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A novel gold coated femtosecond laser nanostructured sapphire surface – an “optical nose” - based on 

surface-enhanced Raman spectroscopy (SERS) for detecting vapours of explosive substances was 

investigated. Four different nitroaromatic vapours at room temperature were tested. Sensor responses 

were unambiguous and showed response in the range of 0.05 – 15 M at 25 °C. The laser fabricated 

substrate nanostructures produced up to an eight-fold increase in Raman signal over that observed on the 10 

unstructured portions of the substrate. This work demonstrates a simple sensing system that is compatible 

with commercial manufacturing practices to detect taggants in explosives which can undertake as part of 

an integrated security or investigative mission. 

 

1. Introduction 15 

Creation of an optical detection system – the “optical nose” – for 

efficient recognition and discrimination between explosives, 

volatile organic compounds (VOC), and toxic gases is an area of 

intense research activity, that is of significant interest to agencies 

responsible for security, law enforcement, air quality and 20 

environmental monitoring.[1] To be practical, this technology 

must offer rapid response, ultrasensitivity and the capability for 

remote substance detection. Although the limit of detection 

(LOD) requirement for a gas sensor depends on the particular 

application, sensitivity in the parts per billion level (with 1 ppb 25 

considered the canine limit of detection benchmark) is considered 

acceptable and the minimum required for the detection of VOCs 

in modern green buildings for air quality monitoring.  

 Currently, the presence of explosive vapours and chemical 

warfare agents can be measured with quartz crystal 30 

microbalances,[2] gas chromatography,[3] capillary 

electrophoresis,[4]  and ion mobility spectroscopy.[5] These 

methods, however, are laboratory based, not instantaneous, and 

require specific sample preparation. Lack of specificity and 

sensitivity are also limiting issues with these instrumentation 35 

complex techniques; and the signals obtained cannot distinguish 

between different components of the analyte.  

 Though Raman scattering has been used as a powerful 

“chemical fingerprint” technique for almost 80 years, it is a weak 

scattering process and in general perceived to be not practical for 40 

trace gas determination. Detection sensitivity can be increased by 

using nanostructured metallic surfaces to enhance the Raman 

signal by many orders of magnitude [6] making the detection of 

single molecules possible.[7] While surface enhanced Raman 

scattering (SERS) has considerable potential, the difficulty in 45 

fabricating reproducible SERS substrates that give reproducible 

signal response with high sensitivity for the particular application 

is proving a significant challenge that is limiting the development 

of a SERS based gas detection device. 

 Here we present a novel gold coated femtosecond laser nano-50 

structured sapphire surface as an optical nose for detecting 

vapours of explosive substances when interrogated using Raman 

spectroscopy. The sensing substrate comprises a laser structured 

sapphire wafer α–Al2O3 (001) coated with a 10 nm thick gold 

film by plasma sputtering. Laser nanostructuring using 55 

femtosecond laser pulses is a practical alternative to lithography-

based multi-step techniques and is widely used in micro-optical 

applications.[8] Nano-texturing of surfaces by laser ablation show 

promise for light extraction applications with light emitting 

diodes (LEDs) and can be used for micro-optical elements on the 60 

surface or inside the substrates of LEDs. In dielectrics, ablation 

by ultra-short (sub-picosecond) laser pulse creates self-organized 

relief structures, ripples, which can have periods 100-200 nm 

even with a laser writing wavelength of ~1 m.[9] It was recently 

shown that in comparison to commercial lithographically 65 

fabricated substrates, the sensitivity of the gold coated ripples 

fabricated on sapphire surpasses the commercial substrate by a 

factor of more than 10 with a spot-to-spot reproducibility that is a 

factor of 2 better.[10] 

 The detection mechanism takes place on the sensor surface 70 

where light is incident directly on the optical nose chip where the 

vapour molecules are adsorbed. The inelastically scattered 

photons from the vapour molecules are detected by a CCD 

camera. The optical nose fabricated by laser nanostructuring 

shows great promise as a viable technique for fabricating 75 

sensitive and reusable vapour sensors. As we show in this work, 

light field enhancement on metallic nano-sized features can 

exceed a factor of 30. Furthermore, the nanostructures on the 
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surface of the sensor increases sensitivity and lower the detection 

limit due to the high surface-to-volume ratio. The deposition of 

gold on the sapphire allows the nitro moiety, present in many 

high explosives,[11] to adsorb onto the substrate through its 

oxygen atoms to form a bidentate surface chelate[12] thus 5 

immobilizing analytes of interest for detection. To reuse the 

sapphire substrate, the gold film is dissolved in a solution of aqua 

regia and recoated with fresh gold without any degradation of 

sensitivity.  

