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Abstract—This paper reports on an efficient and convenient 

method of patterning nanostructures on the cleaved facet of an 

optical fiber to realize a high-performance fiber-optic gas 

sensor. The fabrication method utilizes an ultraviolet assisted 

nanoimprint lithography to transfer nanoscale patterns from a 

pre-formed stamp to the fiber tip. The novelty of this work lies 

in utilizing simpler fabrication steps with better control over 

angle of contact at the fiber tip, which leads to rapid and precise 

formation of nanostructures with well-adefined features. A 

periodic array of polymer nanoposts are formed at the fiber tip 

and coated with titanium dioxide to serve as a guided mode 

resonant (GMR) device. A gas sensor is realized by coating the 

GMR structure with a thin layer of graphene oxide (GO) 

nanosheets. We have utilized the resonance sensitivity of the 

nanopatterned fiber-tip gas sensor to surrounding refractive 

index. The abundant functional groups available at GO provides 

an effective adsorption surface for gas molecules. Microscopic 

imaging and spectroscopic studies are conducted to illustrate the 

structural and optical properties, and gas-sensing performance 

of the sensor. Volatile organic compounds such as ethylene and 

methanol, associated with crop plant health, are detected by the 

sensor. The sensor provides sensitivities of 0.92 pm/ppm and 

1.37 pm/ppm for ethylene and methanol vapors, respectively, 

with a three-fold enhancement in sensitivity and 50% reduction 

in response time compared to the non-GO coated counterpart. 

In addition, the sensor demonstrates good stability and 

reproducibility, thus having a great potential in fiber-optic 

remote sensing applications.  

Keywords—fiber-optic gas sensor; nanoimprint lithography; 

guided mode resonance; graphene oxide; titanium dioxide. 

INTRODUCTION  

Nanostructuring is one of the most explored platforms in 

the nanophotonics area due to its light control property at the 

nanoscale. There are several studies for nanopatterning by 

incorporating metal or metal oxide to realize sub-wavelength 

structures for resonant field confinement and enhancement 

[1], [2]. Some of these structures have been employed for 

sensing applications such as liquid-phase detection of 

proteins [3], DNA [4], glucose [5], and cancer biomarkers 
[6], and gas-phase detection of various molecules [7-9]. 

However, the relatively large overall device size of these 

structures and the complex optical coupling systems do not 

allow them to be easily inserted  
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into remote regions (as in endoscopy). The ability of creating 

high-resolution nanopatterns on the micron size tip of optical 

fiber has a potential of remote sensing applications, with 

different detection devices such as diffraction gratings, 

photonic crystals, and micro-ring resonators. Yet, the number 
of studies on patterning the tips of optical fibers and utilizing 

them as a sensing mechanism is limited. This paper reports 

on our contributions in the above context. 

The implementation of fiber-tip based sensor can offer 

numerous advantages, especially in terms of elimination of 

bulky optics and easy insertion of the device to sensing area. 

The microscopic cross-section size and high mechanical 

flexibility of optical fibers allow in-vivo, remote diagnostic 

detection. A number of approaches have been pursued 

wherein the fiber end facet has been modified to realize 

structures capable of detecting analyte molecules. For 

example, localized surface plasmon resonance based fiber-tip 
probes have been realized for ultrasensitive detection of 

protein biomarkers [10], [11]. A fiber tip-based Fabry-Perot 

(FP) gas sensing probe composed of a silver layer and a 

vapor-sensitive polymer layer has also been developed for 

detection of methanol, acetone, and hexanol vapors [12]. In 

addition, a combination of fiber tip-based evanescent field 

and quartz-enhanced photoacoustic sensor has been recently 

utilized to detect carbon monoxide [13]. However, due to the 

lack of suitable absorption materials for detecting gas 

molecules, the sensitivity to surrounding gas concentrations 

remains a challenge. Recently, graphene oxide (GO) has been 
utilized in the development of highly sensitive sensors as it 

possesses many unique properties such as high surface-area-

to-volume ratio [14], [15] and variety of functional groups 

(e.g., carboxyl, hydroxyl, carbonyl and epoxide) at the GO 

surface, providing traps for gas species [16]. Although GO 

and GO-based nanocomposites have been used extensively 

on conventional planar substrates for sensing gas species 

[17]-[19], few studies exist on integrating GO nanosheets at 

the optical fiber tip to explore sensing applications [20]. In 

this paper we report below our findings on GO-layer induced 

enhanced sensitivity, towards the fiber-optic measurement of 

gas concentrations. 
Several fabrication processes have been reported to 

pattern unconventional substrates including optical fiber tips. 

The standard technologies, such as electron beam lithography 

(EBL) [10], [21], reactive ion etching [10], [22], and liftoff 

[11] were utilized to pattern nanostructures on fiber facets. 

Although these methods can produce repeatable patterns, spin 

coating resist and etching are challenging on fiber facets 

because of their small size, non-planarity and mechanical 
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flexibility. An alternative approach used evaporation to 

deposit resist at the fiber tip, which eliminated the need of 

spin coating the resist [23]. However, the requirements of 

specialized vacuum equipment and resist made the process 

intricate. Obtaining a thin and uniform resist layer for high 
resolution patterning at fiber tip using EBL remains a 

challenge. In addition, the focused ion beam (FIB) was 

employed as a direct writing approach to efficiently mill a 

regular lattice of nanoholes [24] and microchannels [25] on 

fiber facets. However, the fabrication process is not defect 

free due to unwanted ion doping and angled sidewalls of the 

patterned structure [25]. Moreover, due to the serial FIB 

milling process, fabricating complex patterns at the fiber tip 

is time consuming. Furthermore, nanoskiving technique [26] 

was explored to pattern an array of metallic nanostructures on 

a fiber tip. However, the mechanical stress and the structural 

folding induced during nanoskiving make the yield of this 
process low [26]. Recently, nanoimprint lithography (NIL) 

[27] emerged as an attractive patterning technique due to its 

ultrahigh resolutions, simplicity, and cost-effectiveness. 

