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4.5 (a) Structure of a BP inverter built from complementary BP ADG-FETs. (b)
False-colored SEM image of the BP inverter. (c) Voltage transfer characteris-
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of the inverter. (d) Gain of the BP inverter at different supply voltages VDD.
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5.1 Schematic of a secure chip enabled by reconfigurable FETs. The standard cells
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decipher the functionality of the chip through reverse engineering (IC cam-
ouflaging). To implement such secure chips, transistors with reconfigurable
p-type and n-type polarities are required (purple box). Credit: padlock icon,
© Evil Icons 2020; key icon, © 2017 ThemeIsle. Reprinted with permission
from P. Wu, D. Reis, X. S. Hu, J. Appenzeller, “Two-dimensional transistors
with reconfigurable polarities for secure circuits,” Nature Electronics 4, 45-53
(2021). Copyright (2021) Springer Nature. . . . . . . . . . . . . . . . . . . .  87 
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the reconfigurable BP transistor with polarity gate. (b) Scanning electron
microscopy image of a reconfigurable BP transistor (BG and PG stand for
bottom gate and polarity gate, respectively). (c) Transfer characteristics of
a reconfigurable BP transistor in the p-FET mode and n-FET mode. (d)
Output characteristics of the transistor in the p-FET mode and n-FET mode.
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(2021) Springer Nature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  91 

16



5.4 Inverter characteristics. (a) Schematic of an inverter formed by connecting
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tics Vout – Vin of the inverter under different supply voltages VDD. Note that
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to compensate for the non-zero Vfb. (c) Gain of the inverter under different
supply voltages VDD. Reprinted with permission from P. Wu, D. Reis, X. S.
Hu, J. Appenzeller, “Two-dimensional transistors with reconfigurable polari-
ties for secure circuits,” Nature Electronics 4, 45-53 (2021). Copyright (2021)
Springer Nature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  94 

5.5 Demonstration of NAND/NOR and XOR/XNOR polymorphic gates. (a)
Schematic of a NAND/NOR polymorphic gate leveraging the tunable po-
larities of the reconfigurable BP transistors. (b) Measured output voltages of
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operations. (c) Schematic of an XOR/XNOR polymorphic gate. (d) Simu-
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data. Reprinted with permission from P. Wu, D. Reis, X. S. Hu, J. Appen-
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5.6 Optical image and photograph of the NAND/NOR polymorphic gate on a
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BP devices. Reprinted with permission from P. Wu, D. Reis, X. S. Hu, J.
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assess the operation of the polymorphic gates under power supply variations.
Simulation results for 500 runs (250 for each one of the two modes) for each
polymorphic gate attest that the gates perform the intended function even
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and top-gate fabrication. Reprinted with permission from P. Wu, D. Reis, X.
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5.9 Effect of BP body thickness on BP SB-FETs performance. Reprinted with
permission from P. Wu, D. Reis, X. S. Hu, J. Appenzeller, “Two-dimensional
transistors with reconfigurable polarities for secure circuits,” Nature Electron-
ics 4, 45-53 (2021). Copyright (2021) Springer Nature. . . . . . . . . . . . .  101 

5.10 Effect of BP body thickness on reconfigurable BP FETs performance. Reprinted
with permission from P. Wu, D. Reis, X. S. Hu, J. Appenzeller, “Two-dimensional
transistors with reconfigurable polarities for secure circuits,” Nature Electron-
ics 4, 45-53 (2021). Copyright (2021) Springer Nature. . . . . . . . . . . . .  102 

5.11 Voltage scan ranges for experimental measurement, in the format of “[start:step:end]”.
Reprinted with permission from P. Wu, D. Reis, X. S. Hu, J. Appenzeller,
“Two-dimensional transistors with reconfigurable polarities for secure circuits,”
Nature Electronics 4, 45-53 (2021). Copyright (2021) Springer Nature. . . .  103 

5.12 Measurement results of the reconfigurable BP FET used for modeling. Reprinted
with permission from P. Wu, D. Reis, X. S. Hu, J. Appenzeller, “Two-dimensional
transistors with reconfigurable polarities for secure circuits,” Nature Electron-
ics 4, 45-53 (2021). Copyright (2021) Springer Nature. . . . . . . . . . . . .  104 

5.13 Simulated waveforms of NAND/NOR polymorphic gate. Reprinted with per-
mission from P. Wu, D. Reis, X. S. Hu, J. Appenzeller, “Two-dimensional
transistors with reconfigurable polarities for secure circuits,” Nature Electron-
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6.1 Steep switching behavior in MFMIS and MIMIS structure. (a) Schematic of
a metal-ferroelectric-metal-insulator-semiconductor (MFMIS) structure. (b)
Schematic of a metal-insulator-metal-insulator-semiconductor (MIMIS) struc-
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6.2 Experimental demonstration of sub-60 mV/dec switching in a MIMIS device.
(a) Schematic of the MIMIS transistor structure with WS2 channel. (b) Leak-
age current Ileak through the leaky AlOx dielectric. (c) ID – Vint character-
istics of WS2 FET using the internal gate electrode, showing near-ideal 60
mV/dec switching. Inset: enlarged view of the subthreshold ID – Vint char-
acteristics, showing negligible hysteresis. (d) ID – VG characteristics of the
WS2 MIMIS FET using the electrode labeled “gate”, showing sub-60 mV/dec
switching and anti-clockwise hysteresis. (e) Extracted Vint – VG from the ID

– VG scan. (f) Extracted internal voltage gain δVint/δVG – VG from the ID –
VG scan, showing internal voltage amplifications. Reprinted with permission
from P. Wu, J. Appenzeller, “Artificial Sub-60 Millivolts/Decade Switching
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6.3 Simulation of the charging dynamics in the ID – VG scan of the MIMIS device.
(a) Circuit model of the MIMIS device. (b) Simulated Vint response to different
VG scan rates. (c) Simulated Vint response to VG scan with varying scan rates,
showing different transient voltage amplification during transition from fast
scan to slow scan. (d) Simulated VG scan and Vint response during the ID – VG

scan of the WS2 MIMIS FET. (e) Enlarged views of the VG scan and (f) Vint

response, showing different transient voltage amplification during transitions
of scan rates. (g) Simulated Vint – VG during the ID – VG scan. (h) Simulated
ID – VG characteristics of the MIMIS device. (i) Simulated internal voltage
gain δVint/δVG – VG during the ID – VG scan. Reprinted with permission
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6.4 Measurement of waveforms of gate voltage. (a) Schematic of measurement
setup for measuring testing signals using the sampling measurement of the
parameter analyzer. (b) ID – Vint characteristics of the internal FET. (c)
Measured waveform of Vint as a function of time. (d) ID – VG characteristics
of the MIMIS FET. (e) Measured waveform of VG as a function of time. (f)
Enlarged view of ID – VG characteristics of the MIMIS FET in the backward
scan direction at VD = 0.4 V. (g) Enlarged view of measured waveform of VG

as a function of time. Reprinted with permission from P. Wu, J. Appenzeller,
“Artificial Sub-60 Millivolts/Decade Switching in a Metal-Insulator-Metal-
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6.5 Simulation of charging dynamics of ID – VG scan with a constant scan rate
of an MIMIS device with voltage-dependent internal gate capacitance. (a)
Circuit model of an MIMIS device without parasitic capacitance. Note that
the internal gate capacitance CMOS is voltage dependent. (b) Vint depen-
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6.6 Determination of capacitance and resistance in the RC network model. (a),
Schematic of capacitance and resistance components in the WS2 MIMIS FET.
(b) Leakage current Ileak in the AlOx capacitor versus VG-Vint, showing non-
linear characteristics and different R values at different Vdiff. (c) Simulated
Vint – VG for different R values. Line: simulation. Symbol: experiment.
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of performing an ID – VG scan on the WS2 MIMIS FET. (b) Measured
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ID – Vint characteristics of the internal FET. (c) ID – VG characteristics of the
MIMIS FET with different voltage scan ranges. (d) A compilation of ID –
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Extracted Vint as a function of VG during ID – VG measurement with different
voltage scan ranges. Reprinted with permission from P. Wu, J. Appenzeller,
“Artificial Sub-60 Millivolts/Decade Switching in a Metal-Insulator-Metal-
Insulator-Semiconductor Transistor without Ferroelectric Component,” ACS
Nano 15, 5158-5164 (2021). Copyright (2021) American Chemical Society. .  138 
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ABSTRACT

Since the discovery of graphene, two-dimensional (2D) materials have attracted broad

interests for transistor applications due to their atomically thin nature. This thesis studies

nano-transistors based on 2D materials for several novel applications, including tunneling

transistors for low-power electronics and reconfigurable transistors for hardware security.

The first part of the thesis focuses on tunneling field-effect transistors (TFETs). Since the

current injection in a conventional MOSFET depends on thermionic injection over a gate-

controlled barrier, the subthreshold swing (SS) of MOSFET is fundamentally limited to 60

mV/dec at room temperature, hindering the supply voltage scaling of integrated circuits

(ICs). Utilizing band-to-band tunneling (BTBT) as current injection mechanism, TFETs

overcome the SS limit by filtering out the Fermi tail in the source and achieve steep-slope

switching. However, existing demonstrations of TFETs are plagued by low on-currents and

degraded SS, largely due to the large tunneling distances caused by non-scaled body thick-

nesses, making 2D materials a promising candidate as channel materials for TFETs. In

this thesis, we demonstrate a prototype TFET based on black phosphorus (BP) adopting

electrostatic doping that is tuned by multiple top-gates, which allows the device to be recon-

figured into multiple operation modes. The band-to-band tunneling mechanism is further

confirmed by source-doping-dependent and temperature-dependent measurements, and the

performance improvement of BP TFETs with further body and oxide thicknesses scaling is

projected by atomistic simulation. In addition, a vertical BP TFET with a large tunnel-

ing area is also demonstrated, and negative differential resistance (NDR) is observed in the

device.

The second part of the thesis focuses on reconfigurable nano-transistors with tunable p-

and n-type operations and the implementation of hardware security based on such transis-

tors. Polymorphic gate has been proposed as a hardware security primitive to protect the

intellectual property of ICs from reverse engineering, and its operation requires transistors

that can be reconfigured between p-type and n-type. However, a traditional CMOS transistor

relies on substitutional doping, and thus its polarity cannot be altered after the fabrication.

By contrast, 2D nano-transistors can attain both electron and hole injections. In this thesis,
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we review the Schottky-barrier injection in 2D transistors and demonstrate the feasibility

of achieving complementary p-type and n-type transistors using BP as channel material by

adopting metal contacts with different work functions. In this design, however, the dis-

crepancy in the p-FET and n-FET device structures makes it unsuitable for reconfigurable

transistors. Therefore, we continue to modify the device design to enable reconfigurable p-

type and n-type operations in the same BP transistor. Finally, a NAND/NOR polymorphic

gate is experimentally demonstrated based on the reconfigurable BP transistors, showing the

feasibility of using 2D materials to enable hardware security.

In the last part, we demonstrate an artificial sub-60 mV/dec switching in a metal-

insulator-metal-insulator-semiconductor (MIMIS) transistor. Negative capacitance FETs

(NC-FETs) have attracted wide interest as promising candidates for steep-slope devices.

However, the detailed mechanisms of the observed steep-slope switching are under intense

debate. We show that sub-60 mV/dec switching can be observed in a WS2 transistor with

an MIMIS structure – without any ferroelectric component. Using a resistor-capacitor (RC)

network model, we show that the observed steep-slope switching can be attributed to the

internal gate voltage response to the chosen varying gate voltage scan rates. Our results

indicate that the measurement-related artefacts can lead to observation of sub-60 mV/dec

switching and that experimentalists need to critically assess their measurement setups.
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1. INTRODUCTION

Over the past decades, the continuous scaling down of metal-oxide-semiconductor field-effect

transistors (MOSFETs), widely known as Moore’s Law [ 1 ], has been the driving force of

the ubiquitous application of integrated circuits (ICs). However, in recent years, several

issues, including short-channel effects and slowing down of supply voltage (VDD) scaling, are

hindering the continuation of Moore’ Law, and the industry and research community are

seeking more innovative solutions to these issues. Among these solutions, introducing novel

nano-materials, such as two-dimensional (2D) materials, is of particular interest.

Since the debut of graphene in 2004 [ 2 ], 2D materials have remained a hot topic in the

research community. Notably, after the demonstration of single layer MoS2 transistors in

2011 [ 3 ], 2D semiconducting materials, such as transition metal dichalcogenides (TMDs)

[ 3 ]–[ 6 ], black phosphorus [ 7 ]–[ 9 ] and silicene [ 10 ], have been extensively studied for transistor

applications, since they have the potential to become the ultimate solution to the scaling

problem, thanks to their atomically thin nature. While significant efforts have been spent in

applying 2D materials in traditional MOSFET to continue the scaling trend, which is known

as More Moore, there also have been efforts in seeking novel applications leveraging the

unique properties of the new materials, known as More than Moore, or Beyond-CMOS. In this

thesis, we study two-dimensional material-based nano-transistors for such novel applications,

including low-power tunneling field-effect transistors (TFETs) and reconfigurable transistors

for hardware security.

1.1 Two-dimensional semiconducting materials

Since the discovery of graphene, the idea of using graphene as channel material in tran-

sistor applications has attracted extensive studies, due to its atomically thin body thickness

and ultra-high electron mobility (∼ 15000 cm2/V·s) [ 11 ]. However, since graphene is a

gapless semi-metal, the on-off ratios of graphene field-effect transistors (FETs) are typically

less than 100, which limits its application in digital integrated circuits (ICs). Therefore, 2D

semiconducting materials with bandgaps, such as transition metal dichalcogenides (TMDs)

and black phosphorus (BP), are more attractive for transistor applications. Fig.  1.1 shows
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the atomic structures of two representative 2D materials, molybdenum disulfide [MoS2, Fig.

 1.1 (a)] and BP [Fig.  1.1 (b)]. These 2D materials are composed of stacks of atomic lay-

ers that are held together by van der Waals force, and each layer is less than 1 nm thick.

The atomically thin body thicknesses make 2D semiconductors attractive for applications in

ultra-scaled transistors and continuing Moore’s Law.

Figure 1.1. Illustration of atomic structure of 2D materials. (a) Molybdenum
disulfide (MoS2). (b) Black phosphorus (BP). Reprinted with permission from
B. Radisavljevic et al., “Single-layer MoS2 transistors”, Nature Nanotechnology
6, 147-150 (2011) & L. Li et al. “Black phosphorus field-effect transistors”,
Nature Nanotechnology 9, 372-377 (2014). Copyright (2011 & 2014) Springer
Nature.

Compared with replacing Si with 2D materials to allow aggressive scaling of MOSFETs

and continue Moore’s Law, it is more appealing to study novel transistor applications based

on the unique properties of 2D materials as a complement to conventional Si CMOS tran-

sistors. In the next few sections, we continue to discuss the rationale of incorporating 2D

materials in nano-transistors to enable such novel applications, including tunneling field-

effect transistors for low-power devices and reconfigurable transistors for hardware security.

1.2 Tunneling field-effect transistors

Over the past decades, integrated circuits are seeing more and more applications due

to the continuous improvement of performance and reduction of cost, both of which are

enabled by Moore’s Law. The driving force behind Moore’s Law is the the continuous

scaling of MOSFETs, following the Dennard scaling [ 12 ], or constant-field scaling. Dennard

29



scaling states that for each new process node of MOSFETs, the gate length and width, power

supply voltage VDD and gate oxide thickness tox scale by 0.7×. Such scaling rule ensures that

the power density of a chip is kept constant for each generation. However, in recent years,

Dennard scaling has stopped functioning as a result of the slowing down of VDD scaling,

which is due to a fundamental limit of conventional MOSFET, and the power consumption

of ICs has becomes a major issue ever since. To understand the issue, we need to study the

operation principle of a MOSFET.
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Figure 1.2. (a) Schematic and band diagram of a MOSFET, showing the
thermionic emission. (b) The impact of minimum SS on VDD scaling and
off-state current.

Fig.  1.2 shows the schematic and the band diagram of an n-type MOSFET. Since the

current injection in a conventional MOSFET is governed by thermionic emission over a

barrier, the subthreshold swing (SS), i.e., the amount of gate voltage required to change

the current by one order of magnitude, is fundamentally limited to at least ln(10)× kBT/q,

which is ∼60 mV/dec at room temperature [ 13 ]–[ 16 ]. Because the limitation of SS, further

decreasing VDD while maintaining the same on-state current (in order not to affect the clock

frequency, or equivalently, the speed of the circuit) would result in an exponential increase of

off-state current, as shown in Fig.  1.2 (b). Since a large-scale digital IC require low leakage

currents of its component devices in order not to burn itself, such exponential increase is

intolerable. As a result, Dennard scaling has ended and VDD scaling has nearly stopped since

∼2003 [ 17 ], and the heat dissipation has become the main limiting factor of the increase of
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clock speed and performance of digital circuits. Such issue has been termed as “Boltzmann

tyranny”, named after the Boltzmann distribution of electrons (or the Boltzmann constant

kB in the formula ln(10) × kBT/q) 

1
 . Therefore, steep-slope devices that overcome the SS

limit are highly sought after.

Tunneling field-effect transistors (TFETs) are proposed by J. Appenzeller et al. as a

steep-slope device in 2004 [ 13 ], and in the same paper, a CNT TFET was demonstrated to

exhibit a subthreshold swing of 40 mV/dec at 300 K. 

2
 TFET typically adopts a gated p-i-n

structure (or n-i-p for p-type TFET), as shown in Fig.  1.3 (a). The injection mechanism of

a TFET is band-to-band tunneling (BTBT), instead of thermionic emission in conventional

MOSFETs. The key for steep switching in TFETs is that the high energy part of the electron,

or the Fermi tail, in the source is filtered out by the tunneling window, indicated by the green

shade in Fig.  1.3 (b), and thus the injected electrons into the channel are effectively “cooled

down” by the band-pass filter [ 14 ], allowing an SS below 60 mV/dec. Fig.  1.3 (b) shows

a comparison of the transfer characteristics of a MOSFET and a TFET. In the ideal case,

although the ON-current of a TFET may be lower than a MOSFET at large VDD values

due to the finite transmission of BTBT, after scaling to a lower supply voltage V′DD, the

ON-current of the TFET can be higher than the MOSFET due to a steeper SS.

In reality, however, most experimental TFETs exhibit low Ion values, as illustrated by

the dashed red line in Fig.  1.3 (b). Even though sub-60 mV/dec may be observed in the

transfer characteristics, the corresponding current levels are too low for any practical appli-

cations. The reason behind the low currents is mainly due to a small transmission associated

with the band-to-band tunneling through the barrier, which can be calculated based on the

Wentzel–Kramer–Brillouin (WKB) approximation [ 27 ], [  28 ]:

TW KB
BT BT = exp

−4λ
√

2m∗E3
g

3~(∆Φ + Eg)

 (1.1)

1
 ↑ In reality, Fermi-Dirac distribution should be used, yet Maxwell-Boltzmann distribution is a good approx-

imation for the “tail” in the Fermi-Dirac distribution, which is responsible for the off-current in a MOSFET.
2

 ↑ Before this work, several papers [ 18 ]–[ 26 ] already proposed the gated p-i-n structure, as some review
articles of TFETs pointed out. However, it is worth mentioning that none of these early works mentioned
the possibility of achieving sub-60 mV/dec operation using the structure – as a matter of fact, most of them
were merely intended to propose a gated version of Esaki diode for a tunable NDR.
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Figure 1.3. (a) Schematic and band diagram of a TFET, showing the band-
to-band tunneling current injection path. (b) A comparison of MOSFET and
TFET transfer characteristics.

The detailed analysis of the equation will be discussed in Chapter 2 of the thesis. Here,

we are only focusing on the screening length λ. The tunneling probability has an exponential

dependence on λ, which is in turn proportional to the square root of gate oxide thickness and

body thickness, i.e., λ ∼ √toxtbody. Therefore, it is essential to decrease body thickness tbody

in order to achieve a small λ and a large TBT BT , which in turn leads a high on-current. Due

to the atomically thin nature, 2D materials are a natural solution to the scaling problem in

TFETs. In this thesis, we discuss the progress on demonstrating a prototype TFET with

black phosphorus, an emerging 2D material, as channel material.

1.3 Reconfigurable nano-transistors for hardware security

Hardware security has become a critical design consideration in modern IC industry

besides the traditional metrics, such as performance, power consumption and cost. To pre-

vent IP piracy, polymorphic gate [  29 ] has been proposed as one of the hardware security

measures that leverage emerging transistor technologies. As an example, Fig.  1.4 shows a

NAND/NOR polymorphic gate built with nano-transistors that can be reconfigured between

p-FET and n-FET operation modes. By swapping VDD and GND, the pull-up network and

the pull-down network can be interchanged, and thus the functionality of the circuit can be

transformed between a NAND gate and a NOR gate. Without a prior knowledge to the cir-
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cuit design, an extraction of the circuit layout via reverse engineering is unable to distinguish

the intended functionality of the circuit. If N of such polymorphic gates are incorporated in

an IC design, there are 2N combinations of possible functions in total, rendering the attacks

extremely difficult with brute-force attacks. Such exponential increase ensures the security

of the IC design from hardware level.
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Figure 1.4. Schematic of a NAND/NOR polymorphic gate built with recon-
figurable nano-transistors. Adapted with permission from P. Wu, D. Reis, X.
S. Hu, J. Appenzeller, “Two-dimensional transistors with reconfigurable polar-
ities for secure circuits,” Nature Electronics 4, 45-53 (2021). Copyright (2021)
Springer Nature.

However, such implementation of the polymorphic gate cannot realized with traditional

CMOS transistors, since the operation of CMOS transistors requires p-type or n-type sub-

stitutional doping in the source/drain regions for p-FETs and n-FETs, respectively, and as

a result it is prohibitive to alter the polarity of a device post-fabrication. By contrast, 2D

nano-transistors usually adopt doping-less structures and the current injection is governed by

Schottky-barrier injection, of which the carrier type can be tuned by electrostatic doping [ 5 ],

[ 8 ], [ 30 ]–[ 32 ]. Therefore, it is possible to achieve both electron and hole injection with good

electrostatic gating and transparent enough Schottky barriers, both of which are attainable

via proper device design. As an example, well-designed black phosphorus transistors exhibit

ambipolar characteristics, as shown in Fig.  1.5 . By applying a positive or negative gate volt-

age, either electron or hole can be allowed to be injected into the channel, and thus both p-
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and n-branches can be observed in the device. Such operation requires a combination of the

unique properties of BP, such as a moderate bandgap and near mid-gap Fermi level pinning

from the metal-BP interface [ 8 ], [ 30 ], as well as an elaborate design of device structure, such

as the correct selection of contact metal and a tight gate control ensured by the thin high-κ

dielectric and a double-gate structure. Details of the implementation will be discussed in

the thesis.
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Figure 1.5. An exemplary ambipolar BP transistor. (a) Schematic of an
ambipolar BP transistor. (b) Transfer characteristics of the ambipolar BP
transistor. Ambipolar characteristics are observed in the device. (c) Band dia-
grams of the BP ambipolar transistor corresponding to different gate voltages,
showing the electron and hole injections. Adapted with permission from P.
Wu, D. Reis, X. S. Hu, J. Appenzeller, “Two-dimensional transistors with re-
configurable polarities for secure circuits,” Nature Electronics 4, 45-53 (2021).
Copyright (2021) Springer Nature.

Having discussed the merits of the ambipolar BP transistors, an issue can also be identi-

fied from the characteristics shown in Fig.  1.5 (b). As drain voltage Vd increases (or decreases
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for negative Vd values in a p-FET), the ambipolar injection from the drain is enhanced, lead-

ing to an increase in the off-state current. As discussed before, the merit of CMOS transistor

is the low off-state current, which allows the integration of millions of devices without burn-

ing the chip. Therefore, the degradation of off-state current needs to be solved, and the

solution will be discussed in details in the thesis.

1.4 Organization

The organization of the thesis is as follows:

• Chapter 2 discusses BP tunneling field-effect transistors. Starting with a discussion

of the unique properties that make BP an ideal candidate as channel materials for

TFETs, we continue to demonstrate a prototype BP TFET, in which the electrostatic

doping allows for reconfigurable operations between n-type and p-type conduction,

as well as between MOSFET and TFET modes. Next, source-doping-dependent and

temperature-dependent measurements confirm the band-to-band tunneling mechanism

in the device. Finally, atomistic simulation is performed to project the performance

improvement of BP TFETs by continue scaling down the body and oxide thicknesses.

• Chapter 3 discusses vertical BP TFETs. We demonstrate a much larger tunneling

current in the vertical structure compared with the lateral structure in Chapter 2, due

to a larger tunneling area from the vertical overlapping region, and negative differential

resistance (NDR) is observed in the vertical device. The vertical BP TFET also exhibits

reconfigurable operations, similar to the lateral BP TFET in Chapter 2.

• Chapter 4 discusses achieving CMOS-like devices with 2D materials. We start by

reviewing Schottky-barrier injection, the current injection mechanism in 2D nano-

transistors. Next, we discuss how to achieve unipolar n-type and p-type characteristics

in BP Schottky-barrier FETs via contact work function engineering and optimization

of device structure – an asymmetric double-gate structure. Finally, a high performance

inverter is demonstrated by connecting the properly designed unipolar n-FET and p-

FET.

35



• Chapter 5 discusses 2D nano-transistors with reconfigurable polarities and their appli-

cations in hardware security. We start with an overview of realizing hardware security

using polymorphic gate, which requires the use of transistors with reconfigurable polar-

ities. Next, we discuss the necessity of using a small bandgap material such as BP for

reconfigurable transistors, and based on the existing results in Chapter 4, we continue

to engineer the device structure to achieve reconfigurable operations between unipolar

p-type and n-type modes as well as immunity from off-current degradation caused by

ambipolar drain injection, and a high performance inverter is demonstrated with the

reconfigurable BP FETs. Finally, a hardware security primitive – a NAND/NOR poly-

morphic gate is demonstrated experimentally, and the robustness of the polymorphic

gate against power supply variations is tested using Monte Carlo simulations.

