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ABSTRACT: Multistate logic is recognized as a promising
approach to increase the device density of microelectronics, but
current approaches are offset by limited performance and large
circuit complexity. We here demonstrate a route toward
increased integration density that is enabled by a mechanically
tunable device concept. Bi-anti-ambipolar transistors (bi-AATSs)
exhibit two distinct peaks in their transconductance and can be
realized by a single 2D-material heterojunction-based solid-
state device. Dynamic deformation of the device reveals the co- N
occurrence of two conduction pathways to be the origin of this -100 90 -80
previously unobserved behavior. Initially, carrier conduction Vg (V)
proceeds through the junction edge, but illumination and

application of strain can increase the recombination rate in the junction sufficiently to support an alternative carrier
conduction path through the junction area. Optical characterization reveals a tunable emission pattern and increased
optoelectronic responsivity that corroborates our model. Strain control permits the optimization of the conduction efficiency
through both pathways and can be employed in quaternary inverters for future multilogic applications.
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he continued scaling of device density in micro- implementation of four distinct logic levels, is Iz)articularly

electronics is a focus of significant research efforts due suitable for hybrid multilogic/digital electronics®’ and is

to the societal impact of computers and integrated enabled by a mechano-optically adjustable operating mecha-
circuits. One major challenge is the achievable integration nism of our bi-AAT. Upon gating a 2D InSe/WSe,
density of interconnects since their number density in heterojunction device, negative differential transconductance
connected networks generally increases faster than the can be observed, which shows significantly higher peak-voltage
transistor number."”> To solve this issue, multilevel logic has ratios than NDR devices, promising higher power efficiencies.
been suggested as a route for increasing the information Unlike conventional anti-ambipolar transconduction (AAT)
density per interconnect.” The limited proliferation of devices, our device exhibits two distinct peaks in the
multilevel logic in the last four decades is due to several transconductance curve.

Characterization of the bi-AAT device under dynamic
deformation reveals that the observed dual-peak structure in
the transconductance originates from the competition of two
distinct carrier pathways through the heterojunction device.
Under unstrained conditions, carrier conduction is controlled
by the edge of the junction due to current bunching. However,
upon illumination and application of strain, the junction
conductance increases sufficiently to support a second

challenges that arise from shortcomings of current device
realizations. Multistable operation at several voltage levels, the
foundation of multiple logics, requires nonmonotonic current—
voltage behaviors, which have mainly been realized using the
negative differential resistance (NDR) region of resonant-
tunneling diodes.” However, this approach produces large
amounts of dissipated static power, limiting the efficiency of
the circuit. Moreover, the gained information density of
multilevel logic is offset by the increasing complexity of
suitable device architectures.” Finally, complex fabrication Received:  January 27, 2021
techniques are required to realize devices with distinct and Accepted:  May 6, 2021
well-adjusted current—voltage characteristics.*° Published: May 10, 2021
We here demonstrate an approach to realizing quaternary
logic in a single 2D materials heterojunction device termed “bi-
anti-ambipolar transistor” (bi-AAT). Quaternary logic, i.e., the
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Figure 1. Device structure on a flexible PET substrate. (a) Schematic illustration of the InSe/WSe, heterostructure device along with the
electrode connection. (b) Optical microscope image of the assembled heterostructure with the inset showing the AFM image of the same.
(c) Raman spectra of the InSe, WSe,, and InSe/WSe, region in the stacked heterostructure.

conduction pathway through the face of the junction. The
strain-enhanced recombination in the junction furthermore
leads to hybrid photoemission peaks and changes the optical
responsivity of the InSe/WSe, heterostructure. Optimizing the
relative contribution of the conduction pathways yields two
transconductance peaks with similar height and good
separation. The potential of bi-AAT devices is demonstrated
in the form of a quaternary inverter from a single solid-state
device, thus reducing the complexity and increasing the
integration density of multilevel logic devices for future
electronics.