Since NIL relies on direct mechanical deformation of resist 

material, it can achieve resolution limit down to sub-10nm 

region. These features of NIL make it a good candidate for 

fiber tip patterning. An ultraviolet (UV) based NIL method 

has already been reported for fiber tip patterning, but it 

requires non-trivial inclined UV incidence making the 

process tedious [28]. Our paper reports some key 

improvements, summarized at the end of this section. 
In this paper, we demonstrate a simple and efficient 

method to inscribe high-resolution nanophotonic patterns on 

the cleaved facets of optical fibers using UV assisted NIL 

[29], [30]. The nanostructured patterns are made of SU8 

photoresist and coated by a thin layer of titanium dioxide 

(TiO2) in order to form a fiber optic sensor utilizing guided 

mode resonance (GMR) and its shift when exposed to 

analytes. The resonance shift is due to the leaky modes of the 

GMR structure that allows for the interaction with the analyte 

on its structure surface. The incident light energy is coupled 

to these radiated leaky modes. Since the deposited TiO2 at the 

fiber tip acts as a light confinement layer, the device works as 
a high contrast grating in which the optical field associated 

with the GMR modes is evanescently confined near the 

surface. The successful transfer of nanostructures of different 

forms to the fiber tip is confirmed by scanning electron 

microscopy (SEM) and optical spectroscopy. A photonic 

crystal cavity made out of a GaAs membrane with embedded 

high density InAs quantum dots has earlier been realized at a 

fiber tip, that works as a biosensor [31]. We, on the other 

hand, have demonstrated a new fiber-tip GMR structure 

integrated with GO, toward a first application in gas sensing. 

This fiber tip patterning technology allows producing fiber-
optic sensors for remote in-field measurements in biomedical, 

environmental, agricultural, and other applications. 

Measurements of the GMR resonance shift in the 

presence of the gas analytes near the fiber tip surface are 

performed to validate the workability of the nanostructures as 

a fiber-optic sensor. The GMR device is further coated with 

a thin layer of GO nanosheets to enhance gas adsorption at 

the fiber tip. Sensitivity and reproducibility studies are also 

performed for the proposed sensor. In summary, the 

contributions of this work are as follows: 

• Simple and efficient process for nanopatterning the 
optical fiber tip. 

• A comprehensive physics based explanation of the 

functioning of the device as the light passes through the 

fiber and hits the TiO2 coated grated waveguide structure 

at the fiber tip. 

• A complete characterization of TiO2 coated nanopatterns 

transferred to the fiber tip.  
• Utilization of the GO-coated GMR structure to monitor 

surrounding refractive index changes in response to the 

changing concentrations of the analytes.   

• Application to gas sensing and characterization for 

methanol and ethylene. 

 

DEVICE FABRICATION 

The device fabrication process starts from preparing a flat-
cleaved fiber tip and a transparent master mold with patterns 

made on a glass wafer. First, an array of nanoposts was 

formed on a glass wafer using soft lithography based replica 

nanomolding process. Next, the nanopatterns were 

transferred from the glass to the fiber tip using a low-viscous 

UV curable resist. This UV-NIL technique circumvents the 

need to apply the lithography processes directly to smaller 

fiber facet. Instead, a larger carrier wafer was processed first, 

and then using UV-NIL, the nanostructures were transferred 

from the carrier to the fiber tip.  

Mold Preparation 

Preparation of a glass wafer mold carrying nanoposts 

consists of a number of steps depicted in Fig. 1(a-d), followed 

by their transfer to the fiber tip as in Fig. 1 (e-g).  

First, a polydimethylsiloxane (PDMS) mold was formed 

from a silicon (Si) master mold (LightSmyth Technologies). 

The Si master mold with nanopatterns was silanized by 

(tridecafluoro-1, 1, 2, 2-tetrahydrooctyl)-1-trichlorosilane 
(T2492-KG, United Chemical Technologies) in a desiccator 

under vacuum condition for 20 min. Subsequently, an s-

PDMS precursor solution was prepared by mixing Sylgard 

184 (Dow Corning) and curing agent at the weight ratio of 

10:1 and degassed in a vacuum desiccator for 20 min. The s-

PDMS mixture was then poured onto the top surface of 

silanized Si mold and cured on a hotplate at 65oC for 2 hrs 

(Fig. 1a). After that, the PDMS slab containing a square array 

of nanoholes was peeled from the Si mold (Fig. 1b). Next, a 

UV curable polymer (ZIPCONE™ UA or ZPUA) was used 

to imprint the nanopatterns from the PDMS mold to the glass 
wafer [Fig. 1(c-d)]. At first, the glass wafer was  
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Fig. 1: Fabrication process. (a) PDMS is poured on the silicon stamp and 

then thermally cured. (b) PDMS is peeled off the stamp. (c) ZPUA is poured 

on the PDMS mold. (d) The PDMS mold is pressed against the glass wafer 

and exposed to UV radiation. (e) The fiber tip is dipped into SU8-2000. (f) 

The fiber is pressed against the grating structure and is subject to UV 

irradiation. (g) The mold is released from the fiber tip.  

