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ABSTRACT: Skin-like second-near-infrared (NIR-II) photodetec-
tors are key requirements for a flexible photodetection system that
can be seamlessly integrated with three-dimensional geometries to
accurately distinguish and acquire real-time various information.
However, such devices exhibiting simultaneously high photo-
sensitivity, fast photoresponse, and excellent flexibility still remain
elusive. Here, we design and fabricate such skin-like NIR-II
photodetectors and arrays with a simple bilayer configuration by
combining a highly conducting MXene (Ti;C,T,) and photo-
sensitive lead sulfide quantum dots (PbS QDs), where highly
promoted photocarrier separation at the interface of bilayers and
efficient transport across the spatially separated layers could be
achieved. Moreover, the bilayer architecture together with the
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strong interface bonding between the MXene and PbS QDs ensure a high-quality interface, leading to simultaneously improved
optoelectronic performance and mechanical stability. Thus, the resulting device exhibits a high responsivity (1000 mA W), a fast
photoresponse (30 ms), and excellent mechanical stability (>95% performance retention after S00 cycle bending), which renders
this skin-like NIR-II photodetector highly suitable for fabricating various practical and high-performance flexible wireless
photodetection systems for optical communication, NIR-II imaging, and proximity sensing in different environments. We anticipate
that this simple yet high-performance skin-like MXene/PbS QDs-based photodetector would hold great potential in the applications

of next-generation flexible optoelectronics.

1. INTRODUCTION

Flexible second-near-infrared (NIR-II) photodetectors and
arrays, especially skin-like photodetectors, that can seamlessly
integrate with a curved surface have considerable advantages in
terms of optical communication, NIR-II imaging, light
detection and ranging (LiDAR) sensing, and biological health
monitoring.' " Specifically, their capability of laminating on
three-dimensional (3D) objects makes them a key element in
complex environmental conditions to distinguish and acquire
extensive information.*'° Indeed, tremendous efforts have
been made to improve the optoelectronic performance and
mechanical stability of NIR-II photodetectors. However, most
of these devices exhibit either poor sensitivity or slow
photoresponse.””"' ™' The fundamental reason for this lies
mostly in the contrary requirements of responsivity and
response speed for photocarrier lifetime.'® Moreover, it is more
challenging to maintain an outstanding optoelectronic
performance under severe mechanical deformation, which
seriously impedes the practical applications of flexible NIR-II
photodetectors.

To address these issues, some effective strategies have been
employed to simultaneously improve the optoelectronic
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performance and mechanical stabilities of flexible NIR-II
photodetectors. One approach is to integrate commercial
inorganic photodetectors with novel geometrical patterns and
layouts such as a wavy structure, wrinkling patterns, mesh
layouts, and so forth to dissipate the local strain on devices,
realizing high optoelectronic performance under bending,'” ™"
However, this strategy usually suffers from a complex
fabrication process, limited wavelength detection, and low
pixel resolution for monolithic integration of a highly
responsive flexible photodetection system. Another strategy is
to develop intrinsically flexible photosensing materials that
simultaneously exhibit both high photosensitivity and
mechanical stability. For example, inorganic nanomaterials
and soft organic materials, such as two-dimensional materi-
als,**° colloidal quantum dots (QDs),”' ™** narrow-band
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Figure 1. Materials synthesis and NIR-II photodetector fabrication. (a) Schematic of the MXene/PbS-based bilayer photodetector; (b) skin-like
bilayer photodetector array prepared on a PI substrate; (c) cross-sectional scanning electron microscopy and transmission electron microscopy
images of the bilayer film composed of MXene/PbS QDs; (d) schematic of the wireless photodetection system with flexible NFC and NIR-II
photodetector; and (e) schematic of the optical communication via NIR-II light.

polymers, and small molecules,”*™>” have been developed to
prepare flexible NIR-II photodetectors and arrays, but they
usually exhibit weak photosensitivity due to inferior light
absorption, low mobility, and high photocarrier recombination
of the photosensing layers. To overcome these limitations,
particularly in terms of photosensitivity, hybrid materials-based
devices like phototransistors have been widely employed to
maximize optoelectronic performance,”® which successfully
enhance the responsivity and detectivity by introducing traps
to prolong the photocarrier lifetimes but usually sacrifice
photoresponse speed.">**** Consequently, the possibilities of
these phototransistors for practical applications in flexible and
wearable optoelectronic systems remain limited due to their
slow photoresponse (100 ms to 10 s), hlgh gate voltage (20—
80 V), and complicated structure.">**~>

