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ABSTRACT: Fabricating electronic and optoelectronic devices by transferring pre-
deposited metal electrodes has attracted considerable attention, owing to the improved
device performance. However, the pre-deposited metal electrode typically involves
complex fabrication procedures. Here, we introduce our facile electrode fabrication
process which is free of lithography, lift-off, and reactive ion etching by directly press-
transferring a single-walled carbon nanotube (SWCNT) film. We fabricated Schottky
diodes for photodetector applications using dry-transferred SWCNT films as the
transparent electrode to increase light absorption in photoactive MoS, channels. The
MoS, flake vertically stacked with an SWCNT electrode can exhibit excellent
photodetection performance with a responsivity of ~2.01 X 10> A/W and a detectivity
of ~3.2 X 10" Jones. Additionally, we carried out temperature-dependent current—
voltage measurement and Fowler—Nordheim (FN) plot analysis to explore the
dominant charge transport mechanism. The enhanced photodetection in the vertical
configuration is found to be attributed to the FN tunneling and internal photoemission of charge carriers excited from indium tin
oxide across the MoS, layer. Our study provides a novel concept of using a photoactive MoS, layer as a tunneling layer itself with a
dry-transferred transparent SWCNT electrode for high-performance and energy-efficient optoelectronic devices.

KEYWORDS: photodetector, MoS,, transferred electrode, carbon nanotube film, tunneling
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B INTRODUCTION emitting diodes, and photodetectors.'”"" Press transfer of
SWCNTs from a membrane filter to any smooth substrate has
been validated as an efficient way to investigate the electrical
properties of SWCNTs.'”"? The dry-transferred SWCNTs
have been integrated into macroscale optoelectronics to elevate
the performance.'*™'® For instance, Jang et al.'® reported that
the CNT film as the electrode in organic photodetectors could
suppress dark current and result in high detectivity accordingly.
A highly transparent electrode has been predicted to increase
the power conversion efficiency of photovoltaics® and the
responsivity of photodetectors.'” Recently, it has been reported
that the gate modulation of 2D material-based electronic and
optoelectronic devices can be enhanced with isolated
SWCNTs'*™*” and the SWCNTs in dispersion.”"””* Compared
to the 2D /2D material heterostructure, a stronger electric field
could exist at the line—plane interface of MoS,/SWCNTs,
which facilitates the charge carriers to pass through the
interface.”> However, the 2D material-based devices with the

Two-dimensional (2D) materials have attracted increasing
attention due to their extraordinary electrical and optoelec-
tronic properties.1 Among 2D semiconducting transition-metal
dichalcogenides, MoS, is widely studied due to its extremely
large optical absorption in the visible spectrum” together with
the features of tunable band gap and self-passivated surface,
leading to its application in optoelectronic devices.”® The
electrodes of optoelectronic devices are typically deposited by
an invasive electron beam or thermal evaporation process in a
high vacuum system, which induces defects in the underlying
semiconductor layer, and the process is of relatively high cost.
Alternatively, recent studies have demonstrated that the
electrodes can also be fabricated by the polymer-assisted
transfer of pre-deposited metal electrodes to the semi-
conductor layer from a sacrificial substrate,”~” which improves
the device performance by preventing interface damage.
Nevertheless, the metal-transfer process reported so far is
complicated and cost-ineflicient since it requires a complete
transfer of uniform metal layers without cracks.

Owing to the distinguished electrical conductivity, high
optical transparency, and excellent flexibility/stretchability,
single-walled carbon nanotubes (SWCNTs) as a device
component would significantly improve the performance of
various optoelectronic devices including solar cells, light-
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Figure 1. Device schematics and material characterizations. (a) Schematic illustration of the configurations of lateral (top) and vertical (bottom)
devices. (b,c) Raman spectrum and AFM image of the lateral device, respectively. The inset in (c) shows the height profile of the MoS, flake edge.
(d,e) Optical absorption spectrum and SEM image of SWCNT films, respectively. The inset in (e) shows a photograph of an SWCNT film on a

membrane filter.

press-transferred SWCNT film used as either an electrode or a
heterostructure component have not been realized so far. Our
press-transfer method of the SWCNT film is free from
lithography, lift-off, and reactive ion etching, thus avoiding
polymer residues and retaining the intrinsic mobilities of 2D
materials and SWCNTSs. Furthermore, the massive chemical
synthesis and large-area transfer of SWCNTs have been
relatively mature, so the SWCNT-transferred method is
promising for practical application in the near future.
Additionally, Choi et al.** reported that a lateral hetero-
structure has distinct advantages over the vertical counterpart
which brings in considerable junction resistance between the
vertically stacked materials. On the other hand, other reports
argued that the devices in a vertically stacked geometry exhibit
high current densitgr in a transistor”> and fast photoresponse in
a photodetector.”® Despite this controversy, a systematic
investigation of the device configuration, that is, lateral or
vertical architecture of the electrode and 2D material channel,
to explore the dominant mechanism of charge carrier transport,
has rarely been investigated yet.

In this study, we report an easy-accessed dry transfer of
transparent SWCNT film onto MoS, as one of the electrodes
for the fabrication of high-performance and energy-eflicient
photodetectors. The SWCNT film is deterministically press-
transferred onto MoS, with a micromanipulator under an
optical microscope. We fabricated multilayer MoS,-based
photodetectors both in lateral and vertical configurations.
Temperature-dependent current—voltage (I—V) characteristics
and theoretical tunneling models were employed to extract the
Schottky barrier height and figure out the dominant charge
transport mechanism, respectively. The photodetection per-
formance of the vertically stacked SWCNT/MoS,/indium tin
oxide (ITO) structure is superior to that of the lateral one due
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to the Fowler—Nordheim tunneling (FNT) and internal
photoemission (IPE) of charge carriers excited from ITO
across the MoS, layer in the vertical configuration.

B RESULTS AND DISCUSSION

Before the systematic investigation of the influence of device
configuration, we investigated the thickness dependency of
MoS, flakes to select the flake with an appropriate thickness for
further study. We first fabricated devices using thin (~10 nm
thick) and thick (~52 nm thick) MoS, flakes in a lateral
configuration (metal—semiconductor—metal). ITO and
SWCNT films were utilized as two electrodes, and
mechanically exfoliated multilayer MoS, acts as the semi-
conductor channel. An important parameter in characterizing
diode behavior is the rectification ratio (RR) which is defined
as the ratio of forward current to reverse current at the same
bias magnitude. As seen from the I-V characteristics, the thin
flake shows about 250 times higher RR value than that of the
thicker one under a laser power of 50 yW (Figure S1). In 2D
channel devices, a higher RR value is an indicator of higher
Schottky barrier height, revealing that the electron affinity of
MoS, is dependent on the thickness, which has been confirmed
as well in other reports.””*® For further study, we fixed the
thickness of MoS, in the range of 5—12 nm to exclude the
contribution of high reverse current from thick flakes because
of the low Schottky barrier, which will be discussed in detail
below.

