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Graphene Heterostructure Integrated Optical Fiber Bragg 
Grating for Light Motion Tracking and Ultrabroadband 
Photodetection from 400 nm to 10.768 µm

Bannur Nanjunda Shivananju, Xiaozhi Bao, Wenzhi Yu, Jian Yuan, Haoran Mu, Tian Sun, 
Tianyu Xue, Yupeng Zhang, Zhongzhu Liang, Ruifeng Kan, Han Zhang, Bo Lin,* 
Shaojuan Li,* and Qiaoliang Bao*

Integrated photonics and optoelectronics devices based on graphene 
and related 2D materials are at the core of the future industrial revolu-
tion, facilitating compact and flexible nanophotonic devices. Tracking and 
detecting the motion of broadband light in millimeter to nanometer scale is 
an unfold science which has not been fully explored. In this work, tracking 
and detecting the motion of light (millimeter precision) is first demonstrated 
by integrating graphene with an optical fiber Bragg grating device (graphene-
FBG). When the incident light moves toward and away from the graphene-
FBG device, the Bragg wavelength red-shifts and blue-shifts, indicating its 
light motion tracking ability. Such light tracking capability can be further 
extended to an ultrabroad wavelength range as all-optical photodetectors 
show the robust response from 400 nm to 10.768 µm with a linear optical 
response. Interestingly, it is found that graphene-Bi2Te3 heterostructure on 
FBG shows 87% higher photoresponse than graphene-FBG at both visible 
and telecom wavelengths, due to stronger phonon-electron coupling and 
photo-thermal conversion in the heterostructure. The device also shows 
superior stability even after 100 d. This work may open up amazing  
integrated nanophotonics applications such as astrophysics, optical  
communication, optical computing, optical logic gating, spectroscopy,  
and laser biology.
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1. Introduction

The ability to detect the motion of light 
from millimeter to nanometer (mm to nm) 
scale is an unfold science which may lead 
to novel photonics devices such as wave-
length tuner, filters, modulators, and mate-
rial characterization based on the light 
motion. Various techniques have been 
demonstrated to detect the motion of sun 
light from centimeter to meter (cm to m)  
scale using mechanical and electrical 
methods for energy harvesting.[1] The 
mechanical approach was developed for 
detect the motion of sunlight by using 
polymer, semiconductor, and ceramic 
which undergo strain under light illumi-
nation similar to the sunflower.[2] Recently, 
Gariepy et  al. developed a camera based 
on silicon avalanche diodes array which 
is capable of observing light-in-flight.[3] 
However, it will take about an hour to take 
enough shots to make a final video rep-
resenting the motion of light.[3] Besides, 
silicon is restricted to specific wavelength 

Ultrabroadband Photodetection

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.201807274.
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and limited to narrowband photodetection. These light tracking 
systems have been hampered detecting the motion of broad-
band light from millimeter to nanometer (mm to nm) scale 
in real time and cannot be used to tune the optical wavelength 
in nanophotonics devices. It is nontrivial to seek for new solu-
tions which can integrate emerging materials with new optical 
devices to deliver superior light tracking capabilities.

Recently, 2D materials such as graphene, topological insula-
tors, transition metal dichalcogenides, and black phosphorous 
have revealed their incredible improvements in the field of 
optoelectronics and photonics applications[4–9] such as ultrafast 
lasers,[10,11] broadband photodetectors,[12–14] high-performance 
light-emitting diodes (LEDs),[15] ultrafast optical modula-
tors,[16,17] broadband polarizers,[18] and high quantum efficiency 
plasmonic devices.[19,20] Due to their good flexibility, 2D mate-
rials could also be easily integrated with optical fibers to realize 
all-optical operation,[17,21] which offers attractive advantages in 
structural miniaturization, resistance to electromagnetic inter-
ference, highly multiplexing ability, noncontact, long-term 
stability, and remote use. The recent progress on the ultra-
fast all-optical modulators[16,17,21] and the ultrasensitive optical 
biochemical sensors[22] implies intriguing potential for highly 
sensitive photosignal sensing and light modulation based on 
2D materials integrated optical fiber.

