture with water vapour.  Sensor:  FS-functionalized, six-

lamella structure.  Vapours: V1, propanol, 0.11 P/P0; V2, methanol, 0.11 P/P0; and V3, water, 0.4 P/P0.  Blank, a dry 

carrier gas.  
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Supplementary Figure 16. A bio-inspired nanofabricated sensor detects individual methanol and propanol 

vapours and their mixtures in the presence of different levels of water background.  Vapours 1 and 2 are model 

analyte vapours propanol and methanol, respectively.  Vapour 3 is water as a model interferent.  (a – d) R sensor 

responses at 559, 723, 585, and 504 nm, respectively.  (a) Minimal response to water vapour, vapours 1 - 3 produce 

responses in the same direction.  (b) Strong additive response to water vapour, vapours 1 - 3 produce responses in 

the same direction.  (c) Opposite response directions of vapours 1 and 2.  Response magnitude of vapour 1 is only ~ 

25% from the response magnitude of vapour 2.  Responses to mixtures of vapours 1 and 2 are in the same direction 

as vapour 2.  (d) Opposite response directions of vapours 1 and 2.  Response magnitude of vapour 1 is ~ 200 % from 

the response magnitude of vapour 2.  Responses to mixtures of vapours 1 and 2 are in the same direction as vapour 

1. Dynamic responses upon propanol and methanol exposures have distinct recovery signatures at different 

wavelengths – e.g., fast and slow recovery at 559 and 723 nm, respectively and a non-monotonic recovery from 

propanol/methanol mixtures at 504 nm. These diverse dynamic signatures illustrate the existence of several 

interaction mechanisms of vapours with different regions of the functionalized nanostructure.  Concentrations of 

vapours 1 and 2: 0.05, 0.07, 0.09, and 0.11 P/P0. Concentrations of vapour 3: 0.2 and 0.4 P/P0.   
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Supplementary Figure 17.  An individual bio-inspired nanostructure quantifies individual methanol and 

propanol vapours and their mixtures in the presence of different levels of water vapour background. (a, b) 

Correlation plots between the actual and predicted concentrations of methanol and propanol vapours in the presence 

of different levels of background water vapour.  Multivariate regression modeling using PLS technique was applied 

to quantify concentrations of individual vapours in these mixture experiments.  
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Supplementary Figure 18.  R spectra of a fabricated sensor upon exposure to methanol and ethanol vapours, 

their binary mixture, and a ternary mixture with water vapour.  Sensor:  FS-functionalized, six-lamella 

structure with microribs.  Vapours: V1, methanol, 0.11 P/P0; V2, ethanol, 0.11 P/P0; V3, water, 0.4 P/P0.  Blank, a 

dry carrier gas.  
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Supplementary Figure 19. A bio-inspired nanofabricated sensor detects individual methanol and ethanol 

vapours and their mixtures in the presence of different levels of water background.  Vapours 1 and 2 are model 

analyte vapours methanol and ethanol, respectively.  Vapour 3 is water as a model interferent.  (a – d) R sensor 

responses at 393, 546, 563, and 950 nm, respectively.  (a) Minimal response to water vapour; vapour 1 has smaller 

response than vapour 2.  (b) Strong additive response to water vapour; vapour 1 has larger response than vapour 2.  

(c) Weak additive response to water vapour; vapours 1 and 2 have similar responses.  (d) Strong additive response to 

water vapour; vapour 1 has larger response than vapour 2.  Concentrations of vapours 1 and 2: 0.05, 0.07, 0.09, and 

0.11 P/P0.  Concentrations of vapour 3: 0.2 and 0.4 P/P0.   
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Supplementary Figure 20.  An individual bio-inspired nanostructure quantifies individual methanol and 

ethanol vapours and their mixtures in the presence of different levels of water vapour background. (a, b) 

Correlation plots between the actual and predicted concentrations of methanol and ethanol vapours in the presence 

of different levels of background water vapour.  Multivariate regression modeling using PLS technique was applied 

to quantify concentrations of individual vapours in these mixture experiments.  
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Supplementary Table 1.  Ability of the FS-functionalized fabricated sensor for quantitation of 

individual vapours in mixtures demonstrated as the RMSEC and RMSECV values for 

methanol/propanol and methanol/ethanol vapour compositions in the presence of different levels 

of background water vapour (0, 0.2, and 0.4 P/P0). 
 