To figure out the optimal device configuration for the
photodetection, we fabricated the devices in both lateral and
vertical (metal/semiconductor/metal) geometries (Figure 1a).
The Raman spectrum of MoS, displays in-plane vibration of
molybdenum and sulfur atoms, E%g, and out-of-plane vibration
of sulfur atoms, Ay at 3832 and 4082 cm™}, respectively

https://doi.org/10.1021/acsami.2c19917
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Figure 2. Comparison of the electrical and optoelectronic performance of the diodes in two configurations. (a,b) Semi-logarithmic plots of current
density against voltage curves of the devices in lateral and vertical geometries, respectively. Laser is illuminated on the MoS, channel and SWCNT
top electrode in (a,b), respectively. The insets show optical microscopy images of two devices. Scale bars, 10 um. The thickness of MoS, in the two
devices is ~5 nm. Image] software was utilized to calculate the active area (typically in the range of 200—300 um?) of a device. (c,d) Plots of RR
and In(I) as a function of applied voltage, respectively. The values of n in (d) are the extracted ideality factors. (e,f) Responsivity and detectivity as a
function of laser power, respectively. The dashed line in (e) is a linear fitting of the responsivity values.

(Figure 1b). The frequency separation of the two characteristic
peaks is 25 cm™', suggesting that the MoS, flake is
multilayered.”” The exact thickness of the MoS, flake was
confirmed to be ~5 nm with an atomic force microscope
(AFM) (Figure lc), indicating that the flake roughly contains
seven layers. The optical absorption spectrum of SWCNTs
clearly shows their three main characteristic peaks, that is, van
Hove singularity transitions E§', EE* of semiconducting
SWCNTSs, and Eif of the metallic counterpart (Figure 1d).*
The mean diameter (d,) of the SWCNTs was estimated to be
~0.95 nm from the position of the S, peak in the optical
absorption spectrum.”” The SWCNT film has an optical
transparency of 75.9% (Figure S2a), which is ascribed to the
porous morphology of the SWCNT network, as shown in the
scanning electron microscopy (SEM) image (Figure le).
Additionally, the SWCNT film exhibits a reasonable pristine
sheet resistance value close to 1000 ©/sq (Figure S2a) and has
good quality, which can be concluded from the relatively low
disorder-induced band®' (Figure S2b). We also presented the
Raman spectrum of the stacked heterostructure of SWCNTSs
and MoS, (Figure S3). The Raman peaks of SWCNTs and
MoS, can be observed nearly the same as in the spectra of each
individual material.

To evaluate the electrical and optoelectronic performance of
the devices, we recorded the -V curves of the devices under
both dark and illuminated conditions. The focused continuous
wave 532 nm laser was selected as the light source in this work.
As the devices work in the Schottky diode mode, we mainly
focused on the device behavior under reverse bias unless
specified elsewhere. The vertical device exhibits nearly 4 orders
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of magnitude higher current density than that of the lateral one
(Figure 2a,b), which can be easily attributed to the nanometer
(~5 nm) level carrier transport path compared to the
micrometer (~16 pym) long transport in the lateral one. The
lateral device is bulk-limited where the charge transport is
governed by the in-plane conductivity of ~16 um-long MoS,
channel, which is significantly longer than the diffusion
distance of the charge carriers in MoS, (0.1—0.2 um’>*®).
Thus, a larger number of photo-excited carriers can be
scattered, trapped, and recombined in the channel before being
collected at the electrodes. As for the vertical device, the large
effective junction area between two electrodes and the
sandwiched semiconductor would efficiently harvest photons,
producing a considerable amount of photo-excited charge
carriers. The large junction area also facilitates the extraction
and transport of charge carriers in the MoS, channel, leading
to a high current density. On the other hand, the high reverse
current in the vertical device results in low RR values. The RR
value of the vertical device is only 32.5 at V = +1 V under 30
nW laser illumination, while the lateral structure gives a RR
value up to 1.48 X 10* under the same conditions (Figure 2c).
Since MoS, with the same thickness is integrated into two
structures, the Schottky barrier height should in principle be
the same but it is not the case in reality (discussed in detail
below). Thus, we would assume that tunneling is the dominant
origin of the observed high reverse current in the vertical
device with a ~5 nm-long channel.

We also extracted the ideality factor to know the interface
contact quality of the diodes. For a non-ideal diode, the current
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Figure 3. Photocurrent mapping of the lateral device. The bias voltages for (a—c) are 0, 1, and —1 V, respectively. The red, white, and gray dashed
lines outline the locations of ITO, MoS,, and SWCNTSs, respectively. Laser power, 1 yW. Scale bars, 10 gm.

through the diode as a function of voltage can be expressed
with the Shockley diode equation34

I= Io(qu/nkBT _ l) (1)
where I, q n, kB, and T are reverse saturation current,
elementary charge, ideality factor, Boltzmann constant, and
temperature, respectively. As the term “—1” is negligible at

high voltages (>0.05—0.1 V), then taking the natural logarithm
of both sides of the equation generates

nkgT

In(I) = In(I,) + (L)V
(2)

When In(I) is plotted against V, the ideality factor n can be
calculated from the slope of q/nkzT. An ideal diode has an
ideality factor of 1, which implies that the net current through
the diode is induced by carrier diffusion instead of
recombination. The existence of some defects or impurities
which act as trap sites can lead to the recombination of charge
carriers at the junction, generating an ideality factor higher
than 1. The ideality factors of the diodes under dark conditions
are close to 2 (Figure 2d), suggesting that there exist some
charge trapping states or recombination centers at the junction
area. However, under 30 nW laser illumination, the ideality
factors of the diodes are approaching 1 as the recombination
probability is decreased upon light illumination. Some photo-
excited charge carriers have enough energy to overcome their
trapping by the defects or impurities, resulting in low
recombination current and ideality factors accordingly.” The
lateral device presents lower ideality factors in both dark and
illuminated conditions compared with the vertical one, which
is consistent with the results shown in Figure 2c.

We next assessed the devices with the figure of merits (i.e.,
responsivity and detectivity) for photodetection. The respon-
sivity (R) of a photodetector is the ratio of photocurrent to
effective power

_ Ion _ Ligne = lganc
Fee B

S S

()

where I, is the photocurrent, Iy, and Iy, are the currents
under light and dark conditions, respectively, and P is the
power that is effectively illuminated on the active area of a
device. The detectivity (D*) of a photodetector is used to
evaluate the sensitivity of a detector and is defined by the

formula
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A

active

2’q'ldark

R
(4)

where R, A, 0 9, and Iy, are the responsivity, active area of a
device, elementary charge, and dark current, respectively. The
average responsivity value of the vertical device is approx-
imately 10* times higher than that of the lateral one (Figure
2e), showing a maximum responsivity of 33 A/Wat V=—-1V
under 5 nW laser illumination. The responsivity values of the
photodetectors are decreasing with increasing laser power
since the photocurrents are gradually saturating on account of
the screening effect under high-power illumination.>**
Furthermore, the vertical device is nearly 10* times more
sensitive than the lateral one (Figure 2f), exhibiting a
maximum detectivity of 9.7 X 10" Jones at V = —1 V under
S nW laser illumination. Except for the aforementioned fast
charge separation and transport in the vertical device, the high
transparency of top and bottom electrodes is another major
contributor to the outstanding photodetection performance
since the sandwiched MoS, layer can absorb more light in the
vertical device as compared with the opaque photodetectors. In
addition, optical switching response of the devices was
checked. Thanks to the diode structure, the lateral device
working under reverse bias has a higher response speed (Figure
$4).>” The depletion width of the lateral device increases
under reverse bias, which decreases the junction capacitance
and facilitates the transport of charge carriers accordingly.
Thus, the transit time of charge carriers is reduced, elevating
the optical response speed of the lateral device.”®”” Therefore,
based on the above results, we can conclude that a device in
the vertical configuration is more suitable for photodetection,
while the one in lateral geometry can be potentially utilized as
a rectifier.”’