• Chapter 6 discusses artificial sub-60 mV/dec switching in a metal-insulator-metal-

insulator-semiconductor (MIMIS) transistor. We show that in a WS2 transistor with

an MIMIS structure, which is similar to a negative capacitance FET (NC-FET) yet

without any ferroelectric component, sub-60 mV/dec switching can be observed. Us-

ing a resistor-capacitor (RC) network model, we show that the observed steep-slope

switching can be attributed to the internal gate voltage response to the chosen varying

gate voltage scan rates. Our results indicate that the measurement-related artefacts

can lead to observation of sub-60 mV/dec switching and that experimentalists need to

critically assess their measurement setups.
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2. BLACK PHOSPHORUS TUNNELING FIELD-EFFECT

TRANSISTORS
Most of the material in this chapter has been reprinted with permission from
P. Wu et al., “Complementary Black Phosphorus Tunneling Field-Effect Tran-
sistors,” ACS Nano 13, 377–385 (2019). Copyright (2019) American Chemical
Society.

Band-to-band tunneling field-effect transistors (TFETs) have emerged as promising can-

didates for low-power integration circuits beyond conventional metal-oxide-semiconductor

field-effect transistors (MOSFETs) and have been demonstrated to overcome the thermionic

limit, that results intrinsically in subthreshold swings of at least 60 mV/dec at room tem-

perature. In this chapter we demonstrate complementary TFETs based on few-layer black

phosphorus, in which multiple top gates create electrostatic doping in the source and drain

regions. By electrically tuning the doping types and levels in the source and drain regions,

the device can be reconfigured to allow for TFET or MOSFET operation and can be tuned

to be n-type or p-type. Owing to proper choice of materials and careful engineering of device

structures, record high current densities have been achieved in 2D TFETs. Full band atom-

istic quantum transport simulations of the fabricated devices agree quantitatively with the

I–V measurements which gives credibility to the promising simulation results of ultra-scaled

phosphorene TFETs. Using atomistic simulations, we project substantial improvements in

the performance of the fabricated TFETs when channel thicknesses and oxide thicknesses

are scaled down.

2.1 Introduction

In recent years, two-dimensional (2D) semiconducting materials have attracted attention

as channel material for next-generation transistors [ 4 ], [ 5 ], [ 7 ], [ 8 ], [ 33 ]–[ 38 ], as the ultra-thin

body allows for ideal electrostatic control of the channel potential, addressing problems in

conventional devices related to channel length scaling [ 8 ], [ 39 ]. However, regardless of the

actual channel material, in conventional MOSFETs the current flowing below threshold is

always determined by thermionic emission over the gate controlled barrier between source

and drain, which fundamentally limits the subthreshold swing (SS) to about 60 mV/dec at
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room temperature. Among other things, this hinders scaling down the supply voltage and

prevents further, urgently needed, reduction in power dissipation. Therefore, apart from new

materials for transistor applications in general, novel devices based on alternative switching

mechanisms are required to break the thermal limit and to achieve ultra-low-power device

operation. Band-to-band tunneling (BTBT) field-effect transistors (TFETs) [ 13 ]–[ 16 ], [ 40 ]–

[ 43 ] have been proposed and demonstrated as promising candidates for achieving steep-slope

devices. Combining this concept with using 2D materials as the active channel in TFETs

allows benefitting from the ultra-thin body thickness aspect of 2D, which leads to short

tunneling distances. Small tunneling distances in turn result in both high ON-state currents

(ION) and steep SS values [  43 ]–[ 47 ].

Various research articles on building TFETs using 2D materials have been published

over the last years. Most of this work focused on 2D vertical heterojunctions, such as

molybdenum disulfide (MoS2)/tungsten diselenide (WSe2) [  42 ], tin diselenide (SnSe2)/BP

[ 48 ] and SnSe2/WSe2 [ 49 ]. Some [  45 ], [ 50 ], [ 51 ] studied homojunction TFETs based on

WSe2, a 2D material intensively evaluated for TFET applications [ 45 ], [ 46 ]. However all

these tunneling devices suffer from low current levels. To evaluating the on-current ION

for TFETs, it is instructive to take a look at the transmission probability T , that describes

charge transport through the BTBT barrier, based on the Wentzel–Kramer–Brillouin (WKB)

approximation [ 27 ], [  28 ]:

TW KB = exp
−4λ

√
2m∗E3

g

3~(∆Φ + Eg)

 (2.1)

where Eg is the bandgap, m∗ is the effective mass, λ =
√

(εbody/εox)toxtbody is the screen-

ing length, which describes the spatial extent of the tunneling junction, in which tox and

tbody are oxide thickness and body thickness respectively, εox and εbody are dielectric con-

stants of oxide and body, respectively, and ∆Φ is the energy window of BTBT, i.e., the

energy difference between the conduction band edge in the n-type region and the valence

band edge in the p-type region. In order to achieve a high transmission probability, Eg and

m∗ need to be minimized by choosing a suitable material and λ needs to be reduced by

improving the electrostatics in the device. TFETs built from WSe2 exhibit thus unavoidably
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low ION–values, since the large bandgap [ 52 ] (1.0 eV to 1.5 eV) and high effective masses

[ 45 ] (electron effective mass m∗e = 0.34 m0, hole effective mass m∗h = 0.44 m0) of WSe2 give

rise to a low transmission probability. On the other hand, black phosphorus (BP) as channel

material [ 7 ], [  8 ], [  38 ], [  53 ]–[ 57 ] is characterized by a tunable small bandgap [ 8 ], [  58 ], [  59 ] (0.3

eV to 2 eV) and low effective mass [  58 ] (0.15 m0) and can thus be expected to be a better

material choice for high on-current TFET applications [ 43 ], [ 60 ], [ 61 ]. Based on few-layer BP,

here we report experimental results on complementary lateral TFET, with BTB tunneling

occurring at electrostatically [ 50 ], [ 62 ], [ 63 ] defined p/n (or n/p) homojunctions that can be

controlled by means of multiple gates. We call this device a Reconfigurable-Electrostatically-

Doped Tunneling Field-Effect Transistor (BP RED-TFET). It is worth noticing that such

electrostatically-doped TFETs based on BP and reconfigurable operations have been demon-

strated before [ 61 ]. In this chapter, we report both n-type and p-type operations in BP

TFETs for the first time. In addition, we demonstrate record-high current drive densities

and improved room-temperature subthreshold slopes, through an optimized device struc-

ture. One of the challenges with 2D materials is a lack of doping scheme. In traditional

semiconductors, doping can be introduced by diffusion or ion implantation. In this work,

we have overcome this challenge by adopting the multiple-gate design to achieve the p/i/n

doping profile as required by a TFET. Although the multiple-gate design complicates the

device structure and also makes the circuit design more challenging, for a prototype device

it allows more flexible design due to tunable parameters, such as doping concentrations and

types in different regions, and ultimately electrostatic doping has the potential to outperform

chemical doping [  43 ], [  64 ].

2.2 Device structure and operation principle

Fig.  2.1 (a) and  2.1 (b) show the schematic and a scanning electron microscopy (SEM)

image (false-colored for clarity) of a BP RED-TFET. A few-layer BP flake is located on

top of Au source/drain contacts, and two top-gates overlapping with the source and drain

electrodes, G1 and G2, can be used to induce the desired electrostatic doping in the source

and drain portions (next to the contact electrodes) of the BP, while the middle top-gate
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Figure 2.1. Black phosphorus RED-TFET. (a) Schematic of the BP RED-
TFET. (b) Representative false-colored SEM image of the BP RED-TFET.
Scale bar: 1 µm. (c) Representative cross-section HAADF-STEM image of
the BP RED-TFET along A-A’ in (b), showing the triple top-gate structure,
the interface of BP and gate oxide, and crystal structure of BP. Notice that
due to oxide formation on both sides of BP, the real body thickness t′body

is smaller than the nominal body thickness tbody. (d) Schematic illustration
of the bands through the BP channel when reconfiguring the RED-TFET in
the four operation modes, enabled by electrostatic doping as controlled by
Vg1 and Vg2. Reprinted with permission from P. Wu et al., “Complementary
Black Phosphorus Tunneling Field-Effect Transistors,” ACS Nano 13, 377–385
(2019). Copyright (2019) American Chemical Society.

G controls the channel region. The silicon back-gate is kept floating in all measurements.

Devices employed in this study have varying flake thicknesses as measured by AFM between

8 nm and 13 nm. Fig.  2.1 (c) shows a representational cross-section high-angle annular dark

field (HAADF) scanning transmission electron microscopy (STEM) image of the BP RED-

TFET cross-section cut along the A-A’ line depicted in Fig.  2.1 (b). The triple-gate structure

of the device is clearly visible in the low-magnification image; the high-magnification details

(images below) show the interface of BP with the gate oxide and the crystalline structure of

40



BP. Note that there are amorphous-like layers both on the top and on the bottom of the BP

layer, presumably POx. These unexpected layers not only reduce the thickness of the active

BP layer as discussed in the simulation section but also change the actual electrostatics

and gate dielectric film thicknesses (see Section  2.7.1 ). Owing to the electrostatic doping

approach implemented here, the doping profile along the source/channel/drain regions is

electrically tunable, as shown in Fig.  2.1 (d), which enables reconfiguring the device to

different operation modes: (1) n-type TFET with a p/i/n profile; (2) n-type MOSFET with

an n/i/n profile; (3) p-type TFET with an n/i/p profile and (4) p-type MOSFET with a

p/i/p profile.

Depending on the operation mode, the device is characterized by different carrier injection

mechanisms. As shown in Fig.  2.1 (d), in the n-type (or p-type) MOSFET mode, by applying

a positive (or negative) gate bias VG to the middle gate G, the bands in the “i” channel region

are moved downwards (or upwards) to allow electrons (or holes) to be thermally injected

from the source into the channel, turning the device from OFF to ON. On the other hand,

in the n-type (or p-type) TFET mode, applying a positive (or negative) VG opens up a

band-to-band tunneling window at the source-to-channel junction [Fig.  2.1 (d)], turning the

device from OFF to ON.

Similar triple-gate structures and reconfigurable operation have been reported in other

articles [ 50 ], [ 61 ], [ 62 ]. However, not all four operation modes were achieved in these devices,

and the reported current drive in the TFET mode is relatively small. In our devices, we have

in particular optimized the contacts to enable both electron and hole injection, which allows

to access all four possible operation modes. The key lies in utilizing the top gates G1 and

G2 to include gating of BP in the source and drain contact regions. Note that our BP films

are located on top of the source and drain contact. We have also carefully engineered the

gate structure to reduce oxide thickness and spacer thickness between the gates. Therefore,

in the TFET modes, the thin gate dielectric thickness (tox) and a thin body thickness (tbody)

together enable ideal electrostatics and ensure the abruptness of the tunneling junction

through a small λ-value, enabling us to achieve the lowest room-temperature SS and highest

ION at Vds = 0.8 V to date in 2D homojunction TFETs.
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2.3 Electrical characterization

Fig.  2.2 (a) shows the transfer (Id – Vg) characteristics of a BP RED-TFET as a function

of Vg1 in n-type configuration, i.e. for positive Vds and Vg2 (Vds = 0.8 V, Vg2 = 0.8 V). To

illustrate the reconfigurability of our devices, first, a positive bias is applied to G1 (Vg1 = 1.1

V), resulting in an effective n-doping of both, the source and the drain region – the device thus

exhibits an n/i/n doping profile across the BP flake – and operates in the n-type MOSFET

mode. When Vg1 decreases progressively until Vg1 = −0.3 V, the n-doping level in the source

region becomes lower and electron injection from the source metal contact into the source

region is gradually suppressed, as shown in the band diagram in Fig.  2.2 (b), resulting in

steadily decreasing current levels as indicated by the solid black arrow in Fig.  2.2 (a).

Next, when the G1 voltage is further decreased beyond Vg1 = −0.3 V, the doping in the

source region becomes p-type. Under these conditions, current levels start increasing again,

indicated by the dashed gray arrow in Fig.  2.2 (a). This at a first glance surprising non-

monotonic trend occurs, since when the source doping is made effectively p-type, the device

changes from a conventional n-type MOSFET with an n/i/n doping profile to an n-type

TFET with a p/i/n doping profile and a BTBT window at the source-to-channel junction is

opened, as shown in Fig.  2.2 (b). As Vg1 is further decreased, the source region becomes even

more substantially p-doped, and the BTBT window is enlarged, resulting in further increased

current levels, as illustrated by the dashed gray arrow in Fig.  2.2 (a). This non-monotonic

trend of current level change with Vg1, or equivalently source doping level, is an unambiguous

evidence for our claim of BTB tunneling in the device. Moreover, reconfigurable operation

of our BP RED-TFET from the MOSFET mode to the TFET mode by tuning the source

doping is demonstrated in this way.

Similarly, transfer characteristics of a BP RED-TFET as a function of Vg1 in p-type

configuration, i.e. for negative Vds and Vg2 (Vds = −0.8 V, Vg2 = −1.2 V) are shown in Fig.

 2.2 (c). When the source doping is changed from p-type to n-type by sweeping the G1 bias

from Vg1 = −1.5 V to Vg1 = 0.9 V, one observes a similar non-monotonic trend of current

level change as in Fig.  2.2 (a) and reconfiguration from the p-type MOSFET mode to the
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Figure 2.2. Transfer characteristics and reconfiguration of the BP RED-
TFET. (a, c) Transfer characteristics of the BP RED-TFET in (a) n-type and
(c) p-type configurations under different source doping conditions, showing the
transition from the MOSFET mode to the TFET mode. (b, d) Band diagrams
of the RED-TFET in (b) n-type and (d) p-type configurations corresponding
to different source doping conditions in (a, c) respectively. Reprinted with
permission from P. Wu et al., “Complementary Black Phosphorus Tunneling
Field-Effect Transistors,” ACS Nano 13, 377–385 (2019). Copyright (2019)
American Chemical Society.

p-type TFET mode. The band diagrams of our BP RED-TFET changing from the p-type

MOSFET mode to the p-type TFET mode are shown in Fig.  2.2 (d).

The output characteristics (Id – Vds) of the BP RED-TFET configured in (a) the p-type

and n-type MOSFET mode and (b) the p-type and n-type TFET mode are displayed in

Fig.  2.3 . Output saturation is observed for all four operation modes, indicating a good

electrostatic control of the channel by the gate. Note that in the TFET modes, Id increases

nonlinearly with Vds for small Vds [Fig.  2.3 (b)]. While non-linear output characteristics are
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Figure 2.3. Output characteristics of the BP RED-TFET. (a) Output charac-
teristics of the BP RED-TFET in the p-type and n-type MOSFET mode. The
saturation behavior indicates a good gate control on the channel. (b) Output
characteristics of the BP RED-TFET in the p-type and n-type TFET mode.
Non-linear output onsets are observed due to drain-induced-barrier thinning
(DIBT) effect. Reprinted with permission from P. Wu et al., “Complementary
Black Phosphorus Tunneling Field-Effect Transistors,” ACS Nano 13, 377–385
(2019). Copyright (2019) American Chemical Society.

often seen as a sign for Schottky-barrier contacts, this explanation does not apply in our case.

In fact, if the non-linearity would indeed be caused by the contacts, the device operating

in the MOSFET modes with the same source doping configurations would also exhibit non-

linearity in the output characteristics, which is clearly not the case in Fig.  2.3 (a). Instead,

the observed non-linear increase in Id originates from drain-induced-barrier-thinning (DIBT)

of the BTBT barrier [ 15 ], which is a consequence of the relatively large quantum capacitance

of the black phosphorus channel. Therefore, it is exclusive to TFETs and not observed in

MOSFETs where BTB tunneling barriers are absent. Note that in a 1D carbon nanotube

device with low quantum capacitance, DIBT can be suppressed in the quantum capacitance

limit [  65 ] and linear output characteristics can be recovered [ 15 ].

2.4 Temperature-dependent measurement

Transfer characteristics of the BP RED-TFET in n-type configuration at different tem-

peratures are shown in Fig.  2.4 (a). It is apparent that lowering the temperature results in
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Figure 2.4. Temperature-dependent measurements. (a) Comparison of trans-
fer characteristics of the BP RED-TFET at 100 K, 200 K and 293 K, showing
increasing OFF-current levels at elevated temperatures. Dashed orange lines
indicate thermionic current and trap-assisted current cut-off limits. The in-
set shows a band diagram explaining the impact of thermionic injection from
the drain at higher temperatures. (b) Comparison of transfer characteristics
of the BP RED-TFET in the n-type MOSFET mode and the n-type TFET
mode at different temperatures. In the n-TFET mode, the transfer charac-
teristics show a weaker temperature dependence compared with the operation
in the n-MOSFET mode, except for a rise in the minimum OFF current level
due to thermal injection. (c) Comparison of experimental subthreshold swing
(SS) values versus drain current Id in the n-type MOSFET mode and the n-
type TFET mode at different temperatures. In the n-TFET mode, SS shows
weaker temperature dependence. (d) Comparison of experimental SS values
versus temperature for the n-type MOSFET mode and the n-type TFET mode.
Reprinted with permission from P. Wu et al., “Complementary Black Phos-
phorus Tunneling Field-Effect Transistors,” ACS Nano 13, 377–385 (2019).
Copyright (2019) American Chemical Society.
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reduced OFF current levels, due to suppressed thermionic injection from the drain [see inset

of Fig.  2.4 (a)] and suppressed trap-assisted transport [  61 ]. Fig.  2.4 (b) shows a comparison of

temperature-dependent Id – Vg characteristics for a device operating in the n-type MOSFET

mode and in the n-type TFET mode. The device shows distinctly different temperature-

dependences when operating in these two modes due to different injection mechanisms. In

the MOSFET mode, the carriers are thermally injected into the channel, therefore Id – Vg

has a strong dependence on temperature. By contrast, the carrier injection mechanism is

BTB tunneling in the TFET mode, and Id – Vg displays a much weaker dependence on

temperature [ 13 ], as shown in Fig.  2.4 (b). Note that the increasing minimum OFF cur-

rent with temperature in case of the TFET is due to an increase in thermionic injection

at higher temperatures over the drain barrier biased at positive Vg2–values. Fig.  2.4 (c)

shows SS–values versus drain current Id in the n-type MOSFET mode and the n-type TFET

mode at different temperatures, where the latter clearly shows a weaker temperature depen-

dence. Fig.  2.4 (d) compares SS–values versus temperature for the same device operating

in the MOSFET mode and in the TFET mode. SS–values are extracted near a constant

current of 5 nA [as shown in circles in Fig.  2.4 (c)], in order to avoid the impact of the

temperature-dependent thermionic current cut-off [dashed orange lines in Fig.  2.4 (a)] on the

SS-extraction. As expected, SS–values increase with temperature in case of the MOSFET

mode while remaining constant in the TFET mode.

Also note that the minimum SS-value at room temperature for band-to-band tunneling

is 178 mV/dec, well above 60 mV/dec. This is in part due to the choices of flake thickness

and gate dielectrics as discussed below but also related to the fact that the steepest slopes

in case of TFETs occur at the lowest current levels. In fact, when analyzing the green curve

at Vg1 = −0.1 V at 100 K, a minimum SS-value of 84 mV/dec is extracted.

2.5 Performance benchmark and projections

Previous studies on building TFETs using 2D materials [  42 ], [ 48 ], [ 49 ] mainly focused on

vertical heterostructures. This is in part due to the difficulty in achieving chemical doping in

2D materials [ 6 ] (which is resolved here using electrostatic doping), while in heterostructures,
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the band alignment between different 2D materials can be leveraged to construct a tunneling

p-n junction. Lateral homojunction TFETs, which are the focus of this study and prior work

[ 61 ], have better scaling potential compared with vertical heterojunction TFETs. In this

context, Fig.  2.5 shows a comparison of the area scaling of a vertical and a lateral TFET.

Since the tunneling area in a vertical TFET is proportional to the channel length L, the

normalized ON-current will decrease proportionally when scaling down the channel length,

as shown in Fig.  2.5 (a). Moreover, the accessible steep slope regime of the subthreshold

characteristics will also decrease after scaling. This means achieving steep slopes alone,

without high ON-currents, is of little practical value. On the other hand, lateral TFETs do

not suffer from the same scaling dilemma.

Figure 2.5. Comparison of scaling for (a) a vertical TFET and (b) a lat-
eral TFET. Reprinted with permission from P. Wu et al., “Complementary
Black Phosphorus Tunneling Field-Effect Transistors,” ACS Nano 13, 377–385
(2019). Copyright (2019) American Chemical Society.
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Table  2.1 shows a comparison of 2D TFETs from previous publications and our work. As

evident, BP TFETs as discussed here are achieving the highest tunneling current densities

2×104 A/cm2, a critical step in the development of TFETs. From the table, one can readily

see that all vertical TFETs exhibit rather low tunneling current densities of ∼ 10 A/cm2 –

three orders of magnitude lower than reported here – which is compensated by employing

a large tunneling area of ∼10 µm×10 µm in the prototype device demonstrations. Scaling

down the channel length into the sub-micron regime, the ON-current will drop by orders of

magnitude and become too low for practical applications. While previous vertical hetero-

junction 2D TFETs are important proof-of-concept demonstrations for steep-slope devices,

they fundamentally lack the scaling potential as required for modern ICs. In contrast, the

ON-current of a lateral device will not be affected by channel length scaling, as shown in Fig.

 2.5 (b), which means that lateral TFETs are more promising candidates for scaled devices

than vertical TFETs.

Table 2.1. A comparison of 2D TFETs. Reprinted with permission from P.
Wu et al., “Complementary Black Phosphorus Tunneling Field-Effect Transis-
tors,” ACS Nano 13, 377–385 (2019). Copyright (2019) American Chemical
Society.

The tunneling area is defined by W ×L in a vertical heterojunction, and W × tbody in a lateral homojunction,
where W and L are channel width and channel length, respectively. Since the tunneling area is independent
of L in a lateral homojunction, this device layout exhibits better scaling potential.
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Figure 2.6. Projections for BP TFET performance. (a) Atomistic simu-
lations, solid lines, of Id – Vg for two exemplary BP TFETs, showing good
agreement with experimental data (gray dots). Exp. 1 refers to measurements
performed on a device as shown in Fig.  2.1 with a nominal 8.3 nm body and
with gate G1 and G2 having configurations (−1.3 V, 0.8 V). The simulation
has been performed with a smaller BP thickness of 3 nm and a thicker oxide
to account for the oxidation. Exp. 2 is a measurement of an earlier proto-
type device with a thicker BP flake of 12.8 nm that has been simulated with 7
nm to account for the oxidation. (b) Simulation of the fabricated BP TFET
shown in red. Improving the electrostatics by using HfO2 with an EOT = 0.5
nm is expected to significantly improve steepness and current levels as shown
in blue. Further improvements can be achieved by scaling down the channel
into a mono-layer (ML) BP and incorporating air spacer as shown in black.
Notice that due to the larger bandgap of ML BP, the current levels are lower
without proper electrostatics enabled by an air spacer, as shown by the gray
dashed line. Reprinted with permission from P. Wu et al., “Complementary
Black Phosphorus Tunneling Field-Effect Transistors,” ACS Nano 13, 377–385
(2019). Copyright (2019) American Chemical Society.

In order to boost the performance of BP TFETs further, channel body and oxide thick-

nesses need to be aggressively scaled down [  46 ]. As one can see from equation ( 2.1 ), the

performance of a TFET not only depends on material parameters such as Eg and m∗, but

in particular also on the screening length λ, which in turn depends on tox and tbody. In

order to make quantitative projections about the potential performance improvement of 2D

BP TFETs with scaled down tox and tbody, self-consistent atomistic simulations are first

49



performed using the NEMO5 toolsets [  66 ], [ 67 ] to match the experimental data obtained

in this study. Fig.  2.6 (a) shows a comparison of simulated Id – Vg and measured TFET

characteristics, showing good agreement between simulation and experimental data. Note

that to achieve this matching we made use of our findings from Fig.  2.1 (c). To describe

the experimental results (Exp. 1) for a device with a nominal thickness of tbody = 8.3 nm

and tox = 5.6 nm properly, t′body = 3 nm and t′ox = 7.5 nm were assumed in the simulations

to account for formation of the above mentioned POx layers, where t′body and t′ox denotes

the real body thickness and real oxide thickness, respectively, after considering formation of

POx layers. Under these assumptions, both, the inverse subthreshold slope as well as the

actual current levels are properly reproduced [see Fig.  2.6 (a)]. Moreover, when performing

a similar comparison for a device from a slightly thicker BP flake, a t′body = 7 nm and a

t′ox = 8.1 nm in the simulation nicely match the experimental results for the nominal values

of tbody = 12.8 nm and a tox = 6.2 nm [Exp. 2 in Fig.  2.6 (a)]. All simulations are performed

with transport direction along the armchair direction of BP.

With this calibration in place, we are in a position to carry out projections based on

simulations for aggressively scaled BP TFETs. Fig.  2.6 (b) shows simulated Id – Vg of a BP

TFET when scaling down the oxide to an equivalent oxide thickness (EOT) of 0.5 nm while

keeping the same channel thickness of t′body = 3 nm (blue line). This approach results in

significant improvements in the steepness of the subthreshold region and ON-current levels.

Moreover, further scaling down the channel thickness to a single mono-layer (black line)

and etching the spacers between separate gates to achieve better electrostatic conditions [ 64 ]

result in ION = 800 µA/µm and SS = 12 mV/dec values, clearly highlighting the potential

of BP TFETs in future applications. It is worth noticing that mono-layer BP exhibits a

much larger bandgap than few-layer [  8 ], [ 58 ] (∼2 eV compared with ∼0.3 eV). Therefore,

scaling down the channel thickness to a single mono-layer without introducing air-spacer

results in a lower current level (gray dashed line), and the employment of the novel air-

spacer structure amplifies the electric field in the tunnel junction [ 64 ], compensating for the

increase in bandgap and as a result boosting the ON-current to 800 µA/µm (black line).
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2.6 Conclusion

In conclusion, we have demonstrated reconfigurable complementary BP TFETs. The

TFETs exhibit ON-currents of up to 0.6 µA/µm and subthreshold swings of 170 mV/dec

at room temperature for Vds = 0.8 V in n-type configuration and ON-currents of up to

0.14 µA/µm and subthreshold swings of 174 mV/dec at room temperature for Vds = −0.8

V in p-type configuration. Record high tunneling current densities of 2 × 104 A/cm2 have

been achieved in the TFETs through proper choice of material and optimization of device

structure. Our devices can be reconfigured to behave as an n/p-type TFET and as an n/p-

type MOSFET owing to electrostatic doping control of three separate top gates. Atomistic

simulations predict that the performance of BP TFETs can be further improved towards

ION = 800 µA/µm and SS = 12 mV/dec with scaled down channel and oxide thicknesses.