RESULTS AND DISCUSSION

Our bi-AAT device is based on a heterojunction between a
tew-layered InSe, WSe,, and h-BN that were obtained by a
mechanical exfoliation technique from bulk crystals (more
details on the single-crystal growth procedures and crystal
structures can be found in Supplementary Notes 1 and 2,
respectively). The semiconducting 2D material constituents
were chosen due to the complementary electronic structure of
InSe and WSe,, which depends on the number of layers®™ '
and results in a heterojunction with type-II band alignment.
We employed multilayers of these materials because of their
high and comparable intrinsic carrier mobility (InSe, y, ~ 10°
em?/(V s); WSey, py, ~ 10> cm?/(V s)),"' ™" resulting in
similar transconductance values. These 2D materials junctions
were produced on flexible polyethylene terephthalate (PET)
substrates using established dry transfer techniques using
polydimethylsiloxane (PDMS) stamping,'*"® and a detailed
schematic of each step is shown in Figure S3. Finally, h-BN top
gates were deposited to selectively gate the junction area. The
resulting device structure is illustrated in Figure la, and the
optical microscopy image and atomic force microscopy (AFM)
image of the fabricated device are presented in Figure 1b. The
investigated device contained InSe and WSe, flakes with
thicknesses of ~17 nm and ~14 nm, respectively (Figure S4).
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The vibrational modes of the individual InSe, WSe, region, and
InSe/WSe, heterojunction were confirmed by Raman spec-
troscopy, as shown in Figure 1lc. The InSe region shows strong
vibrational peaks at 115, 178, and 228 cm™, corresponding to
out-of-plane Allg, in-plane Ezlg, and out-of-plane AZlg modes,
as reported previously.'”'® The WSe, region exhibits a broad
peak at 250 cm™, a combination of Elzg and A;; modes, and
the characteristic of the few-layered WSe,, and the small peak
at 302 cm™ corresponds to the B',, mode.'” The overlapped
InSe/WSe, region exhibits all the prominent peaks of InSe and
WSe,, but the intensity is quenched due to interlayer coupling.

The transfer characteristics of the individual InSe and WSe,
flakes are obtained by sweeping gate voltage (Vg) at a constant
drain—source voltage (V) and presented in Figure 2a and b,
respectively. It can be seen that InSe exhibits n-type behavior,
while WSe, shows p-type conduction. The transfer curve for
the InSe/WSe, heterojunction device is shown in Figure 2c.
Anti-ambipolar device characteristics are confirmed by a peak
in transconductance between V, = =25 and —5 V. At Vg =S
V, the gate voltage for the maximum conductance (V)
occurs at ~—14 V, and the peak to valley ratio (PVR), defined
as the ratio between the maximum and the minimum drain—
source current (Ig), is ~10* (Figure SS), comIparable to the
previously reported anti-ambipolar transistors.”*~>' The on-
state V, for the heterojunction transistor ranges between —25
and =5V (AV, ~ 20 V).

An important observation is the dependence of the p-
channel threshold voltage (V) and peak current (Ipeak) on the
applied bias (Figure 2d). To explain this effect, we conduct
simulations (see Supplementary Note 6) of the voltage
distribution at gate voltages above the p-channel threshold
voltage (Figure 2e).”” In this condition, the voltage can be seen
to drop mainly across the p-channel, resulting in a pinch-off
condition at Vy, for flow through the heterojunction. A more
positive drain voltage will modify the pinch-off condition to
not occur until a larger negative voltage is applied, in
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Figure 2. Transfer characteristics of the InSe/WSe, heterostructure on a solid substrate. (a and b) I4—V, curve of the individual InSe and
WSe, devices, respectively. (c) Transfer characteristics of the heterostructure device obtained by sweeping the gate voltage at a constant V.
(d) Change in threshold voltage (Vy,) and peak current (Ipeak) as a function of the applied drain—source voltage. (e) Simulation of the
voltage distribution at a cut across the heterojunction as indicated in the inset. (f) Simulation of the spatial current distribution showing

current bunching along the leading edge of the heterojunction.

agreement with our observation. The different conductivities of
the p and n channels can also explain previous results that
highlighted the importance of edge injection.”® Our simulation
of the current flow indicates current bunching at the leading
edge (Figure 2f). This effect occurs because injection through
the junction face would require carriers to traverse longer
regions of the switched-off p-channel.