To further probe the spatial distribution of photocurrent, we
carried out photocurrent mapping of the lateral device. The
photocurrent mapping obtained at zero bias voltage displays a
higher current at the junction between ITO and MoS, than
that at the SWCNT side (Figure 3a), signifying a higher
Schottky barrier at the ITO side. This is an indicator for us to
sketch the band diagrams, as presented below. It is clear that
the photocurrent at forward bias (V > 0) is mainly generated at
the junction of MoS, and SWCNTs (Figure 3b). The spread of
current along the interface is attributed to the unevenly
distributed SWCNTs at the edge of the SWCNT film, which is
inevitable when a doctor blade is used for cutting the film. The
high forward current is mainly originated from a low barrier
and could be caused by the thermionic emission of the
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electrons injected from SWCNTs. Furthermore, the electron—
hole pairs generated at the junction can be efficiently separated
by the built-in potential and contribute to the observed
current. Additionally, as more than two-thirds of the SWCNTSs
are p-type semiconductors, which has been confirmed in our
previous work,"" the p—n heterojunction formed at the MoS,/
SWCNT interface is another contributor to the photo-
current.”’ In contrast, the junction between ITO and MoS,
is responsible for the low reverse current, which is possibly
initiated by thermal-assisted tunneling due to the existence of a
high Schottky barrier (Figure 3c).

To gain insights into the conduction mechanism, we
separately analyzed the charge transport behavior at forward
and reverse biases. First, we recorded the temperature-
dependent I-V curves of the two devices working at forward
bias (Figure SS). The current increases with the temperature in
both devices, indicating that the charge carrier transport
through the Schottky diode is dominated by thermionic
emission at high temperatures, while tunneling is expected to
play a governing role at lower temperatures (Figure S6). The
charge carriers may not have enough energy at low
temperatures to surmount the barrier height, and thus, the
transport is governed by tunneling across the Schottky barrier.
The thermionic emission current flowing through the 2D
materials can be expressed with the following equation*”*’

)

v

n

9

" )
T(B

I= AA;kDTy2 expl—
B

(s)
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where A, Ay, T, g, kg, @y, and n are the active area of a device,

2D equivalent Richardson constant, temperature, elementary

charge, Boltzmann constant, Schottky barrier height, and

ideality factor. Notably, the reduced power law T*? is

employed here as the channel is a 2D semiconductor.*

Then, by taking the natural logarithm of both sides, eq 5 can
be re-organized to

[ I E,

In —

T kg T

m) = In(AA%) -

(6)

where E, = q((I)B - %) is the activation energy. Then, the @y

can be calculated from the slope obtained by linearly fitting the

Arrhenius plot of In(I/ T3/2) versus 1000/ T (Figure 4a,b). The
slope from each fitting is then plotted as a function of forward
bias. The Schottky barrier height @y can be finally calculated
from the intercept (S,, where V = 0) by following the formula
Sy = —q®p/1000k, (Figure 4c,d). The ®g of the vertical
device is smaller than that of the lateral one, which also leads
to a higher forward current in the former structure (Figure
2a,b). Lighter band bending in the vertical case because of
large-area intimate contact might account for the obtained
lower barrier height. In contrast, since the contact area of the
lateral device is small, band bending may occur more
significantly by a localized electrlc field when a voltage of the
same magnitude is applied."* As illustrated in the band
diagrams (the insets in Figure 4c,d), the low Schottky barrier
extracted here comes from the junction between MoS, and
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SWCNTSs, which explains the observed high current in the
photocurrent mapping in Figure 3b. The obtained low
Schottky barrier heights of 0.2—0.3 eV indicate quasi-Ohmic
contact between MoS, and SWCNTs.*

We then incorporated thicker (~10 nm) MoS, into the
devices of the two configurations (Figure S7a,b) to compare
their temperature-dependent trends with those observed with
the devices using S nm thick MoS, (Figure 4). We confirm that
the charge carrier transport of the devices consisting of 10 nm
thick MoS, is also dominated by thermionic emission under
forward bias at room temperature (Figure S7c,d). Both devices
in lateral and vertical configurations exhibit lower barrier
heights than those using thinner flakes (Figure S7ef). This
verifies the conjecture mentioned above that a thicker MoS,
flake will result in a lower Schottky barrier and RR. A thicker
MoS, flake can absorb more light owing to the increased
number of layers and narrowed band gap. Inspired by this
thickness-dependent behavior, we fabricated another vertical
device using ~155 nm-thick MoS, to further improve the
photodetection performance. The photodetector demonstrates
an ultrahigh responsivity of up to 2008.3 A/W and an excellent
detectivity value of 3.2 X 10" Jones simultaneously at V=1 V
with 10 nW laser illumination (Figure S8). The responsivity
value is much higher than those of reported MoS,-based
photodetectors while the detectivity is still competitive™**~*
(Table S1). Even at a low bias voltage of 0.1 V, the device
presents an excellent responsivity of 70.3 A/W and a high
detectivity of 7.7 X 10" Jones, signifying the potential for self-
powered photodetectors. The extraordinary optoelectronic
performance is attributed to efficient light absorption and
effective carrier injection due to the usage of a thick MoS,
flake. It should be noted that no gate electrode was applied to

4221

the photodetectors investigated in this work, meaning that our
devices have low power dissipation.

Then, we turn to the origin of the charge carrier transport at
reverse bias. As we suggested earlier, the charge transport at
reverse bias might be dominated by tunneling. Thus, we
adopted direct tunneling (DT) and FNT models™ ™" to fit the
I-V curves at reverse bias. DT and FNT are expressed using
the following equations

ln(ID—T) _ Ag®Jm @y ln(l) B 4rd [ 2m* Dy
v Kd 14 h (7)
ln( IFNT) 1 Ag’m, B 87d [/ 2m™* D3, (lJ

v? 8ah®pd’m’™ 3hq \% (8)

