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ABSTRACT Ultra-fast diode structures based on non-semiconductive materials employing
tunneling mechanism have been investigated. Applying the structurally asymmetric effect of
multi-wall carbon nanotube (MWCNT) to a vertical metal-insulator-MWCNT (MIC) tunneling
diode structure, the ‘on-off’ ratio (~10%) and the current density (38.2MA/cm?) are drastically
enhanced compared to those of conventional metal-insulator-metal (MIM) tunneling diodes.
The electrical characteristics are stable up to 423K. Experimentally, rectifying performance of
the MIC diode is good up to I0MHz and the cut-off frequency of the MIC diode is estimated
to be 6.47THz. The growth process of MWCNT is more controllable for the number and the
position than that of SWCNT. Therefore, it has a high probability of realization. The vertically
aligned single MWCNT design can guarantee an ultra-high integration density, as well.
Therefore, the MIC diode can be applied to various high frequency applications, such as
communication devices, high speed electrical switches, and high performance control process

units (CPUs), or other new concept devices.

1. Introduction

Recently, ever-increasing demand for faster electronic devices in various fields has
drastically improved their driving speed. Typically, the driving frequency of electronic
communication devices has gradually increased from kilohertz (KHz) to gigahertz (GHz) level
over the past decade. However, with the advent of smartphones a much higher driving
frequency is required to store more information into electro-magnetic waves; it will approach
terahertz (THz) level, as soon. High speed electrical switch working at THz frequency should
be developed as well for a high performance control process unit (CPU), for which a Si based

field-effect transistor (FET) is commonly used, since the current maximum driving speed is



around 1~2GHz [1]. Many new electrical device concepts utilizing optical approaches, among
which is a rectenna, have been suggested for an even higher driving frequency. When the
rectenna, an antenna-coupled rectifier, is applied as one of new solar cell concept, the solar cell
is expected to have a much higher efficiency than a conventional one with estimated driving
frequency of tens to hundreds THz [2]. For these high-speed electrical devices to perform at
their best, an ultra-fast driving diode is required as their basic electrical unit. A p-n junction
diode structure has been widely used, which is also a core component in a Si based transistor.
However, its working mechanism is not suitable for high-speed driving since its speed is
limited by mobility of holes and electrons in a semiconductor [3]. A Schottky diode has a
much faster rectifying speed than that of the p-n junction diode due to one side depletion formed
by movement of holes or electrons alone [4, 5]. Nonetheless, its maximum driving frequency
is estimated to be less than one or two THz. Furthermore, flows of electrons through the
Schottky barrier via thermionic injection lead to a poor power efficiency, which is regarded as
important in mobile devices [6]. Although a tunneling diode using metal-metal or
semiconductor-semiconductor junction can be chosen to avoid thermionic emission, low
conversion efficiency and driving speed retardation due to its high reverse current level are
inevitable [7-23]. Here we report a tunneling diode structure using metallic multi-wall carbon
nanotube (MWCNT) as one of the electrodes in the structure with high contrast between a
reverse current and forward current. The structural asymmetric effect from nano-sized
MWCNT makes a large difference in the tunneling probability, the barrier height, and the width

for the forward bias and reverse bias [9, 24, 25].

2. Experimental part

2.1 Fabrication of simple metal-insulator-metal (MIM) diode



The simple MIM diode was fabricated on Si/SiO2 (1000 A) to prevent the devices from
unexpected leakage current that leads to low performance. All patterns were formed by
photolithography and lift-off. Al (4N of purity), Ni (4N5 of purity), and Pt (4N of purity) were
deposited by sputtering system. We employ native oxide to form insulator layer. Aluminum
and nickel are to easily get thin native oxide, as thin as 56Am measured in Hitachi HF-3300

TEM, as shown in Fig. S1.

2.2 Fabrication of lateral metal-insulator-metal (MIM) diode

The Si/SiO2 (1000 A) is used as a base substrate to block unexpected current from other path
ways, same as simple MIM diode. The fabrication is composed of photolithography and
electron beam lithography (EBL) for pad and sharp tip shape, respectively. It commonly
employs PMMA (polymethyl methacrylate) that is very sensitive to high energy electrons for
direct write EBL. JEOL JBX-9300FS E-beam lithography was used for a sharp tip. Nb and Pt
were used for flat and sharp tip electrode and deposited by sputtering system. SiO> layer is also
defined by photolithography and sputtering system. More details about fabrication of lateral

MIM diode is descripted in Fig. S2.

