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ABSTRACT: Excellent light−matter interaction and a wide
range of thickness-tunable bandgaps in layered vdW materials
coupled by the facile fabrication of heterostructures have
enabled several avenues for optoelectronic applications.
Realization of high photoresponsivity at fast switching speeds
is a critical challenge for 2D optoelectronics to enable high-
performance photodetection for optical communication. Mov-
ing away from conventional type-II heterostructure pn
junctions towards a WSe2/SnSe2 type-III configuration, we
leverage the steep change in tunneling current along with a
light-induced heterointerface band shift to achieve high
negative photoresponsivity, while the fast carrier transport
under tunneling results in high speed. In addition, the
photocurrent can be controllably switched from positive to negative values, with ∼104× enhancement in responsivity, by
engineering the band alignment from type-II to type-III using either the drain or the gate bias. This is further reinforced by
electric-field dependent interlayer band structure calculations using density functional theory. The high negative responsivity
of 2 × 104 A/W and fast response time of ∼1 μs coupled with a polarity-tunable photocurrent can lead to the development of
next-generation multifunctional optoelectronic devices.
KEYWORDS: negative photocurrent, vdW heterostructure, type-III band alignment, tunnel conduction, photodetection

INTRODUCTION

Layered two-dimensional (2D) transition metal dichalcoge-
nides (TMDs) have gained immense importance in the area of
photodetection due to their high light absorption coefficients1

along with sizable and thickness-dependent electronic
bandgaps.2−4 Among the various photodetector architectures
studied using 2D materials, pn heterojunctions of type-II
nature have been well explored due to efficient separation of
photocarriers, ease of fabrication, and possibility of broadband
optical absorption.5 Several such type-II heterojunctions with
promising performance metrics have been reported in the
literature, especially using group-VI TMDs, such as MoS2,
WS2, WSe2, MoTe2, and ReS2.

6−9 However, a bottleneck in 2D
optoelectronics that needs to be addressed to fulfill its
potential for technological applications is the realization of
high photoresponsivity (R) along with ultrafast switching
speed10 to keep pace with rapid advancements in real time
optical communication and image sensors-based technologies
that are currently dominated by photodetectors relying on III−
V materials, cadmium telluride, or Pb-based quantum dots.11

Light incident on a photosensitive material typically results in

an increase in charge carrier concentration through photo-
generation resulting in the commonly observed positive
photoconduction. However, the presence of traps, adsorbates,
or interface engineering could enable the realization of
negative photoconduction which has been exploited for low
power and high-speed optoelectronics12 and memory13 as well
as gas sensing applications.14,15 The ability to controllably
switch between positive and negative photoresponse in the
same device, largely unrealized till now, could be desirable for
photodetection with enhanced spectral resolution16 as well as
multilevel optical logic and memory.13,16,17

Recently, vdW tunnel field-effect transistors (FETs) have
been studied for electronic applications due to their high
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current density in the tunneling regime.18,19 It has also been
seen in conventional silicon-based tunnel diodes as well as in
vdW heterostructures that, for band-to-band tunneling
(BTBT), the subthreshold swing (SS) of a tunnel diode can
beat the room temperature thermionic limit of 60 mV/dec.20,21

This causes a sharper change in current with gate or drain20

bias than in type-II junctions, where SS ≥ 60 mV/dec. Hence
type-III tunnel photodiodes could be better-suited for
simultaneous realization of high R and high speed due to
two key attributes, (i) subthermionic regime of conduction
that can favor a larger change in current upon illumination
than type-II due to an optically induced change in interface
band alignment (akin to a bias change) resulting in higher
photocurrent (Iph) and responsivity and (ii) the ability to turn
the photocurrent on and off at high speed due to fast carrier
transport under tunneling, which could result in shorter
response times. Till now, a few studies in the field of 2D
materials-based type-III photodetection have shown good
photoresponse. Cao et al. have shown positive photoresponse
with responsivity of 1 × 104 A/W in a type-III BP/ReS2 system
due to increased electron tunneling under illumination.22 Here
both BP and ReS2 are highly doped p and n materials,
respectively. In another study of BP/SnSe2 type-III hetero-
junction Esaki diodes, positive photocurrent and a photo-
responsivity of ∼0.24 mA/W under zero bias applied has been
reported.23 Beyond operating the photodiode in type-III
alignment wherein large and fast photoresponse can be
realized, it can also be controllably switched to a conventional
type-II alignment using gate/drain bias, which can enable
tunable photoresponse that can be further exploited for multi-
bit logic and memory applications. The WSe2/SnSe2 vdW
stack forms a near-broken band alignment under equilibrium
and is well studied electrically under type-III conduction as a
tunnel diode as well as an FET.21,24−26 However, such type-III
heterodiodes demonstrating BTBT transport have been largely
unexplored for optoelectronic applications, which is the major
focus of the current study.