In this work, we demonstrated the tracking of light motion 
based on 2D materials integrated optical fiber Bragg grating 
(FBG) device. Broadband wavelength response of graphene due 
to its zero bandgap nature and nanoscaled Bragg gratings in 
optical fiber afford the capability to detect the ultrabroadband 
light from 400 nm to 10.768 µm with linear photoresponse (far 
better than electrical devices). We further demonstrated that 
graphene-Bi2Te3 heterostructure integrated FBG device shows 
enhanced light detection with the ultrahigh photoresponse than 
that of graphene integrated FBG device.

2. Results and Discussions

2.1. Tracking the Motion of Light

The experimental setup for light motion tracking and detecting 
is schematically shown in Figure 1a. The fabrication process of 
the chemical vapor deposition (CVD) grown graphene[23,24] on 
to the FBG device is explained in detail in Figure S1 in the Sup-
porting Information. An optical image at the bottom right in 
Figure  1a shows single-mode optical FBG wrapped by single-
layer graphene. To confirm the high quality of the monolayer 
graphene, Raman spectroscopy was performed and the result is 
shown in Figure S2 in the Supporting Information. Broadband 
light from the supercontinuum laser source is pumped into 
the graphene-FBG device, and the reflected light by the Bragg 
gratings at a wavelength of ≈1546  nm is collected through a 
circulator and analyzed by using an optical spectrum analyzer 
(OSA). When the broadband light is guided into the FBG, one 
part of the light is reflected back with a particular wavelength 
which is called Bragg wavelength (λB) and the other part trans-
mits through the core of the FBG.[25–28] The Bragg wavelength 
(λB) is correlated with the grating period in between the grating 
pitches inside the FBG and can be written as following[25,26]

nλ∆ = Λ2B eff 	 (1)

where λB is the function of the effective refractive index (neff) 
and the period of the grating pitch (Λ)[25,26] inscribed in the 
optical fiber core.

Figure  1b,c illustrates the schematics of Bragg wavelength 
shift (ΔλB = λB,illumination – λB,dark) of the device under light illu-
mination. When incident light is illuminated on graphene, 
photoinduced carriers (electron–hole pairs) are generated due 
to strong light-matter interaction in graphene film. We can 
also expect to see the relaxation of photocarriers in graphene 
because there is no channel for the photoinduced carriers to be 
extracted out in our FBG system. Specifically, strong phonon–
electron coupling in graphene would convert into Joule heating 
(here we refer it as photothermal (ΔT) effect) due to the zero 
bandgap in graphene.[12,29,30]

The photothermal heat deposited in the optical fiber 
cladding quickly conducts through the ultrathin silica to 
the fiber core, with its coefficient of thermal conductance 
Kclad  =  1.4  W  m−1  K−1 and thus modulate the Bragg gratings 
parameters (neff and Λ). The Bragg wavelength shift ΔλB in an 
FBG device induced by thermal effect (a temperature change ΔT)  
can be derived by Equation (2)[31,32]

n

T
n

T
Tλ∆ = Λ ∂

∂
+ ∂Λ

∂


 


 ∆2B 	 (2)

where n
T

∂Λ
∂

 denotes the variation in the grating pitch and  

Λ n

T

∂
∂

 represents the variation in the effective refractive index 

due to a light induced temperature change ΔT. Thereby, Bragg 
wavelength shift ΔλB at a light induced temperature variation 
∆T can be formulated by below equation[30,31]

Tλ λ α ζ( )∆ = + ∆B B 	 (3)

where ζ is the thermo-optic coefficient (8.6  ×  10−6) and α is 
the thermal expansion coefficient (0.55  ×  10−6). We need to 
point out that the Bragg wavelength shift ΔλB due to thermo-
optic effect (ζ) is 15.6 times higher than thermal expansion 
effect (α).[31,32] Based on the above theoretical equations, we 
can conclude that the Bragg wavelength shift ΔλB in graphene-
FBG device is mainly due to photoinduced thermo-optic effect 
(change in Δneff)[31,32] and this provides a novel means for 
photodetection with ultrahigh sensitivity and ultrabroadband 
spectral response.

