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We report a vertically stacked graphene tunnel junction with an atomically thin insulating 

layer for novel function devices. The insulating water layer sandwiched between 

graphene samples as a tunnel barrier which is fabricated through deionized (DI) water 

treatment of epitaxial graphene. Two graphene samples fabricated by SiC thermal 

decomposition are directly bonded to each other in a face-to-face manner. Vertically 

stacked graphene samples without DI water treated formed an ohmic junction. By 

inserting the structured water layer as tunnel barrier, the stacked junction exhibits Direct 

tunneling (DT) characteristics in a low-electric-field regime and Fowler-Nordheim 

tunneling (FNT) characteristics in a high-electric-field regime. The thickness of the 

structured water layer is estimated to be 0.28 nm by fitting the FNT formula. The very 

thin structured water layer is stable as tunnel barrier on epitaxial graphene for diode 

devices, which will have a widely application in electronic devices. 
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1. Introduction 

The excellent properties of graphene have stimulated much interest for applications in 

new generation novel functional electronic devices.1-3) Recently, vertically stacked 

graphene junction systems have attracted much attention owing to their unique 

characteristics such as resonant tunneling and terahertz emission.4-7) In tunnel junction, 

electrons are transported through a thin insulating barrier, from one electrode to the other. 

In stacked graphene junction, atomically thin two-dimensional materials such as 

hexagonal boron nitride (h-BN) and molybdenum disulfide (MoS2) were utilized as 

tunneling barrier.8-14) However, the fabrication processes of such reported devices are 

based on film-transfer technologies which are very complicated. Thus, simpler methods 

to construct stacked junction systems are desirable. In this paper, we demonstrate a simple 

fabrication technique to construct vertically stacked graphene tunneling junctions. Two 

samples of single-crystal graphene grown on a 4H-SiC(0001) substrate are directly 

bonded to each other in face-to-face manner. Before bonding, a thin water layer which 

acts as tunnel barrier is formed through deionized (DI) water treatment.15) Through I-V 

measurement after fabricated, both direct tunneling (DT) and Fowler-Nordheim tunneling 

(FNT) phenomena are observed in the graphene/ water barrier/ graphene junction.  

 

2. Experimental methods 

2.1 Fabrication of graphene samples 

The graphene samples were prepared using an infrared rapid thermal annealer (Thermo 

Riko SR-1800). The starting material was 4H-SiC (0001) semi-insulating substrate of size 

10 mm × 10 mm, cut using the stealth-dicing technology. The substrate was subjected to 

thermal decomposition at 1660 °C in Ar environment (100 Torr) for five minutes, for the 

epitaxial graphene growth of sample A. Annealing was performed at 1640 °C for five 

minutes in Ar environment (100 Torr) to produce sample B. The quality of the samples 

were evaluated through Hall measurements, microscopic Raman spectroscopy 
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(Technospec uRaman532), and scanning probe microscopy (SPM; SPA400/Nanonavi 

SII-NT). The results of Hall effect measurements of sample A, before water treatment 

were 1590 Ω/□ in the sheet resistance, 744 cm2/Vs in carrier mobility, and 5.48×1012 cm-

2 in sheet carrier (electron) density, respectively. Those of sample B were 2360 Ω/□, 479 

cm2/Vs, and 6.04×1012 cm-2, respectively. The results of microscopic Raman 

spectroscopy and SPM indicated that the samples were covered with a high-quality 

single-crystal graphene film.16,17) 

 

2.2 Fabrication of junction structure 

Before constructing the stacked junction, the samples were patterned to limit the square 

junction region, by employing stencil lithography. The plastic film was patterned using 

laser machine placed on the sample surface and the samples were subjected to ion etching 

to remove the uncovered graphene on the SiC substrate. The two samples were stacked 

in a face-to-face manner as shown in Fig. 1(a). The dark blue region is graphene and light 

blue region is SiC substrate after graphene removed. Four contact probes with gold sheets 

as contact materials were placed on the surfaces of the graphene samples. Two electrodes 

(1 and 2) were connected to sample A and the other two electrodes (A and B) were 

connected to sample B. Sample A was immersed in DI water for 15 min to form the 

structured water layer on the graphene surface. The sample A and sample B were stacked 

each other in the face-to-face manner. A pair of acrylic molds were used for fixing 

graphene samples. The schematic of the stacked junction is shown in Fig.1(b). The 

distance of molds was controlled by four screws at corners of molds. The electrical 

measurements of the junctions were performed by a four-terminal method at room 

temperature under atmospheric conditions.   