To prove this hypothesis of simultaneous carrier transport
through vertical and lateral (edge) injection, we dynamically
modify the conduction pathway by applying mechanical strain
to the device by bending the whole device on the flexible PET
substrate. This deformation introduces a well-defined uniaxial
strain on the top surface (Figure 3a) that extends the channel
lengths (see Supplementary Note 7). As with the change in
bias voltage, a longer p-channel will change the pinch-off
voltage toward more negative gate voltages,23 and we indeed
observe a clear change in the threshold voltage with the strain
(Figure 3b). A slope of 40 V/% can be extracted, which
indicates an off-channel resistance of 2 M£2/um, in agreement
with the experimental value for the p-type channel.
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Interestingly, when applying both strain and laser illumina-
tion, the transfer curve exhibits two “ON” states (Figure 3c),
and we label this behavior as “bi-AAT”. Due to the application
of a top-gate that is selectively positioned on the junction area,
previously suggested anti-ambipolar injection processes can be
ruled out.”**> When comparing different amounts of strain, we
observe that the peak position of the original AAT peak (peak
1 in Figure 3c) only shifts and does not decrease in peak
current, while the second peak (peak 2 in Figure 3c) shifts in
threshold voltage and increases in peak current. We
furthermore find that the additional AAT peak shifts less
(~20V/%) with strain than the main peak (~40 V/%) (Figure
S6). Since the peak shift with strain is indicative of the
increasing conduction path length between the electrode and
current injection point, this observation suggests that the two
peaks have different origins and that the second peak
corresponds to a conduction path that has a less localized
current injection point.

All these observations can be explained when considering a
strain and light-induced increase of the junction conductance
that separates the p-channel and n-channel. Simulations (see
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Figure 3. Transfer characteristics of the InSe/WSe, heterostructure on a flexible PET substrate. (a) Photograph of the custom-made metal
clamp setup used for applying strain to the device and schematic representation of the tensile strain application and laser illumination on the
device. (b) Change in threshold voltage (V) of peak 1 as a function of applied strain. (c) Transfer characteristics of the device were
measured at different strain conditions with a constant laser power illumination and a constant V. (d) Schematic illustration of two parallel
conduction pathways taking place in the vertical p—n junction with an increase in strain and the graph showing the current distribution

along with the interface for different junction resistance values.

Supplementary Note 6) show that an enhanced junction
conductance can increase the current that is being injected
through the junction area (Figure 3d). Based on this picture,
two conduction pathways are occurring simultaneously in
heterojunction devices. Edge injection is usually the dominat-
ing mechanism for conduction between the p-channel and n-
channel, but if the junction conductivity can be sufficiently
lowered, injection through the junction area can occur. The
selection of the dominating pathway through external factors
can also resolve previous contradicting results on identical
AAT devices.”® In our device, the two competing pathways can
be distinguished by their difference in threshold voltages
originating from the difference in carrier path length, giving
rise to two distinct AAT peaks.

To investigate the origin of the increased junction
conductivity upon straining, we conduct spectroscopic
characterization (Figure 4a). Photoluminescence measure-
ments at varying amounts of strain show an increase in
emission intensity (Figures 4b, S7), corroborating the
enhanced recombination in the junction. A closer inspection
of the emission spectra at € = 0% shows three peaks that can be
assigned to the emission of the constituents (peak A
corresponding to InSe,””** peaks B and D corresponding to
indirect and direct optical transition in WSe,””™>"). However,
with the application of strain, we observe an additional
emission peak that increases with the strain (Figure 4c,d). This
peak can be assigned to a hybrid emission peak (peak C in
Figure 4b,c) due to an enhanced interlayer recombination®”
(Figure 4d). Photocurrent measurements also demonstrate an
enhanced junction conductance. Figure S8a shows the

8689

photoresponse study of the device under dark and 633 nm
laser-illuminated conditions at different power densities
without strain (in the plane state). The photocurrent increases
with an increase in laser power. When the strain is applied (& =
0.57%), at a constant laser power, both forward and reverse
current increases, as shown in Figure S8b. However, with a
further increase in strain (e 1.07, 1.65%), there is no
observable change in the forward current, but the reverse
current increases systematically with the strain (Figure S8b).

There is a noticeable enhancement in photocurrent (I, =
Tighe — Im) at Vg = =S V with an increase in strain. The
absolute values of photoresponsivity (R) at constant laser
power (P = 7 yW cm™) and change in strain are estimated
using eq 1 and plotted as a contour plot as represented in
Figure 4e.

L,

R =
PXxA

(1)

Here, P is the incident laser power density and A is the active
area of the InSe/WSe, device.'””®** This enhancement of
responsivity under reverse bias is due to the added potential
created by the application of strain that efficiently separates the
photogenerated electron—hole pairs (Figures S9 and 4g).
Therefore, we observe a systematic increase in the photo-
responsivity as the applied strain increases (reverse bias in
Figure 4e,f).

