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Two-dimensional (2D) molybdenum disulfide (MoS,) layers are suit-
able for visible-to-near infrared photodetection owing to their tunable
optical bandgaps. Also, their superior mechanical deformability
enabled by an extremely small thickness and van der Waals (vdW)
assembly allows them to be structured into unconventional physical
forms, unattainable with any other materials. Herein, we demonstrate
a new type of 2D MoS; layer-based rollable photodetector that can be
mechanically reconfigured while maintaining excellent geometry-
invariant photo-responsiveness. Large-area (>a few cm?) 2D MoS,
layers grown by chemical vapor deposition (CVD) were integrated on
2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO)-oxidized cellulose nanofibers

transparent and flexible substrates composed of
(TOCNs) by a direct solution casting method. These composite
materials in three-dimensionally rollable forms exhibited a large set of
intriguing photo-responsiveness, well preserving intrinsic opto-
electrical characteristics of the integrated 2D MoS; layers; i.e., light
intensity-dependent photocurrents insensitive to illumination angles
as well as highly tunable photocurrents varying with the rolling
number of 2D MoS, layers, which were impossible to achieve with
conventional photodetectors. This study provides a new design prin-
ciple for converting 2D materials to three-dimensional (3D) objects of
tailored functionalities and structures, significantly broadening their

potential and versatility in futuristic devices.
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Mechanically rollable photodetectors enabled by
centimetre-scale 2D MoS, layer/TOCN
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Introduction

In recent years, two-dimensional (2D) transition metal dichal-
cogenide (TMD) layers have been extensively explored for
unconventional optoelectronics owing to their extraordinary
material properties coupled with van der Waals (vdW) bonding-
enabled relaxed assembly." Such advantages provide oppor-
tunities for realizing “mechanically reconfigurable” devices of
exotic structures achieving an unprecedented level of multi-
dimensional flexibility; ie., devices capable of reversibly
accommodating severe mechanical deformation upon external
stimuli and preserving their intrinsic opto-electrical character-
istics, which is impossible with conventional bulky and rigid 3D
semiconductors.>'*** Earlier studies focused on incorporating
various TMDs into conventional 3D semiconductors, realizing
photo-responsive 2D/3D heterojunctions.’*” Particularly, 2D
MosS, layers are attractive as active device components owing to
their tunable bandgap energy matching the visible-to-near
infrared spectral range accompanying high carrier
mobility.»**?° Furthermore, they exhibit extremely large in-
plane strain limits and mechanical robustness suitable for
achieving mechanical reconfigurability; e.g., high breaking
strength of >20 GPa at a strain range of 6-11% even out-
performing polyimide (PI) and polydimethylsiloxane (PDMS),
the two most commonly employed substrates for flexible elec-
tronic devices.”* Amongst a variety of reconfigurable structures,
mechanically “rollable” electronic devices incorporating three-
dimensionally structured 2D layers are proposed to be prom-
ising for tuning and/or improving opto-electrical perfor-
mances.”” Some proof-of-concept demonstrations have been
made by converting conventional 3D semiconductors such as
silicon (Si) and III-V compounds into 3D tubular forms. These
include optical resonators,* actuators,* and resistive random
access memories® in rollable forms, while their mechanical
reconfigurability is significantly limited due to the intrinsic
rigidity of 3D materials. In addition to considering active device
components, identifying suitable substrate materials for
reconfigurable devices is also essential since they often demand
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extraordinary functionalities, e.g., a combination of large
mechanical resilience and bio-compatibility for human-
machine interfaces and e-skin devices.>*****% Cellulose is one of
the most abundant natural polymers represented by ~1.5 tril-
lion tons of total biomass output per year and is naturally
renewable and biodegradable.?*-** Particularly, TEMPO-oxidized
cellulose nanofibers (CNFs), i.e., TOCNSs, have been identified to
possess an abundant set of superior properties including low
density (~1.5 g cm?) and high mechanical stiffness and elas-
ticity, as well as excellent optical transparency (~90%) and
thermal stability (>180 °C).****-¢ Recently, integration of large-
area CVD-2D MoS, layers onto TOCN substrates was demon-
strated to realize unconventional transient and biodegradable
characteristics,'**”* providing numerous opportunities for
novel device functionalities.

