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ABSTRACT: Nonvolatile reconfigurable transistors can be used to
implement highly flexible and compact logic circuits with low power
consumption in maintaining the configuration. In this paper, we build
nonvolatile reconfigurable transistors based on 2D CulnP,S¢/MoTe,
heterostructures. The ferroelectric polarization-induced electron and
hole doping in the heterostructure are investigated. By introducing the
ferroelectric doping into the source/drain contacts, we demonstrate
reconfigurable Schottky barrier transistors, whose polarity (n-type or p-
type) can be dynamically programmed, where the configuration is
nonvolatile in nature. These transistors exhibit a tunable photoresponse,
where the n—n doping state leads to negative photocurrent, whereas the
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p—p doping state gives rise to a positive photocurrent. The transistor with asymmetric (n—p or p—n) contacts exhibits a strong
photovoltaic effect. These reconfigurable logic and optoelectronic transistors will enable a new type of device fabric for future

computing systems and sensing networks.

KEYWORDS: Reconfigurable logic transistor, 2D ferroelectric heterostructure, copper indium thiophosphate (CulnP,Sg),

molybdenum ditelluride (MoTe,)

B INTRODUCTION

A key challenge of modern computing systems is the “memory
bottleneck”, where system performance is limited by the time
and power required to access memory rather than the
computation itself. New devices, circuits, and architectures
are needed to reduce the energy and latency related to the data
transportation between the memories and logic units. In this
regard, reconfigurable transistors are a promising technology,
where the polarity (n-type or p-type) of the transistors can be
programmed during run-time. This device-level reconfiguration
will also allow the functionality of the logic circuit to be
dynamically modified during operation. Thus, compared to
conventional computing approaches, electronic circuits built
with reconfigurable transistors provide higher flexibility and
efficient information processing for various applications.' ™
The nonvolatile states can also be used for data storage, which
enables in-memory computing.”~’ Moreover, different recon-
figurable states share the same circuit layout, so that the exact
functions of circuit units are immune to hardware hacking.*~""

In traditional CMOS technology, the polarity of a transistor
is determined by the nature of physical doping in the source/
drain regions; thus, it is impossible to change the polarity of a
CMOS transistor after fabrication. In contrast, transistors with
Schottky contacts allow the injection of both electrons and
holes into the channel without requiring heavy doping in the
source/drain regions. These Schottky-barrier transistors are
inherently ambipolar with tunable polarity of charge carriers in
the channel. Reconfigurable Schottky-barrier transistors
utilizing 2D materials and Si nanowires have been demon-
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strated recently.'' ' These transistors feature Schottky
contacts for the source and drain, and small bandgap
semiconductors as the channel with a bandgap between 0.3
and 1.3 eV. Electrostatic gating is adopted to tune the Fermi
level in the semiconductor and the Schottky barrier height of
the contact, thus promoting the injection of both electrons and
holes at the Schottky contacts. The doping from electrostatic
gating is introduced after fabrication, which enables runtime
reconfigurability. However, these devices rely on a constant
supply of external voltage to provide electrostatic doping,
which raises energy consumption and reliability concerns.
Therefore, nonvolatile reconfiguration is necessary to simulta-
neously achieve run-time reconfiguration and low power
consumption while maintaining the configuration during the
off-state. Ferroelectric materials can induce different interfacial
doping on adjacent layers depending on their polarization
states. The stable polarization in ferroelectric material enables
applications such as ferroelectric memory and ferroelectric
tunnelin% junction, as well as reconfigurable logic and memory
devices.'®™>? In the ferroelectric/semiconductor stack, the
ferroelectric doping exerted on the semiconductor can alter the
semiconductor’s Fermi level in the selected area, and create
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Figure 1. Reconfigurable contact based on the CIPS/MoTe, heterostructure. (a) Schematics of ferroelectric-induced doping in CIPS/MoTe,
heterostructures. (b) Schematic of a MoTe, transistor with reconfigurable contact as the drain. The dielectric used here is 30 nm SiN,. (c) An
optical image of the MoTe, transistor. The scale bar is 10 ym. (d) The transfer curves of the transistor under different doping conditions on the
drain contact. (e) Band diagrams of MoTe, at equilibrium with channel electron-doped. The dashed line represents the Fermi level in the MoTe,.
Red and green fill colors are used to represent electron doping and hole doping, respectively.

artificial junctions,zz_25 which constitutes a novel scheme for
nonvolatile reconfigurable transistors.

