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Assembling different materials into one optical fiber to realize
multifunctional all-fiber devices is always a challenging task,
mainly because the process is not compatible with current
microfabrication technology. Although various devices have
been proposed to achieve “all-fiber” optoelectronic functions,
most of these devices cannot connect seamlessly with the
mainstream optical fiber system (silica): this is a serious
impairment to their further implementation in practical
applications. Here, we present an integration approach that
directly combines low-dimensional optoelectronic materials
(CsPbBr; nanocrystals and graphene) onto the facet of a stan-
dard silica fiber to construct a high-performance photodetec-
tor, which can detect light with a power as low as 107! W
with photoresponsivity as high as 2 x 10* A/W. Moreover,
it has an extraordinary light—matter interaction path benefi-
cial to enhancing light absorption and realizing self-passiva-
tion and protection. Because of its compatibility with current
established optical fiber systems, this technique could provide
a highly versatile, reproducible, and low-cost method to inte-
grate novel zero-, one-, and two-dimensional materials and
deliver more sophisticated functionalities. ~© 2017 Optical
Society of America

OCIS codes: (060.2340) Fiber optics components; (040.5160)
Photodetectors; (060.2380) Fiber optics sources and detectors;
(130.0250) Optoelectronics.
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Integrating distinct conductors, semiconductors, and insulators
into an optical fiber platform to achieve in-line multifunctional
devices for photonic, optoelectronic, acoustic, and even bio-
chemical applications has recently attracted much attention
[1-4]. Among them, the all-fiber photodetector (FPD) shows
eye-catching features for its capabilities in distributed photodetec-
tion [5]. More important, since the photodetector is an indispen-
sable device in current optical communication systems, an FPD

2334-2536/17/080835-04 Journal © 2017 Optical Society of America

can realize both photon transport and detection in a single optical
fiber. However, most of the multifunctional fibers are not per-
fectly compatible with current mature optical fiber (silica) systems
because of their different geometries and structures [1,2].
Photoresponsivity is another factor that limits the range of prac-
tical applications of the FPDs reported in literature [5,6], typically
being far less than that of the commercial photodetectors.

In recent years, organic—inorganic hybrid perovskites have
been considered to be very attractive photovoltaic materials for
their superior optoelectronic properties and low-cost fabrication
technology [7,8]. Engineering the interface and optimizing the
architecture, the power conversion efficiency of hybrid perov-
skites based solar cells leaped from 4% to over 20% [8]. Apart
from the photovoltaic applications, hybrid perovskites also show
great promise in light emitting diodes [9,10], laser [11,12], and
photodetectors [13—15]. The research of hybrid perovskites also
triggers the recent development of all-inorganic perovskite nano-
crystals (IPNCs). The IPNCs show high photoluminescence
quantum yield, tunable bandgap depending on their sizes and
composition, and relatively good stability in an ambient environ-
ment [16,17]. All of these are indications that IPNCs have great
potential in optoelectronic applications [18-21]. Moreover, the
solution-processed technology endows them with the capability
to fit into many platforms, including both flexible and corrugated
substrates.

Here we demonstrate a novel device: an ultrasensitive, highly
fiber-compatible photodetector (FCPD) fabricated by integrating
solution-processed CsPbBr; nanocrystals (NCs) and multilayered
graphene into the facet of a single silica fiber (Fig. 1). By using
CsPbBr; NCs as a highly efficient light absorption layer and gra-
phene as an ultrafast photocarriers transporting layer [22,23], our
FCPD can detect light powers as low as 107! W with a photo-
responsivity as high as 2 x 10* A /W, which is, to our knowledge,
a record value among the other reported optical fiber photodetec-
tors [5,6]. In contrast to multimaterials fiber [1], our platform can
seamlessly connect with the current optical fiber system and can
accommodate versatile optoelectronic materials [7,16,18,24,25].
We believe our results may provide a new path to designing all-in
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Fig. 1. Design of the FCPD device. (a) Schematic of the cubic per-
ovskite CsPbBry; NCs and multilayered graphene crystal structures.
(b) Device configuration of an FCPD with CsPbBr; NCs and graphene
composite structure. The two separated Au electrodes (yellow sections)
are deposited at the facet of an optical fiber and its lateral walls. The inset
is the cross-sectional view of the FCPD. (c) Photograph of a fabricated
FCPD transporting a red light source. The strong scattering effect at the
end face of the optical fiber is caused by the CsPbBry NCs films.
(d) Optical microscope image of an FCPD. The bright yellow film is
the self-assembled CsPbBr; NCs films, which serves as a photoconductor
layer. The scale bar is 20 pm.

fiber multifunctional devices and enable many practical applica-
tions in optical communications and sensing.