In this work, we developed MoS,/TOCN composite materials
and explored them for mechanically reconfigurable photode-
tectors. Centimetre-scale CVD-2D MoS, layers were directly
integrated on TOCN substrates via a water-assisted drop-casting
method and were subsequently rolled into 3D tubular forms
with preserved structural and optical integrity. Electrical
responses of these 3D-converted 2D materials were evaluated
under controlled optical illumination, which yielded tunable
photo-responsiveness varying with the geometry of rolled 2D
layers.

Experimental
CVD growth of centimetre-scale 2D MoS, layers

Si0,/Si wafers (300 nm thickness) were cleaned by ultra-
sonication in acetone, isopropyl alcohol (IPA), and deionized
(DI) water to remove any organic impurities. Mo seeds of
controlled thickness were deposited on the wafers by using an e-
beam evaporator (Thermionics VE-100) at a deposition rate of
0.05-0.12 A s* and at a base pressure below 5.5 x 10 ° Torr.
The Mo-deposited wafers were kept at the centre of a CVD
furnace chamber (Lindberg/Blue M Mini-Mite) along with
sulfur (S) powder (=99.5%, Sigma-Aldrich) placed on an
alumina boat at the upstream side. The CVD chamber was
pumped down to 40 mTorr, and ultra-pure argon (Ar) gas was
supplied at a flow rate of 100 sccm (standard cubic centimetre
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per minute). Subsequently, the CVD furnace was heated up to
800 °C in ~50 min and was maintained at that temperature for
another ~50 min, followed by natural cooling to room
temperature.

Integration of 2D MoS, layers on TOCN substrates via
solution-casting

Commercially available slurry of TOCN (CELLULOSELAB) in
water (1 wt%) was mixed with DI water. After dilution to
0.5 wt%, it was subsequently sonicated for a few hours, and the
final dispersion was directly poured onto a SiO,/Si wafer
covered with as-grown 2D MoS, layers. The prepared sample
was dried at room temperature for >48 hours until the casted
TOCN was thoroughly dried and turned transparent. After the
drying stage, the TOCN-attached 2D MoS, layers were gently
delaminated from the SiO,/Si growth wafers.

Opto-electrical measurements

Electrical measurements were performed using an HP 4156A
semiconductor parameter analyser with a home-built probe
station. Photo-response measurements of rolled MoS,/TOCN
photodetectors were performed using an M625L4-C2 - Red (625
nm) Thorlabs collimated LED in the dark and upon illumina-
tion. Optical absorbances of MoS,/TOCN and TOCN samples
were characterized by UV-vis spectroscopy (Cary 300 Win UV-vis
spectrometer) in the wavelength range of 200-800 nm.

Results and discussion

We fabricated mechanically reconfigurable 3D tubular photo-
detectors by “rolling up” centimetre-scale CVD-2D MoS, layers
integrated on TOCN substrates, as illustrated in Fig. 1a. Fabri-
cation starts with the wafer-scale CVD growth of 2D MoS, layers
with a typical lateral dimension of ~10 cm x 2 cm on top of
a SiO,/Si wafer."**** CVD growth is performed by thermally
sulfurizing Mo seed films of controlled thickness (typically, ~1-
6 nm) following the procedures described in the previous
Experimental section. The thickness of the 2D MoS, layers ob-
tained from the CVD sulfurization of Mo films was consistent
with that reported in our previous studies and others, with
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(a) Illustrative description of the fabrication process of rollable MoS,/TOCN composites. (b) Optical image of original SiO,/Si growth

wafers (left) and 2D MoS; layers integrated on a TOCN substrate after delamination from the wafers (right). (c) Optical image of a rolled MoS,/
TOCN composite with top Au electrodes. The scale bar is 0.5 cm. (d) Optical image of a Au electrode contacted-MoS,/TOCN composite in the