where A, g, my, ®p, h, d, and m*(0.45 m,)*" are the junction
area, elementary charge, free electron mass, barrier height,
Planck constant, the thickness of MoS, flake, and effective
electron mass, respectively. The current is induced by DT if
the plot of In(I/V?) versus In(1/V) has a positive slope and
obeys a linear fitting regime, while the FNT can be recognized
from the plot of In(1/ V?) versus 1/V which displays a negative
and linear slope. The carrier conduction in the lateral device is
clearly dominated by DT throughout the whole reverse bias
range at both dark and illuminated conditions (Figure Sa).
Interestingly, the carrier transport in the vertical device
working at low voltages is caused by DT (Figure Sb) while
the FNT governs the conduction at high voltages (Figure Sc).
The shift in the origin of charge carrier injection with the
variation in the voltage magnitude has also been observed
elsewhere.*”*” The minimum transition voltage from DT to
the FNT is around 0.28 V. In addition, the barrier height for
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the FNT was calculated to be ~0.75 eV by taking the slope
value extracted from the fitting result. The FNT is known to
make a great contribution to the total current when the barrier
height and width are small under high bias voltages.SI_53
Based on the photocurrent mapping and the fitting results
with tunneling models, we present the band diagrams of the
devices working under reverse bias in Figure Sd—g for more
detailed interpretation. Owing to the high and wide Schottky
barrier at the ITO side, only DT can occur in the lateral device
working under dark conditions (Figure S5d). With light
illumination on the MoS, channel, photo-generated charge
carriers can be collected at the electrodes due to the built-in
electrical field at the junctions (Figure Se). The total low
current is the origin of the small reverse current, as shown in
Figure 2a. As for the vertical device, DT is the dominant
transport of charge carriers at low voltages as the field-induced
band bending is moderate (Figure 5f). When a higher voltage
is applied, the potential barrier at the ITO/MoS, interface
shrinks, and the barrier shape changes to triangular (thin) from
trapezoidal (wide) accompanied by a decrease in the barrier
height.44’49’53 Thus, the carriers can tunnel through the
triangular barrier via the FNT, resulting in a large reverse
current. Moreover, when the vertical device is illuminated from
the SWCNT top electrode (Figure Sg), light can penetrate
through the ultrathin MoS, layer to the ITO bottom electrode,
resulting in the IPE of electrons from the ITO side across the
low Schottky barrier. This process benefits from the trans-
parency of both SWCNT top electrodes and MoS, thin flakes.
Therefore, the FNT of charge carriers excited from the ITO
side through the MoS, barrier layer and the IPE of electrons
from the ITO side are the dominant conduction mechanisms
of the observed high reverse current in the vertical device, as
displayed in Figure 2b. Besides the dominant conduction
mechanism, there are several external factors that can affect the
reverse current. An obvious factor is temperature. A lower
temperature results in the lower reverse current (Figures SS,
S7). The thickness, quality, and doping concentration of MoS,
also affect the reverse current. Both thinner flake (Figure S1)
and better material quality with small number of defects can
lead to lower reverse current. The MoS, thickness and doping
concentration have been extensively investigated in a vertical
device geometry elsewhere.** Thus, one needs to realize that
those factors should be consistent for a fair comparison.

B CONCLUSIONS

In summary, we demonstrated high-performance MoS,-based
Schottky photodiodes with press-transferred transparent
SWCNT films as the electrode. We found that a device in
the lateral configuration using a thin MoS, layer shows
excellent rectifying behavior. Sandwiching thick MoS, flake
between two transparent electrodes (ITO and SWCNTs)
enables outstanding photodetection performance due to
efficient light absorption and effective carrier separation,
maximizing both responsivity and detectivity. Additionally,
temperature-dependent electrical characteristics indicate that
the effective Schottky barrier height formed at the SWCNT/
MoS, interface is higher in the lateral configuration than that in
the vertical one. The superior photodetection performance in
the vertical device is ascribed to the FNT and IPE of charge
carriers excited from ITO across the MoS, barrier layer. Our
idea of using a photoactive MoS, layer as a tunneling layer with
a dry-transferred transparent SWCNT electrode paves a high-
performance and cost-effective way to develop 2D material-
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based transparent optoelectronic devices for wearable
applications.

B EXPERIMENTAL SECTION

Materials and Device Fabrication. Pre-patterned ITO glass
substrates were purchased from Ossila, UK and used as received. The
sheet resistance of 100 nm thick ITO films is around 20 £/sq. MoS,
flakes were mechanically exfoliated from the bulk crystal (2D
Semiconductors, USA) with the Nitto blue tape and were transferred
to the edge of ITO films via a polydimethylsiloxane stamp under an
optical microscope. SWCNTSs were produced in a floating catalyst
chemical vapor deposition reactor using isopropanol and ferrocene as
the carbon source and catalyst precursor, respectively. The growth
parameters are similar to those reported in our previous work.*' Then,
the SWCNTs were collected downstream of the reactor with a
Millipore membrane filter from which the SWCNTs can be easily
press-transferred onto any smooth substrate. The SWCNT film has an
optical transmittance of 75.9% and a sheet resistance of ~1000 Q/sq.
A millimeter-sized SWCNT /filter was cut with a doctor blade and
stuck onto a glass substrate with the double-sided tape. The glass
substrate with SWCNTs facing down was mounted on a micro-
manipulator and aligned along the MoS, flake under an optical
microscope. Then, the SWCNTs can be deterministically transferred
onto the MoS, flake by the gentle press and slow lifting processes.

Optical Measurement. The optical photographs were taken with
a Leica DM6 optical microscope. The Raman spectrum of MoS, was
acquired with a WITec alpha300 RA+ Raman spectrometer using a
532 nm laser with a power of around 1 mW. Another Raman
spectrometer (HORIBA Jobin-Yvon Labram HR 800) was utilized to
record the spectra of SWCNT's with four excitation lasers of 488, 514,
633, and 785 nm. The Raman spectra of SWCNTs were averaged
based on three separate spectra collected in different areas. To acquire
the optical absorption of SWCNTs, the film was press-transferred
onto a quartz substrate, and a UV—vis—NIR spectrometer (Agilent
Cary 5000) was utilized to collect the spectrum after the subtraction
of substrate contribution via positioning another clean quartz
substrate in the reference beam path. The optical transmittance
value of the SWCNT film was determined at 550 nm from a
transmittance spectrum, ranging from 500 to 600 nm.

Microscopy Measurement. To know the thicknesses of MoS,
flakes, a Bruker Dimension Icon AFM operated in a tapping mode was
employed for the acquisition of topological images which were later
analyzed with Gwyddion software for thickness measurement. To
view the surface morphology of the SWCNT film, the film was
transferred onto the SiO,/Si substrate and densified with ethanol
prior to the imaging with an scanning electron microscope (Zeiss
Sigma VP) operated at 1 kV using the in-lens detector.

Electrical and Optoelectronic Measurements. The as-
fabricated devices were subjected to electrical and optoelectronic
measurements without any further treatment. The devices were fixed
to a Linkam LN600-P sample holder on the stage of a SNOM system
(WITec alpha300). The current—voltage (I-V) curves of the devices
were recorded with a customized LabVIEW program by applying the
voltage with a Keithley 2401 source meter. For the photodetection
test, the green laser (532 nm) with adjustable power was selected as
the light source and illuminated on the devices through a 20X
objective (NA = 0.4, the diameter of the laser spot is around 4.4 ym).
The data acquisition of the devices at low temperature was realized in
the liquid nitrogen atmosphere with a home-made Linkam stage
coupled with an environmental and temperature controller (T96-S).

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.2c19917.