Here, we reported a skin-like bilayer photodetector prepared
by combining a highly conducting MXene and photosensing
PbS QDs to achieve both remarkable optoelectronic and
mechanical performance. In particular, by integrating MXene
film with PbS QDs, it efficiently promotes photocarrier
separation at the interface of bilayer films and fast transport
in spatially separated layers, leading to great enhancement
simultaneously in responsivity, detectivity, and photoresponse
speed. Thus, the resulting devices exhibit a rather high
responsivity of around 1000 mA W', detectivity exceeding
10" Jones, and a photoresponse time of around 30 ms, which
is the fastest photoresponse of a flexible NIR-II photo-
conductor among all bilayer devices based on PbS QDs.
Moreover, the ultrathin thickness of active bilayers together
with the strong bonding force at the interface of the MXene

and PbS QDs can keep the photocarrier separation in the
vertical direction and transport in the horizon direction highly
efficient, leading to high optoelectronic performance under
serve deformation. Thus, the skin-like NIR-II photodetectors
prepared on ultraflexible polyimide (PI) substrates show a high
retention of 95% optoelectronic performance after bending
500 cycles. All these together allow this device to demonstrate
high performance for a flexible optoelectronic system that can
be seamlessly integrated with curved substrates and 3D
geometries to accurately distinguish and acquire real-time
extensive information such as optical communication, NIR-II
imaging, and proximity sensing.

2. RESULTS AND DISCUSSION

The high-quality PbS QDs and MXene nanosheets with
uniform sizes were synthesized according to previous reports
with modifications (see the Experimental Section), which are
monodispersed in octane and water, respectively (Figure
Sla).**** The bilayer photodetector and array (6 X 3) were
fabricated by sequentially spin-coating the MXene and PbS
QDs on quartz and a skin-like PI substrate (Figure la),
following the silver (Ag) electrode deposition via thermal
evaporation (Figure lab). The resulting devices form a
stacked MXene/PbS QDs bilayer film with a total thickness
of less than 80 nm (Figure 1c). More details for the device and
array fabrication and optimization are shown in the Supporting
Information. Figure 1d,e demonstrates the application
scenarios for a wireless and battery-free near field communi-
cation (NFC) system for proximity sensing and optical
communication, as is discussed in detail below.
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Figure 2. Evaluations of ultrathin NIR-II photodetectors. (a) Optical image of the MXene/PbS QDs-based bilayer photodetector on quartz (L X W
=1 mm X 2 mm); (b) I-V curves of the device in the dark and under light irradiation at a wavelength of 980 nm with various light intensities; (c)
photoresponse of the device under irradiation at various wavelengths at 100 W cm™ at 2 Hz; (d) photoresponse and recovery time of the device
under light irradiation at a wavelength of 980 nm; (e) photocurrent and responsivity of the device under different light intensities at 980 nm; (f)
responsivities of the device prepared by pure MXene, PbS QDs, and MXene/PbS QDs at a wavelength of 980 nm with a light intensity of 20 gW
cm™?; (g) photocurrent of the device at various temperatures ranging from 0 to 100 °C under light irradiation with a wavelength of 980 nm; and

(h) responsivity and response/recover time of the device at various temperatures.

To comprehensively evaluate the performance of NIR-II
photodetectors and exploit their applications in flexible
devices, we carefully optimized and measured the figures of
merit of the device and compared with that of other bilayer
NIR-II photodetectors. Here, a typical device was fabricated on
a quartz substrate (Figure 2a), which shows almost linear
voltage—current (I—V) curve in the dark, in a manner that is
symmetric around 0 V, indicating a photoconductive character
of the device that can work at broad bias (Figure 2b). Under
light irradiation at 980 nm, the photocurrent at different
irradiance values can be described as follows