flattened form and its enlarged view to visualize device components.
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a linear increase of 3-3.5 times from the Mo-to-2D MoS,
conversion.'>*>*" Separately, a TOCN dispersion is prepared
using commercially available TOCN slurry in water (1 wt%) by
employing the recipe developed in our previous report.*>
Subsequently, it is directly drop-casted onto a SiO,/Si wafer with
as-grown 2D MoS, layers and is subsequently dried in air at
room temperature. The dried TOCN-attached 2D MoS, layers
are manually peeled off from the growth wafer, followed by
deposition of gold (Au; ~60 nm thickness) top electrodes.
Lastly, the Au-2D MoS, layer-integrated TOCN is manually rol-
led up using a cylindrical rod, yielding a mechanically recon-
figurable and rollable MoS,/TOCN composite for opto-electrical
measurements. It is worth mentioning that we previously
demonstrated the water-assisted facile delamination of wafer-
scale 2D MoS, layers from SiO,/Si growth wafers and their
integration onto various exotic substrates."'* Fig. 1b shows
optical images of original SiO,/Si growth wafers with as-grown
2D MoS, layers removed (left) and identical 2D MoS, layers
transferred and integrated on a TOCN substrate (right). The
images confirm that the 2D MoS, layers on the TOCN substrate
precisely reproduce the original shape and size of the growth
wafers, confirming the excellent fidelity of water-assisted
delamination. Furthermore, the TOCN substrate - the area
within the red dotted lines - is optically transparent, rendering
suitability for opto-electrical studies, which is verified in the
next section. Fig. 1c shows a side-view image of a representative
Au electrode-contacted MoS,/TOCN composite manually rolled
up by a cylindrical rod, presenting a well-sustained tubular
structure. Fig. 1d shows an image of the composite before its
rolling as well as an enlarged microscopy image (red box) cor-
responding to the device area of 2D MoS, layers with a channel
length of ~500 pm.

Prior to investigating photo-responsive performances of
MoS,/TOCN composites, we first characterized the material
quality of 2D MoS, layers integrated on TOCN substrates before
their rolling. Fig. 2a shows scanning electron microscope (SEM)
images of a bare TOCN (left) and 2D MoS, layers (Mo; 1 nm
seed) integrated on it (right). The SEM image of the bare TOCN
and its magnified view (yellow box and inset) reveals its fibrous
and porous structure composed of homogeneously networked
individual CNFs. Fig. 2b shows the Raman spectroscopy profile
of the MoS,/TOCN sample, revealing two characteristic peaks
corresponding to the in-plane Eég and out-of-plane A, oscilla-
tion modes of 2D MoS, layers in agreement with previous
reports.*»**  Additional structural characterization data
including transmission electron microscopy (TEM) images and
atomic force microscopy (AFM) height profiles are presented in
Fig. S1, ESL.f Optical properties of MoS,/TOCN samples are
essential characteristics for photodetection applications and
were characterized by ultraviolet (UV)-visible (vis) spectroscopy
and optical microscopy. The top panel in Fig. 2c shows optical
images of 2D MoS, layers integrated on TOCN substrates,
prepared with Mo seeds of various thicknesses, i.e., 1, 4, and
6 nm. The thickness of the resulting 2D MoS, layers was
previously confirmed to be 3-3.5 times larger than that of
deposited Mo seed layers.”*** The images show that the
optical color of 2D MoS, layers gradually becomes darker with
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Fig. 2 (a) SEM images of a bare TOCN substrate (left) and 2D MoS,
layers integrated on it (right). (b) Raman spectrum obtained from CVD-
grown 2D MoS; layers integrated on a TOCN substrate denoting their
characteristic peaks. (c) Optical images of 2D MoS; layers integrated
on TOCN substrates prepared with Mo seeds of 1, 4, and 6 nm
thickness (top) and their corresponding UV-vis optical transmittance
spectra (bottom). (d) Tauc plots for MoS,/TOCN composites with
varying Mo thickness and their corresponding optical absorbance
spectra (inset).

