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Abstract—Two-dimensional (2D) materials are 
promising for next-generation energy-efficient 
nanoelectronics. In this work, we exploited sub-1-nm 
2D monolayers ranging from semimetal to 
semiconductor and insulator to decorate metal-
semiconductor (MS) interfaces and achieved an 
outstanding capacity of manipulating carrier injections 
through the 2D monolayers. A record-high rectification 
ratio (5.4×104) and conductance (2×105 S/m2) were 
obtained from a Ti/MoS2/p-Si/Al Schottky diode, which 
demonstrates the promising potential of the sub-1-nm 
2D monolayers to boost the performance of various 
electron devices.  

I. INTRODUCTION 
With the rise of graphene (Gr), 2D materials have 

been extensively explored for energy-efficient 
nanoelectronics due to the natural quantum confinement 
in an atomically thin body [1, 2]. Especially for a 
stacking structure based on the 2D materials, the out-of-
plane carrier transport through the 2D layered crystals 
plays a critical role for overall device performance [3-5]. 
In this work, we designed a novel metal/2D 
monolayer/semiconductor (M2DS) vertical structure, 
and tested it with different 2D monolayers (ranging from 
semimetal (e.g., Gr) to semiconductor (e.g., MoS2) and 
insulator (e.g., h-BN)) as well as different low and high 
work function metals (e.g., Ti and Pd). Depending on the 
2D monolayers, the carrier transport dominated by 
energy matching and barrier tunneling was discussed 
through a comprehensive and statistical analysis.  

II. DEVICE FABRICATION AND MEASUREMENT 
The vertical-stacking M2DS Schottky diodes consist 

of top electrodes (Ti or Pd), 2D monolayers (Gr, MoS2, 
or h-BN), p-Si substrate, and Al/Au bottom electrodes as 
shown in Fig. 1. First, the bottom-surface native oxides 
of the p-Si substrate (1-10 Ω·cm) were etched out using 
buffered oxide etchant (BOE, 6:1). Then the global 
Al/Au (50/30 nm) bottom electrode was deposited by 
electron-beam (e-beam) evaporation. Al was chosen as a 
dopant to provide Ohmic contact with the p-Si substrate. 

Then, the top-surface native oxides were etched out, 
followed by wet-transfer placement of the 2D 
monolayers synthesized by chemical vapor deposition 
(CVD) [6]. Next, the 100-nm-thick Ti and Au top 
electrode arrays (Ti/Au, 50/50 nm for Ti contact) were 
deposited by e-beam evaporation through a shadow 
mask. As a reference, the Ti- and Au-contact MS diodes 
without any 2D monolayer decoration were prepared 
through the same fabrication process. Therefore, the 
performance difference between the M2DS and MS 
diodes can be directly attributed to the introduction of 2D 
monolayer decoration at the MS interfaces.  

 
Fig. 1. Top panel: Device structure, microscopy image 
(scale bar: 300 μm), and energy band diagram of the M2DS 
diodes with 2D monolayer Gr, MoS2, and h-BN decoration. 
Here Evac, EC, EV, and EF denote energy at the vacuum, 
conduction band minima, valence band maxima, and Fermi 
level, respectively. Bottom panel: Raman spectra of the 2D 
monolayer Gr, MoS2, and h-BN.  

III. RESULTS AND DISCUSSION 
A statistical characterization was carried out for 10 

devices of each type of the M2DS diodes at room 
temperature, as shown in Fig. 2(a) and (b). Holes are 
considered as the majority charge carriers because of the 
p-Si involved in the M2DS structure. For VA < 0 V, the 
hole injection is induced from the top electrode and 
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governed by the M2DS interfacial barrier. Depending on 
the adapted 2D monolayers, the hole injection efficiency 
varies significantly for the Ti-contact M2DS diodes but 
becomes comparable for the Pd-contact ones. In 
comparison, for VA > 0 V, both the Ti- and Pd-contact 
M2DS devices behave similarly, because the holes are 
injected through the identical Ti/p-Si interfaces from the 
bottom electrode. From the maximum J and G obtained 
at VA = +/–20 V, it is found that the 2D monolayer 
decoration can significantly tune the carrier injection and 
thus J and G, depending on the metal selection. Taking 
the MoS2 decoration as an example, the Ti-contact 
M2DS diodes can provide an ultrahigh rectification ratio 
of 5.4×104 which is ~5,000 higher than the referential 
device (~11). 