Optical fiber integrating photodetector design. The crystal
structures of CsPbBr; NCs and multilayered graphene are
illustrated in Fig. 1(a). The high-quality NCs were synthesized
by a modified hot-injecting method (see Supplement 1) [16].
The schematic structure of the FCPD is shown in Fig. 1(b). A
cleaved optical fiber (SMF-28, Corning) was fabricated with a
pair of gold electrodes and sequentially deposited multilayered
graphene and CsPbBr; NCs (see Supplement 1). We adopt a
dip-coating method [26,27] to directly transfer a layer of multi-
layered graphene onto the facet of a fiber without any polymer,
like poly(methyl methacrylate) (PMMA). Interestingly, the self-
assembled circular CsPbBr; film on fiber is obtained using a sim-
ple isopropanol treating process (see Supplement 1). The intrinsic
absorption coefficient for CsPbBr; NCs is 0.8 x 10> cm™! for
400 nm light wavelength [28], which means that NCs film with
a thickness of 500 nm is sufficient to absorb light power according
to the law of Bouguer—Lambert—Beer. Different from other re-
ported graphene—perovskite hybrid photodetectors [22,23,29],
in which the light source irradiates from the perovskites sides,
in our case, the light illuminates the graphene layer first and then
the NCs layers. As a result, the control on the thickness of the
CsPbBr; NCs film is less strict, disregarding the photocarriers re-
combination effect and electron conductivity issue for a thick
CsPbBr; film. The film thickness on the fiber can reach several
micrometers [Fig. 1(d), see Supplement 1], in contrast to sub-
micrometer thickness perovskites in a chip-based photodetector
[22,23,29]. The relatively thick CsPbBr; film is beneficial for
light absorption and may also serve as a self-passivated layer
for the inner active matter, which improves the stability of the
FCPD. Figure 1(c) shows a photograph of an as-fabricated
FCPD injected with a red light source. The strong scattering
effect on the fiber is attributed to the aggregated NCs on the fiber
end face (see Supplement 1).
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Fig. 2. Properties of CsPbBry NCs and graphene. (a) TEM image of
CsPbBry NCs. The scale bar represents 50 nm. The inset is the photo-
graph of the CsPbBr; NCs dispersed in cyclohexane. (b) Typical high-
resolution TEM image of a CsPbBry NC. The scale bar is 5 nm. (c) X-ray
diffraction patterns of CsPbBr; NCs. (d) Absorption and PL spectra of
CsPbBr3 NCs, which show the direct bandgap characteristic of CsPbBrs;.
(e) Raman spectrum of multilayered graphene. (f) Transmittance spec-
trum of a multilayered graphene and composite graphene-CsPbBr; struc-
ture, both of which are deposited on the facet of an optical fiber.

Nanomaterials and device characterization. A TEM image
in Fig. 2(a) shows the morphology and uniformity of as-
synthesized CsPbBrs NCs. The NCs have a square or rectangular
shape with a measured edge distribution maximum peak of
around 14 nm. We can find that the NCs have a narrow size
distribution. A typical high-resolution TEM image of a single NC
is shown in Fig. 2(b). The atomic columns are clearly resolved,
and the measured lattice parameter of 0.6 nm is in good agree-
ment with the results from the powder x-ray diffraction (XRD)
pattern in Fig. 2(c), showing the cubic phase of CsPbBr;. And the
inset of Fig. 2(a) is the camera image of CsPbBr; NCs dispersed
in cyclohexane. Figure 2(d) demonstrates the UV-visible absorp-
tion spectrum and photoluminescence spectrum (PL) of
CsPbBr;. The full width at half-maximum (FWHM) of the
PL peak is ~18 nm, located at a wavelength of ~518.8 nm,
which agrees well with the absorption edge of NCs. The quantum
yield of CsPbBr; NCs we used is as high as 78%, which is
comparable with reported results [16]. The Raman fingerprint
of multilayered graphene is shown in Fig. 2(e). The substrate
of the graphene for Raman characterization is SiO, /Si for meas-
uring convenience. By measuring the transmittance spectrum
of graphene, shown in Fig. 2(f), and fitting numerically (see
Supplement 1), we find that the number of graphene layers is ~6.
The transmittance spectrum of an FCPD is also measured in
Fig. 2(f). We can find that nearly all the light power with a wave-
length under 520 nm is absorbed thanks to the thick CsPbBr;
film structure. The non-unit transmittance for light wavelength
over 550 nm might be attributed to the strong scattering effect of
CsPbBr; film [Fig. 1(c), see Supplement 1] and absorption in the
multilayered graphene.

