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Abstract 

Within the scope of this project, a portable measuring device has been developed 
which enables a cost-effective analysis of organic substances from ppm to sub-ppm 
range, such as drug residues in groundwater. The measurement is carried out by 
means of a surface-enhanced Raman scattering effect (SERS effect) and an ex-
changeable sensor head. The sensor head used is a nanostructured optical glass fiber 
glued into a fiber cannula. The tip of the fiber has been processed to act as a SERS 
cell. The fiber cannula is connected to a freely movable patch cable by using an 
adapter. Para-thiocresol is used to characterize the SERS cells. 

1. Introduction 

SERS based Raman spectroscopy is a vibrational spectroscopy technique [1] which 
enables the detection of organic molecules in very low concentrations [2] in liquids e.g. 
in groundwater or drinking water. It enables an analysis of drug residues such as pain-
killers or hormones in aquatic environment to reduce damage to fish. Further applica-
tion is the analysis of food e.g. of pollutants on meat created by microorganisms. 

The SERS effect is essentially caused by resonances of the surface plasmons induced 
by a laser irradiation, which leads to an increase in local field intensity (hot spots) in 
suitable nanostructured and highly electrically conductive materials such as silver or 
gold. This serves to amplify Raman signals, theoretically up to a factor of 1011 [3]. 

For quantitative measurements, the reproducibility of the structures or the hot spots of 
the SERS-active surfaces must be given in a large area. The silver metallization gen-
erally provides stronger SERS signals than gold, but is not stable over a longer period 
of time due to the oxidation [4]. Gold metallization is chemically more stable and pro-
vides reproducible SERS spectra over a longer duration [5].  

The SERS measurements by lab-on-fiber is a current research topic [6,7,8]. With this 
measurement method, the laser excitation light is guided to the SERS-active area via 
an optical fiber. Consequently, the SERS-active structure must make it possible for the 
light leaving the fiber to reach the molecules deposited on the surface of SERS cell. In 
addition, the Raman scattered light from the molecules must also be able to reach the 
optical fiber through the nanostructure. 
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2. Materials and Methods 

2.1. Materials 

The materials used are listed below: 

Quartz glass wafers with a thickness of 1mm, both sides polished (G-materials e. K.) 
and Optical quartz glass fibers glued into a steel ferrule (Thorlabs GmbH) is used as 
SERS substrates; The optical fiber is a multimode quartz fiber with a diameter of 
200 µm and with the numerical aperture of 0.22 NA. For nanostructuring polystyrene 
spheres with 157 nm and 607 nm in diameter as a 5 %w/v aqueous suspension (mi-
croParticles GmbH) are used; p-thiocresol (4-methylbenzenethiol / 4MBT) (Merck 
KGaA) is applied for characterization of SERS substrates; Gold 99.99 % (ESG 
Edelmetall-Service GmbH & Co. KG) and silver 99.999 % (Alineason Materials Tech-
nology GmbH) are used for the metallization.  

2.2. Portable SERS-analyzer 

Of major importance of the portable analyzer is the compact construction of the SERS-
analyzer (Fig. 1 (left)) and one-way sensor connected to the patch cable allows an 
avoiding cross-contamination. Because of measurements in the field, the SERS-ana-
lyzer is more economical than other measurement systems like Gas chromatography–
mass spectrometry (GCMS) or High-performance liquid chromatography (HPLC), 
which requires laboratory facilities. 

  

Fig. 1: Construction of a portable SERS-analyzer (left); Schematic representation of 
the measuring system within the housing together with the spectrometer and 
the laser (right) 

The measuring system (Fig. 1 (right)) contains a laser with λex = 785 nm which is con-
nected to the measuring system via an excitation fiber (1) and a fiber coupler. The laser 
beam is collimated via an excitation collimator (2) and passes through a line filter (3) 
to the dichroic mirror (4), which deflects the light to the lens (5). The lens focuses the 
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beam on the surface of the sensor fiber (6), which is a sensor head connected to the 
patch cable (sensor fiber) by an adapter.  

The scattered Raman light from the SERS surface passes through a sensor fiber (6) 
to the lens (5). The lens collimates the light from the sensor fiber. The long-wave light 
(Stokes bands) can pass through the dichroic mirror (4) and the edge filter (7). The 
edge filter (7) suppresses the short-wave (anti-Stokes bands) and the excitation light. 
The lens (8) focuses the collimated light to the detection fiber (9), which guides the 
light to the spectrometer. 