2.3 Fabrication of metal-insulator-carbon nanotube (MIC) diode

The same substrate is used for MIC diode as simple and lateral MIM diode. AZ GXR 601 was
coated as 1um thickness and was exposed with 60mJ/cm? dose. Sputtering system was used to

deposit Nb of 150nm thickness and then lift-off process was carried out with acetone. A cycle



of this fabrication based on photolithography and lift-off was repeated to form oxide layer with
opening bottom electrode. For the MWCNT grown by dc-PECVD, the density can be
controlled by the size of catalyst. Through our previous result, we can grow a single carbon
nanotube using dot-type catalyst of which diameter is several hundred nanometer [26]. A single
MWCNT can be grown from bellow 400nm diameter. However, for high yield of single
MWCNT, the diameter is appropriate below 200nm. In here, the diameter was chosen as
100nm~120nm. To make Ni catalyst with the diameter, E-beam lithography was carried out
using JEOL JBX-9300FS with 400 uC/cm? dose after PMMA A3 950K, E-beam resist, was
coated to make 90nm thickness. Ni deposition (20nm thickness) and lift-off process were
performed by thermal evaporator system with deposition ratio of 0.5A/sec and with acetone,
respectively. For growth of a vertical multi-wall carbon nanotube (MWCNT), plasma enhanced
chemical vapor deposition by AIXTRON’s Black Magic 2 inch system was used with an
optimized condition. After pump-out up to 6mbar, the graphite substrate was heated up from
room-temperature to 555°C with 50°C/min ramp-up speed. After S5sccm of CoH; was injected
into the chamber, it was heated up again from 555°C to 565°C with 200°C/min. After keeping
the state for 60 seconds, plasma of 600V was induced for Sminutes. SU-8 was coated as thick
as 1.5um to sustain the top electrode at the top of a vertical MWCNT. Photolithography was
performed with 70mJ/cm? dose and O» plasma then was carried out with 100W power and 100
sccm of Oy for 30 sec to open the top of carbon nanotube. After removing SU-8 at the top of
MWCNT, the top electrode was fabricated. Photolithography was performed with the same
condition to form the bottom electrode. Al (approximately 300nm) was deposited and lift-off
process was carried out with acetone. More details about fabrication of MIC diode is descripted

in Fig. S3 and the details of growth process can be found elsewhere [26-28].

3. Results and discussion



3.1 Electrical characteristics

A metal-insulator-metal (MIM) tunnel diode, where a quantum mechanical effect takes place,
is capable of high-speed rectification. Two different metals, which have different work
functions, can have asymmetric current-voltage (I-V) characteristics [29-31]. To investigate
the effect of work function difference, simple MIM diodes were fabricated using Al-AlOx-Al,

Ni-NiOx-Ni, and Al-AlO«-Pt layers. Fig. 1a shows schematic illustrations of the simple MIM

diodes.
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Fig. 1. Schematic diagram of the simple MIM diode and its electrical characteristics. (a) Diagram of
the simple MIM diode. (b) Current density-Voltage plot with voltage range from -1 to 1V and (¢) Fifth-
order differentiation and inset: Asymmetry of simple MIM diode (I+/|1.|) of Al-AlO-Pt.

The band diagram presents a work function difference between two metals, Al-AlOx-Al, Ni-
NiOx-Ni, and Al-AlOx-Pt in Fig. S4. Symmetric work function was built in Al-AlOx-Al and
Ni-NiOx-Ni. In contrast, Al-AlOx-Pt structure has different barrier formations compared to the
oxide-metal interface by 1.37eV. AI-AlOx-Al and Ni-NiOx-Ni have symmetric -V
characteristics at negative to positive bias sweep in Fig. 1b. Al-AlOx-Pt structure has more
asymmetric characteristics than these symmetric structures. Fig. Ic shows fifth-order
differentiation to amplify difference between negative and positive bias. Even though the
1.37eV could build asymmetry in Fig. Ic, the order of asymmetry between the negative bias
and positive bias of the MIM diode is 1.05 (Fig. lc¢ inset). Although the structure may drive at
THz region due to tunneling driving mechanism, the work function difference between the
metals cannot produce a high asymmetry in an [-V plot; this can lead to an inefficient
performance for rectifying or electrical switching. To enhance the asymmetric behavior in the
I-V curve, a structural effect is considered. For a flat metal and an insulator (or vacuum) under

electrical field, the potential energy (PE) can be written as [4]

2

PEy_o(x) = (Ep + ¢) — — exE €Y)

l6meyx

where EF, ¢, €0, x and E are the Fermi level, work function, absolute permittivity, distance
from surface, and the electrical field. However, if a sharp or high aspect ratio metal structure
is utilized as one of electrodes instead of the flat metal, the PE equation is also changed to

include /3, the field enhancement factor (2).

