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A detailed study of the electrical transport properties of gate tunable graphene lateral
tunnel diodes is presented. The graphene-Al,Os-graphene lateral tunnel diodes are
fabricated on Si/ SiO, substrates, and the fabricated devices show rectifying characteristics
at the low voltage below 1 V. The rectifying behavior can be controlled by applying back
gate voltages. As a result, the devices show high asymmetry and strong nonlinearity
current-voltage (I-V) characteristics, which are desirable properties for applications such as
optical rectennas and infrared detectors. The electrical transport mechanism of the
graphene lateral diodes is analyzed by extracting parameters from the measured I-V
characteristics. We find that trap-assisted tunneling from the defect levels in the Al,O;
layer is the most likely mechanism of the forward current of the fabricated graphene lateral

diodes.
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1. Introduction

Low dimensional materials have attracted attention in recent years because of their
excellent electrical properties and might enable innovative architectures in the ‘More than
Moore’ and ‘Beyond-CMOS’ domains where add functionalities to nanodevices.®® In
particular, graphene is one of the most attractive building blocks due to its excellent
electronic, optical, mechanical, and chemical properties. Graphene has spurred research
into many novel applications including high-frequency devices, biosensors, optical
devices.*” For example, the vertical graphene junction has been studied for tunneling and
terahertz emission devices.®*” As for the photovoltaic devices, a high performance
graphene/MoS,/Si Schottky junction solar cell with power conversion efficiency around
16% has been reported.'® Schottky junction solar cells with transparent two-dimensional
materials have an advantage over traditional p-n junction solar cells due to ease of
fabrication, their cost, and flexible device applications. However, the power conversion
efficiency of Schottky junction solar cells is not high enough to take over the p-n junction
solar cells.

Recently, optical rectenna based on carbon nanotubes (CNTSs) has been demonstrated as
an alternative energy harvesting device.!® The optical rectenna is composed of an
ultra-high-speed diode and a nanoscale antenna, which is small enough to couple optical
solar radiation. R. L. Bailey first proposed the concept of optical rectenna in 1972.*%
However, it could not be realized until the nanofabrication techniques were established. In
this device, the nanoscale antenna receives the incoming radiation, and the adjacent diode
converts the AC signal into DC voltage. The prospective conversion efficiency of the
optical rectenna is about two times higher than the theoretical efficiency of single-junction
solar cells.™® While optical rectenna has advantages over semiconducting photovoltaics,
the reported conversion efficiency of this device is less than 0.1%.%® Consequently there is
still room for improvement in terms of device structures and materials. Thin film
metal-insulator-metal (MIM) tunnel diodes are one of the most promising devices for
optical rectennas, which require ultra-high-speed operation over 100 THz. A simple
structure of MIM tunnel diode can reduce parasitic capacitance and switching time due to
the use of tunneling current between metal electrodes separated by a thin insulating film.
The critical issue in the optical rectenna is impedance matching between the antenna and
diodes to maximize the power transfer. To improve impedance mismatch, a device
structure whose nanoscale antenna merged with MIM tunnel diode together was

proposed.” Another issue that needs to be tackled is that optical rectennas require high
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performance MIM tunnel diodes, which have highly asymmetric |-V characteristics and a
reasonable degree of nonlinearity.

In this study, a detailed investigation of graphene-insulator-graphene (GIG) lateral
tunnel diodes is carried out to explore the potentiality of graphene applications. We
develop device fabrication processes and investigate the electrical transport properties of
the fabricated devices. As the GIG lateral tunnel diodes show symmetric 1-V characteristics
due to the same electrode material, the external bias is needed to produce asymmetric I-V
curves. Thus this work aims at developing GIG lateral tunnel diodes with the asymmetry
I-V curves. The back gate structure is applied to the graphene tunnel diodes to modify the
I-V characteristics. Finally, measured 1-V characteristics, including temperature
dependence, are analyzed to clear the transport mechanism in the GIG lateral tunnel

diodes.

