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Abstract 

A side-channel photonic crystal fiber (SC-PCF) is proposed and fabricated to serve as a high sensitivity 

surface enhanced Raman scattering (SERS) sensing platform. The SC-PCF has a solid core with 

triangular lattice cladding structure, and one third of the cladding is removed intentionally to enable fast 

liquid infiltration and enlarge effective interaction area between liquid samples and the fiber core guided 

lightwave. The geometry of the SC-PCF is designed to obtain high evanescent field power in cladding 

side-channel, high free space coupling efficiency and low transmission loss at the excitation wavelength 

of 632.8 nm. Rhodamine 6G (R6G) solutions mixed with gold nanoparticles (AuNPs) are used to test the 
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SERS performance of the proposed platform. A low detection limit of 50 fM R6G solution is achieved. 

Moreover, an accumulative effect of SERS signal along the SERS-active fiber length is demonstrated 

experimentally, and a numerical-analytical model for backward scattering scheme is developed to 

investigate the dependence of Raman intensity on fiber length.  

Keywords: Fiber optics sensors; Surface enhanced Raman scattering 

 

1. Introduction 

          Surface enhanced Raman scattering (SERS) has been acting as a powerful tool for label-free 

molecular detection with high sensitivity [1–3], and it is even able to trace single molecule with the 

presence of noble metals by increasing the effective Raman scattering cross section [4–6]. SERS reveals 

the “finger print” information of a molecule, which makes it promising in sensing applications. In SERS, 

Raman scattering is enhanced predominantly by the enhancement of the local electrical field close to the 

surface of the metallic substrates due to the excitation of localized surface plasmons [7,8]. Owing to the 

unique properties of SERS, plenty of work on the development of SERS-active substrates have been 

reported [9–12].  

          Optical fiber based SERS sensing platforms have many advantages over SERS substrate 

platforms, such as compactness, flexibility and capability of remote sensing [13–19]. However, the 

applications of conventional optical fiber based SERS sensing platforms are limited either by the small 

amount of SERS active particles in active regions or by the low electromagnetic power in sensing areas. 

Photonic crystal fibers (PCFs), which consist of hollow cores or holey cladding structures, are inherent 

optofluidic sensing platforms [20–30]. Guided by the advanced development of fabrication, PCFs 

provide flexible design of optical waveguide properties, by which the light power in sensing area can be 

enlarged for a specific range of wavelength appropriately. In addition, their unique ability of 

transmitting gas or liquid samples in the air channels running along the entire fiber length enables 
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unprecedented long interaction path between the liquid sample and the light, which helps to extend the 

active sensing area intensely. By synergistically combining flexible design of optical waveguide 

properties and liquid transmission of air channels in a single fiber, both bandgap-guiding and index-

guiding PCFs have been investigated to construct high sensitivity, high performance and versatile SERS 

sensing systems [31–38]. The bandgap-guiding hollow-core PCFs enable direct interaction between 

sample and excitation light, while the index-guiding solid-core PCFs generate SERS signal through the 

interaction with evanescent field in cladding channels. However, the performance of PCF-based SERS 

sensors has been restricted either by the large attenuation caused by strong absorption and scattering in 

liquid sample or by the weak Raman signal induced by low evanescent field in air channels. Therefore, 

in this Letter, we propose and fabricate a solid core side-channel PCF (SC-PCF) which has the 

properties of low transmission loss, high evanescent power, and single mode propagation at the 

excitation wavelength of 632.8 nm for building up high sensitivity SERS sensing platforms. Moreover, 

one third of the holy cladding is removed intentionally to form a cavity which enables fast liquid 

infiltration for real-time measurement and enlarges effective interaction area between liquid samples and 

the guided lightwave within fiber core. An ultra-low detection limit of 50 fM Rhodamine 6G (R6G) 

solution is achieved with our SC-PCF platform and an accumulative effect is investigated for the 

purpose of further enhancing its sensitivity. 

2. Side channel photonic crystal fiber 

2.1 Fiber design and fabrication 

          SC-PCF in our design composes of a solid core and photonic crystal cladding with air holes 

arranged in triangle-lattice. The scanning electron microscope (SEM) image of the fabricated fiber and 

the microscope image of the preform are shown in FIG. 1(a) and (b), respectively. Through running 

simulation with finite element method (FEM) based software COMSOL, we find that the fraction of 
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evanescent power in the side-channel can be increased if the pitch (distance between two adjacent air 

holes) is decreased or the ratio of the diameter of air hole to pitch increases. To enhance evanescent 

power, effective methods are to reduce the sizes of fiber core and the pitch, and to increase the air filling 

ratio. Compromising light coupling efficiency, the size of pitch and the diameter of the air hole are 

chosen to be 3 µm and 2.1 µm, respectively. SC-PCF is fabricated through the stack-and-draw process, 

and temperature, pressure and vacuum need to be well controlled to keep the shape of the side-channel 

during the drawing process.  Moreover, the fiber drawing tower is 10 meters high, which can provide 

provides great stability during drawing process. Thus, with stable control during the drawing process, 

good consistency in the dimensions of fiber geometry can be expected. 

