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In-fiber photoelectric device based on
graphene-coated tilted fiber grating

Bigiang Jiang*, Yueguo Hou, Jiexing Wu, Yuxin Ma, Xuetao Gan* and
Jianlin Zhao

Graphene and related two-dimensional materials have attracted great research interests due to prominently optical and
electrical properties and flexibility in integration with versatile photonic structures. Here, we report an in-fiber photoelec-
tric device by wrapping a few-layer graphene and bonding a pair of electrodes onto a tilted fiber Bragg grating (TFBG) for
photoelectric and electric-induced thermo-optic conversions. The transmitted spectrum from this device consists of a
dense comb of narrowband resonances that provides an observable window to sense the photocurrent and the electrical
injection in the graphene layer. The device has a wavelength-sensitive photoresponse with responsivity up to 11.4 A/W,
allowing the spectrum analysis by real-time monitoring of photocurrent evolution. Based on the thermal-optic effect of
electrical injection, the graphene layer is energized to produce a global red-shift of the transmission spectrum of the TF-
BG, with a high sensitivity approaching 2.167x10* nm/A?. The in-fiber photoelectric device, therefore as a powerful tool,
could be widely available as off-the-shelf product for photodetection, spectrometer and current sensor.

Keywords: tilted fiber grating; photoelectric device; graphene; photoelectric conversion; thermo-optic switching

Jiang BQ, Hou YG, Wu JX, Ma YX, Gan XT et al. In-fiber photoelectric device based on graphene-coated tilted fiber grating. Opto-
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Introduction photodetectors by bonding two-dimensional (2D) ma-

Optical fiber as a milestone in optical communication, its terials, such as graphene, MoS,, and related heterostruc-

. . . ture, 2D covalent organic frameworks, even the metasur-
low-loss nature makes it as a dominant player in the ; al fiber £ 1l have hish oh ]
communication field. Optical fiber-based devices have aces to optical fiber tips, wifl have high photoresp or—151v-
) ity and compatibility with the optical fiber system!'~>. By
accordingly become hugely successful for the develop- .

) _ o exploiting the strong evanescent field and flat platform of
ment, maturity and extensive application of fiber com- side-polished (or D-shaped) fiber, the graphene, hybrid

munication and sensing technologies. However, it has carbon nanotube (CNT)/graphene film, or metal oxide

been a challenge to functionalize and sensitize the ordin- film was integrated on the long-polished region, which

ary silica fibers to detect and convert the light signal trav-
eling through the fibers. To solve this issue, integrating
photoelectric device on optical fibers will be a potential

alternative. For instance, the construction of all-fiber

helped to enhance the light-matter interaction and
achieved the photoelectric detection/phase modulation®’,
and biosensing®’. Unfortunately, the modification and
removal of the fiber cladding are required in these
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devices, which will destroy the integrity of optical fibers
and weaken the mechanical properties.

To improve the functionality of optical fibers, in 1978,
K. O. Hill et al. wrote optical mirrors or filters into fibers
for the first time, which opened up the research and ap-
plications of fiber Bragg gratings (FBGs) and tilted fiber
Bragg gratings (TFBGs)'*2. With a series of spectral
combs, the TFBGs can be used as both the carrier and
the transmission medium of sensitive information, and
the richness of their spectral content provides a power-
ful tool for a new range of high-performance sensors'>-'°.
More importantly, the strong evanescent field adjacent to
the interface of fiber cladding sets up an accessible plat-
form for light-matter interaction to absorb, modulate, or
convert the light signal into the electrical signal in the
fibers by integrating the functional materials.

Graphene, with the atomic layer thickness, has an ex-
cellent flexibility to integrate with the optical fiber
devices, and offers evident optical response over an ex-
tremely wide spectral range and controllable photoelec-
tric properties'®'”. The graphene-integrated fiber devices
have therefore demonstrated many photonic applica-
tions, including optical modulators'®!, polarizers***,
switches?> 2, etc. Unfortunately, the electrical fabrica-
tion of graphene device on fibers remains challenging
due to the requirement of in-situ and in-fiber monitor-
ing of photoelectric conversion and spectral detection.
The combination of the graphene and all-fiber configur-
ation provides a new opportunity for realizing integ-
rated and miniaturized all-fiber photoelectric devices.