The power supply of the system is provided from a laptop via a USB cable. The laser 
and the spectrometer are also controlled by a laptop. 

To stabilize the temperature of the laser at 25°C, a Peltier element is used. 

2.3. Fabrication procedure 

The following chapter describes methods used for nanostructuring of SERS-active  
areas on silicon or quartz surfaces. All these methods are based on self-assembly 
structuring via Nano Sphere Lithography (NSL) [9] and can be used for structuring of 
an optical quartz glass fiber. The spheres can be applied by means of a water tech-
nique on the sample surface like a wafer or an optical fiber.  

To create a self-assembled monolayer of spheres, the suspension of polystyrene 
spheres (PS) and water must first be diluted with isopropanol in a ratio of 1:1. The 
spheres from the diluted suspension will be transferred to the water surface via a silicon 
plate (see Fig. 2). In the first step, a silicon plate has to be treated by oxygen plasma 
at 400 W 9s to make it more hydrophilic, this favors a condition to remain of nanospheres 

on the watersurface. During this process, the lower edge of the Si plate is in the water 
in a beaker. 

The flow rate from of the suspension to the Si plate is 3 µL/min. In this way, a mono-
layer of the hexagonally arranged nanospheres forms on the water surface [10].  

To coat the substrate, the monolayer of spheres must be transferred from the water 
surface to substrates. The substrate must also be treated by oxygen plasma to make 
the surface more hydrophilic, which favors the densely packed hexagonal arrangement 
of the spheres in a large area. Then it must be introduced into the water and then 
slowly withdrawn at an angle of approximately 20° to the surface.  
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Fig. 2: Schematic of the polystyrene nanosphere assembly process on water sur-
face 

Structuring method 1: Nanopillars 

The first method allows creation of hexagonal grafted nanopillars. As substrates 
14x14 mm2 plates are diced from a quartz glass wafer. The polystyrene spheres are 
deposited on the substrate, by the method described above, and then the size of the 
spheres is reduced in a Reactive Ion Etching (RIE) process by application of an oxygen 
plasma. Etched nanospheres serve as an etching mask for the subsequent etching 
step in RIE to achieve nanopillars protruding of the substrate. For etching a CHF3/Ar-
Plasma [11] with an etching rate of 36 nm/min is used. Afterwards, polystyrene spheres 
are removed by O2-plasma.  

Structuring method 2: Metal Film over Nanospheres (MFoN)  

In the second method, the polystyrene spheres serve as a self-assembled nanostruc-
ture directly. After deposition of the spheres on a quartz-substrate or an optical fiber 
they can be covered with gold or silver film without further treatments [12]. For this 
experiment the polystyrene spheres with diameter of 607 nm are covered with 
200 nm Ag.  

The metal deposition is performed via e-beam evaporator at a deposition rate of 
0,10 nm/s. 

2.4. SERS experiments 

For the characterization of the SERS substrates on a glass fiber, the Raman spectrum 
of the quartz fiber is recorded as a reference spectrum during immersing of the struc-
tured fiber in Ethanol. This fiber is placed in a p-thiocresol-ethanol solution with a con-
centration of 10-4 mol/L for 3 hours. After the sample solution on the SERS surface is 
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evaporated, the SERS spectrum is recorded. The reference spectrum of the quartz 
glass fiber is then subtracted from the SERS spectrum.  

SERS substrates on a quartz glass plate were characterized by means of a modular 
Raman spectroscope, in which the excitation laser light (785 nm, 75 mW) is focused 
directly onto the SERS surface with a laser spot diameter of 40 µm. A requirement for 
the application of SERS active structures to the optical fiber is that the laser light      
coming from the fiber must penetrate the metallized structure in order to reach the 
molecules deposited on the SERS area. In addition, the scattered Raman light must 
also penetrate the structure to reach the optical fiber. As a result, two measurements 
are performed to characterize the SERS substrates on quartz wafers, the SERS meas-
urements are made on the upper side and on the backside of the substrate through 
the quartz substrate and the metallized structure. 