 The capability of the structured sapphire substrate as a sensing 10 

platform for nitroaromatic vapours is demonstrated by 2,4-

dinitrotoluene (2,4-DNT),  2,4-dinitrochlorobenzene (2,4-

DNCB), p-nitroaniline and nitrobenzene as model compounds. 

All compounds consist of a benzene ring with at least one nitro 

functional group.  2,4-DNT is commonly used for testing Raman 15 

scattering explosive sensing devices.[13] However, literature 

results on 2,4-DNCB and p-nitroaniline vapour detection using 

Raman spectroscopy are more rare. We have specifically included 

2,4-DNCB in our test because its vapour pressures at ambient 

temperature are lower than the commonly tested 2,4-DNT. The 20 

equilibrium vapour concentration at ambient temperature for 

these compounds range between 0.2 M for p-nitroaniline to 15 

M for nitrobenzene (Table 1). This range of concentration is 

difficult to detect with conventional Raman spectroscopy.  

 Here we demonstrate that the nano-structured sapphire 25 

substrate can enhance the Raman signal of the selected test 

compounds to detect the vapours at room temperature, and hence 

explore the feasibility of using the substrate and Raman 

spectroscopy for practical detection of explosive vapours. 

Another complementary aim is concerned with the mechanism 30 

behind the Raman signal enhancement. We show numerically and 

confirm experimentally that some of the observed enhancement 

results from increased surface reflectivity and depends on the 

gold film thicknesses. Experimental and simulation results are in 

good agreement. 35 

Table 1. Vapour pressure of test compounds 

Test 

compound 

Vapour pressure 

at 25 °C/mmHg 

Equilibrium 

vapour 

concentration at 

25 °C (M) 

Equilibrium 

vapour 

concentration at 

25 °C (ppm) 

2,4- DNCB 0.001[a] 0.05 11 

2,4-DNT  0.002[a] 0.11 20 

p-NA 0.004[b] 0.20 28 

Nitrobenzene 0.270[a] 15.0 1813 

[a] Royal chemical Society chemical structure data base [b] Sigma–Aldrich 

Australia 

 2. Results and discussion 

Figure 1a shows the SEM image of the structured and 40 

unstructured regions of the sapphire surface. In contrast to the 

featureless unstructured sapphire surface, the femtosecond laser 

induced modification of the sapphire shows ablation “ripple” 

patterns characterised by grooves and a layered pattern with a 

layer thickness of around 240 nm. Figure 1b and 1c show the 2,4-45 

DNT signals from the nano- structured and the unstructured gold 

coated sapphire substrates, after exposing the substrates to 2,4-

DNT vapour for 18 h at 25 °C. It is notable that the spectrum 

from the structured portions of substrate shows a marked increase 

in intensity and more bands than the spectrum obtained from the 50 

unstructured portions of the sapphire surface. The spectrum from 

the structured substrate shows three main Raman bands at 1355 

(NO2 symmetric stretch), 837 (NO2 scissors mode) and 793 cm-1 

(C-N stretch mode). On the other hand, the unstructured substrate 

shows only one band at 1353 cm-1 and of insufficient intensity to 55 

merit identification as 2,4-DNT. As a substrate for sensing 

applications, such a weak, single Raman band means the 

compound cannot be identified with confidence.  This result 

shows that the structuring of the sapphire surface is critical in 

increasing the Raman signal strength thus improving the 60 

sensitivity of the sensor.  

 

 

Figure 1. a) SEM images showing the surface morphology of a 30 x 30 

μm area fabricated using a Ti:Sapphire femtosecond pulse laser operating 65 

at central wavelength of 800nm with pulse duration of 150 fs. b) Raman 

spectra of the gold coated ripple substrate and c) gold coated unstructured 

sapphire before (blue) and after exposure (red) to 2,4-DNT vapour at 25 

°C. d) Normal Raman spectrum of 0.2 M 2,4-DNT in ethanol after 

subtracting the spectrum of pure ethanol.  70 

 Figure 2 shows the results obtained from the structured 

substrate from the other three nitroaromatic compounds tested. 