2. Experimental methods

Figure 1 shows schematic cross-sectional and top views of the fabricated device. We
used commercially available monolayer chemical vapor deposition (CVD) graphene films
(Graphene Supermarket) as the starting material, which were grown by CVD on Cu foils
and transferred on Si/ SiO, substrates later on. The measured Raman spectra indicate that
graphene film is single-layer and low defect density.'® We prepared two samples with
different tunnel dielectric structure (Table I) to investigate the transport mechanism in the
fabricated diodes. Before starting the device fabrication, the as-received substrates were
annealed at 350 °C for 1 hour in Ar to prevent the graphene from peeling off from the SiO,
surface. Then, graphene was covered with a 6-nm-thick Al,O3 layer formed by natural
oxidation of Al thin film. The Al,O3 passivation layer was introduced to protect the
graphene surface from the contamination caused by photoresist during the device
fabrication process. The active regions of devices were formed by a combination of
photolithography and reactive ion etching (RIE) of oxygen at 100 W for 2 mins. Anode and
cathode electrodes were formed by electron beam evaporation of Ti/Pd/Au (0.5/20/100 nm)
and lift-off. In this process, semicoclean 23 (Furuuchi. Chemical Co.) was used after the
development of photoresist for removing the Al,O3 layer on graphene. Next, O,/Ar (17/34
sccm) plasma treatment was carried out at 50 W for 3 seconds just before the deposition of
metals to reduce the contact resistance. The additional thin titanium layer improves the
adhesion between the graphene and the palladium layer. The tunnel regions in the active

area were defined by electron beam lithography, and RIE of oxygen at 100 W for 30
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seconds formed the tunnel lengths ranging from 40-220 nm. Tunnel dielectrics consist of
two layers (Table 1) were deposited on the gap between the adjacent graphene domains to
investigate the impact of the plasma-induced damage on the tunnel current. As for device
#1, Al,O3 film with a thickness of 20 nm was deposited at 220 °C by using atomic layer
deposition (ALD) after the formation of 6-nm-thick natural Al,O3 layer. As for device #2,
SizNy film with a thickness of 16 nm was deposited at 250 °C using plasma-enhanced CVD
(PECVD) after the formation of 14-nm-thick natural Al,O3 layer, which was formed by the
superposition of 7-nm-thick natural Al,O3 films. To open the contact windows for anode
and cathode electrodes, dry and wet etch were employed. Finally, 100-nm-thick aluminum
was deposited on the backside of the Si substrate as a back-gate electrode.

The electrical characteristics of the fabricated devices were mainly carried out by using
a semiconductor parameter analyzer (Keysight Technologies B1500A). As for the
temperature dependence of the electrical transport properties, cryogenic probe station
(Lake Shore CRX-4K) and the semiconductor parameter analyzer (Keithley 4200A) were
used to measure low temperatures ranging from 50 to 300 K. Field emission scanning

electron microscope (FESEM; JEOL JSM-6340F) was used to analyze the device structure.

3. Results and discussion
3.1 Electrical properties of the lateral GIG diodes

Figures 2(a) and (b) show I-V characteristics of the fabricated devices as a function of
gate voltage (Vg). The measured results of device #1 with a tunnel length (Lt) of 120 nm
and device #2 with Ly=40 nm are shown in Figs. 2(a) and 2(b), respectively. Both devices
exhibited the symmetrical rectifying characteristics at a low voltage below 1 V. These 1-V
curves were shifted horizontally by applying gate voltages. The devices have the positive
threshold voltage for the negative gate voltages and the negative threshold voltage for the
positive gate voltages. The external gate voltages can improve the asymmetry in the
forward characteristics of the GIG diode. The back gate voltage induces an electric field
that can electrostatically modulate the work function of graphene.'** The work function
of undoped graphene is around 4.6 eV, which can be adjusted by the gate voltage. As a
result, the modulated the work function of the graphene through the back gate electrode
allows changing the threshold voltage of diodes.

