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A miniaturized flow-through system consisting of a gold coated silicon substrate based on enhanced 

Raman spectroscopy has been used to study the detection of vapour from model explosive compounds. 

The measurements show that the detectability of the vapour molecules at room temperature depends 

sensitively on the interaction between the molecule and the substrate. The results highlight the capability 

of a flow system combined with Raman spectroscopy for detecting low vapour pressure compounds with 10 

a limit of detection of 0.2 ppb as demonstrated by the detection of bis(2-ethylhexyl) phthalate, a common 

polymer additive emitted from a commercial polyvinyl chloride (PVC) tubing at room temperature. 

 

Intriduction 

Two key considerations in developing vapour sensing systems 15 

have been lowering the concentration of vapour required for a 

positive detection, as well as making the overall system as 

compact as possible to aid portability. Detection of vapours 

emitted from a hazardous solid or liquid is the preferable mode 

of operation as it does not require contacting the surface of the 20 

sample. However, the concentration of vapour depends on the 

vapour pressure of the compound and in still air at room 

temperature, most explosives have vapour concentrations in the 

range of parts per billion (ppb) to parts per trillion (ppt) and 

even lower for mixtures of explosive materials.1 Capturing 25 

enough explosive material vapour in the air for detection and 

analysis is thus difficult. 

 Until the discovery of Raman scattering enhancement of 

pyridine adsorbed on roughened silver electrodes2, 3 and silver 

nanoparticles4 in the 1970s, the application of Raman 30 

spectroscopy in chemical sensors had been constrained by the 

limits of detection due to small fractions of the inelastic Raman 

scattering process, which typically has cross sections of the  

order of 10-30 to 10-25 cm2/molecule.5 Since then, the 

amplification of Raman scattering signals by metal 35 

nanostructures, which is now referred to as surface enhanced 

Raman spectroscopy (SERS), has been pursued with great 

interest because of its potential to substantially lower detection 

limits. The signal enhancement relies on the optical properties 

of the metal nanostructures with the mechanism depending on 40 

the surface roughness and the geometry of the experiment 

setup. Generally, the mechanism has been attributed to surface 

plasmon,6 charge transfer,7 and resonant light scattering.8 

Available data in the literature on SERS show many of the 

most sensitive methods use silver9, 10 or gold nanoparticles11-14 45 

in their vapour or gas sensing scheme for signal enhancement 

with detection limits at the picomolar level possible.15 More 

recently developed SERS flow-through vapour detection 

methods report a detection limit of 0.5 ppb and 1 ppb as 

demonstrated by Oo et al.16 and Piorek et al.17 respectively. Oo 50 

et al. used a flow through detection system where vapours of 

pyridine and 4-nitrophenol are passed through capillaries of 

various inner diameters ranging from 4.7 to 700 µm lined with 

gold nanoparticles on the inner walls of the capillaries. Piorek 

et al. demonstrated the detection of 2,4-dinitrotoluene (2,4-55 

DNT) vapour using a microfluidic flow system filled with 

silver colloid in aqueous solution. Analyte vapours flow over 

the microfluidic channel and diffuse into the aqueous phase 

therein interacting with the silver colloid followed by detection 

with a Raman spectrophotometer. A disadvantage of both 60 

methods is that they require synthesis of nanoparticle systems 

with appropriate dimensions and specific optical properties in 

order to achieve their detection objectives.  

This work describes a detection method that requires only a 

silicon substrate coated with a fresh sputtered gold film, 65 

without the complexity of incorporating nanoparticles into a 

polymer layer or a separate step of nanoparticles synthesis. Our 

flow system is constructed by adapting a modified approach 

based on our recently published static test of nitro compound 

vapour detection using Raman spectroscopy.18 The modified 70 

detection system is an automated recirculating flow system that 

delivers vapours to the sensor surface allowing real-time 

detection. Vapours from sublimation of solid analytes at room 

temperature flow over a 5 mm2 square silicon substrate coated 

with sputtered gold used for capturing vapour molecules and 75 

detection by a commercially available Raman 

spectrophotometer. The vibrations of the molecules on the 

substrate surface produce a spectrum that allows the method to 

detect and distinguish compounds at concentrations of a few 

parts per million at room temperature. The detected 80 

concentration of the analyte was estimated from the vapour 
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pressure of the analyte at room temperature.  

