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High-performance foldable and flexible photodetectors have been extensively studied for next-generation
hinged electronics and AR/VR technology. The need to maintain efficiency in the folded state restricts the
development of strategies aimed at further improving the efficiency of photodetectors. For the first time, we
introduce a simple and effective method for the photocurrent improvement of a molybdenum disulfide
(MoS,) flexible photodetector by attaching a backside Al metal mirror and folding it in- and outward.
Under light illumination, the Al film underneath the MoS, photodetector acts as a flat reflective metal
mirror and further functions as a concave mirror under the inward folded state. In this state, the
proposed device with the backside Al metal mirror improved photocurrent from 4.04 pA to 8.53 pA
under illumination (a Ae of 405 nm with a Py, of 0.3 mW cm™2) compared to the device on a flat
polyimide (PI) substrate without the Al metal mirror. Our work provides new insights into high-
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Introduction

Recently, flexible technologies have been successfully applied to
electronic devices such as smartphones.”” Notably, the Sam-
sung Galaxy Z flip series is one of the most commercially
successful foldable smartphones owing to its compact form
factor when folded.® However, most components such as
sensors, batteries, antennas, and application processors (APs)
in current foldable electronics are not yet actually flexible,
except for displays.”® Among them, flexible photodetectors are
in high demand for next-generation foldable/hinged electronics
and AR/VR technology because they can provide the basis for
flexible/foldable interactive display technology.®'® Nevertheless,
to date, few reports have attempted to improve the performance
of photodetectors in the folded state owing to the need to
maintain performance stability in the folded state. Meanwhile,
two-dimensional (2D) transition metal dichalcogenides (TMDs)
are considered promising candidates for next-generation
semiconductors in flexible electronic devices because of their
superior flexibility, high carrier mobility, and excellent

transparency.**°
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for future foldable/hinged electronics and AR/VR devices.

In this study, we developed a molybdenum disulfide (MoS,)-
based flexible photodetector with a backside Al metal mirror,
enabling enhanced photocurrent under in- and out-folded
states. The device was systematically investigated under the
polyimide (PI) substrate-only, backside Al metal mirror
attached, outwardly folded, and inwardly folded states for
performance comparison. Incremental changes in substrate
conditions underneath the MoS, photodetector resulted in
gradual photocurrent improvement. In an inwardly folded state
compared to the PI substrate-only state, the flexible MoS,
photodetector with a backside Al metal mirror improved
photocurrent from 4.04 pA to 8.53 pA under illumination at a A,
of 405 nm with a Py,. of 0.3 mW cm™2, which is attributed to
function of the Al metal film as a concave mirror. The proposed
photodetector configuration provides a route to photocurrent
improvement under a folded state for future foldable elec-
tronics and AR/VR devices.

Experimental
Device fabrication

PI solution was spin-coated on an SiO, (100 nm)/Si substrate at
500 rpm for 6 s and 1500 rpm for 60 s. PI on the SiO,/Si
substrate was soft baked on a hot plate at 180 °C for 10 min and
solidified in a siliconit furnace (DSF-232, Dae Heung science) at
350 °C for 2 h 30 min. The MoS, flakes were mechanically
exfoliated from bulk MoS, crystal by standard scotch tape
method and transferred onto the PI substrate. Standard
photolithography process with lift-off technique was used to
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Fig. 1 Schematic fabrication process flow of the MoS,-based flexible photodetector on a Pl substrate with a backside Al metal mirror.

Fig.2 Photoresponse characteristics of the MoS,-based flexible photodetector before and after attaching an Al metal mirror to the backside of
the Pl substrate. (a) Photograph of MoS, photodetectors on a Pl substrate only and the device with a backside Al metal mirror. The scale bar is 5
mm. (b) Optical microscopy image of the proposed MoS, photodetector on a Pl substrate with a backside Al metal mirror. Current—voltage (/-V)
curves of (c) MoS, photodetectors on a Pl substrate and (d) the device with a backside Al metal mirror under dark conditions and illumination (A4
of 406 nm and Pj,c of 0.3 and 0.6 MW cm™2). (e) Extracted photocurrent as a function of applied voltage of the MoS,-based flexible photo-
detector on a Pl substrate and (f) after attaching a Al metal mirror. (g) Comparison of maximum photocurrent as a function of the P;,. of the
device before and after attaching a Al metal mirror.
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pattern the contact electrodes. Ag/Au (36/30 nm) was then
deposited by a thermal evaporator at the rate of 1.0 A s™*, and
the non-patterned portions were lifted off in acetone. The PI
substrate containing the MoS, photodetectors was carefully
peeled off from the rigid SiO,/Si substrate. Finally, one side
sticky polyethylene terephthalate (PET) film was attached to the
back of the PI substrate after Al was deposited on the PET film
using the thermal evaporator.

Characterization

The electric and optical properties of the flexible MoS, photo-
sensor were measured using a semiconductor device parameter
analyzer (Keysight B1500A) and a multi-channel fiber-coupled
laser source (Thorlabs MCLS1) at room temperature.

