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ABSTRACT: On-chip optical modulator for high-speed
information processing system has been widely investigated
by many researchers, but the connection with the fiber system
is difficult. The fiber-based optical modulator is a good
solution to this problem. Fiber Bragg Grating has good
potential to be used as an optical modulator because of its
linear temperature response, narrow bandwidth, and compact
structure. In this paper, a new fiber-integrated all-optical
modulator has been realized based on a polymer nanofiber
Bragg grating printed by a femtosecond laser. This device
exhibits a fast temporal response of 176 ns and a good linear
modulation of −45.43 pm/mW. Moreover, its stability has
also been studied. This work first employs Bragg resonance to
realize a fiber-integrated all-optical modulator and paves the way toward realization of multifunctional lab-in-fiber devices.
KEYWORDS: all-optical modulator, polymer fiber, fiber Bragg grating, multiphoton polymerization,
femtosecond laser micromachining

1. INTRODUCTION
Optical modulators are playing increasingly significant roles in
modern information processing technology. To date, various
methods have been presented to achieve on-chip optical
modulators with fast and low-energy-consumption. For
example, Xu et al. reported a silicon electro-optic modulator
with a footprint of a few micrometers based on a light-
confining resonant structure.1 Xie et al. demonstrated an on-
chip dual electro-optic and opto-electric modulator based on a
composite microstructure with a 2D silicon nitride (SiN)
photonic crystal slot waveguide and a photonic crystal
nanocavity covered by a zinc oxide (ZnO) nanowire.2
Comparing with the on-chip optical modulators, the fiber-
integrated optical modulators have more advantages in
connecting with optical fiber systems.3−5 Utilizing the electrical
properties of 2D materials is a typical approach to realize fiber-
integrated modulator. Yu et al. employed graphene to develop
an interferential all-optical fiber switch and achieved a fast
temporal response of ∼3 ns.6 Mao et al. employed ReS2 to
implement passively Q-switched and mode-locked fiber lasers.7
However, this method usually exhibits weak structural stability,

high power trigger threshold, and nonlinear modulation
response. Szukalski et al. demonstrated an intriguing all-optical
switch based on deoxyribonucleic acid (DNA) in the form of
electrospun fibers, and its temporal response was ∼0.35 ms.8 A
practical fiber-integrated optical modulator needs both good
structural stability and a relatively low power trigger threshold.

Fiber Bragg grating (FBG) is a good candidate for fiber-
integrated optical modulator because of its linear thermal
response, very narrow bandwidth, and compact size.9,10 Liao et
al. reported that the temporal thermal response of the silica
FBG is ∼1 ms, being limited by the low thermo-optical
coefficient (∼6.45 × 10−6/°C) of silica, and the power trigger
threshold is also very high.11 Therefore, it is not possible for
silica FBG to be used as an optical modulator. Recently,
polymers have been widely used in optofluidic devices,
microelectromechanical systems (MEMS), and metamateri-
als12−14 for cell detection, photomechanical research, and
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environmental monitoring because of their high thermal-
optical coefficient (∼ −2 × 10−4/°C), simple surface
modification, and good plasticity.15 Moreover, some polymer
structures in the nanoscale exhibited fast temporal thermal
response based on a photothermal (PT) effect.16−18 Inspired
by these efforts, we proposed a polymer nanofiber Bragg
grating (NFBG) configuration being integrated in a silica
hollow fiber aiming to realize a high-speed fiber-integrated
optical modulator with a linear response and a low power
trigger threshold.

In this work, the fiber device was fabricated by use of
femtosecond (Fs) laser subtractive manufacturing (ablation)
and additive manufacturing (multiphoton polymerization,
MPP). The polymer structure was completely embedded in a
section of hollow core fiber (HCF), realizing a highly
integrated fiber device. Static and dynamic optical pump
responses have been experimentally investigated, and a pump
sensitivity of −45.43 pm/mW and a temporal response of
∼176 ns were obtained, which were much better than the silica
FBG modulator and traditional polymer devices.19,20 Com-
pared with 2D material based modulators, our device has a
linear response, lower power trigger threshold, and better
mechanical stability. The power range of normal operation and

the humidity influence have also been experimentally
investigated. This method also has potential to realize some
functional tunable lenses for the biosensing or chemical
sensing fields.21,22

2. WORKING PRINCIPLE
The working principle of this modulator is demonstrated in
Figure 1(a). The polymer structure printed by Fs laser MPP
was embedded in a silica HCF being spliced between two thin-
core fibers (TCFs). A pair of polymer bases are designed to
reinforce the whole polymer structure, and the grating
segments are designed to lift the central polymer nanofiber
and excite Bragg resonance in it. To begin with, the probe light
(red color) and the pump light (white color) are
simultaneously coupled into the polymer NFBG by use of a
WDM coupler. The Bragg resonant wavelength of the NFBG
will experience a synchronous shift with the excitation of pump
light; thus the probe light can be modulated by spectral
filtering to realize optical modulation.

