MNE 23 (2024) 100246

ELSEVIER

Contents lists available at ScienceDirect
Micro and Nano Engineering

journal homepage: www.sciencedirect.com/journal/micro-and-nano-engineering

icro nano
ngineering

2D BDiode - A switchable bidirectional diode for analog electronic circuits

fabricated entirely from 2D materials

Christian D. Matthus® ", Phanish Chava ", Kenji Watanabe ©, Takashi Taniguchi d

Thomas Mikolajick ¢, Artur Erbe”

& Chair for Circuit Design and Network Theory, Technische Universitat Dresden, Dresden 01069, Germarny

Y Institute of Ton Beam Physics and Materials Research, Helmholtz Zentrum Dresden-Rossendorf, Dresden 01328, Germany

¢ Research Center for Electronic and Optical Materials, National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan
d Research Center for Materials Nanoarchitectonics, National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan

€ Chair of Nanoelectronics, Technische Universitat Dresden, Dresden 01069, Germany

ARTICLE INFO ABSTRACT

Keywords:

2D materials

DC/AC converter
AC/DC converter
Charge pump

SPICE modeling
Heterojunction diode
2D BDiode

The advent of two-dimensional (2D) materials has led to innovative and compact electronic devices with
remarkable properties. In this work, we introduce a switchable bidirectional diode (2D BDiode), fabricated
entirely using different 2D materials, that serves as a fundamental building block for various analog circuit
applications. This proof-of-concept diode exhibits the ability to control the flow of current in both forward and
reverse bias configurations, enabling advanced functionality in the realm of analog circuit design. We provide a
SPICE-based model for the diode based on current-voltage device characterization, capturing its behavior under
different biasing conditions, and finally demonstrate a few potential use cases of the 2D BDiode including AC/DC

conversion, DC/AC conversion and charge pump circuits.

1. Introduction

The discovery of graphene and its analogous two-dimensional (2D)
materials opened up the possibility of investigating electronic devices
built entirely using heterostructures of different 2D materials [1].
Semiconducting 2D material-based heterostructures are of great interest
due to their wide range of (opto)-electronic applications, especially for
flexible electronics [2]. Recently, we reported a proof-of-concept device
based on semiconducting WSe;/MoS; heterojunction and showed the
usability of such a device as a field effect transistor [3] as well as a
cryogenic temperature sensor [4]. Typically, sensor devices need analog
frontend circuitry. Hence, there is a need for analog electronic devices
based on 2D materials. Compared to conventional semiconductor de-
vices, 2D materials enable the fabrication of hetero-interfaces with
minimal defects owing to their atomically sharp surfaces. Furthermore,
due to their atomically thin nature, the carrier transport varies
compared to traditional semiconductor devices e.g., Si Complementary
Semiconductor Metal Oxide Semiconductor (CMOS) devices [4]. Cir-
cuits built of 2D materials are in the focus of research since several years.
Especially within the last decade, much has happened concerning

functional integrated as well as reconfigurable 2D devices and circuits.
Some exciting results can be found e.g., in [5-14]. Moreover, recent
developments target the applicability of 2D materials for analog circuits
[15-17] including SPICE modeling of the devices [18-20].

In this paper, we describe the effect of different carrier transport
mechanisms in a heterojunction pn-diode triggered by a back-gate
electrode. The physics behind this effect were analyzed and a straight-
forward SPICE model was implemented. Finally, we show some possible
applications in analog circuit design offering new possibilities for future
integrated circuits based on 2D materials.

2. Device fabrication

The presented device consists entirely of 2D materials. The fabrica-
tion process begins by mechanically exfoliating few-layered graphene
(FLGr), hexagonal boron nitride (hBN), WSe2, and MoS, which are
transferred onto different poly(dimethylsiloxane) PDMS substrates
using scotch tape. Suitable homogeneous flakes for stacking are identi-
fied using an optical microscope. These flakes are subsequently stacked
together using the dry stamping technique [21]. A step-by-step process
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Fig. 1. (a) Optical micrograph of the fabricated device indicating different layers of 2D materials used. (b) Cross-sectional device schematic with electrical con-
nections, which include the anode (WSe, contact), cathode (MoS, contact), back-gate, and top gate, while the latter is connected to ground for all measurements.
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Fig. 2. Raman spectra of the exfoliated MoS, and WSe; flakes on PDMS substrate.

