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Abstract—Here we present a method for trace detection of
explosives in the gas phase using novel surface enhanced Raman
scattering (SERS) spectroscopy substrates. Novel substrates that
produce an exceptionally large enhancement of the Raman effect
were used to amplify the Raman signal of explosives molecules
adsorbed onto the substrate. The substrates were fabricated in a
cleanroom process which only requires two steps to produce well
controlled nano-sized high aspect ratio metal pillars. These
substrates had superior chemical sensing performance in
addition to a more cost effective fabrication process compared to
existing commercial substrates. Therefore it is believed that
these novel substrates will be able to make SERS more
applicable in mobile explosives detection systems to be deployed
in for example landmine clearance actions.

L INTRODUCTION

The need for trace detection of explosives is larger than
ever. For example, it is estimated that 5,000-20,000 people
are killed or maimed each year by the 110 million landmines
deployed in 75 countries [1]. Today landmine clearance in
third world countries mainly relies on physical probing of the
earth by hand in combination with screening with metal
detectors. This method is extremely labor intensive and time
consuming. In developed countries mobile trace detection of
explosives is primarily carried out by trained dogs. However,
dogs require a skilled handler and are expensive to train and
maintain. Hence, a cheap method enabling trace detection of
explosives molecules commonly found in landmines could
introduce a paradigm shift in the way minefields are cleared.

II.  SURFACE ENHANCED RAMAN SCATTERING

In conventional Raman spectroscopy a laser is directed
onto a bulk amount of analyte. A small fraction of photons (~1
in 10.000.000) are inelastically scattered by the analyte
molecules. The energy of the inelastic scattered photons is a
function of the chemical bonds in the analyte. Since each
molecule will give rise to a unique photon scattering profile
individual chemical species can be identified from the
resulting Raman spectra [2]. Discovered in 1974, surface
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enhanced Raman scattering (SERS) spectroscopy is a
technique that allows for the generation of a much stronger
Raman signal from trace amounts of analyte molecules when
these are adsorbed onto an activated metal surface or structure:
a so called SERS substrate. In SERS, the electromagnetic field
induced by laser excitation is greatly enhanced by localized
surface plasmons at the surface of noble metal nanoparticles.
Particularly large enhancements of the electromagnetic field,
also called “hot spots”, are found in between adjacent metal
nanoparticles [3].

If an analyte molecule is located in this hot spot it will
result in an enormous Raman signal from the analyte [4].
Hence the focus of substrate fabrication is on increasing the
number of hot spots in order to increase the sensitivity of a
SERS based sensor.

As it is vibrations in the chemical bonds of the analyte that
result in the Raman spectrum, any chemical species can in
theory be analyzed. For this reason SERS has shown great
potential of becoming a versatile analytical tool for both
chemical and biochemical sensors in liquid and gas phases. As
such, SERS has been named as a very promising method for
explosives sensing with fast analysis speed and high
sensitivity being the main advantages [5-6]. Currently, the
inability to mass produce cost effective nanostructured SERS-
substrates with suitable enhancement is impeding the use of
SERS sensors in both laboratories and mobile applications.

III. SERS SUBSTRATES

Numerous SERS-active structures have been employed
and described in literature [7]. The two most popular
approaches are colloid solutions of noble metal nanoparticles
and roughened noble metal substrates.

One challenge with colloid solutions is bringing the metal
nanoparticles close enough together in order to form hot spots,
while at the same time preventing large conglomerations of
nanoparticles from forming before the analyte is introduced.
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Figure 1. Schematic of the fabrication process. a)—b) A blank silicon wafer
is structured by maskless reactive ion etching to form free standing nano-
pillars. ¢) The pillars are coated with metal by electron beam evaporation or
magnetron sputtering. d) The resulting structures are free standing metal
coated nano-pillars. €) The substrate enhances the Raman effect enabling
trace detection of explosives adsorbed to the surface.

One recent approach is to tie gold nanoparticles together
with DNA strands to create dimers between which hot spots
can form and enhance the Raman signal of any analyte located
there [8]. A disadvantage of colloid solutions is that when
detecting an analyte in the gas phase the detection speed is
limited by diffusion through the solvent liquid.

Rough silver and gold surfaces can be fabricated by any
number of methods including chemical etching, mechanical
deformation, electroplating and oblique angle deposition [9-
16]. However, roughened bulk metallic substrates generally
exhibit large variations in nanostructure with subsequent large
variations in Raman enhancement effects across the substrate.
Lately, two-step processes where a well defined silicon
nanostructure is created, by for example electron beam
lithography, and hereafter covered by thin films of gold or
silver have also gained in popularity. Electron beam
fabrication techniques are more controlled and ordered but
have the major disadvantage of having very high production
costs and they are unfeasible over large areas.

Iv.

The fabrication process employed here is based on a
reactive ion etch (RIE) of undoped 4 inch diameter polished
single crystal silicon wafers which forms aperiodic arrays of
silicon nano-pillars [17]. The etching process is self-masking,
hence eliminating the need for a time consuming
photolithographic patterning step. An Advanced Silicon
Etcher (Surface Technology Systems MESC Multiplex ICP)
was operated at a SF4:0, ratio of 0.8 to 1.5, a platen power of
80 — 160 W and a chamber pressure of 6 to 72 mTorr to form
nanostructured silicon peaks at a rate of approximately 2 nm/s.
Since the etch time defines the height of the peaks the heights
can be tailored. To prevent contamination in the subsequent
SERS spectra, the nanopillars were manufactured without the
fluorocarbon passivation cycles normally used in deep
reactive ion etching (the Bosch process).

