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Abstract

Current transport at metal /semiconductor interface becomes critical to determining ultimate limit in
performance of two-dimensional (2D) electronic devices. In this work, we study output characteristics
as well as carrier transport of the vertical Schottky-contact 2D transistors and diodes, by experimental
measurements and detailed TCAD simulations. Device output current under the forward bias is
primarily attributed to thermionic emission (TE) mechanism, then tunneling occurs and becomes the
dominant interfacial charge transport in the few-layered Mo§, transistors. While shrinking the vertical
channel length from 20 nm to 3.6 and increasing the applied voltage, tunneling ratio rises above 90%
for the sub-5 nm scale, indicating the dominated tunneling mechanism. Simultaneously, the Schottky
diodeloses its rectification ability. Noticeably, Fowler—-Nordheim tunneling (FNT) mechanism cannot
be accurately identified through the linear slope of In(I/ V) versus 1/ V (FN-relation) of output current
under high electric field, due to the co-existing thermionic current that displays a linear-like feature in
the FN-relation plots. The transition from TE to FNT and direct tunneling (DT) regimes can be
identified by analyzing the output current components and FN-relation of tunneling current. These
results can be employed to understand physical insights and transport limitations of the nanoscale
electronics, and to optimize the device design and performance for their ultra-scaled, low-power
applications.

1. Introduction

Two-dimensional (2D) materials commonly feature controllable atomic-layer thickness [ 1—4], uniform flat
surface [5-7], superior carrier mobility and effective mass [8—10], etc, over the conventional silicon technology
in the post-Moore era [11-13]. Among them, transition metal dichalcogenides (TMDs) have been widely
explored as alternative channel materials for electronic devices at the sub-10 nm scale [14-22]. For instance, the
TMD-based pn junction, diode and field-effect transistor (FET) have been intensively realized in a vertically
stacked configuration with the channel length scaled to few-atomic-layer thickness [23-27], and simultaneously
featuring their decent rectifier behavior, high-frequency operation, and increased integration density.

Scaling down the channel length below depletion width of the Schottky barrier, current transport through
the transistors becomes complex, in which the device output can be attributed by a combined effect of
thermionic emission (TE) and field-emission tunneling [28, 29]. Previous works have discussed current and
carrier transport inside the vertically-stacked elements. For instance, Li Hua-Min et al constructed the sub-5 nm
vertical MoS,-based p-n junctions, where the tunneling mechanisms like direct tunneling (DT) and Fowler—

© 2025 The Author(s). Published by IOP Publishing Ltd
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Nordheim tunneling (FNT) dominated carrier transport [23]. Similar transport mechanisms were observed in
other 2D materials-based heterostructure or p-i-n heterojunction [24, 30]. And the vertical transport model at
the metal/TMDs interface has also been developed, with FNT mediated under high electric fields and TE
dominated under low fields [31]. Among them, the In(I/ V*) versus 1 /V plot of the device current—voltage (I-V')
was employed to clarify the transition from TE to DT and FNT. However, while continuously shrinking the
vertical device geometry from bulk to the sub-10 nm scale, several questions are raised: (i) can the tunneling
mechanism always be straightforwardly identified as the linear dependence featured in the In(I/ V?) versus 1/V
plots? (i) how to adequately clarify the components of over-barrier thermionic current and under-barrier
tunneling current across the metal /TMD contacts and their impact on device output thereafter, from theoretical
and experimental aspects? These understandings are required for further exploring the physical limitation of 2D
transistors, and critical for their ultra-scaled, high-performance design, and high-efficiency application in the
next-generation nano-electronics.

In this work, we investigate the current characteristics and carrier transport mechanisms inside the vertical
Schottky-barrier MoS,-based FET and diode. The van der Waals (vdW) integration approach is implemented
for the device fabrication, and TCAD simulation is carrier out to interpret the current transport and physical
insights of vertical nanoscale device. Specifically, we notice that the linear feature of In(I/ V*) versus 1 /V plot of
the output current under high electric fields cannot determine the FNT mechanism since the co-existing
thermionic current also displays a linear-like feature. However, this method is available for sub-5 nm cases since
the tunneling current is major contributor to output current. Furthermore, the output components like
thermionic and tunneling current, of these devices with varying vertical channel length are quantified to explore
size limit of MoS,-based Schottky diodes. Our findings can be used for adequately understanding the current
transport at the metal /TMDs contact interface of the vertical devices.

