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Abstract: We demonstrate fiber few-mode interferometers based on a self-assembly surface corru-

gated grating using charged nano-particles. Initially, an abrupt taper (AT) was first created using a 

micro flame. The AT was then further outwardly stretched to make an elongated uniformed taper 

until the tapered diameter achieved a micron scale. The high order core modes (HOCMs) were ex-

cited at the AT and the optical path difference (OPD) among the modes was enlarged through the 

uniformed taper to achieve the few-mode interference effects seen. However, to significantly en-

hance the interference effects with higher extinction ratios (ER) over such a short length of interfer-

ometer, an external assisted grating was made using charged nanoparticles to form surface corru-

gated grating with a period, Λ, of approximately 14 μm. This intermediate period of the fiber grating 

was helpful in scattering and attenuating some unwanted high-order modes to change the optical 

characteristics of the few-mode interferometer (FMI). This FMI with a self-assembly fiber grating 

(SAFG) was further used to make fiber temperature sensors, with a maximum resonant wavelength 

shift of 4.6 nm, over a temperature range from 20–60 °C. The temperature sensitivity achieved was 

112.6 pm/°C and the coefficient of determination, R2, was as high as 0.99, which revealed the high 

linearity of the results. 

Keywords: molecule self-assembly; few-mode interferometer; tapered fiber; fiber grating; charged 

nano-particles 

 

1. Introduction 

Over the past few decades, fiber interferometers have been recognized as powerful 

tools for precisely measuring physical, chemical, or biological parameters in many scien-

tific and industrial applications. Among those fiber interferometers, modal interferome-

ters with high sensitivity have been widely employed for optical imaging and sensing 

systems [1–3]. However, the long-term environment and temperature stability are always 

important issues to be addressed and compensated for. Conveniently, fiber gratings, in-

cluding the Bragg, long-period, phase-shifted, blazed, superstructure, rocking, and chiral 

gratings [4–10], inscribed in the core or corrugated on the surface of the single-mode fibers 

(SMF), are another kind of successful interferometer and are more intensively used due 

to their great precision and high stability. Originally, the fiber Bragg gratings used in such 
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work were made by creating longitudinal standing waves in a Ge-doped SMF over several 

hours using an Ar ion laser [11–13]. Therefore, high system stability of the experimental 

set-up needed was stringent for good interference effects to be seen. In addition, various 

kinds of fabrication methods such as dual-beam interference, femtosecond point-by-point 

writing, chemical etching, phase mask exposure, mechanical pressing, ion beam milling 

[14–19], and so on have been used in the fabrication of various kinds of fiber gratings since 

then. To date, the most successful and mature fabrication methods for fiber gratings are 

based on exploiting the fiber photosensitivity [20,21] where light from a 248 nm excimer 

laser or a 244 nm frequency-doubled laser is used to break the covalent bonds between 

the germanium and oxygen atoms in the fiber core. The vacancy of the missing electron, 

forming a color center absorber, induces the periodical changes of the refractive index 

seen along the Ge-doped fiber core [22,23]. However, this method is not suitable for those 

special fibers, such as no-core fibers and phosphate glass fibers, which have a lack of pho-

tosensitivity (such as the no-core fiber or silica micro-/nano-tapered fibers) and are be-

coming more and more important for key applications in micro- or nano-photonics. In-

stead, the femtosecond laser writing, chemical etching, or ion beam milling methods avail-

able could be used as alternative fabrication methods to create periodical index variations 

in micro-tapered fibers [24–27]. Nevertheless, the key trade-off issue here is that the me-

chanical strength is significantly weakened, and this is the effect which is often seen to 

sacrifice the long-term stability of the devices created in this way. 

In contrast to the aforementioned fabrication methods for fiber gratings, the fiber 

gratings written here in few-mode micro-tapered fibers were based on a new method us-

ing molecular self-assembly and this approach is newly proposed and demonstrated in 

this paper. The combination of the surface-corrugated SAFG and the few-mode tapered 

fiber [28,29] were also demonstrated to achieve high sensitivity fiber interferometers. The 

SAFG was formed using the charged nano-particles generated from the smoke derived 

from the incomplete combustion of the carbon compounds present, with the major mate-

rials containing wood tar which is fluxible (i.e., which flows) at temperatures over 82 °C. 