AV
LN/

AlLc= P, .. X
DS light he L2

(1)
where y is the carrier mobility, 7 is the absorption coefhicient,
and 7 is the lifetime of photocarriers.'® Accordingly, the
photocurrent is mainly determined by the light absorption
coeflicient, mobility, and lifetime of photocarriers at constant

light irradiation and bias. Therefore, the thicknesses of MXene
and PbS QD films, playing key roles in mobility, light

absorbing efficiency, and photocarrier lifetime, were optimized
via controlling their solution concentrations with a defined
spinning speed in the spinning process, which are obtained
using 3 and 10 mg mL™", respectively (Figure S2 and Table
S1). Here, we selectively measured the wavelength-dependent
photoresponse of the device in the visible to NIR-II region,
which all shows reproducible photoresponse at the light
intensity of 100 uW cm™ (Figures 2c and S3). In comparison,
devices prepared by only the MXene and PbS QDs exhibit
extremely weak photoresponse under irradiation due to their
metallic properties and low mobility, respectively (Figures S4
and SS). It is worth mentioning that the bilayer device shows
clear photoresponse to the spectrum of 1600 nm, which is
beyond the absorption limit of PbS QDs (Figures Sle and S6).
This unusual response is attributed to the existence of impurity
levels in the PbS QD film that absorb the photons with low
energy and get excited to the conduction band, which is
enhanced by the MXene simultaneously.””

Response speed is a critical parameter of a photodetector,
especially in real-time optical communication, imaging, and
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. 3536 . . .
detection.””” Here, we selectively measured the transient time

by irradiating the device at the wavelength of 980 nm (Figure
2d) as an example. Remarkably, the device shows an extremely
fast onset of the photocurrent under light irradiation and then
reaches saturation with the same response and a recovery time
of ~30 ms, which is the fastest NIR-II photodetector
compared with other bilayer photoconductors based on PbS
QDs so far, as shown in Table S2. This speedy photoresponse
implies its great potential in the imaging applications, which
typically require 30 frames per second. In most mixed-
dimensional heterojunction-based phototransistors, the con-
ducting channels are semiconductors, such as graphene,30
molybdenum disulfide (MoS,),” and carbon nanotubes,*'
which form high-density traps due to polar molecules
absorptions, defects, and surface functional groups that prolong
the lifetime of minor photocarriers, leading to high photo-
response but sacrificing the photoresponse speed. As noted
previously, photodetectors are based on MXenes, where the
MZXene forms an ideal Schottky junction in the devices; thus,
these devices exhibit superior performance in terms of
photoresponse speed compared to the devices prepared by
conventional metal electrodes without inducing excess
traps.””*” Therefore, the MXene layer in our devices should
have similar functions and a negligible influence on the
lifetimes of photocarrier generated in PbS QDs. The efficient
photocarrier separation at the interface of bilayers and the fast
transport of photocarrier in MXene make our devices have a
superior response and recovery speed.

Responsivity (R) and specific detectivity (D*) are crucial
figures of merit for assessing the sensitivity of the photo-
detector, in which R is defined as the ratio between the
photocurrent (Jypor,) and the light intensity (Pyigy)

]photo ﬂq/l T L2
=——,Tr = —

he 7p Vi )

R =

Bight

where 7 is the absorption efficiency, 7 is the trap lifetime, 7 is
the majority carrier transit time, 4 is the Plank’s constant, g is
the elementary charge, c is the light speed, L is the channel
length, V is the applied bias, and u is the carrier mobility.'®
Figure 2e displays the dependence of the photocurrent and
responsivity on the incident power of light with the wavelength
of 980 nm at the power range from 12.5 to 475.0 yuW cm™
with a linear relationship between the photocurrent and
incident light power. The photoresponsivity of our device
reaches ~1000 mA W' under light irradiation at a wavelength
of 980 nm with an intensity of 18.4 4W cm™2 higher than that
of most of bilayer photodetectors or imagers at a similar region
(Table S2). The decreasing photoresponsivity at higher light
intensity is consistent with that in literature studies owing to
traps existing in PbS QDs and at the interface of bilayer films."’
Compared with devices made of only MXene (Figure S4) and
PbS QDs films (Figure SS), the bilayer architecture,
synergizing advantages of these two materials, including a
high molar absorption efficient of PbS QDs (~10° M~' cm™)
and a high conductivity of MXene (~10> $ cm™),"**" enables
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Figure 4. Flexibility evaluation of the skin-like NIR-II photodetector. (a) Schematic of an ultraflexible device on a PI substrate (i), needle (ii),
PDMS (iii), and inside of the tube (iv); (b) photographs of devices attached on the PET substrate (i) and bending at different angles (ii—iv); (c)
I-T curves of the device at different bending angles under 980 nm illumination with a light intensity of 50 #W cm™ at a bias voltage of 5 V (i), and
photoresponse of flexible devices before and after bending for S00 cycles (ii).