Next we turn our attention on the change of the Bragg 
wavelength shift ΔλB as the incident light moves across the 
graphene-FBG device. The corresponding experimental setup 
is shown in Figure  1d. Collimated green laser (532  nm) with 
the power of 1.6 mW and beam waist of 3 mm is used as light 
source which moves across the graphene-FBG device with the 
help of displacement stage. As the collimated laser spot moves 
across the graphene-FBG, we can also observe linear motion of 
the diffracted light from the graphene-FBG device in the scale. 
This motion of the light in millimeter (mm) precision can be 
instantly monitored by graphene-FBG device. The pictorial rep-
resentation of the graphene-FBG device used to track the motion 
of light with the displacement of several millimeters (mm)  

Adv. Funct. Mater. 2019, 1807274
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Figure 1.  Tracking the motion of light based on graphene-FBG device. a) Schematic diagram of experimental setup for light motion tracking and 
detecting. An optical image at the bottom right shows graphene-FBG device. Scale bar, 50 µm. b) The band energy diagram of the graphene-FBG 
device and the photoexcited hot carrier transport process under illumination. c) The photoinduced electrons and holes generation in graphene and 
resulting in shift in the Bragg wavelength of FBG. d) Optical images showing the experiment setup for detecting the motion of light in millimeter 
(mm) precision. Collimated green laser with a wavelength of 532 nm is used as light source which moves across the graphene-FBG device. Inset: 
As the collimated laser spot moves across the graphene-FBG, we can also observe linear motion of diffracted green light in the scale. e) Schematic 
diagram of the shift in the Bragg wavelength of graphene-FBG when the light moves across Bragg gratings. f) The shift in the Bragg wavelength 
increases and decreases when the light moves toward and away from the graphene-FBG device. g) The shift in the Bragg wavelength with respect 
to distance (mm) when the light moves across the graphene-FBG device and compared with bare FBG. Inset: Optical image showing the motion of 
light on graphene-FBG device.
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across the Bragg gratings is shown in Figure 1e. When external 
photons are incident on the graphene-FBG device, we are able 
to observe the Bragg wavelength shift ΔλB. Figure  1f exhibits 
the change in the Bragg wavelength when the incident light 
moves across the graphene-FBG device for a distance of 8 mm. 
We are able to observe the Bragg wavelength redshifts and 
blueshifts when the light moves toward and away from the gra-
phene-FBG device with respect to distance (mm) as shown in 
Figure 1g (red color). The inset of Figure 1g shows an optical 
image of the motion of light on graphene-FBG device. When 
the incident light contacts with the bare optical fiber portion 
that is without graphene-FBG (see the points 0 and 9 marked 
in Figure  1e), there was no spectral shift in the Bragg wave-
length (till distance 1  mm, see Figure  1e). But whenever the 
light motion comes in contact with both the graphene and the 
Bragg gratings portion (at distance 2 mm), there shows a cor-
responding slight Bragg wavelength shift ΔλB due to the light 
induced thermo-optic effect (photothermal-optic effect). As the 
laser spot moves over a larger portion across the graphene-
FBG, we can observe linear increase in shift in the Bragg wave-
length (distance 2–4  mm). The Bragg wavelength shift ΔλB 
starts decreasing linearly when the laser beam starts moving 
away from the graphene-FBG (distance 5–7  mm) and then 
comes back to initial Bragg wavelength (distance 8 mm) when 
the laser beam is no more interacting with the graphene-FBG 
device. In comparison, we repeated this experiment with bare 
FBG without graphene coated, and we were not able to observe 
any obvious spectral shift in the Bragg wavelength when the 
green laser spot (532 nm, 1.6 mW) moves across the Bragg grat-
ings (blue dots in Figure  1g). This experimental result proves 
that both graphene and the Bragg gratings plays a key role for 
tracking the motion of light and it can be extended for tracking 
and detecting the broadband light (visible to far-infrared). The 
ability to detect the motion of light in millimeter (mm) scale 
may lead to novel photonics devices such as wavelength tuner, 
filters, and modulators based on the light motion.