A distinct difference between the two devices was on-current. The on-current of device
#1 is about three orders of magnitude smaller than that of device #2, which suggests that

the on-current is attributed to the tunneling effect.
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Figure 3 shows gate current-gate voltage (Ig-Vg) characteristics of the same devices
shown in Fig. 2. The insets exhibited the I-V characteristics of the devices at Vg=-0.5 V for
comparison. The forward current was larger than the leakage current for both devices.
These results suggest that the leakage current between gate and cathode electrodes is not
dominant for the forward current. We also checked the quality of graphene and insulating
layers using graphene field effect transistors (FETs, Supplementary Information S1-3). The
measurement results suggest that both graphene and gate dielectrics are working properly,
and the devices have no leakage current. The field effect mobility of graphene was
estimated to be 910 cm?Vs using the graphene FETs, which was comparable with
previously reported data.??

Figure 4 shows the tunnel length (L) dependence of the tunnel region resistance (Rt) to
make clear if the forward current is associated with the tunneling effect. Rt was estimated
from the I-V characteristics and exponentially increased with Ly, which suggests that the
forward current is attributed to the tunnel effect. The devices #1 and #2 showed the same
Rr-Lt dependence despite the different dielectric structure. This result indicates that the
mechanism of the forward current is same transport mode.

Figure 5 shows the temperature dependence of the |-V characteristics of device #2 to
investigate the transport mechanism. The forward current increased with the temperature,
but not much. The weak temperature dependence of the I-V characteristics indicates that
certain impurity levels are assisted with tunneling transport. The devices also showed a
constant subthreshold slope around 40 mV/dec between 50 and 300 K (Supplementary
Information S4), which was similar behavior of the MIM diodes. This result indicates that

graphene acts as metal due to its semimetal properties.

3.2 Transport mechanism of the lateral GIG tunnel diodes

The transport mechanism of the lateral GIG tunnel diodes were analyzed based on the
I-V characteristics. To make clear the current flow path in the device, three paths shown in
Fig. 6 were investigated. The direct tunneling of thicker insulator barrier is negligible
because of the low electric field. The path A shows the leakage current between the gate
and cathode electrodes, the path B shows tunneling current through the dielectrics, and the
path C shows the leakage current along with the SiO,/Al,O3 interface, respectively. The
Ig-Vg characteristics in Fig. 3 suggest that gate leakage current (path A) is not associated
with the forward current. The measured nonlinear I-V characteristics also suggest that the
forward current is unlikely to pass through the path C. Thus, we focused on the path B in
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terms of Fowler-Nordheim (FN) tunneling and Poole-Frenkel (PF) conduction.”*?%>

Figure 7 shows the FN plot of device #2 with Lt=40 nm. The FN tunneling mode is seen
at high voltage region and the slope in the linear region changed with the applied gate
voltages. Figure 8 shows gate voltage dependence of the barrier height ®g deduced from
the slope of the FN plots. The estimated barrier heights are between 0.5 and 0.7 eV in the
negative bias regime and between 0.8 and 1.1 eV in the positive bias regime, respectively.
These values are not consistent with the values estimated from the energy band diagrams
of our devices, and suggest that some impurity levels are also associated with the
transport.22® FN tunneling is the process whereby carriers pass through the modified
tunnel barrier in a high electric field. As the fabricated devices have tunneling lengths
ranging from 40 to 220 nm, the carriers pass through the dielectrics via the impurity levels
is a likely path in addition to the tunneling. In the FN tunneling process, the carrier
transport only depends on the electric field (E), and has no temperature dependence. In
contrast, PF conduction has weak temperature dependent I-V characteristics, because the
carriers are assisted to the transport with both the electric field and the thermal effects.