 The main objectives of this paper were to verify the 

feasibility of our proposed detection method and to assess the 

differences of dynamic versus static measurements. Surface 

fouling of gold substrates which could pose a limitation for 5 

SERS based sensor using gold is also discussed. Experiments 

were carried out using six explosive model compounds with 

vapour pressures ranging between 2×10-4 to 0.1 mmHg at 25 

°C. To demonstrate the trace detection capability of the flow 

system, a commercial sample of polyvinyl chloride (PVC) 10 

tubing containing bis(2-ethylhexyl) phthalate (DEHP, or DOP) 

was used as an analyte. DEHP is a commonly used plasticiser 

for PVC consumables. When incorporated in PVC, it can 

escape by evapouration or extraction by contact with liquids 

because it is not chemically bonded to the PVC.19 This is due to 15 

the polar interactions between the ester groups and the aromatic 

ring of the phthalate molecule and the positively charged areas 

of the vinyl chain.20 Pure DEHP has a vapour pressure of 1.43 

x 10-7 mmHg at 25 °C.21 It is expected that the vapour pressure 

of the DEHP emitted from DEHP incorporated PVC would be 20 

lower than that of pure DEHP.22 The measurement of DEHP is 

also of concern because adverse effects on human health have 

been expressed even for low level exposure.23, 24 The chemical 

structures and vapour pressures for the tested compounds are 

given in Table 1. The test compounds were selected to 25 

represent a range of different vapour pressures and functional 

groups in order to test the limit of detection (LOD) and the 

selectivity of the sensor.  

Experimental section 

Materials 30 

1,3-dinitrotoluene, 1-chloro-2,4-dinitrobenzene (97% purity), 

2,4-dinitrotoluene (97% purity), 2-naphthalenethiol (99% 

purity), 4-methyl-2-nitrophenol (99% purity), 4-nitrotluene 

were purchased from Sigma-Aldrich Australia. Tygon® 

formula R-3603 laboratory tubing (containing DEHP phthalate 35 

as per product description) was purchased from Sigma-Aldrich 

Australia.  

Sputtered-gold film preparation 

Gold (99.99%) was sputtered onto clean silicon substrates 

using a Leica EM SCD005 sputter coater under argon. The 40 

vacuum chamber was evacuated to 0.05 mbar and the sputter 

coating attachment was charged at 30 mA with an argon carrier 

gas. The silicon substrates were placed 50 mm from the gold 

source. The sputtering time was 150 s. This results in a gold 

coating of approximately 30 nm with a root-mean-square 45 

surface roughness of 5.5 nm measured by atomic force 

microscopy (AFM). Gold sputter target was purchased from 

ProSciTech. 

Atomic Force Microscopy measurements 

Sputtered gold films were imaged at room temperature in 50 

ambient atmosphere with an atomic force microscope (NT-

MDT) in contact mode. The cantilever used was a silicon 

cantilever with platinum coating (NT-MDT, CSG11/Pt/20).  

Raman Spectroscopy 

Table 1 Chemical structure and vapour pressure (at 25°C) of tested 55 

compounds. 

Compound 

(abbreviation) 

Vapour pressure 

at 25 °C/ mm Hg 

Chemical structure 

Bis(2-ethylhexyl) 

phthalate 

(DEHP) 

1.43 x 10
-7

 [a] 

 

 
 

3-dinitrobenzene 

(1,3-DNB) 

2×10
-4

 [b] 

 

1-chloro-2,4-

dinitrobenzene 

(CNDB) 

0.001 [b] 

 
 

2,4-dinitrotoluene 

(2,4-DNT) 

0.002 [b] 

 

2-naphthalenethiol 

 

0.005 [b] 

 

4-methyl-2-

nitrophenol 

0.04 [b] 

 

4-nitrotoluene 0.1 [b] 

 

[a] Reference 19 

[b] Royal Chemical Society chemical structure data base  

 

Raman measurements were carried out at room temperature 60 

using a Renishaw inVia Raman Microscope. All spectra were 

acquired with a 50× magnification objective, 10 s exposure of 

20 mW of 785 nm excitation and acquisition time of 30 s. 

