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Abstract
Current transport atmetal/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-layeredMoS2 transistors.While shrinking the vertical
channel length from20 nm to 3.6 and increasing the applied voltage, tunneling ratio rises above 90%
for the sub-5 nm scale, indicating the dominated tunnelingmechanism. Simultaneously, the Schottky
diode loses its rectification ability.Noticeably, Fowler–Nordheim tunneling (FNT)mechanism cannot
be accurately identified through the linear slope of ln(I/V2) 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 fromTE 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 carriermobility and effectivemass [8–10], etc, over the conventional silicon technology
in the post-Moore era [11–13]. Among them, transitionmetal dichalcogenides (TMDs) have beenwidely
explored as alternative channelmaterials 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 configurationwith 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 belowdepletionwidth of the Schottky barrier, current transport through
the transistors becomes complex, inwhich the device output can be attributed by a combined effect of
thermionic emission (TE) andfield-emission tunneling [28, 29]. Previousworks have discussed current and
carrier transport inside the vertically-stacked elements. For instance, LiHua-Min et al constructed the sub-5 nm
verticalMoS2-based p-n junctions, where the tunnelingmechanisms like direct tunneling (DT) and Fowler–
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Nordheim tunneling (FNT) dominated carrier transport [23]. Similar transportmechanismswere observed in
other 2Dmaterials-based heterostructure or p-i-n heterojunction [24, 30]. And the vertical transportmodel at
themetal/TMDs interface has also been developed, with FNTmediated under high electric fields andTE
dominated under lowfields [31]. Among them, the ln(I/V2) versus 1/V plot of the device current–voltage (I-V )
was employed to clarify the transition fromTE toDT and FNT.However, while continuously shrinking the
vertical device geometry frombulk 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 ln(I/V2) versus 1/V
plots? (ii) how to adequately clarify the components of over-barrier thermionic current and under-barrier
tunneling current across themetal/TMDcontacts 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 transportmechanisms inside the vertical
Schottky-barrierMoS2-based FET and diode. The van derWaals (vdW) integration approach is implemented
for the device fabrication, andTCAD simulation is carrier out to interpret the current transport and physical
insights of vertical nanoscale device. Specifically, we notice that the linear feature of ln(I/V2) versus 1/V plot of
the output current under high electric fields cannot determine the FNTmechanism since the co-existing
thermionic current also displays a linear-like feature.However, thismethod is available for sub-5 nm cases since
the tunneling current ismajor 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 ofMoS2-based Schottky diodes. Ourfindings can be used for adequately understanding the current
transport at themetal/TMDs contact interface of the vertical devices.

2. Results and discussion

2.1. Experimentalmeasurements
To realize the atomically clean and high-qualitymetal/semiconductor interface, the 2D vdW integration and
electrode lamination process are employed to fabricate the verticalMoS2 transistors, with the experimental
details described in our previous report [25]. Infigure 1(a), themetal/MoS2/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 (VB) is applied on the heavily doped silicon substrate. SweepingVB from
negative to positive, the Fermi level in graphene rises frombelow to above theDirac point and aligns to the
conduction bottom inMoS2 [32], thusmodulating barrier height at the interface. Figure 1(b) shows the charge
transportmechanisms through the Schottky contact interface, the tunneling ismore likely to occurwhile scaling
the vertical channel length. At lowV, thefield-induced band bending is not serious and the tunneling current is
generated byDTmechanisms. Under high electric field (highV ), the tunneling distance is reduced, then the
tunneling current ismainly originated fromFNT.

