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Towards an all-in fiber photodetector by directly bonding
few-layer molybdenum disulfide to a fiber facet

A simple and direct way to fabricate an all-fiber in-line
photodetector based on bonding MoS2 to a fiber facet is
demonstrated for the first time. The fiber photodetector can work
in bias-free conditions and can be integrated in fiber systems for
online monitoring with low insert loss. The platform may provide
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Towards an all-in fiber photodetector by directly
bonding few-layer molybdenum disulfide to a fiber
facett

Jin-hui Chen,? Zhao-huan Liang,? Lie-rong Yuan,® Cheng Li,® Min-rui Chen,?
Yi-dong Xia, Xue-jin Zhang,® Fei Xu*® and Yan-qing Lu®

Although photodetectors based on two dimensional (2D) materials have been intensively studied, there
are few reports of optical fiber compatible devices. Herein we successfully fabricated an all-in fiber
photodetector (FPD) based on an end-face bonded with few-layer molybdenum disulfide (MoS;). Our
FPD has a considerably high photo-responsivity of ~0.6 A W™ at a bias voltage of 4 V and 0.01 A W™
under the bias-free conditions. We believe that the proposed platform may provide a new strategy for the

rsc.li/nanoscale

The invention of optical fibers' has lit up modern optical com-
munication. The state-of-the-art technology has enabled ultra-
low loss fibers that can transport modulated lightwave signals
for approximately 100 km without the need for a repeater.
However, the low-loss nature of optical fibers (made of silica),
which indicates that the light-fiber interaction is very weak,
limits further applications. To obtain more functional appli-
cations of optical fibers such as photodetection,>* lasing,* and
thermal detection,”® researchers have tried to integrate
different materials and microstructures’ into optical fibers.
Nevertheless, these platforms require a well-designed layered
structure and a complex manufacturing process.””

Over the past decade, the rise of two-dimensional (2D)
materials has led to many fundamental research break-
throughs®® and high-performance devices.’® Given that 2D
materials are inherently compatible with fiber systems owing
to their mechanical flexibility and robustness, there have
been many pioneering studies that combine 2D materials,
including graphene, transition metal dichalcogenides (TMDs)
and topological insulators, where optical fibers realize
optoelectronic’’ > and sensing®'® functions. However, most
of these fiber devices are passive and lack the active manipula-
tions of 2D materials. Furthermore, there is still much poten-
tial to explore in the field of fiber integration with 2D
materials. It has been proved that 2D materials can provide
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integration of 2D materials in fibers and realization of optoelectronic and sensing applications.

almost all functions required for optical communication;
for example, light generation,”” > modulation,>™>® and
detection.””*' Among these, as far as we know, there are only
a few studies that report on all-in fiber photodetection.®

Herein, we successfully fabricate an all-in fiber photo-
detector (FPD) by directly bonding a piece of molybdenum di-
sulfide (MoS,) to a fiber facet with a high photoresponsivity of
~0.6 AW " at 4 Vand ~0.01 AW™" at 0 V bias for light with a
wavelength of 400 nm. Notably, a facile method is developed
to fabricate electrodes on fibers with relatively high precision
without any conventional lithographic process. Our configur-
ation is simple, cost-effective, and can be readily extended to
other 2D materials. We believe that our platform may provide
a new strategy for the integration of fibers with 2D material
systems and tuning of 2D materials actively for multifunc-
tional applications.

Our FPD is illustrated in Fig. 1a. A thin layer of MoS, is
directly bonded to the end face of an optical fiber with two
gold electrodes, as is clearly shown in the Fig. 1a inset. The
mechanisms of photocurrent generation can be classified as
photoconductive, photovoltaic, and photothermal effects.”’ In
our configuration, we adopt the photoconductive mechanism.
In a photoconductive device, in the dark, the bias voltage
induces a certain amount of electric flow. When the device is
illuminated with photons whose energies are greater than the
band gap of the semiconductor, the photon absorption gener-
ates extra electron-hole pairs, which are separated by a bias
field and are collected by the electrodes. The input light power
can be measured by detecting the net photocurrent. It should
be noted that we selected MoS, as the photoconductive layer
because the large band gap of MoS, can guarantee low dark
current and good photodetection performance.** **