 

spin coated with an adhesive layer of Transpin at 3000 rpm 

for 40s and subsequently heated at 200 0C for 5 min. This step 

is required to enhance the adhesion ability of ZPUA to glass 

wafer resulting in complete transfer of ZPUA nanoposts to 

the glass. Next, ZPUA was dropped on the PDMS mold (Fig. 

1c) and the mold was then placed on top of the glass wafer. 

Then the wafer was exposed to UV light for 5 min at an 

intensity of 3.3 mW/cm2
 (Fig. 1d). Separation of the PDMS 

mold from the glass resulted in nanoposts transferred to the 

glass wafer. 

Transferring Patterns to Fiber Tip 

The first step was to strip the polymer jacket of the fiber 

with a fiber stripper and to clean the fiber facet using 

isopropyl alcohol (IPA). The next step was to cleave the 

stripped multimode fiber (FT200EMT, Thorlabs) using a 

fiber cleaver to obtain a flat fiber tip. Further, the glass wafer 

with ZPUA nanoposts was treated with an anti-adhesion 
coating by salinization in vacuum (10-5 mTorr) using 

trichloro(1H,1H,2H,2H-perfluoro-octyl) silane. The anti-

adhesion treatment minimized the adhesion between the glass 

wafer and the UV-curable resist, thus facilitating easy release 

of the fiber tip from the mold. The next step was to use a low-

viscous UV curable resist (SU8-2000) to transfer the patterns 

from the ZPUA mold to the fiber tip. For that, the fiber was 

first dipped into SU8-2000, and then mounted on an XYZ 

stage (Fig. 1e). It was then gradually approached towards the 

mold until the tip touched the mold, resulting in filling the 

grating cavities with the resist (Fig. 1f). Subsequently, the 
fiber tip was exposed to UV light with the intensity of 14 

mW/cm2 for 15 min. After the UV irradiation, the fiber tip 

was lifted from the mold (Fig. 1g).   

The critical steps of the process flow include selecting a 

low viscous UV curable resist and finding the optimum UV 

intensity and exposure time. Highly viscous resist only 
partially fills the nanoholes resulting in incomplete pattern 

transfer to fiber tip. Other reports [28] used an opaque 

substrate such as Si wafer to form the master mold, which 

required an oblique UV incidence to polymerize the 

photoresist. As the UV exposure energy needed is sensitive 

to the angle between the mold and the fiber tip, the energy-

control is relatively poor in that setting. In contrast, the 

energy is more controllable in our case, owing to a 

transparent mold and a normal incidence light for 

polymerization.  

Next, to form a fiber-tip GMR device, a 160 nm-thick 

TiO2 layer was deposited using e-beam evaporation at the 

nanopatterned fiber tip. The TiO2 coated fiber tip was further 

coated with GO nanosheets to allow gas adsorption and 

sensing, by measuring resonance shifts of a GMR mode. The 

160 nm-thick TiO2 coating was chosen because through 

simulation, we found that this thickness concentrates a main 

electric field inside TiO2, with part of the evanescent field 

penetrating through the GO layer into the surrounding 

environment.  The field distribution at the resonant mode of 

the GMR structure is described later in the Results and 

Discussion section. For thicknesses other than 160 nm, there 

is little evanescent field penetrating into the surrounding 

medium, and hence not suitable for probing the surrounding 

for gas detection.  To prepare a GO suspension solution, 2 mg 

of synthesized GO nanosheets (purchased from Graphene 

Supermarket) was thoroughly dispersed in 1 ml of deionized 

(DI) water, followed by sonication at room temperature for 

90 min. This solution was then diluted to make a GO 

dispersion solution with concentration of 0.1 mg/ml (0.1 mg 

of GO in 1 ml of DI water). The surfaces of three fiber-tip 

sensors were made hydrophilic using oxygen plasma 

treatment before drop-coating with different amounts of GO 

suspension solutions. Three identical fiber-tip sensors were 

further drop-coated by 0.02 µl/µm2 of 0.1 mg/ml GO 

suspension solution once, twice, and thrice, respectively. In 

this way, three different fiber-tip sensors of varying GO 

thicknesses were formed. These sensors were then dried at 

room temperature for 2 hr. 

WORKING PRINCIPLE AND MATHEMATICAL 

CHARACTERIZATION 

The nanopatterns at the fiber tip were designed to have a 

period of 500 nm, the hole diameter of 250 nm, and the hole 

height of 210 nm. The nanoholes coated with the 160 nm-

thick TiO2 layer acts as a GMR device as light passes from 

the fiber to the TiO2 layer and is then detected by the detector. 

Resonance occurs when there is a phase matching of 

excitation light with a GMR mode. This significantly 

enhances the near-field intensity associated with the GMR 
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modes and is also sensitive to the changes in the surrounding 

refractive index.  

As shown in Fig. 2, the present structure is a three-layered 

dielectric waveguide-grating composed of a polymer layer 

(SU-8) of refractive index ηsu8 = 1.6, a grated TiO2 layer of 
average refractive index ηavg , and a surrounding medium (air) 

of refractive index ηair = 1 (air). The grated layer consists of 

alternating high index (ηH  =  𝜂
𝑇𝑖𝑂2

= 2.49) and low index (ηL 

= ηair = 1) materials. ηavg can be expressed by the following 

equation [32]: 

 

                   𝜂
𝑎𝑣𝑔

= √𝜂
𝐿
2 + 𝑓(𝜂

𝐻
2 − 𝜂

𝐿
2),                             (1)  

where  𝑓 is the fill factor (fraction of the grating containing 

the high refractive index material). For the proposed 

structure, 𝑓 = 0.5 and hence ηavg = 1.904. The average 

refractive index ηavg of the grating structure must be greater 
than that of the substrate and the medium above to allow  

 
Fig. 2: Schematic representation of planar waveguide-grating at the optical 

fiber tip, where the angles, θm is of incident light, θi
b is of the ith backward-

diffracted wave, and θi
f is of the ith forward-diffracted wave.          