Photoresponse characterizations of the FCPD device.
Figure 3(a) shows the optical and electrical circuit for measuring
the photoresponse of the FCPD. Since the FCPD naturally in-
tegrates with an optical fiber system, the light power is transported
in the optical fiber waveguide and used to illuminate the FCPD.
The generated electrical signal is collected and analyzed by a
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Fig. 3. Device performance of the FCPD. (a) Photoelectrical charac-
terization system for our FCPD. (b) Dependence of generated photocur-
rent on incident light power (at 400 nm) and applied bias voltage.
The inset shows the linear I-V curve of the FCPD in darkness.
(¢) Photocurrent of the FCPD for different light power and applied volt-
age. The marked violet region is the quasi-linear light power response for
the FCPD. (d) Mapping photocurrent (|/,]) spectra relate to the inci-
dent light power and applied voltage. (¢) Typical responsivity of our
FCPD to illuminating light power at a wavelength of 400 nm and bias
of 0.2 V. (f) EQE of our FCPD as a function of spectral wavelength at
different bias voltage. The light power is set as ~0.2 nW.

sourcemeter. To calibrate the input power on the FCPD, we em-
ployed a double arms configuration (referential arm and experi-
mental arm). The linear I-V curve of the FCPD in darkness, as
illustrated in the inset of Fig. 3(b), indicates the ohmic contact
between electrodes and photoconductor layers. The dependence
of photocurrents (/,, = Zjigh; = £ 4ark) 0N applied voltage and light
power (at 400 nm) is plotted in Fig. 3(b). The photocurrent re-
lationship to light power is shown in Fig. 3(c) for three different
bias voltages. It can be found that the saturated light power for the
FCPD is as low as 1 nW, and the quasi-linear power response
can be less than 0.2 nW. Considering the limited effective area
of the FCPD (~80 pm?), the power density is as large as
1.25 mW /cm? for even 1 nW input light power, which is far
higher than usually selected light density for device characteriza-
tions [22,23,30]. The light power range measure in this study is
only limited by the available referential powermeter in our lab
(0.1 nW resolution, S150C, Thorlabs). The absolute photocur-
rent values (|7,,|) mapping correlated to light power and applied
voltage is summarized in Fig. 3(d). We can see that the photo-
current generation is almost symmetric to bias voltage, which is
the expected behavior of the ohmic contact of the FCPD.

The responsivity (R = I,/ Pigp) is an important figure of
merit of a photodetector. Figure 3(e) shows the light power de-
pendent responsivity curves under 400 nm illumination at 0.2 V
voltage. The highest responsivity of the FCPD is ~2 x 10* A/W
for 0.06 nW light illumination. The external quantum efficiency
(EQE) is calculated from the definition EQE = Rhc/e4, where 4
is the Planck constant, ¢ is the light velocity in vacuum, ¢ is the
electron charge, and 4 is the light wavelength. So, the calculated
highest EQE should be as large as ~6 x 10°%. As far as we know,
this is the highest value ever reported for an all-fiber photodetec-
tor [5,6]. It is known that the responsivity for a photodetector is
highly dependent on the power intensity. In our case, the mini-
mum power intensity is as large as 75 pW /cm?, which is still far
larger than the typical power density measured in other studies
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[22,31]. Much higher responsivity is expected when the illumi-
nated power intensity is further reduced (see Supplement 1 for the
comparison of the performances between our FCPD and other
photodetectors). Moreover, if a higher voltage is applied on
the FCPD, the responsivity can be further improved. This is
because the higher voltage can reduce the carrier transition time
in the photoconducting channel. And the gain factor of the device
is higher, thus higher responsivity. However, the dark current is
compromised consequently. To characterize the wavelength-
dependent photogain of our FCPD, the EQE versus wavelength
at different voltage with the light power fixed at 0.2 nW is shown
in Fig. 3(f). The EQE value in the UV-visible band shows a short-
pass characteristic, which is consistent with the absorption spec-
trum of CsPbBry; NCs. We also calculate the noise equivalent
power (NEP) and the detectivity (D %) of our device. When
the input power is 0.06 nW, the NEP and D *are 3.9 x
1071 WHz /2 and 8.6 x 10'" Jones, respectively, which is
comparable to commercial silicon photodiodes [32] and is mainly
limited by the large dark current of graphene.