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic of the FPD and its fabrication process. (a) The photo-
detection part of the FPD is integrated on the fiber facet, which is com-
posed of a gold electrode pair and few-layer MoS,. The MoS, is de-
posited above the electrodes. The inset is the cross-sectional part of the
FPD. (b) Sequential fabrication process of the FPD. The inset shows the
scratching method using a tapered tungsten probe under an optical
microscope.

Fig. 1b demonstrates the sequential fabrication process of
the FPD. Initially, to realize the FPD, a cleaved single-mode
optical fiber (SMF-28, Corning, New York, USA) was deposited
with a ~30 nm gold film covering all over the fiber (see the
ESIT for details). The reason why we choose SMF-28 fiber is
that it is the most popular optical fiber for optical communi-
cation application. Although it is designed for single mode
transmission in the infrared band, it can also be used in the
visible band only at the cost of multi-mode transmission with
negligible loss (short distance). Then, we used two pieces of
lapping films (LF1P, Thorlabs) to remove a portion of the gold
layer in the lateral portion of the fiber and left two parallel gap
structures (Fig. S17). After that, we employed a tapered tung-
sten needle to scratch the gold layer on the end surface of the
fiber to obtain a small channel corresponding to the lateral
gaps. The fabrication process was accompanied by optical
microscopy and a high precision moving stage (NanoMax,
Thorlabs). In this way, a fiber with two separated electrodes
was fabricated and the channel length and position on the
end face of the fiber could be well controlled (Fig. S21). The
MosS, layer on mica, fabricated by chemical vapor deposition
(CVD, Six Carbon Technology, Shenzhen, China) was trans-
ferred to deionized water for readiness. Finally, we adopted a
dip-coating method>"*° to transfer the MoS, to the fiber facet.
Fig. 2(c and d) shows the structure and morphology of the pre-
pared sample. The clear SEM image of the MoS, integrating
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Fig. 2 Characterization of the FPD. (a) The in situ Raman spectra of
few-layer MoS, in the FPD. The red and black curves are two typical
spectra of the MoS, in the FPD, corresponding to red and black circled
positions in the inset. Inset: the optical microscope image of the FPD,
where the red and black circles are the selected areas for the Raman
characterization. Scale bar, 20 pm. (b) The in situ PL spectrum of the
MoS; in the FPD for 532 nm excitation. (c) The SEM image of the FPD.
Scale bar, 50 pm. (d) Camera image of the as-fabricated FPD.

fiber structure (Fig. S4+) illustrates the uniformity of the trans-
ferred film. We figure that it is because the gold has a strong
affinity for chalcogenides, especially for the sulfur atoms. It is
found that gold can form a semicovalent bond with sulfur, the
bond strength of which is as large as 45 kcal mol™".*> As a
result, the large electrode pad on the fiber can assist smooth
film transfer in the dip-coating process.

Fig. 2a shows the Raman spectra of the transferred MoS,
film on the FPD (see the ESIT for details). It can be seen that
the two selected areas’ Raman fingerprints almost overlap
each other, which indicates the high uniformity of the MoS,.
Using the Lorentz fitting method, the wavenumbers of the A,
and E',, modes are calculated to be 404.2 cm™'

381.9 cm™', respectively. The energy difference between the

and

two Raman peaks is 22.3 cm™', corresponding to trilayer
MoS,.*>*” We also measured the photoluminescence (PL)
spectrum of the MoS,, as illustrated in Fig. 2b. Two prominent
peaks can be observed in the PL spectra at ~677 nm and
~626 nm, which can be attributed to A and B excitons of the
MoS,.”* The relatively strong PL signal shows that the MoS,
should have a few layers, which is consistent with the Raman
results. It is convenient to characterize the extinction spectrum
of the FPD. Fig. S61 shows a relatively long absorption tail
(~1000 nm) and strong absorption when the light wavelength is
shorter than 450 nm.*>*® As a result, it may be expected that
our FPD can have a high performance in short wavelengths,*>**
which will be discussed in the next section.