The wood tar is steamed when the operating temperature rises above 405 °C and the typ-

ical combustion temperature for smoking is usually far beyond this temperature of 400 

°C. The micro-tapered silica fiber carries negative charges when its tapered diameter is 

reduced down to a wavelength scale, namely a few microns. The smoking nano-particles 

are positively charged and are further attracted to attach themselves to the tapered fiber 

surface. The distance between the tapered fiber and the heat source is typically around a 

few centimeters. The individual nano-particles gather together to become larger clusters, 

distributed almost periodically to achieve the SAFG. The periodicity, Λ, can be controlled 

by selecting the appropriate elapsed smoking time, the distance during the smoking pro-

cess, the tapered diameter, and the nature of the burning materials. An external heating 

source was also found to be a good option to help control the value of Λ achieved. Further, 

the tapered fiber FMI was made by elongating the value of AT which was formed using a 

micro-flame to break the waveguide adiabaticity [30,31]. Therefore, the HOCMs can be 

excited through this AT, using a length of approximately 824.6 μm. To increase the OPD 

between the HOCMs, the AT was further elongated using a scanning flame until the total 

tapered length reached 3.21 mm. The spectral oscillations could be seen to be clearly avail-

able, due to the HOCMs interference, but the generated ER is typically less than 13 dB. 

This value of ER can obviously be improved (to become >20 dB) when the SAFG is made 

on the surface of the tapered fiber, since the SAFG has a higher index than silica, to in-

crease the OPD between HOCMs and to remove some unwanted modes. Therefore, some 

of the excited modes were significantly scattered and attenuated and the existing numbers 

of the spectral oscillations were reduced, this being ascribed to the intermediate period of 

SAFG [32]. Thus, the free spectral range (FSR), as well as the ER for the resonant wave-

lengths, both increased. Moreover, the FMIs with a SAFG were also used to make fiber 

temperature sensors. This exploited the maximum resonant wavelength shift of 4.6 nm, 

over the temperature region studies from 20–60°C. The temperature sensitivity achieved 
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was 112.6 pm/°C and the coefficient of determination, R2, was as high as 0.99, indicating 

the high linearity of the device. This SAFG-based approach, using charged smoking nano-

particles, is a new fabrication method for making compact periodical micro-structures on 

micro- or nano-tapered fibers and is able to give rise to spectral resonances [33] with high 

ER. In contrast to the chemically etched or laser-ablated surface-corrugated gratings, this 

method is good in that it does not deteriorate the mechanical strength since the tapered 

fiber remains smooth and in one piece which prevents the generation of micro-cracks 

when the micro- or nano-tapered fiber is slightly bent or twisted. Moreover, the SAFG-

incorporated FMIs are compact and, thus, can be used as an efficient way to achieve high 

sensitivity interferometers for the sensing systems needed today. 

2. Experimental Set-Up and Working Principle 

In the fabrication process developed and used, a segment of the SMF was uncoated 

and then placed and fixed on the fiber taper station, shown in Figure 1a. Broadband white-

light (covering the spectral region from 1250–1650 nm, from a superluminescent diode 

(SLD)) was launched into the fiber, with an Optical Spectrum Analyzer (OSA) used at the 

other end to measure the spectral response achieved. A micro-hydrogen flame torch was 

applied to heat the fiber locally, allowing it to be tapered rapidly, to create an abrupt taper, 

shown in Figure 1b. The L1 and L2 are the total lengths of the abrupt taper and the uni-

formed taper, respectively. The half difference, (L1-L2)/2 = 0.395 mm, is the length of one 

abrupt taper transition. The fiber diameter decreased from 125 μm to the tapered diame-

ter, D, of 2.73 μm, within a very short distance, which, thus, obviously breaks the wave-

guide adiabaticity to excite the HOCMs. Subsequently, another torch, with a wider flame 

diameter of 9 mm, was used to heat the abrupt taper point, back and forth, to lead to a 

longer uniformed tapered length, until an average value of D of 2.73 μm was reached, as 

shown in Figure 1b. The uniformed tapered region in this work was defined as the region 

with a diameter tolerance 0.1 μm under a 1000× CCD microscope. From this figure, it can 

be seen that the shape of the taper transition changed very quickly at the bilateral ends of 

the uniformed taper. Since the AT can excite HOCMs due to the rapid changes in D, the 

elongated uniformed taper, 2.42 mm in length, can help further induce larger values of 