Taking together the results of PL spectra (Figure 4b) and
electrical measurement (forward bias condition in Figure 4e,f),
it is clear that under the application of external tensile strain
interlayer recombination takes place that decreases the
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Figure 4. Optoelectronic studies of the InSe/WSe, heterostructure. (a) Schematic illustration of the InSe/WSe, heterojunction. (b) PL
spectra were recorded on the InSe/WSe, heterojunction region with and without the application of systematic tensile strain. (c) Energy band
diagram representing the optical transitions in the InSe/WSe, heterostructure with applied strain. (d) Change in PL peak intensity plotted as
a function of strain. (e) Contour plot of the photoresponsivity (R) as a function of applied bias and strain (under 633 nm laser illumination).
(f) Photoresponsivity (R) of the device at V4, = —5 V and +5 V as a function of applied strain. (g) Energy band diagram of the p—n junction
in the forward and reverse bias condition with applied mechanical strain.

depletion zone. This behavior can be explained by the
piezoelectric nature of InSe.””*® Upon application of strain, a
field develops that increases the built-in electric field of the
junction. This process enhances the recombination rate of
carriers from n-type and p-type channels, resulting in an
increased junction conductivity.

If the strain- and light-induced barrier lowering is sufficiently
high, injection through the junction area proceeds more and
more efficiently compared to injection at the junction edge, as
seen in a progressively increasing AAT peak current (Figure
Sa). Upon application of 1.65% strain, we observe two distinct
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transconductance peaks with similar PVR and narrow peak
widths (Figure Sb). The bi-AAT behavior was confirmed in
several InSe/WSe, heterojunctions under the application of
strain and light illumination, as shown in Figure S10. The
achievable PVR for both peaks is approximately 10°—10°
(Figure S10d), which is comparable to previously reported
AAT devices.””> The transfer characteristics were observed
for both forward and backward sweeping directions (Figure
S11), and the device is stable for nearly S months when stored
in vacuum conditions (Figure S12). The observed bi-AAT
behavior enables advanced multilevel logic devices when
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with the indication of four distinct logic levels.

integrating them with a second n-type transistor (Figure Sc),
resulting in an inverter (see Supplementary Note 12). We
demonstrate that in this configuration four distinct output
levels are produced when varying the input voltage (Figure
5d). This quaternary (QNOT) logic gate could be integrated
into a single solid-state device (see Supplementary Note 13)
and thus increases the integration density of complex
multilevel logic”** for future electronics.

CONCLUSION

In conclusion, we have demonstrated a bi-anti-ambipolar
device that exhibits two distinct transconductance peaks.
Strain-dependent measurements reveal the coexistence of two
conduction pathways through a 2D material heterojunction
device. At low junction conductance, edge injection dominates
the carrier transport, whereas high junction conductance favors
injection through the junction area. Through dynamical
adjustment of the two contributions, two AAT peaks with
similar peak currents and peak-voltage ratios could be realized
that correspond to both conduction pathways. Inverters
composed of bi-AATs achieving quaternary logic in a single
solid-state device can establish complex logic circuits with
enhanced integration density. Thus, our proposed bi-AAT
concept demonstrated in a performance-matched InSe/WSe,
heterojunction can be extended to other 2D heterostructure
hyperscaled electronic devices.

METHODS

Device Fabrication. InSe/WSe, heterostructures were fabricated
following a dry transfer technique. First, the InSe crystal was
mechanically exfoliated (Scotch tape) into few-layered flakes and
transferred to the PET substrate by using a PDMS stamp. Following
the same technique, the WSe, flake was also stamped exactly on top of
the InSe flake on a PET substrate with the aid of a custom-made
three-axis micromanipulator equipped with an optical microscope
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(Olympus, BX 51M) and a CCD camera (Leica DFC495). Similarly,
the exfoliated h-BN layer (Polartherm, Momentive) was also placed
exactly above the InSe/WSe, heterojunction. The thickness of the as-
fabricated structures was measured by AFM topography. The
electrodes were patterned using a micron mesh-sized Cu grid serving
as the shadow mask, and Cr/Au (7/70 nm) were deposited using a
thermal evaporator.

Characterization Details. The micro-Raman spectrometer
(Triax 550) furnished with an Olympus CX41 optical microscope
and a Jobin Won Horiba S Drive-500 Syncernity detector was used to
record the Raman and PL spectrum of the InSe/WSe, heterojunction
with 2.33 eV excitation energy. A Nanosurf Flex AFM (Easyscan 2
V.3.1) was used for determining the flake thickness. A semiconductor
parameter analyzer (Agilent 4156C) and a Keithley 2400 electrometer
were employed to carry out the electrical measurements. For the
photoresponse measurement, a 633 nm wavelength He—Ne laser was
illuminated.
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