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ABSTRACT: Two-dimensional (2D) Bi,Sr,CaCu,04,5 (BSCCO) is a
emerming class of 2D materials with high-temperature superconductivity
for which their electronic transport properties have been intensively studied.
However, the optical properties, especially nonlinear optical response and
the photonic and optoelectronic applications of normal state 2D
Bi,Sr,CaCu,0y,5 (Bi-2212), have been largely unexplored. Here, the linear
and nonlinear optical properties of mechanically exfoliated Bi-2212 thin
flakes are systematically investigated. 2D Bi-2212 shows a profound plasmon
absorption in near-infrared wavelength range with ultrafast carrier dynamics
as well as tunable nonlinear absorption depending on the thickness. We
demonstrated that 2D Bi-2212 can be applied not only as an effective mode-
locker for ultrashort pulse generation but also as an active medium for
infrared light detection due to its plasmon absorption. Our results may
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trigger follow up studies on the optical properties of 2D BSCCO and demonstrate potential opportunities for photonic and

optoelectronic applications.
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INTRODUCTION

As a family of high-temperature superconductors, bismuth
strontium calcium copper oxide (BSCCO) has a generalized
chemical formula: Bi,Sr,Ca,_,Cu,O,,, 4,5 where n = 1—3. One
of the most studied compounds is Bi-2212 with a chemical
formula Bi,Sr,CaCu,Oy,s whereas n = 2.'~* The pseudo-
gap,s’6 infrared Hall angle,” and superconductivity’ in bulk
single crystal Bi-2212 have attracted intensive attention.
Recently, exfoliated 2D Bi-2212 nanosheets have been used
for exploring the role of dimensionality in high-temperature
superconductivity. Superconductor—insulator transitions has
been observed in thin films of lithium-intercalated 2D
exfoliated Bi-2212 flakes.” A survey of monolayer Bi-2212
shows that doping concentration has less effect on the phases
of superconductivity, charge order, pseudogap, and the Mott
state, which are the same as those in the bulk, indicating the
lack of the dimensionality effect."’

Many 2D materials including graphene, MXenes, and
topological insulators (TIs) exhibit not only exotic electrical
properties but also excellent optical properties, originating
from their unique electronic band structures. For example,
graphene has a special band structure with two Dirac cones
meeting together at the Fermi level, which not only affords
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unusual electrical phenomena such as Klein tunneling "~ and

an anomalous quantum Hall effect’”'* but also gives rise to
interesting optical responses like universal absorption con-
stant,">'® tunable interband transitions,'”'® and strong
saturable absorption.'””” Bismuth-based TIs (e.g, Bi,Te;,
Bi,Se;, and Sb,Te;) are insulating with a small bandgap in their
interior, but their surfaces with single Dirac cone are
conductive.”** In terms of optical response, the TIs with
small bandgaps have both broad-band linear”> and nonlinear
optical responses ranging from the UV to MIR region.”* *°
Recent research shows that 2D transition metal carbonitride
MZXenes are also suitable for photonic and optoelectronic
applications due to their extraordinary nonlinear optical
properties.n28 In addition, these 2D materials with exotic
electrical properties and optical properties have also been
extensively investigated for photodetectors in the past few
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Figure 1. Physical characterization of BSCCO. (a) Schematic of the atomic structure of Bi-2212. (b) Optical image of an exfoliated Bi-2212
nanosheet on a Si/Si0O, substrate. Scale bar: 20 um. (c) AFM topography image of a Bi-2212 nanosheet (top panel) and cross-sectional
height profile (bottom panel) along the dashed line in the topography image. (d) HAADF-STEM image of a Bi-2212 nanosheet. Scale bar:
500 nm. (e—i) EDS elemental map of the Bi, Sr, Ca, Cu, and O. Scale bar: 500 nm. (j) Atomically resolved HAADF-STEM image of the Bi-
2212 nanosheet. Inset: the line-profile extracted from the red box on the left, presenting the different contrast of Bi, Sr, Ca, and Cu atom
columns due to the different atomic numbers. (k) Raman spectrum of Bi-2212 nanosheet measured on SiO,/Si substrate. The spectrum is
excited by a 532 nm laser. (I) Linear absorption spectrum of Bi-2212 flake. The colored bars show the conventional (C) and long wavelength