MoS, thickness-dependent diode behavior; AFM char-
acterization of MoS, flakes; optical and electrical
characterizations of SWCNT films; Raman spectrum of

https://doi.org/10.1021/acsami.2c19917
ACS Appl. Mater. Interfaces 2023, 15, 4216—4225


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c19917/suppl_file/am2c19917_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c19917/suppl_file/am2c19917_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c19917/suppl_file/am2c19917_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c19917?goto=supporting-info
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c19917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

the heterostructure of SWCNTSs/MoS,; transient photo-
response of the devices; temperature-dependent elec-
trical measurement of the devices; photodetection
performance of the device using 155 nm thick MoS,;
and comparison of the responsivity and detectivity
values of MoS,-based photodetectors (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Er-Xiong Ding — Department of Electronics and
Nanoengineering, School of Electrical Engineering, Aalto
University, Espoo FI-02150, Finland; ® orcid.org/0000-
0001-6048-9846; Email: erxiong.ding@aalto.fi

Harri Lipsanen — Department of Electronics and
Nanoengineering, School of Electrical Engineering, Aalto
University, Espoo FI-02150, Finland; ® orcid.org/0000-
0003-2487-4645; Email: harrilipsanen@aalto.fi

Authors

Peng Liu — Department of Applied Physics, School of Science,
Aalto University, Espoo FI-02150, Finland; Department of
Electronics and Nanoengineering, School of Electrical
Engineering, Aalto University, Espoo FI-02150, Finland

Hoon Hahn Yoon — Department of Electronics and
Nanoengineering, School of Electrical Engineering, Aalto
University, Espoo FI-02150, Finland; ® orcid.org/0000-
0002-4081-3343

Faisal Ahmed — Department of Electronics and
Nanoengineering, School of Electrical Engineering, Aalto
University, Espoo FI-02150, Finland

Mingde Du — Department of Electronics and Nanoengineering,
School of Electrical Engineering, Aalto University, Espoo FI-
02150, Finland; © orcid.org/0000-0002-3246-1560

Abde Mayeen Shafi — Department of Electronics and
Nanoengineering, School of Electrical Engineering, Aalto
University, Espoo FI-02150, Finland; © orcid.org/0000-
0003-2619-3077

Naveed Mehmood — Department of Electronics and
Nanoengineering, School of Electrical Engineering, Aalto
University, Espoo FI-02150, Finland

Esko I. Kauppinen — Department of Applied Physics, School
of Science, Aalto University, Espoo FI-02150, Finland;

orcid.org/0000-0003-1727-8810

Zhipei Sun — Department of Electronics and Nanoengineering,
School of Electrical Engineering, Aalto University, Espoo FI-
02150, Finland; ® orcid.org/0000-0002-9771-5293

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.2c19917

Author Contributions

E.-X.D. conceived the idea, fabricated the devices, conducted
the sample characterizations, performed the measurements,
and wrote the manuscript. P.L. provided SWCNT samples,
carried out relevant characterizations, and processed the data.
HHY., FA, M.D,, Z.S., and H.L. contributed to data analysis.
F.A. helped with temperature-dependent electrical measure-
ment. M.D. and AM.S. helped with electrical measurement
under light illumination. N. M. helped with material
exfoliation. ELK.,, Z.S., and H.L. supervised the research. All
authors participated in the scientific discussion, polished the
manuscript, and gave approval for publication.

4223

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank Xiaoqi Cui and Hoon Hahn Yoon for the
home-built electrical setup and LabVIEW program. The
research was supported by the Academy of Finland Flagship
Programme (320167, PREIN), the Academy of Finland
(314810, 316572, 333982, 336144, 336818, 340932, and
348920), the GrapheneCore3 (881603), the ERC (834742),
the European Union’s Horizon 2020 research and innovation
program (820423, S2QUIP), and the EU H2020-MSCA-RISE-
872049 (IPN-Bio). P.L. acknowledges the financial support
from China Scholarship Council (no. 202006310007). Aalto
NanoFab (Micronova) cleanroom resources are greatly
appreciated. This work made use of the Aalto University
Nanomicroscopy Center (Aalto-NMC) premises.

B REFERENCES

(1) Jariwala, D.; Marks, T. J.; Hersam, M. C. Mixed-Dimensional van
Der Waals Heterostructures. Nat. Mater. 2017, 16, 170—181.

(2) Bernardi, M,; Palummo, M.; Grossman, J. C. Extraordinary
Sunlight Absorption and One Nanometer Thick Photovoltaics Using
Two-Dimensional Monolayer Materials. Nano Lett. 2013, 13, 3664—
3670.

(3) Yin, Z,; Li, H; Li, H;; Jiang, L.; Shi, Y,; Sun, Y.; Lu, G.; Zhang,
Q;; Chen, X; Zhang, H. Single-Layer MoS, Phototransistors. ACS
Nano 2012, 6, 74—80.

(4) Lopez-Sanchez, O.; Lembke, D.; Kayci, M.; Radenovic, A.; Kis,
A. Ultrasensitive Photodetectors Based on Monolayer MoS,. Nat.
Nanotechnol. 2013, 8, 497—501.

(5) Xie, Y,; Zhang, B.; Wang, S.; Wang, D.; Wang, A.; Wang, Z.; Yu,
H.; Zhang, H,; Chen, Y,; Zhao, M.; Huang, B.; Mei, L; Wang, J.
Ultrabroadband MoS, Photodetector with Spectral Response from
445 to 2717 nm. Adv. Mater. 2017, 29, 1605972.

(6) Kang, Z.; Cheng, Y.; Zheng, Z.; Cheng, F.; Chen, Z; Li, L.; Tan,
X.; Xiong, L.; Zhai, T.; Gao, Y. MoS,-Based Photodetectors Powered
by Asymmetric Contact Structure with Large Work Function
Difference. Nano-Micro Lett. 2019, 11, 34.

(7) Liu, Y,; Guo, J.; Zhu, E.; Liao, L.; Lee, S. J.; Ding, M.; Shakir, I;
Gambin, V.; Huang, Y,; Duan, X. Approaching the Schottky-Mott
Limit in van Der Waals Metal-Semiconductor Junctions. Nature 2018,
557, 696—700.

(8) Went, C. M.; Wong, J.; Jahelka, P. R.; Kelzenberg, M.; Biswas, S.;
Hunt, M. S.; Carbone, A.; Atwater, H. A. A New Metal Transfer
Process for van Der Waals Contacts to Vertical Schottky-Junction
Transition Metal Dichalcogenide Photovoltaics. Sci. Adv. 2019, S,
No. eaax6061.

(9) Makita, T.; Yamamura, A.; Tsurumi, J.; Kumagai, S.; Kurosawa,
T.; Okamoto, T.; Sasaki, M.; Watanabe, S.; Takeya, J. Damage-Free
Metal Electrode Transfer to Monolayer Organic Single Crystalline
Thin Films. Sci. Rep. 2020, 10, 4702.

(10) Yu, L.; Shearer, C.; Shapter, J. Recent Development of Carbon
Nanotube Transparent Conductive Films. Chem. Rev. 2016, 116,
13413—13453.

(11) Zhang, Q; Wei, N,; Laiho, P.; Kauppinen, E. I. Recent
Developments in Single-Walled Carbon Nanotube Thin Films
Fabricated by Dry Floating Catalyst Chemical Vapor Deposition.
Top. Curr. Chem. 2017, 375, 1-30.

(12) Kaskela, A.; Nasibulin, A. G.; Timmermans, M. Y.; Aitchison,
B.; Papadimitratos, A.; Tian, Y,; Zhu, Z.; Jiang, H.; Brown, D. P,;
Zakhidov, A.; Kauppinen, E. I. Aerosol-Synthesized SWCNT
Networks with Tunable Conductivity and Transparency by a Dry
Transfer Technique. Nano Lett. 2010, 10, 4349—435S.