photogenerated charges to be spatially separated and efficiently
transferred to the MXene, which dramatically reduces carrier
recombination and enhances the photocurrent. Consequently,
the bilayer device shows extremely high photoresponsivity,
which is 9 and 3 orders of magnitude higher than that of the
MXene and PbS QDs-based devices, respectively (Figure 2f) at
980 nm. Note that our devices also demonstrate high
photoresponsivity across the entire range from the visible
region to NIR II region (Figures 2e and S2), for example, the
photoresponsivity reaches over 1400 mA W' at 450 nm. The
specific detectivity (D*) is defined as follows

RVA
Y, 2eiclark

where iy, is the dark current, A is the active area of the device,
and e is the absolute value of the electronic charge (1.6 X 107"
C).* The corresponding detectivity of our bilayer device
under various light intensities is shown in Figure S7, which
reaches over 10'' Jones (1 Jones = 1 cm Hz'2 w.
Equivalent power (NEP) is another critical parameter to
quantify the limit of light power detection for a photodetector,
which is defined as the minimum amount of light that can be
detected at a signal-to-noise ratio of 1 for a 1Hz integration
bandwidth and is described as follows

D* =
(3)

NEP =
"R 4

where I, is the noise mainly generated by the high dark current
in our photodetector. For the 980 nm illumination with the
light intensity of 12 yW cm™, the NEP of our photodetector
reaches as low as 0.125 nW.

To further explore the applications of the flexible NIR-II
photodetector under different environmental conditions, here,
we have investigated the optoelectronic performance of the
device at elevated temperatures from 0 to 100 °C. As shown in
Figure 2g, the device exhibits high reproducibility at 980 nm
(at 50 4W cm™) and a clear photocurrent, and responses
increase with the decrease of temperature from 100 to 0 °C
(Figure 2h). The excellent response is attributed to the
decrease of photon scattering and the increase of the lifetime of
photocarriers in the bilayer device at low temperature.*> To
further validate this hypothesis, we examined the photo-
response and recovery time of the device at various
temperatures, as summarized in Figure 2h. The response
time decreases from 26 ms at 0 °C to 20 ms at 100 °C, and the
corresponding recovery time decreases from 25 to 21 ms,
indicating the short lifetime of photocarriers.

In order to gain insights into the working mechanism
underlying the observed remarkable photoresponse, we first
measured the working function of the MXene and PbS QDs by
ultraviolet photoelectron spectroscopy (UPS), as shown in
Figure 3a(i—iii). The working function of the MXene was
determined to be approximately —5.66 eV with a zero band
gap, which agrees well with previous reports.”’”**** In the case
of PbS QDs, the Fermi level is calculated to be —5.56 eV with
a band gap of 1.16 eV, and the valence band is 0.5 eV below
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Figure S. Applications of the skin-like NIR-II photodetector: optical communication, NIR-II imaging, and proximity sensing. (a) Schematic
illustration of NIR communication utilized in an indoor environment (i), spectrum of NIR-II light used in an air conditioner remote controller (ii)
and the corresponding photoresponse of the NIR-II photodetector under the irradiation of a remote controller (iii), and message code generated by
an LED and the corresponding photoresponse of the photodetector (iv); (b) symbolic schematics for the imaging system employing a bilayer
photodetector array as a photodetector (i) and the imaging result of “N”, “K”, and “U” letters (ii—iv); and (c) schematic of the proximity sensing
system with a combination of a flexible NFC system, a mobile phone, an NIR-II photodetector, and an NIR-II LED (i), normalized photoresponse
of the photodetector integrating with an NFC system at various light intensities (ii), and time-dependent photoresponse of the bilayer

photodetector depending on the hand position (iii).

the Fermi level. To describe the photocurrent generation and
transport in the PbS QDs film and MXene/PbS QDs-based
photodetector, the band diagram and working mechanisms of
the device are shown in Figure 3b.