2

PEy_o(x) = (Ep + ¢) — — BexE (2)

l6meyx
The PE bends steeply to give rise to a narrow PE barrier. The corresponding tunneling

probability is derived as
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where T, is the pre-exponential constant and a? = 2m(V, — E)/h?. The sharp metal
structure induces a low tunneling-voltage with higher tunneling current. Therefore a much
more asymmetric [-V curve can be obtained by changing shape of the metal, which, in turn,
alters the /3 value; a sharp or high aspect ratio structure gives a higher /5. It can be increased to
20000 for nanowires or nanotube structures [4].

The lateral asymmetric structure is designed to apply the idea to the diodes structure.

Fig. 2a shows the schematic illustration of the lateral MIM diode structure.
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Fig. 2. The lateral MIM diode structure and the electrical characteristics. (a) Schematic diagram of the
lateral MIM diode composed of Nb-SiO,-Pt on the SiO,/Si substrate. (b) SEM images; top view of whole
device (left-image) with bonding pad and magnified view (right-image). The scale bar is 20nm. (c) Left
axis: current-voltage plot from -40 to 40V. Right axis: log scale plot of current-voltage measurement. (d)

The plot based on Fowler-Nordheim tunneling model.

The process details describe in the experimental part and supporting information. The structure
consists of a flat metal and a sharp tip-like structure for the structural asymmetry effect. To
give more asymmetry effect from the work function difference of materials, Nb and Pt were
used for the flat and the sharp metal, respectively. SiO» layer deposited between Nb and Pt is
the main pathway of electron and the tunnel junction. The electron can be easily moved
between the sharp metal and the flat metal by the field-effect tunneling. The tunneling
probability can be controlled by the electrode structure. The important merit of the device is
the simple design and the easy fabrication process. The SEM images show whole Nb-SiO,-Pt
lateral MIM diode including bonding pad in Fig. 2b. The gap between the flat metal and the
sharp tip 1s approximately 40nm. The electrical characteristics of the lateral MIM diode are
shown in Fig. 2c. This graph shows much more asymmetric I-V curve than that of the simple
MIM diode. Applying negative bias to the lateral MIM diode, the current flow is blocked by
the low tunneling probability. At positive bias, the current flow is occurred by field-effect
tunneling, proved by straight line in Fowler-Nordhiem tunneling plot (Fig. 2d). Although it has
a good rectifying characteristics and tunneling effect, the threshold voltage is as high as 30V
and the current is small due to high resistance from the wide gap size. Since the process needs
two more steps for the fabrication of device using two type metals, the gap between electrodes
decided by the align accuracy of e-beam lithography system and the lithography conditions is
not narrow. Even though the tip structure has a good sharpness (r: ~5nm), the electrical

characteristics is so poor. The tunneling SiO; layer can be other reason for the problem. The



Si0; layer formed by sputtering method can make the poor surface interface or the void
between the tip and SiO; film. If we can make much smaller gap between electrodes with a
high quality oxide layer, the lateral MIM structure will have more enhancement for the

rectifying effect.

Therefore, a carbon nanotube (CNT), especially vertically aligned MWCNT is an ideal
candidate for an electrode since it has a high aspect ratio from its own structure, good electrical
conductivity for high frequency alternating current (AC) signal, small capacitance from a small
junction area, and an easy fabrication process for structures in nanoscale. Until now, most of
researches employing CNT for diode or triode structure have used semi-conductive single wall
CNT (SWCNT) to make use of p-n junction or Schottky barrier as a main working principle.
As mentioned above, the p-n junction and the Schottky barrier are not suitable for ultra-high
speed driving, and moreover, number of CNTs and their spatial points cannot be controlled
precisely by any currently available growth technology. However, a vertically aligned single
MWCNT grown by plasma enhanced chemical vapor deposition (PECVD) with nano-sized
catalyst pattern is one of a few controllable bottom-up growth structures for nano-devices.
Moreover, although the MWCNT has been considered hard to be applied to electrical switches
due to metal-like electrical property, it can be a good merit of MWCNT applied to MIM