Our BP RED-TFET provides a guide for energy-efficient tunneling devices based on 2D

materials.

2.7 Appendix

2.7.1 Thickness determination of BP

It is well known that BP readily oxidizes and forms POx upon exposure to air by reacting

with oxygen and water [ 68 ]–[ 70 ]. In addition to air exposure during the device fabrication

process, the BP surface was also exposed to a water rich environment at elevated tempera-

tures (200 °C) during the ALD gate oxide deposition. Since the electrically active BP layer

thickness is a critical parameter for the tunneling currents in our devices, it is important to

determine the thicknesses of the oxidized layers and the thickness of the remaining crystalline

BP layer in the total BP flake thickness.

Fig.  2.7 (a) shows an AFM image and line scan of a tbody = 8.3 nm thick BP flake as the

active channel in one of the BP RED-TFETs with a nominal tox = 5.6 nm thick Al2O3/HfO2

gate dielectric stack as described in the manuscript. Fig.  2.7 (b) shows a comparison of the

experimentally measured Id – Vg curve of this device and a set of simulations with different

flake thicknesses. In our simulations, we have considered both the reduction of the body
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thickness and the increase of the oxide thickness as a result of oxidation, and we assume

the resulting POx layers on the top and on the bottom side of BP are of the same thickness

(note that only the POx layer on the top contributes to the gate dielectric thickness t′ox).

The dielectric constants of the oxides used in the simulation are 8 for Al2O3, 16 for HfO2

and 5.4 for POx. The chemical composition of the POx layer formed on black phosphorus is

assumed to be P2O5 (Ref. 3) and the dielectric constant is estimated from phosphate glass

[ 71 ], in which P2O5 acts as glass former. As apparent from Fig.  2.7 (b), a body thickness of

t′body = 3 nm and a t′ox = 8.3 nm (tox = 5.6 nm, plus additional 2.7 nm of POx layer) results

in the best match between experiment and simulation.

To verify our assumption of a substantial reduction in BP body thickness and corre-

sponding increase of dielectric layer thickness through the formation of POx, a careful TEM

analysis on another BP RED-TFET that went through the same fabrication process was

performed. The BP flake thickness in this device is determined to be tbody = 12.8 nm from

AFM measurements, as shown in Fig.  2.7 (c). Fig.  2.7 (d) shows an HAADF-STEM image

of the BP RED-TFET. Fig.  2.7 (e) shows higher magnification HAADF-STEM images of

the “G1-S” and “G1” regions, as depicted by the red and green boxes in Fig.  2.7 (d). The

thicknesses of the BP crystalline layer and POx layers are labeled in the images, which are

determined using the method described below.

Fig.  2.7 (f) shows an electron energy loss spectrum (EELS) in the “G1-S” region, which

is the sum of all the background subtracted spectra acquired along the A-B line depicted in

Fig.  2.7 (e), showing the P-L, O-K and Ti-L edges. Fig.  2.7 (g) shows the intensity profiles

of the HAADF image (HAADFI) and EELS P-L, O-K and Ti-L edges along the A-B line in

Fig.  2.7 (e). Combining the HAADF intensity profile and EELS line scan, one can determine

the thicknesses of the top POx layer and the BP crystalline layer in the “G1-S” region to be

1.4 nm and 6.9 nm respectively. The total flake thickness is 13 nm, which agrees reasonably

well with the AFM measurement. Using the same method, we can measure the thicknesses

of the top POx layer and the BP crystalline layer in the “G1” region to be 1.9 nm and

6.7 nm respectively, with the total flake thickness being 12.2 nm. The discrepancy between

the extraction in the G1-S and G1 region occurs reasonable considering the variations when
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Figure 2.7. Thickness determination of BP. (a) AFM image and line scan
of the BP flake used in the electrical characterization (tbody = 8.3 nm). (b)
Comparison of measured Id – Vg curve of BP TFET (dots) and simulated Id

– Vg curves for different body thicknesses t′body (lines). The simulation with
t′body = 3 nm matches best with the experiment. (c) AFM image and line scan
of the BP flake used in the TEM analysis (tbody = 12.8 nm). (d) HAADF-
STEM image showing the cross-section of the BP RED-TFET. (e) Higher
magnification HAADF-STEM images from the regions defined by the red and
green boxes in (d). (f) Background subtracted EELS spectra, showing the
sum of all the spectra acquired along A-B line shown in (e). (g) Intensity
profiles of HAADF image and EELS P-L, O-K and Ti-L edges along A-B
line in (e), showing the thicknesses of crystalline BP and POx layers and total
flake thickness. Reprinted with permission from P. Wu et al., “Complementary
Black Phosphorus Tunneling Field-Effect Transistors,” ACS Nano 13, 377–385
(2019). Copyright (2019) American Chemical Society.
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preparing the sample for cross-section TEM and the uncertainty in determining the position

of the interface between POx and SiO2.

In conclusion, from the TEM analysis, we have found that in a tbody = 12.8 nm thick

BP flake, the thickness of the BP crystalline layer is reduced to t′body = 6.9 nm. This means

that in the tbody = 8.3 nm thick BP flake, the BP crystalline layer thickness should be about

t′body = 2.4 nm [∼ 8.3 nm−(12.8 nm−6.9 nm)]. Considering the uncertainty in the thickness

measurements and device-to-device variations, t′body = 3 nm is a good approximation for the

simulation framework employed in Fig.  2.7 (b). Note that to account for the thickness of

the POx layer (∼1.9 nm from the TEM analysis), the effective dielectric thickness of the

Al2O3/HfO2 plus POx gate dielectric stack is corrected to be t′ox = 7.5 nm (∼ 5.6 nm + 1.9

nm) which is decomposed in the atomistic simulation into the various oxide layers.

2.7.2 Effects of BP orientation and transport direction on BTBT

BP exhibits anisotropic effective masses along different transport directions [ 58 ]. DFT

calculations [ 58 ] show that in monolayer BP, the carrier effective masses are 0.15 m0 (holes)

and 0.17 m0 (electrons) in the armchair direction, and 6.35 m0 (holes) and 1.12 m0 (electrons)

in the zigzag direction. On the other hand, in bulk BP, the values are 0.14 m0 (holes) and

0.15 m0 (electrons) in the armchair direction, and 0.71 m0 (holes) and 1.15 m0 (electrons)

in the zigzag direction.

As we have discussed before, the BTBT tunneling current is exponentially dependent on

the effective mass. Therefore, the current level of a BP TFET depends on the transport

direction. It has been experimentally demonstrated in Ref. [ 61 ] that the anisotropy of band-

to-band tunneling in armchair direction and zigzag direction in BP can be up to 104. Here,

we have investigated the effects of BP orientation on BTBT by both i) simulation and ii) a

statistical study of experimental device currents.

Fig.  2.8 (a) shows the analytic modeling approach for the orientation-dependent BTBT

current in BP TFETs. We have calculated a tunneling direction dependent transmission T (θ)

based on the direction dependent tunneling distance λ/ cos(θ) and effective mass m∗(θ), and

integrate over the full range of transport directions to obtain the total BTBT current ION .
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Considering the effective masses anisotropy in BP, the tunneling direction dependent effective

mass m∗(θ) is estimated by assuming an elliptical iso-energy surface in k-space. Fig.  2.8 (b)

shows the results of the model. The dependence of ON-current on the orientation of the

BP device shows a strong non-linear behavior. However, while the possible range of Imax/I

between transport in the armchair and in the zigzag direction can be as much as ∼ 103, the

ON-current differs only by less than 50% when the transport direction is within 30° of the

armchair direction.

Fig.  2.8 (c) shows atomistic simulations of Id – Vg curves for a BP TFET along differ-

ent transport directions. The thickness of BP in the simulation is assumed to be that of

a single mono-layer and the gate oxide is HfO2 with an EOT = 0.5 nm with the spacer

between separate gates etched away. This simulation has not been performed for the larger

flake thicknesses since a reduced symmetry in the structure along the transverse direction

significantly increases the computational cost, which makes it unfeasible to perform simu-

lations with thicker cross-sections. This point can however be addressed by the analytic

modeling approach shown in Fig.  2.8 (a). The atomistic simulation results match well with

the analytical model, as shown by the red dots and line in Fig.  2.8 (b).

We have further investigated the effects of orientation on the ON-currents in BP TFET

through a statistical study of our experimental data. In the experiments, the orientation

of BP is not controlled deliberately; therefore, one can assume the orientation of BP to be

randomly distributed between 0° to 90°. Fig.  2.8 (d) shows the statistical distribution of

ON-currents of experimental BP TFETs, normalized by the “expected” ON-current values.

The “expected” ON-current values are estimated from the body thickness of the BP flake,

assuming that transport is along the armchair direction. Note that since these devices share

the same triple-gate structure, the main factors affecting ON-currents are the bandgap and

the screening length λ, which can be deduced from the body thickness of the individual

devices. In Fig.  2.8 (d) we assign an error bar of 5× to the expected ON-current, considering

the uncertainty in body thickness estimation. One can see that the distribution matches

approximately with the orientation-dependent trend from our analytic model shown in Fig.

 2.8 (b). The device investigated in the previous section, indicated by the blue bar, falls into

the category of less than 50% deviation from the armchair direction, i.e., the transport di-
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Figure 2.8. Effects of BP orientation and transport direction on BTBT. (a)
Brief description of modeling approach of orientation-dependent BTBT current
in BP TFETs. (b). Orientation-dependent ION of multi-layer and mono-layer
BP TFETs from the model. The results match with atomistic simulation.
(c) Atomistic simulation of effects of BP orientation on BTBT in a mono-
layer TFET with EOT=0.5 nm. (d) Statistics of ION of experimental devices,
normalized by expected ION . (e) Exemplary device characteristics from the
statistics in (d). Reprinted with permission from P. Wu et al., “Complementary
Black Phosphorus Tunneling Field-Effect Transistors,” ACS Nano 13, 377–385
(2019). Copyright (2019) American Chemical Society.

rection is expected to be within 30° of the armchair direction. However, the eight devices

explored by us cover indeed the expected range of ON-currents for differently oriented BP

TFETs. In order to control the orientation of BP more precisely, one could envision de-

termining the orientation of BP using angle-dependent Raman spectroscopy prior to device

fabrication and alignment of the channel in the armchair direction [  61 ].
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Fig.  2.8 (e) shows exemplary device characteristics of the devices indicated by the black

arrows from the statistical study shown in Fig.  2.8 (d). It is worth mentioning that in Device

8, the BTBT branch is already barely observable, since the thermal current cut-off limit at

room-temperature is only less than one order of magnitude lower. This implies that a device

with ION/ION,expected below 10−2 may yield a BTBT branch that is not observable at all,

which is likely the reason why lower currents as predicted by Fig.  2.8 (b) were not observed

in Fig.  2.8 (d).

2.7.3 Methods

Device fabrication and electrical characterization

Ti/Au (10 nm/20 nm) contacts were deposited onto a silicon substrate with 90 nm of

silicon dioxide (SiO2) on top and patterned using e-beam lithography and lift-off process.

BP flakes were exfoliated onto the Au contacts from bulk crystals, purchased from Smart El-

ements (purity 99.998 %), using mechanical exfoliation with standard dicing tape purchased

from Semiconductor Equipment Corp. The exfoliation is performed in ambient atmosphere;

however, care was taken to minimize the time that BP flakes were exposed to the air (less

than 30 min). A thin layer of Al was e-beam evaporated on top of BP, which formed a 1.3

nm thick aluminum oxide upon exposure to air and acted as seeding layer for the subsequent

ALD process. A bilayer dielectric stack composed of 0.8 nm of HfO2 and 2.2 nm of Al2O3

was deposited by a thermal ALD process at 200 °C to form gate dielectrics for G1 and G2.

Next, G1 and G2 were defined by subsequent e-beam lithography and e-beam evaporation

of 40 nm Ti. The sample is annealed in forming gas for 3 hours at 300 °C to improve the

quality of the gate dielectric. To achieve proper isolation between gates G1/G2 and G, while

maintaining relatively thin dielectric thicknesses for gate G, the Al2O3 between the G1 and

G2 regions was removed by wet etching, with G1 and G2 metals as masks and HfO2 as etch

stop layer. A second ALD process was performed to deposit another 3.5 nm Al2O3 layer as

gate dielectric for G, as well as to ensure isolation between G1/G2 and G. The total oxide

thickness for gate G is 5.6 nm. The device fabrication is finalized by depositing 40 nm Ti

to form gate G. Room-temperature and low-temperature electrical characterization of the
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device was performed in a LakeShore FWPX Cryogenic Probe Station at a vacuum level

below 10−5 Torr using an Agilent 4156C Parameter Analyzer.

Atomistic simulation

The atomistic quantum transport simulation results have been obtained from a self-

consistent solution of the 3D-Poisson equation and by employing the Non-Equilibrium Green’s

Functions (NEGF) method using the Nanoelectronics modeling tool NEMO5 [ 66 ], [ 67 ]. The

Poisson equation provides the potential for the NEGF method and takes the free charge in

return. The tight-binding Hamiltonian of phosphorene used in NEGF calculations employs

a 10 bands sp3d5s* 2nd nearest neighbor model. More details on the Poisson equation with

anisotropic dielectric tensor and NEGF equations can be found in our previous works [ 43 ],

[ 44 ].

Transmission electron microscopy (TEM) characterization

An FEI Nova NanoLab 600 DualBeam (SEM/FIB) was employed to prepare cross-

sectional TEM samples. Carbon was deposited on top of the device to protect the surface.

To reduce Ga-ions damage, in the final step of preparation the TEM samples were thinned

with 2 kV Ga-ions using a low beam current of 29 pA and a zero-degree incident angle.

An FEI Titan 80-300 probe-corrected scanning transmission electron microscope (STEM)

equipped with monochromator and GIF Tridiem electron energy loss spectrometer (EELS)

system was employed to acquire atomic-resolution high-angle annular dark field (HAADF)

images and EELS based spectrum-images. HAADF images were acquired with the detector

semi-angular collection range of 35 - 195 mrad. The spectrum-images were acquired with a

condenser aperture convergence semi-angle of 13 mrad and a spectrometer entrance aperture

collection semi-angle of 14 mrad.
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3. BLACK PHOSPHORUS VERTICAL TUNNELING

FIELD-EFFECT TRANSISTORS
Most of the material in this chapter has been reprinted with permission from
P. Wu, J. Appenzeller, “Reconfigurable Black Phosphorus Vertical Tunneling
Field-Effect Transistor with Record High ON-Currents,” IEEE Electron Device
Letters 40, 6, 981-984 (2019). Copyright (2019) IEEE.

Tunneling field-effect transistors (TFETs) have been proposed as energy-efficient switches

for low-power integrated circuits. In this chapter, we present the first reconfigurable black

phosphorus vertical tunneling field-effect transistor (TFET). The device exhibits record high

ON-current (ION) among all 2D TFETs of 15.2 µA/µm at VDS = −1 V and a subthreshold

swing (SS) of 187 mV/dec at VDS = −0.3 V. By tuning the electrostatic doping with multiple

gates, the device can be reconfigured to operate in the TFET mode or MOSFET mode and

can be tuned to behave like an n-type or p-type FET. Moreover, negative differential resis-

tance (NDR) is observed in the forward bias of the TFET at room temperature, providing

unambiguous evidence of band-to-band tunneling in our devices.

3.1 Introduction

Tunneling field-effect transistors (TFETs) have been studied as promising candidates to

achieve sub-60 mV/dec subthreshold swing (SS) switching for ultra-low power applications

[ 13 ], [  16 ], [  41 ]. Meanwhile, two-dimensional (2D) materials have attracted attention recently,

since the ultra-thin body allows for strong gate control of the channel electrostatics, which

is critical for high performance TFETs. Although the hunt for the ideal 2D material for

TFET applications is still ongoing, among various 2D materials, black phosphorus (BP) has

been proposed and demonstrated to be a promising channel material for high ON-current

TFETs due to its tunable small bandgap and low effective mass [ 9 ], [ 43 ], [ 60 ], [ 61 ]. In this

chapter, we demonstrate the first TFET based on a black phosphorus vertical homojunction

with a record-high ON-current among all 2D TFETs of ION = 15.2 µA/µm at VDS = −1 V.

Moreover, negative differential resistance (NDR) in the forward bias of the TFET is observed

at room temperature, which together with a clear non-monotonic trend of current versus side
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gate voltage VG1 provides unambiguous evidence of tunneling dominated transport in these

novel devices.

3.2 Device structure

A schematic of our BP vertical TFET is shown in Fig.  3.1 (a). By applying opposite

bias polarities on the local bottom gate G1 and the top-gate TG, a tunneling p/n or n/p

junction can be created, enabling a vertical band-to-band tunneling (BTBT) path in the

overlap region between G1 and TG. Such operation has been described as electron-hole

bilayer TFET (EHBTFET) in previous studies [ 72 ], [  73 ].

Figure 3.1. (a) Schematic of the black phosphorus vertical TFET. (b) Rep-
resentative false-colored SEM image of a BP vertical TFET. Reprinted with
permission from P. Wu, J. Appenzeller, “Reconfigurable Black Phosphorus Ver-
tical Tunneling Field-Effect Transistor with Record High ON-Currents,” IEEE
Electron Device Letters 40, 6, 981-984 (2019). Copyright (2019) IEEE.

The process flow for device fabrication is as follows. 2 nm thick Ti metal lines were

deposited onto a silicon substrate with 90 nm SiO2 on top and patterned into electrodes for

local bottom gates G1 and G2 using e-beam lithography and lift-off process. 4 nm Al2O3

was deposited by atomic layer deposition (ALD) at 200 °C to form the dielectric for G1 and

G2. BP flakes were exfoliated onto the local bottom gates from bulk crystals. The thickness

of BP (tbody) is 14 nm. 1.5 nm/40 nm Ti/Au was deposited and patterned as source/drain

contacts. The Ti/Au metal contact enables ambipolar charge injection into the BP channel
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[ 9 ]. 0.8 nm Al was evaporated on top of BP and naturally oxidized in air to form a seeding

layer for the subsequent ALD process. A second ALD process was used to deposit 4 nm

Al2O3 on top to act as a dielectric for the top-gate TG. Finally, 40 nm Ti was deposited and

patterned to form the TG electrode. The device was annealed in forming gas at 300 °C for

3 hours to improve the dielectrics’ and contacts’ quality. Fig.  3.1 (b) shows a representative

SEM image of a BP vertical TFET, depicting the BP channel, source/drain contacts and

three gates. The device performance shows negligible changes after storage in a nitrogen box

for 7 months.

3.3 Device characteristics

Owing to electrostatic doping controlled by G1, TG and G2, the device can be reconfig-

ured to different operation modes: (1) a p-type MOSFET with a p/i/p doping profile; (2)

a p-type TFET with an n/i/p doping profile; (3) an n-type MOSFET with an n/i/n doping

profile; (4) an n-type TFET with a p/i/n doping profile. Similar reconfigurable operations

have been demonstrated in previous works [ 9 ], [ 60 ], [ 61 ]. However, here, the reconfigurability

is demonstrated for the first time in a vertical tunneling device, and record-high tunneling

currents are experimentally achieved.

We have characterized the device in all different operation modes with different gate

biasing conditions as shown in figures  3.2 through  3.5 . All measurements were conducted

at room-temperature, with the source contact grounded. All currents are normalized to the

device width of W = 5 µm.

3.3.1 Device operation in p-type configurations

Fig.  3.2 (a-b) show the transfer characteristics ID – VT G of the BP vertical TFET in p-

type configuration (VDS = −0.3 V/−1 V, VG2 = −2.1 V) as a function of VG1. We start with

a negative G1 bias VG1 = −2.1 V. Under these conditions, as shown in the schematic and

band diagram in Fig.  3.2 (c), the device exhibits p-doping across the channel and operates

in the p-type MOSFET mode.
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Figure 3.2. (a-b) Transfer characteristics of a BP vertical TFET in the p-type
configuration at (a) VDS = −0.3 V. (b) VDS = −1 V. (c-d) Device schematics
and band diagrams in the (c) p-MOSFET mode. (d) p-TFET mode. Reprinted
with permission from P. Wu, J. Appenzeller, “Reconfigurable Black Phospho-
rus Vertical Tunneling Field-Effect Transistor with Record High ON-Currents,”
IEEE Electron Device Letters 40, 6, 981-984 (2019). Copyright (2019) IEEE.
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When VG1 increases progressively from −2.1 V to −0.5 V, the effective p-doping induced

by G1 becomes weaker and hole injection from the source contact is gradually suppressed,

resulting in decreasing current levels, indicated by the solid black arrows in Fig.  3.2 (a) and

Fig.  3.2 (b). Next, when VG1 further increases beyond VG1 = −0.5 V, the effective doping

induced by G1 becomes n-type, and the current levels increase again, indicated by the dashed

gray arrow in Fig.  3.2 (a) and Fig.  3.2 (b). This non-monotonic trend that was mentioned in

section I is a result of the fact that the n-type doping induced by G1 opens a vertical BTBT

path from the n-doped region on the bottom side of BP to the p-doped region on the top side.

This in turn makes the device operation change from a p-type MOSFET to a p-type TFET,

as shown in the schematic and band diagram in Fig.  3.2 (d). As VG1 increases further, the

n-doping induced by G1 becomes even stronger, and the BTBT window is enlarged, resulting

in further increasing current levels. This non-monotonic trend of current level change with

VG1 is an unambiguous evidence of BTBT in the device. While not shown here, it has been

discussed in the context of lateral reconfigurable BP TFETs [  9 ], [ 61 ] that the above non-

monotonic behavior and an SS that is independent of temperature in the TFET mode but

depends linearly on temperature in the MOSFET mode occur hand in hand.

In the p-TFET mode, the device exhibits record high ON-current levels of ION = 15.2

µA/µm at VDS = −1 V among all published 2D TFETs. When normalized by the overlap

area between G1 and TG, current densities of around 3.4×103 A/cm2 can be extracted, a

value that is about two orders of magnitude larger than any previously reported current

drive in vertical TFETs [  42 ], [  48 ], [  49 ]. It is worth noting that the ON-current in the p-

TFET mode is even higher than the ON-current in the p-MOSFET mode (11.6 µA/µm at

VDS = −1 V). This phenomenon indicates that electron injection from the source in case of

the p-TFET is more efficient than hole injection in this device and hints at that in general

contact resistances may still be the limiting factor for the current drive capability of the

TFET device.

Fig.  3.3 shows output characteristics of a BP vertical TFET in the (a) p-MOSFET mode

and (b) p-TFET mode. Negative differential resistance (NDR) is clearly observed in the

forward bias (positive VDS for p-TFET) in the p-type TFET mode at room-temperature,

and not in the p-MOSFET mode as expected, providing further evidence for tunneling as
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Figure 3.3. Output characteristics of a BP vertical TFET in the (a) p-
MOSFET mode (b) p-TFET mode. NDR is observed at room temperature
in forward bias direction in the p-TFET mode, but not in the p-MOSFET
mode as expected. Reprinted with permission from P. Wu, J. Appenzeller,
“Reconfigurable Black Phosphorus Vertical Tunneling Field-Effect Transistor
with Record High ON-Currents,” IEEE Electron Device Letters 40, 6, 981-984
(2019). Copyright (2019) IEEE.

the dominant mechanism in our TFET devices. NDR in the p-TFET mode is hysteresis free

and observable when scanning VD from 0 upwards or from 0.4 V down to 0.

3.3.2 Device operation in n-type configurations

Fig.  3.4 (a-b) show the transfer ID – VT G characteristics of the device in n-type configu-

ration (VDS = 0.3 V and 1 V, VG2 = 0.5 V and 0.8 V) as a function of VG1. Similar to the

p-type configuration, the current levels show a non-monotonic change when VG1 gradually

decreases. In this case the device changes from an n-type MOSFET to an n-type TFET, as

shown in the schematics and band diagrams in Fig.  3.4 (c-d).

Fig.  3.5 shows the output characteristics of the device in the (a) n-MOSFET mode and

(b) n-TFET mode. A trend towards NDR is observed in the forward bias (negative VDS for
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Figure 3.4. (a-b) Transfer characteristics of a BP vertical TFET in the n-type
configuration at (a) VDS = 0.3 V. (b) VDS = 1 V. (c-d) Device schematics and
band diagrams in the (c) n-MOSFET mode. (d) n-TFET mode. Reprinted
with permission from P. Wu, J. Appenzeller, “Reconfigurable Black Phospho-
rus Vertical Tunneling Field-Effect Transistor with Record High ON-Currents,”
IEEE Electron Device Letters 40, 6, 981-984 (2019). Copyright (2019) IEEE.
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Figure 3.5. Output characteristics of a BP vertical TFET in the (a) n-
MOSFET mode (b) n-TFET mode. Trends towards NDR are observed at
room temperature in forward bias direction in the n-TFET mode, but not in
the n-MOSFET mode as expected. Reprinted with permission from P. Wu,
J. Appenzeller, “Reconfigurable Black Phosphorus Vertical Tunneling Field-
Effect Transistor with Record High ON-Currents,” IEEE Electron Device Let-
ters 40, 6, 981-984 (2019). Copyright (2019) IEEE.

n-TFET) in the n-type TFET mode at room-temperature, and not in the n-MOSFET mode

as expected.

3.4 Comparison with previous works on 2D TFETs

Table  3.1 shows a comparison of our vertical BP TFET with recent work on 2D TFETs in

the literature. Compared with previously reported vertical TFET characteristics [ 42 ], [ 48 ],

[ 49 ], the current density in our device is more than two orders of magnitude higher. While

in comparison with BP lateral TFETs [ 9 ], [  61 ], the tunneling current densities in our BP

vertical TFETs are lower, the ON-current of our device is more than one order of magnitude

higher than for BP lateral TFETs due to a larger tunneling area.