The output drain current (I) as a function of drain bias (V ) are illustrated infigures 1(c) and (d), for the
vertical eight- (∼5 nm-thick) andfive-layered (∼3.6 nm-thick)MoS2 transistors, respectively. The output
characteristic features a linear relationshipwhen a very positiveVB (e.g. 60V) brings the lowered Schottky
barrier. On the other hand, the output current I gets suppressed under a negativeVB (e.g.−60V), and the I-V
curve displays the nonlinear characteristics indicating the increased barrier height. Under the high electric field,
a higher output current is observed in the 3.6 nm-thick devicewith amore negativeVB, which could be
attributed to the decreased channel length and the enhanced tunneling effect at contact interface.
Correspondingly, ln(I/V2) versus 1/V (i.e. FN-relation, as discussed next) plots of the device output currents are
depicted in insets offigures 1(c) and (d) for the eight- and five-layeredMoS2 transistors, respectively. The linear
slope of the FN-relation plots under high bias voltage (low 1/V ) is referred as the criterion of FNTdominance
[23, 24], whereas the logarithmic growth at low bias voltage indicates the transportmechanisms of direct
tunneling (DT) and thermionic emission (TE). However, as illustrated infigure 1(b), charge transport
mechanisms at the Schottky junction are denotedwith direct tunneling (DT), Fowler–Nordheim tunneling
(FNT), and thermionic emission (TE), which are specifically dependent on the electrical condition (contact
barrierΦB, biasV ) and device geometry (channel length d) [33, 34].

2.2. TCAD simulation analyses
In order to elucidate the current transport and conductionmechanisms inside the vertical nanoscale device, an
equivalent two-terminal structure of the vertical Schottky diode is constructed in the TCADplatform (Atlas/
SILVACO) [35]. Herein,MoS2 is an intrinsically n-type semiconductor with varying thickness from3.6 nm to
20 nm, the affinity and intrinsic bulk defect density are 4.2 eV and 1× 1018 cm−2/eV [36], respectively. The
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indirect band gap can be set to 1.3 eV forMoS2 layer numbers exceeding four [23, 37]. Herein, the thermionic
emission andTsu-Esakimodel 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 biasV is applied on anode and the Schottky barrier heightΦB is set to 0.37 eV. Further, there are at
least tenmesh cells in each nanometer along the carrier transport direction to guarantee the precision of
numerical simulations. Both effective contact areas between themetal and semiconductor are 1 μm× 1 μm.

The thermionic current (ITE) and tunneling current (ITN) versus the applied biasV are plotted
logarithmically infigure 2(a), while shrinking the vertical channel length (i.e. thefilm thickness d) from20 nm to
3.6 nm. ITN 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 ITE grows exponentially withV before showing the sign of saturation infigure 2(a), and
remains a constant regardless of the vertical channel length, proving that thermionic emissionmechanism is
independent of device geometry. Tunneling ratio (TR), we define it asTR= ITN/ITA, here, ITA= ITN+ ITE is the
device output total current.TR is employed to evaluate the dominantmechanism in the forward current
transport.WhenTR exceeds 50%, it can be considered that tunneling is themain transportmechanism.
Conversely, the thermal emission current is themain contributor to the output current. AtV= 1V,TR gets
enhanced and reaches up to 66.5%while scaling d from20 down to 3.6 nm. Thatmeans, carrier transport inside
the vertical Schottky diode has switched frommainly thermionic emission tomainly tunneling response for the
shortened vertical channel length and increased applied bias. These explainwell 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 tunnelingmechanisms 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]:

Figure 1. (a) Schematic illustration of theMoS2-based vertical transistor. (b)Charge transportmechanisms across themetal/
semiconductor interface, including thermionic emission (TE) over the Schottky barrier and tunneling (FNT,DT) through the barrier.
Output curves of theMoS2 transistor with vertical channel length scaled to (c) eight layers and (d)five layers. The insets display the
corresponding FN-relation plots.
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whereAeff is effective contact area and normalized to be 1 μm2 in our analyzation.T andΦB are temperature and
barrier height, respectively.A*= 4πm*qk2/h3 is effective Richardson constant, and herem* (= 0.47m0,m0 is the
free electronmass) is the effective electronmass ofMoS2 [38], q is elementary charge, k and h are Boltzmann’s
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where d is depletionwidth, 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]:
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indicating that the FNT response can be identified by a linear dependence in the FN-relation of IFNT(V ). This
signature has often been used bymany researchers to verify the dominant FNT transport from experiments
[23, 24, 30, 31].