Compared with Si nanowires, 2D materials with an
atomically thin body provide better immunity to short-channel
effects and allow more effective electrostatic or proximity
doping.*°~* In addition, small bandgap 2D semiconductors
show both electron and hole conduction depending on the
height of the Schottky barrier at the contacts.”” >’ In the
context of reconfigurable devices, 2D materials are advanta-
geous in that a steep junction profile can be achieved with
atomic thickness. Nonvolatile reconfigurable transistors have
been demonstrated based on organic ferroelectric P(VDF-
TrFE) and solid-state ionic conductor in MoS, and WSe,
transistors.””**** However, the programming of these devices
uses scanning probes and high temperatures, which are not
scalable for large device arrays and incompatible with electrical
reconfiguration. The 2D ferroelectric CulnP,S4 (CIPS) shows
high scalability with stable ferroelectricity in few layers.*®
Moreover, with the convenient integration technique of
transfer stacking, it can be easily integrated with the electrically
reconfigurable circuits.”’~*'

In this paper, we demonstrate nonvolatile reconfigurable
heterostructures with 2D ferroelectric CulnP,S4 and semi-
conductor MoTe,. The ferroelectric dipoles in CIPS introduce
electron and hole doping in MoTe,, which can be maintained
without an external power supply. Reconfigurable transistors
are realized by adding ferroelectric CIPS and local program
gates in the source/drain regions. Symmetric electron and hole
doping in the source/drain contacts can result in n-type and p-
type transistors, respectively. In addition, transistors with
asymmetric doping in the source and drain regions behave like
p—n junctions. Various photoresponses are observed in
different doping combinations, which leads to applications
such as reconfigurable photodetectors.