2. Results and discussion

2.1. Experimental measurements

To realize the atomically clean and high-quality metal /semiconductor interface, the 2D vdW integration and
electrode lamination process are employed to fabricate the vertical Mo§, transistors, with the experimental
details described in our previous report [25]. In figure 1(a), the metal/MoS,/graphene are stacked in a vertical
direction. The graphene layer is grounded as the source, the top-metal (Ag/Au, 30/20 nm thick) is biased as the
drain (V'), and the back-gate voltage (V) is applied on the heavily doped silicon substrate. Sweeping Vg from
negative to positive, the Fermi level in graphene rises from below to above the Dirac point and aligns to the
conduction bottom in MoS, [32], thus modulating barrier height at the interface. Figure 1(b) shows the charge
transport mechanisms through the Schottky contact interface, the tunneling is more likely to occur while scaling
the vertical channel length. Atlow V, the field-induced band bending is not serious and the tunneling current is
generated by DT mechanisms. Under high electric field (high V), the tunneling distance is reduced, then the
tunneling current is mainly originated from FNT.

The output drain current (J) as a function of drain bias (V') are illustrated in figures 1(c) and (d), for the
vertical eight- (~5 nm-thick) and five-layered (~3.6 nm-thick) MoS, transistors, respectively. The output
characteristic features a linear relationship when a very positive Vi (e.g. 60 V) brings the lowered Schottky
barrier. On the other hand, the output current I gets suppressed under a negative Vg (e.g. —60 V), and the I-V
curve displays the nonlinear characteristics indicating the increased barrier height. Under the high electric field,
ahigher output current is observed in the 3.6 nm-thick device with a more negative Vi, which could be
attributed to the decreased channel length and the enhanced tunneling effect at contact interface.
Correspondingly, In(I/ V?) versus 1/ V (i.e. FN-relation, as discussed next) plots of the device output currents are
depicted in insets of figures 1(c) and (d) for the eight- and five-layered MoS, transistors, respectively. The linear
slope of the FN-relation plots under high bias voltage (low 1/V) is referred as the criterion of FNT dominance
[23, 24], whereas the logarithmic growth at low bias voltage indicates the transport mechanisms of direct
tunneling (DT) and thermionic emission (TE). However, as illustrated in figure 1(b), charge transport
mechanisms at the Schottky junction are denoted with direct tunneling (DT), Fowler—Nordheim tunneling
(FNT), and thermionic emission (TE), which are specifically dependent on the electrical condition (contact
barrier &g, bias V') and device geometry (channel length d) [33, 34].

2.2. TCAD simulation analyses

In order to elucidate the current transport and conduction mechanisms inside the vertical nanoscale device, an
equivalent two-terminal structure of the vertical Schottky diode is constructed in the TCAD platform (Atlas/
SILVACO) [35]. Herein, MoS; is an intrinsically n-type semiconductor with varying thickness from 3.6 nm to
20 nm, the affinity and intrinsic bulk defect density are 4.2 eV and 1 x 10'® cm™~?/eV [36], respectively. The
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Figure 1. (a) Schematic illustration of the MoS,-based vertical transistor. (b) Charge transport mechanisms across the metal /
semiconductor interface, including thermionic emission (TE) over the Schottky barrier and tunneling (FNT, DT) through the barrier.
Output curves of the MoS, transistor with vertical channel length scaled to (c) eight layers and (d) five layers. The insets display the
corresponding FN-relation plots.

indirect band gap can be set to 1.3 eV for MoS, layer numbers exceeding four [23, 37]. Herein, the thermionic
emission and Tsu-Esaki model are employed to simulate the current transport at Schottky contact interface. The
boundary conditions are defined as a Schottky contact for the anode and an ohmic contact for the cathode. Then
the external bias Vis applied on anode and the Schottky barrier height @5 is set to 0.37 eV. Further, there are at
least ten mesh cells in each nanometer along the carrier transport direction to guarantee the precision of
numerical simulations. Both effective contact areas between the metal and semiconductor are 1 pm x 1 pm.