2.2. Ultrabroadband Photoresponse of Graphene-FBG Device

Figure  2 shows the ultrabroadband (400  nm to 10.768  µm) 
photodetection of the graphene-FBG device at room tempera-
ture. Figure  2a displays the schematic diagram of the ultra-
broadband wavelength photoresponse of graphene-FBG device. 
When incident light of different wavelengths are illuminated 
on the graphene-FBG surface, electron–hole pairs are gener-
ated and the strong phonon–electron coupling in graphene 
results in photothermal effect, resulting in refractive index 
change (Δneff) in FBG device which leads to the Bragg wave-
length shift ΔλB, as discussed above. Figure  2b shows the 
experimental results of ultrabroadband wavelength response 
of graphene-FBG photodetector which covers visible (400, 532, 
and 635  nm), near-infrared (980 and 1550  nm), mid-infrared 
(4.67 µm), and far-infrared (7.26 and 10.768 µm) wavelengths. 
The optical images of the experimental setup used to carry out 
the ultrabroadband photodetection measurements are shown 
in Figure S3 in the Supporting Information. We could clearly 
observe more than 100 pm shift in the Bragg wavelength for all 
incident light from 400 nm to 10.768 µm (Figure 2b). Notably, 

the shift in the Bragg wavelength at 400 nm is slightly higher 
than other wavelengths. Similarly in the UV–vis–IR spectrum 
(Figure S4, Supporting Information), we could observe slight 
increase in the absorption of graphene for wavelength less than 
500  nm, due to hydrocarbon contamination.[6] Based on our 
knowledge, our results show the widest range of wavelengths 
(400  nm to 10.768  µm) response compared to all the photo-
detectors reported till now based on graphene and related 2D 
materials.[12,13,33,34]

Figure  2c,d shows the power dependence (10−6–10−3  W) of 
linear Bragg wavelength shift ΔλB measured at graphene-FBG 
device for ultrabroadband wavelengths (400 nm to 10.768 µm). 
The Bragg wavelength shift increases with promoting the 
incident light power, which can be attributed to the increased 
number of photoinduced carriers, and thus enhanced phonon–
electron coupling (photothermal) effect at higher illumination 
power. The observed Bragg wavelength shift depends linearly 
on the illumination power. Notably, the graphene-FBG device 
shows linear photoresponse better than that of graphene inte-
grated electrical photodetectors.[12,33] The reliable output Bragg 
wavelength shift and incident optical power over ultrabroadband 
spectral range (400  nm to 10.768  µm) makes graphene-FBG 
based photodetectors ideally suitable to astrophysics, radiometry, 
bolometer, optical communication, spectroscopy, laser biology, 
and sensing applications. The maximum photosensitivity of 
graphene-FBG device was found to be 95  pm  mW−1 with the 
limit of detection (LoD) of 210 µW (LoD = resolution of the OSA  
(20  pm)/sensitivity (95  pm  mW−1)). The LoD can be further 
reduced to nW by using high resolution interrogator system, 
using micro or etched FBG devices[35,36] and by increasing the 
absorption of graphene by constructing heterostructures with 
other 2D materials.

2.3. Graphene-Bi2Te3-FBG Heterostructure Broadband 
Photodetector

The combination of graphene with small bandgap 2D semi-
conducting materials seems to be more favorable approach for 
broadband light detection with increased photoresponse.[37] In 
this section, we also demonstrated ultrasensitive photoresponse 
based on graphene-Bi2Te3-FBG heterostructure from visible 
(400 nm) to telecom (1550 nm) wavelengths at room tempera-
ture. Layered Bi2Te3 rhombohedral crystals are small bandgap 
(≈0.15 eV) 2D material from topological insulator family.[37] The 
experimental setup of graphene-Bi2Te3-FBG heterostructure 
device is similar with the graphene-FBG device, as is shown in 
Figure  3a. The scanning electron microscopic (SEM) image at 
the bottom right in Figure 3a shows Bi2Te3 nanocrystals grown 
on the monolayer graphene substrate by CVD method and 
then transferred onto the optical FBG cladding surface. Here 
we use the graphene-Bi2Te3 heterostructure with a thickness of 
≈30 nm. The Figure S5 in the Supporting Information displays 
the Raman spectroscopy of the graphene-Bi2Te3 heterostruc-
ture which endorses the presence of Bi2Te3 crystal on top of 
graphene monolayer. Figure  3b shows the schematic diagram 
of energy diagram proposed to illustrate the optical excitation 
and relaxation process of photocarriers in graphene-Bi2Te3-FBG 
heterostructure. Graphene is zero bandgap semimetal material, 