tunneling effect.
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Fig. 3. Vertical MIC diode structure, the simulation results of electrical field using COMSOL (a) The
simulation of electrical field in asymmetric structure, metal (bottom electrode — flat) — insulator (SiO»-
100nm) — metal (Nanowire type-high aspect ratio electrode): 200nm and 50nm (b) with insulator
(Si0,-10nm) and 200nm and 50nm of diameter (c) The graph of electrical field (maximum electrical
field) relying on diameter of top electrodes in 100nm and 10nm gap. The dash line shows that of
symmetric electrodes. (d) The comparison of dependence of electrical field on distance between
bottom and top electrode in symmetric and asymmetric structure. (¢) The simulation of electrical field
with various diameter fixed aspect ratio (1:1 & 10:1 & 20:1) depending on length (diameter: 75nm
fixed) (f) The graph of /§ (field enhancement factor) relying on aspect ratio (diameter fixed)

Fig. 3a shows electrical field simulation of the MIC structure. Strong localized electrical field
distribution in insulator layer between carbon nanotube and metal is induced by the high aspect
ratio structure (relying on diameter) of the CNT (Fig. 3 a, b). The length of nanowire type-high
aspect ratio electrode is fixed to 1.5um. The diameter of MWCNT can be controlled by the size
of catalyst and growth conditions. Considering the largest catalyst size to get single MWCNT
on selected position, 200nm diameter is maximum. As decreasing the diameter of MWCNT,
induced electrical field is increased due to the higher aspect ratio of CNT. The order of
electrical enhancement depends on the gap, as well. In case of symmetric structure, the
electrical field simply inversely proportional to the thickness of oxide. For example, applying
5V to an electrode, the symmetric structure with 10nm and 40nm of oxide thickness can have
5 x 10% and 1.25 x 108 VV/m of electrical field, respectively, according to E (electrical field) o
1/d (distance) relationship. However, in case of asymmetric structure, the reduction of oxide

thickness induces quite higher electrical field. The electrical field in asymmetric structure with

12



10nm oxide thickness is about 2.8 x 10'? V/m as shown in Fig. 3¢ and 3d. Much stronger
electrical field can be enhanced by smaller diameter of MWCNT and thinner oxide layer. The
calculated /3 field enhancement factor from simulation results is about 5519. The increase of
tunneling probability from the high /3 value can make higher current flow for the positive bias
states.

To find appropriate length of MWCNT, the electrical field with various aspect ratio of CNT
were calculated by simulation program (COMSOL), as shown in Fig. 3e. The diameter of CNT
in simulation was fixed to 75nm due to the real diameter of multi-wall carbon nanotube in MIC
structure and oxide thickness between two metals is 10nm. With the change of aspect ratio
from 1:1 to 20:1, the tendency of electrical field and f§ value were investigated. In case of 1:1
aspect ratio, electric field between two metals (in insulator layer) is quite low; however, that of
10:1 and 20:1 aspect ratio structure is stronger than 1:1 aspect ratio structure. The plot of /3
value depending on aspect ratio (diameter fixed) is shown in Fig. 3f. Even though the slope of
1:1 to 10:1 aspect ratio structure drastically increase, over 10:1 aspect ratio, it shows a gentle
slope and it is almost saturated from 20:1. It indicate that high electrical field enhancement can
be achieved at least 10:1 aspect ratio structure. High aspect ratio structure over 10:1 is not
achieved easily in nanometer scale. For ‘top-down’ approach which is formation of metal
cylinder structure using lithography and etching process, considering length, the structure of
10:1 (750nm length and 75nm diameter) aspect ratio is not easy to be obtained even using e-
beam lithography. However, if we choose ‘bottom-up’ process, the growth of carbon nanotube,
it can be easily achieved the aspect ratio as high as over 10:1. The aspect ratio of 20:1 (diameter:
75nm and length: 1.5um) can be successfully acquired in MIC diode and calculated /5 value is

3993.
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Fig. 4. Vertical MIC diode structure and electrical characteristics. (a) Schematic diagram of the MIC
diode composed of Nb-SiO, Carbon nanotube on the SiO, substrate. (b) The optical photo image of
MIC structure. The point inside the red circle is the vertical MWCNT. The inset: 45° tilted view of
SEM image for a multi-wall carbon nanotube grown on SiO,/Nb layers. (¢) The TEM (Hitachi HF-3300
TEM) image of MWCNT (left) and EDS mapping (right) of carbon and nickel; blue: carbon and red:
nickel. The scale bar is 50nm (left and right images). The inset (left): a magnified image of wall of
MWCNT. The scale bar is 2nm. (d) The Raman spectrum of MWCNT grown by dc-PECVD with Ni
catalyst. (e) Current-Voltage plots of MIC diodes. The inset of the plots: threshold plots with 10, 20,
40nm (thickness of Si0,) MIC diodes with magnified voltage-axis from 0 to 0.8V. (f) The plot based
on Fowler-Nordheim tunneling model in the sample with 10nm SiO». (g) The I-V plot of temperature-

dependence of MIC diode from 298K to 423K.