In this work, we demonstrate a gated few-layer WSe2/SnSe2
heterojunction photodiode which exhibits excellent photo-
detection metrics enabled by optically driven type-III band
alignment engineering at the heterointerface and negative as
well as positive photoresponse through a bias-driven type-III-
to-type-II interface band line-up change. The electrical
characteristics under dark indicate a change in transport
mechanism from over the barrier (type-II) to tunneling (type-
III) with drain and gate bias, which is reinforced through
comprehensive electric-field dependent band structure calcu-
lations using density functional theory (DFT). Tunneling
transport is further confirmed through temperature-dependent
measurements of transfer characteristics of the WSe2/SnSe2
heterostructure in type-III configuration. Upon illumination
with 532 nm light, steady state measurements show a large
negative photocurrent under type-III band alignment, whereas
type-II band alignment results in typically observed positive
photocurrent. Temporal photocharacteristics reveal a fast
response time (in microseconds) due to the ultrafast nature
of carrier transport under BTBT27 in contrast to the slow
response times (in seconds) reported in trap or adsorbate-
dependent negative photoresponse studies.16,28,29 A maximum,
ultrahigh negative R of 2 × 104 A/W with high speed switching
comprising a response time of ∼1 μs and a fall time of ∼5 μs
has been realized under the tunneling regime, making this one
of the best high R−high speed vdW photodetectors, with the
added capability of achieving voltage-driven tunable (negative
as well as positive) photoresponse.

RESULTS
Photodetector Fabrication. A metal gate of 30 μm length

and 20 μm width with an extended contact lead was fabricated
on a SiO2 (285 nm)/Si substrate using electron-beam (e-
beam) lithography and metal sputtering. The gate was
metallized using a Cr (2 nm)/Au (30 nm) stack. Next, an
hBN flake was transferred selectively as a gate dielectric, such
that it covered the entire metal gate area. Further, a thin WSe2
flake was placed on top of the hBN flake such that the WSe2

Figure 1. Device architecture, band alignment, and Raman spectra. (a) 3D schematic of the gated WSe2/SnSe2 heterojunction device. hBN is
used as the bottom dielectric. (b) Optical microscope image of the device with top source/drain contacts on individual WSe2 and SnSe2
layers. The green layer on top of the bottom gate, which is patterned on a Si/SiO2 substrate, corresponds to hBN. Red and yellow marked
areas represent WSe2 and SnSe2 flakes, respectively. (c) Energy band diagrams of WSe2 and SnSe2 flakes before contact. (d) Raman spectra
of individual WSe2 and SnSe2 flakes, as well as from the heterojunction region.
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flake partially covers the gate area. Another thin SnSe2 flake
was transferred partially on top of WSe2 (to form the
heterojunction) and over the gate on top of the exposed
hBN flake left after WSe2 transfer. The overlapping WSe2 (p-
type) and SnSe2 (n-type) few-layer flakes result in the
formation of a pn heterojunction.24,30 Following the flake
transfers, e-beam patterning of source/drain (S/D) contacts on
WSe2 and SnSe2 was carried out, and a Cr (2 nm)/Pt (30
nm)/Au (80 nm) stack was deposited by sputtering to form
the S/D contacts. Finally, the as-fabricated device was annealed
in ambient conditions at 150 °C for 1 h. The annealing helps
in d-orbital hybridization of Pt with WSe2, thereby lowering
the S/D contact resistance for improved p-type conduction.10

This completed the fabrication process of a gated WSe2/SnSe2
pn heterojunction diode. A schematic of the device along with
the bottom gate and top S/D contacts and an optical
microscope image are shown in Figure 1a and b, respectively.
Figure 1c shows the equilibrium energy band diagrams of
individual WSe2 and SnSe2 flakes before forming the
heterojunction.6,31 This shows a near-broken type-III band
alignment to start with. Thicknesses of the hBN, WSe2, and
SnSe2 flakes were determined to be 21, 9.4, and 25 nm,
respectively, using atomic force microscopy scans as shown in
Figure S1 in the Supporting Information. It should be noted
that the choice of WSe2 as the bottom layer and SnSe2 as the
top layer is determined by good modulation of the WSe2 FET
current and insignificant modulation of the SnSe2 FET current
with applied gate voltage (see Figure S2a,b, Supporting
Information). Modulation of the FET current, which is

proportional to the effective channel carrier density, or doping,
plays a key role in the pn heterojunction device performance,
as discussed in detail in the next section. Further, Raman
spectra were collected for the individual materials as well as for
the heterojunction. Figure 1d confirms the formation of a
heterojunction, as it displays the presence of peaks belonging
to WSe2 as well as SnSe2 in the spectrum collected from the
heterojunction region.

Dark Current Characteristics. First, we have charac-
terized the individual WSe2 and SnSe2 FETs to establish their
p- and n-type behavior, respectively. The transfer character-
istics of WSe2 and SnSe2 are shown in Figure S2 in the
Supporting Information, under applied drain bias (VD) of 2
and 0.5 V (W1 for WSe2 or S1 for SnSe2) with a grounded
source terminal (W2 or S2). With a current ON/OFF ratio of
108 and ON state at negative gate voltage (VG), WSe2 shows
(i) good drain current (ID) modulation (indicating good
carrier modulation) with VG and (ii) dominant p-type
conduction. On the other hand, SnSe2 shows insignificant
modulation in current with VG and dominant n-type
conduction. This is due to the degenerate n-doping of
SnSe2.

30−32 Thus, the stack of p-WSe2 and n-SnSe2 constitutes
a pn heterojunction. Further, as shown in Figure S2c, in the
Supporting Information, under equilibrium, the valence band
maximum (VBmax) of WSe2 stays close to the conduction band
minimum (CBmin) of SnSe2.