The thermionic current (I1g) and tunneling current (Iy) versus the applied bias Vare plotted
logarithmically in figure 2(a), while shrinking the vertical channel length (i.e. the film thickness d) from 20 nm to
3.6 nm. Iy increases as d is scaled down, and starts to dominate the total current under large bias for d = 3.6 nm,
implying a non-negligible role in carrier transport at the nanoscale device. In contrast, the over-barrier
thermionic current Iy grows exponentially with Vbefore showing the sign of saturation in figure 2(a), and
remains a constant regardless of the vertical channel length, proving that thermionic emission mechanism is
independent of device geometry. Tunneling ratio (TR), we define it as TR = Ity/Ita, here, Ity = It + I7g is the
device output total current. TR is employed to evaluate the dominant mechanism in the forward current
transport. When TR exceeds 50%, it can be considered that tunneling is the main transport mechanism.
Conversely, the thermal emission current is the main contributor to the output current. At V=1V, TR gets
enhanced and reaches up to 66.5% while scaling d from 20 down to 3.6 nm. That means, carrier transport inside
the vertical Schottky diode has switched from mainly thermionic emission to mainly tunneling response for the
shortened vertical channel length and increased applied bias. These explain well the electrical behavior of ultra-
scaled vertical devices, observed in other reports and our experimental characterizations [24, 25, 27].

To further clarify the thermionic emission and tunneling mechanisms inside the vertical diodes, each
current component contributing to output characteristics is discussed separately as follows. Generally,
thermionic emission currents over the Schottky barrier is given by [33, 35]:
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Figure 2. (a) Thermionic Ig and tunneling Iy currents versus applied bias. The inset shows the FN-relation plots of total current I,
Itgand Ity in the 15-nm-thick device. (b) FN-relation plots of tunneling current Iy with scaled channel lengths. (c) Valance band
profiles inside the device at bias V = 1 V, taken from the 5 nm-deep away from the top surface. The inset displays the contour plot of
energy distribution in the black dashed box. FN-relation plots of Ity (d) and It (e) at different barrier heights. (f) FN-relation plots of
Ity for various effective mass. The inset shows tunneling probability, pink and blue backgrounds indicate the FNT and DT,
respectively.

Irp = A A*T? exp(—f—;) exp(—z—‘;), (1)

where A is effective contact area and normalized to be 1 pm?in our analyzation. T'and @ are temperature and
barrier height, respectively. A* = 47m* gk’ /I’ is effective Richardson constant, and here ™ (= 0.47 mg, my is the
free electron mass) is the effective electron mass of MoS, [38], q is elementary charge, k and h are Boltzmann’s
and Planck’s constant, respectively. With respect to tunneling effect, FNT occurs at high bias. In such case, the
FNT current (Ipyt) can be expressed as [29, 39]:

3
Agrq’moV? 8wV 2m* ®Fd

I V) = 2
) = 3hqV @
where dis depletion width, i.e. the channel length in our cases. For further identify the FNT response in
numerical results, the current—voltage characteristics are analyzed by plotting FN-relation. Therefore, the
equation (2) can be rewritten as [23, 29]:
3
In [ IFNT(V)] I Agrq’my _ 8m2m* Pzd )
V? 8Th®pd?*m™* 3hqV

indicating that the FNT response can be identified by alinear dependence in the FN-relation of Ipnr(V). This
signature has often been used by many researchers to verify the dominant FNT transport from experiments
[23,24,30,31].