Fig. 4a shows a schematic image of suggested device design. After formation of Nb flat
bottom electrode, thin SiO» layer was deposited. A SiO> layer between the flat metal and the
MWCNT acts as a tunneling medium. The film thickness of the SiO2 layer corresponds to the
tunneling gap of the device due to its vertical design concept. The film thickness is easily
controlled by a deposition system with 1nm resolution. This is one of important merits for the
vertical design compared to the lateral MIM structure. A single MWCNT was grown by
catalyst assisted PECVD process. To make the top contact electrode, a planarization layer was

formed by SU-8.
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Fig. 4b shows the optical microscope image of MIC diode and SEM image of a CNT at center
of overlapped junction. To apply CNT to real device formation, the population control and the
selective growth are essential requirements. A single vertical MWCNT is grown on selected
point with the precise control of catalyst size and plasma enhanced chemical vapor deposition
system (PECVD). More details about fabrication of MIC diode is descripted in Fig. S3 and the
details of growth process can be found elsewhere [26-28].

The characterization of MWCNT grown by using dc-PECVD are shown in Fig. 4c and d.
Fig. 4c shows TEM analysis of the MWCNT with EDS mapping. According to the TEM image,
it is one of general growth structure using dc-PECVD [32]. The electrical conductivity of the
MWCNT is quite good; thus, the MWCNT is promising as one of materials for high speed
devices [33]. The aspect ratio and conductivity of CNT are main important factors for the MIC
diode application. A single MWCNT grown by dc-PECVD with catalyst size control skill is
one of the best candidate in these points. Through TEM analysis with EDS mapping of nickel
and carbon, the Ni catalyst positioned at the top of MWCNT. Therefore, the properties of Ni
such as the work function level do not affect significantly to the electrical characteristic of MIC
structure [26]. CNT has D band and G band in Raman spectrum at ~1340 cm™ and ~1600 cm’
! respectively. Fig. 4d corresponds well to that of general MWCNT.

Fig. 4e shows I-V characteristics of the MIC structures with different oxide thicknesses. The
threshold voltage and current level are drastically improved. The threshold voltage drops below
0.5V for all oxide cases. For 10nm SiO; case, the threshold voltage is lower than 0.2V. The
current flow is also increased to ~3mA at 5V. The strongly enhanced electrical field, which is
induced by a high aspect ratio of CNT, thin oxide thickness and good surface interface between
CNT and SiO; are the reasons for the improvement. From the junction dimension decided by
the radius of CNT, the current density is 38.2MA/cm?, which is considerably higher than that

of a conventional MIM diode structure. The leakage current level is slowly increased from 10

16



10A to 107A when up to -5V bias is applied; similar behavior can be observed in most oxide
structures. The ‘on-off” ratio between the forward current and the reverse current level is ~10%.
For other tunneling diodes, for example, ‘on-off” ratio of MIM or highly doped p-n tunneling
diode is smaller than 10% [10-12, 21]. Therefore, the newly suggested MIC diode structure has
good rectifying efficiency with high current level. The straight line in the plot based on Fowler-
Nordhiem tunneling model (Fig. 4f) indicates that the current flow is mainly induced by the
tunneling effect. To make sure the current path in MIC diode, MIC diode without CNT was
fabricated and measured electrical characteristics, as shown in Fig. S6. The current level is
about 10°A. Thus, we make sure the main electron path is CNT. Fig. 4g shows the thermal
stability of the MIC diode. From room temperature to 423K, the I-V characteristics follow a
similar trend. Although the thermal effect of the tunneling diode is smaller than p-n junction
diode, general tunneling diode has poor conversion efficiency at high temperature due to its
originally low ‘on-off’ ratio. For MIC structure, structurally asymmetric effect is not
theoretically affected from the thermal effect. Therefore, the structure maintains the
asymmetric [-V characteristics and the high conversion efficiency at even high temperature.
The thermal stability of MIC structure extends its applications to IR/THz detector or the
electrical switch for automobile, where the structure is required to be reliable at high
temperature. We also experimentally calculated /3 value in MIC diode. The value of 10nm SiO>
case is as high as about 17000, which is much higher than the simulation result (Fig. 3f). In the
simulation, simplified cylindrical model was chosen for CNT structure. However, real CNT
structure is close to a tube type structure rather than a cylinder type filled. Therefore, it is
assumed that the tube like structure of CNT induces much higher value than simulated results.
The (3 value is an important factor to induce high ‘on-off” ratio, current density, and cut-off