FABRICATION METHOD

By narrow control of process parameters the shape of the
pillars could be controlled. The side wall angle or taper of the
nano-pillars could be controlled by adjusting the SF4:0, ratio
in the plasma. Conical pillars with various dimensions could
also be produced as previously shown in [17]. Furthermore,
the peak concentration could be controlled by adjusting the
chamber pressure. For SERS applications we found that both
the shape and the density of the pillars were key variables.

To facilitate Raman enhancement the silicon nano-pillars
were subsequently coated by a layer of gold and/or silver, Fig.
1c). The nanopillars were coated with silver by electron beam
evaporation (Alcatel SCM 600) and by magnetron sputtering
(Kurt J. Lesker CMS 18). The finished substrate thus had
metal coated nanopillars with uniform heights, Fig. 2a).

V. CHARACTERISATION

Approximately 80% of deployed landmines contain
trinitrotoluene (TNT). However, since the military grade TNT
used is not chemically pure, contaminants of 24-
dinitrotoluene (DNT), 2,6-dinitrotoluene, 1,3-dinitrobenzene
and 1,3,5-trinitrobenzene can often be detected in the
headspace above a buried landmine [18]. DNT has a 40 — 100
times higher vapor pressure than TNT hence despite
accounting for less than 1% of the explosive mass, DNT has
been seen to have a headspace concentration above the
landmine 20 times stronger than TNT [18]. For this reason
DNT was selected as the test molecule.



Figure 2. Electron microscope images of a SERS substrate. a) Note the
complete metallization of the pillars. b)—c) SEM image perpendicular to the
surface. The metalized nanopillars can be reproduced with a uniform density
on a wafer scale with uniform SERS enhancement as a result.

Raman spectra were obtained from DNT in the gas phase
in the following manner. A saturated solution of DNT in
ethanol was made. 1 ml of this solution was deposited onto a
wad of ceramic wool which was inserted into a 12 cm long
copper pipe with 10 mm diameter. The pipe was inserted into
a cylindrical heater such that the two ends of the pipe
protruded. Through fixtures nitrogen carrier gas was blown
through the heated pipe. The nitrogen gas at the exit of the
heated pipe was assumed to be saturated with DNT. The
temperature of the outlet gas was 80 °C. At the outlet of the
heated pipe a SERS substrate was placed for 120 seconds
where after a Raman spectrum was recorded.

The excitation source for Raman spectroscopy was a near-
infrared external cavity stabilized diode laser with a
wavelength of 785 nm (Ahura) and a power of approximately
150 mW at the sample surface with a probe spot diameter of
160 pm (InPhotonics). For comparison, a commercial
substrate [16] was used as a benchmark under identical DNT
evaporation and spectroscopy conditions. The integration time
on for spectra measured on SERS substrates was 1 second.

Raman spectra on bulk amounts of DNT crystals were
performed with integration times of 10 seconds.

VI.  RESULTS

Examples of Raman spectra with integration times of 1
second from DNT evaporated onto the nanostructured silicon
surfaces with silver coatings are shown in Fig. 3. The results
obtained on a commercially available SERS substrate [16] are
overlain for comparison. It is seen that the signal measured on
the silver coated silicon nanopillars is a significant
improvement compared to the commercial substrate. The
Raman spectra for a bulk sample of DNT recorded with an
integration time of 10 seconds is also shown.
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Figure 3. Raman spectra obtained after 120 seconds of 2,4-DNT / N, gas
flow across silver nanopillar substrates (blue) and a commercially available
substrate (red) using 785 nm excitation. An signal improvement of two
orders of magnitude is seen with the novel substrate. The Raman spectrum of
bulk amounts of 2,4-DNT crystals are overlain (green), however note the
different scale.

V. CONCLUSION

Numerous approaches of creating SERS substrates have
been reported in literature. In general there is a trade-off
between fabrication price / process complexity and Raman
enhancement. Here we employ a cost effective fabrication
method. This two step method produces large areas (wafer
scale) of SERS active substrates which provide exceptionally
large Raman enhancements. This process has been optimized
to fabricate densely packed arrays of high aspect ratio silver
pillars with large surface area and large numbers of
electromagnetic hot spots which are responsible for the large
Raman enhancement. The ability of these novel substrates to
detect explosives vapours is demonstrated using 2.4-
dinitrotoluene which is amongst the most common chemical
species found around deployed landmines.

These new substrates enable explosives detection which is
more than a factor 100 more sensitive than a commercially
available SERS substrate. However it should be mentioned
that the commercial substrate is a gold structure which is
known to have a weaker Raman enhancement than silver. The
concentration of DNT molecules exiting the heated pipe was



saturated at 80 °C and hence a large exaggeration of the
concentrations found in actual minefields where ppb detection
limits is a minimum requirement. Hence an effort to quantify
the detection limit is being undertaken in continuation of the
work presented here.

It is believed that these substrates can be used as cost
effective consumables in existing SERS setups in use today.
Under the framework of the Xsense project at DTU Nanotech
these novel substrates will be coupled to a system comprising
a micro-spectrometer to produce a handheld SERS based
explosives sensor for demining actions [19].
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