We note that SS of the presented device in the TFET mode is 187 mV/dec, still well

above the sub-60 mV/dec target, and that the ON/OFF current ratio of 102 is lower than
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Table 3.1. Comparison with other 2D TFETs. Reprinted with permission
from P. Wu, J. Appenzeller, “Reconfigurable Black Phosphorus Vertical Tun-
neling Field-Effect Transistor with Record High ON-Currents,” IEEE Electron
Device Letters 40, 6, 981-984 (2019). Copyright (2019) IEEE.
Struct. Ref. Material ION ON/

OFF
Current
density

SSmin
@300K

NDR

Vertical

[ 42 ] MoS2/
WSe2

5 nA 104 0.06
A/cm2

130
mV/dec

Yes
(150K)

[ 48 ] BP/
SnSe2

10 µA –1 13
A/cm2

–1 Yes
(300K)

[ 49 ] WSe2/
SnSe2

4 µA 106 3 A/cm2 164
mV/dec

Yes
(77K)

This
work

BP 15.2
µA/µm

102 3.4×103

A/cm2
187
mV/dec

Yes
(293K)

Lateral [ 61 ] BP 0.2
µA/µm

102 4×103

A/cm2
595
mV/dec

No

[ 9 ] BP 0.6
µA/µm

103 2×104

A/cm2
170
mV/dec

No

1 Tunneling diode

previously reported for some devices. To reduce SS, a common approach is to reduce the

tunneling distance λ by scaling down tbody and tox. However, scaling down tbody from multi-

layer to mono-layer, the band gap of BP increases from ∼0.3 eV to ∼2.0 eV, which is not

desirable for high ON-currents. Besides, in a BP vertical TFET, the channel thickness should

be above a certain limit to create an electron-hole bilayer [  72 ]. Therefore, rather than scaling

tbody, an alternative approach has been proposed in [ 74 ], in which a 3-layer BP and 1-layer BP

is combined as the channel material in a lateral TFET. In this design, the 3-layer BP with

a low bandgap of ∼0.57 eV is used as a tunneling junction to enable a high ON-current of

1280 µA/µm, while the 1-layer BP with a larger bandgap is connected in series and enables

a low OFF-current of 10−4 µA/µm and a steep SS of 10 mV/dec. Such thickness-engineered

design of combining a thick layer and thin layer of BP could also be adopted in the vertical

TFET to achieve high ON-currents while simultaneously reducing the OFF-current and SS.

A selective etching in the G2 region can be adopted to introduce a thin BP region with a

67



larger bandgap in the channel to reduce OFF-current, while the vertical tunneling in the

G1-TG overlapping region with thick BP and a smaller bandgap is not affected.

3.5 Conclusion

We have demonstrated the first reconfigurable BP vertical TFET with ON-currents of

15.2 µA/µm at VDS = −1 V, that outperform existing current levels in 2D TFETs. SS-

values of 187 mV/dec at VDS = −0.3 V are achieved. Moreover, clear reconfigurability of the

devices is demonstrated by tuning the electrostatic doping controlled by multiple gates and

room-temperature NDR is observed at forward biases for devices operating in the p-TFET

mode. The novel device presented here shows promising performance specs that pave the

way towards building high performance TFETs from novel 2D materials.
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4. TOWARDS CMOS-LIKE DEVICES FROM

TWO-DIMENSIONAL MATERIALS
Most of the material in this chapter has been reprinted from P. Wu, J. Appen-
zeller, “Towards CMOS like devices from two-dimensional channel materials,”
APL Materials 13, 377–385 (2019). This article is licensed under a Creative
Commons Attribution (CC BY) license. ( http://creativecommons.org/licenses/
by/4.0/ )

Part of the material in this chapter has been reprinted with permission from
P. Wu, J. Appenzeller, IEEE Device Research Conference (IEEE, 2018). Copy-
right (2018) IEEE.

In this chapter we explain in detail the critical aspects of Schottky barrier (SB) field-effect

transistors (FETs) for circuit implementations. In particular, we focus on two-dimensional

(2D) channel materials such as black phosphorus. After an initial tutorial about the op-

eration of SB-FETs, we discuss various scaling approaches and how proper unipolar device

characteristics from 2D layered materials can be obtained. Various transistor layouts de-

scribed in the literature are evaluated in terms of the achieved device performance specs,

and the most advanced experimental approach is presented that combines proper scaling,

source/drain work function engineering, and gating. This chapter closes by highlighting the

performance of an inverter obtained from properly designed BP-based n-type and p-type

transistors.

4.1 Introduction

Complementary metal-oxide semiconductor (CMOS) devices have been the work-horses

of the information technology (IT) industry over the last few decades. What makes the

CMOS so successful is its complementary nature that n-type and p-type transistors can be

made from silicon alike. An n-type field-effect transistor (FET) is characterized by operating

in its on-state under positive drain voltages (Vds) and gate voltages (Vgs) beyond its threshold

voltage Vth−n. For Vgs < Vth−n, the device is in its off-state. The situation is mirrored in

terms of voltage polarities for a p-type FET. Combining both types of FETs allows for power

efficient circuits. For example, in an inverter that consists of an n-FET and a p-FET in series

between ground and the supply voltage VDD with a common input to the two gates, energy is
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only dissipated during the actual switching process that defines the output to be low or high

[ 75 ]. Thus, mimicking this device behavior in novel channel materials is highly desirable.

Scaling silicon transistors over the last decade has, in particular, focused on making

devices smaller while preserving the electrostatics through the use of thin silicon fins. How-

ever, silicon fins with ultrathin bodies (tbody) below ∼3 nm show a strong degradation of

their mobility, which makes the smaller tbody more significant due to increased scattering at

the Si/SiO2 interfaces [ 76 ], [ 77 ]. Ultimately, it is desirable to achieve body thicknesses in the

subnanometer range without the introduction of excess scattering in the semiconductor.

After the groundbreaking work by Novoselov et al. in 2004 [  2 ] on few-layer graphene, a

semimetal, the scientific community started searching for other two-dimensional (2D) crystals

as the ultimate implementation of an ultrathin body channel, with the declared goal to

identify semiconducting materials for electronic applications. In 2011, Radisavljevic et al [ 3 ].

reported on the first single layer MoS2 transistors with a bandgap around 1.8 eV, followed by

the demonstrations of FETs from black phosphorus (BP) in 2014 [  7 ], [ 78 ]. While these devices

in fact exhibit body thicknesses below 1 nm, their mobility was found to be in the range

of tens to hundreds of cm2/V·s [ 7 ], [ 78 ]–[ 82 ], making them attractive for ultimately scaled

transistor applications as an extension of the above mentioned work on silicon FinFETs.

However, creating the desired n-type and p-type FETs from the same 2D channel material

that exhibit the above described unipolar transport properties, i.e., only electrons (holes)

are involved in current transport in the case of an n-FET (p-FET), has been proven difficult.

This lies in part in the fact that substitutional doping to create an n/p/n or p/n/n profile

along the channel, as in the case of silicon devices, is hard to achieve due to the small number

of atoms involved in forming the device channel. As a result, most of the prototype devices on

2D channels are using metal electrodes (instead of doped semiconductors) as source and drain

contacts. The resulting devices are so-called Schottky barrier (SB) field-effect transistors,

where gating includes the source and drain contact regions. Ambipolar transport is typically

observed since for positive gate voltages, electrons are involved in current transport, while

for negative Vgs, hole transport occurs through the valence band [  83 ].
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4.2 Basic operation of Schottky-barrier field-effect transistors

In order to address this undesirable situation, it is important to understand some details

about the operation of Schottky barrier field-effect transistors (SB-FETs). Fig.  4.1 illustrates

in simple terms how device characteristics depend on a number of critical parameters as the

Schottky barrier heights ΦSB−p, ΦSB−n, and the geometric screening length λ. For all graphs,

it was assumed that the conduction band edge EC and valence band edge EV respond 1:1

to the gate voltage Vgs in the off-state of the device. This implies, in particular, that an

ideal inverse subthreshold slope (SS) of 60 mV/dec at room temperature is achievable when

carrier injection (electrons or holes) into the channel is mediated by thermal emission (Ith)

over band edge EC or EV .

Let us first focus on the green curve in Fig.  4.1 that plots the logarithmic current from

source to drain as a function of gate voltage. The device is in its on-state when Vgs < Vth−p

for hole transport and Vgs > Vth−n for electron transport. The corresponding image band

structures for the voltages marked (1) and (3) are shown next to the device characteristics

with EF s and EF d denoting the Fermi level in the metal source and drain, respectively. For

voltages in between Vth−p and Vth−n, the device is in its off-state with three distinct slopes.

Between Vth−p and the flat band voltage VF B [marked (2) in Fig.  4.1 ], device characteristics

are determined by thermal assisted tunneling Itunnel through the Schottky barrier ΦSB−p.

This is the case since for an ultrathin body device, the characteristic tunneling distance is

given by the so-called geometric screening length λ =
√

(εbody/εox)toxtbody that can become

very small for small tbody values. Here, εbody and εox are the dielectric constants and tbody

and tox the thicknesses of the channel material and the gate dielectric, respectively. The SS

value in this region depends on the actual value of λ and varies between 60 mV/dec for λ

= 0 (dark blue curve) and SS = ∞ for λ = ∞ (orange curve). The orange marked triangle

on the left of Fig.  4.1 indicates the range of allowed inverse subthreshold slopes. Once flat

band voltage is reached, only thermal emission is allowed (Ith) until a minimum current

is reached at Vmin. At this point, the thermally injected hole current through the valence

band becomes equal to the thermally assisted electron tunneling current through ΦSB−n into

the conduction band. Finally, for Vmin < Vgs < Vth−n, tunneling of electrons through the
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Figure 4.1. The construction of device characteristics at small voltages Vds

for different λ-values. The blue curve corresponds to λ = 0, while the or-
ange curve would result for λ = ∞. (1) through (3) denote particular gate
voltages with the respective band bending schematically shown on the right.
Reprinted from P. Wu, J. Appenzeller, “Towards CMOS like devices from two-
dimensional channel materials,” APL Materials 13, 377–385 (2019), under a

 Creative Commons Attribution (CC BY) license .

Schottky barrier ΦSB−n dominates in the device, defining SS within the range marked by the

orange triangle on the right of the graph, depending as before on the exact value of λ. Note

that the entire discussion above focused on the device off-state, which is why scattering in

the channel that dominates in the on-state was not part of our consideration.

The goal to achieve one type of carrier injection only is thus intimately related to the

question of how to suppress Schottky barrier injection of holes for an n-FET and injection

of electrons for a p-FET. As stated above, e.g., p-FET operation in CMOS requires negative

gate and drain voltage polarities. Since the lateral electric field in the channel is positive
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from source to drain for negative drain voltages, this implies that electron injection between

Vmin < Vgs < Vth−n occurs from the drain side. For an n-FET, the undesirable hole injection

also occurs from the drain, since operation is under positive drain voltages. This observation

is key to designing devices that show unipolar characteristics, i.e., only electron currents for

n-FETs and hole currents for p-FETs.

Many approaches have tried to suppress either electron or hole carrier transport to re-

cover unipolar device characteristics. Often this is done at the expense of on-current per-

formance by using thick oxides [ 84 ]. For devices as shown in Fig.  4.1 with a Schottky

barrier height that is substantially smaller (ΦSB−p or ΦSB−n < Eg/4) for one carrier type

than the other, increasing λ by using thick oxides indeed improves the on/off current ratio

I(Vth−n−or−p)/I(Vmin) — compare, e.g., the green and the blue characteristics. However,

only n-FETs or p-FETs can be realized in this way for a given choice of metal source/drain

electrodes that define ΦSB−p and ΦSB−n. Moreover, the thicker gate oxide that translates

into a larger screening length λ harms the on-state current, since injection from the source

beyond threshold is occurring by tunneling through a thicker barrier. Another approach is

to leave the drain side of the device ungated [ 84 ], [ 85 ]. While this indeed suppresses drain

injection, it results in highly nonlinear output characteristics Id – Vds for low drain voltages.

Carriers injected from the source cannot leave the channel on the drain side due to the thick

tunneling barrier that is a result of an absent gating of the drain. An improved version of this

design incorporates an additional gate at the drain side, which is tied to the drain electrode

so that the drain injection is suppressed at zero gate-to-drain voltage Vgd [ 86 ]. However, in

this feedback-gate design, the injection from the source is still affected by the additional gate

at low Vds, causing nonlinear output characteristics.

All of the above discussion is in general independent of the actual choice of channel

material. The material properties become relevant only in that (i) the gate voltage range

from Vth−p to Vth−n depends on the actual bandgap, (ii) the Schottky barrier heights depend

on the combination of chosen metal source/drain electrodes and semiconducting channel, and

(iii) the on-state current level itself, of course, depends on the achievable carrier concentration

(determined by the density of states—DOS) and mobility of the chosen channel material.
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4.3 Towards unipolar p- and n-type Schottky-barrier FETs

Different from the above described approaches, a device layout was presented at the

Device Research Conference (DRC) 2018 [ 87 ] that combines (a) linear output characteristics

(Id – Vds) with (b) high on-state currents and (c) unipolar transfer characteristics. To achieve

this goal, a device with an asymmetric double gate (ADG) on top and underneath a black

phosphorus flake had been built using source/drain metals with a preferred line-up closer

to the valence band edge (p-FET) or conduction band edge (n-FET)—for details, see the

next section. The key design feature is that while the respective oxides of the two gate

stacks had both aggressively been scaled to an equivalent oxide thickness (EOT) of ∼3 nm,

one of the two gates only partially covers the device channel and does not gate the drain

region of the SB-FET. In addition, the choice of source/drain metal allows for the preferred

injection of one carrier type. The impact of this type of gate layout in comparison with a

fully double gated (DG) device structure is graphically illustrated in Fig.  4.2 . Increasing

the effective value of λ by removing one of the two gates entirely would change the device

characteristics qualitatively from the set of green to the set of red curves as shown in Fig.

 4.2 (a). Different from Fig.  4.1 , Fig.  4.2 also illustrates the drain voltage dependence.

A negative drain voltage of Vds = −0.1 V in comparison with a negative Vds-value close

to zero volts results in a shift of the electron branch (right side of device characteristics)

toward negative gate voltages by exactly the amount of the applied drain voltage under the

conditions assumed for this model. This is the case since the threshold voltage for electron

injection from the drain has been altered by applying Vds as is the flat band voltage on the

drain side. Correspondingly, VF B−d2(Vds = −0.1 V) = VF B−d1(Vds ∼ −0V) − 0.1 V and

Vth−n−d2(Vds = −0.1 V) = Vth−n−d1(Vds ∼ −0V) − 0.1 V. If, on the other hand, λ is kept

small by using a double gate in the source region, while λ is made somewhat larger in the

drain region by removing the impact of one of the two gates, on-currents of this particular

p-FET are almost preserved, while the electron current from the drain is strongly suppressed.

Fig.  4.2 (b) illustrates how the double gated (DG) p-FET (green) compares with the new
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asymmetric double gated (ADG) p-FET design presented here. 

1
 Applying the same scheme

to a device with low work function source/drain metal contacts consequently results in an

n-FET. Fig.  4.2 (c) summarizes the outcome of this approach and illustrates how the same

channel material displays the desired (almost) unipolar complementary (i.e., n-type and p-

type) device characteristics. Figs.  4.2 (d) and  4.2 (e) show the comparison of band diagrams

of a p-type DG FET and a p-type ADG FET in the on-state and off-state, respectively. At

the source side, the two types of FETs have the same λ and the on-currents remain almost

unaffected. However, when a positive Vgs is applied to turn the devices off, a larger λ′ in the

ADG FET suppresses the electron injection from the drain, resulting in a smaller off-state

current, as shown in Fig.  4.2 (b). The operation of an n-type ADG FET can be understood

in a similar fashion.

4.4 Experimental implementation

Following the above presented idea, this section discusses in detail the experimental

implementation of unipolar p-type and n-type SB-FETs. Among various 2D materials, black

phosphorus (BP) was chosen as a channel material due to its high mobility and moderate

bandgap [ 7 ], [  8 ]. The relatively small bandgap of BP enables both electron and hole injection

in SB-FETs and facilitates the implementations of both p-type and n-type transistors, as

neither of the Schottky barrier heights ΦSB−p and ΦSB−n is too large to block carrier injection.

Therefore, BP transistors usually exhibit ambipolar characteristics, and complementary BP

SB-FETs and circuits have been demonstrated in Ref. [ 88 ]. However, although BP SB-FETs

are “blessed” with easier access to both the p-type and n-type branches and thus allow

for implementation of complementary transistors, they are also “cursed” with significant

ambipolar behavior and thus low ION/IOFF ratios. In the following, the problem posed by

ambipolar branches is further illustrated using a more concrete example of a complementary

BP double-gate (DG) FET. Next, the ADG-FET design is introduced to resolve this issue

to achieve unipolar characteristics as well as high ION/IOFF ratios.
1

 ↑ Note that on a linear scale currents for the DG FET and ADG are not identical for small drain voltages
since the drain barrier still effects current transport when scattering is present in the channel.
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Figure 4.2. (a) Construction of ambipolar device characteristics as in Fig.
 4.1 , but for two drain voltages, showing a shift of the electron branch for neg-
ative drain voltages. Green vs red captures a uniform change of λ, e.g., by
changing from a double gated to a single gated structure. (b) Improvement of
device characteristics from the asymmetric double gate design by suppressing
the electron injection from the drain without sacrificing on-state performance.
(c) The expected outcome for a properly designed n-type and p-type ADG FET
exhibiting the desired unipolar device characteristics. (d) Band diagrams of a
p-type DG FET and a p-type ADG FET in the on-state. (e) Band diagrams of
a p-type DG FET and a p-type ADG FET in the off-state. Reprinted from P.
Wu, J. Appenzeller, “Towards CMOS like devices from two-dimensional chan-
nel materials,” APL Materials 13, 377–385 (2019), under a  Creative Commons
Attribution (CC BY) license .

Fig.  4.3 (a) shows the device structure of a BP DG-FET. A BP flake was transferred onto

the bottom gate (BG), composed of 2 nm Ti as gate metal and 0.8 nm Al seeding layer plus

4 nm Al2O3 grown by atomic layer deposition (ALD) as gate dielectric. Then, 40 nm Ti or

1.5 nm/40 nm Cr/Au were evaporated and patterned as source/drain metal contacts for the

n-FET and the p-FET, respectively. Another 0.8 nm Al seeding layer and 4 nm ALD-grown

Al2O3 were deposited on top of BP as top-gate (TG) dielectric, followed by evaporation and

patterning of 40 nm Ti as TG metal. The BG and TG are electrically connected to form
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a double-gate structure (the gate voltage Vgs is applied to both TG and BG). Fig.  4.3 (b)

shows a representative false-colored SEM image of a BP DG-FET.

Figure 4.3. (a) Device structure of a BP DG-FET. (b) False-colored SEM
image of a BP DG-FET. (c) Transfer characteristics of a BP DG p-FET. (d)
Transfer characteristics of a BP DG n-FET. (e) Experimental and simulated
characteristics of a p-type BP FET and the extracted barrier heights. (f)
Experimental and simulated characteristics of an n-type BP FET and extracted
barrier heights. (g) Schottky barrier heights vs metal work function in various
metal-semiconductor systems. The data for Si and MoS2 are derived from Refs.
[ 81 ], [  4 ], and [ 89 ]. Reprinted from P. Wu, J. Appenzeller, “Towards CMOS like
devices from two-dimensional channel materials,” APL Materials 13, 377–385
(2019), under a  Creative Commons Attribution (CC BY) license .

As described in the last section, source/drain metal contacts with different work functions

are employed to tune the Schottky barrier heights ΦSB−p and ΦSB−n in favor of one particular

type of carrier injection from the source, i.e., a low work function metal like Ti favors electron

injection in an n-FET, while a high work function metal such as Cr/Au favors hole injection

in a p-FET. Figs.  4.3 (c) and  4.3 (d) show the transfer characteristics of a p-type BP DG-

FET and an n-type BP DG-FET, respectively. It is apparent from the high respective on-
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current levels that the metal work function engineering is effective and that complementary

operation is achieved for the same gating scheme in BP FETs. In addition, thanks to the

strong gate control from the double-gate structure, both the p-FET and the n-FET show

steep SS values of 85 mV/dec and 80 mV/dec, respectively. Figs.  4.3 (e) and  4.3 (f) show

fits of transfer characteristics obtained for the p-type BP DG-FET and the n-type BP DG-

FET employing the Schottky barrier model from Ref. [ 8 ] to extract the respective Schottky

barrier heights. The extracted Schottky barrier heights are ΦSB−p = 0.12 eV and ΦSB−n

= 0.35 eV for Cr/Au contacts, and ΦSB−p = 0.37 eV and ΦSB−n = 0.1 eV for Ti contacts,

respectively. Fig.  4.3 (g) shows the Schottky barrier heights for electrons vs metal work

function in various semiconductors, including MoS2 [ 4 ], [ 81 ], Si [ 89 ] and BP. Due to metal-

induced gap states, the Schottky barrier heights of metal-semiconductor junctions do not

follow the ideal Schottky-Mott rule, which predicts the Schottky barrier height for electrons

to increase linearly with the metal work function exhibiting a slope of 1. Instead, an effect

referred to as Fermi-level pinning arises [ 81 ], [ 89 ], causing the Schottky barrier heights to

increase with metal work function with a slope much smaller than 1, as shown by the green

line (Si, S = 0.27) and the red line (MoS2, S = 0.1) in Fig.  4.3 (g). A recent discovery

shows that by transferring metal contacts onto MoS2 instead of direct metal evaporation,

an excellent metal-semiconductor interface quality can be achieved and the gap states can

be eliminated, approaching the Schottky-Mott limit (S = 1) [ 81 ], as shown by the black line

(S = 0.96) in Fig.  4.3 (g). Fig.  4.3 (g) also shows the data extracted from Figs. 3(e) and

3(f) assuming a Ti work function value of WF = 4.33 eV and a Cr/Au value of WF = 5.1

eV. Note that we assumed here that the 1.5 nm thin Cr adhesion layer does not change the

work function of the Cr/Au stack to be different from Au. From our data, two important

conclusions can be drawn (1) Fermi level pinning is indeed present in our metal-BP junctions,

as apparent from the blue line (S = 0.32) in Fig.  4.3 (g), and (2) despite the Fermi level

pinning, work function engineering of the metal contacts is sufficiently effective to enable

low barriers for electron injection (Ti, ΦSB−n = 0.1 eV) and hole injection (Cr/Au, ΦSB−p

= 0.12 eV) in n-type and p-type BP FETs, respectively.

While we have in this way achieved complementary BP FETs using contact work function

engineering, the still existing ambipolar branches caused by drain injection are severe for both
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FETs and result in low ION/IOFF ratio, especially at high drain biases [compare Fig.  4.2 (a)].

Transistors with high ION/IOFF ratios are essential to achieve low static power consumption

and a full output swing for CMOS circuits, which requires modification of the above device

layout. The solution lies in designing an asymmetric double gate (ADG) FET structure.

We have demonstrated complementary BP ADG-FETs with nearly unipolar characteris-

tics and high ION/IOFF ratios during the Device Research Conference (DRC) in 2018 [ 87 ].

Fig.  4.4 (a) presents the device structure of a BP ADG-FET, in comparison with a DG-FET.

In the ADG-FET, the BG is placed overlapping with only the source contact and part of the

BP channel. The drain side of the FET remains ungated by the bottom gate, while the TG

covers the entire channel. The process flow of fabricating an ADG-FET is similar to that of a

DG-FET, with the only difference being that the drain electrode is placed outside of the BG

region. Fig.  4.4 (b) shows a false-colored SEM image of a BP ADG-FET. By introducing the

underlap of BG with respect to the drain in the ADG-FET, the impact of BG is eliminated

on the drain side of the device, and thus the effective value of λ is made larger for the drain

injection than for the source injection. As discussed in the last section and shown in Fig.

 4.2 (b), this approach is expected to suppress the drain injection while preserving the source

injection, resulting in higher ION/IOFF ratios and almost unipolar characteristics.

The experimental outcome of the ADG-FET approach is shown by the transfer charac-

teristics of a p-type and an n-type BP ADG-FET in Fig.  4.4 (c). The ambipolar branches

are substantially suppressed as expected from our analysis, and almost unipolar p-type and

n-type FETs are achieved, with significantly improved ION/IOFF ratios if compared to the

BP DG-FETs. Moreover, the p-type and n-type BP ADG-FETs exhibit steep SS values of 78

mV/dec and 88 mV/dec, respectively, underlining the strong gate control of the double-gate

structure. Fig.  4.4 (d) shows the output characteristics of the p-type and n-type BP ADG-

FETs. Both types of ADG-FETs show rather linear output characteristics at low Vds values,

as the drain side of the device is still gated by the TG, which is an improvement over the

highly nonlinear output characteristics of the device structure in Refs. [  84 ] and [ 85 ], where

the drain side is ungated. Moreover, both types of FETs exhibit high ON-current values of

∼100 µA/µm at |Vds| = 1.2 V, owing to the proper engineering of the source/drain contact

metal work functions, which impact the Schottky barrier heights ΦSB−p and ΦSB−n for hole
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Figure 4.4. (a) Device structure of a BP ADG-FET, in comparison with a
BP DG-FET. (b) False-colored SEM image of a BP ADG-FET. (c) Transfer
characteristics of a p-type and an n-type BP ADG-FET. (d) Output charac-
teristics of a p-type and an n-type BP ADG-FET. Reprinted with permission
from P. Wu, J. Appenzeller, IEEE Device Research Conference (IEEE, 2018).
Copyright 2018 IEEE.

and electron injections as described above. Also note that current saturation is observed

for both types of ADG-FETs in the output characteristics as expected for properly designed

scaled devices with both gate and drain voltages in the ∼1 V range.

4.5 Circuit demonstration

Based on the complementary BP ADG-FETs discussed in the last section we next demon-

strate a simple CMOS circuit — an inverter [ 87 ]. Figs.  4.5 (a) and  4.5 (b) display the

schematic and a false-colored SEM image of an inverter built from a p-type BP ADG-FET

and an n-type BP ADG-FET in which the p-FET and the n-FET are fabricated on the same

BP flake.
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Figure 4.5. (a) Structure of a BP inverter built from complementary BP
ADG-FETs. (b) False-colored SEM image of the BP inverter. (c) Voltage
transfer characteristics of the BP inverter at different supply voltages VDD.
Inset: circuit diagram of the inverter. (d) Gain of the BP inverter at different
supply voltages VDD. Reprinted with permission from P. Wu, J. Appenzeller,
IEEE Device Research Conference (IEEE, 2018). Copyright 2018 IEEE.