X-ray photospectroscopy analysis 

XPS spectra were acquired using a Kratos Axis Ultra 65 

photoelectron spectrometer which uses Al Kα (1253.6 eV) x-

rays with a pass energy of 20 eV and a spot size of 700 × 300 

µm. 

Vapour detection test 

Fig. 1a shows the schematics of the flow-through system. 1 mg 70 

of the compound to be tested is transferred into a 50 µl 

aluminium sample pan and placed inside the analyte chamber. 

The analyte chamber follows the basic cyclone design using the 

benefit of swirl flow.25 The swirling flow field inside the 

chamber is created by the addition of baffles on the inside of 75 

the chamber walls creating a turbulent flow which makes the 

vapour concentration constant and uniform inside the system. 

The system was flushed with dry nitrogen prior to use. The 

carrier gas (nitrogen) stream enters from the bottom of the  
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Fig. 1 Schematic diagram of the flow setup. Flow-through system used 

in conjunction with inVia Renishaw Raman microscope for vapour 

detection on a gold coated silicon substrate. Vapours from analyte 

sublimation inside the sample chamber are delivered to the substrate 5 

surface by a micropump and then excited with a 785 nm laser. The 

sensing information is obtained from the measured spectrum of the 

inelastically scattered photons due to molecular vibrations. The 

detection axis is the same as the laser beam axis, y.  

 10 

chamber, spiraling upwards and outflows from the top of the 

chamber. As the nitrogen carrier gas flow is adjacent to the 

solid analyte surface, sublimation occurs and mass is 

transferred to the carrier gas stream. Thus the cyclone design 

ensures that the saturation concentration is reached faster. 15 

The substrate onto which the vapour molecules are captured for 

detection consists of a 30 nm thick freshly sputtered gold film 

on a silicon wafer (5 × 5 mm). A micropump (RS Components) 

with a flow rate of 200 ml/min is used for delivering analyte to 

the substrate surface. The substrate chamber consists of a cell 20 

incorporating a glass window and is placed directly under an 

objective lens of a Renishaw inVia Raman microscope through 

which the laser beam is focused on the substrate and scattered 

light is collected for detection. A photograph of the sample and 

analyte chambers are shown in Fig. 1b.  Fig. 1c shows the flow-25 

system during a test. System evaluation was carried out by 

measuring the response of the gold substrate inside the analyte 

chamber after exposure to the analyte vapour at room 

temperature. 

 30 

Results and discussion 

Fig. 2 shows the AFM images of the gold coated silicon 

substrate. The morphology of the sputtered film on silicon 

appear very similar to that of selective chemical etching of Ag 

from Ag/Au alloy films on planar substrates reported by Dixon 35 

et al.26 The film does not appear homogeneous with clusters of 

round features of approximately 50 nm in diameter. This is 

typical of sputtered gold films as gold atoms tend to cluster into 

islands minimizing overall surface energy.27   

 Fig. 3a shows the Raman spectra for the gold coated silicon 40 

substrate with 785 nm excitation after exposure to 2,4-DNT at 

room temperature inside the flow system. The flow rate of the 

nitrogen carrier gas inside the system was 200 mL/min and the 

intensity of the signal was found to be independent of the flow 

rate range tested (100-380 mL/min), but could be improved if 45 

the measurement was taken 1 min after turning the pump off. 

This result is in agreement with the static measurement 

performed separately shown in Fig. 3b. The  

 
Fig. 2 Contact mode AFM image of the sputter-deposited gold film on 50 

silicon used for the sensor in two different scan sizes: (a) and (b). (c) 

and (d) are line scans corresponding to the blue line in the AFM images 

above, showing the height of the structures from the sputtering process. 

fact that the signal from the dynamic measurement is weaker 

and noisier is attributed to the interaction between the molecule 55 

and the gold surface. When the pump is switched on, the 

molecules are being swept over the surface of the substrate due 

to its motion in the flow, thus limiting the probability of the 

vapour molecules colliding with the substrate for adsorption 

and detection. In the static measurement, the mobility of the 60 

vapour molecules is reduced and there is sufficient time for 

adsorption to occur hence producing a detectable signal.  