frequency. The structure of MIC diode can be available to drive high frequency.

17



3.2 Rectifying performance

We investigated the rectifying behavior and the cut-off frequency under AC bias state for

various diodes. Those factors were measured by two channel oscilloscope and a wave form

generator. Even though these are important factors to estimate performance of diode

characteristics, most results with high frequency diode mainly consider low resistance and

capacitance for cut-off frequency. Fig. 5 shows the rectifying performance of the various diodes

in a frequency range from 60Hz to 10MHz for simple MIM, lateral MIM, and MIC diodes in

comparison to a commercial Schottky diode (IN5817).
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Fig. 5. Rectifying performance of the commercial Schottky diode (red-line), simple MIM diode (blue-
line), and the MIC diode (green-line) (a) The rectifying performance at 60Hz, (b) 1kHz, and (c) I0MHz.
The voltage signal on pink color region corresponds to the reverse current flow at the negative bias

signal. (d) The graph of rectification efficiency from 60 Hz to 10MHz.

As inferred from I-V characteristics of those structures, the simple MIM diode does not show
a rectifying performance for AC sinusoidal wave, even at 60Hz (Fig. 5a). The output signal is
almost the same as the input signal. Commercial Schottky diode shows a rectification
performance at low frequency driving. However, -2.5V output bias is detected for -10V input
signal, mainly due to its original reverse current and the conductance mechanism. The MIC
structure makes an ideal ‘off” state for negative input region. The output signal is identical to
the positive input signal. In case of Schottky diode, as increasing frequency, much bigger
negative region can be shown in Fig. 5b and c. Fig. 5d shows rectification efficiency, which
indicate that how much it can convert AC signal to DC signal. The rectification efficiencies of
simple MIM diode and lateral MIM diode are below 30% from 60Hz to 10MHz due to
symmetric I-V characteristics and threshold voltage as high as 30V, respectively. Although

Schottky diode has high rectification efficiency over 70% at low frequency range, as increasing
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frequency this factor dramatically decrease down to 10%. In the other words, Schottky diode
cannot block negative current at high frequency range. MIC diode can keep high rectification
efficiency over 90% up to 10MHz. It is expected to have higher potential to drive efficiently
for ultra- high frequency AC signal. Considering electrical property of CNT, it is one of the
suitable materials to drive high frequency signal [34]. Thus, the MIC structure can be a good
candidate for a rectifying component to ultra-high frequency with small threshold voltage. The
ideal driving frequency limit is estimated to be 1/2aRC, where R and C are the resistance of
junction layer and the capacitance between Nb and MWCNT, respectively. These parameters,
R and C, were obtained from I-V curve and COMSOL simulation in Fig. S8, respectively. To

secure more appropriate capacitance, the simulation from 3D model was performed and the

value is 1.4725 x 10"'7F. By using values of R = 1.67kQ and C = 1.4725 x 10"'F, the estimated

frequency limit is as high as 6.47THz.

4. Conclusions

Ultra-fast diodes based on all metallic structures employing tunneling mechanism have been
investigated. Applying the asymmetric structure effect to MIM diodes, a better electrical
asymmetric characteristic was achieved in the MIC structure. High contrast ratio between on-
and off-current is as high as about forth-order at room temperature. Its temperature dependence
is stable up to 423K, compared to the other results. In addition, rectifying performance of the
MIC diode through AC signal is good up to I0MHz with few negative current. The estimated
cut-off frequency of the MIC diode is 6.47THz. Ultra-fast structural asymmetric diode using
all metallic materials can be applied to various high frequency applications, such as
communication devices, high speed electrical switches, energy harvesting structures, and so

forth as high performance tunnel diodes.
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A) Fabrication

A-1) Simple MIM diode

The simple MIM diode was fabricated on Si/SiO2 (1000 A) to prevent the devices from
unexpected leakage current that leads to low performance. There are three different material
combinations, Al-AlOx-Al, Ni-NiOx-Ni, and Al-AlOx-Pt, to investigate the effect of work
function difference. All patterns were formed by photolithography and lift-off. Al (4N of
purity), Ni (4N5 of purity), and Pt (4N of purity) were deposited by sputtering system. We
employ native oxide to form insulator layer. Aluminum and nickel are to easily get thin native

oxide, as thin as 56A m measured in Hitachi HF-3300 TEM, as shown in Fig. S1.