The ultrahigh responsivity (gain) of our FCPD can be attrib-
uted to the photogating effect, which has been investigated before
[22,23,29]. It has been found that when perovskite NCs contact
with graphene, the latter can be electron doped by perovskites in
order to balance the Fermi level. The built-in electric field formed
at the interface can block the photon-generated electron, while
driving the holes diffusing to the graphene layers. The remaining
electrons in the perovskites can exert negative gate voltages and
induce a net photocurrent through capacitive coupling. Thanks to
the long lifetime of photocarriers in perovskites and the ultrafast
carrier mobility in graphene, the photogain can be greatly
enhanced. Considering the intrinsic carrier mobility and the dis-
continuity of the formed film, the carrier mobility is low for
CsPbBr;-only film. And it can be expected that the responsivity
for CsPbBr; is small. As for graphene, the carrier lifetime is very
short, although the carrier mobility is high. And the responsivity
is also very small. As a result, the combination of CsPbBr; and
graphene contributes to the high responsivity of our device. We
measured the I-V curves for the graphene-only device and the
graphene—NCs hybrid device (see Supplement 1). It can be found
that after depositing a layer of NCs, the conductivity of the device
is changed, which indirectly indicates the charge migrating effect
between graphene and NCs. We have also conducted a contrast
experiment by fabricating graphene-only and CsPbBry NCs-only
FCPD with similar structure. The graphene-only FCPD shows
very weak and unstable photoresponse while the CsPbBr;
NCs show weak photoresponse (~0.06 A/W) with fast response
speed (see Supplement 1).

Stability measurement of the FCPD device. The temporal
response of the FCPD was measured using a 400 nm diode laser
with light power fixed at 0.1 nW. The laser is mechanically
chopped, and the generated photocurrent is modulated conse-
quently, as shown in Fig. 4(a). We evaluated the FCPD photo-
response by periodically switching on and off illumination light at
three different voltages, namely 0.05 V, 0.1 V, and 0.2 V bias
voltage. The dynamical change of the photocurrent is nearly
the same for different applied voltages. However, the response
speed of our FCPD is very slow, with rise and fall time calculated
to be 3.1 s and 24.2 s, respectively, by using the stretched expo-
nential function [29,33]. The long rise and fall time of the FCPD

might be attributed to the residual long-chain organic ligands on
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Fig. 4. Transient response and long-term stability of the FCPD.
(@) Temporal response of the FCPD at different applied voltages
with the input light source fixed at ~0.1 nW (at 400 nm).
(b) Photocurrent of the FCPD measured in air at room temperature over
one week with illuminating light power fixed at ~0.1 nW (at 400 nm).
The applied voltage is 0.2 V.

CsPbBr; surface, which block the photocarrier transport between
particles. Moreover, the considerably thick CsPbBr; film (in the
micrometers scale) may also prolong the transport time for
photocarriers. The response time can be improved by increasing
the isopropanol washing times or using short-chain organic
ligands. The long-term stability of perovskites materials is a
common concern for researchers [7,17]. For organic—inorganic
hybrid perovskites, it is commonly accepted that moisture and
heat lead to device degradation. As for the all-inorganic perov-
skites, the two factors will be much relieved because of their struc-
tural stability. Although there are many works on the organic—
inorganic mixed or all-inorganic perovskites-based photodetec-
tors, only a few of these show their long-term stability evaluation
[30]. To characterize the stability of our FCPD, the illuminating
light power is set as ~0.1 nW (0.125 mW /cm?) using a 400 nm
light source. The measurement is conducted over a week, and the
result is demonstrated in Fig. 4(b). Numerical fitting shows that
the 1/e decay time of our FCPD is 320 h. It should be noted that
the entire experiment is conducted completely in an ambient
environment without any encapsulation. The mechanism of
gradual degradation for our FCPD is not very clear and might
be attributed to the photo-degradation effect of CsPbBr; NCs
[34]. Further research is needed to investigate the stability of all-
inorganic perovskites materials.

In summary, we report an all-in fiber photodetector fabricated
by integrating CsPbBr; NCs and multilayered graphene onto the
end face of an optical fiber. This kind of photodetector is highly
compatible with the current optical fiber system with ultrahigh
photoresponsivity (2 x 104 A/W). Our platform is straightfor-
ward and can be readily transferred to other optoelectronic
materials, including zero-dimensional, one-dimensional, and
two-dimensional materials. This novel design method may provide
a new route to the realization of all-fiber multifunctional devices.
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