increasing Mo thickness. The bottom panel in Fig. 2c presents
UV-vis optical transmittance profiles of MoS,/TOCN samples
with varying Mo thickness as well as a bare TOCN substrate. The
spectral profiles confirm high optical transparency of the
TOCN, i.e., ~90% transmittance in the visible range of ~350-
800 nm wavelength. MoS,/TOCN samples exhibit reduced
optical transmittance, which becomes more pronounced with
increasing Mo thickness; for instance, the optical trans-
mittances for the samples obtained with Mo seeds of 1, 4, and
6 nm determined at 625 nm wavelength are 74.84, 65.49, and
57.69%, respectively. Furthermore, the shapes of the UV-vis
spectral profiles are consistent with previous observations
with thickness-varying 2D MoS, layers integrated on other
optically transparent substrates.****® Detailed optical character-
istics of integrated 2D MoS, layers were further analysed by
developing Tauc plots from the UV-vis spectra,*** as shown in
Fig. 2d. The plots reveal that the bandgap energies are in the
range of ~1.28-1.41 eV for the 2D MoS, layers with a thickness
of ~3.5-21 nm (ref. 41) (obtained from Mo seeds of 1-6 nm,
respectively). These values are in good agreement with the
bandgap energies of multilayer 2D MoS, of comparable thick-
ness reported in the literature,>*”*® confirming that 2D MoS,
layers well-retained their intrinsic opto-electrical characteristics
even after integration on TOCN substrates. The inset graph in
Fig. 2d shows the corresponding absorbance spectra man-
ifested by (ahv)"> where « is the optical absorption coefficient
and Av is the photon energy. After confirming the intrinsic opto-
electrical properties of MoS,/TOCN composites, we then
explored their photo-responsiveness for rollable photodetector
applications. Fig. 3a shows the current-voltage (I-V) plot of
a rolled-up MoS,/TOCN sample (lower inset) in a two-terminal
configuration (upper inset) exhibiting ohmic-like transport.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (a) Two-terminal /-V characteristics of a MoS,/TOCN tubular device along with its schematic illustration (upper inset) and camera image
(lower inset). (b) Illustrations for angle-varying optical illumination onto a MoS,/TOCN tubular device. The inset shows a side-view image of
a representative device. (c) Time-dependent photocurrents from an identical sample under periodic illumination with varying illumination angles.
(d) Time-dependent photocurrents from another sample under periodic illumination with varying illumination intensities. (e) Intensity-dependent
lonoto! lo for two different samples prepared with Mo seed thicknesses of 1 and 4 nm measured at 8 V. (f) Intensity-dependent photo-responsivity

obtained from the same sample in (e).

Photo-responsive characteristics of three-dimensionally rolled-
up samples were characterized by using a collimated 625 nm
light-emitting diode (LED; THORLABS) with varying illumina-
tion angles of 0, 45, and 90°, as illustrated in Fig. 3b. The inset
presents a side-view image of a representative sample. Fig. 3¢
shows plots of a time-dependent change in photocurrent
induced by periodic illumination from a 625 nm LED (intensity:
488 W m ™ ?), obtained from an identical sample prepared with
Mo of 6 nm. Illumination was performed at three different
angles of 0, 45, and 90° as shown in Fig. 3b, maintaining an
identical illumination distance irrespective of the angle varia-
tion. It is apparent that the photocurrent periodically increases
(and decreases) when the LED is turned on (and off), which is
well-retained at varying illumination intervals of 5 seconds and
10 seconds. The results indicate that the 2D MoS, layers inte-
grated on TOCN substrates are highly photo-responsive owing
to their well-preserved semiconducting characteristics (Fig. 2b)
irrespective of their 3D mechanical deformation. Furthermore,
the TOCN substrate exhibits high optical transparency (Fig. 2c)
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Fig. 4