Results and discussion

Fig. 1 shows the fabrication procedure of the MoS,-based flex-
ible photodetectors on a PI substrate with a backside Al metal
mirror. First, rigid SiO,/Si substrate was cleaned via ultra-
sonication sequentially in acetone, isopropyl alcohol, and
deionized water baths for 10 min each and then gently dried
with a nitrogen gun. Solution polyimide (PI) was spin-coated
onto the pre-cleaned rigid substrate at 500 rpm for 6 s and
1500 rpm for 60 s and soft baked at 180 °C for 10 min to
eliminate the solvent, followed by curing in a siliconit furnace at
350 °C for 2 h 30 min. MoS, flakes were exfoliated from bulk
MosS, crystals and transferred on the surface of the cured PI
film/Si0,/Si substrate using the standard Scotch tape method.
As shown in Fig. S1,7 the Raman and PL spectra of bulk MoS,
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MosS, flakes were obtained at 376 cm ™' (E',,) and 402 cm ™!
(Aig). In the PL spectra, bulk MoS, flakes show an invisible PL
peak due to their indirect band gap. For the contact electrodes,
Ag/Au (36/30 nm) was deposited and patterned using a thermal
evaporator and conventional photolithography with lift-off
technique, respectively. After carefully detaching the PI film
from the SiO,/Si substrate, the flexible photodetectors based on
MoS, were successfully fabricated on the PI substrate. Finally,
a PET film with pre-deposited Al (150 nm) was attached to the
backside of the PI film, resulting in the proposed MoS,-based
flexible photodetector with backside Al metal mirror.

Fig. 2a shows the actual photographs of the flexible MoS,
photodetectors before and after attaching Al metal-deposited
PET film to the backside of the PI substrate. Since the PET
film is a single-side adhesive, it could be easily attached to the
back of the PI substrate after depositing Al on the non-adhesive
surface of PET. Fig. 2b shows the optical microscopy image of
the fabricated MoS, photodetector on a PI substrate attached to
an Al metal mirror, demonstrating that the MoS, channel was
placed between two Ag/Au electrodes. In order to investigate the
photoresponsive characteristics of the flexible MoS, photode-
tector on PI substrate, we measured the I-V curves of the device
under illumination at an excitation wavelength (A.,) of 406 nm
with an incident power density (Pin.) of 0.3 and 0.6 mW cm ™2, as
shown in Fig. 2c. The MoS, photodetector on the PI substrate
exhibits a light on/off current ratio of over 2000 times. Fig. 2d
shows the I~V characteristics of the device remeasured in the
same way as that in Fig. 2c after attaching the Al metal mirror to
the back of the PI substrate, indicating that the flexible MoS,
photodetector maintains excellent performance even after post-
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Fig. 3 Photoresponse characteristics of the in- and out-folded modes of the backside Al metal mirror-integrated flexible photodetector. Digital
pictures of the devices under the (a) in-folded and (d) out-folded states through a plastic support. The folding radius is 1.25 cm. |-V charac-
teristics of the photodetector (b) folded inward and (e) folded outward under dark and illumination conditions (A¢, of 406 nm and P;,. of 0.3 and
0.6 mW cm™2). Photocurrent-voltage properties of the device in the (c) in-folded and (f) out-folded states.
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Fig. 4 Photo-sensing performance of MoS, photodetectors with a backside Al metal mirror in the in-folded state. (a) Comparison of the
maximum photocurrent of the device under substrate conditions (Pl only, Pl with a backside Al metal mirror, out-folded, and in-folded state). (b)
Schematic of the flexible device in the in-folded state, showing the role of a backside Al film as the concave metal mirror under illumination. (c)
Comparison of the photo-switching properties of the flexible device on a Pl substrate (bottom) and the in-folded state after attaching a backside
Al metal mirror (top) under illumination (Aex of 406 Nm at Pj,c of 0.3 MW cm™2, and f = 0.1 Hz). (d) Photo-switching properties of the flexible
device folded inward under illumination by various wavelengths (e, of 638, 520, and 406 nm at Pi,c 0.9 mW cm™2, and f = 0.1 Hz).

photocurrent (Ipn = Iotat — laark) Of the flexible MoS, photode-
tector before and after attaching the Al metal mirror, as shown
in Fig. 2e and f, the photocurrent of the device after attaching
the Al metal mirror became more significant as a function of
applied voltage. Fig. 2g shows that the maximum photocurrent
values extracted from the applied voltage of 10 V show the
degree of improvement in the device after attaching the Al
mirror. This photocurrent improvement is attributed to the Al
metal film acting as a reflection metal mirror.