OPD for good interference due to the higher index difference between the HOCMs. How-

ever, the HOCMs are all guided to propagate in the silica tapered fiber, one in which the 

original fiber cladding and air in the un-tapered fiber turn out to be the new guiding core 

and new cladding, respectively. In principle, by applying a thin layer of the high-index 

material over the evanescent field of the tapered fiber, the OPD between the higher- and 

lower-order core modes can, thus, be increased. This occurs because the penetration depth 

of the evanescent fields for the HOCMs can be extended further away from the lower-

order modes. Interestingly, when the high-index thin overlay on the tapered fiber is peri-

odically distributed, the spectral responses for this interferometer will be different. First, 

the high-index overlay can reduce the number of resonances by attenuating some un-

wanted HOCMs, which then increases the value of the FSR. Second, the ER used for in-

terference effects to be seen can be significantly improved using the most suitable ranges 

of overlay thickness. To achieve the periodically distributed high-index thin overlay on 

the tapered fibers, a new fabrication method has been proposed in this work. A large 

amount of the positively charged nano-particles are generated from combustion using the 

fumes, the so-called ‘incenses’ which are a major ingredient of the wood tar. At tempera-

tures >82 °C, this material ‘flows’ and becomes steamed when the temperature is >405 °C. 

Under typical conditions, the combustion temperature when using such incense is usually 

far beyond 400 °C. Thus, the wood tar molecules were steamed from the beginning and 

then liquefied when arriving at the tapered fiber surface, at a position 1.5 cm above the 

combustion source, as shown schematically in Figure 2a. For the steamed molecules, the 

molecules are ionized to be in a plasma phase. Since the electrons are much lighter than 

the particles in the air, the electrons rapidly escape and disappear. The remaining particles 

are heavier and, thus, positively charged. They rise with the hot air flow, to reach the 
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tapered fiber surface. Owing to the static charges, the charged liquefied wood tar mole-

cules strongly repel each other to become periodically distributed, as shown in Figure 2b. 

More and more charged molecules coming from the rising smoke arrive to join the exist-

ing molecules, which allow the clustered molecules to keep growing in size, as well as the 

value of Λ of the distributed molecules increasing before saturation occurs. By selecting 

the most suitable parameters for making the SAFG, the quasi-periodic gratings created 

can be used to serve as fiber gratings. In Figure 2c, it is indicated that a value of Λ corre-

sponding to the short-, intermediate-, and long-period gratings are roughly categorized 

into the following groups: <1 μm, between 1–100 μm, and >100 μm, respectively. The 

short-period grating, also called a Bragg grating, has a grating vector in an inverse way 

with respect to the lightwave propagation direction, to reflect backward the phase-match-

ing wavelength, namely the Bragg wavelengths. In contrast, the long-period grating can 

couple the phase-matching wavelengths to forward propagate in the cladding. When the 

value of Λ is located somewhere between the short and long period, this intermediate-

period grating can scatter the light used radially [32]. Therefore, in contrast to the conven-

tional fiber long-period gratings or Bragg gratings which are most familiar, this SAFG has 

a value of Λ at ~14 μm, which would lead to the effect of scattering and attenuating certain 

HOCMs. This intermediate period of a surface-corrugated fiber grating [32] incorporated 

into a compact few-mode fiber interferometer can be used to efficiently increase the ER 

over a short length (< 3.2 mm) footprint, ascribed to the higher index of the wood tar mol-

ecules which are in a periodical distribution on the tapered fibers. 

  

Figure 1. (a) Experimental set-up and (b) microphotograph of the FMI under a 50× CCD microscope. 

  

 

Figure 2. (a) Schematic diagram of the SAFG-incorporated FMI; (b) Microphotograph of the SAFG 

under a 1000× CCD microscope; (c) Schematic description of grating vectors for short-, intermediate-

, and long-period grating. 
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3. Measurements and Discussion 

To investigate the optical characteristics of the tapered fiber FMI incorporated in the 

SAFG, a test sample was prepared with D = 2.73 μm. The white-light from SLDs was 

launched into the interferometer and the spectral response achieved was recorded by us-

ing the OSA. Figure 3a shows a microphotograph of sample A (with D = 2.73 μm), taken 

using a 1000× CCD microscope. When the SAFG was made of charged wood tar molecules 

from the burning incense, the value of Λ was 14.01 μm, as shown in Figure 3b. The original 

spectral response of the FMI without the SAFG is shown as the red line in Figure 3c. It 

was found that the value of ER was typically less than 10 dB. When the tapered fiber was 

incorporated in the SAFG, the spectral response changed, as shown by the blue line in 

Figure 3c. As mentioned above, the insertion loss, as well as the FSR, increased by a small 

amount due to the higher index of the wood tar, compared with that of the silica fiber. 