(L) telecommunication bands.

years.” In contrast, bulk Bi-2212 has very flat bands at the
Fermi level” in its electronic structure, leading to many unusual
physical properties such as anomalously high transition
temperatures for superconductivity.”” Whether the flat bands
plus the dimensionality effect play key roles in unexplored
optical phenomena in atomically thin layer Bi-2212 is an open
question prompted by this curious fact, and if so, whether 2D
Bi-2212 can be used as another emerging exotic material for
optics and photonics. Previously, the optical absorption of bulk
Bi-2212 has been measured to study the optical conductivity,”’
charge dynamics,”” and optical anisotropy’” in this material.
However, the nonlinear optical response and the potential
optoelectronic applications of normal state 2D Bi-2212 have
never been reported, largely ignored in the research of their
electronic properties.

In this work, the linear and nonlinear optical responses of
mechanically exfoliated normal state Bi-2212 nanosheets are
investigated and the photonic and optoelectronic applications
in fiber-compatible devices are demonstrated. The 2D Bi-2212
crystal shows a resonant interband transition in the visible and
a broad plasmon absorption at the near-infrared wavelength
range. Spatially resolved electron energy-loss spectroscopy
(EELS) and ultrafast femtosecond transient absorption
spectroscopy of Bi-2212 nanosheets suggest that the near-
infrared (NIR) optical response is associated with plasmon-
assisted hot carriers. 2D Bi-2212 was utilized as a new mode-
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locker to generate picosecond pulses, benefiting from its
ultrafast carrier dynamics and moderate nonlinear modulation
depth. By integrating 2D Bi-2212 nanosheets onto the
electrodes at the end-facet of a single silica fiber, we further
demonstrate a highly fiber-compatible photodetector (FCPD)
with a high photoresponsivity at telecommunication wave-
length.

RESULTS AND DISCUSSION

The atomic structure of Bi-2212 is shown in Figure la. Bi-2212
crystals have a 2D layered lattice as other high-temperature
superconductors in which CuO, planes are separated by
double Bi,O, layers. Similar to other 2D materials, multilayer
Bi-2212 nanosheets can be produced by a mechanical
exfoliation process.”* Figure 1b shows the optical image of
an exfoliated Bi-2212 nanosheet which was transferred onto a
SiO,/Si substrate. The topography of individual Bi-2212
nanosheets was investigated by atomic force microscopy
(AFM). It is revealed that the surface of the exfoliated Bi-
2212 sample is relatively smooth and the thickness is ~125
nm, as shown in Figure lc. Figure 1d shows the high-angle
annular dark field (HAADF) image of a Bi-2212 nanosheet
which depicts relatively uniform contrast. The element
distribution of Bi-2212 nanosheets was resolved by energy-
dispersive spectroscopy (EDS) mapping and scanning trans-
mission electron microscopy (STEM). Parts e—i of Figure 1
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Figure 2. Plasmon signal of 2D Bi-2212 detected by STEM-EELS. (a) Schematic illustration of STEM-EELS system. (b) SAED pattern along
the [102] direction. Scale bar: 0.02 rad. (c¢) HAADF image of a Bi-2212 nanosheet for EELS experiments. Scale bar: 50 nm. (d) EEL spectra
taken in aloof geometry. Green trace, as-acquired spectrum to show the real signal which contains zero-loss peak; red trace, fitted zero-loss
peak which is subtracted from the green trace to extract the plasmon signal; blue trace, the deconvoluted plasmon signal. (e) EELS intensity
map of the dipole longitudinal mode (0.8—1.1 eV). (f) EELS intensity map of the quadrupole longitudinal mode (1.6—1.9 eV).