The overlaid reference spectra have been rescaled for comparison 

purposes. From the spectra, the presence of the nitro group of the 

compound can be inferred; all four compounds tested show a 75 

prominent key spectral -NO2 symmetric stretch at ~1350 cm-1. It 

is important to note that a complete match of the spectra is not 

expected. This is because the presence or absence of modes is 

related to the orientation of the molecule at the surface and also 

due to change in polarizability of the molecule upon adsorption to 80 

the gold surface.[14,15] When molecules are adsorbed onto a metal 

surface, the symmetry and the field gradient of Raman scattering 

also change. In the case of adsorption, vibrational modes 

associated with the analyte moiety closest to the surface will be 

the most enhanced.[14,16] The complete experimental Raman 85 

frequencies for the observed vibrational modes with 

corresponding assignments presented in Table 2. Bands were  
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Figure 2. Raman spectra of vapour detection at the 10 nm gold coated 

structured sapphire substrate (red spectra) compared with the reference 

(blue spectra). a) 2,4-DNCB, b) p-nitroaniline, and c) nitrobenzene. 

Reference spectra correspond to analyte dissolved in ethanol, after 5 

subtracting the ethanol spectrum. d) Signal improvement of structured 

over unstructured sapphire substrate based on the integrated peak 

intensity of the –NO2 symmetric vibration band near 1348 cm-1.10 

randomly selected areas across each substrate were sampled.   

assigned according to previous studies carried out on 2,4-DNT,[13] 10 

nitrobenzene,[17] and 
p-nitroaniline[18] adsorbed on gold surfaces. 

It is interesting to note that the increase in signal intensity from 

the unstructured to modified substrate appears to be compound or 

vapour pressure dependent. Based on the integrated peak 

intensity of the –NO2 peak near 1350 cm-1, signals from the 15 

modified substrate are more intense by about 550% (Figure 2d). 

Of the four compounds tested, 2,4-DNCB shows the greatest 

difference; nearly an 800% increase, while nitrobenzene with a 

vapour pressure of 270 times higher than 2,4- DNCB at 25 °C 

only showed an 80% increase with the modified substrate. The 20 

reason why the enhancement is not consistent for different nitro 

compounds could be due to their assembly/orientation on the gold 

surface. 

 Another important factor evaluated for routine sensing 

application of the optical nose being investigated was the 25 

reproducibility of the sensor. Spot-to-spot reproducibility of the 

signal from the ripple substrate was assessed by Raman mapping 

wherein spectra were obtained from randomly selected areas. By 

comparing the spectral features within the mapping data sets, it 

can be seen in Figure 3 that the ripple substrate gives 30 

reproducible sensor performance with average standard deviation 

being below 8%. Figure 4 shows the reusability of the ripple 

substrate. Substrate reusability was assessed by removing the 

used gold coating with aqua regia, laying down a fresh gold 

coating and re-expose the substrate to 2,4-DNT at room 35 

temperature. All spectra in Figure 4a show clear fingerprint of 

2,4-DNT Raman spectrum with good signal-to-noise-ratio. The 

average relative standard deviation of the Raman signal for the 

 

Figure 3. Reproducibility of sensor signal. Averaged Raman spectra of p-40 

nitroaniline, nitrobenzene, 2,4-DCNB and 2,4-DNT from mapping data 

sets. The average spectrum was calculated from 10 spectra recorded from 

different areas of the ripple substrate. The average spectrum is shown in 

black. Grey spectrum corresponds to the standard deviation of the 10 

spectra. 45 

 

Figure 4. Assessment of repeated usage of a given ripple substrate.  a) 

Raman spectra of 2,4-DNT vapour detected at room temperature on the 

ripple substrate. The ripple substrate was subjected to 5 cycles of rinsing 

in aqua regia and gold coating between each use.  b) Relative standard 50 

deviation  of signal intensity as a funciton of wavenumber. 

5 repeated usage was ~3.8% (Figure 4b). 