(a) (b)

Fig. S1: Simple MIM diode (a) Schematic diagram and inset fig. is an optical microscope image

(b) The TEM image of cross-section view of Al-AlOx (native oxide layer)
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A-2) Lateral MIM diode

The structure of lateral MIM diode is similar with the laid point contact MIM diode. The
Si/Si0, (1000 A) is used to block unexpected current from other path ways. The fabrication is
composed of photolithography and electron beam lithography (EBL) for pad and sharp tip
shape, respectively. It commonly employs PMMA (polymethyl methacrylate) that is very
sensitive to high energy electrons for direct write EBL. JEOL JBX-9300FS E-beam lithography
was used for a sharp tip. Nb and Pt were used for flat and sharp tip electrode and deposited by

sputtering system. SiO; layer is also defined by photolithography and sputtering system.

Alignment

=

1st Electrode pattern 2 Electrode pattern Oxide deposition
by photolithography by E-beam lithography by photolithography

Fig. S2: Fabrication step of Lateral MIM diode
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A-3) MIC diode

[¢
X
£,
X

Photolithography to make Metal deposition & lift-off Photolithography to open SiO, deposition & lift-off
bottom electrode bottom electrode
— - -
E-beam lithography to Ni deposition & lift-off Vertical growth of a CNT

Spin coating with SU-8
make Ni catalyst using PECVD

¢

Photolithography to make PR etching to open top of Photolithography to make top Metal deposition & lift-off
open bottom electrode CNT and hard bake electrode

(2)

(b)



With NH; and C,H, gas

(©)

Fig. S3: Schematic diagram of fabrication step with structure images

(a) Whole fabrication process of MIC diode with 3-dimensional and cross-sectional view;
Bottom electrode was formed by photolithography. AZ GXR 601 was coated as 1um thickness
and was exposed with 60mJ/cm? dose. Sputtering system was used to deposit Nb of 150nm
thickness and then lift-off process was carried out with acetone. A cycle of this fabrication
based on photolithography and lift-off was repeated to form oxide layer with opening bottom
electrode. To make Ni catalyst with diameter of 100nm, E-beam lithography was carried out
using JEOL JBX-9300FS with 400 uC/cm? dose after PMMA A3 950K, E-beam resist, was
coated to make 90nm thickness. Ni deposition (20nm thickness) and lift-off process were
performed by thermal evaporator system with deposition ratio of 0.5A/sec and with acetone,
respectively. For growth of a vertical multi-wall carbon nanotube (MWCNT), plasma enhanced
chemical vapor deposition by AIXTRON’s Black Magic 2 inch system was used with an
optimized condition. After pump-out up to 6mbar, the graphite substrate was heated up from
room-temperature to 555°C with 50°C/min ramp-up speed. After 55sccm of C2H» was injected

into the chamber, it was heated up again from 555°C to 565°C with 200°C/min. After keeping
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the state for 60 seconds, plasma of 600V was induced for Sminutes. After growth of a vertical
MWCNT on selected area, SU-8 was coated as thick as 2um to sustain the top electrode at the
top of a vertical MWCNT. To open the bottom electrode, photolithography was performed with
70mJ/cm? dose. After removing SU-8 at the top of MWCNT to be in contact with top electrode,
hard bake was carried out with 150°C for 10 minutes (heat-up from room temperature to 150°C
for Sminutes and keeping the temperature at 150°C for Sminutes). Final step is forming the top
electrode. Photolithography was performed with the condition to form the bottom electrode. Al
deposition (approximately 300nm) was sputtered and lift-off process was carried out with

acetone.

(b) The SEM image of a Ni catalyst on selected location of bottom electrode (Nb) and its

magnified view; size is approximately 100 nm.