In this work, we report the achievement of in-fiber
multifunctional photoelectric device by integrating few-
layer graphene and a pair of electrodes onto a TFBG. The
multiresonant modes coupled by the tilted grating planes
allow the sensing of thermal and electrical information in
the graphene layer by the light-material interaction.
With the merits of the long interaction length and al-
most no decaying evanescent field around the TFBG, we
obtain the photoelectric conversion with a high respons-
ivity and large saturation photocurrent, and monitor the
spectral characteristics in accordance with the photocur-
rent evolution, showing a higher spectral resolution than
the transmission scanned by a tunable laser. By the elec-
trical injection into the graphene, we also observe the
thermal-induced spectral shift, and the thermal effect
promises the applications in the current sensing and op-
tical switching. Therefore, we believe the proposed
scheme and results may provide a new strategy to con-

struct all-in-fiber multifunctional devices and enable
more practical applications in optical fiber communica-
tion and sensing systems.

Device structure, fabrication, and
characterizations

Figure 1(a) schematically depicts the structure of the in-
fiber photoelectric device with graphene layer and a pair
of electrodes. The grating planes of the TFBGs were in-
scribed with a predefined tilt relative to the fiber axis,
which could promote the light coupling from the core to
cladding modes and excite a series of comb-like reson-
ances in a wide spectrum range of tens to hundreds of
nanometers. The resonant cladding modes can be par-
tially absorbed by graphene layer to yield the photocur-
rent, and be further detected by a pair of “L-shaped”
electrodes and a source meter. In order to improve the
light absorption of graphene layer, from Fig. 1(a), the
graphene layer is transferred to the light-coupled direc-
tion (orientation of grating planes) from the fiber core,
in which relatively stronger evanescent field will leak out.
Whereas, the two symmetric long electrodes are placed
in parallel on both sides of graphene layer to receive the
photocurrent.

Figure 1(b) shows the experimental system for meas-
uring the transmission spectrum, photoelectric and elec-
tro-optical conversion performance of the TFBG device.
The broadband light source (BBS) and optical spectrum
analyzer (OSA) are used to observe the change of spec-
tral characteristics and track the transmission dips of the
cladding modes. The narrowband probe light was sup-
plied by an amplified tunable laser (TL) with an erbium-
doped optical fiber amplifier (EDFA) and modulated by
a polarizer and polarization controller (PC), and then the
photoelectric conversion performance by absorbing
evanescent field of TFBG at the graphene layer was char-
acterized by a source meter. During the photoelectric
testing, the BBS could be removed to ensure the detec-
tion of light at a specific wavelength and eliminate the ef-
fect of background light. Both the converted electric sig-
nal and transmitted optical signal were simultaneously
recorded and analyzed by the source meter and a power
meter (instead of the OSA) in real time.

The employed TFBG with a tilt angle of 7° was fabric-
ated in commercial single mode fiber (SMF) by using a
frequency-doubled continuous wave Ar* laser and scan-
ning phase-mask technique. The SMF was first hydro-
genated to enhance the photosensitivity. A high-quality
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Fig. 1 | (a) Schematic of the configuration and operation principle of the graphene-coated TFBG integrated with a pair of electrodes. (b) Experi-

mental arrangement for measuring the transmission spectrum and photoelectric conversion performance of the TFBG device. BBS, broadband

light source; PC, polarization controller; EDFA, Erbium-doped fiber amplifier; OSA, optical spectrum analyzer.

large-size graphene with a three-layer thickness is coated
to provide a stable and uniform absorption layer of the
cladding modes. In the device fabrication, a pair of sym-
metrical gold electrodes should place in the weaker evan-
escent field direction, which is parallel to the direction of
the tilted grating planes, as shown in Fig. 1(a) and the
right inset of Fig. 2(a). The diffraction direction was de-
termined and marked in advance by inputting a red laser
and rotating the optical fiber. A row of diffraction fringes
radiated from the TFBG can be observed when the
strong radiation field faces to a whiteboard, by contrast,
there is no diffraction pattern radiated out but only a
very weak red line in the direction perpendicular to that
before, as shown in Fig. 2(b).