B FERROELECTRIC-INDUCED DOPING IN THE
CIPS/MOTE, HETEROSTRUCTURE

The structure of the CIPS/MoTe, heterostructure is shown in
Figure la. The CIPS/MoTe, stack is sandwiched between two
metal electrodes. The top electrode on CIPS is referred to as
the program gate, and the bottom electrode below MoTe, is
connected to ground. When a voltage pulse with amplitude V,
is applied on the program gate, the polarization in CIPS is
aligned with the direction of the external electric field. This
dipole alignment in CIPS and the resulting polarization
direction are indicated in Figure la. After a pulse with positive
voltage (+V,) is applied, the positive polarization charges at
the bottom surface of CIPS will attract electrons in the
adjacent MoTe, layer. This charge configuration is referred to
as the electron or n-doping state. Similarly, a pulse with
negative voltage (-V,) will switch the polarization direction
and induce hole or p-doping in MoTe,. The different doping
states of MoTe, are used as reconfigurable contacts in a
transistor geometry. Figure 1b shows the schematic of a
transistor where the aforementioned heterostructure replaces
the drain and source contacts. During the programming
operation, the program pulse voltage is applied between the
program gate and the drain contact. The source and drain
contacts are between the channel flake and the back gate,
which can screen the electric field from the back gate to the
MoTe, on top of the source and drain. Therefore, the doping
in the contact region is not affected by the electrostatic doping
from the back gate. Note that the program gate of the
reconfigurable contact is extended further into the channel as
compared to the source/drain contact for better electrostatic
control. Figure 1c shows the optical image of a typical device.
The program gates are labeled as “PG”. Six devices were
fabricated. The thicknesses of MoTe, flakes used in these
devices are 5.1—13.2 nm, and the thicknesses of CIPS flakes
are 138—189 nm. The atomic force microscopy (AFM)
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Figure 2. Switching time and retention of the reconfigurable contact. (a) Drain current at zero gate voltage with respect to the writing pulse width.
The current is used as the indicator of polarization strength. The inset illustrates the measurement scheme of programming pulses. Vg = 0.5 V. (b)
The retention behavior of the reconfigurable contact after programming into specific states. The dashed lines represent the linear fitting of the data.
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Figure 3. Characterization of reconfigurable transistors based on CIPS/MoTe, heterostructures. (a) The schematic of the reconfigurable transistor.
Each contact can be programmed individually. (b) Optical image of the transistor under test. (c) The equilibrium band diagrams of the MoTe,
layer under different combinations of drain-source polarization states. (d) Transfer curves of the transistor under n—n and p—p doping states. The
transistor operates as nFET and pFET, respectively. Here, Vps = 1 V. Inset: an optical image of the transistor under test. The scale bar is 10 ym. (e)
Output curves of a transistor in n—n doping state. (f) The transfer curves of the transistor with asymmetric contacts. The conductance depends on
the current direction. (g) Output curves of the transistor with asymmetric contacts show rectifying behavior. Here, V35 = 0 V.
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mapping of a typical device is shown in Figure S1. We first
investigate the transfer characteristics under different doping
states in the drain contact. As shown in Figure 1d, a transistor
with 8.5 nm MoTe, and 145 nm CIPS shows n-type behavior
before applying any program pulse (i.e, CIPS is unpoled).
Thin MoTe, generally shows p-t}?e behavior and turns to n-
type as the thickness increases.””*’ Moreover, the ambient
atmosphere also introduces p-doping in MoTe, transistors.**
To investigate the intrinsic doping in our flakes, MoTe,
transistors encapsulated with BN are built and n-type behavior
was observed (Figure S2). We note that CIPS also serves as
encapsulation and protects the MoTe, flake from ambient
doping. For an n-type transistor, the electrons flow from the
source to the drain when a positive bias is applied on the drain.
By controlling the doping of MoTe, at the drain contact, the
flow of electrons can be facilitated or suppressed depending on
the doping level. This reconfiguration scheme is adopted in
several early reports.' "’

The transfer curves measured after the program pulses are
shown in Figure 1d. The voltage pulses used are —4 and 3 V
for 10 s each. When the reconfigurable contacts are
programmed as n-doped, the transfer curve shows strong
unipolar conduction with a higher electron current. On the
contrary, when the contacts are p-doped, the electron current
is smaller than that in the unpoled state. The equilibrium band
diagram of MoTe, is shown in Figure le. The left and right
sides represent the MoTe, on top of the source and drain,
respectively, whereas the channel is in the middle. When the
back-gate voltage Vg > 0 V, a large density of electrons is
induced in the channel. The n-type doping at the drain side
will facilitate the electron conduction by reducing the energy
barrier for electrons between the channel and the drain.
Conversely, the p-type doping will decrease the electron
current by creating a barrier for electron conduction. Besides
this reconfiguration scheme, transistors with only source-side
switching also show large contrast in electron current between
the two doping states (Figure S3), where the electron density
in the source reservoir is modulated by the ferroelectric
polarization. The equilibrium band diagram of MoTe, under
hole doping (Vzg < —6 V) is shown in Figure S4. The hole
current is limited by the barrier between the channel and the
source in both configurations. Therefore, the hole currents are
similar for the p-type doping state and the unpoled state. As for
the n-type doping state, the hole current is masked by the
electron conduction, therefore, only the electron branch is
observed.

For the unipolar device, the current measured at Vzgq =0V
is an indicator of the strength of the polarization-induced
doping. Figure 2a shows the polarization strength of the
reconfigurable contact with various programming pulse widths.
Programming voltages of —4 V and +4 V are used for the
measurements. Pulses with variable widths are applied
alternatively as shown in the inset. The drain current at
drain voltage Vpg = 0.5 V is measured after each programming
pulse. We note that a pulse shorter than 100 ms barely
polarizes the reconfigurable contact, whereas a pulse width of
2.4 s can introduce sufficient doping approaching the
saturation level, as shown in Figure 2a. The saturation
polarization of metal/CIPS/metal capacitor is 4.8 uC/cm?,
which corresponds to a sheet density of 3 X 10" cm™. The
switching time is 1072 s at an electric field of 25 kV/cm.*' The
measured switching time here is longer due to the insertion of
semiconductor layer, which takes a portion of the applied