Figure 9 shows the PF plot of device #2 with Lt=40 nm. The dielectric constants &
estimated from the slope of the linear region are 8.8 in the negative bias regime and 7.7 in
the positive bias regime, which are in good agreement with that of Al,03.2% This result
indicates that the current through the Al,O3 layer is dominant for the tunneling, and PF
conduction is also associated with the |-V characteristics. SiO; has a wide bandgap of 8.8
eV, which is larger than that of Al,O; (6.4 eV), and SiO; is an unlikely path for
tunneling.?

Given that the fabricated devices showed both FN tunneling and PF conduction, we can
propose the energy band diagrams as shown in Fig. 10. We found that trap assisted
tunneling (TAT) is the most likely mechanism in our devices. The estimated tunnel barrier
height indicates that some impurity levels are associated with the tunneling paths and in
good agreement with the impurity levels of the oxygen vacancies in Al,05.3” This result
also supports the weak temperature dependence of the 1-V characteristics.

In this study, we investigated the transport mechanism of the graphene lateral diodes,
and our next step will be to fabricate optical rectennas using graphene. Compared to silicon
FETs and carbon nanotube transistors, graphene transistors show higher cut-off frequencies
at the same gate length because of their higher mobility and smaller RC delay.® Thus the
conversion efficiency of graphene optical rectenna is expected to be around 0.1%, which is

two orders of magnitude higher than the record using carbon nanotube devices.
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4. Conclusions

We have successfully fabricated gate tunable graphene lateral tunnel diodes and found
that the devices have the rectifying characteristics at the low voltage below 1 V. The
rectifying behavior can be controlled by applying gate voltage. The fabricated devices
showed asymmetric |-V characteristics and non-linearity, which optical rectenna requires.

The transport mechanism in the graphene lateral tunnel diodes was investigated in terms
of FN tunneling and PF emission. The relative dielectric constant & from the PF plots is
estimated to be 7.7-8.8, which is in good agreement with g, of Al,O3. Taking into account
all measured results, we conclude that trap-assisted tunneling through the oxide defect
levels in Al,O3 is the most likely mechanism of the fabricated graphene lateral tunnel

diodes.
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Figure Captions
Fig. 1. Schematic diagram of the device structure of the graphene lateral tunnel diode. (a)

Cross-sectional view. (b) Top view. Lt and W are the tunnel length and width, respectively.

Fig. 2. Current-Voltage (I-V) characteristics of (a) device #1 with Lt=120 nm and (b)
device #2 with Lt=40 nm. Current is normalized by the width W.

Fig. 3. Gate current-gate voltage (Ig-Vg) characteristics of (a) device #1 with L+=120 nm
and (b) device #2 with Lt=40 nm. The insets show the 1-V characteristics at Vg=-0.5 V for

comparison.

Fig. 4. Tunnel length (Lt) dependence of the tunnel region resistance (Rt) of the graphene
lateral tunnel diodes. Ry is estimated from the 1-V characteristics at V=0.1 V and VVg=0 V.

Fig. 5. Temperature dependence of the I-V characteristics of device #2 with L+=100 nm.

The measurements were carried out in the range of 50-300 K.

Fig. 6. Schematic diagram of prospective current paths of the graphene lateral tunnel diode.
The path A shows the leakage current between the gate and cathode electrodes, the path B
shows the tunneling current through the dielectrics, and the path C shows the leakage

current along with the SiO,/Al,O3 interface, respectively.

Fig. 7. Fowler-Nordheim (FN) plots of device #2 with Ly=40 nm for various gate voltages.

Fig. 8. Gate voltage (Vg) dependence of the measured tunnel barrier height ®g. Filled
markers show the results in the positive bias regime, and unfilled markers show the results
in the negative bias regime. Triangles and diamonds show the results of device #1 and #2,

respectively.

Fig. 9. Poole-Frenkel (PF) plots of device #2 with Ly=40 nm. The estimated dielectric

constants &, are 8.8 in the negative bias regime and 7.7 in the positive bias regime.
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Fig. 10. Schematic illustration of the proposed energy band diagram of the graphene lateral
tunnel diode. The tunneling current passes through the Al,O; film by trap-assisted
tunneling (TAT). The estimated tunnel barrier height (®g) indicates the impurity level of
oxygen vacancies in Al,Oz. The work function of graphene can be controlled by applying
gate voltage (V).