For the device only composed of PbS QDs with a long
channel length [Figure 3b(i)], the photoexcited carriers are
separated and drift in the single-layer PbS QD film under
external bias, which have considerable chances to recombine
due to low mobility and long transport length, resulting in
weak photoresponse [Figures 3b(i) and S4]. According to the
Schottky—Mott rule related to the contact between the metal
and semiconductor, the barrier between Ag and PbS QDs is
high according to the band alignment, which further hinders
the collection of photocarriers [Figure 3b(i)].** In the case of a
bilayer device shown in Figure 3b(ii), the difference of work

functions of MXene and PbS QDs drive electrons from PbS
QDs to MXene, forming a Schottky junction at the interface of
bilayer films. Under light irradiation, the photoabsorption in
PbS QDs generates electron—hole pairs, which are separated at
the MXene/PbS QDs interface due to the built-in electric field
caused by the work function mismatch between PbS QDs and
MXene."* As there is a large number of traps existing in PbS
QDs and the interface of bilayers caused by defects, ligands,
and surface groups, photogenerated electrons are more likely
to be captured, which prolong the lifetime of electrons.””~>"
Moreover, photogenerated holes are more easily to transfer
from PbS QDs to MXene films due to the built-in electric field
pointing from PbS QDs to MXene, which can enable fast
transit across the device due to the high conductivity of the
MXene. Compared to the single-layer PbS QDs-based device
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(Figure SS), the bilayer devices exhibit superior performance in
terms of photosensitivity and response speed for a few reasons.
First, the photocarriers generated in PbS QDs are transported
in spatially separated layers, largely reducing the recombination
chances. In addition, the difference of lifetimes of photo-
generated electrons and holes in the bilayer device causes a
photoconductive gain and improves the photoresponsivity."*
Finally, ligands wrapped on PbS QDs also play vital roles in
photoresponsivity. Here, we selected mercaptoacetic acid
(MPA) as a ligand to treat PbS QDs due to its short length
and hydrophilic carboxyl groups, which can form an interfacial
interaction with MXene terminated with fluoride (—F), oxygen
(—0), and hydroxyl (—OH) by secondary bond force, further
leading to efficient photocarrier separation.”®*” To validate this
hypothesis, we also fabricated the bilayer devices using PbS
QDs wrapped by long-length or hydrophobic ligands,
including hexadecyl trimethyl ammonium bromide (CTAB),
tetrabutylammonium iodide (TBAI), and ethanedithiol
(EDT), and found that the devices exhibit poor optoelectronic
performance (Figure S8 and Table S1) due to their weak
interaction between PbS QDs and the MXene and inefficient
photocarrier separation and transport. Unlike the previously
reported devices that improved photoresponsivity by prolong-
ing photocarriers lifetime via a photogating effect,"””" ™" the
MXene film shows high conductivity with a stable work
function, which can promote the photocarrier transport
without inducing traps, leading to fast photoresponse. In
addition, Ag instead of the MXene and PbS QDs as bilayers
does not produce obvious light response (shown in Figure S9).

Benefiting from the flexibility of the PI substrate and
MXene/PbS QDs bilayer thin film, the skin-like photodetector
array was fabricated on the PI substrate with a total thickness
of less than 15 um [Figure 4a(jii)]. The obtained skin-like
device well conforms to various substrates including soft
polydimethylsiloxane (PDMS), a 3D plastic tube with an inner
diameter of less than 3 mm [Figure 4a(iiiiv)], and a flexible
polyethylene terephthalate (PET) film under bending [Figure
4b(i)]. Figure 4b(ii—iv) displays the photograph of flexible
devices attached on a PET film with different bending angles
from 0 to 107°. Figure 4c(i) presents the I-T curves of the
flexible devices under light irradiation with a wavelength of 980
nm bending at different angles, which shows a negligible
change in the dark current, indicating that the bending strain
can hardly affect the electric performance of the device. It is
clearly seen that the photocurrent slightly decreases with the
increase of bending angles, which is due to the change of light
intensity as the device deviated from the optical focus of NIR-
II light. This hypothesis is further supported by the durability
test for the same device after bending 500 cycles, which show a
high retention of 95%, indicating the extremely high stability
[Figures 4c(ii) and S10]. These results clearly demonstrate the
excellent optoelectronic stability of this bilayer NIR-II skin-like
photodetector under severe mechanical deformation. We
ascribe this remarkable performance to the synergistic effect
of the superior advantages of materials, ultrathin thickness, and
the bilayer configuration. To further improve the mechanical
stability of the ultraflexible photodetector, an efficient route is
to introduce a suitable ligand that well disperses PbS QDs and
reacts with the functional groups on the MXene to form a solid
interface, which could release the internal strain and decrease
cracks under bending, leading to a high charge transfer
efficiency and negligible performance degradation. The
outstanding optoelectronic properties of the photosensing