24,30 This forms a near-broken gap
pn heterojunction. The output characteristics (ID - VD) of the
heterojunction at different gate voltages under dark condition
are shown in Figure 2, center plot. Here, the drain voltage is

Figure 2. Device characterization under dark. Center plot represents gate tunable output characteristics of the WSe2/SnSe2 pn junction
diode. The arrows 1 to 4 show transitions in the conduction mechanism under different VG and VD conditions, which are further elaborated
through representative band diagrams in the four corner figure sections. Section 1 depicts the transition from type-III to type-II with change
in VG under FB. Section 2 explains the increasing drain current under type-II conduction with increasing positive VG under high FB. Section
3 shows an increasing drain current with increasing positive VG under RB. Lastly, section 4 demonstrates decreasing type-III tunneling
current with increasing positive VG under high RB conditions.
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applied at the SnSe2 end with the WSe2 source terminal being
grounded. To avoid drain bias-dependent Schottky barrier
modulation at the interface between semiconducting WSe2 and
its metal contact, the drain voltage is applied on the metal
contact to degenerately doped SnSe2. As VD is applied at the
SnSe2 (n-type) end, negative voltage at the drain terminal
corresponds to forward bias (FB) and positive voltage defines
reverse bias (RB) operation of the device. Depending on
different VG and VD conditions, the ID − VD plot can be divided
into four distinct sections as marked in Figure 2, center plot.
These sections correspond to different interface band align-
ments resulting from the modulation in carrier concentration
by means of electrostatic gating. It can also be noted that as the
gate bias changes from −1.5 to 1.5 V, there is a transition from
p−n+ to n−n+ configuration; however, the direction of the
built-in electric field at the heterointerface remains unchanged.
In section 1, for a fixed applied FB (0 V > VD > −1 V), ID

drops drastically after VG = −1 V (by four orders in between
VG = −1 V and −0.5 V) as VG changes from negative to
positive voltage. This change in ID is explained with the help of
qualitative band diagrams shown in section 1 of Figure 2. In
section 1, when a large negative VG is applied at the gate
terminal, WSe2 becomes highly p-type, whereas SnSe2 remains
highly n-doped. This is because SnSe2 is degenerately doped,
and it sees less effect of VG since it is placed on top of WSe2.
Under this condition, the WSe2/SnSe2 interface has a type-III
band alignment (broken band), such that the SnSe2 CBmin is
placed below WSe2 VBmax. This leads to direct BTBT of
electrons from the SnSe2 conduction band (CB) to the WSe2
valence band (VB) and a high forward tunneling current under
negative VD. However, when VG is changed to less negative (>
−0.5 V) or positive values, WSe2 doping transitions from
highly p-type to light p-type or n-type. This leads to type-II
band alignment at the interface, as shown in Figure 2, section 1
(VG = −0.5 V). Under this condition, over-the-barrier
conduction of electrons from the SnSe2 CB to the WSe2 CB
becomes more probable. Due to the high barrier height
encountered by electrons at the interface, very few of them
from the SnSe2 CB can reach the WSe2 CB, and hence the
current drops sharply by four orders of magnitude as compared
to the tunneling current (VD ∼ −0.7 V). Next, in section 2 of
Figure 2, center plot, for a high FB voltage (VD < −1 V) ID
increases as VG becomes more and more positive. As shown in
the Figure 2, section 2, band diagrams, when VG changes from
0.5 to 1.5 V, WSe2 doping changes toward more and more n-
type, and SnSe2 stays n-doped. This results in a gradual
decrease in effective barrier height (for electrons from the
SnSe2 CB to the WSe2 CB) at the interface. Hence, the dark
current increases gradually under high FB with increasing VG.
The over-the-barrier thermionic current is characterized by a
large slope of nearly 600 mV/decade.
Under small RB (0 V > VD > 0.5 V), ID increases with an

increase in VG from 0 to 1.5 V, as shown in Figure 2, center
plot, section 3. ID is determined mainly by electron conduction
from the WSe2 CB to the SnSe2 CB for these voltage
conditions as shown in Figure 2, section 3, band diagrams.
Therefore, as WSe2 becomes more and more n-type with
increasing VG, there is enhanced electron transport from WSe2
to SnSe2, thereby increasing ID. Section 4 in Figure 2, center
plot, depicts a sharp decrease in tunnel current as VG moves to
more and more positive values. This is also explained using
Figure 2, section 4, band diagrams. As VG increases to a more
positive value, the WSe2 Fermi level shifts toward its CB. This

results in a shift from type-III towards type-II band alignment
and a decrease in separation between the WSe2 VB and the
SnSe2 CB. Therefore, the overlap window for tunneling
becomes smaller, which leads to a reduced tunnel current, as
shown by the relative thickness of the arrows in Figure 2,
section 4, band diagrams (typically for VD > 1 V). Along with
the decrease in tunneling current, the cut-off voltage for the
onset of tunneling (VD,cut-off) shifts to higher VD as VG
increases. This is shown in detail in Figure S3, in the
Supporting Information. It is worth noting that, under RB
(positive applied VD), with the same type-III band alignment as
discussed in section 1 above, a larger tunneling current is
observed (ID at VD = 2 V > ID at VD = −2 V). In this case
electrons tunnel from the WSe2 VB to the SnSe2 CB, and the
relatively higher tunnel current under RB than under FB
resembles a backward diode30 with a maximum on/off
rectification of more than five orders under VG = −0.5 V.
This is likely due to the participation of a greater number of
electrons in the tunneling from the WSe2 VB to the SnSe2 CB.
Under RB, as the RB voltage increases, the SnSe2 Fermi level
goes down in energy with respect to the WSe2 Fermi level.
Therefore, the difference between the WSe2 and the SnSe2
Fermi level increases. This in turn gives rise to an increased
broken gap window for tunneling and helps a greater number
of electrons from the WSe2 VB to take part in tunneling
conduction.23 To confirm type-III tunneling conduction,
temperature-dependent ID − VG (250 to 77 K) measurements
of the heterostructure were carried out (see Figure S4a,b,
Supporting Information). The extracted values of SS shown in
Figure S4c,d in the Supporting Information show a weak
dependence on temperature. This data reinforces tunneling
conduction under high negative VG for both VD = 2 V (RB)
and VD = −2 V (FB).24 In summary, the dark characteristics
show that the heterodiode band alignment (current transport)
can be easily tuned between type-III (tunneling) and type-II
(thermionic) using either the gate or the drain bias.