2.2 Fiber characterization 

          After the drawing, the core diameter of the fabricated fiber is around 2.8 µm. The size of side-

channel is about 25 µm (comparable to the size of a single cell), which is specially designed to enable 

SERS detection of molecules on cells. The transmission loss at 632.8 nm is experimentally measured to 

be 0.26 dB/m, as shown in FIG. 1(c). 

          As the SC-PCF has a solid core and holey cladding, light is confined in the fiber core by index-

guiding mechanism. The presence of liquid samples ( refractive index of the liquid is around 1.33 in the 

following experiments) in air channels does not significantly change the situation as the refractive index 

of the fiber core is still much higher than that of the liquid cladding in SC-PCF. More importantly, as 

designed, light propagation is kept in fundamental mode at 632.8 nm, which is preferable in collecting 

the scattered Raman signal with high efficiency. As depicted in FIG. 2 (a) and (b), the experimentally 

characterized fundamental mode matches well with the simulated mode profile obtained using 

COMSOL. When all the small air holes and the side channel are filled with liquid, the evanescent power 

in side-channel will increase linearly with the increasing refractive index of liquid. The effective 
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refractive index of the fundamental mode rises linearly with the increasing of the refractive index of 

liquid sample, as shown in FIG. 2(c). 

3. SERS experiments and analysis 

3.1 SERS performance on concentration measurements 

          SERS is stimulated by the interaction between molecules inside the cladding air channels and the 

enhanced evanescent field of the guided excitation laser light. The backscattered enhanced Raman signal 

is collected and analyzed using a commercial Renishaw Raman system. In the Raman system, the laser 

beam is focused onto the fiber core through a 50X objective lens. As the focus spot size is around 1 µm 

which is smaller than the size of the fiber core (3 µm), it’s better to verify whether the incident position 

of laser beam on the fiber core will have an effect on the SERS signal intensity. We choose two different 

incident positions of the laser beam, one is in the center of the fiber core and the other one is closed to 

the edge of the fiber core. With the same incident power and exposure time, the collected SERS spectra 

show almost no differences in the peak intensities of a common Raman tag (4- aminothiophenol) mixed 

with AuNPs solution. Besides, after investigating the effect of the different laser incident positions on 

the SERS intensity, we repeat the collection of SERS spectra 8 times in succession with the same 

incident position to find that this fiber platform shows great repeatability. Both of the consistency in 

fiber geometry and great repeatability of the experimental results give much convenience in doing 

sensing calibrations for new detections.  

          A common Raman active tag of R6G is used to test the capability of SERS sensing with this SC-

PCF. First of all, we investigate the detection limit of R6G using the SC-PCF SERS active sensing 

platform. Gold nanoparticles (AuNPs, diameter is around 60 nm) solution is used to dilute the R6G at 

1:1 volume ratio to different concentrations varying from 50 aM to 5 nM in steps of one order of 

magnitude. The concentration of AuNPs in the mixture is calculated to be around 75 pM (4.5*10
10

 

nanoparticles/ml). To start with, the SC-PCF is cut to 17 cm in length, and both ends are carefully and 
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well cleaved. The excitation laser light at wavelength of 632.8 nm is coupled into the fiber core from 

one end of the fiber which is fixed in the chamber on the microscope stage to get rid of fluctuations that 

may affect the SERS signal intensity, such as launching position and focus. Besides, as the intensity of 

SERS signal will increase with higher excitation laser power [39], we fix the incident laser power and 

exposure time to be 50% and 10 s in the Raman system settings to obtain high SERS signal intensities 

and avoid unwanted heating in the liquid samples at the same time.  The incident laser power on the 

fiber core is experimentally measured to be 2.057 mW. The backscattered Raman signal is collected and 

analyzed from the same launching end, as illustrated in FIG. 3.  