As evident from the voltage transfer characteristics [Fig.  4.5 (c)] and gain [Fig.  4.5 (d)]

of the inverter at different supply voltages VDD, excellent performance specs have been

achieved, thanks to the high performance of the individual BP FETs as shown in Figs.

 4.4 (c) and  4.4 (d) in the last section. A number of aspects are worth noting: First, the

inverter is fully operational even at VDD values as low as 0.2 V, since the individual p-FET

and n-FET have steep subthreshold slopes and the input voltage range required to turn

on and off the devices is small. Second, a full output swing from VDD to 0 is obtained,

since unipolar characteristics were successfully achieved by suppressing the drain injection

by employing the above described ADG-FETs. The key is that both the n-FET and the p-

81



FET can be turned off effectively when the input is 0 or VDD. Finally, the inverter exhibits

a very high gain of 21.1 at VDD = 0.6 V, and even at the lowest supply voltage of VDD =

0.2 V, a peak gain of 10.2 is still retained. This high gain of the inverter is a result of the

relatively high output resistances of the BP ADG-FETs in their respective saturation regions

[ 75 ], as depicted in Fig.  4.4 (d).

It is worth noting that since the transfer characteristics of the p-FET and the n-FET

are symmetrical with respect to a nonzero gate voltage, i.e., Vgs = −0.2 V, as shown in

Fig.  4.4 (c), the input voltage has been shifted in Figs.  4.5 (c) and  4.5 (d) by 0.2 V, i.e.,

Vin,shift = Vin + 0.2 V to compensate for the mismatch of threshold voltages of the p-FET

and the n-FET. This problem can be resolved by various threshold voltage tuning schemes to

shift the voltage back to zero, such as gate metal work function tuning and interface dipole

engineering [ 90 ].

4.6 Conclusion

In this chapter, we have demonstrated some recent efforts of demonstrating CMOS-like

devices using 2D materials. Starting from a review of the operation principle of Schot-

tky barrier field-effect transistors, ambipolar current injection in transistors made from 2D

channels has been carefully discussed. A recently demonstrated device structure, i.e., an

ADG-FET has been presented to suppress ambipolar device characteristics effectively and

has been implemented in n-type and p-type black phosphorus FETs and a CMOS inverter

circuit. Our work may provide guidance to the design of future generations of 2D materials’

based devices and logic circuits.
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5. TWO-DIMENSIONAL TRANSISTORS WITH

RECONFIGURABLE POLARITIES FOR HARDWARE

SECURITY
Most of the material in this chapter has been reprinted with permission from
P. Wu, D. Reis, X. S. Hu, J. Appenzeller, “Two-dimensional transistors with
reconfigurable polarities for secure circuits,” Nature Electronics 4, 45-53 (2021).
Copyright (2021) Springer Nature.

Security is a critical aspect in modern circuit design, but research into hardware security

at the device level is rare as it requires modification of existing technology nodes. With the

increasing challenges facing the semiconductor industry, interest in out-of-the-box security

solutions has though grown, even if this implies introducing novel materials such as two-

dimensional (2D) layered semiconductors. In this chapter, we show that high-performance,

low-voltage 2D black phosphorus field-effect transistors (FETs) that have reconfigurable

polarities are suitable for hardware security applications. The transistors can be dynamically

switched between p-FET and n-FET operation through electrostatic gating, and achieve on-

off ratios of 105 and subthreshold swings of 72 mV/decade at room temperature. Using the

transistors, we create inverters that exhibit gains of 33.3 and are fully functional at VDD=0.2

V. We also create a security primitive circuit with polymorphic NAND/NOR obfuscation

functionality with sub-1V operation voltages; the robustness of the polymorphic gate against

power supply variations is tested using Monte Carlo simulations.

5.1 Introduction

Two-dimensional (2D) materials, such as transition metal dichalcogenides (TMDs) [ 4 ],

[ 5 ], [ 34 ] and black phosphorus (BP) [  7 ]–[ 9 ], [ 38 ], [ 62 ], are of interest as channel material for

transistors [  37 ], [ 91 ], [ 92 ], since their atomic thickness could allow scaled devices to be created

that extend Moore’s Law beyond the capabilities of silicon [ 1 ], [ 93 ], [ 94 ]. However, research

in the field typically focuses on demonstrating operations that are also achievable with tra-

ditional transistors, and efforts to try to leverage the unique properties of 2D materials, such

as ambipolarity, to deliver new functionalities are rather.
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In a complementary metal-oxide-semiconductor (CMOS) digital logic circuit, the func-

tionality of each building block is implemented by a pull-up network composed of p-type

field-effect transistors (FETs), and a pull-down network composed of n-type FETs [ 75 ]. The

connections of the two networks follow De Morgan’s Law [ 75 ] so that the two networks will

turn on and off alternatively, connecting the output node to either VDD or ground. However,

since the polarities of traditional Si CMOS transistors rely on substitutional doping of the

source/drain and channel regions, it is not possible to modify their n-type or p-type char-

acter post-fabrication. Thus, a hypothetical adversary could easily retrieve the layout of an

integrated circuit (IC) chip through various reverse engineering techniques, such as trans-

mission electron microscopy (TEM) [ 95 ] and X-ray imaging [ 96 ], [ 97 ], and thus decipher the

functionality of the chip.

In contrast, transistors based on 2D semiconductors typically rely on carrier injection

through Schottky barriers at source/drain metal-semiconductor interfaces [ 8 ], [ 30 ], [ 89 ], [ 91 ],

[ 93 ] and are inherently ambipolar: that is, both electron and hole injection is possible and can

be tuned via gating 

1
 . Therefore, through a proper choice of material properties and careful

engineering of the device structures, transistors with reconfigurable polarities can be realized

using 2D materials [ 31 ], [ 98 ]–[ 101 ], making identification of the functional properties of the

circuit more difficult. In this chapter, we show how the ambipolarity and general properties

of transistors based on 2D materials makes them ideal for use in hardware-based security

applications. In particular, we fabricate high-performance black phosphorus (BP) FETs with

reconfigurable polarities and demonstrate their application in secure circuits.

5.2 Polymorphic gates for logic locking and IC camouflaging

By using reconfigurable transistors, hardware security can be achieved in integrated cir-

cuits (Fig.  5.1 ). In the proposed secure circuit layout, the standard cell circuits are imple-

mented using polymorphic logic gates [ 29 ], [ 102 ]–[ 104 ]. Polymorphic gates exhibit bi-fold

functionality when all p-FETs become n-FETs and all n-FETs become p-FETs as selected

by a key bit. This is achieved by reversing the role of the VDD and GND rails. (The green
1

 ↑ Note that low-dimensional systems in general allow for effective carrier injection due to their ultra-thin
body that translates into a small geometric screening length [ 83 ]
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boxes in Fig.  5.1 illustrate a NAND/NOR polymorphic gate as an example, where the roles

of two pull-up and two pull-down transistors are reversed by changing the polarity of VDD

and GND.) Even if a hypothetical adversary were able to map out the entire layout of the

chip, without the correct key the functionality of the chip would still be hidden as the indi-

vidual functionalities of the cell circuits are still unknown (grey box, Fig.  5.1 ). The entire

chip will also only be functional if all the correct key bits are provided during run-time to

set the logic gates into their correct functions. These approaches illustrate two hardware

security techniques that can be achieved with polymorphic gates, i.e., logic locking and IC

camouflaging [ 103 ], [  104 ].

The goal of logic locking is to “modify the behaviour of ICs in such a way that they do

not produce expected outputs unless they are properly activated using a new primary input,

the secret key” [ 105 ]. A common technique for locking the functionality of a circuit consists

of inserting XOR gates or multiplexers in strategic nodes of a circuit [ 106 ], [ 107 ]. These gates

have one of their inputs as a key bit, which has to be a certain value (‘0’ or ‘1’) in order for

the circuit to work correctly. Logic locking with polymorphic gates is enabled by the key bit

that grants one of the two possible functionalities to the logic gate. To enable logic locking

with an acceptable security level, a number of standard cells in a circuit are replaced by

their equivalent polymorphic gates. Quantitatively, in terms of transistor count overhead,

polymorphic gate-based logic locking does not incur additional overhead to a circuit. In

contrast, alternative techniques [ 106 ], [ 107 ] require at least 8N additional transistors to be

implemented, where N is the number of bits of the key used.

IC camouflaging is defined as “a layout-level technique that hampers imaging-based re-

verse engineering by using, in one embodiment, functionally different standard cells that

look alike” [ 108 ]. Previous works have exploited obfuscation cells to achieve IC camouflag-

ing. Obfuscation cells are made possible by techniques such as the use of dummy contacts

[ 109 ] and dopant polarity [ 110 ], [ 111 ] that enable distinct functions within the same cell

structure. The obfuscation cells are placed in a layout along with regular standard cells. IC

camouflaging with polymorphic gates relies on the fact that the same physical cell layout can

provide two distinct functionalities that cannot be guessed by looking at the layout. When

using polymorphic gates, IC camouflaging can be achieved without using additional gates as
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a single gate can assume different functions [ 104 ]. In comparison, “Obfusgates” [  111 ] uses

many obfuscation cells placed alongside regular standard cells to achieve equivalent security,

and as a case study, the obfuscation of AES S-Box circuit (which consists of look-up tables)

using 2-input NAND “Obfusgates” demands 154% of the number of original gates in the

circuit [ 111 ].

Both logic locking and IC camouflaging can be achieved with polymorphic gates without

using additional transistors in the circuit. However, realization of polymorphic gates relies

on access to reconfigurable FETs which can be dynamically tuned into p-type or n-type

during run-time (purple box, Fig.  5.1 ).

5.3 Schottky-barrier FETs for reconfigurable operation

Since the reconfigurability of a 2D transistor relies on the Schottky-barrier injection,

it is informative to study the operation of a Schottky-barrier FET (SB-FET) to find the

optimal device structure and material properties to realize such reconfigurable 2D FETs.

Fig.  5.2 (a) shows a typical structure of a SB-FET with 2D channel and the impact of

bandgap Eg on the device performance. In a SB-FET, the on-current levels of p- and n-branch

depend on the corresponding Schottky barrier heights, ΦSB,p and ΦSB,n. To ensure symmetric

current levels between two branches as required in a reconfigurable FET, it is desirable

to have a mid-gap Fermi level line-up at the metal-semiconductor contact, i.e., ΦSB,p ∼

ΦSB,n ∼ Eg/2. Since the current injection is dominated by tunneling through Schottky-

barriers [Itunnel, as illustrated by the band diagrams in Fig.  5.2 (a)] the on-current Ion can

be related to the barrier heights, and thus bandgap Eg, using Wentzel–Kramer–Brillouin

(WKB) approximation [  27 ]:

ION ∼ exp
(
−4λ
√

2m∗ΦSB

3~

)
≈ exp

−4λ
√

2m∗(Eg/2)
3~


where m∗ is the effective mass of holes (electrons) for the p (n) branch, respectively, and

λ is the geometric screening length [ 30 ]. Therefore, a channel material with a small bandgap

Eg and small effective masses m∗ is desirable for a reconfigurable SB-FET to achieve higher

Ion.
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Figure 5.1. Schematic of a secure chip enabled by reconfigurable FETs. The
standard cells of the secure chip are implemented using polymorphic gates, and
the functionality of each cell is bi-fold when all p-FETs become n-FETs and
all n-FETs become p-FETs, as selected by a key bit (green box). Without the
correct key, the chip will not be functional (logic locking), nor can an outside
attacker decipher the functionality of the chip through reverse engineering (IC
camouflaging). To implement such secure chips, transistors with reconfigurable
p-type and n-type polarities are required (purple box). Credit: padlock icon,
© Evil Icons 2020; key icon, © 2017 ThemeIsle. Reprinted with permission
from P. Wu, D. Reis, X. S. Hu, J. Appenzeller, “Two-dimensional transistors
with reconfigurable polarities for secure circuits,” Nature Electronics 4, 45-53
(2021). Copyright (2021) Springer Nature.

Apart from higher Ion, another reason for using a small bandgap material is to achieve

low-voltage operation. As illustrated in the Id – Vg characteristics and the corresponding

band diagrams in Fig.  5.2 (a), even if we assume a perfect gate control and an ideal one-to-

one band movement with the gate voltage, the threshold voltages of the p- and n-branches,

Vth,p and Vth,n, are spaced by Eg/q. In previous attempts to achieve reconfigurable SB-FETs,

materials with relatively large bandgap, such as Si nanowires [ 112 ]–[ 114 ] (Eg ∼ 1.1 eV), WSe2

[ 101 ] (Eg ∼ 1.8 eV) and MoTe2 [ 98 ], [ 100 ], [ 115 ] (Eg ∼ 1.1 eV) were employed as channel
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materials. Therefore, even with the best oxide possible, Vth cannot be scaled down to less

than Eg/2q, which hinders reduction of the operation voltage of the device. In traditional

CMOS devices, this issue can be resolved by employing gate metals with different work

functions for the p-FETs and n-FETs, namely, a high work function metal for the p-FETs

and a low work function metal for the n-FETs [  116 ]. However, this approach is not allowable

for reconfigurable FETs, since the p-FETs and n-FETs are interchangeable in the proposed

secure circuit setup and must share the same device structure and thus the same gate metal.

Therefore, the only option to scale down Vth is through adopting channel materials with a

small Eg.

On the other hand, choosing a material with a “too small bandgap” is also prohibitive.

While the previous discussion only considered the injection from the source, one also needs to

consider drain injection and the corresponding ambipolar current branch and its impact on

the off-state current Ioff, as illustrated in Fig.  5.2 (b). As an example, next the reconfigurable

FET in the n-FET mode is analyzed. Note that the argument for the p-FET mode is similar

when considering the proper reversal of gate and drain voltage polarity.

As illustrated by the Id – Vg characteristics and the corresponding band diagrams in Fig.

 5.2 (b), in the off-state of the n-FET mode (Vg = 0, Vds > 0), the hole injection from drain

is enabled because the gate is negative relative to the drain, i.e., Vgd = Vg − Vd < 0. Since

the ambipolar drain injection is modulated by Vgd, the p-branch shifts to the right by Vds

compared to the case when Vds is near zero and shows very similar n-branch behavior at a

somewhat higher on-current level, causing an increased Ioff and reduced on-off current ratio,

as shown in Fig.  5.2 (b). This situation is alleviated by a large bandgap, since the p- and

n-branches are spaced further apart (by an amount of Eg/q, assuming a perfect gate control)

such that after shifting to the right by an amount of Vds, the ambipolar branch does not

affect the off-state current as much.

5.4 Reconfigurable black phosphorus FETs

From the above discussion it is clear that satisfying on- and off-current requirements

simultaneously is not achievable – materials with a small bandgap are more desirable for
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Figure 5.2. Design consideration for reconfigurable Schottky-barrier FET.
(a) Schematic of a Schottky-barrier FET with 2D channel and the impact of
bandgap on the device performance of a reconfigurable SB-FET with mid-gap
Schottky barriers. (b) Impact of drain injection on the on-off ratio of a SB-FET
in the n-FET mode. (c) Device structure of a double-gate BP SB-FET. (d)
Transfer characteristics of the BP SB-FET in the p-FET and n-FET modes.
Reprinted with permission from P. Wu, D. Reis, X. S. Hu, J. Appenzeller,
“Two-dimensional transistors with reconfigurable polarities for secure circuits,”
Nature Electronics 4, 45-53 (2021). Copyright (2021) Springer Nature.

higher on-state currents and lower operation voltages, yet the on-off ratio will be deteriorated.

To illustrate the severity of the problem, black phosphorus (BP) SB-FETs, as shown in Fig.

 5.2 (c) were fabricated. BP has been studied intensively for transistor applications [ 7 ], [ 9 ],

[ 38 ] due to its small bandgap [ 8 ], [  58 ], [ 117 ] (0.3 eV to 2 eV, depending on thickness) and

low effective mass [ 58 ] (0.15 m0), all of which are desirable for reconfigurable FETs. The

thicknesses of BP channels in this study range from 5 nm to 16 nm, and the corresponding

Eg values range from 0.35 eV to 0.7 eV. In our experiment Cr/Au metal stacks were chosen

as source/drain contacts to BP due to this stack’s mid-gap Fermi level line-up enabling both

electron and hole injections [ 9 ], [ 30 ]. A tight gate control of the channel is ensured through
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a double-gate structure formed by a bottom gate (BG) and a top gate (TG), which are

electrically connected as the gate (G) terminal, as well as a thin high-κ gate dielectrics (see

Methods). Fig.  5.2 (d) shows transfer characteristics of a representative BP SB-FET in the

p-FET and n-FET modes. Clearly, both hole and electron branches can be enabled in the

p-FET and n-FET modes, respectively, due to the near mid-gap Fermi level alignment of

Cr/Au contacts combined with an observed doping effect due to the Al2O3 dielectric film

(see Section  5.9.1 ). Low-voltage operation is achieved due to the small bandgap of BP that

– together with the strong gate control resulting from the double-gate structure and the

thin gate dielectrics – results in small Vth values of the BP SB-FET. Also clearly visible,

however, is the strong deterioration of the on-off current ratio at large Vds for both p-FET

and n-FET modes as expected. Though the on-off current ratio degradation in ambipolar

Schottky-barrier transistors has also been identified in previous work [ 118 ]–[ 120 ], it becomes

even more important for reconfigurable transistors, since a mid-gap Fermi level line-up is

required and shifting the Fermi level closer to the conduction band for n-FETs or valence

band for p-FETs does not provide a solution.

To address this severe problem, we propose here a novel device structure to achieve a

high on-off current ratio in a reconfigurable FET with a small bandgap material without

changing the design between an n-FET and a p-FET.  

2
 

Fig.  5.3 (a) shows the schematic of the proposed structure of a reconfigurable BP transis-

tor. Compared to the structure shown in Fig.  5.2 (c), a polarity gate (PG) overlapping with

the drain electrode is introduced in the new structure to suppress the undesired ambipolar

current branch from drain injection, while allowing the desired current branch from source

injection to pass, thus setting the device into a particular polarity. Fig.  5.3 (b) shows a

false-colored scanning electron microscopy (SEM) image of a reconfigurable BP FET. Fig.

 5.3 (c) shows the transfer characteristics of a reconfigurable BP transistor in the p-FET mode

and the n-FET mode. Note that the two sets of curves are obtained from the same device

in different operation modes. The device exhibits steep subthreshold swings (SS) of 75 mV
2

 ↑ Different from Ref. [ 30 ], here we are using the same source/drain metal contact stacks and have added a
polarity gate that ensures suppression of the undesired branch. Note that a device structure with reconfig-
urable operation and improved on-off current ratios has been previously demonstrated [ 62 ], but did not give
rise to the same quality of gate control nor allowed for the scaled voltage operation achieved here.
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Figure 5.3. Black phosphorus transistors with reconfigurable polarities. (a)
Schematic of the reconfigurable BP transistor with polarity gate. (b) Scanning
electron microscopy image of a reconfigurable BP transistor (BG and PG stand
for bottom gate and polarity gate, respectively). (c) Transfer characteristics
of a reconfigurable BP transistor in the p-FET mode and n-FET mode. (d)
Output characteristics of the transistor in the p-FET mode and n-FET mode.
(e-f) Energy band diagrams of the transistor in the on-state and off-state of the
(e) p-FET mode and (f) n-FET mode. The dashed lines illustrate the energy
bands and corresponding drain injection current paths without polarity gate,
which lead to higher Ioff. Reprinted with permission from P. Wu, D. Reis,
X. S. Hu, J. Appenzeller, “Two-dimensional transistors with reconfigurable
polarities for secure circuits,” Nature Electronics 4, 45-53 (2021). Copyright
(2021) Springer Nature.

per decade and 72 mV per decade in the p-FET and n-FET modes, respectively, and a high

on-off current ratio of 105 in each operation mode at Vds = ±0.7V, underlining the strong

gate control and successful suppressing of the undesired ambipolar current injection. The

on-current levels are around 10 µA/µm at low drain and gate voltages of Vds = ±0.7V and
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Vg − Vfb = ±1.2V, which are reasonably high considering the long channel length of ∼1

µm of the prototype devices. Moreover, the p-type and n-type characteristics are highly

symmetrical, which is essential to circuit demonstrations using complementary p-FETs and

n-FETs. Fig.  5.3 (d) shows the output characteristics of the reconfigurable BP transistor in

the p-FET mode and the n-FET mode. The transistor shows symmetrical output charac-

teristics in the p-FET and n-FET modes, and exhibits output saturations in both operation

modes.

To help understanding the function of the polarity gate, the energy band diagrams of the

reconfigurable FET in the p-FET and n-FET operation modes are illustrated in Fig.  5.3 (e)

and  5.3 (f), respectively. To simplify the following discussion, the flat-band voltage Vfb is

assumed to be zero. In the p-FET mode, when Vg < 0, hole injection from the source is

enabled and the device is turned on; when Vg = 0, the BP near the source side is at flat-

band and the hole injection is turned off, while on the drain side, the electron injection is

suppressed by a negative polarity gate voltage Vpg, and the device is in its off-state. Without

the polarity gate, an electron injection path from drain will be turned on as the gate voltage

is positive relative to the drain (Vg = 0, Vd < 0), as indicated by the blue dashed line in Fig.

 5.3 (e), causing a deteriorated on-off current ratio, which has been shown in Fig.  5.2 (d).

In the n-FET mode, the situation is similar: When Vg > 0, electron injection from the

source is enabled and the device is turned on; when Vg = 0, electron injection from the source

is turned off while the ambipolar hole injection from the drain is suppressed by the polarity

gate, as indicated by the red dashed line in Fig.  5.3 (f), and the device is turned off. Note

that for larger polarity gate biases (more positive for n-FET mode and more negative for

p-FET mode), the OFF-state current may be deteriorated due to band-to-band tunnelling

effects (see Section  5.9.1 ).

5.5 Complementary logic inverter based on reconfigurable BP FETs

Next, we demonstrate a complementary logic inverter based on our reconfigurable BP

transistors as shown in Fig.  5.4 (a). The inverter is composed of two reconfigurable BP

transistors – the top transistor has its polarity gate connected to ground and operates in

92



the p-FET mode (Vds < 0, Vpg,s = −V DD) while the bottom transistor has its polarity gate

connected to VDD and operates in the n-FET mode (Vds > 0, Vpg,s = V DD). Fig.  5.4 (b)

shows the voltage transfer characteristics Vout – Vin of the inverter under different supply

voltages from VDD = 0.2 V up to VDD = 1 V. The inverter exhibits a full output swing

from VDD to 0 at all supply voltages due to a successful suppression of off-state currents,

and shows highly symmetrical characteristics, thanks to the symmetrical characteristics of

the reconfigurable BP transistors in the p-FET mode and in the n-FET mode. Owing to

the steep SS of the transistors, the inverter is fully operational even at VDD down to 0.2 V.

It is worth noticing that the input voltage has been shifted for all curves by 0.27 V, i.e.,

Vin,shift = Vin−Vfb = Vin+0.27V, to compensate for a non-zero flat-band voltage Vfb = −0.27

V, that is clearly visible in the transfer characteristics shown in Fig.  5.3 (c). This slight offset

is only pronounced when the input voltages are scaled down to sub-1 V range as in this work,

as opposed to the large input voltage range in previous works [ 37 ], [  88 ], where this offset is

hardly noticeable. The offset could be entirely eliminated in the future by careful tuning of

the gate metal work function [  116 ] or by introducing dipoles at the dielectric interface [ 90 ],

both of which are beyond the scope of this work. Fig.  5.4 (c) shows the gain of the inverter

as a function of input voltage under different supply voltages. The highest gain of 33.3 is

achieved at VDD = 1 V, and a gain of 6.4 is still retained at VDD = 0.2 V.

5.6 Demonstration of polymorphic gates

Next, we demonstrate a hardware security primitive – a NAND/NOR polymorphic gate

circuit based on the reconfigurable BP transistors. Fig.  5.5 (a) illustrates the circuit connec-

tions for the NAND/NOR polymorphic gate and the corresponding biasing conditions for

NAND and NOR configurations. When the key bit is set to 0, the top two transistors, which

are connected in parallel and having their sources connected to VDD and PGs connected to

GND, operate in the p-FET mode and function as the pull-up network, while the bottom

two transistors, connected in series and having their PGs connected to VDD, operate in the

n-FET mode and function as the pull-down network, thus the polymorphic gate operates in

the NAND mode. When the key bit is set to 1, the VDD and GND rails, the p-FETs and
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Figure 5.4. Inverter characteristics. (a) Schematic of an inverter formed
by connecting two reconfigurable BP transistors together on chip, with one
in the p-FET mode and the other in the n-FET mode. (b) Voltage transfer
characteristics Vout – Vin of the inverter under different supply voltages VDD.
Note that the input voltage has been shifted by 0.27 V, i.e., Vin,shift = Vin+0.27
V, to compensate for the non-zero Vfb. (c) Gain of the inverter under different
supply voltages VDD. Reprinted with permission from P. Wu, D. Reis, X. S. Hu,
J. Appenzeller, “Two-dimensional transistors with reconfigurable polarities for
secure circuits,” Nature Electronics 4, 45-53 (2021). Copyright (2021) Springer
Nature.

n-FETs, as well as the pull-up and pull-down networks are interchanged, changing the func-

tionality of the circuit to a NOR gate. Fig.  5.5 (b) shows the experimental output voltages

of the NAND/NOR polymorphic gate, normalized by VDD, as a function of inputs A and B

under different supply voltages from 0.4 V to 1 V. Reconfigurability of the polymorphic gate

from NAND to NOR operation for the key bit changing from 0 to 1 is observed under low

supply voltages from 0.4 V to 1 V, thanks to the reconfigurability and low-voltage operations

of the composing four BP-FETs that have been wired in this experiment on chip.