The flowchart in Figure 1(b) describes the theoretical basis
of PT spectroscopy in the polymer NFBG. When the pump
light was coupled into the polymer NFBG, it was absorbed by
the polymer material, and the polymer molecular chains were

Figure 1. (a) Schematic diagram of the all-optical modulator based on a polymer NFBG. The probe light is in red and the pump light (100100) is
in white. (b) Processes involved in producing the Bragg resonant wavelength shift of the polymer NFBG.
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Step 3: In Figure 3(c1), the groove of the HCF was filled
with PR based on the capillarity effect. The PR used in this
work was a negative resin. Then, the sample was mounted on a
3D air-bearing stage (Aerotech) for structure printing. The Fs
laser has a central wavelength of 1026 nm, pulse width of 250
fs, and repetition rate of 220 kHz. To enhance the cohesive
strength between the HCF and the printed structure, a pair of
bases with the dimension of 800 �m × 6 �m × 10 �m was first
printed along the inner surface of the HCF with a 50 ×
objective lens (NA = 0.7), the scanning speed of 4 mm/s and
the laser intensity of 3.21 × 1012 W/cm2. Then, the NF and
Bragg grating segments are printed using a 63 × oil objective
lens (NA = 1.4). To obtain an obvious Bragg resonance the
same scanning speed of 200 �m/s but different laser intensities
(3.82 × 1012 W/cm2 for the NF and 5.82 × 1012 W/cm2 for
the grating segments) were chosen. An optical microscope
image of the printed structure is shown in Figure 3 (c2).

Step 4: In Figure 3(d1), the sample was first immersed in a
mixture of acetone and isopropyl alcohol (volume ratio: 1/3)
for 20 min to wash away the unpolymerized PR. Then it was
placed in a drying oven (at 21%RH and 20 °C) to remove the
residual moisture for 1 day.

Figure 2. Single-photon absorbance spectrum of the developed PR.
The monomers used in the photoresin are SR368, SR444, and SR454.
These monomers are used to improve the chemical reactivity for high
photosensitivity and mechanical strength and viscosity. MEHQ is an
ultraviolet inhibitor.

Figure 3. Schematic diagram of the polymer NFBG fabrication and the corresponding morphology of the dashed box. (a1) and (a2) An HCF was
spliced between two TCFs. (b1) and (b2) A pair of rectangular grooves are drilled through the HCF by Fs laser. (c1) and (c2) The polymer NFBG
was printed in the HCF. (d1) and (d2) The unpolymerized PR in the HCF was removed using an acetone and isopropyl alcohol mixture and the
SEM image of the finished polymer structure containing a NF with a diameter of 653 nm and a Bragg grating with a pitch of 1035 nm. (e−g)
Transmission spectra of three polymer NFBGs with different grating lengths (GL) of 600 �m, 800 �m, and 1000 �m.
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The NF diameter and the grating pitch were optimized as
653 and 1035 nm. Figure 3(d2) shows an SEM image of the
top view of the finished polymer structure, where the printed
structure is clear with no adhesion. Figure 3(e−g) compare the
transmission spectra of three polymer NFBGs with different
grating lengths (GL) of 1000 �m, 800 �m, and 600 �m
(measured at 40% RH and 23 °C). In the spectra, an apparent
Bragg resonance dip at ∼1550 nm can be clearly observed. The

relationship between Bragg resonant wavelength and the
grating pitch can be described by

� = �m n2b eff (9)

where m is the order of the Bragg resonance, �b is the resonant
wavelength, neff is the mode effective refractive index, and � is
the grating pitch. It is known that the resonance strength
depends on the grating length and the modulation intensity.

Figure 4. (a) Experimental setup of the static optical pump test. (b) Transmission spectral evolution of the probe light as the power of pump light
increases from 2.7 mW to 12.9 mW. (c) The linear relationship between the Bragg resonant wavelength and pump power.

Figure 5. (a) Experimental setup of the dynamic optical pump test. (b) and (c) Transmission spectra of the homemade silica FBG and the polymer
NFBG.
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With an increase of grating length from 600 to 1000 �m, the
resonance strength increases from 2 to 14 dB, and the full
width at half-maximum (fwhm) decreases from 1.5 to 0.5 nm,
which is beneficial to improve the extinction ratio of the
modulator. The insertion loss mainly results from the mode
mismatch between the polymer NF and TCF.