show the elemental map of a Bi-2212 nanosheet. It is found
that the elemental distribution of Bi, Sr, Ca, Cu, and O is
uniform throughout the Bi-2212 nanosheet. Figure 1j shows a
typical atomic-level HAADF-STEM image of 2D Bi-2212
nanosheets along the [100] axis, which clearly resolves the
layered atomic structure as illustrated in the schematic (Figure
1a). The inset is the line profile extracted from the red solid
line on the left, presenting the different contrast of Bi, Sr, Ca,
and Cu atoms as they have different atomic numbers. Raman
spectroscopy with excitation at 532 nm was performed to
characterize the as-prepared Bi-2212 samples. Figure 1k shows
the Raman spectrum of the Bi-2212 nanosheet. The Raman
spectrum shows two characteristic peaks at 58.8 and 113.8
cm™, which are related to Ag1 and Ag2 vibration modes of Bi-
2212.% Figure 11 shows the linear optical absorption spectrum
of the 2D Bi-2212 nanosheets in visible to NIR range. The
peak below 400 nm originates from interband transitions in the
Bi, O, layers. The charge transfer between the CuO, planes of
Bi-2212 leads to the small peak at around 500 nm.’**® The
absorption increases steadily from 1000 nm throughout the
NIR wavelength range, and the long slope is normally
considered as the plasma edge.33’36 The fact that 2D Bi-2212
has a broadband linear optical absorption makes it a promising
broadband optical material for photonic and optoelectronic
applications.

The plasmonic behavior of Bi-2212 nanosheets was
investigated by the electron energy loss spectroscopy (EELS)
in STEM. The experimental setup of STEM-EELS is
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schematically illustrated in Figure 2a. The sample interacts
with the atom-wide high energy electrons, which lose a small
fraction of their kinetic energy for launching surface plasmons.
The information on surface plasmon properties can be
extracted via the energy loss of plasma energy range.
Meanwhile, accurate information about atomic structure or
sample morphology can be obtained by the HAADF image.
Figure 2b shows the selected area electron diffraction (SAED)
pattern along the [102] zone axis where the lattice facet (020)
and (2171) can be resolved. A HAADF image of a ~300 nm
long wedge Bi-2212 nanosheet with an average width of ~60
nm is depicted in Figure 2c. A typical EELS spectrum (the
green curve) and a zero loss peak (ZLP) background (the red
curve) with energy resolution ~36 meV are shown in Figure
2d. After background subtraction, we obtain a broad plasmon
resonance from 0.5 to 2.5 eV (blue curve in Figure 2d), which
can be deconvoluted into a few components. Particularly, the
first one is a conspicuous peak at ~1.0 eV, which can be
assigned to plasmon resonance originated from free electrons
and bound electrons according to previous report.”” A very
weak peak ranging from 1.6 to 1.9 eV is also revealed. The
discrepancy between the plasmon resonance from the optical
measurements and that from EELs may result from the
distortion gaps or local inhomogeneities in the stoichiometry
of the sample.”® Parts e and f of Figure 2 show the EELS
intensity maps integrated at two peaks of the spectrum,
respectively. It is found that the signal at 0.8—1.1 eV appears at
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Figure 3. (a) Pseudo color NIR-region transient absorption spectra pumped at 800 nm. (b) Kinetic trace probed at 1360 nm. (c) Schematic
illustration of energy states of light absorption present in the Cu—O planes. Hole energy is upward because the charge carriers in high-T,
superconductors are holes. The position of the O, band is between the two Cu d bands, the d®/d® band has no holes, but the d°/d"® band is
full of holes; the position of the Fermi level is somewhere in the O, band, its exact position is not known. (d) Nonlinear transmission of Bi-
2212 flakes with different thicknesses. The experimental data are analytically fitted by using eq 1.

