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All-fiber modulators and switches have drawn great interest in photonics domain, and they are applied in viable photonic and 
optoelectronic devices. In this work, with the assistance of agarose membrane, aspherical gold nanoparticles are embedded on 
the surface of the microfiber treated with the piranha solution. An all-fiber Mach-Zehnder interferometer was used to realize a 
low-cost, low-loss, and conveniently prepared all-fiber phase modulator. By taking advantage of local surface plasmon 
resonance effect of gold nanoparticles embedded in agarose membrane, under the excitation of near-infrared region light, the 
gold nanoparticles were excited to change the effective refractive index of one arm of the Mach-Zehnder interferometer. A 
maximum phase shift of ~6π at 1550 nm was obtained from the device. Besides, an all-optical switch was achieved with rising 
edge time of 47 ms and falling edge time 14 ms. The proposed all-fiber modulator and switch based on the local surface 
plasmon resonance effect of gold nanoparticles embedded in agarose membrane will provide great potentials in all-optical fiber 
system. © 2020 Optical Society of America  
OCIS Codes: 000.0000, 999.9999 

1. Introduction 
All-optical devices have drawn more and more attention 

with its high speed and low loss [1, 2]. With the unremitting 
efforts of researchers, many all-optical devices have been 
fabricated and applied in many fields, such as all-optical 
routing [3,4], modulator [5,6] , and optical logic gate [7-10]. All-
fiber devices play a key role in all-optical devices [11,12], 
because they are more suitable for integrating fiber lasers, 
wavelength-division multiplexing (WDM) fiber 
communication systems, and fiber-sensing systems. Among 
them, all-fiber phase modulators have drawn increasingly 
interesting due to their unique function. Upon to now, all-
fiber modulators based on different mechanisms, such as 
electro-optic effect [13-16], thermo-optic effect [17,18], and 
photo-thermal effect, have been designed. A commendable 
effort to realize all-fiber modulator based on graphene has 
been proposed [19], but it suffers from high loss. Therefore, a 
low-loss all-fiber modulator is urgently needed. 

In the past few decades, with the witness advance 
significant progress of nanoscience, various nanoscale photo-
thermal conversion materials have been reported and pursued 
in many fields such as photo-thermal therapy, image, and 
SERS (surface enhanced Raman spectroscopy) detect [20-22]. 
Due to the unique local surface plasmon resonance (LSPR) 
characteristics, plasmonic nanoparticles have attracted more 
attention of researches. Especially, gold nanoparticles 
(AuNPs) with their excellent physical and chemical 
properties have been applied in many fields, such as drug 

delivery [23], cancer treatment [24], and sensing [25]. By varying 
the size and geometry, AuNPs show different photonic 
properties, for example, spectral absorption which is very 
important for realizing a low-loss all-fiber phase modulator. 

In this paper, an all-fiber phase modulator based on LSPR 
absorption of AuNPs was demonstrated. The device was 
fabricated by depositing AuNPs embedded in the agarose 
membrane on the microfiber arm of a Mach-Zehnder 
interferometer (MZI). The free electrons in the plasmon band 
of AuNPs were excited by the near-infrared region (NIR) 
light through the evanescent field of the microfiber stereo 
structure, then excited electrons relaxed to the ground state 
and release heat. Finally, the temperature of the waist region 
of microfiber was increased resulting in a change in the 
effective refractive index (RI). Parallel to this, the changes of 
the phase difference of the MZI caused interference spectrum 
phase shifts. Meanwhile, the proposed all-fiber modulator 
can be applied as an all-optical switch, which has intrinsic 
compatibility with the current all-fiber system [26]. Hence, the 
proposed all-fiber device with low loss and low cost has good 
application potential for all-optical communication. 
2. Experiment 

The AuNPs were provided by Nanjing Jike Biotechnology 
Co., Ltd.. It was a stable aqueous suspension with rose-like 
color. The AuNPs present a rod structure as shown in the 
transmission electron microscope (TEM) image of Fig. 1 (a). 
The transverse size of the AuNPs is ~20 nm and the 
longitudinal size is ~80 nm, respectively. The absorption 