3. Results 

Fig. 3 (left) shows SEM images (upside down and tilted) of well-ordered and self-as-
sembled nanopillars on a quartz substrate. For this experiment polystyrene spheres 
with a diameter of 157 nm are used. These pillars are 200 nm deep and metallized 
with 40 nm Ag. Fig. 3 (right) shows the SEM images of the monolayer of nanospheres 
(diameter: 607 nm), which are metallized with 200 nm Ag (on a glass fiber). This picture 
shows monolayers of tightly packed hexagonal disposed nanospheres. 

 

Fig. 3: SEM pictures (upside down and tilted) of metallized (40 nm Ag) nanopillars 
on a quartz substrate (left); metallized (200 nm Ag) nanospheres (MFoN) (di-
ameter: 607 nm) on a quartz glass fiber (right) 

Metallized nanopillars as a SERS active area on a quartz substrate 

Fig. 4 shows spectra of p-thiocresol obtained on the quartz glass substrate with nano-
pillars serving as SERS active nanostructures. Dashed line represents SERS meas-
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urement from the upper side of the substrate. The solid line corresponds to the meas-
urement from the backside of the substrate, in this measurement the laser light passes 
through the glass substrate, metallized structures and finally illuminates the p-thiocre-
sol molecules on the substrate surface. 

 

Fig. 4: SERS Spectra of p-thiocresol with a concentration of 10-4 mol/L measured 
via nanopillars on quartz glass substrate. Dashed line represents SERS 
measurement from the upper side of the substrate. The solid line corre-
sponds to the measurement from the backside of the substrate. 

In the Fig. 4 is shown that the signal measured from the backside of the substrate is 
not reduced by the metallized structure. E-beam deposition has a very low side cover-
age, therefore the sides of the nanopillars are almost free of metal. The raman scat-
tered light from p-thiocresol deposited on the surface can penetrate into the fiber 
through the columns without any attenuation.  

The illustration shows the particularly strong characteristic peaks for p-thiocresol: C-C 
benzene ring stretch at 1592 cm-1 and C-S stretch at 1085 cm-1. There are also other 
characteristic peaks: C-H stretch for CH3 group (1372 cm-1), C-C benzene ring stretch 
(1198 cm-1), C-S stretch at 623cm-1, C-C benzene ring in plane bending (388 cm-1) 
[13]. 

MFoN on an optical glass fiber 

Fig. 5 shows SERS spectra of p-thiocresol, which were recorded using a structured 
quartz glass fiber. In this figure, the dashed line represents the Raman spectrum (the 
reference spectrum) of the glass fiber immersed in pure ethanol. The solid line is the 
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overlay of the Raman spectrum of the fiber with the SERS spectrum of p-thiocresol 
with the concentration of 10-4 mol/L. 

 

Fig. 5: Raman spectrum of a SERS active structured quartz glass fiber immersed in 
ethanol as the reference spectrum (dashed line) and SERS spectrum of            
p-thiocresol (dissolved in ethanol) with a concentration of 10-4 mol/L overlaid 
with the Raman spectrum of the quartz glass fiber (solid line) 

 

Fig. 6: SERS spectrum of p-thiocresol solution 10-4 mol/L (reference Raman spec-
trum from the glass fiber already subtracted) (lower picture). Spectra were 
taken via a structured optical fiber after evaporation from the sample solution 
on the fiber tip. 

Fig. 6 shows the SERS spectrum of p-thiocresol after subtracting the reference spec-
trum of the quartz glass fiber. A few peaks could not be clearly identified because they 
are shifted due to the overlay with the Raman spectrum of the fiber. 
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4. Conclusion 

Silicon or quartz glass substrates such as optical fibers can be coated over large areas 
homogeneously with polystyrene spheres in the hexagonally packed arrangement us-
ing the water technique described. The monolayer of nanospheres can be used as a 
mask for the manufacturing of the nanopillars and as a nanostructure for the SERS-
active areas directly. 

The SERS spectra recorded by means of a structured quartz glass fiber can be ob-
tained by subtracting the reference Raman spectrum of the optical quartz glass fiber. 

The metallized nanopillars as a SERS-active structure can be applied to an optical 
quartz glass fiber, because the signal measured from the backside of the substrate is 
not reduced by the metallized structure. 

With the measuring device and the SERS-active substrates, p-thiocresol with a con-
centration of 10-6 mol/L dissolved in ethanol could be determined. The measurement 
results show that the organic substances can be measured in sub-ppm range.   
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