In addition, we have performed circuit simulations of an XOR/XNOR polymorphic gate

[Fig.  5.5 (c)] using a look-up table-based Verilog-A model built from our experimental mea-

surements (see Sections  5.9.3 and  5.9.4 for more details on device modeling). Note that the

XOR/XNOR layout achieves perfect symmetry, compared with the NAND/NOR layout,

which may be especially beneficial to applications in the cryptography domain where a large

number of XOR functions are required to mask plaintexts with stream ciphers. Examining

the simulated waveforms [Fig.  5.5 (d)], one can see that the design can support two distinct
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Figure 5.5. Demonstration of NAND/NOR and XOR/XNOR polymorphic
gates. (a) Schematic of a NAND/NOR polymorphic gate leveraging the tun-
able polarities of the reconfigurable BP transistors. (b) Measured output volt-
ages of the NAND/NOR polymorphic gate in the NAND and NOR configu-
rations as a function of inputs A and B under different supply voltages VDD
from 0.4 V to 1 V, showing the reconfigurability of the polymorphic gate and
low-voltage operations. (c) Schematic of an XOR/XNOR polymorphic gate.
(d) Simulated waveforms of the XOR/XNOR polymorphic gate based on ex-
perimental data. Reprinted with permission from P. Wu, D. Reis, X. S. Hu,
J. Appenzeller, “Two-dimensional transistors with reconfigurable polarities for
secure circuits,” Nature Electronics 4, 45-53 (2021). Copyright (2021) Springer
Nature.
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functions, XOR and XNOR, by interchanging the VDD and GND rails. Furthermore, the

currents on the power supply rails in an XOR/XNOR polymorphic gate are more symmet-

rical than in a NAND/NOR polymorphic gate (Fig.  5.13 ), indicating that the former may

provide better resilience to power-analysis-based side channel attacks [ 121 ].

Figure 5.6. Optical image and photograph of the NAND/NOR polymorphic
gate on a single chip, showing the connections between four individual recon-
figurable BP devices. Reprinted with permission from P. Wu, D. Reis, X. S.
Hu, J. Appenzeller, “Two-dimensional transistors with reconfigurable polari-
ties for secure circuits,” Nature Electronics 4, 45-53 (2021). Copyright (2021)
Springer Nature.

Fig.  5.6 shows a photograph of the NAND/NOR polymorphic gate on a single chip

and a zoomed-in optical microscopic image showing the connections between four individual

reconfigurable BP devices. At the current stage, we rely on individual exfoliated BP flakes

to fabricate the devices and then connect them together to form a circuit; however, once

the large-area growth of BP [ 122 ], [  123 ] becomes more mature, monolithic integration of the

circuit is possible. Note that a recent report [  124 ] has demonstrated large-area growth of

tellurium (Te), a low-dimensional material with similar electrical properties as BP [ 125 ], and

exploring Te as channel material for reconfigurable FETs may be interesting for future work.
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5.7 Robustness of the polymorphic gates

Finally, we assess the robustness of the polymorphic gates against power supply varia-

tions. Since the polarity gates and the power rails are interconnected, fluctuations in VDD

and VSS are expected to affect Vpg−s and Vpg−d of the BP-FETs, which may be expected

to impact the functionality of the polymorphic gates. (Note that here the notation for the

“GND” rail has been replaced by “VSS” as the voltage may deviate from zero.) To investigate

the robustness issue, we have performed Monte Carlo simulations to verify the functionality

of the NAND/NOR and XOR/XNOR polymorphic gates under power supply variations (see

Section  5.9.6 ). The results depicted in Fig.  5.7 indicate that NAND/NOR and XOR/XNOR

polymorphic gates are robust against power supply variations, as either mode in each gate

can produce outputs that are distinguishable between two possible logic states, i.e., logic

‘0’ outputs are in the [-0.35 0.35] V interval, while logic ‘1’ outputs are in the [0.45 1.15] V

interval.

5.8 Conclusion

In summary, we have reported reconfigurable transistors based on BP that can be switched

between p-FET and n-FET modes. Due to careful engineering of the device structure, the

BP transistors exhibit on-state currents of 10 µA/µm, a steep SS of 72 mV/dec and an on-off

ratio of 105, with highly symmetrical operation in the p-FET and n-FET modes. A high-

performance complementary inverter is demonstrated based on the reconfigurable BP FET

and achieved a gain of 33.3 and a lowest supply voltage of 0.2 V. A hardware security primi-

tive, NAND/NOR polymorphic gate, was also demonstrated based on the reconfigurable BP

FETs, and achieved sub-1V operation – a critical milestone for integrating 2D FETs into

secure circuits. Finally, the robustness of NAND/NOR and XOR/XNOR polymorphic gates

to power supply variations was verified using Monte Carlo simulations.
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Figure 5.7. Robustness of the NAND/NOR and XOR/XNOR polymorphic
gates to power supply variations. (a) Simulation results for the NAND/NOR
polymorphic gate. (b) Simulation results for the XOR/XNOR polymorphic
gate. Monte Carlo simulations using a table-based Verilog-A model were per-
formed to assess the operation of the polymorphic gates under power supply
variations. Simulation results for 500 runs (250 for each one of the two modes)
for each polymorphic gate attest that the gates perform the intended function
even in face of non-ideal power supply conditions. In the simulations, VDD
and VSS were sampled with a Gaussian distribution, where µ(VDD)=0.8 V and
µ(VSS)=0 V, σ=100 mV. Reprinted with permission from P. Wu, D. Reis, X.
S. Hu, J. Appenzeller, “Two-dimensional transistors with reconfigurable polar-
ities for secure circuits,” Nature Electronics 4, 45-53 (2021). Copyright (2021)
Springer Nature.
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5.9 Appendix

5.9.1 Doping effect of ALD Al2O3 on BP

BP transistors typically show p-type characteristics due to Fermi-level line-up of the

metal contact closer to the valence band [ 7 ], [ 8 ]. However, a mid-gap alignment is preferred

for reconfigurable transistors. We have resolved this issue by depositing Al2O3 on top of

BP to induce n-doping effect, which also serves as top-gate dielectric. The n-doping effects

induced by ALD Al2O3 and HfO2 dielectrics have been reported on various material systems,

including BP [ 9 ], [ 32 ], [ 126 ], MoS2 [ 127 ], carbon nanotubes [  128 ], [ 129 ] and tellurium [  130 ].

Fig.  5.8 shows the transfer characteristics of a BP SB-FET before and after Al2O3 capping.

The device shows predominately p-type characteristics, as the intrinsic Fermi level alignment

of Cr/Au contact is closer to the valence band of BP. After 4 nm ALD Al2O3 capping and

top-gate fabrication, the device shows ambipolar characteristics with symmetrical p- and

n-branches, indicating a mid-gap Fermi level alignment after the treatment. Notably, the

hysteresis in the transfer characteristics is greatly reduced after Al2O3 capping.

Apart from our experimental observations, there have also been various publications

showing that the Fermi-level line up between metal and channel material in a Schottky-

barrier FET can indeed be affected by a capping layer on the channel [ 128 ], [ 131 ]. The

detailed mechanism of how an ALD capping layer on the channel modifies the contact prop-

erties is still under exploration.

5.9.2 Effect of BP body thickness on the device performance

Previous studies have shown that the bandgap of BP and Fermi level line-up of metal-BP

contacts depend on the BP body thickness [ 8 ]. Therefore, the device performance of a BP

SB-FET is also impacted by the BP body thickness. Fig.  5.9 shows the effect of BP body

thickness on the device performance of BP SB-FETs. In Device A with tbody = 5.6 nm,

the ambipolar p- and n-branches are highly symmetrical, indicating a mid-gap Fermi-level

alignment of the metal contacts. However, when tbody is increased to 11 nm and 15 nm

in Device B and Device C, respectively, even though the n-branches are still quite visible
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Figure 5.8. Doping effect of ALD Al2O3. (a) Transfer characteristics of a
BP SB-FET before Al2O3 capping. (b) Transfer characteristics of the same
device after Al2O3 and top-gate fabrication. Reprinted with permission from
P. Wu, D. Reis, X. S. Hu, J. Appenzeller, “Two-dimensional transistors with
reconfigurable polarities for secure circuits,” Nature Electronics 4, 45-53 (2021).
Copyright (2021) Springer Nature.

(thanks to the n-doping effect discussed in the previous section), the p-branches become

more dominant, indicating the Fermi-level alignment of the metal contact becomes closer

to the valence band in the case of thicker BP bodies. Also notice that the on-off current

ratios of the BP SB-FETs become smaller with thicker body thicknesses, which indicates a

decreasing bandgap with thicker BP thickness, in accordance with previous reports [ 8 ].

Since the Fermi level line-up of the metal-BP contact depends on the BP body thickness,

the performance of reconfigurable BP FETs also depends on the body thickness, as shown in

Fig.  5.10 . In Device A with tbody = 7 nm (the device described in Section  5.4 and Fig.  5.3 ),

the p-FET and n-FET modes exhibit highly symmetrical operations, due to mid-gap Fermi
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Figure 5.9. Effect of BP body thickness on BP SB-FETs performance.
Reprinted with permission from P. Wu, D. Reis, X. S. Hu, J. Appenzeller,
“Two-dimensional transistors with reconfigurable polarities for secure circuits,”
Nature Electronics 4, 45-53 (2021). Copyright (2021) Springer Nature.

level alignment of the metal contact. However, in Device B with tbody = 16 nm, since the

Fermi level is pinned closer to the valence band, the p-FET mode shows a higher on-current

than the n-FET mode. Also notice that the off-current in the n-FET mode is higher, since

the Fermi level is now closer to the valence band and the hole injection from the drain is

more difficult to turn off.

In summary, BP with body thicknesses in the range of 5 nm to 7 nm are optimal to

achieve symmetrical p-FET and n-FET modes and high on-off ratios. However, since our
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Figure 5.10. Effect of BP body thickness on reconfigurable BP FETs perfor-
mance. Reprinted with permission from P. Wu, D. Reis, X. S. Hu, J. Appen-
zeller, “Two-dimensional transistors with reconfigurable polarities for secure
circuits,” Nature Electronics 4, 45-53 (2021). Copyright (2021) Springer Na-
ture.

device fabrication involves exfoliation of BP flakes from bulk crystals, flakes with thickness in

this range are rare to find (most of the flakes are >10 nm thick). Even though we succeeded

in finding two flakes with optimal thicknesses in one batch to fabricate two FETs and an

inverter (shown in Fig.  5.4 ), finding 4 flakes with optimal thicknesses in one batch is more

challenging and our efforts remained unsuccessful. Therefore, we built the NAND/NOR

polymorphic gate from four reconfigurable BP FETs with flake thicknesses larger than 10

nm as a prototype (Device B in Fig.  5.10 is a representative one of the four devices). The

lower on-off current ratios in these four transistors, due to non-optimal body thicknesses,

are the main reasons for the output voltages not reaching VDD and 0. In the future, with

large-area growth of BP [ 122 ], [ 123 ] or material with similar properties, such as tellurium

[ 124 ], [ 125 ], becoming more mature, one can expect a better control of the body thickness
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in the desired range, and the circuit performance can be further improved, as evident from

our inverter demonstration.

5.9.3 Device modeling of reconfigurable BP FETs for circuit simulation

To perform circuit simulation of polymorphic gates built with the reconfigurable BP

transistors, we have developed a look-up table-based Verilog-A model that is based on our

experimental device measurements. The voltage scan ranges for the experimental measure-

ment are shown in Fig.  5.11 . The measurement results with different combinations of Vd, Vg

and Vpg form a three-dimensional tensor and are used as the look-up table for the Verilog-A

model, and interpolation is used for voltages that are not included in the table.

Figure 5.11. Voltage scan ranges for experimental measurement, in the for-
mat of “[start:step:end]”. Reprinted with permission from P. Wu, D. Reis, X.
S. Hu, J. Appenzeller, “Two-dimensional transistors with reconfigurable polar-
ities for secure circuits,” Nature Electronics 4, 45-53 (2021). Copyright (2021)
Springer Nature.

Note that the below measurements were performed on a different device than the recon-

figurable BP FET shown in the main text. A subset of the measurement results is shown

in Fig.  5.12 . The device used for modeling shows slightly worse symmetry between the

p-FET mode and the n-FET mode than the device in the main text, as well as worse on-off

current ratio and SS in the n-FET mode, as one can see by comparing Fig.  5.3 and Fig.

 5.12 . Nevertheless, the device also exhibits reconfigurable operation between n-FET and

p-FET modes and decent on-off current ratios of 103, and can be used for circuit simulation

of polymorphic gates.

In addition, the effects of polarity gate bias on the device transfer characteristics are

shown in Fig.  5.12 . One can see that with larger Vpg (more positive for the n-FET mode and
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Figure 5.12. Measurement results of the reconfigurable BP FET used for
modeling. Reprinted with permission from P. Wu, D. Reis, X. S. Hu, J. Ap-
penzeller, “Two-dimensional transistors with reconfigurable polarities for se-
cure circuits,” Nature Electronics 4, 45-53 (2021). Copyright (2021) Springer
Nature.

more negative for the p-FET mode), the off-state current decreases and on-off current ratio

increases, which agrees with our analysis in Figs.  5.3 (e) and  5.3 (f) and the Section  5.9.5 .

5.9.4 Circuit simulation of a NAND/NOR polymorphic gate

Using the Verilog-A device model developed in Section  5.9.3 , we have also simulated a

NAND/NOR polymorphic gate. Fig.  5.13 shows the simulated waveforms for the NAND/NOR

polymorphic gate. The circuit can achieve NAND or NOR functionality when assigning the

VDD and VSS rails as indicated by the blue and red labels, respectively. In addition, by

inspecting the current profiles on the voltage supply rails, one can see that the spikes on

the current profiles are not symmetrical for NAND and NOR configurations, indicating the

risk of using power-analysis-based side-channel attacks to determine the functionality of the

circuit. By contrast, the XOR/XNOR polymorphic gate, shown in Fig.  5.5 (d), exhibits
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symmetrical current profiles in the XOR and XNOR configurations, and is thus less prone

to power-analysis attacks.

Figure 5.13. Simulated waveforms of NAND/NOR polymorphic gate.
Reprinted with permission from P. Wu, D. Reis, X. S. Hu, J. Appenzeller,
“Two-dimensional transistors with reconfigurable polarities for secure circuits,”
Nature Electronics 4, 45-53 (2021). Copyright (2021) Springer Nature.

5.9.5 The effect of band-to-band tunneling on the off-state current of the re-
configurable BP FETs

Previous works [ 62 ], [ 132 ] have pointed out that band-to-band tunneling (BTBT) might

be the limiting factor for the OFF-state current in a BP transistor. However, we argue

that due to (1) our different device structure (2) a different scan range of gate voltages, the

off-state current in our device is indeed limited by ambipolar injection from the drain side,

rather than BTBT.

In Fig.  5.14 , we compare our device structure with the device structure in Ref. [ 62 ] and

the corresponding band diagrams in the OFF-state of the p-FET modes. Since we are looking

into injection from the drain side, the gate (drain gate/polarity gate) voltage relative to the

drain should be studied. As shown in Fig.  5.14 (a), a BTBT path is created that limits the
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OFF-state current, as indicated by the grey arrow in the triple-gated structure in Ref. [ 62 ],

since the channel region and drain region are electrostatically doped to n-type and p-type,

respectively, due to the positive gate voltage and negative drain gate voltage (Vg−d = 1 V,

Vdg−d = −7 V).

In comparison, in our device structure, region 2 is controlled by both gate G (top gate,

to be more specific) and polarity gate PG. Since G and PG have opposite polarities relative

to drain (Vpg−d = −1.3 V, Vg−d = 0.7 V), the negative PG voltage “cancels out” (at least

partially) the n-doping effect induced by G. Therefore, the n-doping in region 2 is weaker

than in the channel region in the triple-gated structure. In addition, since a relatively small

voltage is applied on PG (Vpg−d = −1.3 V, compared with Vdg−d = −7 V in Ref. [ 62 ]), the

p-doping concentration in region 3 is also weaker than in the drain region in the triple-gated

structure. Adding up these effects, we can see that both the n-doped region and the p-doped

region have weaker doping levels in our device structure than in the triple-gated structure.

Therefore, BTBT is suppressed in our device structure, as shown in the band diagram in

Fig.  5.14 (b).

Also note that in Fig.  5.14 (b), we are plotting band diagrams for two possible injection

paths, A and B, in which path-A is where BTBT might occur but electron injection is

suppressed by the p-doped region 3 which is under PG control, and path-B is the direct

injection path from the drain to region 2. The latter is under the control of both G and PG,

and electron injection is more likely to occur. Since our main concern is electron injection

from the drain rather than BTBT as we have analyzed, we are plotting the band diagram

for path-B in Fig.  5.3 (e).

More importantly, apart from this qualitative analysis, we have also measured the device

characteristics under different polarity gate voltages to further consolidate our analysis. If the

OFF-state current would be limited by BTBT, the OFF-state current would increase when a

more negative polarity gate voltage is applied in the p-FET mode because of the increased p-

doping in the drain region and the larger BTBT window, as shown in Fig.  5.14 (a). However,

as shown in Fig.  5.15 (also in Fig.  5.12 ), the OFF-state current decreases for more negative

Vpg in the p-FET mode (or more positive Vpg in the n-FET mode), indicating that the OFF-
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Figure 5.14. Device schematics and band diagrams of two reconfigurable
FET structures in the OFF-state of p-FET mode. (a) Triple-gated structure
in Ref. [ 62 ]. (b) Device structure in our work. Reprinted with permission
from P. Wu, D. Reis, X. S. Hu, J. Appenzeller, “Two-dimensional transistors
with reconfigurable polarities for secure circuits,” Nature Electronics 4, 45-53
(2021). Copyright (2021) Springer Nature.

state current is indeed limited by electron injection from the drain side in the p-FET mode

and hole injection from the drain side in the n-FET mode, rather than BTBT.

From the Vpg-dependent I-V curves, we can see that the OFF-state current is still limited

by injection from the drain, rather than BTBT, at least within the Vpg range we have scanned.

However, for too large polarity gate bias, we believe that there is a possibility that a BTBT

path might be turned on, as shown in Fig.  5.14 (a).

5.9.6 Monte Carlo simulation for robustness of polymorphic gates

We leverage the Verilog-A table-based model for BP-FETs to perform Monte Carlo sim-

ulations in HSPICE. The goal of the Monte Carlo simulations is to assess the robustness of
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Figure 5.15. Transfer characteristic of the reconfigurable BP FET in the
p-FET mode and the n-FET mode under different polarity gate voltages.
Reprinted with permission from P. Wu, D. Reis, X. S. Hu, J. Appenzeller,
“Two-dimensional transistors with reconfigurable polarities for secure circuits,”
Nature Electronics 4, 45-53 (2021). Copyright (2021) Springer Nature.

the NAND/NOR and XOR/XNOR polymorphic gates [Fig.  5.16 (a)] against power supply

variations. A list of the signals applied at the inputs of these gates, as well as the supply

rails, is provided in Fig.  5.16 (b). We sampled VDD and VSS with a Gaussian distribution,

where µ(VDD)=0.8 V and µ(VSS)=0 V, σ=100 mV. Furthermore, four logic inputs (A and

B) patterns were tested for each gate, i.e., ‘00’, ‘01’, ‘10’, ‘11’. We set logical values ‘1’ and

‘0’ to be 0.8 V and 0.0 V, respectively, which correspond to µ(VDD) and µ(VSS), respectively.

That is, no voltage variations were considered for the logic inputs.

Monte Carlo simulations of the NAND/NOR polymorphic gate consisted of 500 runs (i.e.,

250 for NAND function and 250 for NOR function). Similarly, Monte Carlo simulations of

the XOR/XNOR polymorphic gate employed a total of 500 runs (250 for each one of the XOR

and XNOR functions). As it can be seen in the histogram of Fig.  5.16 (c), the parameters

chosen for our Monte Carlo simulation allow for the widest range of VDD and VSS that do not

result in an overlap between VDD and VSS. Considering the µ(VDD), µ(VSS), and σ adopted

in our simulations, we expect 99.7% (3σ) of the voltage supply samples produced by the

Gaussian distribution to fall in the VDD = [0.5 1.1] V and VSS = [−0.3 0.3] V intervals.

The effects of voltage supply variation in the logical outputs of the polymorphic NAND/NOR

and XOR/XNOR gates are depicted in Fig.  5.7 . Our simulation results indicate that poly-

morphic NAND/NOR and XOR/XNOR gates are robust against power supply variations,
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Figure 5.16. Setup of Monte Carlo Simulations. We assess the operation
of the polymorphic NAND/NOR and XOR/XNOR gates under power supply
variations. VDD and VSS were sampled with a Gaussian distribution, where
µ (VDD)=0.8 V and µ(VSS)=0 V, σ=100 mV. Four logic inputs (A and B)
patterns were tested for each gate, i.e., ‘00’, ‘01’, ‘10’, ‘11’, without voltage
variations. Considering the µ(VDD), µ(VSS), and σ adopted in our simulations,
there is no overlap between VDD and VSS. Furthermore, 99.7% (3σ) of the
voltage supply samples produced by the Gaussian distribution fall in the VDD
= [0.5 1.1] V and VSS =[-0.3 0.3] V ranges. Reprinted with permission from
P. Wu, D. Reis, X. S. Hu, J. Appenzeller, “Two-dimensional transistors with
reconfigurable polarities for secure circuits,” Nature Electronics 4, 45-53 (2021).
Copyright (2021) Springer Nature.

as either mode in each gate can produce outputs that are distinguishable between the two

possible logic states, i.e., logic ‘0’ outputs are in the [−0.35 0.35] V interval, while logic ‘1’

outputs are in the [0.45 1.15] V interval.
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5.9.7 Methods

Bottom gates and polarity gates fabrication

Polarity gate (PG) electrodes (2 nm Ti) were deposited using e-beam evaporation onto a

silicon substrate with 90 nm of silicon dioxide on top and patterned using standard e-beam

lithography and lift-off process. Next, an isolation layer of 6 nm Al2O3 and bottom gate

(BG) electrodes (2 nm Ti) were deposited using atomic layer deposition (ALD) and e-beam

evaporation, respectively, and were patterned using e-beam lithography and lift-off process

in the same step. Finally, 7 nm of HfO2 was deposited on top of the gate metals as dielectric

for both BG and PG using another ALD process.

Device fabrication

BP flakes were exfoliated onto the substrate with BG and PG structures from bulk

crystals (purchased from Smart Elements, purity 99.998%). The exfoliation was performed

in ambient environment; however, care was taken to minimize the exposure time in air (<30

min). Cr/Au (1 nm/40 nm) electrodes were deposited and patterned by e-beam evaporation

and e-beam lithography as source/drain contacts. A thin layer of Al was evaporated on

top of BP, which formed a 1.3 nm thick aluminum oxide upon exposure in air and acted

as seeding layer for ALD process on BP. Next, 4 nm of Al2O3 top gate (TG) dielectric was

deposited employing an ALD process on top of BP. The device fabrication was finalized by

depositing a TG electrode (40 nm Ti) and another metallization step to connect the TG

and BG electrodes. After all fabrication steps, the sample was annealed in a forming gas

environment for 3 hours at 300 °C to improve the quality of the dielectric. For the inverter

and NAND/NOR polymorphic gate circuits, an additional lithography and metallization step

was performed to deposit and define the metal wires connecting the electrodes of individual

devices on chip. A more detailed process flow is shown in Fig.  5.17 .

The description for each step is given below:

(1) Start with 90 nm SiO2/Si substrate;

(2) Define and deposit 2 nm Ti as polarity gate (PG);
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Figure 5.17. Process flow of device fabrication. Reprinted with permission
from P. Wu, D. Reis, X. S. Hu, J. Appenzeller, “Two-dimensional transistors
with reconfigurable polarities for secure circuits,” Nature Electronics 4, 45-53
(2021). Copyright (2021) Springer Nature.

(3) Define and deposit 6 nm ALD Al2O3 and 2 nm Ti as isolation layer and bottom gate

(BG);

(4) Deposit 7 nm ALD HfO2 as gate dielectric for PG and BG;

(5) Exfoliate BP flakes;

(6) Define and deposit 1 nm/40 nm Cr/Au as source/drain contacts;

(7) Deposit 0.8 nm Al seeding layer and 4 nm ALD Al2O3 as top gate dielectric;

(8) Define and deposit 40 nm Ti as top gate (TG);

(9) Define and deposit 40 nm Ti as metal wire connecting BG and TG (Al2O3 is etched

before metal deposition);

(10) Anneal in forming gas environment for 3 hours at 300 °C.
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Device characterization

The electrical characterization of the devices and circuits was performed in a LakeShore

FWPX Probe Station at a vacuum level below 10−5 Torr using an Agilent 4156C Parameter

Analyzer. All measurements were performed at room temperature.

Device modeling and circuit simulation

The circuit simulation in this work is based on a look-up table-based Verilog-A model

built from experimental measurements of a reconfigurable BP FET. More details of the

experimental device, modeling and simulation are described in Sections  5.9.3 ,  5.9.4 and

 5.9.6 .
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6. ARTIFICIAL SUB-60 MV/DEC SWITCHING IN A METAL-

INSULATOR-METAL-INSULATOR-SEMICONDUCTOR

TRANSISTOR WITHOUT FERROELECTRIC COMPONENT
Most of the material in this chapter has been reprinted with permission from P.
Wu, J. Appenzeller, “Artificial Sub-60 Millivolts/Decade Switching in a Metal-
Insulator-Metal-Insulator-Semiconductor Transistor without Ferroelectric Com-
ponent,” ACS Nano 15, 5158-5164 (2021). Copyright (2021) American Chemical
Society.

Negative capacitance field-effect transistors (NC-FETs) have attracted wide interest as

promising candidates for steep-slope devices, and sub-60 millivolts/decade (mV/dec) switch-

ing has been demonstrated in NC-FETs with various device structures and material sys-

tems. However, the detailed mechanisms of the observed steep-slope switching in some of

these experiments are under intense debate. Here we show that sub-60 mV/dec switching

can be observed in a WS2 transistor with a metal-insulator-metal-insulator-semiconductor

(MIMIS) structure – without any ferroelectric component. This structure resembles an NC-

FET with internal gate, except that the ferroelectric layer is replaced by a leaky dielectric

layer. Through simulations of the charging dynamics during the device characterization using

a resistor-capacitor (RC) network model, we show that the observed steep-slope switching

in our “ferroelectric-free” transistors can be attributed to the internal gate voltage response

to the chosen varying gate voltage scan rates. We further show that a constant gate voltage

scan rate can also lead to transient sub-60 mV/dec switching in an MIMIS structure with

voltage dependent internal gate capacitance. Our results indicate that the observation of

sub-60 mV/dec switching alone is not sufficient evidence for the successful demonstration of

a true steep-slope switching device and that experimentalists need to critically assess their

measurement setups to avoid measurement-related artefacts.