To characterize the performance of photodetectors based on
2D materials, most researchers have to use an objective lens to

37,41-43 [ our

focus the light source into a sub-sample size scale.
case, we do not need any lens system, thanks to the all-in fiber

structure. The fiber waveguide can serve as a light power concen-
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trator and theoretically, all the input power can be projected to
the FPD. For the photoelectrical characterization, we used a
reference optical power-meter (S150C, Thorlabs) to calibrate the
input light power (Fig. S77). In our FPD, the collecting electrode
is positioned related to the waveguiding center (fiber core) and
the gap between them is the key parameter that influences the
performance of the FPD. Herein we choose the gap width as
~7.5 pm, with the gap center nearly on the fiber center position,
given that it matches well with the optical modes in the
fiber, which is beneficial for an efficient photodetection (Fig. S4
and S57).

Fig. 3a shows the nonlinear -V curves of the FPD in the
dark, which indicates that the contact between the gold elec-
trode and MoS, is not ohmic. By using the transfer length
method,* the measured contact resistance is found to be ~48
GQ pm and the sheet resistance of MoS, is ~10 GQ O
(Fig. S8t), which is similar to the previously reported CVD
MoS,.”° The high contact resistance can be attributed to the
large sheet resistance and the Schottky barrier because of the
work function mismatch.>® When the FPD is illuminated with
a 400 nm light source (MDL-III-400, CNI, China), the drain
current increases due to the creation of photocarriers. The
photocurrent (Ipn = lighe — laark) increases with the bias voltage
due to the increase of the carrier drift velocity. Fig. 3b illus-
trates the photocurrent mapping related to the bias voltage
and input light power. Qualitatively, the photocurrent saturates
at a lower light power with a higher bias voltage. The photo-
responsivity is one of the most important figures of merit for a
photodetector, which is defined as R = Iu/Piight, Where Piigp, is
the total incident power on the device, rather than the
absorbed light power. Fig. 3¢ shows the photoresponsivity of
the FPD related to the bias voltage at a fixed power. Intuitively,
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Fig. 3 Photoelectrical characterization of the FPD. (a) The /-V curve of
the FPD in a dark environment and with light (4.37 nW @ 400 nm). (b)
The photocurrent generation is related to the input light power and bias
voltage. (c) The photoresponsivity of the FPD is correlated to the bias
voltage with a light power of 4.37 nW. Inset: the partial enlarged view of
photoresponsivity around zero bias. (d) The photoresponsivity of the
FPD is related to the input power and bias voltage.
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the photoresponsivity increases with the increase of the bias.
It is known that for most 2D materials the photoresponsivity is
highly dependent on the power due to trap states,’™**°? as
illustrated in Fig. 3d. The trap states can greatly enhance the
responsivity of MoS, for either increasing the photocarriers’
life time or the photogating effects. As the input light power
increases, the trap states are full-filled, and the gain is
decreased, thus the responsivity is also decreased. The best
photoresponsivity of our FPD is ~0.6 A W with a projected
light power of ~4.4 nW. Much higher responsivity can be
expected if weaker light is illuminated. Although this value is
much lower than the MoS, state-of-the-art photodetector,"" it
is reasonably high considering our gating-free conditions and
relatively simple configuration (see the ESIt for the compari-
son of our FPD’s performance with a chip based MoS, photo-
detector). Besides, it is superior to that of commercial silicon
photodetectors and is two orders of magnitude larger than
that of graphene-microfiber devices.'® We also measured the
performance of the FPD at 532 nm, the responsivity of which
was comparable with the 400 nm light source (Fig. S9F).