 
Fig. 2. Statistical characterizations including (a, b) J, (c, d) 
G, and (e, f) η as a function of VA for the Ti- and Pd-contact 
M2DS diodes and the reference MS diodes. The holes are 
injected through the M2DS interfaces at VA < 0 V.  

The underlying mechanism of 2D monolayer 
decoration can be interpreted by their different 
thicknesses and bandgaps, as shown in Fig. 3. The 
semimetal Gr (0.34 nm) provides an energy matching at 
the MS interface and thus lowers the injection barrier [7, 
8]. In contrast, the semiconducting MoS2 (0.65 nm) and 
insulating h-BN (0.34 nm) with relatively large bandgaps 
introduce a quantum tunneling through the barriers, and 

the tunneling probability exponentially decays as the 
barrier thickness increases [9, 10].  

 
Fig. 3. The energy band diagram illustrates the carrier 
transport dominated by an energy matching for the Gr 
decoration and a barrier tunneling for the MoS2 and h-BN 
decoration at the M2DS interfaces. 
 

 
Fig. 4. Analysis of R2D including (a) a model of resistors in 
series and (b-d) the dependence on the 2D monolayer 
bandgaps and negative VA.  

The impact of the 2D monolayer decoration can be 
quantitively visualized by a model of resistors in series, 
as shown in Fig. 4. The net resistance induced by the 2D 
monolayer decoration (R2D) is extracted through a 
comparison between the M2DS diode and the reference 
MS diode. The positive R2D promotes the Schottky 
contact with the higher rectification ratio, whereas the 
negative R2D improves the Ohmic contact with the higher 
J and G. Such an outstanding tuning capability between 
the Schottky and Ohmic contacts exhibits the promising 
potential of the 2D monolayer decoration.  

To further understand the carrier transport under the 
2D monolayer decoration, a set of advanced 
characterizations are performed, as shown in Fig. 5. In 
the ln(J/VA

2) versus ln(1/VA) plots, the Gr decoration with 
good linearity indicates the dominance of direct 
tunneling (DT) and thermionic emission (TE) for both 
the Ti- and Pd-contact M2DS diodes. In comparison, the 
MoS2 decoration is dominated by the DT and TE for the 
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Pd-contact M2DS devices, but is governed by Fowler-
Nordheim tunneling (FNT) for the Ti-contact M2DS 
devices. Therefore, for the Ti-contact M2DS diodes, the 
decay of R2D with the MoS2 decoration can be attributed 
to the FNT, and a similar DT-to-FNT transition for the 
case of h-BN decoration can be anticipated as VA 
continues increasing.  

 
Fig. 5. Carrier transport characterizations in the M2DS 
diodes and the reference MS diodes. 

 
Fig. 6. The extracted ϕb for various M2DS diodes and the 
reference MS diodes, including (a, b) ϕb as a function of the 
negative VA and (c, d) Δ ϕb as a function of the 2D 
monolayer bandgaps. 

Using a temperature-variable (130 to 300 K) 
measurement, Schottky barrier height (ϕb) as a function 
of VA is extracted from the Arrhenius plots [10-13], as 
shown in Fig. 6. Compared to the reference devices, the 

Ti-contact MoS2 decoration has the largest ϕb variation 
(Δϕb) which contributes to a strong current rectification. 
Whereas all of the Pd-contact 2D monolayer decorations 
exhibit a much smaller Δϕb, leading to an Ohmic-like 
contact condition.  

 
Fig. 7. Benchmarking of the Ti-contact MoS2-decorated 
M2DS diodes with other state-of-the-art MoS2-based 
vertical-junction diodes.  

Finally, the rectification ratio and G of the Ti-contact 
M2DS diodes with the MoS2 decoration are selected to 
benchmark with other state-of-the-art MoS2-based 
vertical-junction diodes composed of multi-dimensional 
materials [12, 14-34], as shown in Fig. 7. Our device 
possesses a record-high performance, suggesting the 
great potential of the 2D monolayer decoration for next-
generation electron devices.     

IV. CONCLUSION 
We demonstrated a record-high rectification ratio and 

G from the M2DS diodes. The sub-1-nm 2D monolayer 
decoration at the MS interfaces can effectively 
manipulate the carrier transport with a large tuning range 
and boost the performance of various electron devices.  
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