 

total internal reflection and light confinement. The sub-
wavelength grating couples the incident light into a strongly 

confined mode of the waveguide structure, leading to a 

guided mode resonance. The resonance wavelength and the 

angle of total internal reflection due to the guided mode can 

be obtained by ignoring the material dispersion.  For 

transverse-electric (TE) polarization, the wave propagation in 

an asymmetric waveguide grating can be expressed by the 

coupled-wave equation as follows [33]: 
𝑑2𝐸𝑖(𝑧)

𝑑𝑧2
+  [𝛽2𝜂

𝑎𝑣𝑔
2 −  𝛽2(𝜂

𝑎𝑣𝑔
sin 𝜃 − 𝑖 

𝜆

Λ
)

2

] 𝐸𝑖(𝑧) +

        
1

2
𝛽2Δη2[𝐸𝑖+1(𝑧) + 𝐸𝑖−1(𝑧)] =  0                               (2) 

 

where 𝐸𝑖(𝑧) is the electric-field amplitude of the ith space 

harmonic, 𝜆 is wavelength of incident light, Λ is grating 

period, 𝛽 =
2𝜋

𝜆𝐺𝑀𝑅
 is the propagation constant in the 

waveguide (𝜆𝐺𝑀𝑅 the corresponding wavelength), 𝜃 is 

internal angle of incidence in the waveguide (Fig. 2), and Δη 

= (ηH - ηL) denotes the modulation of the grating structure.  

Our goal is to determine the values for 𝜃 and 𝛽 =
2𝜋

𝜆𝐺𝑀𝑅
 to 

know the critical angle and the propagation constant in the 

grated waveguide. We will first find 𝜃, which actually 

depends on the allowed mode angles within the fiber core, 

through which the light passes first. Let 𝜃𝑚 denote the 𝑚th 

mode angle within the fiber core which, in our design, is a 

multimode fiber (FT200EMT, Thorlabs) with core refractive 
index, ηcore = 1.45 and cladding refractive index, ηclad = 1.39. 

This results in a weakly guided fiber with a fractional 

refractive index change 𝛥, calculated from the equation in 

[34], to be: 

            𝛥 =  
𝜂𝑐𝑜𝑟𝑒

2 −𝜂𝑐𝑙𝑎𝑑
2

2𝜂𝑐𝑜𝑟𝑒
2 = 0.04 <<1                                   (3) 

In such a weakly guided fiber, the grouped-together 

modes behave as linearly polarized modes, which leads to 

their following characteristic equation [34]: 

       −√1 − 𝑏
𝐽𝑚−1(𝑉√1−𝑏)

𝐽𝑚(𝑉√1−𝑏)
=  √𝑏

𝐾𝑚−1(𝑉√𝑏)

𝐾𝑚(𝑉√𝑏)
 ,                      (4)  

where 𝐽
𝑚

 is the Bessel function of the first kind, 𝐾𝑚 is the 

modified Bessel function of the second kind, 𝑉 =

2𝜋
𝑎

𝜆
√𝜂𝑐𝑜𝑟𝑒

2 − 𝜂𝑐𝑙𝑎𝑑
2  with the fiber core diameter 2𝑎 =

 200µ𝑚, and 𝑏 =  
𝜂𝑒𝑓𝑓

2 −𝜂𝑐𝑙𝑎𝑑
2

𝜂𝑐𝑜𝑟𝑒
2 −𝜂𝑐𝑙𝑎𝑑

2   with ηeff  = ηcore  sin 𝜃𝑚.  

It can be seen that the only unknown in Eq. (4) is  the 

mode angle 𝜃𝑚 in the fiber. This equation can be solved 

graphically by plotting right and left hand sides versus 𝑏 and 

finding the intersections. From the value of 𝑏, the allowed 

mode angles 𝜃𝑚 inside the fiber core can be determined. Next 

the angle 𝜃 can be found using the following equation, of the 

grating, that relates the two angles: 

            𝜂
𝐻

 sin 𝜃 −  𝜂
𝑐𝑜𝑟𝑒

 sin 𝜃𝑚 = 𝑖
𝜆

Λ
                                (5) 

Note for the ith space harmonic guided wave to exist in the 

grated waveguide structure, the angle must also satisfy: 

      max(𝜂
𝑎𝑖𝑟

, 𝜂
𝑠𝑢8

)  ≤  𝜂
𝑎𝑣𝑔

 sin 𝜃 − 𝑖 
𝜆

Λ
<  𝜂

𝑎𝑣𝑔
               (6) 

Once 𝜃 is known by solving (5) and also satisfying the 
constraint of (6), an eigenvalue equation can be employed to 

find 𝛽. For the case of TE polarization, the eigenvalue of the 

modulated waveguide is given by [35]: 

         tan(𝑘𝑖𝑑) =  
𝑘𝑖(𝛾𝑖+ 𝛿𝑖)