(13) Ding, E.-X,; Jiang, H.; Zhang, Q.; Tian, Y.; Laiho, P.; Hussain,
A,; Liao, Y; Wei, N,; Kauppinen, E. I. Highly Conductive and
Transparent Single-Walled Carbon Nanotube Thin Films from

https://doi.org/10.1021/acsami.2c19917
ACS Appl. Mater. Interfaces 2023, 15, 4216—4225


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c19917/suppl_file/am2c19917_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Er-Xiong+Ding"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6048-9846
https://orcid.org/0000-0001-6048-9846
mailto:erxiong.ding@aalto.fi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Harri+Lipsanen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2487-4645
https://orcid.org/0000-0003-2487-4645
mailto:harri.lipsanen@aalto.fi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peng+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hoon+Hahn+Yoon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4081-3343
https://orcid.org/0000-0002-4081-3343
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Faisal+Ahmed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingde+Du"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3246-1560
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abde+Mayeen+Shafi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2619-3077
https://orcid.org/0000-0003-2619-3077
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naveed+Mehmood"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Esko+I.+Kauppinen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1727-8810
https://orcid.org/0000-0003-1727-8810
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhipei+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9771-5293
https://pubs.acs.org/doi/10.1021/acsami.2c19917?ref=pdf
https://doi.org/10.1038/nmat4703
https://doi.org/10.1038/nmat4703
https://doi.org/10.1021/nl401544y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl401544y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl401544y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn2024557?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2013.100
https://doi.org/10.1002/adma.201605972
https://doi.org/10.1002/adma.201605972
https://doi.org/10.1007/s40820-019-0262-4
https://doi.org/10.1007/s40820-019-0262-4
https://doi.org/10.1007/s40820-019-0262-4
https://doi.org/10.1038/s41586-018-0129-8
https://doi.org/10.1038/s41586-018-0129-8
https://doi.org/10.1126/sciadv.aax6061
https://doi.org/10.1126/sciadv.aax6061
https://doi.org/10.1126/sciadv.aax6061
https://doi.org/10.1038/s41598-020-61536-8
https://doi.org/10.1038/s41598-020-61536-8
https://doi.org/10.1038/s41598-020-61536-8
https://doi.org/10.1021/acs.chemrev.6b00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s41061-017-0178-8
https://doi.org/10.1007/s41061-017-0178-8
https://doi.org/10.1007/s41061-017-0178-8
https://doi.org/10.1021/nl101680s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl101680s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl101680s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c7nr05554d
https://doi.org/10.1039/c7nr05554d
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c19917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

Ethanol by Floating Catalyst Chemical Vapor Deposition. Nanoscale
2017, 9, 17601—17609.

(14) Zhang, Q; Nam, J.; Han, J; Datta, S.; Wei, N.; Ding, E.-X,;
Hussain, A,; Ahmad, S.; Skakalova, V.; Khan, A. T, Liao, Y,
Tavakkoli, M.; Peng, B.; Mustonen, K; Kim, D.; Chung, L;
Maruyama, S.; Jiang, H.; Jeon, L; Kauppinen, E. I. Large-Diameter
Carbon Nanotube Transparent Conductor Overcoming Perform-
ance—Yield Tradeoff. Adv. Funct. Mater. 2021, 32, 2103397.

(15) Aitola, K.; Sveinbjornsson, K.; Correa-Baena, J. P.; Kaskela, A ;
Abate, A,; Tian, Y.; Johansson, E. M. J.; Gritzel, M.; Kauppinen, E. I;
Hagfeldt, A,; Boschloo, G. Carbon Nanotube-Based Hybrid Hole-
Transporting Material and Selective Contact for High Efficiency
Perovskite Solar Cells. Energy Environ. Sci. 2016, 9, 461—466.

(16) Jang, W.; Kim, B. G.; Seo, S.; Shawky, A.; Kim, M. S.; Kim, K;
Mikladal, B.; Kauppinen, E. I; Maruyama, S.; Jeon, I; Wang, D. H.
Strong Dark Current Suppression in Flexible Organic Photodetectors
by Carbon Nanotube Transparent Electrodes. Nano Today 2021, 37,
101081.

(17) Wang, X.;; Wang, P.; Wang, J.; Hu, W; Zhou, X;; Guo, N,;
Huang, H,; Sun, S.; Shen, H; Lin, T.; Tang, M,; Liao, L.; Jiang, A,;
Sun, J; Meng, X; Chen, X; Lu, W,; Chu, ]J. Ultrasensitive and
Broadband MoS, Photodetector Driven by Ferroelectrics. Adv. Mater.
2015, 27, 6575—6581.

(18) Zhang, J.; Zhang, K; Xia, B.; Wei, Y.; Li, D.; Zhang, K.; Zhang,
Z.; Wu, Y,; Liu, P,; Duan, X;; Xu, Y,; Duan, W,; Fan, S,; Jiang, K.
Carbon-Nanotube-Confined Vertical Heterostructures with Asym-
metric Contacts. Adv. Mater. 2017, 29, 1702942.

(19) Jadwiszczak, J.; Sherman, J.; Lynall, D.; Liu, Y.; Penkov, B;
Young, E; Keneipp, R; Drndic, M.; Hone, J. C.; Shepard, K. L.
Mixed-Dimensional 1D/2D van Der Waals Heterojunction Diodes
and Transistors in the Atomic Limit. ACS Nano 2022, 16, 1639—
1648.

(20) Li, X;; Wei, Y.; Lu, G.; Mei, Z.; Zhang, G; Liang, L,; Li, Q;
Fan, S.; Zhang, Y. Gate-Tunable Contact-Induced Fermi-Level Shift
in Semimetal. Proc. Natl. Acad. Sci. U.S.A. 2022, 119,
No. €2119016119.

(21) Jariwala, D.; Sangwan, V. K.; Wy, C. C.; Prabhumirashi, P. L;
Geier, M. L.; Marks, T. J.; Lauhon, L. J.; Hersam, M. C. Gate-Tunable
Carbon Nanotube-MoS, Heterojunction p-n Diode. Proc. Natl. Acad.
Sci. US.A. 2013, 110, 18076—18080.

(22) Phan, T. L.; Vu, Q. A;; Kim, Y. R;; Shin, Y. S.; Lee, I. M.; Tran,
M. D,; Jiang, J.; Luong, D. H.; Liao, L.; Lee, Y. H.; Yu, W. J. Efficient
Gate Modulation in a Screening-Engineered MoS,/Single-Walled
Carbon Nanotube Network Heterojunction Vertical Field-Effect
Transistor. ACS Appl. Mater. Interfaces 2019, 11, 25516—25523.

(23) Yang, Z.; Hong, H.; Liu, F; Liu, Y.; Su, M.; Huang, H,; Liuy, K;;
Liang, X;; Yu, W. J; Vu, Q. A;; Liu, X;; Liao, L. High-Performance
Photoinduced Memory with Ultrafast Charge Transfer Based on
MoS,/SWCNTs Network Van Der Waals Heterostructure. Small
2019, 15, 1804661.

(24) Choi, M. S;; Qu, D.; Lee, D.; Liu, X.; Watanabe, K.; Taniguchi,
T.; Yoo, W. J. Lateral MoS, p-n Junction Formed by Chemical
Doping for Use in High-Performance Optoelectronics. ACS Nano
2014, 8, 9332—9340.