Adv. Funct. Mater. 2019, 1807274
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whereas Bi2Te3 has a very small bandgap (≈0.15 eV), which ren-
ders the hybrid system the strong broadband light absorption 
capability from visible to infrared wavelengths. When the light is 
illuminated on the graphene-Bi2Te3 heterostructure, the photon 
induced electrons–holes pairs are generated in both Bi2Te3 
and graphene 2D materials, and electrons in Bi2Te3 transfer 
toward graphene and then after get relaxed in graphene, at the 
same time the photon induced holes in graphene will be trans-
ferred into Bi2Te3, preventing the direct recombination of elec-
tron–hole pairs.[38] As a result, the number of photon induced 
carriers in graphene-Bi2Te3 heterostructure are much higher 
than in pure graphene which leads to strong phonon–electron 
coupling in graphene-Bi2Te3 heterostructure would convert into 
photothermal effect and lead to higher Bragg wavelength shift.

Based on the above observation, we believe that Bi2Te3 play 
an import role for the increased shift in the Bragg wavelength. 

To verify this, Raman mapping measurements were performed 
on graphene-Bi2Te3 heterostructure. Figure  3c,d shows the 
optical image and the corresponding Raman mapping result 
of graphene-Bi2Te3 heterostructure. The Raman mapping 
is performed by focusing a visible laser (514  nm) light and 
scanned over the graphene-Bi2Te3 heterostructure. The Raman 
wavelength used during mapping locates at the characteristic  
G peak of graphene (Figure S5, Supporting Information). The 
graphene-Bi2Te3 heterostructure regions (indicated by blue 
color)  and monolayer graphene (indicated by red or yellow 
color) can be clearly seen from the Raman mapping result,  in 
accordance with the optical image. Figure 3e displays the broad-
band wavelength (350–1600  nm) absorption of pure graphene 
and graphene-Bi2Te3 heterostructure, which clearly shows 
that the graphene-Bi2Te3 heterostructure has enhanced light 
absorption (30%) than monolayer graphene (2.3%) due to the 

Adv. Funct. Mater. 2019, 1807274

Figure 2.  Ultrabroadband wavelength photoresponse of graphene-FBG device. a) Schematic diagram of the ultrabroadband photon illumination on 
graphene-FBG device and the shift in the Bragg wavelength. b) The redshift in the Bragg wavelength when the photon of different wavelengths (400 nm 
to 10.768 µm) illuminated on graphene-FBG device. c) The linear increase in shift in the Bragg wavelength of graphene-FBG as a function of the increase 
in the incident power of visible (400, 532, and 635 nm), and near infrared (980 nm) wavelengths. d) Telecom (1550 nm), mid-infrared (4.670 µm), and 
far-infrared (7.260 and 10.768 µm) wavelengths.
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strong light absorption of Bi2Te3. Therefore, graphene-Bi2Te3-
FBG heterostructure has much larger Bragg wavelength shift 
than graphene-FBG at both visible and infrared wavelengths. 
Figure  3f shows the Bragg wavelength shift when incident 
light of different wavelengths (400, 532, 635, and 1550  nm) 
are illuminated on graphene-Bi2Te3-FBG heterostructure. This 
shows the potential of graphene-Bi2Te3-FBG heterostructure for 
broadband light detection including at the telecom wavelength 
(1550 nm).

2.4. Power-Dependent Photoresponse of Graphene-Bi2Te3-FBG 
Heterostructure

Figure  4a shows the power (10−6–10−3  W) dependent photore-
sponse of graphene-Bi2Te3-FBG heterostructure for broadband 
photodetection (400–1550 nm). Similar to graphene-FBG device, 
the increase in the incident power increases the photon–elec-
tron coupling in the graphene-Bi2Te3-FBG heterostructure and  
consequently results in increase in the Bragg wavelength shift.  