          After fixing the light coupling end of the fiber, measurements start from pumping the lowest 

concentration of R6G mixed with AuNPs solutions from the other end of the fiber into all the air 

channels (full-filling configuration) with a syringe, including the small cladding air holes and large side-

channel which run along the entire fiber length. Once one measurement is done, the measured solution is 

pushed out of the fiber by pressure, and a R6G solution with higher concentration is pumped into the 

same piece of SC-PCF in the increasing order of concentration to avoid contamination. Light is guided 

in the fiber core through index-guiding mechanism since the refractive index of the solution is around 

1.33 so that the effective index of the cladding structure is much lower than that of silica. The measured 

Raman spectra are plotted in the inset figures of FIG. 4, in which the baselines have been removed for 

the convenience of tracing the changes in the Raman intensities. The notable peaks at 1184cm
-1

, 

1310cm
-1

, 1369 cm
-1

 and 1575 cm
-1

 are relevant to the vibration modes of R6G molecules [40].  The 

detection limit of a 50 fM R6G solution with this SERS-active platform is confirmed. R6G with a 

concentration below 50 fM can be hardly detected, which is not shown in the spectra. The detection 

limit of state of art using fiber based SERS platforms is reported to be around 0.1 nM R6G solution, 

achieved with suspended core fibers
 
[36]. Such good sensitivity of suspended core fiber can be attributed 

to significantly enhanced light matter interaction enabled by the large fraction of evanescent power in 
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the channels filled with liquid samples. But, the intensity of collected SERS signal is determined by the 

complicated interplay between the Raman enhancement and light attenuation. Thus, compared to 

suspended core fibers, the ultra-high sensitivity achieved in our work is mainly contributed by several 

factors: 1) higher light coupling efficiency at the laser beam launching end enabled by the larger core 

size, 2) low transmission loss at the excitation light and scattered Raman signal, 3) high evanescent field 

in active sensing areas, and 4) low attenuation coefficient caused by the absorption of AuNPs and liquid 

samples. As illustrated in FIG. 4, the Raman intensity at 1310 cm
-1

 increases distinctly at higher 

concentration, as well as the overall Raman intensities. The enhanced Raman signal is mainly generated 

by the analyte molecules that are adsorbed onto or being closed to the AuNPs, and the adsorption of 

molecules onto the AuNPs obeys the Langmuir isotherm, indicating that the adsorption will approach 

saturation with the increase in concentration. Therefore, the slope of the Raman intensity against 

concentration will decay gradually when the concentration increases over a specific saturation point, 

depending on the adsorption of molecules. Based on the regular increase trend of the Raman intensity 

against concentration of R6G and the linear dependence in narrow concentration ranges, SC-PCF has a 

great potential in quantitative measurement applications. Moreover, the detection limit of R6G in 

selective filling configuration (only the side-channel is filled with the mixture solution) is 1 pM, which 

still shows improved performance compared with previously reported results.   

3.2 Dependence of SERS intensity on  fiber length 

           Secondly, we conduct a cut-back experiment to explore the effect of fiber length of SC-PCF on 

the surface enhanced Raman signal intensities using 50 nM R6G solution mixed with the AuNPs 

mentioned in the above experiments.  Similarly, one well cleaved end of a 14 cm long SC-PCF is fixed 

in the chamber on the microscope stage after aligning with the launched excitation light. The mixture of 

R6G and AuNPs is pumped into the air channels of fiber from the other end using a syringe. Later, the 

fiber is cut off by 1 cm each time from the pumping end after each measurement.  The inset of FIG. 5 
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shows the Raman spectra of 50 nM R6G solutions measured with the fiber length cutting back from 14 

cm to 7 cm, in which the baselines are removed as well. By tracing the changes of Raman intensities at 

1310 cm
-1

 window, we can see clearly from FIG. 5 that the intensities increase rapidly with longer fiber 

length. This nonlinear accumulative phenomenon can be explained by the complicated interplay 

between the Raman enhancement and the attenuation of the light propagating in fiber core [41].  

          To explore the accumulative effect, we apply a numerical-analytical model to quantitatively 

analyze the dependence of SERS intensity on fiber length for backward scattering scheme, referring to 

previous work [41,42]. In this model, we assume that AuNPs distribute evenly in the colloidal solution, 

and there is no interaction between AuNPs. Since the concentration of R6G (50 nM) is much higher than 

that of AuNPs (~75 pM), the adsorption of R6G onto AuNPs can be regarded as saturated. As AuNPs 

distribute sparsely and the SERS signal is generated by the molecule adsorbed onto the surface of 

AuNPs, we first analyze the intensity of SERS signal that can be collected from one end of the fiber 

generated by individual AuNP, and then sum up all the Raman intensity that can be collected from the 

fiber end. The analysis of the intensity of SERS signal takes into consideration of the power decays of 

the excitation light (𝛼𝑖𝑛) and scattered Raman light (𝛼𝑅𝑎𝑚𝑎𝑛) due to the absorption and scattering of 

AuNPs along the propagating path, Raman signal enhancement factor (𝑆 ), coupling efficiency of 

scattered Raman light into the fiber core (𝐶), among which, 𝑆 is regarded as constant for a certain type 

of AuNP, and 𝐶  is assumed to be constant for a certain concentration in our case. The theoretical 

intensity of SERS signal can be expressed as follows. 