materials primarily ensure that the device exhibits high
sensitivity and fast photoresponse with ultrathin thickness.
Moreover, in the bilayer device, photocarriers generated in PbS
QD films are efficiently separated at the interface of PbS QDs
and MXene, where photocarriers are transported across the
spatially separated layers, even under mechanical deformation.
As discussed above, there exists a strong bonding force
between ligands and functional groups on the MXene at the
interface of bilayers, which forms a steady interface for
photocarrier separation and transport. All these factors above
ensure that the device exhibits excellent optoelectronic
performance and outstanding deformation tolerance.

We have confirmed that our skin-like NIR-II photodetector
exhibits both excellent optoelectronic and mechanical perform-
ances. To verify this excellent performance in real-world
applications, here, we fabricated some prototypes of flexible
devices and systems to exploit their applications in NIR-II
communication, imaging, and proximity sensing. NIR optical
communication plays an important role in soft robotics,
internet of things (IOT), and human—computer interaction
that achieve communication between a machine and a human
[Figure Sa(i)]. To evaluate the potential of NIR photo-
detectors in the optical communication, we applied our device
in the air conditioner remote control. It is seen that the
spectrum of the remote controller centers at 933 nm with a
half-band width of 50 nm, which is within the photoresponse
of the bilayer photodetector [Figure Sa(ii)]. The device shows
a sharp increase in the photocurrent under the controller light
irradiation and then drops to the initial state when the light is
off [Figure Sa(iii)]. Moreover, we also encoded the
information by the American Standard Code for Information
Interchange (ASCII) using NIR-II light. During the light
communication, the codes of letters “N”, “K”, and “U” were
generated by the light-emitting diode (LED) with a wavelength
of 980 nm driven by a signal generator [Figure Sa(iv)]. By
integrating the NIR-II light with a photodetector on the
consumer devices including an air conditioner, a television, and
a refrigerator, it is possible to control these devices via an NIR-
II LED assembled on a mobile phone for potential applications
in the IOT.

NIR imaging also plays crucial roles in biomedical, military,
and civil fields, especially in the future light-weight NIR
imaging system that requires a high-resolution and light-weight
NIR photodetector. Here, we designed and fabricated skin-like
photodetector arrays (6 X 3), which were integrated with the
LED (980 nm wavelength), lens, and shadow masks with
letters “N”, “K”, and “U” [Figure Sb(i)]. The image is obtained
by transforming the photocurrent obtained in each pixel into a
green code, which is shown in Figure Sb(ii—iv). As the skin-
like NIR-II photodetector can be solution processed into high-
resolution imagers via appreciate design, it shows huge
potential applications in the future low-cost and light-weight
night vision and wearable optoelectronic systems.

The LiDAR system equipped with the NIR-II photodetector
is widely used in the modern autopilot system for position
detection due to its superior advantages compared to other
spectra. Therefore, a high-performance NIR-II photodetector
is the key requirement of the system for imaging and distance
measurement. Here, we prepared a prototype of a flexible
proximity sensing system for position measurement [Figure
Sc(i)] by integrating a skin-like NIR-II photodetector with a
battery-free NFC wireless system (Figures S1 and S12)
working in 13.6 MHz (Figure S14). The NFC system can
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store and wirelessly send information containing distance
through NIR-II light reflected from a finger or other objects.*’
The wireless proximity sensor shows fast and reproducible
photoresponse to NIR-II light with a wavelength of 980 nm at
different irradiance values [Figure Sc(ii)], which is in
consistent with the wired photodetector. When the finger is
closer to the sensor, more light will be reflected on the sensor
and generate a higher photocurrent, as shown in Figure Sc(iii),
while the current drops when the hand is away due to less light
irradiated on the sensor.