Interface Study Using Density Functional Theory. To
understand the nature of band alignment at the WSe2/SnSe2
heterojunction, first-principles based density functional theory
(DFT) calculations using a generalized gradient approximation
(GGA) and incorporating van der Waals corrections were
performed. In line with the experimental heterostructure
comprising few-layer flakes of individual materials, 2L SnSe2
and 2L (and 3L) WSe2 were used. A hexagonal heterostructure
supercell was constructed by stacking 3 3× units of SnSe2
rotated by 30° on top of 2 × 2 units of WSe2; the resulting
configuration yielding a very low strain (0.36%) was split
equally between the two materials. The thickness-dependent
band structure diagrams of WSe2 and SnSe2 are shown in
Supporting Information 1, which agree well with reported
literature.33,34 The calculated band structure of 2L WSe2/2L
SnSe2 heterostructure with spin−orbit coupling (SOC) in
Figure 3a shows an overlap between the energy levels at the
conduction band minimum (at M) and valence band
maximum (at K), with a DFT-GGA calculated overlap energy
window of 106 meV. A similar picture is seen in the thicker 3L
WSe2/2L SnSe2 heterostructure (Figure S7, Supporting
Information). The VBmax is comprised of 5d orbitals of WSe2
while the CBmin is made up of the 5s and 5p orbitals of SnSe2.
To mimic the experimentally supplied gate bias, a transverse

electric field was applied in our computations. In the 2L/2L
structure, under increasing negative electric field (direction
from SnSe2 to WSe2), the energy window for overlap states
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increases, which could lead to increased tunneling transport
(type-III). Whereas, upon reversing the direction of the electric
field, the WSe2 VB states are pulled down in energy leading to
the appearance of a bandgap of type-II nature. The tunability
of the overlap energy window with electric field is shown in
Figure 3b.
Steady State and Temporal Photocharacteristics.

Photoresponse of the pn heterojunction was measured under
532 nm laser illumination. The laser incidence was optimized
such that only the device junction area was illuminated.
Photocurrent (Iph) was extracted using Iph = Ilight − IDark (the
difference between Ilight and IDark), where Ilight is the device

current under illumination and IDark is the device current
measured under dark. Figure 4a shows Iph vs VD data, and
Figure S8a, in the Supporting Information, shows the output
characteristics (Ilight vs VD), at 25 mW/cm2 laser intensity
under 532 nm illumination for varying VG. Under both forward
and reverse bias conditions corresponding to tunneling regimes
under dark (VG is highly negative), Iph is negative, i.e., Ilight is
less than IDark. It is worth noting that, under RB for certain VG
conditions (e.g., VG = 0 and 0.5 V), Iph is positive for low
positive VD and turns negative when VD is higher, as shown in
Figure 4a, inset. The correlation between the change in drain
current and heterointerface band alignment upon illumination
at various biasing conditions is depicted via qualitative band
diagrams in Figure S8b in the Supporting Information.
Further, Figure 4b and its inset clearly depict both negative

and positive Iph. The occurrence of negative Iph under tunneling
regime for fixed applied VD is marked through points 1 (dark)
and 2 (illumination) in Figure 4b, and corresponding band
diagrams are shown in Figure 4c. The band diagrams depict
that a substantial generation of electron−hole (e−h) pairs in
WSe2 under illumination shifts its Fermi level from near the VB
toward midgap.35,36 Supporting Information 2 presents a
detailed calculation of photocarrier generation under the
illumination of 25 mW/cm2 laser intensity, which further
supports the Fermi level shift. This effectively reduces the band
overlap for tunnel conduction of electrons from the WSe2 VB
to the SnSe2 CB. Therefore, fewer electrons are available for
conduction under BTBT, which in turn decreases the ID upon
illumination. Additionally, the steep change in current with a
very small change in RB voltage, as depicted in the current−
voltage slope in Figure 4b (200 mV/dec), leads to a large
negative Iph, when measured at fixed VD. Similar to the dark
characteristics discussed in Figure 2, section 4, where the

Figure 3. Electric field dependent DFT calculated WSe2/SnSe2
interface band structure. (a) Calculated band structure of 2L
WSe2/2L SnSe2 heterostructure demonstrating an energy overlap
of 106 meV between the conduction band minimum (from SnSe2,
in blue) and valence band maximum (from WSe2, in red). (b)
Evolution of energy overlap/difference between the valence band
maximum and conduction band minimum with electric field. The
interlayer energy levels around the Fermi energy switch from
overlap states (type-III) to gapped states (type-II) with increasing
electric field.