(25) Yu, W. J;; Li, Z; Zhou, H; Chen, Y,; Wang, Y.; Huang, Y.;
Duan, X. Vertically Stacked Multi-Heterostructures of Layered
Materials for Logic Transistors and Complementary Inverters. Nat.
Mater. 2013, 12, 246—252.

(26) Li, Z.; Chen, J.; Dhall, R;; Cronin, S. B. Highly Efficient, High
Speed Vertical Photodiodes Based on Few-Layer MoS,. 2D Mater.
2017, 4, 015004.

(27) Kwon, J.; Lee, J. Y.; Yu, Y. J.; Lee, C. H.; Cui, X.; Hone, J.; Lee,
G. H. Thickness-Dependent Schottky Barrier Height of MoS, Field-
Effect Transistors. Nanoscale 2017, 9, 6151—6157.

(28) Lee, H.; Deshmukh, S.; Wen, J.; Costa, V. Z.; Schuder, J. S.;
Sanchez, M.; Ichimura, A. S.; Pop, E; Wang, B,; Newaz, A. K. M.
Layer-Dependent Interfacial Transport and Optoelectrical Properties
of MoS, on Ultraflat Metals. ACS Appl. Mater. Interfaces 2019, 11,
31543—31550.

4224

(29) Lee, C.; Yan, H; Brus, L. E.,; Heinz, T. F.; Hone, J; Ryu, S.
Anomalous Lattice Vibrations of Single- and Few-Layer MoS,. ACS
Nano 2010, 4, 2695—2700.

(30) Bachilo, S. M; Strano, M. S.; Kittrell, C.; Hauge, R. H;
Smalley, R. E.; Weisman, R. B. Structure-Assigned Optical Spectra of
Single-Walled Carbon Nanotubes. Science 2002, 298, 2361—2366.

(31) Dresselhaus, M. S.; Dresselhaus, G.; Saito, R.; Jorio, A. Raman
Spectroscopy of Carbon Nanotubes. Phys. Rep. 2008, 409, 47—99.

(32) Yuan, P; Wang, R,; Tan, H; Wang, T.; Wang, X. Energy
Transport State Resolved Raman for Probing Interface Energy
Transport and Hot Carrier Diffusion in Few-Layered MoS,. ACS
Photonics 2017, 4, 3115—3129.

(33) Lee, L; Kang, W. T.; Kim, W. T.; Kim, J. E.; Won, Y. R;; Lee, Y.
R; Yu, U.Y,; Lee, Y. H.; Yu, W. J. Photoinduced Tuning of Schottky
Barrier Height in Graphene/MoS, Heterojunction for Ultrahigh
Performance Short Channel Phototransistor. ACS Nano 2020, 14,
7574—7580.

(34) Banwell, T. C.; Jayakumar, A. Exact Analytical Solution for
Current Flow through Diode with Series Resistance. Electron. Lett.
2000, 36, 291-292.

(35) Mueller, T.; Xia, F.; Avouris, P. Graphene Photodetectors for
High-Speed Optical Communications. Nat. Photonics 2010, 4, 297—
301.

(36) Xue, H; Wang, Y,; Dai, Y,; Kim, W,; Jussila, H; Qi, M;
Susoma, J.; Ren, Z.; Dai, Q;; Zhao, J.; Halonen, K; Lipsanen, H;
Wang, X,; Gan, X;; Sun, Z. A MoSe,/WSe, Heterojunction-Based
Photodetector at Telecommunication Wavelengths. Adv. Funct. Mater.
2018, 28, 1804388.

(37) Dy, M,; Cui, X;; Yoon, H. H,; Das, S.; Uddin, M. G; Dy, L,; L,
D.; Sun, Z. Switchable Photoresponse Mechanisms Implemented in
Single van Der Waals Semiconductor/Metal Heterostructure. ACS
Nano 2022, 16, 568—576.

(38) Sheu, J. K; Lee, M. L; Yeh, L. S; Kao, C. J.; Tun, C. J.; Chen,
M. G; Chi, G. C,; Chang, S. J; Su, Y. K; Lee, C. T. Planar GaN n*-p
Photodetectors Formed by Si Implantation into p-GaN. Appl. Phys.
Lett. 2002, 81, 4263—4265.

(39) Garcia-Belmonte, G.; Munar, A.; Barea, E. M,; Bisquert, J.;
Ugarte, I; Pacios, R. Charge Carrier Mobility and Lifetime of Organic
Bulk Heterojunctions Analyzed by Impedance Spectroscopy. Org.
Electron. 2008, 9, 847—851.

(40) Zhang, X,; Liu, B.; Gao, L.; Yu, H,; Liu, X; Du, J.; Xiao, J.; Liu,
Y,; Gu, L; Liao, Q; Kang, Z.; Zhang, Z.; Zhang, Y. Near-Ideal van
Der Waals Rectifiers Based on All-Two-Dimensional Schottky
Junctions. Nat. Commun. 2021, 12, 1522.

(41) Ding, E.-X; Liu, P.; Khan, A. T.; Zhang, Q.; Wei, N.; Jiang, H.;
Kauppinen, E. I. Towards the Synthesis of Semiconducting Single-
Walled Carbon Nanotubes by Floating-Catalyst Chemical Vapor
Deposition: Challenges of Reproducibility. Carbon 2022, 195, 92—
100.

(42) Anwar, A; Nabet, B,; Culp, J.; Castro, F. Effects of Electron
Confinement on Thermionic Emission Current in a Modulation
Doped Heterostructure. J. Appl. Phys. 1999, 85, 2663—2666.

(43) Chen, J. R;; Odenthal, P. M.; Swartz, A. G.; Floyd, G. C.; Wen,
H.; Luo, K. Y.; Kawakami, R. K. Control of Schottky Barriers in Single
Layer MoS, Transistors with Ferromagnetic Contacts. Nano Lett.
2013, 13, 3106—3110.

(44) Li, H. M,; Lee, D;; Qu, D; Liu, X;; Ryu, J.; Seabaugh, A; Yoo,
W. J. Ultimate Thin Vertical p-n Junction Composed of Two-
Dimensional Layered Molybdenum Disulfide. Nat. Commun. 20185, 6,
6564.

(45) Yoon, H. H,; Song, W,; Jung, S.; Kim, J.; Mo, K,; Choi, G;
Jeong, H. Y.; Lee, J. H,; Park, K. Negative Fermi-Level Pinning Effect
of Metal/n-GaAs(001) Junction Induced by a Graphene Interlayer.
ACS Appl. Mater. Interfaces 2019, 11, 47182—47189.