 The responses of the other nitro analytes tested in the flow 

system are shown in Fig. 3b-e. Results were recorded with the 

pump turned off after recirculating the vapour for 5 mins at 65 

room temperature. The intense peak at 1380 cm-1 seen in all 

four spectra is attributed to the symmetric stretching of the 

nitro group (-NO2) and it reflects the interaction between the 

nitro group and the gold surface. It has been shown by electron 

energy loss spectroscopy and temperature programmed 70 

desorption that NO2 adsorbs to the surface of gold through its 

oxygen atoms to form a bidentate surface chelate.28 Upon 

adsorption, the valence electrons of the oxygen in the NO2 

group change the metal surface electron distribution close to 

the highest occupied molecular orbital in the valence band. The 75 

degeneracy at the surface is lifted by interaction of these lobes 

causing the band to be more intense than other bands in the 

spectrum. The broadness of the peak suggests intermolecular 

interactions between the DNT molecules on the gold surface.  

 For 2-naphthalenethiol (Fig. 3f), there is no difference 80 

between the static and the dynamic measurement in terms of 

signal strength. All bands in the dynamic and static spectra 

appear very narrow and sharp.  The position of the bands for 

the adsorbed 2-napthalenethiol closely matches those for the 

pure solid. This means that the vibrational frequencies that are 85 

most visible in the spectra are not affected much by surface 

binding. Noticeable differences between the sensor response 

spectrum and the reference spectrum are the change in 

intensities for the ring deformation modes at 767, 514 and 354 

cm-1
.
29 Probable adsorbed conformation of 2-naphthalenethiol 90 

on the gold surface is with the aromatic rings perpendicular to  
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Fig. 3 Raman spectra of six different compounds detected in the flow 

system on a sputtered gold coated silicon substrate at room 

temperature. Dynamic response (blue) was recorded with the pump 

turned on at a flow rate of 200ml/min. Static response was recorded 5 

with the pump turned off after recirculating the vapour for 5 mins at 

room temperature. Spectra of the solid analyte (black) are also show for 

comparison.  a) 2,4-dinitrotoluene, b) 1,3-dinitrobenzene, c) 1-chloro-

2,4-dinitrobenzene, d) 4-methyl-2-nitrophenol, e) 4-nitrotoluene, f) 2-

naphthalenethiol. 10 

 

the metal surface29 as the attachment of 2-napthalenethiol 

occurs via the Au-S bond. This covalent bond formation causes 

localized charge fluctuations at the metal-molecular interface 

inducing a series of dipoles,30 probably the reason why the 15 

bands are so intense in comparison to 2,4-dinitrotoluene. 

Similar observations have also been made by Hill and 

Wehling.31 They compared different molecules adsorbed on 

silver and gold surface and reported that p-mercaptoaniline 

gave significantly larger intensities than other non-thiol 20 

molecules tested. The sharpness of the bands probably points at 

relatively low inhomogeneous broadening, since the thiol group 

binds strongly to gold with the sulfur-gold interaction being the 

predominant mode. The sharpness of the Raman bands of thiol 

molecules has also been explained by the effective resonant 25 

model proposed by Ueba8 that the electronic resonant level of 

the adsorbed molecule shifts towards lower energies and the 

effective resonant condition is realised even when the molecule 

is excited by the off-resonant energy of the isolated molecule. 

The detection of DEHP emitted from a sample of Tygon® 30 

tubing is shown in Fig. 4a. Characteristic bands for phathalate 

esters at 1040, 1581, 1600 cm-1 are associated with the various 

vibrations of the ortho-phenyl group32 and the band at 1726 cm-

1 is assigned to the carbonyl C=O stretching  

 35 

Fig. 4 Raman spectra of a) the gold coated silicon substrate after 

exposure to a sample of Tygon® tubing inside the flow system at room 

temperature and a sealed cell at 50 °C. A spectrum of the Tygon® 

tubing and pure PVC powder are also shown for comparison. The * 

denotes peak due to the silicon underneath the gold. b) An uncoated 40 

silicon substrate after exposure to DEHP at 50 °C for 17 h. 