Figure 4. Steady state response and WSe2/SnSe2 band alignment under illumination. (a) Photocurrent vs VD under different gate biases at
532 nm illumination for the WSe2/SnSe2 heterostructure. Inset (plotted on the same scale) shows positive to negative transition of Iph. (b)
Magnified output characteristics showing comparison of dark and light current at VG = 0 V under high VD type-III biasing whereas the inset
(plotted on same scale) depicts the low VD type-II condition. (c) Heterostructure band diagrams under dark and illumination corresponding
to points 1, 2, and 3 in (b) showing a shift in the WSe2 Fermi level due to photocarrier generation and hence a higher VD needed to recover
the tunnelling current. (d) Photocurrent dependence on incident laser light intensity under type-III and type-II operating regimes
highlighting the difference in slopes for the two conditions.
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tunnel VD,cut-off was seen to shift due to gate bias-driven change
in band alignment, it is seen to shift toward higher VD values
upon illumination as well. This is due to photogeneration of
e−h pairs in WSe2, which causes a shift in the interface band
alignment. Figure S9, in the Supporting Information, shows the
variation in VD,cut-off under RB, as a function of VG and
illumination, and the difference between the VD,cut-off under
light and dark (ΔVD,cut-off) with Pin. Due to the shift in VD,cut-off,
point 3 in Figure 4b shows that, under illumination, at a
slightly higher VD, ID recovers to the dark current level (similar
to point 1). This is because, at higher RB, the SnSe2 Fermi
level along with its VB and CB are pulled down in energy with
respect to the WSe2 Fermi level. This restores the overlap
tunnel window, and the tunneling current increases. The
positive Iph observed under low RB, as shown in the Figure 4b
inset when the device is in type-II regime, is due to
photocarrier separation under depletion electric field, which
is shown using band diagrams in Figure S10, in the Supporting
Information. The positive to negative change in Iph upon
illumination with VD variation for certain VG values again
reinforces the type-II to type-III transition in band alignment
with change in VG and VD.
It should be noted that since SnSe2 is degenerately

doped,23,30−32 there is no significant modulation in its Fermi
energy level upon illumination, as discussed in detail in the
Supporting Information 3. Figure 4d shows the dependence of
Iph on incident optical power (Pin) for type-III (tunneling, high
VD = 2 V) and type-II (over the barrier, low VD = 0.5 V)
conduction regimes. The variation in Iph against Pin is small
under tunneling conduction, as can be observed from the
slopes in the green shaded region of Figure 4d (0.106, 0.06,
and 0.032 for VG = −1.5, 0, and 0.5 V respectively). A similar
observation is also reported by Tao et al. for photoconduction
under tunneling in an n-Si/MoS2/Gr system.37 Iph is positive
under type-II configuration as the current is contributed by

over-the-barrier conduction of photogenerated carriers. Iph
increases as the number of photogenerated carriers increases
with increasing Pin, resulting in a significant slope of 0.5. The
sublinearity is due to the presence of trap states in both
materials that cause significant band-to-band recombination of
photogenerated carriers before they are collected by the
contacts.38,39 It is also worth noting the substantial improve-
ment (104 × at 25 mW/cm2to 103 × at 5.4 W/cm2) in Iph
magnitude between type-II (VG = 1.5 V) and type-III (VG =
−1.5 V) regimes for the same drain voltage (VD = 0.7 V) (see
Figure S12, Supporting Information). This clearly underscores
the advantage of a type-III photodiode for achieving high R.
Figure S13 in the Supporting Information shows similar bias-
dependent negative (under type-III) and positive (under type-
II) Iph for three different devices, thereby establishing the
repeatability of the results demonstrated in this study.
Figure 5a shows the extracted responsivity values from the

steady state Iph data measured under 25 mW/cm2 laser

intensity, using the relation R
I

P
ph

in
= . The Iph data at 2.5 mW/

cm2 is presented in Figure S14, in the Supporting Information.
High Iph under the tunneling regime leads to high maximum
negative R values of ∼2 × 104 A/W and ∼200 A/W under
reverse and forward bias, respectively. Additionally, the
modulation in polarity of R with VG as well as VD shows
controlled switching between multiple states, which could be
further exploited for multi-bit memory and logic devices.
Temporal measurements were carried out for large negative

Iph in the strong tunneling regime (VD = 2 V and VG = −1 V)
to ascertain the speed of operation. The photoswitching
characteristics were obtained under 2.5 mW/cm2 incident laser
intensity with a laser switching frequency of 2 kHz. High Iph
values with very fast response time (τR) of ∼1 μs and fall time
of ∼5 μs were obtained as shown in Figure 5b. Response and
fall times are measured using the standard definition of rise and

Figure 5. Photoresponsivity, response time, and benchmarking of device performance parameters. (a) R versus VD showing positive R for
type-II and negative R for type-III conduction. (b) Photoswitching characteristic under 2.5 mW/cm2 laser intensity and 2 kHz input light
frequency showing a fast response time of ∼1 μs and fall time of ∼5 μs. (c) Benchmarking of responsivity and response time values of
various reported vdW photodetectors with this work.40,6,41−51
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fall from 10 to 90% and 90 to 10% of the maximum Iph value,
respectively.52 Additionally, Figure S15 in the Supporting
Information shows a temporal photoresponse under tunneling
for different VG values applied for the same switching
frequency. Similar response times (∼1 μs) for all voltage
conditions are observed. It is well-known that a tunnel device
can switch in the GHz limit.53 Interlayer charge carrier
tunneling time is reported to be on the order of picoseconds
for vdW heterostructures.54 Therefore, the speed of the device
used in this study is likely limited by the lateral transport of
carriers (electrons) from the (i) WSe2 (source) contact to the
heterointerface, due to bound state electron transport through
WSe2 VB or (ii) from heterointerface to the SnSe2 (drain)
contact via the SnSe2 CB, which contributes to the series
resistance in the diode current. Hence, the speed can be
improved further by narrowing the distance between the
source/drain contacts from the heterointerface and by
reducing the contact resistance.38

The calculated EQE of the device is obtained as ∼4 × 104 %.