which negligibly affects the photo-responsiveness while
sustaining the mechanical robustness of the rolled 2D MoS,
layers. We compared photo-responsive characteristics of an
identical sample in two different states of unrolled vs. rolled
(see Fig. S2, ESIf). A slight decrease in the maximum photo-
current was observed in the rolled sample, while the average I,
remained nearly constant. Such reduction in the photocurrent
is mainly attributed to the reduced optical absorption toward
the edge of the illuminated area of the sample due to its large
bending curvature. Nevertheless, the potential roles of intrinsic
strain effects in altering the band structures of 2D MoS, layers
(toward increasing their photocurrents) cannot be completely
ruled out.*”** Exact clarification of the underlying mechanism
needs further studies. After confirming the 3D photo-
responsiveness from the horizontal (0°)-to-vertical (90°) illumi-
nation, we further characterized the photo-responsiveness of
other samples by varying illumination intensities at a fixed
illumination angle of 0°. Fig. 3d shows representative plots of
intensity-dependent photocurrent with varying intensities from

(c)

ACurrent (uA)
(= N
1 a1
% N

1 roll TR
’— ol
24
= ——2 Rolls |
@ Y ¥ y
: 2 rolls 0 20 40 60
Time (s)

(d) P —
= . ——3 rolls|
< 6 ——4 rolis|]
= 4 ]
z
: Z_W
S 3
A 04
3 Rolls 4 Rolls 21 . . . ]
0 20 40 60 80 100 120 140 160
Time (s)

(a) Mechanical rolling of a tubular MoS,/TOCN device using a rolling rod (left panel) to control its roll number (right panel). (b) Schematics

of horizontal illumination onto a tubular MoS,/TOCN device with two different roll numbers. (c) Time-dependent photocurrents obtained from
an identical sample with roll numbers of 1 and 2 (left panel) and the camera images of the corresponding device (right panel) at 5 V. (d) Schematics
of vertical illumination onto two different tubular MoS,/TOCN devices with different roll numbers (left panel) and the corresponding time-
dependent photocurrents (right panel).
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Fig. 5 Time-lapsed snapshot images of a tubular MoS,/TOCN device spontaneously changing from the flattened state (left) to the rolled state

(right) demonstrating its flexibility and elasticity.

157 to 488 W m >, obtained from a sample different from Fig. 3c
with a different illumination distance. The results show a well-
resolved increase of photocurrent with increasing intensity,
which is highly reversible upon periodic illumination at an
interval of 5 seconds. Fig. 3e presents plots of intensity-
dependent photocurrent ratios (Iphoto/lo) for samples prepared
with two different Mo thicknesses of 1 and 4 nm. It and I
are the currents with and without illumination, respectively.
The Mo 4 nm sample exhibits higher I,,ot0/1o values through the
entire intensity range, which is mainly attributed to the higher
absorption of photons in samples of a larger thickness (Fig. 2c),
although the intrinsic dark current of the samples increases
with increasing thickness (see Fig. S3, ESIt). Furthermore, both
samples show a highly linear relationship of intensity vs. Ipnoto!
I, indicating their reliable photo-responsiveness and excellent
mechanical adaptability. Fig. 3f presents the intensity-
dependent photo-responsivity, R, which is a key parameter to
evaluate the performances of photodetectors. Photo-
responsivity, R is defined as;

Al I hoto — 10
R= = _Pphoto 7Y
PinS PinS

where A, P;,,, and S are photo-induced current (Al = Ipoto — 1o),
incident light power intensity, and effective illuminated area,
respectively.”>”* Based on the above equation, the average R
values were calculated to be 63.57 and 131.02 pA W * for the 1
and 4 nm samples, respectively. The results also show that the
photo-responsivity does not degrade with increasing illumina-
tion intensity, unlike the previous observations with 2D MoS,
layers prepared on other planar substrates,* indicating that
these 2D MoS, layer/TOCN composites maintain excellent
structural integrity (see Fig. S4, ESIT).