3. CONCLUSIONS

We fabricated a high-performance, skin-like NIR-II photo-
detector and arrays that combined a highly conducting MXene
and photosensitive PbS QDs with a bilayer structure. The
synergistic effect of highly photosensitive materials as well as
the bilayer configuration enables the device to exhibit a high
photoresponsivity of around 1000 mA W™, a high detectivity
of 10" Jones, a low NEP of 0.125 nW, and a fast
photoresponse time of 30 ms in the NIR-II spectrum. Owing
to the high-performance photosensing materials, ultrathin
thickness, and bilayer configuration, the device retains above
95% of optoelectronic performance after bending 500 cycles.
In addition, the bilayer NIR-II photodetector shows remark-
able optoelectronic performance at various temperatures from
0 to 100 °C, implying its potential applications in various
environmental conditions. Moreover, the ultrathin feature of
the skin-like NIR-II photodetector allows it to be wrapped on
curved substrates and 3D geometries to accurately distinguish
and acquire real-time extensive information. As example
applications where NIR-II photodetectors can be applied in
information and sensing technology, here, we show that our
skin-like NIR-II photodetector can be well-integrated with the
modern flexible wireless platforms used in optical communi-
cation, NIR-II imaging, and proximity sensing. This high-
performance skin-like NIR-II photodetector can be highly
beneficial to the next-generation optoelectronic devices,
especially in skin electronics such as the light-weight night-
vision system, biological imaging, optical communication, and
artificial vision system used in soft robotics.

4. EXPERIMENTAL SECTION

4.1. Materials. The MXene was synthesized according to the
previously reported protocols.®® LiF (1 g Sigma-Aldrich) was
dissolved in the solution containing 20 mL of distilled (DI) water
and 6 mL of 12 M hydrochloric acid (HCl) (Sigma-Aldrich) followed
by slowly immersing MAX (1 g Ti;AlC, purchased from 11
Technology Co., Ltd) powder into the acid solution. The resulting
solution was then stirred with a magnetic stir bar at 35 °C for 24 h.
Following the acid treatment, the mixture was washed 10 times with
DI water via a centrifugation and decantation process (3500 rpm for 5
min for each time), until a pH of ~ 6 was reached. After removing the
supernatant solution, the multilayer MXene was obtained. To obtain
single-layer or few-layer MXene nanosheets, the multilayer MXene
was dispersed in DI water, sonicated in an ice water bath for 1 h, and
subsequently centrifuged at 3500 rpm for 60 min to collect the upper
suspension. The resulting MXene solution was diluted by DI water to
obtain the MXene solution with desired concentration.

The synthesis of PbS QDs was carried out following a previous
report via the hot injection method.*” PbO (0.223 g, 1 mmol) was
dissolved in 0.64 mL of oleic acid and 2.0 mL of octadecene (ODE)
in a three-necked flask, and the mixture is magnetically stirred at 35
°C under vacuum for 6 h, subsequently filling argon to remove
moisture. Then, the mixture was heated up to 90 °C and kept for 3 h,
and the mixture transforms into transparent liquid. The mixture was

further heated to 120 °C, followed by loading bis(trimethylsilyl)
sulfide (70 uL) to terminate the reaction. Thereafter, the oil heater
was turned off and the flask stayed in the oil until it naturally cooled
down to room temperature. To obtain the desired PbS QDs, the QDs
were redispersed by acetone and separated by a centrifugation process
at 5000 rpm for 20 min. This process was repeated a few times until
there was no solid PbO suspending in acetone. The obtained PbS
QDs were dried at 120 °C in the vacuum for 12 h and redispersed in
octane with a concentration of 10 mg mL™%