two corners (tips) of the wedge nanosheet and the signal at
1.6—1.9 eV appears at two edges along long axis. The high
energy dissipation of the EELS spectrum and the spatial
harmonic distribution show that the free carrier oscillations
along the lateral edges of the wedge Bi-2212 nanosheet are
responsible for the multipolar longitudinal modes. We attribute
the peaks at 0.8—1.1 and 1.6—1.9 eV to the dipole and
quadrupole longitudinal modes of the surface plasmon
supported by the Bi-2212 nanosheet, respectively, as those
observed in metallic nanoribbons.””*°

The temperature-dependent carrier dynamics of normal-
state cuprate superconductors at either 800 nm or the far-
infrared range have been well studied in the past few
years."' ~** Nonequilibrium carrier dynamics in cuprate
superconductors associated with plasmon absorption at room
temperature have not been fully explored. Here, the carrier
dynamics of plasmon resonance in normal-state 2D Bi-2212
nanosheets are investigated by ultrafast pump—probe experi-
ments, as shown in Figure 3ab. Pseduo color NIR-region
transient absorption spectra pumped at 800 nm and probed at
varying wavelengths from 850 to 1500 nm are shown in Figure
3a. It can be found that the carrier relaxation time depends
linearly on the inverse of the probe photon energy (Figure S1,
Supporting Information), which is consistent with previous
studies™ and similar to the results for graphene.””*® Figure 3b
shows the measured absorptance transients with a probed
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wavelength of 1360 nm. The result is fitted by a single-
component exponential decay function
AA(t)/A = A, exp(—t/7) """ The carrier relaxation time 7
of Bi-2212 is around 170 fs, which is on the same scale of that
in graphene'””” and faster than those of widely studied 2D
materials such as TMDs*” and MXene.*

It is generally believed that the transient absorption response
of Bi-2212 at room temperature results from the bolometric
effect, which is similar to that in the metal,*' ie., the decay of
transient absorption response results from thermalization
process rather than recombination of the nonequilibrium
carriers. In particular, the energy-dependent relaxation time
described above (Figure S1) suggests that electron—plasmon
interaction plays a more dominant role at the beginning. More
specifically, after the laser pulse excites hot carriers, they
thermalize among themselves. During this thermalization
process, electron—electron collisions occur and lead to
quasiparticle (i.e, plasmons) avalanche multiplication.*
Then, the quasiparticles lose their energy to the lattice by
emitting phonons. More specifically, the holes are excited to a
copper oxygen p-like state from a d°/d'*-like state by the
incident pump light pulse and their excess energy heats the
carriers in the metallic phase. This will lead to the opening
states below (d°/d'*-like states) and filling states above
(oxygen p-like states), as shown in Figure 3c. An ultrafast
rise of absorptance (written as AA/A which is the normalized
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Figure 4. Typical characteristics of pulses output from the fiber laser based on 2D BSCCO flake mode locking. (a) Configuration of
oscillator; LD: laser diode; PC: polarization controller; WDM: wavelength division multiplexer; EDF: erbium doped fiber; OC: optical
coupler. Inset: photograph of Bi-2212 flake on side-polished fiber. Scale bar: 50 gm. (b) Pulse train of the output from the fiber laser. Inset:
the wide-band oscilloscope tracings. (c) Typical mode-locking optical spectrum. The fwhm is 2.1 nm. (d) RF spectrum at the fundamental
frequency. (e) Autocorrelation trace. (f) Measured time-dependent spectra of output pulse for over 4 h.

difference of absorption) suggests that pumping opens more
states for absorption.”” The absorptance drops to slowly
decaying background which is associated with carrier-phonon
coupling.