Mixtures of 

vapours 

Quantified 

individual vapours 

RMSEC 

(P/P0) 

RMSEC 

(ppm) 

RMSECV 

(P/P0) 

RMSECV 

(ppm) 

Methanol + propanol 

+ water 

Methanol 0.0010 167 0.0019 317 

Propanol 0.0016 44 0.0029 80 

Methanol + ethanol 

+ water 

Methanol 0.0016 267 0.0028 468 

Ethanol 0.0034 265 0.0035 273 
 

RMSEC = root mean square error of calibration 

RMSECV = root mean square error of cross-validation 

 

 

 

 

Supplementary Table 2. Contributions of PC1 and PC2 of PCA vapour-response models of 

natural Morpho structures, bio-inspired nanofabricated sensors, and conventional sensor arrays 

upon their exposures to analyte vapours and background.   
 

Type of sensing system Model 

analyte vapours 

Background PC1 (%) PC2 (%) 

Natural Morpho structure, FS-functionalized methanol and propanol water 79.12 17.66 

Nanofabricated structure, FS-functionalized methanol and propanol water 68.92 30.39 

Nanofabricated structure, bare methanol and ethanol water 99.39 0.35 

Nanofabricated structure, FS-functionalized methanol and ethanol water 92.92 6.86 

Sensor array, QCM methanol and ethanol water 99.98 0.02 

Sensor array, MOX methanol and ethanol water 74.04 18.74 

 

 

 

 

Supplementary Table 3.  The extrapolated LODs for the tested exemplary vapours. 
 

Exemplary  

vapours 

Vapour pressure 

at 25 
o
C (Torr) 

P (ppm) 

at 0.05 P/P0 
% R 

at 0.05 P/P0 

Extrapolated  

LOD (ppm) 

Benzene 94.8 6237 2.1 45 

Acetonitrile 88.8 5842 9.5 9 

Methyl ethyl ketone 90.6 5961 12.6 7 

Methanol 127 8355 9.6 13 

Water 23.8 1566 2.9 8 

Ethanol 59.3 3901 6.1 10 

Propanol 21 1382 7.6 3 
 

LOD = limit of detection  
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Supplementary Note 1.  Effects of fabrication tolerances 

 To evaluate performance variability of developed nanostructured multivariable sensors, 

their fabrication tolerances should be determined.  Tolerances related to the physical structure 

will control the reproducibility of the reflectance spectra, while tolerances related to structure 

functionalization will control vapour-selectivity. Common methodologies of determination of 

fabrication tolerances of photonic nanostructures will be implemented.
1-3

 Calibration will be 

performed as a batch- or individual-sensor calibration, dependent on the required sensor 

accuracy. Calibration will include development of transfer functions of sensor responses for 

vapours at identified environmental conditions. The determined fabrication tolerances will aid 

the development of the robust transfer functions.   

 

Supplementary Note 2.  Differential reflectance spectral response R()   

 Existing photonic nanostructured sensors exhibit a significant color change only at 

relatively high concentrations of detected vapours.
4,5

 When the spectral shifts are relatively 

small, the differential reflectance spectral response R() of a sensor is measured before and 

after analyte exposure, as
5
 

    R() = 100% x {R()/R0()},    (Eq. 1) 

where R() and R0() are sensor spectra upon exposure to an analyte and a blank carrier gas, 

respectively. Thus, the common features in the two spectra before and after vapour exposure 

cancel and the R() spectrum accentuates the subtle differences due to vapour response.
6
   

 

Supplementary Note 3.  Sensor ability for quantitation of individual vapours in mixtures 

 Recently, the limit of recognition (LOR) has been introduced
33-35

 as a criterion for 

evaluating sensor arrays and defined as the concentration below which a vapour can no longer be 

recognized from its response pattern.  To take into the account not only vapour recognition but 

also vapour quantitation in mixtures, two more conservative estimations may be appropriate.  

Such estimations are the root mean square error of calibration (RMSEC) and the root mean 

square error of cross-validation (RMSECV) obtained from a multivariate regression model that 

provides the ability to recognize and quantify analytes in the presence of interferences.
36

 For 

example, multivariate PLS models are a standard tool in quantitation of analytes in mixtures in 

numerous industrial applications that utilize Process Analytical Technology methodologies.
37

 

The errors of concentration values of analytes obtained using a multivariate PLS model account 

for all statistical noise and are very conservative in order to provide robust quantitation.  

 We have built two PLS models to describe responses of the developed sensors to (1) 

methanol/propanol and (2) methanol/ethanol vapour compositions in the presence of three levels 

of background water vapour. Supplementary Figs. 17 and 20 depict correlation plots between the 

actual and predicted concentrations of model analyte vapours in these experiments. The RMSEC 

and RMSECV values for methanol/propanol and methanol/ethanol vapour compositions when 

blended with a variable moisture background are presented in Supplementary Table 1.  In this 

work, we have not focused to minimize RMSEC or RMSECV values but focused instead on 

selectivity enhancement of individual sensors. “Discussion” section of the main text outlines our 

approach toward increasing of sensor signal. 
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Supplementary Note 4. Vapour selectivity of natural Morpho structures, bio-inspired 

nanofabricated sensors, and conventional sensor arrays 

 The first two PCs were indicative of the main dispersion directions
7,8

 upon exposure to 

two individual vapours (see Supplementary Table 2).  For methanol and propanol exposures, the 

contribution of PC2 for Morpho and nanofabricated structures were 18% and 30%, respectively. 