 

3. Results and discussion 
3.1 Electrical properties of stacked graphene junction  
The current-voltage (I-V) characteristics of the graphene-graphene direct contact junction 
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(without tunnel barrier) are shown in Fig.2. Because the results of both two-terminal and 

four-terminal measurements were linear, it could be inferred that both the graphene-

graphene and graphene-probe junctions established ohmic contacts18,19). The resistance of 

the graphene-graphene junction was 30.1 kΩ and the graphene-probe junction was 135.45 

kΩ. After DI water treatment of one sample (sample A), the zero-bias resistance of the 

stacked junction increased drastically to approximately 1.3 GΩ. As shown in Fig.3(a), 

non-linear I-V characteristics were observed. The semi-log plot of the I-V characteristics, 

shown in Fig.3(b), that the dynamic range of current change reached the sixth order of 

magnitude. The dI/dV curve of the stacked graphene junction with water layer barrier is 

shown in Fig.3(c). The conductance is constant around zero voltage. This result suggests 

that the DT phenomenon may be observed in the low-electric-field region and will be 

discussed later. 

3.2 Tunneling phenomena in stacked graphene junction with water layer 

barrier 

Very thin two-dimensional materials as barrier in stacked graphene junctions were 

reported recently20,21), which make it possible to observe DT and FNT phenomenon. In 

the low-electric-field regime, the carriers in graphene can be transferred to the other 

graphene sample through the tunneling barrier by DT, which is shown in the schematic 

of Fig.4(a). When the bias voltage applied to the junction barrier is large, the shape of the 

barrier-region potential becomes triangular, and the tunneling mechanism changes from 

DT to FNT, as shown in Fig.4(b).22,23) Figure 5(a) shows the topographic SPM image of 

the graphene surface after DI water treatment. The step-terrace structures originating from 

the SiC crystallography can be observed. The lower terraces are covered by bilayer 

graphene with island-like structures. In the upper terraces, monolayer graphene is 

dominant. In the monolayer graphene region, hole structures are observed. The depth of 

the hole corresponds to be thickness of the structured water layer formed by DI water 

treatment. The measured thickness of the water layer is approximately 0.46 nm, as shown 

in the cross-sectional profile of Fig. 5(b).  
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3.2.1 Direct tunneling  

In the DT regime, the tunneling current is proportional to the bias voltage, as expressed 

in the following equation,24,25) 

  𝐼𝐼 ∝ 𝑉𝑉 𝑒𝑒𝑒𝑒𝑒𝑒 �−2𝑑𝑑�2𝑚𝑚𝑒𝑒Ф
ћ

�,  (1) 

where d is the barrier width, Ф is the work function, ћ is the reduced Planck’s constant, 

and me is the electron effective mass. As shown in Fig. 3(c), the electrical conductance 

around zero bias has a constant value that conforms to the I-V proportionality relationship 

in Eq. (1). This result indicates that the structured water layer on graphene is thin enough 

to observe the DT phenomenon clearly.  

3.2.2 Fowler-Nordheim tunneling 

On increasing the bias voltage, the tunneling phenomenon changes from DT to FNT. As 

shown in the FN plot of Fig. 6, linear regions appear at high electric fields for both the 

negative and positive biased regions. The tunneling current in the FNT regime can be 

expressed as:24-27) 

𝐼𝐼 ∝ 𝑉𝑉2 𝑒𝑒𝑒𝑒𝑒𝑒 �−4𝑑𝑑�2𝑚𝑚𝑒𝑒Ф3

3ћ𝑞𝑞𝑞𝑞
�,   (2) 

It is possible to estimate the thickness of tunneling barrier (d) from the slope of the FN 

plot, which corresponds to the exponential component of Eq. (2). To evaluate d, the work 

function value Ф, and the effective mass of the electron me should be assumed. Because 

the graphene on the SiC substrate is strongly electron doped, the work function of our 

graphene sample will be smaller than that of undoped graphene28). The Fermi level shift, 

ΔEF can be expressed by the following equation: 2,29)  

𝛥𝛥𝐸𝐸𝐹𝐹 = ћ𝜈𝜈𝐹𝐹√𝜋𝜋𝜋𝜋.        (3)  

where n is the carrier density of graphene and 𝜈𝜈𝐹𝐹  is the Fermi velocity, which is 

approximately 1.1 × 108 cm/s.30) The carrier concentration of sample B is measured to be 

6.04 × 1012 cm−2, by Hall measurement. By assuming the work function of pristine 

graphene to be 4.56 eV,28) the work function of sample B can be estimated to be 4.25 eV. 