flow for a similar device is also illustrated in our recent work [4]. The
heterostructure assembly is carried out on a highly p-doped silicon
substrate with a thermally oxidized surface, having an oxide thickness of
285 nm. The entire assembly process is conducted within a glove-box
environment filled with nitrogen to avoid interlayer contamination as
well as ambient degradation of sensitive materials. Following the het-
erostructure assembly, the sample is transferred outside the glove-box to
characterize the thicknesses of the individual 2D layers using atomic
force microscopy. The thicknesses of the WSe; and MoS; are approxi-
mately 5 nm and 3 nm respectively, while the thicknesses of top and
bottom hBN are 9 nm and 12 nm respectively. The thicknesses of the
FLGr electrodes are between 6 nm and 10 nm.

The next step is to design and pattern contact electrodes, which is
performed with the help of electron beam lithography. Finally, the
anode, cathode, and gate electrodes are deposited consisting of a 10 nm/
50 nm Ni/Au metal stack. Fig. 1 shows the optical micrograph of the
fabricated device along with a cross-sectional device schematic indi-
cating the contact electrodes, measurement configuration, and the
vertically stacked 2D layers. We chose semiconducting layers of partially
overlapped WSe, and MoS; to construct the p-n junction diode. The
Raman spectra of individual flakes are shown in Fig. 2. The MoS,
spectrum shows two clear peaks corresponding to the vibrational modes
Eég and Ay having a separation of about 30 cm™!, which is associated to
more than 5 monolayers of MoS, [22]. The Raman spectrum of WSe;
shows multiple peaks between 200-400 cm~!, which corresponds to

multilayered WSe; as a monolayer spectrum only has a single peak
around 250 cm™! [23].

Semi-metallic FLGr is used as the intermediate contact material to
the semiconducting layers to suppress the effect of Fermi level pinning of
the metal stack to the semiconductors. An additional layer of FLGr and
insulating hBN forms the back-gate stack for our diode, the polarity of
which controls the direction of current flow in the diode as will be seen
in the following sections. The top side is passivated and encapsulated,
respectively, by hBN. Additionally, a metal electrode was deposited and
patterned on top of the pn-junction, which can be used as another (top
gate) electrode. Devices with two gates are currently getting much
attention in the field of Si CMOS circuit design for various applications,
e.g., using fully-depleted silicon on insulator (FDSOI) technologies. In
this case, the back-gate is used, e.g. for calibrating or tuning critical
components tackling timing or matching issues [24]. However, the
scope of this paper is the investigation of the influence of one gate
electrode on the device behavior of a complex new device and its
possible applications. Hence, the top gate electrode was connected to
ground for all the measurements discussed in this paper.

3. Device characterization and modeling
3.1. Measurement setup

The diode was initially characterized at room temperature inside a
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Fig. 3. Measured I-V characteristics and semi-empirical model of the 2D BDiode for back-gate voltage of —7.5 V (a) and 5 V (b) for SPICE simulations, and band
diagrams in forward and reverse direction with respect to diode (anode-cathode) voltage for negative (c) and positive back-gate biasing (d).
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Fig. 4. Temperature dependent I-V characteristics for device 2 at different configurations of back-gate bias (Vgg = —7.5V, Vgg = +5V) in linear (a-b) and semi-
logarithmic scales (c-d) respectively. The temperature span is from 20 K to 300 K.
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vacuum chamber (Lakeshore Model CPX-VF), with a pressure of about
1 x 10~° mbar. The electrical measurements were recorded with the
help of 4155C Agilent semiconductor parameter analyzer. First, both
gates are connected to ground and the diode voltage (V) is swept from
—1 V to 1 V while recording the current simultaneously. This mea-
surement is then repeated for different values of back-gate voltage while
the top gate is still grounded. Since we source voltages from the WSe,
side (anode) of the junction and ground the MoS; side (cathode), it
should be noted that a positive (negative) diode voltage corresponds to
forward (reverse) bias according to general p-n junction biasing
convention. Additionally, a temperature sweep was also conducted for a
detailed analysis of the device physics which includes the study of
different transport mechanisms and determination of activation energies
using an Arrhenius diagram as discussed in our previous reports for
another device (device 1) [3,4]. In the present work, we use a quite
similar device (device 2) and we analyzed it in a comparable manner,
which is briefly described in the following section, while further infor-
mation can be found in the supplementary material. However, to
demonstrate the applications shown in Section 4, we concentrate spe-
cifically on room temperature measurements.