4. TEST RESULT AND DISCUSSION
The experimental setup to study the static optical pump
response is shown in Figure 4(a). The probe light from a
broadband light source (BBS, 1250−1650 nm) and the pump
light from a tunable laser (TL, Agilent 81638) were coupled
into the polymer NFBG by use of a WDM coupler, and then
the output signal was detected by an optical spectrum analyzer
(OSA, Yokogawa AQ6370D). The wavelength of the pump
light was tuned to the absorption band of the polymer at 1540
nm. The pump power of the pump light was adjusted by a
variable optical attenuator (VOA). The transmission spectra of
the polymer NFBG at different pump powers from 2.7 mW to
12.9 mW are shown in Figure 4(b), where a linear blueshift of
the resonance dip was observed. The dip wavelengths at
different pump powers are plotted in Figure 4(c), where the
measured data are denoted by black squares and a linear fitting
reveals the sensitivity of −45.43 pm/mW for the static pump
response, and a pump power of 20 mW was estimated that it

can induce the Bragg resonant wavelength shift of 0.5 nm with
a modulation depth of 90%. The linear blueshift can be
explained by the PT effect generated from light absorption of
the polymer NF. When the pump beam, as a heat source,
transits the polymer waveguide, the material would absorb
partial light energy, and such energy would be released as
thermal energy, which can lead the shift of the Bragg resonant
wavelength.

The experimental setup to study the dynamic optical pump
response is demonstrated in Figure 5(a).33,34 The transmission
spectrum of the polymer NFBG used is shown in Figure 5(c),
where the resonant wavelength is 1551.2 nm and the dip
strength is ∼13 dB. The probe light from a tunable laser (TL,
Agilent 81638) was coupled into the polymer NFBG by a
WDM coupler. To record the dynamic power variation of the
probe light, its wavelength was tuned to the resonant
wavelength of the polymer NFBG at 1551.2 nm and, provided
the grating spectrum was shifted to short wavelength induced
by the pump light, the probe light will be filtered along the
rising edge of the grating spectrum, thereby causing an increase
of optical power. Furthermore, the pump light from the single-
frequency fiber laser (SFFL, Koheras, ADJUSTIK E15, 1549.0
nm) was first amplified by an erbium-doped fiber amplifier
(EDFA) and then modulated by an acousto-optic modulator
(AOM) with a periodic rectangular signal produced by a signal

Figure 6. (a) The original signal from the signal generator (SG). Frequency (F) and duty cycle (DC). (b) The signal after the AOM. Time delay
(�t) and rising time (RT). (c) The signal after the polymer NFBG. (d) The output signal after the polymer NFBG with different pump powers.
(e)−(h). Frequency response of the polymer NFBG with different pump frequencies: (e) 70 kHz, (f) 170 kHz, (g) 350 kHz, (h) 530 kHz.
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generator (SG). The driven signal was recorded in channel 1 of
the oscilloscope (OSC, Tektronix MDO3054). The pump light
was also coupled into the polymer NFBG to cause a periodic
shift of the spectrum. In Figure 5(b), a homemade silica FBG
with a dip strength of ∼26 dB and a resonant wavelength of
1549.0 nm was used to block the pump light, and a fiber
isolator was used to prevent the reflected light from returning
to the tunable lasers. The output probe light was received by a
photodetector (PD) and recorded in channel 2 of the OSC.

The original rectangular signal produced by the SG with a
frequency of 20 kHz and a duty cycle (DC) of 50% is shown in
Figure 6(a). The signal received after AOM is shown in Figure
6(b), where a rising time of 36 ns and a time delay of ∼1.2 �s
were observed and depended on the performance of the AOM.
The signal received after the polymer NFBG is shown in
Figure 6(c), where a rising time of 176 ns was observed, and
two unexpected opposite photoacoustic (PA) signals were
found at the end of the rising and falling courses in one cycle.
The silica FBG almost filters the pump light. Thus, the signal
from channel 2 after the polymer NFBG is the real time
response of the device. Figure 6(d) compares the signals
received after the polymer NFBG when the modulated-light
power was set to 0.5 mW, 2.6 mW, 4.4 mW, and 8.0 mW, and
the corresponding modulating amplitude and PA signal
amplitude were measured as 0.16 and 0 V (at 0.5 mW);
0.45 and 0.09 V (at 2.6 mW); 0.75 and 0.17 V (at 4.4 mW);
1.15 and 0.28 V (at 8.0 mW), respectively. This device exhibits
has higher temporal thermal response than other polymer
devices.