The integration procedures of two gold electrodes and
graphene coating was performed and shown in Fig. 2(a).
First, a 5 nm thick chromium layer and a 30 nm thick
gold layer were successively deposited on the grating sur-
face by thermal evaporation technique, and the sand-
wiched chromium underlayer can enhance the surface
quality and reliability of the gold electrodes adhesion.
Second, the gold and chromium layers towards the
marked direction with strong diffraction fringes shown

in Fig. 2(a) were manually removed by a piece of thin ac-
rylic sheet with the help of a probe station with high-res-
olution microscopy, and then a pair of desired and re-
peatable parallel windows with a length of 10 mm and
width of 50 pm were left for graphene coating. During
this process, the removal region and direction of the
metal layer could be controlled by rotating the fiber
device. Third, two channels were scratched on both sides
of the grating region to separate from each other and
form a pair of symmetrical “L-shaped” electrodes. Fi-
nally, an entire piece of graphene film was transferred
onto the windows between electrodes by a wetting trans-
fer technique*®. The employed few-layer graphene was
grown on a copper foil by chemical vapor deposition.
After the copper foil was chemically removed by a
Fe(NOs3); solution, the floated graphene film was rinsed
with deionized water several times. Then, the fiber grat-
ing was immersed into water to pick up the floated
graphene film, which was directly coated on the marked
regions of the grating surface.

Since the gap width between the two electrodes is an
important factor in the photoelectric conversion, we ex-
amined it by a high-resolution optical microscope. From
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Fig. 2 | (a) Preparation process of the graphene-coated TFBG device and determination of orientations of gold-coating and grating planes. (b)

Diffraction fringes at a three-dimensional space, showing the weak and strong evanescent fields at two orthogonal directions, respectively. (c)

Optical microscopic images of the device under bright-field, there is the junction of uncoated and coated region between the two electrodes. (d)

Raman spectrum of the transferred graphene layer, the G mode is at 1593.19 cm™".

Fig. 2(c), the result shows a 44 um wide window with dis-
tinct graphene border, which allows that the evanescent
field is concentrated in this region and completely ab-
sorbed by the graphene. In order to verify the uniform-
ity of the graphene, we selected multiple points of the
transferred graphene film on the TFBG to characterize
by a Raman spectrometer. Almost identical Raman spec-
tra were obtained, as shown in Fig. 2(d), including the
featured peaks of 1593.19 cm™! (G band), 2691.94 cm™
(2D band) as well as 1347.87 cm™! (D band)?*27,

For a TFBG, a group of cladding mode resonances and
strong evanescent field appear at a densely comb-like
wavelength, determined by the phase-matching condition
Ay = [Negco + g q] A/ cosb, where, A is the resonant
wavelength of the ith cladding mode, A is the nominal
grating period, 0 is the tilt angle, and n.g,, and nl; , are
the effective refractive indices of the core mode and the
ith-order cladding mode, respectively. Thus, the polar-
ized transmission spectrum and modal field distribution
are two important features to trace and understand the
light-matter interaction. Figure 3(a) shows the transmis-
sion spectra of the employed TFBG before and after in-
tegration of the graphene coating and electrodes, under
two orthogonal P-polarized and S-polarized light incid-
ences. Clearly, the two polarized cladding mode reson-
ances have some attenuations after transferring the few-

layer graphene, and the S-polarized intensity attenuated

more than the P-polarized counterpart. This means the
graphene layer absorbs more S-polarized mode energy
that the electric field direction is parallel to the graphene,
in comparison with the P-polarized mode whose electric
field is vertical to the graphene. To obtain further insight,
we selected one of the cladding modes in the cyan region
of Fig. 3(a), and then numerically calculated their elec-
tric field distributions by using finite element analysis
method. Since cladding modes with different orders at a
given polarization state have similar mode field distribu-
tions, the simulation results are adapted to other clad-
ding modes. The results are shown in Fig. 3(b) and 3(c).
The P- and S-polarized modes have different effective in-
dices of 1.4089-3.69x10~ i and 1.4096- 6.45x107° i, in-
dicating the direction of the electric field perpendicular
to each other. Figure 3(d) plots the electric field intensity
of the modes along radial direction of the fiber, and the
inset shows the intensity distribution near the graphene
layer. The larger electric field intensity of S-polarized
mode in the graphene layer indicates more absorption on
the S-polarized modes, which can be also confirmed by
the enlarged transmission spectra shown in Fig. 3(e). The
polarization-dependent mode field will allow different

photoelectric conversion responsivities.