6.1 Introduction

Negative capacitance field-effect transistors (NC-FETs) have been proposed as devices

that could break the 60 mV/dec subthreshold swing (SS) limit of metal-oxide-semiconductor

field-effect transistors (MOSFETs) at room temperature and achieve low-power switching

[ 133 ]–[ 136 ]. The proposed NC-FET structure includes a ferroelectric (FE) capacitor in se-
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ries with a normal dielectric (DE) capacitor to stabilize the negative capacitance region in

the ferroelectric material, leading to an internal voltage amplification and sub-60 mV/dec

switching. Since then, sub-60 mV/dec operations have been reported in NC-FETs from var-

ious material systems and device structures [ 137 ]–[ 142 ]. However, the origin of the observed

steep-slope switching is still under intense debate. Different from the original proposal, alter-

native mechanisms for the observed steep slope switching have been proposed and the validity

of a stabilizing negative capacitance (NC) region of FE materials has been challenged [ 143 ]–

[ 145 ]. For example, some papers relate the observed steep switching to transient effects such

as internal potential jumps [  146 ], [ 147 ] or differential voltage amplification caused by polar-

ization switching of FE material [ 148 ]–[ 154 ], instead of a quasi-static NC effect represented as

the “S”-shaped curve in the polarization–electric field (P–E) relation of FE materials [ 133 ],

[ 155 ], [ 156 ]. Other explanations include domain nucleation and growth in multi-domain FE

materials [ 147 ], [ 157 ], [ 158 ]. Yet due to the complexity of both the ferroelectric physics and

the experimental systems, there has not been a single consolidated theory that can convinc-

ingly explain all the experimental findings. Therefore, a model system exhibiting similar

device characteristics yet with simplified physics is highly sought after.

In this chapter, we experimentally demonstrate a two-dimensional tungsten disulfide

(WS2) transistor in a metal-insulator-metal-insulator-semiconductor (MIMIS) device struc-

ture, in which sub-60 mV/dec switching is observed. The device structure is similar to

an NC-FET with internal metal gate, or equivalently a metal-ferroelectric-metal-insulator-

semiconductor (MFMIS) structure [Fig.  6.1 (a)], except that the ferroelectric (FE) layer is

replaced by a leaky dielectric (DE) layer [Fig.  6.1 (b)]. In previous publications, negative

capacitance FETs with leaky FE layers have been studied [  159 ], [ 160 ]. However, to the best

of our knowledge, there have been no discussions on the impact of leaky insulators in devices

built with only DE layers and no FE layers. Also it has been reported that a lossy dielectric

can be misinterpreted as ferroelectric due to measurement artefacts [ 161 ], yet there have

been no discussions on the implications of such artefacts for electrical devices.

In the MIMIS device, we show that several key phenomena observed in NC-FETs can

be reproduced [Figs.  6.1 (c) &  6.1 (d)]: (i) sub-60 mV/dec switching, (ii) anti-clockwise

hysteresis, and (iii) internal voltage amplification. By replacing the FE layer with a DE
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Figure 6.1. Steep switching behavior in MFMIS and MIMIS structure.
(a) Schematic of a metal-ferroelectric-metal-insulator-semiconductor (MFMIS)
structure. (b) Schematic of a metal-insulator-metal-insulator-semiconductor
(MIMIS) structure with a leaky dielectric layer between gate and internal
gate. (c) Illustration of the transfer characteristics of a steep switching
MFMIS or MIMIS device. (d) Illustration of internal voltage amplification
of a steep switching MFMIS or MIMIS device. Reprinted with permission
from P. Wu, J. Appenzeller, “Artificial Sub-60 Millivolts/Decade Switching
in a Metal-Insulator-Metal-Insulator-Semiconductor Transistor without Fer-
roelectric Component,” ACS Nano 15, 5158-5164 (2021). Copyright (2021)
American Chemical Society.

layer, we are able to avoid the controversial discussion about polarization switching in the

ferroelectric and can focus entirely on the charging dynamics inside the system, which is

built with well-understood basic circuit components such as resistors (R) and capacitors

(C). Using a simple RC network model, we are able to simulate the charging dynamics

in the MIMIS device. Distinct device features i) through iii) from above can be readily

explained as a result of the varying gate voltage scan rates due to auto-ranging of the

current measurement, which could be a common issue in the characterization of steep-slope

transistors. We further show that a sub-60 mV/dec switching can still be observed with a
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constant gate scan rate if the internal gate capacitance is voltage-dependent, highlighting

the universality of the effect.

6.2 Experimental demonstration of sub-60 mV/dec switching in an MIMIS de-
vice

Fig.  6.2 (a) shows a schematic of the MIMIS device. The internal FET is composed of an

8-nm-thick WS2 channel with Ni source/drain metal contacts on top of a local bottom gate

structure with 7-nm-thick HfO2 gate dielectric grown by atomic layer deposition (ALD) and

Ti gate metal as “Internal gate” electrode, which is separated from the “Gate” electrode by

a low-quality, leaky AlOx dielectric film grown by natural oxidation of a thin Al layer (see

Methods). The leakage current through the leaky AlOx dielectric film in a capacitor with an

area of ∼1 µm2 is on the order of 1∼100 pA at ±0.5 V [Fig.  6.2 (b)]. Note that due to the

low growth temperatures of the HfO2 and AlOx dielectric films, these layers are expected to

be amorphous, which precludes any ferroelectricity.

Fig.  6.2 (c) shows the ID – Vint transfer characteristics of the internal WS2 FET. All

device characterization in this study was performed using an Agilent 4156C semiconductor

parameter analyzer in a LakeShore FWPX probe station at a vacuum level below 10−5 Torr

at room temperature. Due to the ultra-thin body of the WS2 channel and high quality of the

ALD-grown HfO2 dielectric [  162 ], an SS-value of 61 mV/dec is achieved in the WS2 internal

FET, close to the 60 mV/dec room-temperature limit. Also note that the hysteresis in the

ID – Vint characteristics of the WS2 internal FET is negligible [inset of Fig.  6.2 (c)] due to

the high quality of the HfO2 dielectric and low defect density at the semiconductor-oxide

interface. The near-ideal SS-value and hysteresis-free characteristics of the WS2 internal

FET are independent of the measurement setup details, such as scan rates and hold time,

as shown in the Section  6.7.4 .

Next, we characterize the ID – VG transfer characteristics of the WS2 MIMIS device. As

shown in Fig.  6.2 (d), an anti-clockwise hysteresis is observed in the ID – VG characteristics,

and sub-60 mV/dec switching behaviors are observed in both sweep directions, indicated

by the green and orange shaded regions, respectively. The observed characteristics resemble

previous reported two-dimensional (2D) NC-FETs with MFMIS device structures [ 138 ]–[ 140 ],
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Figure 6.2. Experimental demonstration of sub-60 mV/dec switching in a
MIMIS device. (a) Schematic of the MIMIS transistor structure with WS2
channel. (b) Leakage current Ileak through the leaky AlOx dielectric. (c) ID –
Vint characteristics of WS2 FET using the internal gate electrode, showing near-
ideal 60 mV/dec switching. Inset: enlarged view of the subthreshold ID – Vint

characteristics, showing negligible hysteresis. (d) ID – VG characteristics of the
WS2 MIMIS FET using the electrode labeled “gate”, showing sub-60 mV/dec
switching and anti-clockwise hysteresis. (e) Extracted Vint – VG from the ID

– VG scan. (f) Extracted internal voltage gain δVint/δVG – VG from the ID –
VG scan, showing internal voltage amplifications. Reprinted with permission
from P. Wu, J. Appenzeller, “Artificial Sub-60 Millivolts/Decade Switching
in a Metal-Insulator-Metal-Insulator-Semiconductor Transistor without Fer-
roelectric Component,” ACS Nano 15, 5158-5164 (2021). Copyright (2021)
American Chemical Society.
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even though there is no ferroelectric component in our MIMIS device. Since the ID – Vint

characteristics of the internal WS2 FET are essentially hysteresis-free, we can derive a one-

to-one mapping between ID and Vint at a given drain voltage and extract Vint [Fig.  6.2 (e)]

and the internal voltage gain δVint/δVG [Fig.  6.2 (f)] during the ID – VG scan. One can

see that internal voltage amplifications (δVint/δVG > 1) can be observed in both sweeping

directions in the ID – VG scan. Note that although direct measurement methods of the

internal gate voltage Vint during the ID – VG scan exist, previous studies [  146 ], [ 147 ] have

pointed out that a voltage measurement system with input impedance much larger than the

leakage resistances of the capacitors is required to accurately measure these voltages, which

is not available in our measurement system. Therefore, we have adopted the strategy of

indirectly extracting Vint from the measured ID.

6.3 Modeling of the charging dynamics in the MIMIS device

To understand the mechanism behind the observed sub-60 mV/dec switching behaviour

and internal voltage amplification in the WS2 MIMIS device, we have performed circuit

simulations of the charging dynamics during the ID – VG scan based on an equivalent circuit

model shown in Fig.  6.3 (a). In the equivalent circuit, we are considering the quantum

capacitance of the WS2 channel Cq, the oxide capacitance of HfO2 dielectric Cox, the parasitic

capacitance of the internal gate to the substrate Cp, and the capacitance of the AlOx dielectric

between gate and the internal gate Cint−G. The leakage current in the AlOx capacitor is

modelled as a linear resistor R to simplify the discussion, although the leakage current is

non-linear with voltage. Since the parasitic capacitance of the internal gate to substrate

Cp is much larger than Cox and Cq (see Section  6.7.1 ), it is reasonable to consider only Cp

and ignore Cox and Cq in the simulation of the Vint response. The parameters used in the

simulation are (Section  6.7.1 ):

Cp = 9.59× 10−13 F, Cint−G = 7.75× 10−15 F, R = 6× 1011 Ω.
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Figure 6.3. Simulation of the charging dynamics in the ID – VG scan of
the MIMIS device. (a) Circuit model of the MIMIS device. (b) Simulated
Vint response to different VG scan rates. (c) Simulated Vint response to VG

scan with varying scan rates, showing different transient voltage amplifica-
tion during transition from fast scan to slow scan. (d) Simulated VG scan
and Vint response during the ID – VG scan of the WS2 MIMIS FET. (e) En-
larged views of the VG scan and (f) Vint response, showing different transient
voltage amplification during transitions of scan rates. (g) Simulated Vint –
VG during the ID – VG scan. (h) Simulated ID – VG characteristics of the
MIMIS device. (i) Simulated internal voltage gain δVint/δVG – VG during the
ID – VG scan. Reprinted with permission from P. Wu, J. Appenzeller, “Artifi-
cial Sub-60 Millivolts/Decade Switching in a Metal-Insulator-Metal-Insulator-
Semiconductor Transistor without Ferroelectric Component,” ACS Nano 15,
5158-5164 (2021). Copyright (2021) American Chemical Society.
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Next, we calculate the Vint response to a given VG scan. From Kirchhoff’s Current Law

(KCL) at the Vint node, we have:

Ileak = VG − Vint

R
= d

dt
[CpVint − Cint−G(VG − Vint)] (6.1)

dVint

dt
= VG − Vint

R(Cp + Cint−G) + Cint−G

Cp + Cint−G

dVG

dt
(6.2)

Let dVint/dt = dVG/dt, we have the steady state response:

VG − Vint = RCp
dVG

dt
(6.3)

As indicated by Eq.  6.3 , the difference between Vint and VG at steady state is proportional to

the RC time constant (which is 0.58 s for the parameters chosen here) and the VG sweep rate

(dVG/dt), which agrees with the simulated Vint responses to different VG scan rates in Fig.

 6.3 (b). Now if we think about a varying the VG sweep rate [“fast” to “slow”, Fig.  6.3 (c)],

there is a transition period [green shaded area in Fig.  6.3 (c)] during which the difference

between Vint and VG changes from one steady state to another, and in this transition period

we have |dVint/dt| > |dVG/dt|, which indicates a differential internal voltage amplification

(δVint/δVG > 1).

From the above analysis, it is clear that in the RC circuit model, differential internal

voltage amplification occurs when the gate sweep rate is changed from “fast” to “slow”.

Next, we identify such events in the experimental ID – VG measurement of the WS2 MIMIS

device. When measuring the transfer characteristics of a transistor, since the current range

may span more than 7 orders of magnitude [as shown in Figs.  6.2 (c) &  6.2 (d)], auto ranging

is typically adopted by the semiconductor parameter analyzer [ 163 ], and it is common to use

slower scan rates for smaller current ranges to allow for longer integration times to reduce

errors. On the other hand, faster scan rates are used for larger current ranges to increase

measurement speed. In our measurement setup (see Methods), a “fast” scan rate of 0.36

V/s is adopted when the current level is above 1 nA (∼0.6 nA/µm in the ID – VG curve,
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normalized by channel width W = 1.7 µm), and a “slow” scan rate of 0.208 V/s is adopted

when the current level is below 1 nA (Section  6.7.2 and Section  6.4 ).

Based on the findings, we reconstruct the VG input as a function of time during the

ID – VG scan of the WS2 MIMIS device at VDS =0.4 V and simulate the Vint response

based on Eq.  6.2 , as shown in Fig.  6.3 (d). In the real measurement, the VG input is a

staircase function of time t, instead of a linear function used in the simulation (Section  6.4 ).

Yet due to the small step size (0.02 V), the difference is negligible. An initial condition

Vint(t = 0) = 0.43 V is determined from the first datapoint in the measured Vint – VG shown

in Fig.  6.2 (e). We monitor Vint and the respective ID in the simulation and change the

VG sweep rate correspondingly when the current level reaches values above or below 1 nA

to mimic the experimental setup. In the forward scan direction (0.5 V to −1 V) of the

VG sweep, we observe a differential internal voltage amplification when the VG sweep rate

changes from “fast” to “slow”, indicated by the green shaded area in Fig.  6.3 (e), which is

in accordance with our previous analysis. In the backward scan direction (−1 V to 0.5 V),

however, the scan rate change from “slow” to “fast” and should not result in the observed

sub-60 mV/dec switching and differential voltage amplification shown in Figs.  6.2 (d) &

 6.2 (f). The reason for the observed phenomenon, i.e., again voltage amplification in the

experiment, is that an overhead time toverhead ≈ 0.22 s is associated with the change of

current measurement range, as indicated by the orange shaded area in Fig.  6.3 (f). During

the overhead time, VG increases only by the scan step size Vstep = 0.02 V, resulting in

an equivalent scan rate of 0.091 V/s. Since dVint/dt remains almost unchanged (Eq.  6.2 )

while dVG/dt slows down significantly during the overhead time, a transient differential

internal voltage amplification |dVint/dt| > |dVG/dt| occurs. We have performed additional

measurements while recording the waveform of VG to confirm the overhead time, as shown

in Section  6.4 . Figs.  6.3 (g) &  6.3 (h) show the simulated internal gate voltage Vint and

drain current ID as a function of VG, which shows good agreement with the experimental

data. The experimentally observed characteristics, such as anti-clockwise hysteresis and sub-

60 mV/dec switching in both sweeping directions, are reproduced in the simulation. The

transition points of scan rates are indicated by the green and orange lines in the figures. Fig.

 6.3 (i) shows the simulated internal voltage gain δVint/δVG as a function of VG, which shows
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good agreement with the experimental data not only qualitatively, but also quantitatively in

terms of amplitudes of the internal voltage amplifications and the corresponding VG positions.

This clearly shows that our simple model captures the essential characteristics of the charging

dynamics of the ID – VG measurement. Note that from Eq.  6.3 , we can see that the voltage

difference between Vint and VG in the steady state is given by RCP · (dVG/dt), which is equal

to 0.21 V and 0.12 V for “slow” and “fast” scan rates, respectively, and both are smaller

than the voltage scan window of 1.5 V. If the RC time constant is too small, Vint would

follow VG completely; if the RC time constant is too large, Vint would not reach steady state

within the voltage scan window. Therefore, the RC time constant needs to be comparable

to the timescale of the VG scan in order to see the described effects. As an example, the

measurement of an MIMIS FET with larger AlOx layer leakage resistance is shown in Section

 6.7.6 .

6.4 Direct measurement of the waveform of gate voltage

To verify our model, we perform a direct measurement of the waveform of gate voltage

during ID – VG characterization. Fig.  6.4 (a) shows the schematic of measurement setup

for measuring the waveforms of test signals. A parameter analyzer (Agilent 4156C, denoted

as “parameter analyzer #1”) was used to generate the voltage signals to the device under

test (DUT) and measure the currents, using source-measurement units (SMUs) 1, 2 and 3

for source, drain and gate (or internal gate, if measuring the internal FET), respectively.

In order to measure the waveform of the gate voltage without disturbing the measurement

of the actual DUT, we used an additional SMU 4 in the synchronous sweep measurement

mode, which effectively “copies” the voltage output from SMU 3, i.e., the gate voltage, and

used an additional parameter analyzer (Agilent 4156C, denoted as “parameter analyzer #2”)

in sampling measurement mode to record the waveform of the “copied” gate voltage from

parameter analyzer #1.

Next, we measure the device transfer characteristics and record the waveforms of the gate

voltage during the measurement. Note that we have performed these measurements on a

different device from the same batch as the device described in Section  6.2 . Fig.  6.4 (b) shows
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Figure 6.4. Measurement of waveforms of gate voltage. (a) Schematic of mea-
surement setup for measuring testing signals using the sampling measurement
of the parameter analyzer. (b) ID – Vint characteristics of the internal FET.
(c) Measured waveform of Vint as a function of time. (d) ID – VG characteris-
tics of the MIMIS FET. (e) Measured waveform of VG as a function of time.
(f) Enlarged view of ID – VG characteristics of the MIMIS FET in the back-
ward scan direction at VD = 0.4 V. (g) Enlarged view of measured waveform
of VG as a function of time. Reprinted with permission from P. Wu, J. Ap-
penzeller, “Artificial Sub-60 Millivolts/Decade Switching in a Metal-Insulator-
Metal-Insulator-Semiconductor Transistor without Ferroelectric Component,”
ACS Nano 15, 5158-5164 (2021). Copyright (2021) American Chemical Soci-
ety.
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the measured ID – Vint characteristics of the internal FET. The internal FET exhibits an

SS-value of 61 mV/dec and negligible hysteresis. Fig.  6.4 (c) shows the measured waveform

of Vint as a function of time during the ID – Vint measurement, from which one can observe

the bidirectional sweeps of Vint at two different drain voltages and two distinctive scan rates,

“fast” and “slow”.

Fig.  6.4 (d) shows the measured ID – VG characteristics of the MIMIS FET, from which

one can observe an anticlockwise hysteresis and sub-60 mV/dec switching in both sweep

directions. Fig.  6.4 (e) shows the measured waveform of VG as a function of time during

the ID – VG measurement. In the forward scan direction (1 V to −1 V), one can observe a

transition from “fast” scan rate to “slow” scan rate at VG = −0.7 V, exactly the gate voltage

at which the sub-60 mV/dec switching is observed. In the backward scan direction (−1 V

to 1 V), with the directly measured waveform of VG, one can see that there exist several

plateau regions due to overhead times associated with measurement range changes. From

the enlarged views of the ID – VG characteristics and measured VG waveform shown in Fig.

 6.4 (f) and 4g, respectively, it becomes very apparent that there are four “kinks” in the ID

– VG characteristics and four corresponding plateau regions in the VG waveform, which are

associated with the measurement range changes at 10−9 A, 10−8 A, 10−7 A and 10−6 A,

respectively. Note that the overhead time at VG = −0.2 V [labeled as “(1)”] is about 0.24

s, which is associated with the measurement range change at 10−9 A, where the transition

from “slow” to “fast” scan rate occurs, and the value is in agreement with toverhead = 0.22 s

that was used in the simulation in Section  6.3 .

6.5 Simulation of sub-60 mV/dec switching with constant VG scan rate

We have simulated the characteristics of the WS2 MIMIS device with varying VG scan

rates and have shown that transient sub-60 mV/dec switching can be observed due to internal

voltage amplifications when the scan rate is changing. However, one may argue that while

varying scan rates are common when characterizing transistors, a constant scan rate is

achievable with proper configuration of measurement setups and thus the effects discussed

in the previous section can be avoided (Section  6.7.5 ). To show that such effects are rather
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universal and do not just apply to a particular scenario, we simulate the case of a constant

VG scan rate and show that sub-60 mV/dec switching can still be observed.

Figure 6.5. Simulation of charging dynamics of ID – VG scan with a constant
scan rate of an MIMIS device with voltage-dependent internal gate capaci-
tance. (a) Circuit model of an MIMIS device without parasitic capacitance.
Note that the internal gate capacitance CMOS is voltage dependent. (b) Vint

dependence of oxide capacitance Cox, quantum capacitance Cq and total inter-
nal gate capacitance CMOS. (c) Simulated Vint response to the VG scan with
a constant scan rate. (d) Simulated Vint – VG during the ID – VG scan. (e)
Simulated ID – VG characteristics, showing sub-60 mV/dec switching in one
scan direction. (f) Simulated internal voltage gain δVint/δVG – VG during the
ID – VG scan. Reprinted with permission from P. Wu, J. Appenzeller, “Artifi-
cial Sub-60 Millivolts/Decade Switching in a Metal-Insulator-Metal-Insulator-
Semiconductor Transistor without Ferroelectric Component,” ACS Nano 15,
5158-5164 (2021). Copyright (2021) American Chemical Society.

In the previous section, the circuit under discussion had a constant RC time constant

due to a large, constant parasitic capacitance Cp, and in combination with a time-varying VG

scan rate, sub-60 mV/dec switching can be observed. One can envision that with a constant

VG scan rate, yet in combination with a varying RC time “constant”, similar effects could also

be achieved. It is well-known that the gate capacitance of a MOSFET is voltage-dependent
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[ 27 ], and for the 2D WS2 transistor in this study, CMOS can be represented by the series of

oxide capacitance Cox and quantum capacitance [ 164 ], [ 165 ] Cq, which can be expressed by:

Cq = q2DOS2Df(EC)Adevice = q2 gCm
∗
e

π~2
1

1 + exp [(EC − EF )/kBT ]Adevice (6.4)

where gC is conduction band valley degeneracy, m∗e is electron effective mass. From Eq.

 6.4 , we can see that Cq is dependent on the relative position of conduction band edge EC

and Fermi level EF , which can be tuned with gate voltage, and by removing the parasitic

capacitance from the circuit, we can achieve a voltage-dependent internal gate capacitance

CMOS for the internal FET [Fig.  6.5 (a)]. The elimination of parasitic capacitance Cp could

be achieved by switching to an insulating substrate (see Section  6.7.1 ), such as sapphire,

yet this would bring significant experimental challenges, such as identifying WS2 flakes,

compared with our current setup using a Si substrate with 90 nm SiO2 on top. Fig.  6.5 (b)

shows the simulated Cox, Cq and CMOS as a function of Vint (see Section  6.7.3 ). One can

see that when Vint is negative and the internal WS2 FET is in its off-state, Cq is nearly zero

as the Fermi level EF in WS2 is in the bandgap, and thus CMOS is almost zero; when Vint

increases and the internal WS2 FET is turned on, Cq quickly increases and exceeds Cox as

the Fermi level EF approaches the conduction band edge EC , and thus CMOS approaches

Cox.

Next, we simulate the Vint response with a constant VG scan rate and voltage-dependent

CMOS, for which Eq.  6.1 and Eq.  6.2 are modified as follows:

Ileak = VG − Vint

R
= d

dt
[Qch(Vint)− Cint−G × (VG − Vint)]

= ∂Qch

∂Vint

dVint

dt
− Cint−G

d(VG − Vint)
dt

= [CMOS(Vint) + Cint−G]dVint

dt
− Cint−G

dVG

dt

(6.5)

dVint

dt
= VG − Vint

R[CMOS(Vint) + Cint−G] + Cint−G

CMOS(Vint) + Cint−G

dVG

dt
(6.6)
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From Eq.  6.6 , we simulate the Vint response to the VG scan with a constant scan rate of 1

V/s, as shown in Fig.  6.5 (c). We have also changed the parameter R = 2×1013 Ω to compen-

sate for the removal of a large capacitance Cp to keep the RC time constant approximately

the same (RCox = 0.32 s). A differential internal voltage amplification |dVint/dt| > |dVG/dt|

(green shaded area) is observed in the forward scan direction (0.5 V to −1 V), but not in

the backward scan direction (−1 V to 0.5 V). Fig.  6.5 (d) shows the simulated Vint as a

function of VG. Assuming the same ID – Vint as in Fig.  6.2 (c), ID – VG characteristics can be

simulated [Fig.  6.5 (e)], in which a sub-60 mV/dec switching is observed in the forward scan

direction. Fig.  6.5 (f) shows the simulated internal voltage gain δVint/δVG as a function of

VG, in which the differential internal voltage amplification is clearly illustrated by the green

shaded area.

6.6 Conclusion

In previous demonstrations of NC-FETs, observing sub-60 mV/dec switching has been

deemed as a mark of success for steep-slope switching devices. However, the results in this

work show that by putting a leaky capacitor in series with the gate of an FET, which is

clearly not a solution to steep-slope switching devices, sub-60 mV/dec switching can also be

observed. Such effects originate from transient voltage amplifications over a small voltage

window (δVint/δVG > 1), instead of persistent voltage amplifications over the entire volt-

age scan range (∆Vint/∆VG > 1) that is required for a real demonstration of low-voltage

switching. The transient voltage amplification may occur during transitions between current

measurement ranges, where changes in the voltage scan rates are typical, and even for a

constant scan rate, an abrupt change of internal gate capacitance near threshold voltage Vth

may lead to similar effects. Since the effects are caused by the charging dynamics in a non-

ideal measurement setup, which is likely to be utilized in the characterization of NC-FETs

by many, it is imperative to reassess the measurement setups in the previous reported sub-60

mV/dec switching NC-FETs with internal metal gates, to rule out such measurement-related

artefacts and verify the existence of real voltage amplification predicted by the quasi-static

NC theory.
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6.7 Appendix

6.7.1 Determination of capacitance and resistance components in the RC net-
work model

Figure 6.6. Determination of capacitance and resistance in the RC network
model. (a), Schematic of capacitance and resistance components in the WS2
MIMIS FET. (b) Leakage current Ileak in the AlOx capacitor versus VG-Vint,
showing non-linear characteristics and different R values at different Vdiff. (c)
Simulated Vint – VG for different R values. Line: simulation. Symbol: experi-
ment. (d) Simulated VG, Vint and Vint-VG versus time t. Reprinted with permis-
sion from P. Wu, J. Appenzeller, “Artificial Sub-60 Millivolts/Decade Switch-
ing in a Metal-Insulator-Metal-Insulator-Semiconductor Transistor without
Ferroelectric Component,” ACS Nano 15, 5158-5164 (2021). Copyright (2021)
American Chemical Society.