𝑘𝑖
2− 𝛾𝑖𝛿𝑖

 ,                                       (7) 

where 𝑑 is the thickness of the TiO2 layer, 𝑘𝑖 =

√𝛽2𝜂
𝑎𝑣𝑔
2 −  𝛽

𝑖
2 , 𝛾

𝑖
=  √𝛽

𝑖
2 − 𝛽2𝜂

𝑎𝑖𝑟
2  , 𝛿𝑖 =  √𝛽

𝑖
2 − 𝛽2𝜂

𝑠𝑢8
2  , 

and 𝛽
𝑖

= 𝛽(𝜂
𝑎𝑣𝑔

 sin 𝜃 − 𝑖 
𝜆

Λ
) denotes the effective 

propagation constant of waveguide grating. On the other 
hand, for the transverse-magnetic (TM) polarization, the 

eigenvalue can be expressed as [35]: 

                       tan(𝑘𝑖𝑑) =  
𝜂𝑎𝑣𝑔

2 𝑘𝑖(𝜂3
2𝛾𝑖+𝜂1

2  𝛿𝑖)

𝜂1
2𝜂3

2𝑘𝑖
2−𝜂𝑎𝑣𝑔

2  𝛾𝑖𝛿𝑖
                     (8) 



Accepted for publication in IEEE Sensors Journal 
Eq. (7) for TE modes or Eq. (8) for TM modes can be 

solved numerically to find 𝛽, which is the only remaning 

unknown in those equations. This in turn can be used to find 

the guided mode resonance wavelength, 𝜆𝐺𝑀𝑅 =  
2𝜋

𝛽
 . It can 

be observed that any changes in the surrounding refractive 

index ηL will lead to a change in 𝜂
𝑎𝑣𝑔

, causing a shift of 

resonant wavelength and establishing our working principle. 

RESULTS AND DISCUSSION 

Characterization of  Nanopatterns at Fiber Tip     

The fiber tip was observed under a stereomicroscope 

(Leica, 205FA). The corresponding reflective color patterns 

from the grating patterned at the fiber tip for different incident 

angles were observed (Fig. 3).  

The SEM analysis was performed to characterize the 

nanopatterns transferred to the fiber tip (Fig. 4). The square 

lattice of nanoholes at the fiber tip with pitch of 500 nm and 

groove depth of 210 nm (Fig. 4b), was used as a gas sensor 

(described later in the Application to Gas Sensing section). It 

was also confirmed from this SEM image that full coverage 
of the nanoholes is achieved when coated with a 160 nm-thick 

TiO2 layer (Fig. 4c). Fig. 4d shows the TiO2 coated nanoholes 

further covered with 0.5 mg/ml dispersion solution of GO 

nanosheets, and verifies the uniformity and adherence of the 

GO coating on the fiber tip. The reproducibility of our 

process was confirmed by fabricating TiO2/GO layered 

nanoholes at the tips of three identical optical fibers, as shown 

in Figs. 4d-f. In addition, four other types of nanostructures 

were transferred to optical fiber tips using the same 

fabrication steps as illustrated in Figs. S1a-S1d of the 

Supplementary Materials section presented at the end, in an 

appendix. Fig. S1a illustrates the nanoposts having pitch of 
500 nm and groove depth of 150 nm with triangular lattice, 

whereras Figs. S1b, S1c and S1d depict, respectively, the 

nanoholes (pitch of 700 nm and groove depth of 150 nm) with 

triangular lattice, nanoposts (pitch of 500 nm and groove 

depth of 210 nm) with square lattice, and linear nanostamps 

(pitch of 700 nm and groove depth of 150 nm). To visualize 

the complete structure transferred to the fiber tip, a 750 tilted 

view of the linear stamps was captured to reveal the height of 

the nanostamps at the tip (Fig. S1e). Moreover, the height of 

remaining polymer beneath the nanoposts was also observed, 

which was approximately 880 nm (Fig. S1f). This clearly 
demonstrates the versatility of our pattern transfer process (as 

explained in the Device Fabrication section) to realize 

different types of nanostructures at the fiber tip.  

For sensing purposes, only the fiber tip patterned with 

square lattice of nanoholes (Fig. 4) was utilized.  Different 

structures were designed, mainly to establish the fabrication 

capability of our process, and also to conduct an initial 

structural optimization with respect to sensor sensitivity. 

Further, we conducted Raman spectroscopy to 

characterize the GO coating at the fiber tip. The Raman 

spectrum of GO depicts the characteristic peaks of D and G 

at 1354 cm-1 and 1598 cm-1 respectively (Fig. 5). The G band 
is associated with C-C bond stretch in sp2 carbon domains and 

the D band appears due to the presence of disorders in the GO 

nanosheets [36].   

Bulk Refractive Index Change Characterizations 

The optical properties of the GMR structure at the fiber  

tip were measured by coupling a white light from a halogen 

light source (150 watt quartz halogen lamp, Luxtec Fiber 

Optics) into the multimode fiber carrying nanopatterns at the 

tip. The device fiber was next coupled to another multimode 

fiber through a slotted mating sleeve (ADAF1, Thorlabs). 

The transmitted light was collected from the multimode fiber 

into a spectrometer (USB4000, Ocean Optics) (Fig. 6).  
The measured transmission spectrum for a 2D nanohole 

array, with square lattice at the fiber tip coated with a 160 nm-

thick layer of TiO2, is shown in Fig. 7a, where the interaction 

of light with the grating structure resulted in a  

 
Fig. 3: (a) Optical image of a multimode fiber with the tip patterned with 

nanostructures. (b, c, d) Reflective colors from the 2D GMR patterns at the 

fiber tip for different incidence angles of light. 

 

 
Fig. 4: SEM analysis of the fiber tip: (a) optical fiber tip patterned with 

nanoholes, (b) zoomed-in top-view SEM image of bare (without GO/TiO2 

coating) nanoholes in (a), (c) coverage and thickness of TiO2 coating on the 

nanoholes, (d-f) GO/TiO2 coated nanoholes at the tips of three identical 

optical fibers.  

 
Fig. 5: Raman spectrum of Graphene oxide. 
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Fig. 6: Optical setup for transmission measurement. 