3.2. Device characterization and carrier transport mechanisms

Fig. 3(a) and (b) show the measured diode characteristics for a
selected negative (Vg = —7.5 V) and positive (Vg = 5 V) bias config-
uration of back-gate voltage. Additional measurements with different
back-gate voltages can be found in the supplementary material. We
chose appropriate back-gate voltage conditions to achieve the highest
symmetry for both directions. Hence, we used dissimilar bias levels on
the back-gate for positive (Vg =5V) and negative (Vgg =—-7.5V)
configurations in order to maintain nearly symmetrical current levels in
both cases. We will briefly describe the carrier transport mechanisms for
both cases of the back-gate polarity. When a negative voltage is applied
to the back-gate, it can be seen that the diode current exponentially
increases in forward bias, while it is suppressed in the reverse bias
condition. The behavior is similar to that of a conventional pn-junction
diode. It is related to the diffusion of carriers into the depletion region
and the diffusion areas close to the junction [25]. This can also be un-
derstood from the simplified energy band diagrams as illustrated in
Fig. 3(c-d). It should be noted that the influence of the back-gate on the
WSe, side of the junction is negligible, since MoS; being under the WSe,
flake screens the vertical electric field.

On applying a positive bias to the back-gate, the behavior changes
completely and the diode is conductive in the reverse bias instead. This
behavior is explained by band-to-band tunneling (BTBT) of carriers from
the conduction band of MoS, to the valence band of WSe,, which has
also been reported previously for the same material system [26-30]. In
reverse bias, a tunneling window is formed between the two semi-
conductors as the heterojunction band alignment transitions from a
staggered alignment to a broken alignment [31]. The current is sup-
pressed in the forward bias owing to a large barrier at the WSey/MoS2
junction as also seen in the case of reverse bias when a negative back-
gate voltage is applied. Measurements at different temperatures are
typically used to get a deeper understanding of the conduction mecha-
nisms involved. As mentioned above, we already performed such an
analysis for device 1 in our previous work [4] and we did so in a similar
manner for the device investigated here (device 2). The I-V character-
istics measured in a temperature range spanning from 20 K up to 300 K
are shown in Fig. 4 in linear (a-b) and semi-logarithmic scale (c-d) for
the back-gate voltages of —7.5 V and + 5 V respectively.

We performed the simplest regression for the respective conductive
regimes of the diode (cf. Eq. 1). Since here parasitics such as the quite
high contact resistance limit the diode current, the I-V characteristics do
not show a straight line in a semi-logarithmic representation like an
ideal diode. In order to derive values for saturation current Ip ¢ and
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Table 1

Empirical values of model parameters used for SPICE modeling.
Model Parameters Vg = — 7.5V Vg =5V
Rpar [MQ] 2.8 2.8
Ipsar [DA] 10 8
R; [kQ2] 185 160
n[-] 1.7 3.1

ideality factor n, we used different regressions for different bias levels for
each temperature shown as broken and dotted lines in Fig. 4. The
quantitative results of this analysis and a brief discussion can be found in
the supplementary material. For the linear regression, we neglected in a
first-term approximation the influences of series and parallel resistances.
For the modeling of the device for analog circuit application, on the
other hand, it is very important to include both in the compact model as
shown below. As an overall result, we observed different activation
energies and different values for the ideality factor for different back-
gate bias levels, especially when changing its polarity. We see this as a
proof that our speculation of the different carrier transport mechanisms
for different back-gate bias polarities seems to be valid. Note that we
observed a similar effects, i.e., possibility of switching the polarity of the
diode by the back-gate voltage, for the device of our previous work
(device 1) as can be seen in the supplementary material.