The Bi-2212 nanosheets were transferred onto the fiber end-
facet (see insets of Figures S2b and S4a) or the side-polished
fiber (SPF, inset of Figure 4a) for examining the nonlinear
plasmon absorption of 2D Bi-2212. The nonlinear absorption
of Bi-2212 was investigated by measuring the transmission of
the SAs as a function of incident laser power at 1550 nm (see
Figure S3 for details). The normalized nonlinear transmission
curves of 2D Bi-2212 nanosheets on the end-facet of fiber
terrule with different thicknesses are shown in Figure 3d. The
nonlinear transmission data collected above was normalized so
that we can unambiguously compare the nonlinear modulation
of the plasmon absorption. It clearly reveals that the
transmissions of all the 2D Bi-22121 nanosheets increase
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dramatically within a particular incident laser intensity and
then become saturated at higher intensity. This phenomenon is
similar to the saturable absorption in graphene.'” We may
attribute the saturable absorption in 2D Bi-2212 to the
diminishing of the available vacancy in oxygen p-like states (see
Fi%ure 3c). The nonlinear transmission curves can be fitted

by’
T(I) =1- L
1+ 1/1

a

ns (1)
whereT(I) a,, a; and I is the transmission of the SA, the
nonsaturable absorption, the saturable absorption, and the
saturable intensity, respectively.l, is defined as the optical
intensity that is required in a steady state to reduce the
absorption to half of its unbleached value. Thicker Bi-2212
flakes not only have larger linear optical loss (Figure S3b) but
also have larger nonlinear optical loss regime. The modulation
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Figure 5. (a) Configuration of the fiber compatible photodetector. (b) Photograph (top panel) and optical microscope image (bottom panel)
of the fabricated FCPD. The black and white circles in optical microscope image are 125 pm fiber cladding area and 9 um fiber core,
respectively. Scale bar: 20 ym. (c) Time-dependent photocurrent of the FCPD operating at 635, 980, and 1550 nm (Vg = 0.1 mV). (d)
Temporal photocurrent response at 1550 nm. Vg = 0.1 mV. The rise time is 170 ms and the decay is 192 ms. (e) Bias voltage dependent
photocurrent at different input light powers at 1550 nm. (f) Light power dependent responsivity and photocurrent of the FCPD at 1550 nm.

Vps = 100 mV. The lines are guides to eyes.

depth, which is defined as difference between saturable
absorption transmission and linear absorption transmission,
decreases from 7.8% to 2.4% with the thickness increasing
from 56 to 158 nm. Enhanced scattering of multilayer Bi-2212
cause the increased nonsaturable loss, which leads to the
decreased modulation depth while increasing the thickness. On
the other hand, due to accumulated heat resulting from the
enhanced absorption, a larger error has been observed in the
analytical fit to the data of the thick sample (158 nm). We
further measured the nonlinear transmission of the Bi-2212 on
a SPF (Figure S3c). The SPF SA also exhibits characteristic

8924

behavior of saturable absorption; ie. the transmission
increases while the incident laser intensity increases and
eventually flattens. The measured modulation depth is 2.9%
and the saturation intensity is approximately 28 MW/cm?,
which is larger than that of few layer graphene'® but smaller
than that of MXene,* Bi,Te,’' and MoS,.”> These results
suggest that Bi-2212 could be an ideal saturable absorber for
ultrafast photonics.