Herein, we replot the FN-relation regarding ITA, ITE and ITN of the vertical Schottky diode, as depicted in the
inset offigure 2(a). In the high-voltage region, the FN-relation plot of ITN clearly exhibits the linear dependence.
Similar trends are also observed infigure 2(b), where the tunneling transport gets enhancedwith reduced device
geometry. Note that the ITE achieves high current density, and also exhibits a linear-like feature in the FN-
relation plot at low 1/V. This implies that the linear-like feature in FN-relation plot of ITA under highfield (large
bias,V ) cannot ascertain the FNTmechanism in the nanoscale device. In such case, without adequately
specifying the current components or verifying the dominantmechanism, it could be hazardous to conclude the
FNT existence from the experimental resultsmerely. At low bias, the barrier is not strongly deformed by the
applied electric field. The current ascribed to direct tunneling (DT, IDT) follows a linear relation to the biasV
according to [29, 39]:

Figure 2. (a)Thermionic ITE and tunneling ITN currents versus applied bias. The inset shows the FN-relation plots of total current ITA,
ITE and ITN in the 15-nm-thick device. (b) FN-relation plots of tunneling current ITNwith scaled channel lengths. (c)Valance band
profiles inside the device at bias V= 1V, 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 ITN (d) and ITA (e) at different barrier heights. (f) FN-relation plots of
ITN for various effectivemass. The inset shows tunneling probability, pink and blue backgrounds indicate the FNT andDT,
respectively.
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Thus, a ‘tick’ shape is completely displayed in the plot of FN relation, regarding the tunneling current ITN(V ) for
thewhole bias range. The strong linear dependence under a high bias suggests that FNT transport is dominant,
whereas the logarithmic growth at a lowbias represents DTmechanism.

For such that, the transition voltage (VTR) is defined as the voltage at the transition of linear (FNT) to
logarithmic region (DT).When the vertical channel length d decreases from20 to 3.6 nm, the transition voltage
VTR gets reduced from0.37 to 0.11V (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 FNToccurring at lower
bias. This session of analytical simulation interprets and agrees well with the experimental observations in
[23, 30], where the absolute value ofVTR also decreasedwith the reduced thickness of theMoS2-based pn
junction. Figure 2(c) depicts the band diagram (atV= 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 ITN under the high electric field gets steeper (figure 2(b)), which is
consistent with the derivation from equation (3).

Furthermore, the impacts of barrier heightΦB and carrier effectivemassm* on output characteristics of the
device are investigated infigures 2(d)–(f). HeighteningΦB from0.17 to 0.57 eV at the anode, both ITN and ITA are
largely suppressed. The absolute value of linear slope in FN-relation plot for tunneling current increases with the
barrier height, guidedwith the red dashed lines infigure 2(d), and being proportional toΦB

3/2 as analytically
described in equation (3). Noticeably, weakening the barrier height, the FN-relation plots of ITN and ITA feature
similar trends atΦB= 0.17 eV, inwhich the tunneling current dominates. These simulated results explain how
the Schottky barrier impacts the device output current and are consistent with our observations infigure 1(d),
whereΦB ismodulated by the external biasVB and theOhmic-like contact is achieved atVB= 60V. In another
aspect, reducing the effectivemassm* from0.55 to 0.15m0, ITN infigure 2(f) gets increased obviously. As shown
in the inset, the tunneling probabilityT(Ez) under theWKB approximation gets enhanced asm* decreases, i.e.

T(Ez) ( )mexp 2 *µ - [34]. At a fixedT(Ez), the distance for carriers travel through the barrier becomes shorter
as the effectivemassm* increases, which agrees with the description in [28, 34], where tunneling distance dT
scales as 1/ m* .