Encouraged by their intrinsically photo-
responsiveness, we further explored the MoS,/TOCN samples
for mechanically tunable photodetection by modulating their
degree of rolling. Fig. 4a demonstrates that as-prepared MoS,/
TOCN samples can be manually rolled up using a rolling bar,
which precisely controls their rolling numbers. Fig. 4b illus-
trates a side view of an identical sample with two different
rolling numbers under horizontal illumination. Note that the
illumination distance - ie., the distance between the LED
source (625 nm wavelength) and the outermost sample surface -

excellent
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is maintained to be identical for both cases. Fig. 4c left panel
presents photo-responsiveness of an identical MoS,/TOCN
sample (Mo: 6 nm thickness) with rolling numbers of one and
two, corresponding to the optical images on the right panel.
Interestingly, a higher (~25% increase) photocurrent was
observed when the sample was rolled up twice, possessing
a smaller rolling diameter despite the larger degree of
mechanical deformation. This enhancement is attributed to the
combined result of (1) an increased active area in absorbing
illumination within the 2D layers and (2) Reduced illumination
distance for the inner rolls absorbing the photons transmitted
from the outermost layers. Note that the 2D layers with two rolls
offer secondary active areas of the “inner” rolls to additionally
absorb photons transferred from the “outer” rolls. Further-
more, the intrinsically large optical transmittance of MoS,/
TOCN layers (e.g., ~70% transmittance at 625 nm wavelength in
Fig. 2c) allows for the efficient transmittance of incident
photons through them. We also tested the performance limit of
this rolling approach for tunable photodetection by rolling up
two different samples with similar diameters. Fig. 4d left panel
illustrates schematics of tightly rolled samples with three and
four rolling numbers, and Fig. 4d right panel presents time-
dependent photocurrents corresponding to them - the
samples are different from Fig. 4c. Both samples show well-
maintained photo-responsiveness under vertical illumination.
The slightly lower photocurrent observed with the sample with
four rolls is possibly attributed to the combined result of
intrinsic strain effects on altering the band structure of 2D MoS,
layers*~* as well as the reduced optical transmittance with
increasing rolling number and bending curvatures. Neverthe-
less, exact clarification of the underlying mechanism warrants
further investigation. Similar behaviours were observed in the
samples prepared with Mo of 1 and 6 nm (see Fig. S5, ESI{). We
believe that the overall photo-responsiveness (particularly,
responsivity) of MoS,/TOCN can be further enhanced by
improving (a) the crystallinity of large-area 2D MoS, layers by
adopting advanced growth methods such as metal organic CVD
(MOCVD) and (b) the MoS,/TOCN interfacial homogeneity
through a more controlled layer delamination/transfer method.

Lastly, we demonstrate the mechanical reconfigurability of
MoS,/TOCN rollable photodetectors by testing their flexibility

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and elasticity. Fig. 5 shows time-lapsed snapshot images of
a previously rolled MoS,/TOCN sample which is initially held by
a rolling rod. Once the rolling rod is released from its initially
flattened state, the sample quickly returns to its rolled state in
less than one second (see Video S1, ESI}). Once the device is
rolled up again, it still exhibits well-preserved opto-electrical
characteristics confirming excellent reversibility. We tested
the stability of the device by repeatedly unrolling/rolling the Mo
6 nm sample, as shown in Fig. 5. The maximum photocurrent,
Alnax (Iphoto,max — o), was observed to decrease by less than
~20% of its initial value after spontaneous rolling of the device
up to 100 cycles (see Fig. S6, ESIT). Therefore, rolling/unrolling
multiple times was possible, yielding no significant mechanical
degradation (e.g., cracks) in the sample (see Fig. S7, ESIT).

Conclusions

In conclusion, we integrated large-area CVD-2D MoS, layers on
optically transparent TOCN substrates and identified their
mechanical deformation-driven opto-electrical properties. By
rolling up MoS,/TOCN composites in a controlled manner, we
developed 3D tubular photodetectors operated by photo-
responsive 2D MoS, layers and identified their highly tunable
photocurrents with varying geometrical parameters. The
method to convert 2D MoS, layers into 3D rollable forms
developed in this work is believed to be applicable to other 2D
TMD layers. Furthermore, the design principle and working
mechanism of 2D layer-based 3D photodetectors can further
help explore 2D TMD layer-based unconventional devices in
mechanically reconfigurable forms.
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