Raman signals from analytes attached to metallic surfaces 

have been shown to increase as the reflectivity of the surface 

increases.[19]  Thus, one possible explanation for the variation in 55 

Raman signal strength between the structured and unstructured 

portions of the substrate is differences in the reflectivity of the 

gold film. The light field that produces the Raman signal is a 

combination of the incident light and that reflected from the gold 

film. The presence of a conducting surface can vary the laser 60 

intensity experienced by the molecule at the surface over a range 

from zero to four times the incident laser intensity.[14] Therefore, 

any increase in the amount reflected from the structured portion 

over that reflected from the unstructured portion could potentially 

explain the difference in Raman signal. Here we model the 65 
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amplitude and phase of the electromagnetic field at the gold 

surface and its influence on the Raman scattering. In our system, 

the electromagnetic field interacting with the analyte adsorbed on 

the gold is the sum of the incident field, the field reflected from 

the gold-air interface, and the field reflected from the gold-5 

sapphire interface. In this instance the reflected intensity is added 

to the incident intensity due to the loss of coherence resulting 

from the locally rough gold surface formed during deposition.[20] 

For this three layered system, the transfer matrix method was 

used to determine the intensity reflection coefficient from the air-10 

gold-sapphire slab which is:[20] 

 

 

21 	 2 	 ∗ ∗ 21 ∗ ∗ 2 															 1  

 

here Iinc is the incident laser field amplitude, r1 is the Fresnel field 15 

amplitude reflection coefficient of the light field from an air-gold 

interface (r1
* is the complex conjugate of r1), r2 is the Fresnel 

field amplitude reflection coefficient for a gold-sapphire 

interface, k' is the wave-vector in the gold medium and L is the 

thickness of the gold film. The intensity of total field that 20 

interacts with the analyte is then simply the addition of the 

reflected intensity given by Eq. (1) and the incident field. 

Substituting in refractive index data for gold[21] and for sapphire 

into Eq. (1) reveals that for gold film thicknesses 70 nm or 

greater, the field intensity interacting with the analyte at the 25 

surface is approximately 1.8 times greater than the incident laser 

field at 785 nm alone. In addition, the reflective gold film also 

produces an additional enhancement of the Raman signal by 

reflecting the inelastically scattered Raman photons back towards 

the detector. Therefore the total Raman signal enhancement due 30 

to reflective effects can be expressed as: 

 1 								 2  

 

Here we assume that the wavelength dependent Fresnel field 

amplitude reflection coefficients, r1 and r2, are approximately the 35 

same for the elastically and inelastically scattered photons. 

Substituting refractive index data for gold and sapphire into Eq. 

(2), shows that the Raman signal enhancement increases to 

approximately 4 for a gold film thickness of around 70 nm or 

more for an excitation wavelength of 785 nm. This was verified 40 

by varying the gold coating thickness on the sapphire substrate. 

The Raman signal intensity increased with increasing gold 

coating thickness from 10 to 70 nm for nitrobenzene (Figure 5a, 

c) and from 10 to 100 nm for 2,4-DNT (Figure. 5b, c). This 

observed dependence of Raman signal on gold film thickness 45 

agrees well with the theoretical prediction as shown in Figure 3d. 

Importantly the Raman signal intensity observed from both the 

structured and unstructured portions of the substrate displayed the 

same trend – an increase in signal by approximately the same 

factor as the film thickness increased from 10 nm. This means 50 

that the increase in the observed Raman signal from the 

structured portion over the unstructured portion of the substrate, 

as shown in Figures 1 and 2, is not the result of increased film 

reflectivity. In fact, due to the increased roughness of the 

structured surface its reflectivity is actually lower than that of the 55 

unstructured portion20. Therefore, it can be concluded that the 

laser induced nanostructure itself is responsible for the signal 

enhancement shown in Figure 3. With the structured surface, the 

most intense Raman signal was obtained at 75 nm and 140 nm for 

nitrobenzene and 2,4-DNT respectively. Beyond these maxima, 60 

the Raman signal decreases with further increase in film 

thickness. Studies on film thickness and Raman intensity have 

been carried out by Schegel et al[22] and Zhang et al.[23] Both 

studies consistently showed a steady increase in signal for 

increasing metal film thickness until a maximum Raman signal is 65 

reached followed by a decrease for any further increase in film 

thickness. A commonly accepted explanation for this observed 

trend is the modulation of the surface plasmon absorption by the 

thickness of the metal film. As the gold film thickness increases, 

it forms a continuous structure therefore becoming a poor SERS 70 

enhancer.[23] 