voltage. In addition, an increased depolarization field in the
ferroelectric/semiconductor stack requires a higher pulse
voltage or longer pulse width to switch the polarization to
saturation level. Figure 2b shows the retention behavior of the
reconfigurable contact after being programmed with +4 V
pulses with 10 s pulse width. Compared with the metal/
ferroelectric/metal structure, the insertion of the semiconduct-
ing layer typically degrades the retention performance. The
metal/CIPS/metal capacitor is reported to retain polarization
for 1 year.*® With a semiconducting MoTe, layer, we observe
that the polarization strength slowly decreases over time in log
scale. Nonetheless, the device still maintains a sizable current
ratio after 1 h.

B NONVOLATILE RECONFIGURABLE TRANSISTORS

To switch the polarity of the transistor between n-type and p-
type, two reconfigurable contacts are needed in this transistor.
Figure 3a shows the schematic of the reconfigurable transistor
where the doping in both the source and the drain are
programmed individually. Figure 3¢ shows an optical image of
the reconfigurable transistor. The dielectric here is 20 nm-thick
AlO,. The estimated channel width and length are 13.5 and 2.5
um, respectively. Depending on the polarization states of the
source and drain, four combinations can be achieved. The
band diagrams under equilibrium for these doping combina-
tions are shown in Figure 3b. When the drain-source contacts
are programmed symmetrically, that is, p—p or n—n doping,
shown in the upper half of Figure 3b, both contacts act as
reservoirs of carriers of the same polarity (i.e., either holes or
electrons), which suppresses the injection of carriers of the
opposite polarity. When the doping in the channel is opposite
to that of the contacts, the transistor is off. When the channel
shares the same type of doping as the contacts, the transistor is
on. This is depicted by Figure 3d, where the transfer curves of
a reconfigurable transistor programmed in symmetric states are
shown. The transistor operates as n-type transistor under n—n
doping and p-type transistor under p—p doping in the contacts,
showing unipolar behavior for both cases. The output
characteristics of the transistor in the n—n doping state are
shown in Figure 3e. When Vyg = 7 V, the channel is
completely turned on. The nonlinear output curve implies
Schottky injection of electrons. When the channel is brought
into p-type conduction at Vzg = =7 V, the electron current is
diminished to a very low level on account of the low electron
density in the channel. The hole current is also limited due to
the low hole density in the contacts. Therefore, unipolar
operations are expected in the reconfigurable transistor.

The two reconfigurable contacts can be programmed
differently to achieve p—n doping and n—p doping as shown
in the lower half of Figure 3b. Here, when the channel is n-
doped, the current is mainly controlled by the p—n junction
between the channel and the p-type contact. Similarly, when
the channel is p-doped, the current is determined by the Vg
junction between the channel and the n-type contact. The p—n
offsets are labeled on the band diagram, where the offset for
hole-doped channel is smaller than that for the electron-doped
channel. Figure 3f shows the transfer curves measured with an
asymmetrically programmed transistor. The four curves can be
categorized into two groups since the transfer curves of a p—n
junction measured with a negative Vg matches that of an n—p
junction measured with a positive Vpg. High conductance is
observed for current flowing from the p-doping contact to the
n-doping contact. This current is insensitive to gate sweep
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Figure 4. Photoresponse of reconfigurable transistors. (a) Schematic of the device under 600 nm laser illumination. (b) Transfer curves of the
transistor under test measured after various program pulses. (c) Power-dependent photocurrent of transistor measured at Vg = 0 V with p—p and
n—n configuration. The laser power range is in the range of 0.47—18 yW. (d) Output curves of the transistor with n—p configuration measured

with the same laser power range. Here, V3g = —=3.5 V.

because the p—n junction is under forward bias. A lower
conductance is observed for current along the n—p direction
since the p—n junction is reverse biased. The transfer curve of
the n—p direction also shows increased current in the n-
channel. This is due to a weak p-doping state in these
reconfigurable contacts where the hole concentration is
relatively small. Consider an n-channel transistor with
asymmetric contacts, the current is determined by the p—n
junction of the weakly p-doped contact and the n-type channel.
The output curves in Figure 3g have rectifying behavior in
both n—p and p—n doping conditions due to the asymmetri-
cally programmed contacts.