          𝑃𝑆𝐸𝑅𝑆,𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑 =  𝑃𝑖𝑛 × 𝑆 × 𝐶 × ∑ exp(−(𝑖 − 1)(𝛼𝑖𝑛 + 𝛼𝑅𝑎𝑚𝑎𝑛))𝑛
𝑖=1 , 

                                       =  𝑃𝑖𝑛 × 𝑆 ×  𝐶 ×
1−exp (−𝑛𝛼𝑖𝑛−𝑛𝛼𝑅𝑎𝑚𝑎𝑛)

1−exp (−𝛼𝑖𝑛−𝛼𝑅𝑎𝑚𝑎𝑛)
 ,            ⑴ 

where 𝑃𝑖𝑛 represents the intensity of excitation laser, 𝑖 represents the sequence of individual AuNP along 

the fiber length counting from the excitation light launching end, and 𝑛 is the amount of AuNPs in active 

region. The simulated dependence of Raman intensity on fiber length for full-filling configuration is 



9 

 

illustrated in FIG. 6. For this simulation, 𝛼𝑖𝑛 and 𝛼𝑅𝑎𝑚𝑎𝑛 are computed by using Mie theory and taking 

into consideration of simulated energy distribution of fundamental mode in SC-PCF obtained with 

COMSOL. We can see clearly from FIG. 6 that increasing fiber length can be an effective way to further 

enhance the SERS sensitivity and the saturation length can be longer with lower AuNPs concentrations. 

Moreover, in backscattered scheme, the value of Raman intensity will be constant after reaching 

saturation length, which gives much convenience in practical applications as it is exceedingly time and 

effort consuming to calculate the precise saturation length by taking into consideration of the attenuation 

coefficients for both of the excitation and scattered Raman light determined by the morphology of 

AuNPs, fiber structure, concentration of AuNPs, and transmission loss. 

          According to our theoretical calculation, the saturation fiber length for full-filling configuration 

with 75 pM AuNPs is around 70 cm. As the maximum fiber length used in our experiment is 14 cm, the 

Raman intensity keeps growing as the fiber length increases. Different from the simulated curve, the 

slow growth or disorder of the intensities with shorter fiber length in FIG. 5 is likely caused by two 

factors: (1) excitation of radiative modes in the coupling end. When fiber length is short, the collected 

Raman intensities are contributed by combined radiative modes and fundamental mode, while only 

fundamental mode is considered in the simulation. (2) Accumulation of AuNPs that attached onto the 

silica core. Although most of the AuNPs are discrete in the solution, a few AuNPs are depositing onto 

the silica during the experiments when fiber length is cut off, resulting in larger Raman intensities.  

4. Conclusion 

          We design, fabricate and characterize a solid-core SC-PCF which has a large side-channel in 

lattice cladding for SERS sensing applications. An ultra-low detection limit of 50 fM R6G solution 

mixed with AuNPs is achieved using SC-PCF revealing its high sensitivity. Raman intensities rise 

distinctly with the increase of the concentration.  We show an accumulative phenomenon of Raman 

signal along the SERS-active fiber length with SC-PCF, which indicates that increasing fiber length can 
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be an effective way for further enhancing the SERS sensitivity. We also theoretically explore the 

dependence of SERS intensity on fiber length in backward scattering scheme to give guidelines in 

constructing high sensitivity, easy handling, and versatile PCF based SERS optofluidic sensors. In 

addition to its high sensitivity, the design of SC-PCF integrated with easy processing of SERS-active 

medium is expected to offer more opportunities for diverse and high performance optofluidic sensing 

applications including environmental analysis, single molecular detection on cells and clinical diagnosis 

in various kinds of liquid samples like urine and blood. 
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Figure Captions: 
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FIG. 1. (a) SEM image of the cross section of SC-PCF. (b) Microscope image of the cane.  (c) 

Transmitted power at 632.8 nm as a function of fiber length. The black squares represent experimental 

data, and the red straight line is fitted to the experimental data. 

FIG.  2. (a) Experimentally characterized and (b) simulated mode distribution of fundamental core 

mode. (c) Dependence of fraction of evanescent power in side-channel and effective refractive index of 

LP01 mode on refractive index of liquid. 

FIG.  3. Schematic diagram of the setup for backscattered SERS measurements (Sizes are not to scale). 

FIG.  4. SERS intensity as a function of concentration of R6G solution. The black solid curve is fitted 

with Langmuir isotherm. (Inset) SERS spectra of various concentrations of R6G solutions. 

FIG.  5. SERS intensity of 50 nM R6G solution as a function of fiber length and SERS spectra of 50 nM 

R6G solution with different fiber lengths (inset). 

FIG. 6.  Dependence of Raman intensity on fiber length with different concentrations of AuNPs for 

backward scattering scheme. 

 