Adv. Funct. Mater. 2019, 1807274

Figure 3.  Graphene-Bi2Te3-FBG heterostructure device for broadband wavelength detection. a) Schematic diagram of experimental setup of graphene-
Bi2Te3-FBG heterostructure photodetector. The inset is the scanning electron microscopic (SEM) image of Bi2Te3 nanoplatelets grown on graphene. 
Scale bar, 1  µm. b) The energy band diagram of graphene-Bi2Te3-FBG heterostructure device and the photoexcited hot carrier transport process 
under illumination; the dotted line represents the Fermi levels (EF). c) Optical image of the graphene-Bi2Te3 heterostructure device. Scale bar, 8 µm.  
d) Scanning Raman mapping result of the graphene-Bi2Te3 heterostructure. Scale bar, 8 µm. e) The broadband absorption spectrum of graphene-Bi2Te3 
heterostructure in comparison with monolayer graphene. f) The redshift in the Bragg wavelength when the photon of different wavelengths (400 to 
1550 nm) illuminated on graphene-Bi2Te3-FBG heterostructure device.
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We have repeated power (10−6–10−3 W) dependent photoresponse 
on bare FBG for broadband wavelength (400–1550  nm) as 
shown in Figure  4b. Negligible Bragg wavelength shift was 
observed across a broadband wavelengths range (400–1550 nm) 
on the bare FBG, this result confirms that graphene and 
graphene-Bi2Te3 heterostructure are playing a key role in the 
photodetection. The power-dependent Bragg wavelength shift 
of graphene-Bi2Te3-FBG heterostructure is much greater than 
graphene-FBG at different wavelengths (400–1550  nm) as 
revealed in Figure 4c. Moreover, the Bragg wavelength shift can 
be tuned and modulated in picometer resolution (0–731 pm) by 
tuning the incident light power (10−6–10−3  W). The maximum 
photosensitivity of graphene-Bi2Te3-FBG heterostructure device 
was found to be 740 pm mW−1 with the limit of detection (LoD) 
of 27 µW. We believe that the photosensitivity could be further 

increased by thinning or removing the cladding of the FBG 
device or by introducing plasmonic structures to enhance the 
absorption of graphene-Bi2Te3. This novel graphene and related 
2D material integrated ultrabroadband photo-optic device 
(controlling light with light) has great potential to replace tradi-
tional silicon based electro-optic modulator[39] (controlling light 
with electric field) device.

We have also studied long-term photoresponse stability 
of graphene-Bi2Te3-FBG device performance for about 100  d 
as presented in Figure  4d. The graphene-Bi2Te3-FBG device 
shows slight shift in the Bragg wavelength from 234 to 210 pm 
even after 100 d under the illumination of laser light (635 nm, 
1.5 mW). The slight shift in the Bragg wavelength was ≈10%, 
suggesting that graphene-Bi2Te3 integrated optical FBG device 
shows superior photoresponse stability.

Figure 4.  Power dependent photoresponse and long-term stability of graphene-Bi2Te3-FBG heterostructure photodetector. a) The redshift in the Bragg 
wavelength of graphene-Bi2Te3-FBG heterostructure photodetector increases with increase in the incident power of different wavelengths (400–1550 nm). 
b) There is no much shift in the Bragg wavelength of bare FBG with increase in the incident power of different wavelengths (400–1550 nm). c) The 
increase in shift in the Bragg wavelength of graphene-Bi2Te3-FBG heterostructure in comparison with graphene-FBG and bare FBG as a function of the 
increase in the incident optical power of different wavelengths. d) Long-term photoresponse stability of graphene-Bi2Te3-FBG device performance for 
about 100 d under ambient conditions.
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3. Conclusion

In this work, we have demonstrated tracking and detecting the 
motion of light (millimeter precision) by integrating graphene 
with an optical FBG device. We have also demonstrated gra-
phene integrated FBG device for ultrabroadband wavelength 
(400  nm to 10.768  µm) light detection with linear response. 
In addition, we have demonstrated that graphene-Bi2Te3-FBG 
heterostructure has much larger photoresponse which is 
87% higher than graphene-FBG at both visible and telecom 
wavelengths. Finally, graphene-Bi2Te3-FBG heterostructure 
integrated optical FBG device shows superior stability even 
after 100 d under atmosphere condition. This concept may be 
further explored by coating other 2D materials (black phospho-
rous, transition metal dichalcogenides, topological insulators, 
boron nitride, and perovskites) on various optical fiber devices 
for light motion tracking in nanometer (nm) scale and ultra-
broadband wavelength detection. This would be applicable to 
possible industrial applications such as machine vision, laser-
based navigation and localization, humanoid robotics and 
robotic security devices by measuring laser light reflected from 
target objects.