 

vibration of the ester group. Measurement of DEHP from 

commercial PVC products by Uhde et al.33 reported that, in 

general, DEHP emission from wallpaper measured in a 45 

CIS/GC-MS system results in  a maximum concentration of 

approximately 1 µg/m3 under ambient conditions. Thus this 

example shows that the LOD of our technique is at the level of 

sub-ppb, comparable to the detection level reported by Oo et al. 

and Piorek et al., demonstrated using pyridine and 4-50 

nitrophenol. Further investigation to confirm DEHP on the gold 

surface was performed in a 0.75 ml stainless-steel sealed cell 

containing a sample of the PVC tubing and a gold coated 

silicon substrate. The cell was kept at 50 °C for 17 h to increase 

the DEHP concentration. As can be seen from Fig. 4a, the 55 

bands become more pronounced and the entire spectrum is a 

closer match to the spectrum of the PVC tubing than that 

obtained inside the flow system due to higher concentration of 

DEHP at higher temperature. The uncoated silicon (Fig. 4b) 

substrate shows no Raman bands that correspond to DEHP 60 

except for the main silicon band at 521 cm-1, a weak peak at 

308 cm-1 corresponding to Si crystals,34 and another weak 

broad band in the 900-1100 cm-1 is the two phonon overtone of 

silicon.35 

 All compounds tested gave identifiable Raman signal with 65 

some showing more spectral difference in both relative 

intensity and band positions compared to the solid analyte. 

Most noticeably, 2-naphthalenethiol has a lower vapour 

pressure than 4-methyl-2-nitrophenol and 4-nitrotoluene, but 

out of all compounds tested, 2-naphthalenethiol gave the 70 

strongest signal on gold with its Raman spectrum closely 

resembling the spectrum recorded of the material alone. 

Furthermore, the static and the dynamic spectra for 2-

napthalenethiol are almost the same; suggesting that a flow rate 

of 200 ml/min has no effect on the adsorption capacity of 2-75 

naphthalenethiol. In contrast, the influence of the flow is more 

significant in the case of nitro analytes. Thus the LOD of the 

sensor could also be related to the molecule-gold interaction 

energies as well as the vapour pressure of the solid sample. 

Table 2 presents the bond enthalpy between the different 80 

functional groups and gold substrate for the three types of 

compounds studied in this work. From the table, 2-

naphthalenethiol forms the strongest bond with gold compared 

to other compounds tested. In general, sulfur containing 
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compounds have strong specific interaction with gold and tend to chemisorb onto its surface resulting in a  

Table 2 Energetic of adsorption of different functional groups on gold surface  

Molecule Nature of bonding Interaction Bond enthalpy ∆∆∆∆H, 

kJ/mol 

2-naphthalenethiol Chemisorption Sulfur-gold 167
a
 

Di(2-ethylhexyl) phthalate Physisorption 

Van der Waals 

π electrons –gold 

ester-gold (through charge transfer coordination) 

25
b
 

2,4-dinitrotoluene and 

other nitroaromatics 

tested 

Dative bonding Nitro-gold 59
c
 

 

areference 37, breference 40, creference 385 

metal-S bond formation.36 Estimated using alkanethiol 

adsorption, this bond energy is approximately 167 kJmol-1.37 

For the nitro analytes, the bonding between the nitro group and 

the gold surface is dative through the interaction between the 

oxygens on the nitro groups and the gold surface. This 10 

interaction has been estimated to be 59 kJmol-1.38 As for 

DEPH, the adsorption is a physisorption through the aromatic π 

electrons and the gold surface,39 this interaction energy is only 

about 25 kJmol-1.40 Van der Waals interaction between the ester 

group of the DEHP and the gold can also occur.  Of all 15 

compounds tested, DEHP has the lowest vapour pressure at 

room temperature and the weakest interaction with gold. The 

detected DEHP Raman intensity was also the lowest amongst 

all compounds tested. This result suggests interaction between 

the molecule and the gold substrate could be a critical 20 

parameter in detectability as well as the vapour pressure of the 

compound. In any case, the reference spectra were used as a 

guide only and exact match of the band positions were not 

expected. This is because vibrations of a molecule depend on 

its physical state and Raman scattering is proportional to the 25 

polarizability of the molecule.8 While the detected signals of 

molecules are due to the adsorbed state, the references are of 

the pure material in the solid state. When a molecule is 

adsorbed on a surface, a new species is formed (molecule-metal 

complex). Hence a change in the electronic and the vibrational 30 

states is expected due to the rearrangement of the electron 

configuration of the molecule.41 The resulting physical 

interaction between the molecule and the gold substrate, the 

electromagnetic field of the incident light is also modified by 

the surface in magnitude, direction, and spatial dependence.42 35 

 