(46) Choi, W.; Cho, M. Y.; Konar, A; Lee, J. H,; Cha, G. B.; Hong,
S. C; Kim, S.; Kim, J.; Jena, D; Joo, J.; Kim, S. High-Detectivity
Multilayer MoS, Phototransistors with Spectral Response from
Ultraviolet to Infrared. Adv. Mater. 2012, 24, 5832—5836.

https://doi.org/10.1021/acsami.2c19917
ACS Appl. Mater. Interfaces 2023, 15, 4216—4225


https://doi.org/10.1039/c7nr05554d
https://doi.org/10.1002/adfm.202103397
https://doi.org/10.1002/adfm.202103397
https://doi.org/10.1002/adfm.202103397
https://doi.org/10.1039/c5ee03394b
https://doi.org/10.1039/c5ee03394b
https://doi.org/10.1039/c5ee03394b
https://doi.org/10.1016/j.nantod.2021.101081
https://doi.org/10.1016/j.nantod.2021.101081
https://doi.org/10.1002/adma.201503340
https://doi.org/10.1002/adma.201503340
https://doi.org/10.1002/adma.201702942
https://doi.org/10.1002/adma.201702942
https://doi.org/10.1021/acsnano.1c10524?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c10524?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.2119016119
https://doi.org/10.1073/pnas.2119016119
https://doi.org/10.1073/pnas.1317226110
https://doi.org/10.1073/pnas.1317226110
https://doi.org/10.1021/acsami.9b05335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b05335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b05335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b05335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.201804661
https://doi.org/10.1002/smll.201804661
https://doi.org/10.1002/smll.201804661
https://doi.org/10.1021/nn503284n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn503284n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat3518
https://doi.org/10.1038/nmat3518
https://doi.org/10.1088/2053-1583/4/1/015004
https://doi.org/10.1088/2053-1583/4/1/015004
https://doi.org/10.1039/c7nr01501a
https://doi.org/10.1039/c7nr01501a
https://doi.org/10.1021/acsami.9b09868?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b09868?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn1003937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1078727
https://doi.org/10.1126/science.1078727
https://doi.org/10.1016/j.physrep.2004.10.006
https://doi.org/10.1016/j.physrep.2004.10.006
https://doi.org/10.1021/acsphotonics.7b00815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.7b00815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.7b00815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c03425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c03425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c03425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1049/el:20000301
https://doi.org/10.1049/el:20000301
https://doi.org/10.1038/nphoton.2010.40
https://doi.org/10.1038/nphoton.2010.40
https://doi.org/10.1002/adfm.201804388
https://doi.org/10.1002/adfm.201804388
https://doi.org/10.1021/acsnano.1c07661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c07661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1524689
https://doi.org/10.1063/1.1524689
https://doi.org/10.1016/j.orgel.2008.06.007
https://doi.org/10.1016/j.orgel.2008.06.007
https://doi.org/10.1038/s41467-021-21861-6
https://doi.org/10.1038/s41467-021-21861-6
https://doi.org/10.1038/s41467-021-21861-6
https://doi.org/10.1016/j.carbon.2022.04.020
https://doi.org/10.1016/j.carbon.2022.04.020
https://doi.org/10.1016/j.carbon.2022.04.020
https://doi.org/10.1063/1.369627
https://doi.org/10.1063/1.369627
https://doi.org/10.1063/1.369627
https://doi.org/10.1021/nl4010157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl4010157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms7564
https://doi.org/10.1038/ncomms7564
https://doi.org/10.1021/acsami.9b12074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b12074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201201909
https://doi.org/10.1002/adma.201201909
https://doi.org/10.1002/adma.201201909
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c19917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(47) Liu, B.; Chen, Y; You, C.; Liu, Y.; Kong, X; Li, J.; Li, S.; Deng,
W.; Li, Y,; Yan, H.; Zhang, Y. High Performance Photodetector Based
on Graphene/MoS,/Graphene Lateral Heterostrurcture with
Schottky Junctions. J. Alloys Compd. 2019, 779, 140—146.

(48) Gao, S,; Wang, Z.; Wang, H,; Meng, F.; Wang, P.; Chen, S,;
Zeng, Y,; Zhao, J; Hu, H,; Cao, R; Xu, Z,; Guo, Z.; Zhang, H.
Graphene/MoS,/Graphene Vertical Heterostructure-Based Broad-
band Photodetector with High Performance. Adv. Mater. Interfaces
2021, 8, 2001730.

(49) Ahmed, F.; Choi, M. S.; Liu, X;; Yoo, W. J. Carrier Transport at
the Metal-MoS, Interface. Nanoscale 2015, 7, 9222—9228.

(50) Vu, Q. A;; Lee, J. H.; Nguyen, V. L; Shin, Y. S.; Lim, S. C.; Lee,
K,; Heo, J; Park, S.; Kim, K; Lee, Y. H;; Yu, W. J. Tuning Carrier
Tunneling in van Der Waals Heterostructures for Ultrahigh
Detectivity. Nano Lett. 2017, 17, 453—459.

(51) Yoon, H. H,; Ahmed, F.; Dai, Y.; Fernandez, H. A.; Cui, X.; Bai,
X; Li, D; Du, M; Lipsanen, H; Sun, Z. Tunable Quantum
Tunneling through a Graphene/Bi,Se; Heterointerface for the Hybrid
Photodetection Mechanism. ACS Appl. Mater. Interfaces 2021, 13,
58927—-5893S.

(52) Sarker, B. K; Khondaker, S. I. Thermionic Emission and
Tunneling at Carbon Nanotube-Organic Semiconductor Interface.
ACS Nano 2012, 6, 4993—4999.

(53) Doan, M. H; Jin, Y.; Adhikari, S.; Lee, S.; Zhao, J.; Lim, S. C.;
Lee, Y. H. Charge Transport in MoS,/WSe, van Der Waals
Heterostructure with Tunable Inversion Layer. ACS Nano 2017, 11,
3832—-3840.

4225

[0 Recommended by ACS

Printed Carbon Nanotube-Based Humidity Sensors
Deployable on Surfaces of Widely Varying Curvatures

Beihan Zhao, Siddhartha Das, et al.
JANUARY 16, 2023

ACS APPLIED NANO MATERIALS READ [

Structurally Tailoring Clay Nanosheets to Design Emerging
Macrofibers with Tunable Mechanical Properties and
Thermal Behavior

Weimin Xie, Huaming Yang, et al.

JANUARY 04, 2023

ACS APPLIED MATERIALS & INTERFACES READ E’;‘

Antisolvent-Treated MAPbI, and PbS Quantum Dots for
High-Performance Broadband Photodetectors

Zeren He, Yousheng Zou, et al.

JANUARY 18,2023

ACS APPLIED NANO MATERIALS READ '

Continuous, Nondestructive Detection of Microorganism
Growth at Buried Interfaces with Vascularized Polymers

Brandon Dixon, Caitlin Howell, et al.

JANUARY 12,2023

ACS APPLIED BIO MATERIALS READ

Get More Suggestions >

https://doi.org/10.1021/acsami.2c19917
ACS Appl. Mater. Interfaces 2023, 15, 4216—4225


https://doi.org/10.1016/j.jallcom.2018.11.165
https://doi.org/10.1016/j.jallcom.2018.11.165
https://doi.org/10.1016/j.jallcom.2018.11.165
https://doi.org/10.1002/admi.202001730
https://doi.org/10.1002/admi.202001730
https://doi.org/10.1039/c5nr01044f
https://doi.org/10.1039/c5nr01044f
https://doi.org/10.1021/acs.nanolett.6b04449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b04449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b04449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c18606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c18606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c18606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn300544v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn300544v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b00021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b00021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c19917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c05423?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsami.2c19295?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsanm.2c04619?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
http://pubs.acs.org/doi/10.1021/acsabm.2c00837?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675050751&referrer_DOI=10.1021%2Facsami.2c19917
https://preferences.acs.org/ai_alert?follow=1