4. Experimental Section
Synthesis of Graphene and Graphene-Bi2Te3 Heterostructure: High-

quality, graphene monolayer was synthesized on copper (Cu) foil (Alfa 
Aesar, United States) using a typical chemical vapor deposition (CVD) 
method.[23,24] Bi2Te3 2D material was synthesized by physical vapor 
deposition method. During the process, high purity (99.99%) Bi2Te3 
powder (Alfa Aesar, United States) was positioned in the center of 
the furnace with a temperature of 500  °C as the source material for 
evaporation, and graphene/Cu foil was positioned in the downstream 
with a temperature of 290–360  °C. Argon gas was used to carry the 
Bi2Te3 vapor onto the graphene film which resulted in graphene-Bi2Te3 
heterostructure.

Characterizations of the Graphene and Graphene-Bi2Te3 Heterostructure: 
The graphene-FBG morphology was inspected by using optical 
microscopy (Nikon Eclipse, LV100ND). The graphene-Bi2Te3 
heterostructure morphology was examined by using scanning electron 
microscope (FEI Quanta 200 FEG). Raman spectroscopy was measured 
with an excitation wavelength of 514 nm by using a micro-Raman system 
(Horiba Jobin Yvon, LabRAM HR 800). Atomic force microscope (Bruker, 
Dimension Icon) was used to examine the thicknesses of graphene and 
graphene-Bi2Te3 heterostructures. The broadband absorption spectrum 
of single-layer graphene and graphene-Bi2Te3 heterostructure were 
investigated by using a UV–vis-IR spectrometer (Newport, Pviv-211v, 
with a Keithley 2612).

FBG Device Fabrication and Experimental Setup: The FBG device 
was inscribed in a photosensitive germania doped silica fiber (core 
diameter: 8  µm and cladding diameter: 125  µm) using a phase mask 
method.[25,26] The experimental setup for light motion tracking and 
detecting consists of an external light sources with displacement 
stage, graphene-FBG device, circulator (1550  nm), broadband (400 to 
2000 nm) supercontinuum laser source, and optical spectrum analyzer 
(Yokogawa AQ6370D) with high resolution of 20 pm.

Graphene-FBG Device Fabrication and Characterization: Graphene-FBG 
device was fabricated by transferring the CVD-grown graphene onto the 
optical FBG device, as shown in Figure S1 in the Supporting Information. 
First, poly(methyl methacrylate) (PMMA) polymer was deposited onto 
the upper surface of the graphene/Cu foil by spin coating method, 
devising PMMA/graphene/Cu heterostructure, where PMMA polymer 
film acted as a shielding layer to avoid breaking the graphene film until it 

is safely transferred onto the FBG device. The bottom layer of Cu foil was 
then thoroughly removed from the PMMA/graphene/Cu heterostructure 
by exposed to 1  m ferric chloride (FeCl3) solution for 40  min. The 
PMMA/graphene film was washed three to four times with deionized 
water to remove any Cu foil residues, then transferred carefully onto the  
FBG device. The top layer of the PMMA polymer is removed from 
the graphene by treating with acetone for 12  h. After lifting, ultrafast 
laser was used to remove extra graphene from FBG device. Finally, 
single-layer graphene was coated on the top surface of optical FBG to 
fabricate a graphene-FBG device. The above method is followed even for 
fabricating graphene-Bi2Te3-FBG heterostructure device.

Optical Measurements: Light induced Bragg wavelength shift of 
graphene-FBG photodetector and graphene-Bi2Te3-FBG heterostructure 
photodetector measurements at visible and near-infrared wavelength 
range were accomplished on optical table using an optical spectrum 
analyzer (Yokogawa, AQ6370C). Light induced Bragg wavelength shift 
of graphene-FBG photodetector measurements at mid-infrared and far-
infrared wavelength range were conducted on an optical microscopy 
platform (NeaSpec). The confocal micro-Raman system (WITec alpha 
300R) was used to examine the Raman mapping measurements.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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