Substrate contamination and storage 

It has been observed that within minutes of exposure to the 

laboratory atmosphere, a clean hydrophilic gold surface can be 

rendered hydrophobic by adsorption of nonpolar 40 

contaminants.43-47 The storage condition of the substrates is 

thus crucial as the reliability of the sensor could be 

compromised by surface fouling. Preserving the activity of the 

substrate for practical use was considered by studying different 

storage environments. In a static test, a significant decrease in 45 

signal intensity was observed for the air-exposed substrate 

which showed a 93% reduction in signal intensity. Identifiable 

signal was detected with the substrates stored in nitrogen 

atmosphere at room temperature and -20 °C (Fig. 5).  

 The decrease in the Raman intensity for the air exposed 50 

substrate indicates that the detection mechanism is sensitive to 

the surface chemistry of gold. While bulk gold is generally 

considered inert, nano-sized gold can form surface 

intermediates of moderate stability48 thus causing unnecessary 

background which may interfere with signal readouts. A 55 

sputtered gold film on silicon was investigated by X-ray 

photoelectron spectroscopy within 2 hours of film preparation. 

The sample had been stored inside a 15 ml glass vial 

immediately after retrieving the sample from the sputter coater. 

Detectable oxygen and carbon species suggest organic 60 

contamination from the air inside the vial is evident in Fig. 6.  

The O 1s signal at 532 eV is assigned to oxygen adsorbed on 

gold surface.49 The value at 533 eV can be attributed to 

Au(OH)3 or Au2O3
50, 51

 as gold can be readily oxidized under 

ambient conditions.52 However, for the majority of all known 65 

oxides or hydroxides, the binding energy of the oxygen 1s 

electron varies between 525 and 531 eV,53 thus the oxygen 

peak at 530 eV provides indication but not conclusive evidence 

of the presence of gold oxide. To be sure, there should also be a 

peak at 85.7 eV in the gold 4f for the gold oxide. This was not 70 

observed, probably there was not enough gold oxide in the 

samples to be detected. Further evidence suggesting 

contamination is the Raman spectrum of the gold substrate 

without exposure to analyte shown in Fig. 3a. Bands at 1037,  

 75 

 
Fig. 5 The effect of the storage condition on the Raman spectrum of 

2,4-DNT on Au/Si substrates. In each case, the gold film was freshly 

prepared and stored under the specified condition for 24 h before 

exposing the substrate to 2,4-DNT vapours at room temperature. 80 
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Fig. 6 High-resolution XPS spectra of a) the O1s and b) the C1s 

photoelectrons of a gold coated silicon substrate. The spectra were 

acquired with a pass energy of 20 eV and a spot size of 700 × 300 µm. 
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982, 621, 388 and 289 cm-1, are typical of carbonate54, 55 and 

sulfate56 species. Conveniently, these background signals do 

not interfere significantly with the detection of the selected 

analyte and can be distinguished from the signal response 

spectrum. Nevertheless, we recognize the importance of the 10 

cleanliness of the gold surface for obtaining unambiguous 

signals.  

Conclusions 

This paper presents a vapour detection method using Raman 

spectroscopy. Differences in spectra were found between the 15 

static and the dynamic test measurements with the static 

measurement giving more pronounced bands.  

 We examined the effect on the Raman spectrum of three 

different bonding types with gold: van der Waals, dative and 

covalent bonding by comparing the quality of the spectrum 20 

obtained from three different types of compounds selected. As 

well as the vapour pressure of the compound, the detection of 

the vapour molecules on the surface of the gold coated silicon 

substrate appears to be dependent on the net physicochemical 

force which consists of: 1) the interaction strength between the 25 

molecule and the gold surface and 2) the dynamics in the flow 

system. The technique is suitable for detection of molecules 

that bear functional groups that will interact favourably with 

gold with a LOD of parts per million or greater for the nitro 

ananlytes tested and parts per billion for the DEHP emitted 30 

from PVC tubing. The current experiments were conducted 

within 1-5 mins because the gold film quickly ages when 

exposed to atmospheric conditions. This could be overcome by 

storing the substrates under inert atmosphere at low 

temperatures or vacuum until use as demonstrated in this work. 35 
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