The shot noise dependent (SN = qI2 dark√ ) specific detectivity
(D*) of the device is calculated to be 2.15 × 1012 Jones, where
q is the charge of an electron. We have also obtained the NEP
of a similar WSe2/SnSe2 heterostructure using flicker noise

measurements to be 2.12 × 10−13 W/ Hz√ . From NEP, flicker

noise-limited D*, calculated as D* = A
NEP

( ) where A is the area of

the device, is found to be 9.12 × 109 Jones. Measured flicker
noise and extraction of NEP is shown in Supporting
Information Figure S16. Further, the spectral photoresponse
measured for the device from 490 to 850 nm wavelength shows
a broadband photoresponse of the photodetector (see
Supporting Information Figure S17).
Finally, we have benchmarked our data (R vs τR) against

high performance photodetection studies based on vdW
heterostructures reported to date (see Figure 5c). Hetero-
junction photodiodes as well as phototransistors formed using
stacked vdW materials have been used in this plot. The very
high R (2 × 104 A/W) at a response time of ∼1 μs and fall
time of ∼5 μs reported in this work, stands out among a large
number of high-performance 2D heterostructure photo-
detectors. In addition, this is also one of the fastest vdW
material-based photodetectors with high negative photo-
responsivity as shown in Table S1, in the Supporting
Information.

CONCLUSION

This work demonstrates a high-performance tunnel photo-
diode with ultrahigh responsivity and high speed. Leveraging
the benefit of a near-broken bandgap under equilibrium, the
device was operated in both type-II (staggered) and type-III
(broken) interlayer bandgap configurations as a function of VG
and VD, and the latter was further confirmed by temperature-
dependent ID−VG measurements. A comprehensive DFT study
on the electronic band structure at the heterointerface affirmed
the electric field dependent modulation between type-III and
-II band alignment. At room temperature, ID−VD data of the
device shows a backward diode-like nature with a high
rectification ratio of ∼105. A thorough study under
illumination with varying incident power and different VG
and VD conditions showed a positive value of R under type-II
operation that was enhanced by nearly 104× to a large negative
R value under type-III operation. Large negative responsivity of

2 × 104 A/W with a short response time of ∼1 μs and a very
fast fall time of ∼5 μs achieved under the type-III tunneling
regime along with bias-dependent switching of photocurrent
polarity makes this tunnel photodiode promising for future
optoelectronic applications ranging from optical communica-
tion to multi-bit memory and logic devices.

EXPERIMENTAL PROCEDURE
Device Fabrication. A single side polished 4 inch p+-Si wafer with

285 nm SiO2 grown on top was used as the substrate. Gate contact
was patterned first on top of the Si/SiO2 wafer by electron beam
lithography (EBL, Raith 150-Two). This was followed by metal (Cr 2
nm/Au 30 nm) deposition (AJA, ATC sputter system) and lift-off.
The length and width of the gate contact were 30 and 20 μm,
respectively. Bulk and single-crystal WSe2 and hBN were purchased
from SPI Supplies. SnSe2 was purchased from 2D Semiconductors. An
hBN flake was exfoliated using the micromechanical exfoliation
technique with 3M magic scotch tape. The hBN flake was then
transferred from the scotch tape onto a polydimethylsiloxane
(PDMS) stamp. The PDMS stamp was fixed onto a glass slide, and
the glass slide was attached to a micromanipulator. The hBN flake was
transferred selectively on top of the prefabricated gate structure using
the micromanipulator under an Olympus BX-63 microscope. During
the transfer process, the Si/SiO2 substrate with its gate pattern was
placed on top of a microheater. After the hBN was aligned and placed
on top of the gate pattern, the entire structure−consisting of the Si/
SiO2 substrate and the hBN flake along with the PDMS stamp and the
glass slide, was heated to 60 °C to weaken the adhesion between the
PDMS stamp and the hBN flake. The temperature was then allowed
to come down to 50 °C to release the glass slide and the PDMS stamp
from the Si/SiO2 substrate, leaving behind only the hBN flake on top
of the gate pattern. The same transfer process was followed for
aligning and placing a few-layer WSe2 flake on top of the hBN flake,
followed by an SnSe2 flake on top of the WSe2 and hBN flakes, to
form a WSe2/SnSe2 heterostructure. The WSe2 flake was placed in
such a way that it partially covered the patterned gate area without
touching the extended gate leads. The SnSe2 flake was placed in such
a way that part of the flake came on top of WSe2 to make a
heterojunction and the rest was placed on top of the hBN gate, within
the patterned gate contact area. Next, a total of four contacts were
patterned using EBL, two each on top of the WSe2 and SnSe2 flakes.
Finally, contact sputter metallization (Cr 2 nm/Pt 30 nm/Au 80 nm)
and lift-off were carried out to complete the device fabrication.

Device Characterization. Before optoelectrical characterization,
the device was wire bonded to a PCB. All electrical measurements
were done in ambient conditions under a BX-63 Olympus microscope
using a Keysight B1500A semiconductor device analyzer. The
photoresponse measurements were carried out using a NKT SuperK
EXU-6 laser. Steady-state photoresponse was measured using
Keysight B1500A, and the temporal response was measured using a
4 GHz Keysight DSOS404A oscilloscope and current probe (Keysight
2825A). Input laser power was modulated from off to on using square
pulses of 1 V peak-to-peak to the laser power controller unit from an
Agilent 33220A function generator. The laser was incident on the
device through the objective lens of the BX-63 Olympus microscope.
Input optical power was varied by inserting suitable optical density
filters from HOLMARC in the path of the 532 nm laser beam.