B PHOTORESPONSE OF RECONFIGURABLE
TRANSISTORS

The photoresponse of the reconfigurable transistor also
depends on the doping states. Figure 4a shows the schematic
of a reconfigurable transistor under laser illumination. A 600
nm laser with tunable power is used for the photocurrent
measurements. Note that the bandgap of CIPS is 2.9 eV,"**
which is larger than the photon energy and will not affect the
light absorption in MoTe,. SiN, of 20 nm thickness is used as
the bottom gate dielectric. The transfer curves of the transistor
under symmetric programming are shown in Figure 4b with
various pulse amplitudes. The pulse width is 4 s. The CIPS
flake in this device is 189 nm thick. A positive program voltage
increases the electron current component (nFET state),
whereas a negative program voltage increases the hole current
component in the drain current (pFET state). As the MoTe,
channel is naturally n-doped, the electron current in the nFET
state is stronger than the hole current in the pFET state under
the same amplitude of programming voltage. When the contact
is programmed symmetrically at +9 V, the output character-
istics measured at Vpg = 0 V under laser power series 0.47—18
UW for n—n doping and p—p doping states are shown in

Figure S8a,b. The drain current is zero when the drain voltage
is zero (i.e., no photovoltaic effect is observed), which confirms
the symmetric doping condition at source/drain contacts.
Figure 4c shows the extracted photocurrent at Vg = 1 V for
these two states. A negative photocurrent is observed in the n—
n doping configuration and gradually saturates at higher
incident laser power. The negative photocurrent is presumably
due to the photogating effect, where the photogenerated
electrons are captured by traps, which reduces the electron
density in the channel. For the p—p doping configuration, the
transistor is near the minimum conduction point at zero gate
voltage, that is, the hole concentration is low. The photo-
current increases as the incident laser power increases. The
transistor behaves as a photoconductor and more photo-
generated holes lead to an increase in the photocurrent. When
the transistor is configured with asymmetric contacts, the
photovoltaic effect is observed due to the built-in potential of
the p—n junction. Figure 4d shows the output curves of an n—
p doped transistor measured under the same laser power series.
Vig = —3.5 V is applied to compensate for the channel doping.
The dark current crosses the zero point and shows a strong
rectifying behavior. As the power increases, the output curve
shifts upward. Sizable open-circuit voltage, V., and short
circuit current, I, are observed, which confirms the built-in
potential in the asymmetric contacts. The maximum V. is
~275 mV, which gives an estimation of the band offset
between n-doping and p-doping states of reconfigurable
contacts.

B CONCLUSION

In conclusion, we observed nonvolatile doping in MoTe,
induced by the ferroelectric polarization in CIPS. By using
this doping technique in the source/drain contacts, a transistor
with reconfigurable polarity (n-type or p-type) is demon-
strated. The n—n and p—p doping in the source-drain regions
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result in unipolar nFET and pFET, respectively. The transistor
under asymmetric doping (n—p or p—n) configuration shows
rectifying behavior where a high drain current occurs when the
p—n junction is forward biased. The configuration of the
transistor based on CIPS/MoTe, heterostructure is non-
volatile, where the polarization in CIPS is nearly unchanged
during the 1 h retention test. Distinct photoresponses are
observed for the reconfigurable transistor under different
configurations. A negative photocurrent is found at an n—n
doping state due to the photogating effect. Transistors with p—
p doping state show a positive photocurrent due to the
photoconductive effect. For asymmetric doping states (n—p or
p—n), photovoltaic effect is observed with a maximum open-
circuit voltage of 275 mV, which corresponds to the built-in
potential between the n- and p-doped regions.
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