The ratio of effective mass, me/m0 is assumed to be 0.42.26) The thickness of the tunneling 
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barrier d, in the FNT regime can be calculated as 0.28 nm from the experimental slope in 

Fig. 6(a). The barrier thickness estimated from the FNT equation is smaller than the 

measured thickness of the water layer in Fig. 5(b), which corresponds to a few layers of 

water molecules.31) The thickness of water layer before direct bonding was almost 

constant to be 0.46 nm as shown in Fig.5. After bonding, the thickness of water layer 

should be not uniform because of the roughness of the sample surface. The electron 

emission dominantly occurred at the thinner barrier region. In this case, the evaluated 

thickness of structured water layer is 0.28 nm which is smaller than the average thickness.  

As shown in Fig.3(a), asymmetric behavior is observed in the I-V curve. The cause 

of this asymmetry can be attributed to the work function difference between samples A 

and B. The difference of current in the backward (negativity bias) region and the forward 

(positive bias) region (Fig. 3(a)) reflects on the difference of slop in FN-plot (Fig. 6). The 

work function of sample A after water treated will be slightly larger than sample B, 

because the slope of Fig.6(b) is smaller than that of Fig. 6(a). The estimated value of the 

work function for sample A after water treated is 4.51 eV which was calculated from FN-

plot of Fig.6(b). The sheet carrier density of sample A by using the estimated work 

function is 1.73 × 1011 cm−2. The estimated carrier density of sample A decreases owing 

to the p-type doping of 5.31 ×1012 cm−2 caused by the DI water treatment. It is known 

that the structured water layer formed by the DI water treatment acts as a p-type dopant15). 

Thus, the asymmetry in the I-V characteristics is attributed to the work-function difference 

caused by the DI water treatment. The doping effect for sample B (without DI treatment) 

by contacting water layer is smaller than that of structured water layer for sample A. 

This work presents the first ever observation of the tunneling phenomenon through a 

water barrier in stacked graphene junctions, which is significant for applications in 

resonant tunneling and terahertz emission. The structured water on graphene at the 

junction was thin enough (<0.5nm, a few layer of water molecule) to allow the 

observation of DT and was stable in high electric field of FNT regime. Tunneling 

resistances of direct tunnel region were almost constant for various bias voltages and were 
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stable for 80 hours at least. Further experimental will be required for confirming the 

stability and reproducibility of structured water insulated layer. At this point, maximum 

device power (6 µW) is so small because of the small contact area. Enhancement of power 

should also be required for the practical device.   

 

4. Conclusions 

In conclusion, a sandwich structure of vertically stacked graphene junctions with a water 

barrier was constructed successfully through simple water treatment. By analyzing the I-

V characteristics, the zero-bias resistance was found to be approximately 1.3 GΩ. Both 

DT and FNT phenomena were observed, which proved that the water barrier was thin 

enough. From the experimental FNT plot and SPM data, the thickness of the junction 

water barrier was estimated to be below 0.5 nm. 
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Figure Captions 

Fig. 1. (Color online) Schematic of graphene/ water barrier/ graphene tunnel junction. (a) 

Structure charts of tunnel junction for ion-beam sputter treated graphene samples. (b) 

Cross sectional schematic of water layer barrier junction. Water layer covers graphene 

surface and metal probes are used for measurement. 

Fig. 2. (Color online) Current-voltage (I-V) characteristic curve of junction under 

different voltages at room temperature. The curve is for a graphene-graphene contact 

junction without water barrier (before water treatment). Both two-terminal and four-

terminal measurements show linear characteristics, which indicates that this junction 

without water barrier is an ohmic contact junction.  

Fig. 3. (Color online) (a) I-V Characteristics of graphene/ water barrier/ graphene tunnel 

junction. A non-linear curve is observed after introducing a water barrier to the junction. 

(b) Semi-log plot of this graphene/ water barrier/ graphene tunnel junction. (c) 

Differential conductance (dI/dV) curve of vertically stacked graphene junction with water 

barrier.  

Fig. 4. (Color online) Energy band diagrams of the vertically stacked graphene tunnel 

junction: (a) Direct tunneling (DT). (b) Fowler-Nordheim tunneling (FNT).  

Fig. 5. (Color online) (a) Topographic image of graphene surface observed by SPM. (b) 

Average step height of graphene surface after water treatment (line area). The thickness 

of water layer is the difference between graphene surface and water layer, which is 0.46 

nm depending on the SPM result. 

Fig. 6. (Color online) (a) Forward fit linear curve for Fowler-Nordheim (FN) plot. (b) 

Backward fit linear curve for FN plot. Both FNT and DT are observed in these FN plots. 
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