   

Table 2. Observed Raman frequencies of 2,3-DNT, 2,4-DNCB, p-

nitroaniline and nitrobenzene 

Test 

compound 

Raman frequency in 

wavenumber units (cm-1) 

Assignment [c] 

 Adsorbed on 

gold 

In ethanol 

solution 

 

    

2,4-DNT  1616 C=C aromatic str. 

  1540 C-C str 

 1355 1356 NO2 sym. str. 

  1207 C-H 

 837 835 NO2 scissors mode 

 793 793 C-N str. 

2,4-DNCB 1592 1597 C-C str. 

 1354 1357 NO2 bending 

p-nitroaniline  1455 CC str. 

 1599 1606 CC str.  

 1510 1513 NO2 asym. Str. 

 1338 1334 

(shoulder)  

NO2 asym. Str. 

 1312 

(shoulder) 

1318 C-NO2 str.  

 1182 1181 CH-plane bend 

 1112 1114 CH in-plane bend 

 861 862 NO2 bend 

 628 633 ring def.  

Nitrobenzene 508  NO2 rock 

 1592 1592 C-C str. 

 1349 1352 NO2 sym.  

 1004 1004 Trigonal ring def.  

 853 853 NO2 bending 

[c] Abbreviations: str, stretching; def, deformation vibration; sym, 75 

symmetric; asym, asymmetric. Assignments are based on studies in 

references 12, 16 and 17. 
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Figure 5. a) Nitrobenzene and b) 2,4-DNT signal from structured 

sapphire substrate with different gold coating thickness. c) Raman peak 

intensities of the NO2 symmetric stretching mode (near 1334 cm-1) as a 

function of gold coating thickness for nitrobenzene and 2,4-DNT. d) 5 

Theoretical Raman signal enhancement due to increased reflectivity of 

underlying film as predicted by Eq. (2). 

 
We note also that while the spectral features of nitrobenzene 

did not vary significantly with layer thickness, the 2,4-DNT 10 

spectra show a remarkable difference with a thicker layer of gold. 

Not only do the bands appear more intense, but the bands that 

were absent with the 10 nm coating could be seen with the thicker 

coating, suggesting that a thicker layer of coating could increase 

the sensitivity of the substrate. This is important as there is a 15 

great need for improved sensitivity and reliability of explosives 

Raman based sensors. This result shows that the sensor 

performance can be optimized with a gold coating of 70 nm or 

thicker. 

Raman signal intensity markedly depends on the structure of 20 

the sapphire surface and the gold coating thickness on the 

substrate surface as illustrated through the structured and 

unstructured sapphire substrate used here. The spectra show 

significant differences in both intensity and number of bands. 

These differences signify the strong influence of the 25 

nanostructures on the substrate surface and that the use of the 

structured substrate leads to a substantial surface enhancement 

effect which was of the order of 10 when compared to the signal 

obtained from the unstructured gold.  

 The strength of Raman signal intensity further increases as the 30 

gold coating thickness increases, to a maximum at ca. 70 nm. It 

might therefore be expected that an improvement in the 

sensitivity of the sensor could be achieved when nanostructured 

surfaces are used as a substrate for detecting low vapour pressure 

analytes using Raman spectroscopy. Since many explosives 35 

include a nitro or nitroaromatic group, our work demonstrates the 

potential application of the substrate for detecting nitro-based 

explosives. The limit of detection of the sensor, estimated from 

the lowest ambient vapour pressure compound tested; 2,4-DNCB, 

was approximately 1 ppm based on the surface enhancement 40 

effect by a factor of 10 observed with the ripple substrate. Further 

improvements of the sensitivity to the required 10-100 ppb level 

via time and area integration of detected signal are currently 

under exploration.     