4.2. Device Fabrication. The glass substrates were washed with
soap, DI water, ethanol, and acetone and subsequently treated by
ozone for 15 min. MXene solutions with different concentrations (1,
2,3, and 4 mg mL™") were spin-coated on glass with the speed of 800
rpm for 30 s and then with the speed of up to 2000 rpm for 60 s to
obtain a uniform film. The PbS QD octane solution (10 mg mL™")
was subsequently spin coated on MXene film with the speed of 2500
rpm for 30 s. The spinning process of PbS QDs was repeated three
times to get a ~40 nm PbS film. Furthermore, the ligand methanol
solution, including MPA, CTAB, TBAI, and EDT, was spin-coated on
PbS QD film to remove the oleic ligand at a speed of 3000 rpm for 30
s. Finally, a 100 nm Ag film was deposited on the PbS film using a
predesigned mask through the thermal evaporation technique. For the
skin-like NIR-II photodetector, the PI precursor (Sigma-Aldrich) was
spin-coated on cleaned glass with the speed of 3000 rpm for 1 min,
followed by baking at 250 °C for 1 h. The obtained PI film was
treated by UV ozone for 20 min, and then, devices were prepared
following the process of the rigid device. The process of design and
fabrication of the NFC wireless patch follows our previous report,® in
which the Cu/PI film (Pyralux AC182000R) was patterned by
standard photolithography via a predesigned photomask. The
resistors, capacitors, and NFC chips were bonded on the patch
using solder paste. The data of wireless system were read from the
ADC ports that can be accessed using GUI software from Texas
Instrument.

4.3. Materials and Devices Characterizations. The UV—vis
spectrometric absorption of MXene and PbS QD solutions and films
were measured using a UV—vis spectrometer (Cary 3000). The
thickness and morphology of single MXene nanosheets were
characterized using atomic force microscopy (Bruke Multimode 8).
X-ray diffraction of PbS QDs and MXene were obtained by a Rigaku
I (Cu Ka 4 = 0.154 nm). The UPS analysis was performed on a
Thermo Fisher ESCALAB 250Xi (He I 21.22 V), and cross-section
images of MXene and PbS QDs were obtained by focused ion beam
transmission electron microscopy (TESCAN Solaris, FEI Talos
F200XG2 AEMC). To examine the optoelectronic performance of
the device, current—voltage (I-V) and current—time (I—T) curves in
the dark and under irradiation were tested by a semiconductor
parameter analyzer (Keysight BISO0OA) combined with lasers of
different wavelengths (Oxlaser) and Chopper (RS540 Chopper
Controller, Stanford Research System. Inc). The photoresponse and
recovery time of the device was measured by an oscilloscope
(MDO4104C, Tektronix) equipped with a laser (Oxlaser) driven by a
signal generator (DG992, RIGOL).

4.4. Imaging, Proximity Sensing, and Optical Communica-
tion. For the optical communication, the NIR-II light installed on the
remote controller of an air conditioner [Midea KFR-26GW/
BP2DN8Y-DH400 (3)] works as a light source, which is irradiated
on an NIR photodetector for information transfer. The spectrum of
light on the remote controller is characterized by a spectrometer
(Ocean Optics USB 4000). To achieve optical communication via an
ASCII code, the information was encoded by emitting NIR light via
an LED controlled by a signal generator. Particularly, the logical “0”
and “1” represent the command “off” and “on” of the NIR light,
respectively, which can be received by the NIR-II photodetector and
generate photocurrent to response message. Here, letters of “N”, “K”,
and “U” are corresponding to ASCII values of “010011107,
“01001011”, and “01010101”, respectively. Visible and NIR imaging
of the photodetector array is carried out by measuring the
photocurrent of the device under pulse light generated by an LED.
Hollow masks with letters of “N”, “K”, and “U” were installed between
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the lens and photodetector array to generate images. The photo-
currents of photodetectors under light irradiation were collected by a
source meter (Keithley 2400 Source Meter Controlled by the
Software developed by Wuhan Zeal Young Technology Co., Ltd.).
Here, we chose green light (520 nm) and NIR-II light (980 nm) as
the light source to assess the imaging capability of the photodetector
array (Figure S15). The photodetector was integrated with an NFC
wireless system and was encapsulated by a thin PDMS film (detail in
Note S1), which can be attached on the arm or other substrates. An
NIR-II LED with a wavelength of 850 nm (Huashang HSE850-L504)
was attached on the PDMS film close to the photodetector. When the
finger is close to the photodetector, the current of the system
increases due to the reflection of NIR light on the photodetector,
while the current decreases when the finger is away.
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