Photoelectric response

To examine the photoelectric response of the graphene-
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Fig. 3 | (a) Polarized transmission spectra of the TFBG before and after graphene coating. (b, ¢) Simulated electric field distributions of the selec-
ted P-polarized and S-polarized cladding modes of the graphene-coated TFBG. (d) Electric field intensity of P-polarized and S-polarized modes
along the fiber radial. The inset shows the intensity distributions of the 25th-order cladding modes near the boundary between fiber and graphene
layer. (e) Enlarged transmission spectra before and after graphene coating.

coated TFBG device, we established the experimental
system as shown in Fig. 1(b). In this system, the trans-
mitted spectrum, output power and photocurrent signal
can be monitored in real-time. The photocurrent was ex-
cited by a pump light generated through a TL at a specif-
ic wavelength of cladding mode resonance. The in-line
fiber polarizer and PC were used to control the polariza-
tion state at S- or P-polarized mode, which were fixed
during the examination. The converted photocurrent
signal was collected and recorded by a source meter. In
the experiment, the gap width of 50 um between the two
electrodes was chosen to ensure the energy of leaked
mode field completely absorbed by the graphene layer
for high-performance photoelectric conversion.

In the experiment, the P-polarized resonance at
1533.30 nm and S-polarized resonance at 1533.42 nm are
selected for photoelectric response test. The results are
shown in Fig. 4, and the top and bottom panels corres-
pond to the cases pumped by the P-polarized and S-po-
larized resonances, respectively. For the case of the P-po-
larized incidence, the photocurrent Ipp=Iijumination—Idark
increase linearly with the bias voltage Vi, under differ-
ent powers absorbed by graphene, as shown in Fig. 4(a).
The linear relationship of I, versus Vi also confirmed a
good ohmic contact between the graphene layer and the
two gold electrodes. However, the high bias voltage will

increase the dark current and induce the thermal effect.
At the same time, the thermally-induced spectral shift of
TFBG device will further increase the fluctuation of pho-
tocurrent. When a weak incident light power Py ab-
sorbed by graphene coating, as shown in the inset of Fig.
4(b), the photocurrent increases linearly and rapidly with
the incident power in the beginning. Also from Fig. 4(b),
with the further increase of the incident power, the
change of photocurrent gradually slows down especially
after 50 pW, and then the photocurrent trends to satura-
tion around 80 pA. From Fig. 4(c), the responsivity
(defined as Ipp/Pg;) decreases as the incident power Pg
increases, and for a weak incident power, there is a neg-
ative exponential relationship between the responsibility
and incident power under a bias voltage of 0.3 V. The
maximum responsivity is up to 11.4 A/W when the in-
cident power is 0.16 pW. With the incident power Py
over 2.0 pW, the responsibility keeps almost unchanged
ataround 7.0 A/W.

As a comparison, the examination results for the case
of S-polarized incidence are shown in Fig. 4(d-f). It can
be seen that the photocurrent Iy still increase linearly
with the bias voltage Vi, at different incident powers ab-
sorbed by graphene, and present a similar growth trend
with the incident power. However, the saturation
photocurrent is up to 100 pA, and the maximum
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Fig. 4 | Photoelectric response of the graphene-coated TFBG device. (a, b) Dependence of photocurrent on the power absorbed by

graphene with P-polarized light pump under applied bias voltages of 0.1, 0.2 and 0.3 V, and (c) photoelectric responsivity of the device changing

with the incident power at a bias voltage of 0.3 V. The inset of (b) shows the linear power-dependence of photocurrent in the low-power case.

The inset of (c) shows the operation mechanism of electron-hole pair excitation in graphene in weak light (left) and saturated absorption (right).

(d—f) Power-dependence and responsivity of the photocurrent for the case of S-polarized light pump.

photoresponsivity is 5.2 A/W. Due to that the responsiv-
ity decreases as the increase of incident power, the more
absorption of S-polarized light by graphene layer results
in the lower responsivity and higher saturation photo-
current in comparison with the case of the P-polarized
incidence, as shown in Fig. 4(d) and 4(f), which agree
well with the previous reports?*-*°.

Benefitting from the long interaction length (~10
mm), large absorption area and almost no decaying
evanescent field around TFBG, the high saturation pho-
tocurrent is obtained in both polarizations. This satura-
tion phenomenon of the photocurrent can be explained
from the insets of Fig. 4(c). The interband transition of
carriers will occur for a weak light absorbed by
graphene®’. Whereas, as the incident power further in-
crease, the conduction and valence bands will be fully
filled by the photogenerated carriers, preventing the fur-
ther absorption, as shown in the right inset of Fig. 4(c).
As a result, the photocurrent will grow more and more
slowly and tend to be saturated, and the responsivity will
keep unchanged with the increase of the incident power.