 

dip De1. Note that another dip, De2 occurred in the measured 

spectra. However, it can be observed that with a change in 

surrounding refractive index, only the first dip De1 changes 

significantly compared to De2,  meaning that it is the first dip 

De1 that represents the GMR mode. Next, we performed index 

sensitivity measurements of the fiber-tip GMR structure in 

three different liquids. The slotted fiber mating sleeve (Fig. 

6) allowed easy exposure of nanopatterned fiber tip to the 
chemicals. As the surrounding medium of the fiber tip was 

changed by introducing water (𝜂
𝑤𝑎𝑡𝑒𝑟

= 1.33),  

 
Fig. 7: (a) Experimental transmittance of the device with surrounding water, 

acetone and IPA. Insets show the close-up of the resonance shift (upper right 

corner) and field distribution at the resonance mode of the GMR structure 

(lower left corner). (b) Refractive index sensitivity curve. 

acetone (𝜂
𝑎𝑐𝑒𝑡𝑜𝑛𝑒

= 1.36), and IPA (𝜂
𝐼𝑃𝐴

= 1.38), on the 

fiber tip, the resonance wavelength shifted to 813 nm, 819 nm 

and 821.5 nm respectively. The higher the surrounding 
refractive index, the larger the observed resonance shift. 

Based on these measurements, the device exhibited an index 

sensitivity of 183.3 nm/RIU (plotted in Fig. 7b). 

Electromagnetic simulations were carried out using 

commercial software DiffractMOD (RSoft Synopsis) to 

analyze the optical properties of the fabricated nanopatterns 

at the fiber tip. The electric field enhancement of the TiO2 

coated GMR structure at the resonant wavelength of 810.75 

nm (in air) is depicted in the inset of Fig. 7a. The 

enhancement accounts for the strong confinement of GMR 

mode by the high-index TiO2 layer (see the field distribution 

of the GMR mode in the inset of Fig. 7a).  
Further, transmittance spectra were measured for a 2D 

nanohole array with triangular lattice and 1D array with linear 

nanostamps, transferred to the fiber tip (as shown in Fig. S2 

of Supplementary Materials). These 1D and 2D gratings, 

when coated by TiO2, a high index material, have different 

resonances, per the GMR theory [37], and also illustrated in 

Fig. S2.  Four transmittance dips at DT1 = 507 nm, DT2 = 634 

nm, DT3 = 711.5 nm, DT4 = 797.5 nm and three dips at DL1 = 

433.5 nm, DL2 = 754 nm, DL3 = 842.5 nm were observed for 

the triangular array of nanoholes and linear nanostamps 

respectively. As 2D GMR structures have higher Q-factor 
than 1D structures (due to low loss) and 2D square lattice 

resonances are independent of polarization as compared to 

2D triangular lattice that produces highly polarization 

dependent resonances [37], we used only the 2D square array 

of nanoholes for gas sensing. Different structures were 

designed, mainly to establish the fabrication capability of our 

process, and also to conduct an initial structural optimization 

with respect to sensor sensitivity.  

APPLICATION TO GAS SENSING  

In this part of the work, we demonstrated the TiO2 coated 

nanopatterned fiber tip as a gas sensor. An extra coating of 

GO was applied at the fiber tip and the sensor performance 
was recorded with and without the GO coating. Without the 

presence of any gas, the sensor exhibited a resonance at 

approximately 810.75 nm.  

The gas species (pre-diluted with nitrogen) flowed from 

cylinders into an aluminum chamber which contained the 

device fiber. The optical setup as illustrated in Fig. 6 was used 

to illuminate the sensor at the fiber tip as well as to collect the 

transmitted light. Inside the chamber, the testing gas was 

further diluted by the carrier nitrogen gas. The gas flow rate 

was controlled by a mass flow controller (GFC17, Aalborg). 

Ethylene with concentrations of 857 ppm, 909 ppm and 
methanol with concentrations of 428 ppm, 454 ppm were 

tested. A constant flow rate of dry nitrogen (10 ml/min) was 

maintained inside the closed chamber and flow rate of 

ethylene and/or methanol was varied to modify the 

concentration of the test gases at regular intervals using the 

mass flow meter. In order to ensure that no false spectral 

shifts occur due to the presence of moisture, dry nitrogen  
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Fig. 8: (a) Transmittance spectra of GMR gas sensor (without any GO 

coating) at fiber tip when exposed to gaseous ethylene and (b) Monitoring 

real-time sensing of ethylene with the sensor. 

 

was used to drive away moisture from the chamber before 

exposing the sensor to gas species. 

At first, we tested without any GO coating on the sensor 

surface. When only nitrogen was introduced into the 

chamber, the resonance wavelength was red-shifted to 810.85 

nm after an interval of approximately 10 min (Fig. 8). The 

shift in resonance wavelength can be explained theoretically 
with the help of eqns. (1) - (8). As the surrounding dielectric 

medium changes from air to nitrogen,   

𝜂𝑎𝑣𝑔 in eqn. (1) increases and hence we see an increase in 

GMR wavelength, 𝜆𝐺𝑀𝑅.  The slower response time of the 

sensor is attributed to the lack of a gas adsorption layer at the 

sensor surface leading to slower interaction of gas molecules 

with the GMR structure. When the sensor response was 

saturated in the presence of nitrogen gas, ethylene was flown 

into the chamber. Due to an increase in surrounding refractive 

index, red-shifts of 0.2 nm and 0.1 nm were observed with 

857 ppm and 909 ppm of ethylene respectively as depicted in 
Fig. 8b. Without any GO coating, the sensor response was 