Fig.  6.6 (a) shows a schematic of the capacitance and resistance components in the WS2

MIMIS device. The overlapping area of internal gate and gate is Aint−G = 1 µm2 and the area
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of the contact pad for the internal gate is Apad = 50 µm × 50 µm = 2500 µm2, respectively.

The device area of the WS2 FET is Adevice = 1 µm2. The capacitances can be calculated:

Cint−G = εAlOxε0Aint−G

tAlOx

= 7× 8.854× 10−12 × 1× (10−6)2

8× 10−9 = 7.75× 10−15 F (6.7)

Cp = εSiO2ε0Apad

tSiO2

= 3.9× 8.854× 10−12 × 50× (10−6)2

90× 10−9 = 9.59× 10−13 F (6.8)

Cox = εHfO2ε0Adevice

tHfO2

= 13× 8.854× 10−12 × 1× (10−6)2

7× 10−9 = 1.64× 10−14 F (6.9)

The calculation of Cq can be found in Section  6.7.3 , yet since it’s in series with Cox, the

total capacitance CMOS is smaller than Cox. Note that Cp is ∼60 times larger than Cox

for 90 nm SiO2. Therefore, we can ignore CMOS when simulating the Vint response. As

we illustrated in Fig.  6.5 , if Cp could be eliminated, the effect of the voltage-dependent

CMOS would become relevant and can lead to a steep switching even for a measurement

with a constant scan rate. Yet with Si/SiO2 substrates, it is challenging to achieve thicker

than ∼500 nm SiO2 using typical thermal oxidation methods, which would only reduce Cp

to ∼1/6 of its current value, and Cp would still be 10× larger than Cox. Therefore, Cp could

not be eliminated by using a substrate with thicker SiO2 dielectric. One possible solution is

to switch to an insulating substrate, such as sapphire, yet this would make identifying flakes

almost impossible.

Next, the resistance value for R is determined. Fig.  6.6 (b) shows the leakage current

Ileak in the AlOx capacitor as a function of voltage difference Vdiff = VG− Vint, which clearly

exhibits a non-linear behavior and different R values can be extracted at different Vdiff-

values. In addition, due to inaccuracies and noises in the measurement, there is a significant

uncertainty associated with the extracted R value, especially when the current is small.

Therefore, we have adopted an indirect method of extracting R by fitting the measured Vint

– VG curve, as shown in Fig.  6.6 (c). As shown in Eq.  6.3 , different R values lead to different

VG− Vint values and thus different hysteresis voltage values in the bidirectional VG scan. As
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clearly shown in Fig.  6.6 (c), R = 600 GΩ gives the best fit to the experimental data, while

other values either underestimate or overestimate the hysteresis voltage. The good fitting

also indicates that using a fixed value for R is a good approximation despite the non-linear

Ileak – Vdiff characteristics. Fig.  6.6 (d) shows the simulated Vint-VG as a function of time

using the parameter R = 600 GΩ. The voltage difference is below 0.21 V during the VG

voltage scan, and from the Ileak – Vdiff characteristics in Fig.  6.6 (b), we can roughly estimate

R ≈ 900 GΩ at VG − Vint = −0.2 V, which is in acceptable agreement with the extracted R

= 600 GΩ.

6.7.2 Extraction of scan rates from experiment

Fig.  6.7 (a) shows a single frame from a video of a researcher performing an ID – VG

scan of the WS2 MIMIS FET on the Agilent 4156C parameter analyzer. The measured ID

– VG characteristics are shown in Fig.  6.7 (b). Note that the measurement was performed

∼3 months after the initial measurement [Fig.  6.2 (d)], and the characteristics have drifted

slightly compared to the initial characterization. In particular, the hysteresis voltage had

become larger, which indicates an increase in the resistance R of the AlOx capacitor according

to our analysis from the previous section. However, the main features, such as sub-60

mV/dec switching and anti-clockwise hysteresis, are still retained in the new measurement.

We speculate that the resistance increase may be related to a decrease in oxygen vacancies

while the AlOx film is exposed to air. It has been shown in Refs. [ 166 ]–[ 169 ] that aluminum

forms a natural oxide layer that acts as a decent gate dielectric after sufficiently long air

exposure. Yet in our device, we limit the air exposure time of Al to ∼15 minutes before

capping it with another metal layer. As a result, the AlOx film may be sub-stoichiometric

and likely contains oxygen vacancies, which contribute to the leaky behavior. It has also

been reported in Ref. [ 166 ] that after AlOx dielectric breaks down, it can “self-heal” upon

further oxidation in air, which is in line with our speculation.

From the video, we extract the gate voltage VG as a function of time t for VDS = 0.4 V,

as shown by the red dots in Fig.  6.7 (c). It is clear that two distinct scan rates of 0.36 V/s

(“fast”) and 0.208 V/s (“slow”) can be extracted from the measured VG – t curve, which
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Figure 6.7. Extraction of scan rates from experiment. (a) A single frame
from the video of performing an ID – VG scan on the WS2 MIMIS FET. (b)
Measured ID – VG characteristics. (c) VG as a function of time, showing two
scan rates at different current levels and overhead time in the backward scan
direction. Reprinted with permission from P. Wu, J. Appenzeller, “Artifi-
cial Sub-60 Millivolts/Decade Switching in a Metal-Insulator-Metal-Insulator-
Semiconductor Transistor without Ferroelectric Component,” ACS Nano 15,
5158-5164 (2021). Copyright (2021) American Chemical Society.

correspond to ID above and below 1 nA (0.6 nA/µm), respectively. The values for the

“fast” and “slow” scans are applied in the simulation for the Vint response in Section  6.3 .

In the forward scan direction (0.5 V to −1 V), sub-60 mV/dec switching is observed when

the scan rate transitions from “fast” to “slow” at ID = 1 nA (green shaded area). In the

backward scan (−1 V to 0.5 V), two sub-60 mV/dec switching events are observed, one at

ID = 1 nA and another at ID = 100 nA, which correspond to the overhead time associated

with two measurement range changes, as shown by the orange shaded areas in Fig.  6.7 (c).

Interestingly, the second sub-60 mV/dec event at ID = 100 nA was not observed in the initial

measurement. The cause for the difference is still under investigation, which we speculate
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might be from some minor changes in the settings of the parameter analyzer in the initial

measurement and the new measurement, despite our effort of making them the same.

6.7.3 Calculation of quantum capacitance Cq

Fig.  6.8 (a) shows the schematic of the capacitance model for the WS2 internal FET. The

quantum capacitance Cq of 2D WS2 channel is given by:

Cq = ∂Qch

∂ψS

= q2DOS2Df(EC)Adevice = q2 gCm
∗
e

π~2
1

1 + exp [(EC − EF )/kBT ]Adevice (6.10)

Eq.  6.10 describes the dependence of Cq on the relative position of EC and Fermi level

EF , or equivalently the surface potential ψS. In order to calculate the Vint dependence of

Cq, we need to determine the relation of ψS and Vint, which is given by:

dψS

dVint

= Cox

Cox + Cq

(6.11)

ψS = ΦSB,n + EF − EC

q
(6.12)

Note that we have chosen flat-band condition as the zero point for the potential ψS, i.e.,

ψS = 0 when Vint = VF B. For multilayer WS2 in this study, we have:

gC = 6,m∗e = 0.22m0

The only missing parameters are the flat-band voltage VF B and electron Schottky barrier

height ΦSB,n. We extract these parameters by fitting experimental ID – Vint data with a

Landauer model [ 8 ], [ 83 ], as shown in Fig.  6.8 (b). Using the Landauer model, we extract

the parameters:

VF B = −0.46 V, ΦSB,n = 0.33 eV, and the screening length for Schottky barrier injection

λ = 2.6 nm. Notice that above Vth (the extraction of its value will be discussed next), the

simulated curve from Landauer model starts to deviate from experimental data. This is
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Figure 6.8. Calculation of quantum capacitance Cq. (a) Schematic of capac-
itance model of internal WS2 FET and the band diagram. (b) Extraction of
VF B and ΦSB,n using Landauer model. (c) Surface potential ψs as a function
of internal gate voltage Vint. (d) Quantum capacitance as a function of ψs and
Vint − VF B. Reprinted with permission from P. Wu, J. Appenzeller, “Artifi-
cial Sub-60 Millivolts/Decade Switching in a Metal-Insulator-Metal-Insulator-
Semiconductor Transistor without Ferroelectric Component,” ACS Nano 15,
5158-5164 (2021). Copyright (2021) American Chemical Society.

because the Landauer approach is based on a ballistic transport picture, while above Vth,

electrons start to populate the channel and a diffusive picture should be adopted for the

long channel device (L ≈ 0.6 µm) in this study. However, the fitting for the data below Vth,

where scattering can be ignored, is already sufficient to extract the critical parameters and

we did not try to simulate the on-state of the device quantitatively.

Having determined the values of VF B and ΦSB,n, we calculate ψS as a function of Vint

based on Eqs.  6.11 &  6.12 , as shown in Fig.  6.8 (c). One can see that ψS is following Vint

one-to-one below Vth = −0.26 V. Above Vth, channel charges Qch become significant and ψS

starts to saturate and deviate from the one-to-one relation.
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Finally, we calculate Cq as a function of ψS based on Eq.  6.10 , as shown by the blue

line in Fig.  6.8 (d). One would expect Cq to show up as a step function of ψS at T = 0 K,

yet at finite temperatures, the transition becomes more gradual due to thermal broadening.

By applying the ψS – Vint relation shown in Fig.  6.8 (c), we can determine Cq as a function

of Vint, as shown by the red line in Fig.  6.8 (d). Note that Cq,max � Cox, which indicates

CMOS, the series capacitance of Cox and Cq, will quickly saturate to Cox once Vint is above

Vth, as shown in Fig.  6.5 (b).

6.7.4 Measurement of internal FET with different scan rates and hold time

We have measured the internal FET with different scan rates and hole time thold to

highlight that the near ideal SS and small hysteresis are independent to measurement setup.

Figs.  6.9 (a) and  6.9 (b) show the measured ID – Vint characteristics of the internal FET and

waveform of Vint during the measurement with tdelay = 0 s and thold = 0.5 s. A near ideal

slope of 61 mV/dec and negligible hysteresis are observed in the ID – Vint characteristics.

The resulting scan rates are 0.39 V/s (“fast”) and 0.236 V/s (“slow”) for current levels above

and below 10−9 A, respectively. Note that the values are different from 0.36 V/s (“fast”) and

0.208 V/s (“slow”) that were used in Section  6.3 , since a different voltage step size (0.025

V, instead of 0.02 V in Section  6.2 ) were used here unintentionally. Figs.  6.9 (c) and  6.9 (d)

show the measured ID – Vint characteristics of the internal FET and waveform of Vint during

the measurement with tdelay = 0.5 s and thold = 5 s. A near ideal slope of 60 mV/dec and

negligible hysteresis are observed in the ID – Vint characteristics, despite the much slower

scan rate of 0.044 V/s. Note that the ID – Vint characteristics are shifted by about −0.1 V in

Fig.  6.9 (c) compared with Fig.  6.9 (a), possibly due to trapped charges induced by repeated

measurements. Also note that a few outlier points in the backward scan direction at VD =

0.4 V in Fig.  6.9 (c) are a result of an unstable contact between the probe tips and the metal

pads for source/drain electrodes, which we found to be occurring in prolonged measurements

(> 100 s), possibly due to vibrations loosening the contact.
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Figure 6.9. Measurement of internal FET with different scan rates. (a) ID

– Vint characteristics of the internal FET with tdelay = 0 s and thold = 0.5
s. (b) Measured waveform of Vint as a function of time with tdelay = 0 s and
thold = 0.5 s. (c) ID – Vint characteristics of the internal FET with tdelay = 0.5
s and thold = 5 s. (d) Measured waveform of Vint as a function of time with
tdelay = 0.5 s and thold = 5 s. Reprinted with permission from P. Wu, J. Ap-
penzeller, “Artificial Sub-60 Millivolts/Decade Switching in a Metal-Insulator-
Metal-Insulator-Semiconductor Transistor without Ferroelectric Component,”
ACS Nano 15, 5158-5164 (2021). Copyright (2021) American Chemical Soci-
ety.

6.7.5 Measurement of MIMIS FET with constant gate voltage scan rate

In Section  6.3 , we have attributed the sub-60 mV/dec switching in the MIMIS FET to

varying scan rates of gate voltage VG. Since the capacitance in the RC circuit model is

dominated by the constant parasitic capacitance Cp, we expect no steep switching behavior

for a constant VG scan rate. Here, we characterize the MIMIS FET with a constant VG scan

rate to verify our theory.
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Figure 6.10. Measurement of MIMIS FET with different scan rates. (a) ID

– VG characteristics of the MIMIS FET with tdelay = 0 s and thold = 0.5
s. (b) Measured waveform of VG as a function of time with tdelay = 0 s
and thold = 0.5 s. (c) ID – VG characteristics of the MIMIS FET with
tdelay = 0.5 s and thold = 0.5 s. (d) Measured waveform of VG as a func-
tion of time with tdelay = 0.5 s and thold = 0.5 s. A constant scan rate is
obtained. Reprinted with permission from P. Wu, J. Appenzeller, “Artifi-
cial Sub-60 Millivolts/Decade Switching in a Metal-Insulator-Metal-Insulator-
Semiconductor Transistor without Ferroelectric Component,” ACS Nano 15,
5158-5164 (2021). Copyright (2021) American Chemical Society.

Figs.  6.10 (a) and  6.10 (b) show the measured ID – VG characteristics of the MIMIS FET

and waveform of VG during the measurement with tdelay = 0 s and thold = 0.5 s, which

leads to varying scan rates of 0.39 V/s (“fast”) and 0.236 V/s (“slow”) for current levels

above and below 10−9 A, respectively. As we have analyzed in Section  6.3 and Section  6.4 ,

in the forward scan direction (1 V to −1 V), one can observe sub-60 mV/dec switching at

VG = −0.7 V, at which the scan rate changes from “fast” to “slow”, and in the backward

scan direction (−1 V to 1 V), steep switching can be observed when the auto-ranging of

the parameter analyzer changes the measurement range, which leads to an overhead time.
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Figs.  6.10 (c) and  6.10 (d) show the measured ID – VG characteristics of the MIMIS FET

and waveform of VG during the measurement with tdelay = 0.5 s and thold = 0.5 s, which

leads to a constant scan rate of 0.044 V/s. As expected, no steep switching behaviors are

observed in the transfer characteristics. Please note that this is an expected behavior due

to a large, constant parasitic capacitance Cp being dominant in the RC network model, and

as we illustrated in Fig.  6.5 , if Cp could be eliminated, a steep switching behavior could

still be observed even with a constant scan rate. As we have mentioned in Section  6.7.4 , the

outlier points in Fig.  6.10 (c) are a result of unstable contact between the probe tips and

the metal pads for source/drain electrodes, which we found to be occurring for prolonged

measurements (> 100 s), possibly due to vibrations loosening the contact. Also note that a

finite hysteresis still exists even for a constant scan rate in Fig.  6.10 (c), which is a result of

the leaky dielectric, yet the hysteresis is much smaller due to a slower scan rate, which is in

agreement with our calculation in Eq.  6.3 .

6.7.6 Measurement of MIMIS FET with larger AlOx layer leakage resistance

Fig.  6.11 (a) shows the leakage currents of the AlOx capacitors as a function of applied

voltage in two different samples, where Sample 1 denotes the device in Section  6.2 and

Sample 4 denotes another device in the same batch that happens to have much lower leakage

current. One can see that in this device, the leakage current is below the noise floor of the

measurement (10−13 A) when the applied voltage Vdiff = VG − Vint is below ±1 V. Fig.

 6.11 (b) shows the ID – Vint characteristics of the internal FET in Sample 4, in which near

ideal SS and hysteresis-free characteristics are observed. Fig.  6.11 (c) shows the ID – VG

characteristics of the MIMIS FET in Sample 4 with different voltage scan ranges. When the

scan range is 1 V to −1.2 V, the device cannot be turned off, which is distinctively different

from the MIMIS FET in Sample 1, shown in Fig.  6.2 (b). When the scan range is extended

to 1 V to −1.4 V, the OFF-current can reach a lower value of below 1 nA. Finally, when

the scan range is extended to 1 V to −1.6 V, the device is able to turn off completely, and

steep-slope switching are again observed in both scan directions. The ID – VG characteristics

of the MIMIS FET with different voltage scan ranges are compiled in a single plot in Fig.
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Figure 6.11. Measurement of MIMIS FET with large AlOx layer leakage
resistance. (a) Ileak – Vdiff characteristics of the AlOx capacitors in two dif-
ferent samples. (b) ID – Vint characteristics of the internal FET. (c) ID –
VG characteristics of the MIMIS FET with different voltage scan ranges. (d)
A compilation of ID – VG characteristics of the MIMIS FET with different
voltage scan ranges. (e) Extracted Vint as a function of VG during ID – VG

measurement with different voltage scan ranges. Reprinted with permission
from P. Wu, J. Appenzeller, “Artificial Sub-60 Millivolts/Decade Switching
in a Metal-Insulator-Metal-Insulator-Semiconductor Transistor without Fer-
roelectric Component,” ACS Nano 15, 5158-5164 (2021). Copyright (2021)
American Chemical Society.
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 6.11 (d), and combined with ID – Vint characteristics, we derive the Vint – VG relations under

different VG scan ranges, as shown in Fig.  6.11 (e). From the Vint – VG plot, we can see

that in the forward scan direction, Vint remains almost unchanged at 0 V until VG reaches

below −1 V, after which Ileak starts to show up, allowing Vint to follow VG while maintaining

the voltage difference. The scan in the backward scan direction shows a similar behavior,

although with Vdiff = VG − Vint changing its polarity. The VG scan window needs to be

large enough to allow Vdiff, and thus Ileak, to be large enough in order to see the complete

switching. Interestingly, this plot in some way resembles the minor and major P – E loop

scans in ferroelectric materials.

Another way to understand this observation is already discussed in Section  6.3 : “the

RC time constant needs to be comparable to the timescale of the VG scan in order to see

the described effects.” Note that the leaky AlOx film is a highly nonlinear resistor, which

indicates that even if R is too large under small Vdiff, under larger Vdiff, R may become

smaller and fall into the range in which the RC constant is comparable to the sweep time.

In this interpretation, the VG scan window also needs to be large enough to allow a large

enough Vdiff to make the RC time constant “compatible” with the sweep time.

6.7.7 Characterization of the thin Ti layer as internal gate electrode

In our device, a thin Ti layer was used as internal gate electrode. The reason for using a

thin Ti layer is that it is well known that the evaporation process for depositing the AlOx

layer has a poor step coverage, and we intentionally used a thin Ti layer to avoid an excessive

leakage current at the side wall, as depicted in Fig.  6.12 (a).

To address a possible concern about the resistance of the thin Ti layer being too large,

we have characterized the conductivity of the thin Ti layer with a nominal thickness of 2

nm, same as in our device, using a transfer length method (TLM) structure as shown in

Fig.  6.12 (b). A 3-µm-wide Ti stripe with 2 nm nominal thickness was deposited using e-

beam evaporation and patterned using e-beam lithography and liftoff process, followed by

patterning and deposition of 40 nm thick Ni contacts. Note that the Ti layer was exposed

to air for ∼24 hours before patterning and depositing the Ni metal leads, which is much
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Figure 6.12. Characterization of thin Ti layer as internal gate electrode. (a)
Schematic of step coverage of evaporated AlOx with thin and thick Ti lay-
ers. (b) Schematic of the TLM structure. (c) I – V characteristics of the Ti
stripes with different lengths. (d) TLM measurement results. (e) AFM scan of
the Ti layer. Reprinted with permission from P. Wu, J. Appenzeller, “Artifi-
cial Sub-60 Millivolts/Decade Switching in a Metal-Insulator-Metal-Insulator-
Semiconductor Transistor without Ferroelectric Component,” ACS Nano 15,
5158-5164 (2021). Copyright (2021) American Chemical Society.

longer than the typical air exposure time for the Ti gate layer in our device. Therefore, any

possible oxidation of Ti from air exposure is already taken into consideration in our test. Fig.

 6.12 (c) shows the I – V characteristics of Ti stripes with different lengths. The linear I – V

characteristics indicates Ohmic contacts. Fig.  6.12 (d) shows the TLM measurement results,

from which we can extract a contact resistance of 2RC = 3.26 kΩ and a sheet resistance of
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Rsheet = 2.95 kΩ/sq. Note that the resistance of the leaky AlOx layer is ∼600 GΩ, which is

more than seven orders of magnitude higher than the resistance of the Ti layer. Therefore,

the voltage drop within the internal gate electrode can be ignored.

In addition, we have performed AFM scans on the “2 nm” Ti layer, as shown in Fig.

 6.12 (e), from which we found that the actual thickness of the Ti layer is 5 nm. This could be

attributed to the crystal monitor in our evaporator not being well-calibrated for depositing

thin films at a low evaporation rate (0.5 Å/s). A thickness change after Ti oxidizes in air

could be another reason.

6.7.8 Gate leakage current during ID – VG scan

Figure 6.13. Measured and simulated IG – VG during ID – VG scan. Reprinted
with permission from P. Wu, J. Appenzeller, “Artificial Sub-60 Millivolt-
s/Decade Switching in a Metal-Insulator-Metal-Insulator-Semiconductor Tran-
sistor without Ferroelectric Component,” ACS Nano 15, 5158-5164 (2021).
Copyright (2021) American Chemical Society.

Fig.  6.13 shows the gate leakage current IG as a function of VG during ID – VG scan. We

have also plotted the simulated IG – VG curve from the RC network simulation in the figure,

which shows very good agreement with the experiment. From the figure, we can see that
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the points at which the leakage current changes polarity coincide with the points at which

VG − Vint changes polarity, as predicted in the simulation shown in Fig.  6.6 (d).

6.7.9 Methods

Device fabrication

Internal gate electrodes (5 nm Ti) were deposited using e-beam evaporation onto a silicon

substrate with 90 nm of silicon dioxide on top and patterned using standard e-beam lithog-

raphy and lift-off process. 7 nm of HfO2 was deposited using atomic layer deposition (ALD)

on top of the internal gate metal as dielectric for the internal WS2 FET. The HfO2 film was

grown using a low-temperature (90 °C) ALD process and patterned using e-beam lithography

and lift-off to expose part of the internal gate metal. Few-layer WS2 flakes were exfoliated

onto the local bottom gate structure from bulk crystals (purchased from HQGraphene). Ni

(40 nm) electrodes were deposited and patterned by e-beam evaporation and e-beam lithog-

raphy as source/drain contacts for the WS2 FET. A thin aluminium film was deposited on

the exposed internal gate metal using e-beam evaporation and oxidized in air for 15 minutes

to form the leaky AlOx dielectric. To make sure the Al is fully oxidized, the evaporation-

oxidization was done in two steps (evaporation-oxidation-evaporation-oxidation) with 2 nm

Al in each deposition, instead of 4 nm in a single deposition step. Finally, the gate metal

(40 nm Ti) was deposited using e-beam evaporation and patterned using e-beam lithography

and lift-off process.

Device characterization

The electrical characterization was performed in a LakeShore FWPX Probe Station at a

vacuum level below 10−5 Torr using an Agilent 4156C Parameter Analyzer. All measurements

were performed at room temperature. The sweep measurement in the parameter analyzer

has the following settings:

Primary sweep (VAR1): VG, start voltage: 0.5 V, end voltage: -1 V, step voltage: 0.02

V, double sweep: enabled, compliance: 1e-7 A

142



Subordinate sweep (VAR2): VD, start voltage: 0.1 V, step voltage: 0.3 V, no. of steps:

2, compliance: 1e-1 A

Measurement ranging mode: auto ranging, integration time: SHORT, hold time: 0.5 s,

delay time: 0 s

143



7. SUMMARY

Since the discovery of two-dimensional materials, their applications in transistors have been

extensively studied. The unique properties of 2D materials enable novel applications that

are beyond the scope of conventional CMOS transistors. In this thesis, we have discussed

the applications of 2D materials in steep-slope tunneling FETs for low-power electronics and

reconfigurable transistors for hardware security.

For tunneling FETs, the atomically thin nature of 2D materials allows aggressive scaling

down of channel thickness for a small tunneling distance in order to achieve a large Ion and

steep SS. In particular, black phosphorus is an ideal 2D material for TFET applications due

to its moderate bandgap and small effective mass. In this thesis, for the first time, we have

demonstrated a prototype BP TFET, and the multi-gate structure and electrostatic doping

enable reconfigurable operations between MOSFET and TFET modes. Furthermore, we

discuss the improvement of performance, including Ion and SS, by further scaling down tbody

and tox in the BP TFET.

For reconfigurable transistors, Schottky-barrier tunneling in 2D nano-transistors enables

ambipolar conduction, namely, allowing both hole injection and electron injection into the

channel. However, the ambipolarity causes degraded on-off ratios at large Vds values due to

injection from the drain side. In this thesis, we discuss the strategies to suppress the drain

injection currents and achieve unipolar conduction and large on-off ratios in reconfigurable

BP transistors that can switch between p-FET and n-FET modes. Based on such recon-

figurable transistors, we demonstrate a security primitive circuit, a polymorphic gate that

can switch between NAND and NOR functionalities, showing the potential of integrating

2D materials for hardware security applications.

In addition, through studying the charging dynamics during the characterization of an

MIMIS device, we show that an artificial sub-60 mV/dec switching can be observed due to

transient effects. Therefore, researchers working on steep-slope devices such as NC-FETs

need to pay particular attention to their measurement setups to avoid such artifacts.
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