Herein, we replot the FN-relation regarding It4, ITg and Iy of the vertical Schottky diode, as depicted in the
inset of figure 2(a). In the high-voltage region, the FN-relation plot of Ity clearly exhibits the linear dependence.
Similar trends are also observed in figure 2(b), where the tunneling transport gets enhanced with reduced device
geometry. Note that the I achieves high current density, and also exhibits a linear-like feature in the FN-
relation plotatlow 1/V. This implies that the linear-like feature in FN-relation plot of I, under high field (large
bias, V') cannot ascertain the FNT mechanism in the nanoscale device. In such case, without adequately
specifying the current components or verifying the dominant mechanism, it could be hazardous to conclude the
FNT existence from the experimental results merely. Atlow bias, the barrier is not strongly deformed by the
applied electric field. The current ascribed to direct tunneling (DT, Ip7) follows a linear relation to the bias V/
accordingto [29, 39]:
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Figure 3. (a) Device output I-V curves with various channel lengths. (b) Current rectification ratio extracted at V=41 V. The inset
shows the rectification ratios for different thicknesses in experiment and simulation.
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Thus, a ‘tick’ shape is completely displayed in the plot of FN relation, regarding the tunneling current Itn(V') for
the whole bias range. The strong linear dependence under a high bias suggests that FNT transport is dominant,
whereas the logarithmic growth at a low bias represents DT mechanism.

For such that, the transition voltage (Vr) is defined as the voltage at the transition of linear (FNT) to
logarithmic region (DT). When the vertical channel length d decreases from 20 to 3.6 nm, the transition voltage
Vg gets reduced from 0.37 t0 0.11 V (figure 2(b)). We point out that here, scaling d enables carriers yielding
sufficient energy for tunneling due to the field-effect band bending [27], which leads to FNT occurring at lower
bias. This session of analytical simulation interprets and agrees well with the experimental observations in
[23, 30], where the absolute value of V- also decreased with the reduced thickness of the MoS,-based pn
junction. Figure 2(c) depicts the band diagram (at V=1V) of the Schottky diodes. As shown, the tunneling
distance around the anode Schottky contact gets reduced, with d is scaling down. Correspondingly, the slope
extracted from the FN-relation plot of Ity under the high electric field gets steeper (figure 2(b)), which is
consistent with the derivation from equation (3).

Furthermore, the impacts of barrier height & and carrier effective mass m* on output characteristics of the
device are investigated in figures 2(d)—(f). Heightening ®g from 0.17 to 0.57 eV at the anode, both Ity and I, are
largely suppressed. The absolute value of linear slope in FEN-relation plot for tunneling current increases with the
barrier height, guided with the red dashed lines in figure 2(d), and being proportional to ®3 ? as analytically
described in equation (3). Noticeably, weakening the barrier height, the FN-relation plots of Ity and I, feature
similar trends at &5 = 0.17 eV, in which the tunneling current dominates. These simulated results explain how
the Schottky barrier impacts the device output current and are consistent with our observations in figure 1(d),
where @ is modulated by the external bias V3 and the Ohmic-like contact is achieved at V3 =60 V. In another
aspect, reducing the effective mass m™ from 0.55 to 0.15 m, Iy in figure 2(f) gets increased obviously. As shown
in the inset, the tunneling probability T(E,) under the WKB approximation gets enhanced as m* decreases, i.e.
T(E,) oxexp(— Jam* ) [34]. Atafixed T(E,), the distance for carriers travel through the barrier becomes shorter
as the effective mass m” increases, which agrees with the description in [28, 34], where tunneling distance d-
scalesas 1/ \/ﬁ .

Scanning the applied bias V from the forward to reverse conditions, full output curves of the vertical diodes
with varying channel lengths are plotted in figure 3(a). Overall, favorable rectification characteristics are
displayed for the channel length d exceeding 5 nm, where the output current under the forward bias maintains
saturation and the reverse current gets notably suppressed. However, scaling d down to 5 and 3 nm, the reverse
current level gets enhanced by orders of magnitude, which can be attributed to the reduction in tunneling
distance caused by field-induced band bending. Rectification ratios (RR), defined as the ratio between the
forward current I and the reverse current Iy, i.e. RR = I/ Iy, are then calculated at | V| =1V for the various
diode lengths in figure 3(b). The asymmetric nonlinear I-V characteristic for forward (I, V> 0 V) and reverse
(I, V < 0 V) biases guarantees a reasonably high RR of ~ 10° for d = 20 nm. Also, the vertical diode with a
10 nm-thick film reveals a reasonable RR value of 66. These are close to the RR values reported previously in the
2D TMDs-based diodes, e.g. RR = 20 for a 10.4 nm-thick vertical WSe, diode and RR = 1 for the 8 nm-thick
MoS, pn junction [23, 24, 27]. Further shrinking the diode length down to 3 nm, the device approximately loses
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Figure 4. (a) Thermionic (I1g, solid lines) and tunneling currents (Iy, dash lines) versus the applied bias V, with different channel
thicknesses. The inset shows the band diagram at equilibrium. (b) The corresponding tunneling ratio (TR = Itn/(Itg+I7n)) extracted
at V=0.5and 1 V. The inset plots the Fowler—Nordheim (FN) relation, i.e. In (I/ V) versus 1/ V, of the tunneling current Ity.