The 2D Bi-2212-based SA devices were finally spliced into a
ring cavity fiber laser, as shown in Figure 4a. Although the
ultrashort pulses can be generated from the fiber laser by
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placing 2D Bi-2212 SA on the cross-section of the fiber pigtail
(see Figure S4), the laser generated noiselike pulses with low
stability. Such mode-locking status can only maintain for about
30 min, which is likely caused by the thermal effect induced
instability. In the case of 2D Bi-2212 SA integrated with SPF,
the fiber laser is self-started when the pump power is increased
up to 45 mW at appropriate polarization state. Typical mode-
locking results are presented in Figure 4b—f. The output pulse
train measured by an oscilloscope is shown in Figure 4b. The
output pulse period is ~315 ns, corresponding to a cavity
length of ~64.8 m. Figure 4c presents the spectrum of mode
locked pulse with centered at 1559.5 nm and a full width at
half-maximum (fwhm) of 2.1 nm. The symmetric Kelly can be
observed in Figure 4c, suggesting a stable soliton state. The
radio frequency (RF) spectrum of the output pulses is shown
in Figure 4e. The repetition rate of the output pulse is ~3.17
MHz. Figure 4e shows the intensity autocorrelation (AC) trace
of pulses output from the mode-locked fiber laser. The pulse
duration is 1.43 ps. with Sech” profile assumed. The time-
bandwidth product is 0.37 due to the slightly chirped output
pulse. In order to verify the long-term operation of the cavity,
we kept monitoring the spectra of the output pulse for over 4
h, as shown in Figure 4f. The spectra of output pulse at
different times look almost the same. The laser can be self-
started repeatably and running continuously over 4 h without
observing of the break of the mode locking. The material did
not degrade after the mode locking experiments and the laser
can be also self-started even after several weeks. It is
noteworthy that the performance of the 2D Bi-2212 based
mode-locked fiber laser is comparable to those previous works
with other 2D materials’>**** (see Table S1). Using the SPF
SA with larger 2D Bi-2212 nanosheets, stable Q-switched state
can be achieved at a wide range pump power from 395 mW to
840 mW (Figure SS).

To explore the potential of 2D Bi-2212 for optoelectronic
application, we fabricated a FCPD in which 2D Bi-2212 acts as
channel material. Figure Sa shows a 3D schematic of the Bi-
2212 FCPD. Two gold electrodes and a thin layer of Bi-2212
are directly transferred to the fiber end facet by a dry transfer
method (see the Experimental section and section 6 in the
Supporting Information for details). Figure Sb shows the
photograph of a fiber pigtail with a fabricated FCPD (upper)
and the optical microscope image of the FCPD (below) where
the dark blue color area refers to the 2D Bi-2212 nanosheet.

We first investigate the wavelength-dependent optical
response of Bi-2212 FCPD. Figure Sc shows time-dependent
photocurrents (Iph = Ligne — Iy) over five-period on—off
operation at 635, 980, and 1550 nm for the incident power of 1
mW with a small bias voltage of 0.1 mV. It can be found that
the switching function of the FCPD is effective and repeatable.
Even though there is no obvious difference in the photo-
response time of the device at three different wavelengths, the
photocurrent of the FCPD at 635 nm is much larger than that
at 1550 nm and almost twice that at 980 nm. We attribute such
a difference to different absorption mechanisms of 2D Bi-2212
at different wavelengths. Absorption of Bi-2212 at 635 nm is
due to the interband transitions in the Bi,O, layers, and the
photon absorption generates extra electron—hole pairs, which
have high energy and can be directly separated by a biasfield
and collected by the electrodes. However, the absorption in the
NIR range is caused by plasmon-assisted absorption which
results from the coupling of photons and hot carriers.”> We
propose three consecutive steps for the photocurrent
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generation based on plasmon absorption in Bi-2212: first,
the generation of energetic hot carriers upon the nonradiative
attenuation of surface plasmon; second, some of the hot
carriers can propagate across the Bi-2212 to the electrode
before they lose their energy to the lattice by emitting
phonons; last, the collection of photocarriers by the electrodes.
Consequently, it is suggested that a larger photocurrent at
1550 nm as compared to that at 980 nm is due to stronger
plamson coupling, which leads to more energetic hot carriers.