Density Functional Theory Calculations. All of the atomistic
simulations were implemented using the Vienna Ab initio Simulation
Package (VASP). The generalized gradient approximation of
Perdew−Burke−Ernzerhof (PBE) was used to describe the exchange
correlation effects and projector augmented wave (PAW) pseudopo-
tentials were employed to account for the interactions between the
frozen core and valence electrons.55,56 The dispersion corrected DFT-
D3 method was invoked to introduce van der Waals interaction
between the two materials.57 For the structural optimizations, a plane
wave cut-off of 400 eV and a Γ-centered k-points grid of 7 × 7 × 1
were used. The self-consistent calculations included the effects of
spin−orbit coupling and used an energy cut-off of 400 eV along with a
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denser k-points grid of 9 × 9 × 1. The optimizations were carried out
until the energy convergence of 0.1 meV was reached and the
Hellman−Feynman forces were less than 0.01 eV/Å. Sufficient
vacuum (>15 Å) was incorporated in all supercells along the out-of-
plane direction to avoid spurious interactions between adjacent
periodic images. Bandgaps typically underestimated by GGA-PBE
were calculated using the hybrid HSE06 scheme58 using the
maximally localized Wannier functions in the Wannier90 package.59

The effect of a transverse electric field was performed by VASP by
introducing an artificial dipole sheet in the supercell. VASPKIT tool60

was used for postprocessing of the calculated data. VESTA was used
to visualize the crystal structures.
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Li, H.; Lü, J.; Zhai, T. Tunneling Diode Based on WSe2/SnS2
Heterostructure Incorporating High Detectivity and Responsivity.
Adv. Mater. 2018, 30 (7), 1703286.
(48) Bullock, J.; Amani, M.; Cho, J.; Chen, Y. Z.; Ahn, G. H.;
Adinolfi, V.; Shrestha, V. R.; Gao, Y.; Crozier, K. B.; Chueh, Y. L.;
Javey, A. Polarization-Resolved Black Phosphorus/Molybdenum
Disulfide Mid-Wave Infrared Photodiodes with High Detectivity at
Room Temperature. Nat. Photonics 2018, 12, 601−607.
(49) Yan, F.; Zhao, L.; Patane,̀ A.; Hu, P.; Wei, X.; Luo, W.; Zhang,
D.; Lv, Q.; Feng, Q.; Shen, C.; Chang, K.; Eaves, L.; Wang, K. Fast,
Multicolor Photodetection with Graphene-Contacted p-GaSe/n-InSe
van Der Waals Heterostructures. Nanotechnology 2017, 28 (27),
27LT01.
(50) Feng, W.; Jin, Z.; Yuan, J.; Zhang, J.; Jia, S.; Dong, L.; Yoon, J.;
Zhou, L.; Vajtai, R.; Tour, J. M.; Ajayan, P. M.; Hu, P.; Lou, J. A Fast
and Zero-Biased Photodetector Based on GaTe-InSe Vertical 2D p-n
Heterojunction. 2D Mater. 2018, 5, 025008.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c11110
ACS Nano 2022, 16, 4578−4587