In order to further expand the role of the Al metal mirror
underneath the MoS, photodetector, we folded the device
inward and outward using a plastic support, as shown in Fig. 3a
and d, respectively. The measurement results in Fig. 3b and e
show excellent photoresponse, which were under the same
measurement conditions as that in Fig. 2d, except for the in-
and out-folded states of the device. As a consequence, higher
photocurrent is attained under illumination, as shown in Fig. 3c
(out-folding state) and 3f (in-folding state) than in Fig. 2e (only
PI substrate) and 2f (backside Al metal mirror). Such incre-
mental changes in the substrate state result in a gradual
increase in the photocurrent of the flexible MoS, photodetector.

Fig. 4a shows the comparisons of the maximum photocur-
rent (Iph,max) Of the device under substrate conditions: (1) PI
substrate, (2) PI substrate with backside Al metal mirror, (3)
folding the device outward, and (4) folding the device inward. As
a result, the flexible MoS, photodetector with a backside Al
metal mirror under the in-folded state achieved the highest

34982 | RSC Adv, 2024, 14, 34979-34984

photocurrent among all the substrate conditions. Table 1
presents the Ipnmax Of the flexible MoS, photodetector
depending on the substrate state. The photocurrent gradually
improves from (1) PI to (4) for the in-folded state. The maximum
photocurrent value of the device for the in-folded state repre-
sents 8.5 A and 10 pA (P, = 0.3 and 0.6 mW c¢m ™), respec-
tively. It is ascribed to the Al metal film acting similar to
a concave mirror underneath the MoS, photodetector, as shown
in Fig. 4b. Fig. S21 shows the photographs of the in- and out-
folded state of the Al metal mirror without a photodetector.
Comparison of the photo-switching characteristics of the MoS,
photodetector on the PI substrate and the in-folded substrate
after attaching the backside Al metal mirror is shown in Fig. 4c.
The current improvement of the MoS, photodetector is evident
on folding the substrate inward after attaching the Al metal
mirror. Furthermore, the time-dependent photoresponse of the
device under the in-folded state at various wavelengths is dis-
played in Fig. 4d, indicating the great periodical on/off light
detection performance. To test the mechanical stability of the

Table 1 Maximum photocurrent depends on the substrate state

Substrate condition

Photocurrent PI PI + Al Out-folded In-folded
Iphymax 3t Pine = 0.3 pWem™> 4.0 pA 4.6 pA 5.9 pA 8.5 pA
Iphymax at Pine = 0.6 yWem ™2 6.0 pA 7.7 pA 8.0 A 10 pA

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Operating mechanism of the flexible MoS, photodetector with a backside Al metal mirror. Energy band diagram of the MoS, photo-
detector under (a) equilibrium, (b) on applying positive drain voltage, (c) on applying positive drain voltage with illumination, (d) on applying
positive drain voltage with illumination and in the flat state, () on applying positive drain voltage with illumination and in the out-folded state, and
(f) on applying positive drain voltage with illumination and in the in-folded state.

device, two sets of I-V characteristics of the MoS, photodetector
were measured: (1) photoresponsive characteristics with
increasing folding diameter and (2) electrical characteristics in
the flat state after folding with various folding diameters, as
shown in Fig. S3.f

The charge transfer mechanism of the MoS, flexible photo-
detector with Al metal mirror can be explained by the energy
band diagram along the horizontal axis, as shown in Fig. 5. In
Fig. 5a, the flat band state occurs when Vy is zero. The bulk
MosS; has an energy bandgap of 1.2 eV and its work function is
4.0 eV. The work function of Ag is 4.25 eV and that of Au is
5.1 eV. When positive V4 is applied, the energy band diagram is
altered from Fig. 5a to b and electrons drift to drain by the
electric field. Fig. 5c represents the generation of electron-hole
pairs under UV light illumination in the MoS, channel. As
shown in Fig. 5d, since the illuminated light on the MoS,
channel was reflected by the Al metal mirror attached under-
neath the photodetector in the flat state, an increase in the
electron-hole pairs was observed (Fig. 2g). Finally, we compared
the charge transfer in two types of folding states: out-folded
state (Fig. 5e) and in-folded state (Fig. 5f). Since the out-folded
and in-folded state acted as convex and concave mirror,
respectively, the light was more reflected than that in the flat
state. Although the photocurrent improved for both the folding
states, since the in-folded state facilitated the concentration of
the reflected light in the MoS, channel, the photocurrent
showed the greatest improvement, as shown in Fig. 4a.

Conclusions

We propose a simple and effective method for photocurrent
improvement of a flexible MoS, photodetector by attaching

© 2024 The Author(s). Published by the Royal Society of Chemistry

a backside Al metal film and folding it outward or inward. The
backside Al film acts as a reflective metal mirror underneath the
MoS, channel, allowing us to obtain much higher photocurrent
of the device. Furthermore, it can achieve a gradual increase in
the photocurrent of the flexible MoS, photodetector through
incremental changes by folding the device outward or inward.
Therefore, the flexible MoS, photodetector with a backside Al
metal mirror that can be used by folding outward and inward
provides a promising strategy for high-performance flexible
photo-sensing applications for future foldable electronics and
AR/VR devices.
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