quite slow and also there was a very small resonance 

wavelength shift upon exposure to gases. In order to get a fast, 

repeatable and more sensitive response, the sensor was 

further coated with a thin layer of GO nanosheets to form a 

sensitive surface for adsorbing gas molecules. An array of 

three sensors was designed wherein each sensor was coated 

with a different thickness of GO. Fig. 9 shows the resonance 

spectra of the three sensors with three different thicknesses of 

GO (48.9 nm, 97.8 nm, and 146 nm) before and after being 

exposed to ethylene and methanol at different concentrations. 
With 48.9 nm, 97.8 nm and 146 nm GO coating, the 

resonance wavelength shifted from 810.75 nm to 811.75 nm, 

812 nm and 812.11 nm respectively (Fig. 9). The 

measurement setup is same as explained above without any 

GO. However, when a GO coating was used, the sensor 

response time reduced from 10 min to approximately 5 min. 

The large number of binding sites available on the GO 

coating resulted in increased absorption of gas molecules at 

the sensor surface. As a result, the sensor encountered a 

higher change in surrounding refractive index and hence a 

larger resonance wavelength shifts as compared to when there 

was no GO coating. For example, with 48.9 nm GO coating, 

resonance wavelength shifts of 0.5 nm and 0.5 nm were 

observed in response to 857 ppm and 909 ppm ethylene 

respectively (Fig. 9a) which are approximately 3.3 times 
higher than the shifts observed without any GO coating. The 

sensor was further exposed to gaseous methanol, and again 

large resonance shifts were observed with GO coating as 

compared to without any GO coating (Fig. 9b). However, too 

thick a GO coating may result in saturation of binding sites 

on GO further from the sensor surface. This may inhibit the 

gas molecules from coming in contact with the active portion 

of sensor surface, leading to a reduction in wavelength shift 

or no response. This effect is depicted in Fig. 9c. With 146 

nm GO coating, less resonance wavelength shifts were 

observed for 909 ppm ethylene and 454 ppm methanol. 

SENSITIVITY, RESOLUTION, KINETICS AND REPRODUCIBILITY 

STUDIES  

We measured the sensitivity of our sensor, and compared 

that with existing studies. The sensitivity of the fiber-tip 

sensor to gaseous ethylene without any GO coating (Fig. 8) 

was found to be 0.277 pm/ppm. However, the sensitivities of 

the same sensor to gaseous ethylene and methanol with GO 

coating (Fig. 9c) were found to be approximately 0.92 

pm/ppm and 1.37 pm/ppm respectively. Hence, the presence 

of GO coating resulted in a three-fold increase in sensitivity 

to ethylene. In addition, the response time of the GO coated 

sensor decreased by half as compared to no GO coating.  
A fiber-tip based FP sensor exhibited a sensitivity of 3.53 

pm/ppm for methanol vapor [12], which is higher than ours, 

but our fiber-tip sensor offers other advantages. Firstly, it is 

superior in terms of fabrication method. The FP sensor is 

comprised of a silver coating and a vapor sensitive polymer 

layer. The electroless plating method was used for the silver 

coating [12], which required precise control of plating 

parameters such as temperature and concentration of 

chemicals. In contrast, our sensor employs inexpensive and 

simple nanomolding and UV-NIL processes to fabricate 

nanopattern-based GMR structure. Furthermore, in order to 

selectively identify gas species, different polymer materials 
were used (PEG 400 and NOA 81) in the FP fiber-tip sensor. 

But in our work, by simply varying the thicknesses of the GO 

coatings on the sensing elements in a sensor array, it is 

possible to differentiate one gas from others in a gas mixture 

using pattern recognition algorithms. There is no need of 

changing the structures of nanoposts that otherwise will 

require costly nanoscale master molds, or varying 

compositions of gas absorbing materials. In another work, an 

optical fiber long period grating gas sensor exhibited a 

sensitivity of 0.2 pm/ppm for methanol gas [38] which is 

almost 15 fold less than that of our sensor. Finally, to our 
knowledge, no ethylene detection sensor has been reported so 

far based on the principle of optical resonance wavelength 

shift.  

We further recorded absorption and desorption kinetics  
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Fig. 9: Transmittance spectra of fiber tip gas sensors with three different thicknesses of GO when exposed to gaseous (a) ethylene and (b) methanol. (c) Resonance 

wavelength shifts of three fiber tip gas sensors with different thicknesses of GO as a function of concentration of gaseous ethylene and methanol. 

 

of the sensor with three different thicknesses of GO (48.9 nm, 

97.8 nm and 146 nm) as shown in Fig. 10. During each 

experiment, the sensor was first exposed to 857 ppm and then 

909 ppm of gaseous ethylene and after that thermally treated 

on a hot plate at 700C for 2 hrs in order to allow the 
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Fig. 10: A 2 hr exposure test for gaseous ethylene with (a) 48.9 nm, (b) 97.8 nm, (c) 146 nm GO coating and (d) without any GO coating. A and B denote the instants 

when 857 ppm and 909 ppm of gaseous ethylene were introduced in the chamber. 

 

quick desorption of gas molecules from the GO layer. Thus 

thermal treatment of the fiber tip resulted in a return of the 
resonance wavelength to the baseline value of 812 nm as was 

also confirmed through experiment and shown in Fig. 10a. 

For comparison, we also performed the dynamic 

measurements without any GO coating (Fig. 10d). It is 

apparent from Fig. 10 that the sensor exhibits a much faster 

response and a much higher sensitivity when coated with GO 

nanosheets.  