11
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Table 1.  Device structure in the tunnel region.

Device Substrate (SiO, Thickness) Dielectric 1 (Thickness) Dielectric 2 (Thickness) ~ Tunnel Length Ly
#1 P*-Si (285 nm) Naturally oxidized Al,O3 (6 nm) ALD-AIl,O3 (20 nm) 120-220 nm
#2 N*-Si (83 nm) Naturally oxidized Al,O3 (14 nm) Plasma SisN, (16 nm) 40-140 nm

13
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S1. 1-V characteristics of the top-gate graphene field effect transistor

Figure S1(a) shows the schematic illustration of the top-gate graphene field effect
transistor (device #A), which was fabricated at the same time to examine the quality of the
stacked dielectric layers of 16-nm-thick SizN4 and 14-nm-thick Al,Os. Figure S1(b) shows
the drain current-gate voltage (Id-Vg) characteristics of device #A with a gate length (L)
of 10 um and a width (W) of 3 um at drain voltages VVd= +0.1 V. The ambipolar behavior

with Dirac point of around -2 V was seen.

3
(a) Ly (b) Vd=0.1V
Si3N4 Gate A|203 ’é‘\ 1 -
l 3
Pd - Pd 3_ 0T
4*— - 4 L Vd=-01V
SiO, Graphene /\
2k
Si
3 ! ! !

Vg (V)
Fig. S1  (a) Schematic illustration of the top-gate graphene field effect transistor (device
#A). (b) 1d-Vg characteristics of device #A.

S2. |-V characteristics of the back-gate graphene field effect transistor

Figure S2(a) shows the schematic illustration of the back-gate graphene field-effect
transistors (device #B), which was fabricated at the same time to examine the quality of



SiO; layer. Figure S2(b) shows Id-Vg characteristics of device #B with 86-nm-thick SiOo,
Lg=20 um and W=3 pm at Vd=£0.1 V. The ambipolar behavior with Dirac point of around

1V was seen.
3
(a) (b)
Lo 2 L Vd=0.1V
Pd Pd t 17T
<
Sio, Graphene % 0 r _
s 4| Vd=-0.1V
Sj ,.//—/\_-
2 F
Gat
ate _3 1 1 1

Vg (V)
Fig. S2  (a) Schematic illustration of the back-gate graphene field effect transistor

(device #B). (b) 1d-Vg characteristics of device #B.

S3. C-V characteristics of graphene field effect transistors

Figure S3 shows typical high-frequency (1 MHz) gate capacitance-gate voltage (C-V)
measurement results in both devices #A and #B. The device #A with the stacked dielectric
layers of 16-nm-thick SizN4 and 14-nm-thick Al,O3showed the distinctive capacitance dip
around -3.0 V, which was corresponding to the charge neutrality point. The gate
capacitance of device #B with 83-nm-thick SiO, was increased with increasing gate
voltage due to the formation of an inversion layer in the Si substrate. The effect of quantum
capacitance of graphene can only be seen for thin dielectrics [1], and therefore the quantum

capacitance was not observed in device #B.
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Fig. S3  C-V characteristics of (a) device #A and (b) device #B.



S4. Temperature dependence of subthreshold slope of the GIG diode

Figure S4 shows the typical temperature dependence of the subthreshold slope (SS) of
the GIG diode (device #2) with a tunnel length of 140 nm. The GIG diode showed a

constant subthreshold slope around 40 mV/dec between 50 and 300 K, which was a similar

behavior of the MIM diodes.
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Fig. S4  Temperature dependence of the subthreshold slope (SS) of the GIG diode

(device #2) with a tunnel length of 140 nm.

Reference

1. Y.Anetal Appl. Phys. Lett, 109, 223104 (2016).