The rise time and decay time of photocurrent is ~170 and
~192 ms, respectively, as shown in Figure Sd. The power-
dependent photocurrents at 1550 nm are plotted in Figure Se.
This indicates that the photocurrents increase linearly while
increasing the bias voltage with a step length of 0.02 V.
Photocurrents are observed only when the bias voltage (V) is
applied, which suggests the bias voltage drives the flow of
carriers under illumination. The higher the light power, the
more photons coupling with hot carriers, thus leading to more
hot carriers that reach the electrodes, and giving to a larger
photocurrent. Figure 5f shows the incident light dependent
photocurrent and photoresponsivity of the 2D Bi-2212 based
FCPD operating at 1550 nm under the bias voltage of 0.1 V.
The photocurrent first increases nearly linearly with the
increase of incident light power and then reaches to a constant
at high power. This is because of the increased collisions
between bounded photons and electrons. The relationship
between the photocurrent I, and the light power Py, can be

analytically fitted by using the equation I, = aPﬁ1 + ¢ where

a, b, and c are the fitting parameters. The photoresponsivity of
the FCPD is defined as the ratio of photocurrent to incident
light power: R = I, /P, The photoresponsivity decreases

while increasing the incident light power, which is similar to
our previous reports on other 2D materials such as MoTe, and
SnTe.”**” The photoresponsivity is up to 0.34 AW~ under a
low incident light power of 8.12 yW (Vpg = 0.1 V). It can be
expected that a larger bias voltage or a lower incident power
may achieve a higher photoresponsivity. It should be noted
that the 2D Bi-2212 nanosheet is not stable for long time
under ambient conditions, which caused those fluctuations in
the electrical signals (see Figure Se). The stability of the FCPD
could be further improved by encapsulating the device and
performing the fabrication as well as measurements in an inert
environment. In comparison to conventional IR photo-
detectors based on silicon and semiconductor substrates, the
FCPD demonstrated here can be easily connected to optical
communication networks seamlessly for real-time monitoring
the optical signals in the fiber.

CONCLUSION

In summary, we have investigated the optical properties,
especially nonlinear optical properties, of 2D Bi-2212 nano-
sheets and demonstrated their application for ultrafast
photonics and optoelectronics. A broadband plasmon
absorption from the visible to NIR range was observed in
normal state 2D Bi-2212, which has ultrafast carrier dynamics
of 170 fs. The nonlinear transmission measurements of normal
state Bi-2212 reveal that the thinner Bi-2212 nanosheet has a
larger modulation depth. We demonstrated that 2D Bi-2212 is
an effective SA for mode-locked fiber laser. Picosecond pulses
were generated from a Er-doped fiber laser based on 2D Bi-
2212 mode locking. We further fabricated a fiber-compatible
photodetector using 2D Bi-2212 and achieved a considerably
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high photoresponsivity of 0.34 AW™' at 0.1 V upon light
illumination at telecommunication band. Without any conven-
tional lithographic process, the 2D Bi-2212-based FCPD
represents a cost-effective solution for in-line photodetection
in optical fiber systems. By elemental doping or ionic gating,
one may expect to further tune the optical property in terms of
plasmon resonance in BSCCO which deserves further
investigation. Our work demonstrates potential opportunities
for 2D BSCCO in ultrafast photonics and optoelectronics.

EXPERIMENTAL SECTION

Characterizations of 2D Bi-2212. All measurements and
experimental operation are performed at room temperature to make
sure that 2D Bi-2212 flakes are in normal state. Scotch tape was used
to mechanically exfoliate 2D Bi-2212 nanosheets from bulk Bi-2212
single crystals (2D Semiconductor Co., USA). 2D Bi-2212 nanosheets
were placed onto SiO,/Si substrate, cross-section of fiber pigtail and
the side polished fiber by dry transfer method for device fabrication
and all optical characterizations. Optical images of 2D Bi-2212
samples were captured by using a conventional optical microscope
(Olympus, BXS3, Olympus Co.). An AFM (Ntegra solaris, NT-MDT
Spectrum Instruments, Moscow, Russia) was used to investigate the
topography and thickness of 2D Bi-2212 nanosheets. The Raman
spectrum was measured by a micro-Raman system (WITec, Alpha
300R) with the excitation of 532 nm. The large size samples are
transferred onto SiO, substrate by gold-assisted mechanical
exfoliation method®® and used for UV—vis—infrared absorption
spectroscopy measurements (V-750, JASCO Co.). The EDS and
atomically resolved STEM-HAADF images were acquired at an
aberration-corrected FEI Themis Z microscope at 300 kV with beam
current of S0 pA, a convergence semi-angle of 21 mrad, and a
collection semi-angle snap in 39—200 mrad.