Obviously, the ER can be substantially enhanced to become higher than 20 dB. This SAFG 

is quite robust and can only be partially removed by applying an alcohol spray several 

times in order to investigate the repeatable use of the few-mode interferometer after mak-

ing and removing the SAFG. In Figure 3(d), the red line shows the spectrum of the few-

mode interferometer without SAFG on the tapered fiber. The green line shows the spec-

trum of the interferometer after the first SAFG was made and then removed by alcohol. 

The green line almost overlaps with the red line at all the wavelengths. By continuously 

repeating the process again, the blue line shows the spectrum of the interferometer after 

the second SAFG was made and then removed. It is found that the blue line cannot over-

lap well with the red line due to some contaminant. Thus, the interferometer should be 

further cleaned using some strong chemicals like sulfuric acid to improve the repeatability 

of the interferometers for making SAFG. Figure 3e shows the grating formation evolution 

with the elapsed time, T, at values where T = 0.5, T = 2, and T = 4 s. The SAFG was initially 

formed to change the periodical oscillation of the FMI at T = 0.5 s. Subsequently, the FSR, 

the insertion loss, and the ER change with time to create a better result at T = 2 s, after 

which the spectral responses of the SAFG would be seen to have been downgraded when 

too many smoking particles join to deform the periodic structure. Thus, in summary, this 

SAFG can be recognized as a new fabrication method for making fiber gratings, especially 

suited for use on special fibers, like no-core fibers and phosphate glass fibers, which show 

a lack of photosensitivity and the required good mechanical strength. The value of Λ 

needed can be determined by selecting the most appropriate elapsed smoking time, the 

distance between the fiber and combustion source, and the burning materials chosen. In 

this work, the effect was demonstrated where the wood tar was steamed and positively 

charged at the beginning of the experiment. Following that, when the heating temperature 

was less than 405 °C, the molecules were seen to be clustered into periodical groups on 

the tapered fibers, forming gratings automatically. When the temperature was below 82 

°C, the SAFG was stabilized and the value of Λ was then determined. The ER can be sub-

stantially enhanced (to be above 20 dB) for the tapered fiber FMI, only with a device length 

of 3.2 mm. 
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Figure 3. Microphotographs of the (a) tapered fiber and (b) SAFG-incorporated FMI under the 1000× 

CCD microscope. Spectral responses of the (c) FMI versus SAFG-incorporated FMI and (d) the re-

peatability for the SAFG-incorporated FMI using alcohol spray. (e) Spectral evolutions during the 

SAFG formation at different elapsed time, T. 

To investigate the potential applications of the grating created in temperature sens-

ing, sample B with a D = 3.5 μm, was used. Sample B was placed inside a temperature 

controlled cavity, having a temperature resolution of 0.1 °C. The sample B used had a 

SAFG period of ~13 μm and the heating temperature was controlled over a range from 20 

°C to 60 °C (with an increment of 5 °C) in the experiment carried out. As mentioned above, 

the carbon compounds present with the major materials containing wood tar and the 

SAFG can be stabilized at the temperature below 82 °C. However, for temperature sensing 

measurements, the heating time in the oven is approximately 20 min for stabilization and 

accuracy. However, it was observed that the spectral responses start to become unstable 

when the heating temperature is above 65 °C for over 20 min. In fact, the heating temper-

ature should always be below 82 °C to prevent serious SAFG deformation. However, 

when the heating temperature is increased to 65 °C, some ingredients of the carbon com-

pounds leak out to lead to index instability or slight structure deformation that cannot be 

observed by naked eyes. Thus, the temperature sensing is carried out between 20 and 60 