spectrum of AuNPs is shown in Fig. 1 (b). The absorption 
peak is ~794 nm and the half-value width is ~168 nm. The 
inset shows that in the NIR spectral range, the numerical 
simulation result of the transverse absorption mode of AuNPs 
shows that the electric field intensity around the cross-section 
of AuNPs is significantly enhanced. The result indicates that 
AuNPs have strong LSPR absorption. Agarose is a polymer 
that is widely present in algae and has been widely used in 
the field of biochemistry [27], electro-chemical [28], and sensor 
[29]. Agarose contains large numbers of hydroxyl groups. 
What’s more, the agarose membrane has good optical 
permeability. The microfiber prepared by the autonomous 
tapering machine was treated with piranha solution to expose 
the surface hydroxyl groups. Under the combination of 
hydrogen bonds, the agarose gel can be uniformly and firmly 
coated on the surface of the microfiber. In this experiment, 
AuNPs were embedded in the agarose membrane. Through 
this convenient method, AuNPs can be firmly fixed on the 
surface of microfiber. The preparing processes are as 
follows: 0.25 g agarose powder (Biowest Agarose) was 
mixed into 100 ml deionized water and heated to 90 °C to 
form a homogeneous solution. 1 ml AuNPs solution was 
centrifuged at 3000 rpm for 3 minutes to remove the 
supernatant, then the AuNPs obtained by centrifugation were 
added to the 0.5 ml prepared agarose solution at about ~45 
°C and sonicated to a uniform. A droplet of AuNPs agarose 
solution slowly spread along the tapered region of microfiber 
using a syringe and leave to dry for 24 h. The microscopic 
image is shown in the dotted frame of the Fig. 2. 

 

 
 
Fig. 1 (a) NIR absorption spectrum of AuNPs, the inset is the 

result of simulation of the AuNPs. (The white dotted frame 
represents AuNPs). (b) TEM image of AuNPs. 

The experimental device schematic diagram is shown in 
Fig. 2. The MZI was composed of two 1×2 3 dB optical 
couplers (50/50) and a variable optical attenuator (VOA). 
The prepared microfiber coated with AuNPs embedded in the 
agarose membrane was deposited on one arm of the MZI. A 
broadband signal light emitted by an amplified spontaneous 
emission (ASE) with a range of 1520 nm to 1610 nm was 
guided into the MZI, and a laser with a center wavelength of 
808 nm was injected into the arm of MZI with the microfiber 
through a WDM coupler. By adjusting the knob of VOA, a 
comb spectrum with a greater interference contrast was 
obtained as shown in the black curve of Fig. 3. The free 
spectral range (FSR) of the interference spectrum is ~0.89 
nm. The output intensity of the MZI is calculated from as 
follow [30]: 

1 2 1 22 cos( )I I I I I ϕ= + + Δ
                   (1) 
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λ

Δ = Δ
                                   (2) 

I1 and I2 present the intensity of the two arms which were 
divided by the optical coupler. The optical wavelength is 
present by λ. L is the different length of the two arms of MZI, 
and Δφ is the phase difference which can be controlled by the 
Δn, which represents the effective RI difference of two arms 
of the MZI. 

 
Fig. 2 The setup of proposed all-fiber phase modulator; ASE: 

amplified spontaneous emission; WDM: wavelength-division 
multiplexing; OC; optical coupler; VOA: variable optical attenuator; 
OSA: optical spectrum analyzer. 
3. Experimental results and discussion 

When the 808 nm laser was guided into the MZI, the free 
electrons in the plasmon band of AuNPs were excited by the 
NIR light through the evanescent field of the microfiber 
structure, then the effective RI of the waist region of 
microfiber was changed by the thermo-optic effect resulting 
in the optical path difference of MZI to change. Therefore, 
the phase of the interference spectrum recorded by the optical 
spectrum analyzer (OSA) was shifted. As the power of 808 
nm pump laser increases, the interference spectrums were 
recorded and showed in the Fig. 3. When the pump light 
intensity increased from 0 mW to 15.03 mW, the interference 
spectrums shifted to the direction of the longer wavelength as 
shown in the moving direction of the marked by the five-
pointed asterisk in Fig. 3. The reason for this result is that as 
the pump light intensity increases, the resonance of the 
AuNPs enhances and the heat generated increases. As a 
result, the optical path difference of the MZI increases and 
the amount of interference spectrum shift increases. 



 
Fig. 3 The interference spectrum shifts with the increase of the 

pump light intensity. 
In order to study the relationship between the intensities of 

the pump light and the amount of phase shifts, the powers of 
the pump light were varied from 0 to 50.23 mw at intervals, 
and the interference spectrum shifted from 1548.98 nm to 
1551.66 nm. The results were obtained and shown in the 
inset of Fig. 4. In this experiment, the maximum spectrum 
shift is ~2.68 nm, corresponding ~6π (~3 FSRs) phase shifts. 
From the fitting result, as shown in Fig. 4, we can find that 
the linear relationship between the pump powers and the 
phase shifts. What’s more, the conversion efficiency of ~0.1 
π/mW could be calculated from the slop of Fig. 4. This result 
should be attributed to the uniform coating of AuNPs on the 
surface of the microfiber with the assistance of the agarose 
membrane. Meanwhile, due to the good photothermal ability 
of the AuNPs embedded in the agarose membrane, the high 
conversion efficiency can be achieved. 

 
Fig. 4 Linear fitting phase shift and pump light power, the inset 

shows the phase shifts under different power of pump light. 