(c) Growth of a vertical MWCNT using plasma enhanced chemical vapor deposition (PECVD)
by Black Magic 2 inch system (left image). After PECVD process, a MWCNT was grown on
the bottom electrode; optical microscope and 45° tilted SEM image (right upper and bottom

images, respectively).
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B) Experiment for electrical characteristics and rectification performance

Simple MIM diode
Simple MIM diodes can be composed by Al-AlOx-Al, Ni-NiO-Ni, Al-AlOx-Pt combinations.

Table S1 shows work functions of each material, aluminum, nickel, and platinum. Figure S4
illustrates the band diagram of sets of Al-AlOx-Al, Ni-NiOx-Ni, Al-AlOx-Pt. In case of simple
MIM diode, the effect of work function difference is important. Thus, we confirm that the how

big this effect as function of a diode.

Table S1: Work Functions

Materials Work functions (eV)
Al 4.28
Ni 5.15
Pt 5.65
__________ _E'E”i- ____________Ei'ﬂl ____,____,____E_'{uc
4.28 eV 4.28 eV 428 eV
‘. . 5.15eV 5.15eV . 5.65 eV
E, E 1.37 eV
| E,
|
A AlO, Al Ni  NiO, Ni \ AlO, Pt
I

Figure S4: The band diagram of sets of Al-AlOx-Al Ni-NiOx-Ni, Al-AlOx-Pt
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Figure S5: Electrical characteristics of the simple MIM diode (a) I-V characteristics and (b)

fifth-order differentiation of Al-AlOx-Al, Ni-NiOx-Ni, AI-AlOx-Pt.

Figure S4 shows the band diagram of sets of Al-AlOx-Al, Ni-NiOx-Ni, Al-AlOx-Pt. Work
function difference of Al-AlOx-Al and Ni-NiOx-Ni are 0eV due to same metal in both sides.
However, work function difference of Al-AlOx-Pt is 1.37eV. AI-AlO«-Al and Ni-NiOx-Ni
devices have the almost symmetrical 1-V curve at negative to positive bias sweep, as shown in
Figure S5. The work function is related to the energy of the electron, which is associated with
the tunneling probability; thus, the probability of tunneling is almost equal to both directions,

negative and positive bias, due to the same work function of two electrodes.

Even though Al-AlOx-Pt structure makes the different barrier formations to the oxide-
metal interfaces due to the difference of material work functions, the asymmetric effect of I-V
curve is quite small, as shown in Fig. S5. The contrast ratio at + 1V is about 1.05. Generally
the work function difference among metals is below 1eV, so that it is not easy to get high
rectifying effect using this MIM structure. The asymmetric phenomenon can be shown at the
fifth-order polynomial fit. Since the current can flow to both directions due to the almost

symmetric I-V curve, it is hard to expect the rectifying effect despite using the MIM diode
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structure. Thus, we conclude that the effect of work function difference is very small for

rectification.
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Fig. S6: The graph of leakage current in MIC diode without a vertical CNT

MIC diode without CNT could be fabricated to make sure the current path. In Fig. S3, we
skipped only forming Ni catalyst and CNT growth in PECVD. The current level of MIC diode

without CNT is about 10"3A. Therefore, we sure that the main current path of MIC diode is

CNT through the graph.
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Fig. S7: (a) Measurement set-up for rectification performance (b) rectifying performance of

MIC diode at 60Hz, 1kHz, and 10MHz.

(a) Frequency dependent characteristics have been measured under AC source state by two
channel oscilloscope, Tecktronix’s TDS 2012C. The AC source was generated by wave form
generator, Agilent’s 33250A. Dark-shielding probe-station or Au wire bonding was used to

connect the sample diodes (but commercial Schottky diode is directly connected without dark-
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shielding probe-station) to equipment. To detect the signal amplitude enough, 1MQ is

connected between diode and ground.

(b) MIC structure makes an ideal ‘off” state for negative input region at 60Hz. The output signal
is identical to the positive input signal area only. With increasing the frequency of input signal
to 1KHz, there is still no negative signal, even though the wave shape is changed to a little
symmetric form. The parasitic capacitance and the resonance frequency of measurement
system can be main reasons for this symmetric effect. At 10MHz input signal, the MIC diode

structure recovers the asymmetric signal form with small negative bias.
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Fig. S8: (a) Capacitance model in MIC structure from COMSOL (b) simulated capacitance

VS boundary condition (radius of sphere) in COMSOL, 14.725 aF.

The capacitance in MIC structure can be obtained by COMSOL. We define the boundary

structure as a sphere with various radius. The average capacitance is 14.725 aF.
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