Due to the densely comb-like spectral characteristics
of TFBG, it is specifically described as the intensity of
evanescent field is strongly wavelength-dependent. The
light power absorbed by graphene layer is accordingly
determined by the spectral comb. When the incident
light is approaching to the resonant wavelength of TFBG,

a strong photoelectric conversion occurs. When the in-
cident wavelength is away from the resonant wavelength,
there is almost no photocurrent generation. Figure 5(a)
demonstrates the wavelength-dependence of the photo-
current (blue solid-line) and the transmission (red
dashed-line) in the wavelength range of 1510-1520 nm.
The transmission was monitored by a tunable laser and a
commercial photodetector, and the photocurrent was
then collected by the source meter. From Fig. 5(a), the
photocurrent evolution with the wavelength agrees well
with the transmission of the device, and the maximum
photocurrent appears at the resonant dips in which the
cladding mode intensity is more coupled to the graphene
layer. Moreover, the photocurrent curve demonstrates
higher measurement resolution and gives more spec-
trum details than the transmission. Therefore, the device
can be used as a fiber-based micro-spectrometer, and the
operation wavelength is strongly determined by the
range of cladding mode resonance.

To evaluate the dynamic response of the device, we
periodically switched the incident light signal with an
acousto-optic modulator at a bias voltage of 1.0 V, and
the output photocurrent is shown in Fig. 5(b). The calcu-
lated rising time and falling time are 196 ms and 188 ms,
respectively, following by the 10%-90% definition in
analog signal processing. In addition, we supplied differ-
ent bias voltages of 0.1, 0.5, 1, 1.5 and 2 V to test the
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Fig. 5 | (a) Wavelength dependence (blue solid-line) of the photocurrent, which is well-matched with the transmission (red dashed-line) of TFBG

scanned with a TL and measured with a commercial photodetector. (b) Temporal response of TFBG-based photodetector. (c) Temporal re-

sponses of the photodetector at different applied voltages with a fixed light power.

responsivity. Clearly, the photocurrent increases accord-
ingly with the bias voltage, indicating a good stability
and repeatability. Still, there is a challenge in the im-
provement of the response speed due to the long light-
matter interaction length and the integrity and homo-
geneity of graphene layer in such a large area.

Electrically-induced thermo-optic response

For the graphene-coated TFBG, when an electrical sig-
nal is applied on the graphene layer, the spectrum of the
TFBG will appear a global red-shift due to the electric-
ally pumped Joule heating effect. Determined by the
thermo-optic and thermal expansion effects®>, the
spectral shift AA with the change AT of ambient temper-
ature can be expressed as AAA=(a+{)AT, where
a=1/nes - dneg/dT and (=1/A - dA/dT are the coefficients
of the thermo-optic and thermal expansion, and A is the
resonant wavelength of a specific cladding mode. For the
device, the graphene layer can be regarded as a pellet res-
istance R, and the generated Joule heating Q is propor-
tional to the square of current I, Q=I’R. Therefore, the
spectral shift can sense the injected current and has a lin-

ear response with the square current.

To confirm this, another similar TFBG device with
graphene coating and a pair of gold electrodes on both
sides was fabricated, and the transmission spectrum is
shown in Fig. 6(a). In the experiment, we remove one in-
cident light including the TL, polarizer, PC and EDFA
shown in Fig. 1(b), and apply an adjustable current sig-
nal on the TFBG using two tungsten needles and the
high-precision source meter. Launched from the BBS,
the transmission spectrum of TFBG is still recorded by
the OSA. The results show that the transmission spec-
trum has a global red-shift with the increase of the injec-
ted current. To clearly observe the spectral shift shown in
Fig. 6(a), we depicted the evolution of one (Dip A) of
cladding mode resonances in the spectrum with the in-
crease of current from 0 to 2.85 mA, demonstrating a
red-shift of 0.17 nm, as shown in Fig. 6(b). Also, the res-
onant wavelength of the cladding mode linearly shifts
with the square current of 0-8 mA?Z and the linear re-
sponse coefficient is 2.167x10* nm/A? with a correlation
coefficient R? of more than 0.999, as shown in Fig. 6(c).
The strictly linear relationship originates from the
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Fig. 6 | (a) Transmission spectrum of the graphene-coated TFBG. (b) Spectral shift of one (Dip A) of the cladding modes with the increase of cur-
rent. (c) Wavelength shift versus the square of current. (d) Measured transmission spectra of the TFBG without (red) and with (blue) the electric-

al injection of 2.85 mA, and the spectrum of a switching signal light. (e) Temporal response of the “electric-optical” switching effect. (f) Enlarged

temporal response over a period with a rise/fall time of 148 ms/56 ms.

electrically generated Joule heating proportional to the
square of current and relatively perfect graphene integra-
tion without energy loss during current conduction®>*.
However, as the applied current further increases, the
generation and dissipation of heat will gradually reach
equilibrium, then the transmission spectrum trends to be
stable?”. In addition, the electrically-induced shift of the
resonance dip in the current range of 0-2.85 mA could
provide a thermal-optic switching effect.