°C in this work. Some pure chemicals with higher softening temperatures could be useful 

to improve the temperature sensing range in future works. In addition, the grating pitch 

can be determined by changing the heating temperature of the smoke or the distance be-

tween the tapered fiber and the smoking source to change the viscosity of the clustered 

particles on tapered fibers. In addition, the grating pitch can also be affected by the adhe-

sion between the tapered fiber and the cluster particles and the tapered fiber diameter. In 
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our experiments, it was found that a smaller tapered diameter can normally lead to a 

somehow shorter grating pitch. However, this is a complicated process due to several is-

sues including the temperature and ingredients of the smoking particles, the distance be-

tween the tapered fiber and the smoking source, the tapered diameter, and the adhesion 

between the tapered fiber and the clustered particles. Obviously, the temperature and the 

viscosity dominate the issue of determining the grating pitch. Figure 4a shows the spectral 

responses achieved from the investigation, under different heating temperatures being 

used. The calibration for the device can be seen in Figure 4. The resonant wavelength blue-

shift seen with increasing temperature was as shown in Figure 4b. From this figure, the 

temperature sensitivity, S, can be deduced to be 112.6 pm/°C, an important result, and 

which is at least twice that seen with other kinds of temperature sensors using special 

fibers or interferometers [34–36]. Further confidence is given in the result in that the coef-

ficient of determination, R2 is 0.99, which reveals the high linearity of the wavelength shift, 

Δλ, achieved as a function of the temperature variations in the test oven. The relationship 

between the value of Δλ and the temperature can be seen more clearly in Figure 4c. In 

short, the merits of this temperature sensor include the following points: (1) a new fabri-

cation technique to make fiber gratings on micro-tapered fiber based on the self-assembly 

particles in quasi-periodic distributions, (2) a temperature sensitivity of up to 112.6 pm/C 

which is higher than those SMS (single-mode/multi-mode/single mode)-based tempera-

ture sensors [37], and (3) a compact fiber sensor with a footprint of less than 4 mm (total 

length of the interferometer is 3.21 mm). 

 

  

Figure 4. (a) Spectral responses of the FMI with SAFG under different heating temperatures. (b) 

Resonant wavelengths versus different heating temperatures. (c) Wavelength shift with the oven 

heating temperatures. 



Photonics 2022, 9, 96 8 of 10 
 

 

4. Conclusions 

In this work, a new fabrication method for making effective fiber gratings on micro-

tapered fibers has been proposed and the results of an investigation discussed. This SAFG 

has been incorporated into an FMI to increase the ER (to be above 20 dB), within a short 

device length of < 3.2 mm. The FMI was made by elongating an AT on a standard SMF to 

excite first the HOCMs to achieve the desired interference effects. The incorporation of the 

SAFG can efficiently enhance the ER (to be above 20 dB) due to the higher index of the 

wood tar materials from the burning incense that is used. The wood tar molecules were 

positively charged when they were steamed through the combustion process used. The 

positively charged molecules adhered to the tapered fiber and then clustered into period-

ical groups, to form fiber gratings, with an intermediate period of 14.01 μm to remove the 

unwanted HOCMs. The grating created can be stabilized when the heating temperature 

used is less than the softening point of the materials. The grating can, if needed, be re-

moved using alcohol spray (applying this several times for full removal). However, a 

SAFG with stronger mechanical characteristics can be achieved by selecting materials 

with strong chemical bonds, such as the use of an epoxy resin. This SAFG-assisted FMI 

shows a very good result, with a high ER within a device 3.2 mm in length. For tempera-

ture sensing applications, the maximum resonant wavelength shift seen was 4.6 nm (over 

the temperature range studied, from 20 °C to 60 °C). The temperature sensitivity achieved 

was 112.6 pm/°C and this result is higher than that achieved for many temperature sensors 

using special fibers or interferometers. Further, the coefficient of determination, R2, is as 

high as 0.99 indicating the high linearity of the result. This new fabrication method for 

fiber gratings is advantageous as it enables gratings to be made on those fibers which 

show a lack of photosensitivity. Compared with the chemical etched or laser-ablated sur-

face-corrugated gratings, this method can also help make gratings with better mechanical 

strength in micro-/nano-tapered fibers. This is because the tapered fiber remains smooth 

and in one piece to prevent the generation of micro-cracks when the micro- or nano-ta-

pered fiber is slightly bent or twisted. Moreover, the grating pitch can be readily deter-

mined by selecting the appropriate smoking time used, the distance between the fiber and 

the combustion source, the tapered fiber diameter, and the burning materials used, to al-

low different optical characteristics to be achieved for use in many applications today. 
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