For methanol and ethanol exposures, the contribution of PC2 for bare nanofabricated structure 

and QCM sensor array were < 1%, while for the MOX sensor array it was 19% and for the FS-

functionalized nanofabricated structure it was 7%. Although the MOX sensor array had the 

response dispersion larger than that of the FS-functionalized nanofabricated structure, the latter 

had a better ability to operate at variable humidity without significant non-linearity effects (see 

Fig. 6 and Supplementary Figs. 16, 19).  The prediction ability of the developed sensors to 

quantify vapours in their mixtures is illustrated in Supplementary Figs. 17 and 20, 

Supplementary Table 1, and Supplementary Note 3.  

 

Supplementary Note 5.  Simplification of fabricated vs. natural Morpho nanostructures 

 The choice for symmetric lamella was driven to simplify sensor fabrication, in contrast to 

a tapered butterfly wing structure formed during butterfly growth.
9
 The needs for a symmetric 

lamella width and optical loss in lamella material were two independent requirements in the bio-

inspired sensor.  The slight loss in the fabricated nanostructure was found to be needed to induce 

controlled differences in the reflectance spectra from the top and bottom regions of the 

multilayer lamella stacks.  A broadband loss is already present in chitin material of the natural 

butterfly structure but it only reduces reflectance strength; it is melanin pigment layer underneath 

the photonic structures that results in a blue-color reflectance of certain Morpho butterflies.
9
    

 

Supplementary Note 6. Limit of detection of the sensor 

 The limit of detection (LOD) is an important sensor parameter that is defined as analyte 

concentration yielding a signal equal three standard deviations of the blank measurement:
6
 

    LOD = 3σR [vapour] / S,     (Eq. 2) 

where σR is the standard deviation of the blank measurement (measurement noise), measured in 

the R mode as % of reflectance change as compared to the blank carrier gas (Eq. 1), [vapour] is 

the smallest measured vapour concentration, and S is the sensor signal magnitude at [vapour].  

 Sensor responses S to vapours were determined at their R spectral peaks at ~400 – 900 

nm that provided the largest magnitudes. The smallest R was obtained with the spectrograph 

integration time of 5 ms, averaging 200 samples per saved spectrum, taking spectra for 5 min, 

and making these measurements in triplicate.  The resulting standard deviation of the blank was 

R = 0.005 ± 0.001. The mean value R = 0.005 was utilized for calculation of LOD.  

 Since the focus of this study was on sensor selectivity, the smallest concentrations of 

vapours were at 0.05 P/P0. Therefore, we consider calculated LODs only as initial extrapolations, 

being ~100 – 1,000 times smaller than [vapour]. These extrapolated LODs for exemplary 

vapours are presented in Supplementary Table 3.  The differences of 200 – 10,000 times between 

calculated LODs and [vapour] are common in initial tests of new promising sensors.
10-12

 In our 

upcoming studies focused on optimization of these sensors for specific applications, a more 

detailed vapour testing will be performed with vapour concentrations down to 0.001 – 0.01 P/P0.   

 As shown in Eq. 2, the LOD can be improved (minimized) by two equally important 

steps: by increasing the sensor signal and/or by reducing the measurement noise. “Discussion” 

section of the main text outlines our approach toward increasing of sensor signal. At the same 
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time, measurement noise can be reduced by a number of common methods.  For example, one of 

the methods utilizes dual-beam measurements that improved the LOD of a porous silicon sensor 

from ppm to ppb levels.
13,14

  Another method involves a dynamic correction of a spectrograph 

dark spectrum that reduced the noise to 5x10
-6

 absorbance units,
15

 corresponding to R = 0.001.  

 Known photonic resonant vapour sensors operate on univariate vapour quantitation 

principles based either on the detection of wavelength shift of the resonance peak or signal 

intensity change. These sensors are based on porous silicon, self-assembled colloidal particles, 

mesoporous photonic crystals, inverse opals, and high-Q resonators as analyzed in recent 

reviews.
16-27

 The LODs of porous silicon,
28

 self-assembled colloidal particles,
29

 mesoporous 

photonic crystals,
30

 inverse opals,
31

 and hybrid plasmonic-photonic crystals
32

 sensors are in the 

single or double-digit ppm range when measurements are performed using a straightforward 

spectral data collection with a laboratory spectrometer and a white light source.  
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