The frequency response of the polymer NFBG was also
investigated and the results at different input frequencies of 70
kHz, 170 kHz, 350 kHz, and 530 kHz are shown in Figure
6(e)−(h). As the input frequency increases, the output signal
exhibits a serious distortion, but the PA-signal period remains
unchanged being ∼0.4 �s. Experimentally, when the pump
light operates with a frequency of 1.44 MHz and a DC of 50%,
the output signal was completely distorted and has only DC
output. This means the frequency range of normal operation
was under 1.44 MHz (see the Supporting Information).

The PA signal in the experiment may be explained by the
interaction between the pump light and the polymer NF. The
amplitude of PA signal only depends on the Grueneisen
parameter of the material, which was mainly influenced by
local temperature. Light absorption of the polymer NFBG
releasing in the form of nonradiative heat will increase the local
temperature and Grueneisen parameter. The PA signal was
thus generated during the thermal confinement time in the
polymer NFBG, and its amplitude was proportional to light
irradiation �(W/cm2) within short rising period �t:35,36

� 	 
= � �p t0 th a (10)

where �0 is the Grueneisen coefficient at ambient temperature,
�th is the heat conversion efficiency, and �a is the optical
absorption coefficient.

In this work, two opposite PA signals generated at the end of
the rising and falling courses can be explained by the change of
Grueneisen coefficient when the polymer NFBG was heated by
the pump light. As shown in Figure 6(d), when the modulated-
light power was 0.5 mW, the PA signal was difficult to detect
for low deformation and with an increase of pump power, the
amplitude of the PA signal increases gradually. If the duration
of the heat equilibration was shorter than the modulation
period, the PA signal kinetics can be extracted from the

diffusive part of the signal, as shown in Figure 6(e)−(g). If the
heat equilibration cannot be completed within one modulation
period, the PA signal kinetics cannot be determined from the
rising edge of the signal, as shown in Figure 6(h).

The photoannealing phenomenon has been found for the
polymer NFBG. Experimentally, when the power of the pump
light was over 50 mW, the resonance dip will first experience a
fast blueshift and then a slight redshift and finally stabilize
permanently. This phenomenon is referred to as the
photoannealing effect and can be explained by the fact that
with the long-term irradiation of high power light, the
molecules cluster, and the polymer molecular chain breaks
and then further polymerizes with the free polymer
monomers.37 If the light power continues to increase, the
redshift will become more obvious. Figure 7(a) and (b)

compares the transmission spectra of the polymer NFBG
before and after photoannealing. The resonant wavelength
shifted from 1551.2 to 1553.1 nm, the extinction ratio
decreased from 6 to 0.7 dB, and the insertion loss (@1560
nm) decreased from 11.5 to 5.1 dB. The resonant wavelength
and the extinction ratio cannot be recovered. This means the
light power threshold of normal operation is 50 mW.

As a polymer device, the humidity influence should be
noticed. The humidity response of the polymer NFBG was
studied by controlled humidity chambers.38 The humidity
measurement was carried out at 25 °C, and the Bragg resonant
wavelength was used to monitor the humidity change. The
chamber was programmed to increase the humidity from 30%
RH to 90% RH with a step of 20% RH. Fifteen min was used
to increase the humidity, followed by another 15 min for
stabilization. The transmission spectral evolution is demon-
strated in Figure 8, where the Bragg resonance exhibits a
significant blueshift and the dip strength decreases as the
humidity rises. This means the humidity range of normal
operation was from 30% RH to 50% RH, which can be
guaranteed by use of suitable package.39

5. CONCLUSIONS
A new type of high-speed fiber-integrated all-optical modulator
based on a polymer NFBG has been demonstrated. Such an
optical modulator exhibits a high pump sensitivity of −45.43

Figure 7. (a) Initial transmission spectrum of the polymer-NFBG. (b)
Transmission spectrum of the polymer-NFBG after photoannealing
treatment.
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pm/mW and a fast temporal response of 176 ns and excellent
linear response. The PA signals (∼0.4 �s), which occur at the
end of the rising and falling courses in each cycle, are produced
by the light absorption in the polymer NFBG. The PA signal
may find potential application in sensors. Moreover, the light
power threshold of normal operation was 50 mW and the
optimized working humidity wa from 30% RH to 50% RH.
This work provides a brand-new method to develop fiber-
integrated polymer devices.
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Video aims to prove that the frequency response of the
device demonstrated by us can reach 1.44 MHz. From
the video, the original rectangular signal (yellow line)
produced by the signal generator displays in the screen
and the detected signal from the all-optical modulator is
the blue line. With the frequency of original signal
increasing, the detected signal intends to be distorted,
and when the frequency reaches 1.44 MHz, the blue line
becomes a straight line. Therefore, it proves that this
device can respond to signals below 1.44 MHz.
However, due to the defects of the signal generator,
when the original signal frequency increases above 1.0
MHz, there is a distortion at the rising edge of the
rectangular wave (yellow line) (MP4)
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