EELS Data Acquisition and Processing. A Nion Ultra
STEMTM 200 microscope was used for the EELS data acquirement,
with attached aberration correctors and a monochromator. The
electron beam was set to 60 keV with energy resolution about ~32
meV at the 15-mrad in beam convergence semiangle and 24.4 mrad in
collection semiangle, and the spectrometer entrance aperture was set
to 1 mm. The 3D EELs signal mapping time was set as 200 ms per
pixel to reduce noise. Nion Swift software was used to acquire all
EELS data. For the energy slight shift in collecting information on the
ZLP, we aligned the spectrum by cross correlation; we then reduced
the influence of beam current fluctuation through the integrated
intensity of the unsaturated part of the ZLP, and the real signal
spectrum was merged for all 2D spital dimensions on the maps.

Pump—Probe and Nonlinear Absorption Measurements.
The transient absorption spectra were measured by the Helios
instrument. The pump pulse (coherent Libra, 800 nm, SO fs, 4 mJ)
was generated by introducing 800 nm light into the optical parameter
amplifier (OPerA Solo). The 800 nm fs pulse is passed through a 1
cm sapphire plate to generate a probe pulse in the near-infrared range
(840—1600 nm). To measure the power-dependent nonlinear
absorption, ~4.8 ps, 40 MHz pulses output from a mode-locked
fiber laser operating at wavelength of 1550 nm were amplified by a,
erbium-doped fiber fiber (EDFA), and then the light is divided into
two patch cords by a coupler for sample characterizations.

Passively Mode-Locked Fiber Laser Configuration. The gain
fiber of the ring cavity was a piece of 1.1 m EDF (ESF-7/12S, Nufern)
which had an absorption coefficient of 24 dBm™ at 976 nm. The
other fiber was a 64.8 m long single mode fiber (SMF) which had a
group velocity dispersion GVD parameter of 18 (ps/nm)/km. A 980/
1550 nm pump wavelength division multiplexer (WDM) was
employed to couple pump light into the fiber cavity. A polarization
controller in the cavity was utilized to optimize the birefringence of
the fiber. The laser output was extracted from the 10% port of the
90:10 coupler. The polarization independent isolator in the cavity
played a role of forcing the unidirectional operation of the cavity. In

addition, the cavity was pumped by a 980 nm laser diode with
maximum power of 840 mW.

FCPD Fabrication and Characterizations. The FCPD was
fabricated by a dry transfer method. Initially, a gold film (thickness:
~50 nm) was deposited on the SiO,substrate and then attached to the
polydimethylsiloxane (PDMS) stamp. A suitable gap structure could
be found and transferred onto the fiber end facet under a microscope
(see section 6 of the Supporting Information for details). After that,
we transferred the 2D Bi-2212 nanosheets onto the two electrodes
and aligned them to make sure the whole fiber core area was covered
by the sample. The fabrication process was performed under optical
microscopy with the help of a high precision moving stage.

A source meter (Keithley 2450) was utilized to measure the
photodetection characterizations at visible-NIR region on a probe
station at room temperature in the open air. The illuminated light was
directly projected to the FCPD at the output port of fiber without
using any lens systems, which is different from that for a conventional
field-effect transistor on silicon. A double-arm configuration is used to
calibrate the input light power passing through the FCPD (see section
6, Supporting Information, for details).
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