Scanning the applied biasV from the forward to reverse conditions, full output curves of the vertical diodes
with varying channel lengths are plotted infigure 3(a). Overall, favorable rectification characteristics are
displayed for the channel length d exceeding 5 nm,where the output current under the forward biasmaintains
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 ofmagnitude, 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 IF and the reverse current IR, i.e.RR= IF/IR, are then calculated at |V |= 1V for the various
diode lengths infigure 3(b). The asymmetric nonlinear I-V characteristic for forward (IF,V> 0V) and reverse
(IR,V< 0V) biases guarantees a reasonably highRR of∼ 103 for d= 20 nm.Also, the vertical diodewith a
10 nm-thick film reveals a reasonableRR value of 66. These are close to theRR values reported previously in the
2DTMDs-based diodes, e.g.RR= 20 for a 10.4 nm-thick verticalWSe2 diode andRR= 1 for the 8 nm-thick
MoS2 pn junction [23, 24, 27]. Further shrinking the diode length down to 3 nm, the device approximately loses

Figure 3. (a)Device output I-V curves with various channel lengths. (b)Current rectification ratio extracted atV=±1V. The inset
shows the rectification ratios for different thicknesses in experiment and simulation.
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its rectification ability (RR= 1.16), as shown infigure 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,
theRR< 1 has been experimentallymeasured for an 8 nm-thick verticalMoS2 pn junction [23], demonstrating
the ultimate limit in the vertical nanoscale diode before switching from the operation of thermionic emission to
the dominant tunnelingmechanism.

In the 2D vertical transistor or diode fabrication, the symmetricalmetal contacts are often utilized [40, 41].
Therefore, in the devicemodeling, we specify that both anode and cathode are Schottky contacts with the same
barrier heightΦB of 0.37 eV. Figure 4(a) describes the numerically analyzed thermionic emission currents (ITE,
solid line) and tunneling currents (ITN, dashed line) as a function of the applied voltageV for the symmetrical-
Schottky-contact diodes, with 3.6, 5, 8, 10, 15 and 20 nm-thick vertical channels.While comparingwith the
asymmetrical-contact cases (figure 2(a)), the ITE (regardless of the thickness d) of the symmetrical-contact
Schottky diode gets reduced by an order ofmagnitude and the ITN 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 depletionwidth. For this case, the tunneling distance is
shortened, then the tunneling current occurs regardless of the barrier height. The tunneling ratioTRs (atV= 1
V) for the symmetrically contacted vertical diodewith different channel lengths are illustrated in the bar graph of
figure 4(b). The high value ofTR (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 tunnelingmechanismbecomes the dominant interfacial charge
transport for these 2D vertical devices under a forward bias. The inset offigure 4(b) shows the FN-relation plot of
tunneling currents, inwhich some bumps occur for low 1/V (voltage ranging from0.17 to 0.24V) 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 tomaximize 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 engineeringwith large Schottky barrier height, as an effectivemethod for suppressing
reverse leakage current [42], can be helpful inmaintaining 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 theMoS2-based vertical transistors, with the reduced
channel layer number. By shrinking the channel length d (e.g. ranging from20 to 3.6 nm) and increasing the
applied biasV (electricfield), tunneling effect becomes dominant over thermionic emission across the Schottky
contact interface, exhibiting a tunneling ratio of 94.1% (atV= 1V) for the sub-5 nm symmetric-contacted
diode. Then, FNTmechanism can be clarified fromTE andDTby the linear slope of the FN-relation plots: i.e.
ln(I/V2) versus 1/V. Otherwise, it can be inaccurate to identify FNTby directly plotting the FN-relation of
output characteristics, where the thermionic current also displays a linear-like relationship under high electric

Figure 4. (a)Thermionic (ITE, solid lines) and tunneling currents (ITN, dash lines) versus the applied biasV, with different channel
thicknesses. The inset shows the band diagram at equilibrium. (b)The corresponding tunneling ratio (TR= ITN/(ITE+ITN)) extracted
atV= 0.5 and 1V. The inset plots the Fowler–Nordheim (FN) relation, i.e. ln (I/V2) versus 1/V, of the tunneling current ITN.
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field. These results establish the scaling limit (sub-5 nm) for the 2Dnanoscale device, and provide strong
theoretical support and analytical guidance for low-power, high-performance device design and further
applications.
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