Surprisingly, our FPD can also work under bias-free con-
ditions, as shown in the Fig. 3c inset and Fig. 3d, and the best
photoresponsivity is as high as 0.01 A W™'. The possible
mechanism is the spatial asymmetry of electrodes, which has
been used to realize bias-free graphene photodetectors.*® We
figure that the gold electrode pair is not precisely symmetric to
the fiber core (light source position) due to the simple scratch-
ing technique. Thus the asymmetric interaction of the optical
field and built-in electric field at the contact regions of the
electrodes and MoS, leads to the absence of cancellation in
the net photocurrent at zero bias (see the ESI{ for detailed
discussions). The external quantum efficiency (EQE) is used
to characterize the efficiency of the impinging photons in
generating charge carriers, which is closely related to the
photoresponsivity:

EQE = R (1)

el

where & is Planck’s constant, ¢ is light speed in a vacuum,
e is the electron voltage, and 4 is the light wavelength. From
Fig. 3d, we can calculate that the maximized EQE is ~180% for
~4.4 nW input. Considering that only part of the light power
(~45%) is absorbed in the MoS, (Fig. S671), the trap states in
the MoS, should dominate in our FPD.>”** Although the trap
states can add to the carrier life time, increasing the photon
gain, they also reduce the response speed of our FPD, which is
discussed below.

The photo-switching characteristics and stability of our FPD
were investigated. The drain current increases to a high value
under illumination and decreases to a low value under the
dark conditions. We measured three different illuminated
light powers, as shown in Fig. 4a, and the photocurrent
dynamics were almost the same. Moreover, the stability of this
switching behavior was also manifested by applying periodic
ON-OFF operations of the light source, as illustrated in
Fig. 4a. However, the response speed of our FPD is relatively

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Photocurrent dynamics and stability characterization. (a) Time-
resolved photoresponsivity of the FPD recorded for different light
powers with a bias voltage of 3 V. The laser is repeatedly turned on for a
period of 10 s and turned off for 10 s. (b) An enlarged one-cycle view of
the photocurrent dynamics of the FPD with a 3 V bias for 73.6 nW light
power.

low. The 10%-90% rise/fall times are ~7.1 s and 3.5 s respect-
ively as shown in Fig. 4b, which are comparable with those in
previous reports.**** To some extent, the response speed com-
petes with the photoresponsivity of the photodetector. As is
mentioned, the trap states dominate in our FPD. The photo-
responsivity is considerably good, and as a result, the response
speed is compromised. This problem can be solved if we use
better-quality MoS, (e.g., low defect density and high carrier
mobility) or engineer the MoS,-substrate interfacial pro-
perties®** to reduce the charged trap density.

Conclusions

In summary, we propose and demonstrate a new all-in FPD
based on few-layer MoS,. Different from a conventional photo-
detector built on a silicon chip, our FPD is highly compatible
with current optical fiber systems for in-line optical power
monitoring. It achieves a considerably high photoresponsivity
of ~0.6 AW ™" at 4 V for 400 nm-wavelength light. The perform-
ance of our FPD can be further improved by interface engineer-
ing and electrostatic gating,**** although the complexity of
the device is compromised. The chemical route to modifying
the MoS,’s quality and hybrid plasmonic structure is also a
promising way to enhancing the device’s performance.’*”
Our FPD can also work under bias-free conditions with photo-
responsivity as high as ~0.01 AW™" owing to the unintentional
spatially asymmetric electrodes. This value can be enhanced if
we carefully design the electrode structure and use more
powerful fabrication techniques, such as focused ion beam
(FIB). Although our FPD can only work in the visible band
owing to the band gap limit of MoS,, it is very promising that
our platform can be extended to the infrared spectrum by
employing other 2D materials, such as graphene®®*® and black
phosphorus.?* Moreover, by using the dip-coating method,
theoretically, we can obtain vertical van der Waals hetero-
structures in fibers, which adds another dimension to fibers
integrated with 2D materials. We believe that our platform
may provide a new way for the integration of 2D material
systems in fibers and movement towards tuning of 2D
materials actively in fibers for multifunctional applications.

This journal is © The Royal Society of Chemistry 2017
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