3.3. SPICE modeling

After investigating the transport mechanisms behind the observed I-
V characteristics, we went one step further towards applying this device
to an integrated circuit and modeled it by adjusting the parameters of
the traditional bipolar diode model represented by the following equa-
tion:

1V) = o=+ Tom {exp (%) - 1} &)
par

where Ip ¢ is the saturation current determined by different parameters
such as minority carrier diffusion length or doping levels. T is the tem-

R, (Leakage Paths)

VWA

Anode (A) Cathode (C)

Vg Switch (SW)

l SWBD

SW

Fig. 5. SPICE equivalent circuit and symbol.
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Fig. 6. a) One-way rectifier based on a conventional diode, b) Bidirectional one-way rectifier utilizing the 2D BDiode.
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ventional rectifier w/o possibility of changing polarity, (e-f): 2D BDiode output with positive and negative back-gate voltage showing positive and negative

output DC.

perature in Kelvin, g is the elementary charge, and k the Boltzmann
constant. Ry and R; represent the parasitic parallel resistance caused by
leakage paths and the series resistance respectively. The series resistance
contains the semiconductor drift resistance of MoS, and WSe, afar from
the junction as well as the contact resistance. Here, it is simplified as an
Ohmic resistance. The ideality factor n is an empirical value that is used
for non-ideal diodes. It is exactly one for pure diffusion current and two
for recombination current. For practical diodes, especially made with
novel materials, neither pure diffusion current nor pure recombination
current dominates, so the ideality factor is either between one and two,
or even higher [32]. Very high values of the ideality factor, however,
indicate that the observed current is probably not bipolar diode current
at all. Still, the classical diode model does not cover the effect of
switching the polarity observed here. Thus, we modeled the forward
(Ve = —7.5 V) and reverse (Vg = 5 V) characteristics separately using
Eq. 1. This model does not include the transition for back-gate voltages

between the high positive or negative voltages of +5 V and — 7.5 V
respectively. The fitting curve according to this equation is plotted along
with the experimental data in Fig. 3(a-b), and it can be seen that the
models are in good agreement with the measured data. The obtained
model parameters for both polarities of the back-gate are summarized in
Table 1.

The parallel resistance is identical for both directions since we do not
expect a change in the leakage paths depending on the applied back-gate
voltage. However, the series resistance is significantly high ( > 100ks2),
which is expected due to non-ideal contacts at the metal/2D-material
interface [33,34]. Consequently, we implemented a low-complexity
circuit model consisting of both diodes in an anti-parallel configura-
tion as well as an ideal switch representing the back-gate triggering the
change of the dominant current transport mechanism. This is repre-
sented by the SPICE equivalent circuit as shown in Fig. 5, along with a
proposed circuit symbol which will be used in the analog circuits
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Fig. 8. Simple implementation of a DC/AC converter using (a) a conventional MOSFET and (b) the 2D BDiode for chopping the input DC voltage.
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presented in the following section. Still, a comprehensive compact
model should be developed for future deeper studies and advanced ap-
plications in analog circuit design.

4. Analog circuit applications

In the following subsections, three possible applications are exem-
plary introduced, for which such devices, we call 2D BDiode, lead to new
opportunities in analog circuit design. These results are achieved by
transient simulations using LTSpice.

4.1. AC/DC conversion

As a first application, the 2D BDiode can be used for AC/DC con-
version. The probably simplest way to implement an AC/DC converter is
the one-way rectifier utilizing one diode and one capacitor as shown in
Fig. 6(a).

In this case, the upper half-wave of a sine signal (Fig. 7(a) and (b))
passes through the diode and the capacitor flattens the signal to get a DC
signal while the lower half-wave is suppressed (Fig. 7(c) and (d).
Replacing the diode with our device offers the opportunity to change its

polarity by tuning the back-gate voltage as can be seen in Fig. 6(b).
Hence, one can decide whether the upper or the lower half-wave is
rectified giving the possibility to have either a positive or a negative DC
voltage at the output (Fig. 7(e) and (f)). Still, just one diode is necessary,
but the flexibility of this circuit is massively increased. An exemplary
simulation for both cases and a sine signal with an amplitude of 2 V and
a frequency of 100 Hz is shown in Fig. 7. The value of the flattening
capacitor C; was set to 100 nF in both cases. Note that the remaining
ripple in the V-t characteristics of our device is probably not accurate,
since we did not properly model the dynamics yet.