To test the reproducibility of the sensor, we made three 

identical sensors, each of them coated with 48.9 nm GO 

nanosheets. The three sensors exhibited resonance at the 

same wavelength (Fig. 11a). Moreover, under the same 
condition these sensors were used to detect ethylene gas at a 

given concentration (857 ppm). Fig. 11b shows the resonance 

shifts obtained with each sensor when exposed to 857 ppm 

gaseous ethylene. Each sensor was run for three repeated 

measurements. A standard deviation of 0.1 nm in optical 

resonance was observed for all the three sensors which 

indicates that the sensor offered good reproducibility. 

COMPARISON TO EXISTING FIBER-TIP GAS SENSORS 

We presented a simple and economical method to 

fabricate high-resolution and repeatable nanopatterns at the 

optical fiber tip using UV assisted NIL, as well as a fiber-tip 

based GMR device integrated with GO nanosheets, to act as 

gas sensors. The integration of periodic nanostructures at the 

fiber tip facilitates light trapping and manipulation at 

nanoscale providing a compact optical system which can be 

used for various sensing purposes. Previously, gas sensors 

have been reported at the fiber tip such as a Fabry-Perot (FP) 

sensor [39]. Generally, the FP sensors incorporate a  

 

single or a matrix of gas sensitive polymer layers, wherein 

vapor absorption at the polymer layer causes spectral shifts in 
the FP resonance [12], [40]. These FP sensors offer higher 

sensitivity, but the selective detection of different gas species 

entails coating the FP chamber atop the fiber tip with a gas-

selective composition of polymer materials, adding to 

fabrication complexity, that our design avoids. Another type 

of fiber-tip based FP sensor consists of 3D cascade cavities, 

which usually increases the complications of sensor 

fabrication [39], [41]. An extrinsic FP cavity made of the 

cleaved facets of two fibers has also been reported, but the 

performance of such FP device relies on precise alignment of 

the fibers [42-43]. In contrast, our sensor deploys the GMR 
and GO layers over a planar nanohole array, obtained by the 

inexpensive nanomolding and UV-NIL. Finally, ours is a 

“label-free” sensor, not needing a gas-selective adsorption 

material. We simply use varying thicknesses of the GO layer 

at identical fiber-tips forming an array of sensors. As shown 

in our prior work [44], pattern classification algorithms can 

be employed to analyze the measurements from the array of 

sensors to determine the gas species and their concentrations 

within a complex mixture of gases. This label-free approach 

keeps the fabrication process of our sensor simple, 

economical, yet effective.  

 
CONCLUSION 

In summary, through the current work we simplified the 

fabrication steps of transferring nanopatterns to an optical 

fiber tip, eliminating one out of four parameters (the tilt 

angle), as one of the design parameters. This cuts down the 

complexity of design space from 𝑂(𝑛4) to 𝑂(𝑛3), where 𝑛 

represents the number of choices per parameter. This can lead 
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to great savings in the time needed to select the parameters of 

the fabrication process. Also the non-angled normal 

patterning permits higher control and uniformity. We also 

demonstrated a TiO2 coated GMR structure which is sensitive 

to changes in surrounding refractive index and offers shifts in 
its resonant wavelength. We provided a comprehensive 

physics-based explanation of the working principle, and also 

performed experiments to characterize our GMR device. The 

mathematical formulation showed clear dependence on the 

average refractive index of the grated waveguide, which 

changes as the grating interacts with analytes. Further the 

mathematical formulation also showed the dependence of the 

resonant wavelength on the grating period and waveguide 

thickness, both of which can be controlled to design an array 

of nanopatterns with varying sensitivities. Their combined 

response can be analyzed algorithmically (e.g., through 

pattern recognition [9]) to achieve selectivity to gas species. 
To enhance sensitivity and response time, the GMR structure 

was further coated with a thin layer of GO nanosheets to 

demonstrate the workability of the device as a gas sensnor. 

GO’s abundant functional groups contributed to the enhanced 

capture of gas species resulting in increased 

 

 
 

Fig. 11: (a) Transmittance spectra and (b) histogram data along with error 

bars for three identical 48.9 nm GO coated fiber-tip sensors when exposed 

to 857 ppm ethylene gas.  

resonance wavelength shifts. A three-fold increase in 

sensitivity and 50% reduction in response time to gaseous 

ethylene as compared to the case of no GO coating were 

observed. Moreover, the experiments were conducted to 

exhibit good stability and reproducibility of the sensor. This 

simplified and rapid nanostructuring at a fiber tip has the 

potential to be used in remote sensing applications, through 

the insertion of the nanopatterned fiber tips into aqueous and 

gaseous analytes which are otherwise inaccessible. Currently, 

efforts are being made to inscribe gratings around the fiber 

cladding in order to form brag reflectors.    

 

 

 

 

APPENDIX 

 SUPPLEMENTARY MATERIALS 

 
 

Fig. S1: To demonstrate reproducibility of our approach and also to conduct 

structural optimization for the purposes of sensing, different nanopatterns 

were formed at the fiber tip: (a) nanoposts with a triangular lattice (b) 

nanoholes with a triangular lattice, (c) nanoposts with a square lattice, (d) 

linear nanostamps. (e) 750 side-view of the linear stamps, (f) 750 side-view 

of nanoposts with square lattice showing the remaining polymer (SU8) 

thickness underneath the nanoposts. 

 

 
Fig. S2: Characterization of the alternative design structures, namely, 

transmittance spectra of nanoholes with a 2D triangular lattice and 1D linear 

nanostamps at the fiber tip coated with 160 nm of TiO2. Notations DT1 – DT4 

and DL1 – DL3 represent different modes excited at 2D triangular lattice and 

1D linear nanostamps respectively. 
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