4586

https://doi.org/10.1039/C5CP06139C
https://doi.org/10.1063/1.4948313
https://doi.org/10.1063/1.4948313
https://doi.org/10.1021/acsnano.8b04885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b04885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b04885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c09960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c09960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b05109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b05109?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/acs.nanolett.6b04449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4889889
https://doi.org/10.1063/1.4889889
https://doi.org/10.1038/s41699-020-0142-2
https://doi.org/10.1038/s41699-020-0142-2
https://doi.org/10.1038/s41699-020-0142-2
https://doi.org/10.1039/C8NR05291C
https://doi.org/10.1039/C8NR05291C
https://doi.org/10.1021/acs.nanolett.5b01792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4942647
https://doi.org/10.1063/1.4942647
https://doi.org/10.1109/TED.2018.2864250
https://doi.org/10.1109/TED.2018.2864250
https://doi.org/10.1109/TED.2018.2864250
https://doi.org/10.1039/C8NR09248F
https://doi.org/10.1039/C8NR09248F
https://doi.org/10.1039/C8NR09248F
https://doi.org/10.1088/1757-899X/1033/1/012018
https://doi.org/10.1088/1757-899X/1033/1/012018
https://doi.org/10.1088/1757-899X/1033/1/012018
https://doi.org/10.1016/j.sse.2018.03.007
https://doi.org/10.1016/j.sse.2018.03.007
https://doi.org/10.1063/1.4903780
https://doi.org/10.1063/1.4903780
https://doi.org/10.1021/acsami.7b18242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b18242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b18242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1361-6528/aa810f
https://doi.org/10.1088/1361-6528/aa810f
https://doi.org/10.1021/acs.nanolett.9b04926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b04926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b04926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl403270k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl403270k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.94.125443
https://doi.org/10.1103/PhysRevB.94.125443
https://doi.org/10.1116/1.5090345
https://doi.org/10.1116/1.5090345
https://doi.org/10.1116/1.5090345
https://doi.org/10.1038/s41699-017-0016-4
https://doi.org/10.1038/s41699-017-0016-4
https://doi.org/10.1038/s41699-017-0016-4
https://doi.org/10.1021/acs.nanolett.7b04205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b04205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b11248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b11248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201504090
https://doi.org/10.1002/adma.201504090
https://doi.org/10.1002/smll.201703293
https://doi.org/10.1002/smll.201703293
https://doi.org/10.1002/smll.201703293
https://doi.org/10.1002/advs.201700423
https://doi.org/10.1002/advs.201700423
https://doi.org/10.1002/advs.201700423
https://doi.org/10.1021/acs.nanolett.5b03291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b03291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4991028
https://doi.org/10.1063/1.4991028
https://doi.org/10.1063/1.4991028
https://doi.org/10.1021/acsami.7b15288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b15288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b00318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b00318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b00318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201703286
https://doi.org/10.1002/adma.201703286
https://doi.org/10.1038/s41566-018-0239-8
https://doi.org/10.1038/s41566-018-0239-8
https://doi.org/10.1038/s41566-018-0239-8
https://doi.org/10.1088/1361-6528/aa749e
https://doi.org/10.1088/1361-6528/aa749e
https://doi.org/10.1088/1361-6528/aa749e
https://doi.org/10.1088/2053-1583/aaa721
https://doi.org/10.1088/2053-1583/aaa721
https://doi.org/10.1088/2053-1583/aaa721
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c11110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(51) Ye, L.; Li, H.; Chen, Z.; Xu, J. Near-Infrared Photodetector
Based on MoS2/Black Phosphorus Heterojunction. ACS Photonics
2016, 3 (4), 692−699.
(52) Zeng, L.; Wu, D.; Jie, J.; Ren, X.; Hu, X.; Lau, S. P.; Chai, Y.;
Tsang, Y. H. Van Der Waals Epitaxial Growth of Mosaic-Like 2D
Platinum Ditelluride Layers for Room-Temperature Mid-Infrared
Photodetection up to 10.6 μm. Adv. Mater. 2020, 32, 2004412.
(53) Mizushina, S. Triggered Operation of Tunnel Diode Oscillators
and Pulse Generators. IEEE Journal of Solid-State Circuits 1967, 2 (3),
73−81.
(54) Li, Y.; Zhang, L.; Chang, J.; Cui, Q.; Zhao, H. Time-Resolved
Observation of Hole Tunneling in van Der Waals Multilayer
Heterostructures. ACS Appl. Mater. Interfaces 2021, 13 (10),
12425−12431.
(55) Kresse, G.; Furthmüller, J. Efficient Iterative Schemes for Ab
Initio Total-Energy Calculations Using a Plane-Wave Basis Set. Phys.
Rev. B 1996, 54, 11169.
(56) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the
Projector Augmented-Wave Method. Phys. Rev. B 1999, 59, 1758−
1775.
(57) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and
Accurate Ab Initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, 154104.
(58) Heyd, J.; Scuseria, G. E.; Ernzerhof, M. Hybrid Functionals
Based on a Screened Coulomb Potential. J. Chem. Phys. 2003, 118,
8207.
(59) Mostofi, A. A.; Yates, J. R.; Pizzi, G.; Lee, Y. S.; Souza, I.;
Vanderbilt, D.; Marzari, N. An Updated Version of Wannier90: A
Tool for Obtaining Maximally-Localised Wannier Functions. Comput.
Phys. Commun. 2014, 185, 2309−2310.
(60) Wang, V.; Xu, N.; Liu, J. C.; Tang, G.; Geng, W. T. VASPKIT:
A User-Friendly Interface Facilitating High-Throughput Computing
and Analysis Using VASP Code. Comput. Phys. Commun. 2021, 267,
108033.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c11110
ACS Nano 2022, 16, 4578−4587

4587

 Recommended by ACS

Highly Sensitive Phototransistors Based on Partially
Suspended Monolayer WS2

Fan Liu, Xiaoguang Luo, et al.
MARCH 29, 2023

ACS PHOTONICS READ 

High Responsivity in Monolayer MoS2 Photodetector via
Controlled Interfacial Carrier Trapping
Sandhyarani Sahoo, Satyaprakash Sahoo, et al.
FEBRUARY 03, 2023

ACS APPLIED ELECTRONIC MATERIALS READ 

Chemical Dopant-Free Controlled MoTe2/MoSe2

Heterostructure toward a Self-Driven Photodetector and
Complementary Logic Circuits
Wennan Hu, Zengxing Zhang, et al.
MARCH 29, 2023

ACS APPLIED MATERIALS & INTERFACES READ 

Fabrication and Characterization of Printed Phototransistors
Based on Monochalcogenide Inks
Cem Odacı, Ali Roshanghias, et al.
APRIL 04, 2023

ACS APPLIED ELECTRONIC MATERIALS READ 

Get More Suggestions >

https://doi.org/10.1021/acsphotonics.6b00079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.6b00079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202004412
https://doi.org/10.1002/adma.202004412
https://doi.org/10.1002/adma.202004412
https://doi.org/10.1109/JSSC.1967.1049796
https://doi.org/10.1109/JSSC.1967.1049796
https://doi.org/10.1021/acsami.1c02913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c02913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c02913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
https://doi.org/10.1016/j.cpc.2014.05.003
https://doi.org/10.1016/j.cpc.2014.05.003
https://doi.org/10.1016/j.cpc.2021.108033
https://doi.org/10.1016/j.cpc.2021.108033
https://doi.org/10.1016/j.cpc.2021.108033
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c11110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01861?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01567?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsami.2c21785?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
http://pubs.acs.org/doi/10.1021/acsaelm.2c01577?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1716600012&referrer_DOI=10.1021%2Facsnano.1c11110
https://preferences.acs.org/ai_alert?follow=1