In subsequent experiments, a single wavelength 1550 nm 
laser replaced the ASE light source as the signal light, and a 
monochromator was used to filter out the residual pump light 
mixed in the signal light at the output end. To explore the all-
optical fiber switching capability of the device, the intensity 
of the single wavelength of 1550 nm was recorded in 
different powers of pump laser. The results are shown in Fig. 
5(a). The position of the wavelength in the interference 
pattern is shown in the dotted line of the inset. When the 
powers of pump light increase, the intensities of the single 
wavelength @ 1550 nm decrease. The transmission 
extinction ratio was defined as Ex=[(I0-IP)/I0]×100%. I0 and IP 
are the intensity of the pump laser of 0 and p, respectively. 
The maximum transmission extinction ration obtained in the 
experiment is 46.6%. As the power of the pump light 
increases, the phase shift of the interference spectrum 
increases. In a half cycle of the interference spectrum, as the 
phase shift increases, the extinction ratio increases is shown 
in Fig. 5(b). Theoretically, in this half cycle of the 
interference spectrum, the maximum transmission extinction 
ratios can reach to 100% by obtaining a larger interferometric 
contrast with an optimized structure, for example, adjusting 
the polarization state of the interference optical path. 

 

 
Fig. 5 (a)The output light intensity changes with the pump light 

intensity. The inset shows the position of the 1550 signals in the 
interference patterns. (b) In a half of a cycle of the interference, the 
extinction ratio changes with the amount of phase shift 

To further investigate the all-optical switch response 
capability, an optical chopper (SR540) was placed on the 808 



nm coupling optical path to form a pulsed pump light. Real-
time monitored and recorded of the single wavelength 1550 
nm signal light intensity changing with the 7 Hz pulsed pump 
light by an oscilloscope. The setup is shown in Fig .6, and the 
result is shown in Fig. 7. The light intensity presented a 
periodic change under the pulsed pump light. This result 
shows that the experimental device has good recovery and 
reversibility. This may be attributed to the good photo-
thermal ability of AuNPs and the good thermal conductivity 
of the structure. 

 
Fig. 6 The schematic diagram of all-fiber switch. 

 
Fig. 7 The waveform of the output signal light with the pulsed 

pump light. 
The dynamic characteristics responses are presented in 

Fig. 8. By calculating the time of the signal light intensity 
varies from 10% to 90%, the rising edge time and falling 
edge time of the device to the pulsed pump light are 47 ms 
and 14 ms as shown in Fig. 8(a) and Fig. 8(b), respectively. 
The response times are similar after a series of the same 
experiments. The rising edge time of the device mainly relied 
on the LSPR absorption efficiency of the AuNPs and the 
falling edge time of the device was decided by the heat 
conduction efficiency between the all-optical switch and the 
surrounding environment. When the 808 nm light was 
applied, under the light-to-heat conversion ability of AuNPs, 
the temperature near the region of the microfiber can reach 
equilibrium, quickly. When the 808 nm excitation light was 
turned off, owing to the metal particles well thermal 
conductivity, the heat exchange time was short between the 
device and the external environment. Meanwhile, different 
power pump lights with the same frequency were applied in 
the all-optical switcher, and the results were shown in the 
Fig. 9. As the power of the pump light increases, the peak-to-
peak voltage (Vpp) and the response time of the signal light 
within a phase shift period increase significantly. This result 
should be attributed to the greater phase shift caused by the 
greater pump power and more heat caused by the 

instantaneous power. When the frequency of pump light was 
increased to 10 Hz and 15 Hz, the signal light intensity was 
recorded. The results are shown in Fig. 10. As the frequency 
increases, the Vpp decreases and the signal distortion 
becomes a triangular wave. To further optimize the 
modulation frequency of the all-optical switch, it is expected 
to be improved by reducing the diameter of the microfiber 
such as Ref. [31]. The heat exchange time can be reduced to 
achieve a higher frequency all-optical switch. 

 
Fig. 8 (a) The rising time and (b) the falling time in one switching 

cycle. 

 
Fig. 9 the output signal intensity of different pump power light. 



 
Fig. 10 the output signal intensity of different pump light 

frequencies 
4. Conclusion 

In summary, a low loss, low cost, and conveniently 
prepared all-fiber modulator and switch based on the LSPR 
absorption of AuNPs is demonstrated. The AuNPs embedded 
in the agarose membrane were deposited on the surface of the 
microfiber which was treated with piranha solution. The NIR 
light excited the AuNPs to generate heat under the LSPR 
absorption effect and changed the optical path difference of 
the MZI containing the prepared microfiber. In this work, a 
series of significant phase shifts were recorded. The 
maximum phase shift obtained in the experiment is 6π, and 
the pump power phase shift conversion efficiency is 0.1 
π/mW. In addition, an all-optical switch is acquired with 
rising edge time of 47 ms and falling edge time of 14 ms, and 
shows great repeatability and reversibility. This low loss, 
low-cost, and convenient prepared all-fiber phase modulator 
and switch has great potentials in the all-fiber photonics 
device. 
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