4.2. DC/AC conversion

As a second example, we can also use the 2D BDiode for the other
way round, i.e., DC/AC conversion. There are many advanced circuits to
convert a DC signal to an AC signal. In this paper, we focus again on one
of the simplest solutions. This can be done for instance by chopping the
input DC signal with a metal oxide semiconductor field-effect transistor
(MOSFET) switch and shaping the signal with an RC network as shown
in Fig. 8(a). In this case, for a switch implemented by one MOSFET only,
a negative DC voltage cannot be converted into an AC signal. This
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changes when replacing the MOSFET with the 2D BDiode as sketched in
Fig. 8(b). As discussed above, it becomes more conductive, i.e., expo-
nential increase in [-V characteristics in one direction while it suppresses
the current efficiently in the other direction depending on the voltage
applied to the back-gate. Hence, a clock signal switching between pos-
itive and negative voltages will trigger the device to switch its direction
periodically. This can be used to chop positive DC voltages, fed through
during the back-gate voltage is <O V and blocked while back-gate
voltage is >0 V respectively, and vice versa for negative DC voltages.
The results of our simulations are shown in Fig. 9. For the conventional
circuit, we used the standard NMOS devices of LTSpice and an input DC
voltage of £5 V (Fig. 9(a-b)). For the passives (R; and C;) we used 180
kQ and 17 nF respectively. The clock frequency is 50 Hz in each case.
One can see that the approach using the conventional NMOS device
(Fig. 9(c-d)) does not support negative DC voltages, i.e., the output
signal amplitude is very low in this case. On the other hand, the 2D
BDiode is able to chop positive and negative DC voltages (Fig. 9(e-f)). In
these simulations, the amplitude of the output signal for positive DC
voltages and the conventional device is a little higher than this for the
2D BDiode which is probably caused by the parasitics of our device.

4.3. Charge pump

As a last example, we introduce a bidirectional charge pump based
on the 2D BDiode. The charge pump is a well-known circuit used for
increasing the level of a DC voltage to a well-defined higher level. This is
done by storing charges in a capacitor and periodically discharging the
capacitor adding the stored charges to the input DC voltage. An example
of a simple implementation of a conventional charge pump is shown in
Fig. 10 utilizing two diodes.

The use of 2D BDiodes (Fig. 10) offers the benefit that positive as well
as negative input DC voltages can be pumped to the respective higher
level which is not possible with this simple topology, and the use of
conventional diodes. The results of the transient simulations of this
application are shown in Fig. 11. In this example, the input voltage is +5
V and the targeted output the double of the input voltage, the used
capacitor is 80 nF, and the clock frequency is 200 Hz (Fig. 11a-b)). The
conventional straightforward circuit shown for comparison can achieve
this only for positive input voltages (Fig. 11c-d)) while using the 2D
BDiode can also shift negative voltages to higher levels (Fig. 11e-f)).
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5. Conclusions and outlook

In summary, a fully-2D device was investigated and modeled for
SPICE simulations. The simulations predict outstanding properties of-
fering completely novel opportunities in analog circuit design. The
background of this feature is the difference in the carrier transport
mechanism depending on the back-gate voltage. The shown examples
are very simple circuits for AC/DC conversion, DC/AC conversion, and
level shifting of DC voltages (charge pump). There are several possible
additional applications, also for high-frequency circuits, e.g., mixers or
more complex circuits like amplifiers. However, for such applications a
more detailed modeling of the device is mandatory. This includes the
dynamic performance and details regarding the transition region be-
tween negative and positive back-gate bias. One major issue of such
devices is reproducibility, which is affected by device-to-device varia-
tions that are inherent to the presented fabrication process. For a large
scale and wide range of applications, this needs to be addressed and is a
general challenge for 2D-material based devices, where high-quality
wafer-scale material growth using different techniques like chemical
vapor deposition and epitaxy are still in their infancy. Currently, the
physical properties of the deposited materials are not yet satisfactory in
comparison to their exfoliated counterparts for advanced device con-
cepts and applications. A more advanced 2D material technology may
also lead to new opportunities as the fabrication of top and bottom gates
with symmetrical alignments and identical layer stacks. This would also
enable reconfigurability from both sides. Nevertheless, in this paper, we
demonstrated for the first time a switchable diode as a device entirely
made of 2D materials including a simple SPICE model with outstanding
properties for next-level analog circuit design and we named it “2D
BDiode”.
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