 45 

3. Conclusion 

We have proposed and validated one mechanism by which 

Raman signal is enhanced on reflective metals substrate surfaces 

through comparison with numerical results and experimental 

data. An increase in the Raman intensity from molecules 50 

adsorbed on the gold coating on top of the sapphire substrate of a 

factor of 4 can be predicted from the incident and the reflected 

electromagnetic field. A further increase by a factor of up to 8 is 

possible by nanostructuring the sapphire substrate with a femto-

second laser. 55 

4. Experimental 

Sapphire substrate preparation: Ripples on sapphire substrate, α–

Al2O3 (001), were fabricated using a Ti:Sapphire femtosecond 

pulse laser Spitfire (Spectra Physics Inc.) operating at a central 

wavelength of 800 nm with a pulse duration of 150 fs. A high 60 

numerical aperture (NA = 0.7) objective lens (Mitutoyo Ltd.) was 

used to focus the laser pulses onto the polished surface of a 

400μm thickness high purity LED-grade α–Al2O3 wafer in the 

(001) orientation. Different 30 μm x 30 μm areas of periodic 

ripples with periods ca. 240 nm were fabricated using linearly 65 

and circularly polarised laser beam. During fabrication the 

sample was mounted on high precision linear stages (Aerotech 

Inc.) and moved at a speed of 10 μm/s, the distance between 

parallel lines was fixed at 0.7 μm to ensure a 10-30% overlap 

between them. After fabrication, the samples were rinsed in 70 

acetone, ethanol and high purity water using an ultrasonic bath 

for 2 min in each solution. The period of ripples, , is defined by 

the laser wavelength,  = 800 nm, and refractive index of α–

Al2O3 (001) at the laser writing wavelength, n = 1.7, as  = 

/(2n) [15]. Samples were characterized by scanning electron 75 

microscopy (SEM). The unstructured portions of the α–Al2O3 

(001) substrate were used as controls.  

 Gold coating: Prior to use, the substrates were coated with 10 

nm of gold. All gold coatings were prepared from 99.999% gold 

deposited onto the α–Al2O3 (001) substrates using a Leica EM 80 

SCD005 sputter coater, under argon. The pressure was 0.05 mbar 

and the working distance was 50 mm. The thickness of the gold 

film was varied by adjusting the sputtering time according to the 

data provided by the instrument manufacturer. To reuse the 

sapphire substrate for studying the impact of different gold 85 

coating thicknesses, the used substrates were dipped briefly in 

aqua regia to dissolve the gold.   

 Chemicals: Substrates were tested with nitrobenzene, p-

nitroaniline, 2,4-dinitrochlorobenzene (2,4-DNCB) and 2,4-

dinitrotoluene (2,4-DNT). All chemicals were purchased from 90 

Sigma-Aldrich and were used as received. 

 Substrate exposure to vapour: Substrates were exposed to 

vapours of the selected compounds by placing the substrate inside 

a 15 mL scintillation vial containing 1.0 mg of the test compound 

in an aluminium pan at 25°C. The exposure time was 1 min for 95 
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nitrobenzene and for 18 h for p-nitroaniline, 2,4-DNT and 2,4- 

DNCB before collecting the Raman spectrum. The longer 

exposure time was allowed due to the much lower vapour 

pressure of these compounds at 25 °C (see Table 1). At the end of 

the exposure period, samples were removed from the vials and 5 

analyzed with a Raman spectrometer.   

 Raman data collection: Raman spectra were recorded at 25 °C 

using a Renishaw inVia Raman microscope with a laser source 

emitting at 785 nm, and a 50× objective (Leica) lens. Each 

spectrum was collected as a single scan with 10 s exposure time. 10 

Measurements of the vapour on the substrates were obtained with 

a laser power of 20 mW at the sample by focusing the laser beam 

on the substrate surface after exposing the substrates to analyte 

vapour. Neat materials in ethanol solution for spectral reference 

purposes were obtained with 200 mW laser power. The 15 

concentration for each of the reference solutions was set at the 

solubility limit for each compound. Given the weakness of 

Raman scattering, the most concentrated possible solution is 

desirable for improving the signal to noise ratio. The 

concentrations of the reference solutions were 1.0, 0.2, 0.5, 0.2 M 20 

for nitrobenzene, p-nitroaniline, 2,4-DNCB and 2,4-DNT 

respectively. Reference spectra were obtained by subtracting the 

spectrum of pure ethanol from the solution spectra using GRAMS 

software. 
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