its rectification ability (RR = 1.16), as shown in figure 3(b). In other words, the tunneling effect becomes
dominant in vertical Schottky device whatever in forward or reverse transport for such scale limit. For example,
the RR < 1 has been experimentally measured for an 8 nm-thick vertical MoS, pn junction [23], demonstrating
the ultimate limit in the vertical nanoscale diode before switching from the operation of thermionic emission to
the dominant tunneling mechanism.

In the 2D vertical transistor or diode fabrication, the symmetrical metal contacts are often utilized [40, 41].
Therefore, in the device modeling, we specify that both anode and cathode are Schottky contacts with the same
barrier height ®5 0f0.37 eV. Figure 4(a) describes the numerically analyzed thermionic emission currents (Itg,
solid line) and tunneling currents (I1y, dashed line) as a function of the applied voltage V for the symmetrical-
Schottky-contact diodes, with 3.6, 5, 8, 10, 15 and 20 nm-thick vertical channels. While comparing with the
asymmetrical-contact cases (figure 2(a)), the Ig (regardless of the thickness d) of the symmetrical-contact
Schottky diode gets reduced by an order of magnitude and the Iy also gets suppressed, which can be attributed
to the heightened potential barrier at the other contact. However, while scaling the device down to 5 nm, the
diode length becomes shorter than the semiconductor depletion width. For this case, the tunneling distance is
shortened, then the tunneling current occurs regardless of the barrier height. The tunneling ratio TRs (at V=1
V) for the symmetrically contacted vertical diode with different channel lengths are illustrated in the bar graph of
figure 4(b). The high value of TR (94.1% for the 3.6 nm-thick) demonstrates the dominance of tunneling
transport, due to the additional Schottky barrier height significantly suppresses the thermal emission current but
has a relatively weak effect on tunneling at such a scale. Specifically, we point out that here, as the channel
thickness scales down to sub-5 nm, the tunneling mechanism becomes the dominant interfacial charge
transport for these 2D vertical devices under a forward bias. The inset of figure 4(b) shows the FN-relation plot of
tunneling currents, in which some bumps occur for low 1/V (voltage ranging from 0.17 to 0.24 V) and large d,
due to the non-negligible effect of bulk defect density on tunneling current.

The numerical results show that the symmetric contact can be employed to maximize the tunneling current
in forward bias, thus proven its priority for the design of low-voltage, ultra-scaled tunneling transistor or diode.
In addition, contact engineering with large Schottky barrier height, as an effective method for suppressing
reverse leakage current [42], can be helpful in maintaining the rectification behavior of sub-5 nm-thick Schottky
diode.

3. Conclusion

In summary, we present a systematic framework of investigating current transport inside the vertical ultra-
scaled 2D Schottky devices. Tunneling has occurred in the MoS,-based vertical transistors, with the reduced
channel layer number. By shrinking the channel length d (e.g. ranging from 20 to 3.6 nm) and increasing the
applied bias V (electric field), tunneling effect becomes dominant over thermionic emission across the Schottky
contact interface, exhibiting a tunneling ratio of 94.1% (at V=1V) for the sub-5 nm symmetric-contacted
diode. Then, FNT mechanism can be clarified from TE and DT by the linear slope of the FN-relation plots: i.e.
In(I/ V*) versus 1/ V. Otherwise, it can be inaccurate to identify FN'T by directly plotting the FN-relation of
output characteristics, where the thermionic current also displays a linear-like relationship under high electric
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field. These results establish the scaling limit (sub-5 nm) for the 2D nanoscale device, and provide strong
theoretical support and analytical guidance for low-power, high-performance device design and further
applications.
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