To examine the response speed, the graphene-coated
TFBG was used as a filter to modulate or switch a signal
light from the TL, as shown in Fig. 1(b). In the measure-
ment, the TL was set at 1538.24 nm as a signal source,
and the modulated signal was tracked by a photodetect-
or and an oscilloscope in real-time. When turning on or
off the applied current of 2.85 mA on the graphene layer,
the TFBG’s mode resonance will have a fast shift from
the “peak” to “dip” at the wavelength of the signal light,
corresponding to “on” and “off” states of the signal, as
shown in Fig. 6(d). The periodical change of the signal is
shown in Fig. 6(e), when a square-wave modulated
voltage is applied with a duty cycle of 0.9 s . 0.6 s. The
dynamic response results indicate the good stability and
repeatability of the device in multiple periods. As shown
in Fig. 6(f), the times taken for the rising and falling
edges of the signal are evaluated as 148 ms and 56 ms, re-
spectively, following the 10%-90% rule of analog signal
processing.

From the above results, the graphene layer as a source
of electric-induced heat generation in this device, has a
uniform, fast and stable heating manner without no loss
and delay to modulate the spectral characteristics of a
TFBG, due to the tight wrapping of graphene around the
TFBG. In the previous works, the copper or chrome-
nickel wires were employed to heat the microfibers for
phase/wavelength modulating and current sensing®-*,
demonstrating low thermal/current sensitivity or re-
sponse speed as a result of the small contact area or in-
homogeneous heating manner with possible gaps. For
instance, by using the copper rod as a heating element,
the wavelength of microfiber knot resonator shifted with
the square current, with a response coefficient of 700
pm/A? %7, By wrapping a microfiber on a thin-diameter
chromium-nickel wire to construct a microfiber loop
resonator based current sensor, the current sensitivity
was up to 220.65 nm/A? 3. A power resistor around a
tapered fiber interferometer was used to heat the inter-
ference region, and the current sensitivity was only 1.76
nm/A? *. A microfiber interferometer was placed in con-
tact with a copper wire carrying a direct current to be
used as a current sensor, the sensitivity and response
time were only 48.18 pm/A? and around 6.4 s, respect-
ively*. In addition, with the aim of the current sensing,
the use of the optical micro/nanofiber-based Mach-
Zehnder interferometers***3, resonators®**, increase the
risk of instability and susceptibility to the environmental
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disturbance. As a comparison, the response sensitivity is
improved by more than two orders of magnitude in our
device, and the speed and stability also have a great en-
hancement by using the electrically-pumped graphene-
coated TFBG scheme.

Conclusions

We have demonstrated the achievement of photoelectric
conversion and electrically-induced thermo-optic effect
in an in-fiber device assisted by the graphene layer and
two symmetrical electrodes. In the device, a TFBG is
used to provide a strong evanescent field and a mul-
tiresonant spectrum characteristics, and the few-layer
graphene acts as a photoelectric conversion medium as
well as a microheater by the electrical injection. For the
photocurrent generation, the device shows a wavelength-
and polarization-dependent photoresponse with  re-
sponsivity up to 11.4 A/W, saturation photocurrent of
around 100 pA and response speed of 196 ms. For the
electrically-induced thermal effect, the wavelength shift
can reach 0.17 nm at the applied current of 2.85 mA, and
the response time and maximal extinction ratio of the
thermal-optical switch are 148 ms and 15 dB, respect-
ively, due to the long-distance, homogeneous heat gener-
ation and transfer of graphene layer. Moreover, the use
of reduced-diameter fiber, the grating with a larger tilt
angle, and more homogenous monolayer graphene dir-
ectly grown on the fiber device by chemical vapor depos-
ition technique, would further promote the improve-
ment of the photoelectric performance. Therefore, with
the advantages of all-fiber system, the propagation, filter-
ing, modulation, and detection of the light signal can be
realized in a fiber device without loss for integration,
which is more flexible than using lens system and fiber
coupling system to focus the light source into on-chip
waveguide. This work also provides a potential pathway
to develop multifunctional fiber-based photoelectric
device with 2D material integration.
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