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The device’s integration of molecular electronics is limited regarding the large-
scale fabrication of gap electrodes on a molecular scale. The van der Waals
integration (vdWI) of a vertically aligned molecular layer (OD) with 2D or 3D
electrodes indicates the possibility of device’s integration; however, the active
junction area of OD-2D and OD-3D vdWIs remains at a microscale size. Here, we
introduce the robust fabrication of a vertical 1D-OD-1D vdWI device with the
ultra-small junction area of 1 nm? achieved by cross-stacking top carbon
nanotubes (CNTs) on molecularly assembled bottom CNTs. 1D-OD-1D vdWI
memories are demonstrated through ferroelectric switching of azobenzene
molecules owing to the cis-trans transformation combined with the perma-
nent dipole moment of the end-tail -CF; group. In this work, our 1D-OD-1D
vdWI memory exhibits a retention performance above 2000 s, over 300 cycles
with an on/off ratio of approximately 10° and record current density

(3.4 x10® A/cm?), which is 100 times higher than previous study through the
smallest junction area achieved in a vdWI. The simple stacking of aligned CNTs
(4 x 4) allows integration of memory arrays (16 junctions) with high device
operational yield (100%), offering integration guidelines for future molecular
electronics.

Molecular electronics have been considered as a fundamental building
block for miniaturizing electronic devices by using sub-nanometer
scaled active components', which have high potential for practical
applications such as field-effect-transistors (FETs), sensors, detectors,
and memory devices” . To date, various sophisticated techniques
have been utilized to form molecular devices such as electromigrated
nanogaps'’ ™, scanning probe microscopy (SPM)'*", mechanically-
controllable break junctions', and e-beam lithography to form
molecular-scale gaps by precise cutting of carbon nanotubes (CNTSs) or
graphene electrodes™”. However, manufacturing electrodes with gaps

on a molecular scale is a formidable task, which limits the high-density
integration of molecular electronic devices.

Meanwhile, a van der Waals heterostructures (vdWHs) of 2D
materials have been proposed for the realization of various devices
such as vertical tunneling FETs'®", photo-detectors®*?® diodes? ™,
and memory devices*>. Recently, vdW stacking has been expanded
to the van der Waals integration (vdWI) of various dimensional
materials such as nanowire-graphene (1D-2D) field-effect-transistors
(FETs) for ultra-high speed transistor applications®, nanowire-oxides
(1D-3D) with very high stability*’, graphene-oxide (2D-3D) memories
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with a high on/off ratio exhibiting excellent durability*’, carbon
nanotube-TMD (1D-2D) transistors with 1 nm gate lengths for excel-
lent switching characteristics with a near-ideal subthreshold swing of
65mV/dec”, and quantum dot-graphene (OD-2D) photodetectors
with ultrahigh gain*’. Molecular electronics have also achieved vdWI
by stacking a vertically aligned molecular layer between bottom and
top electrodes (BE and TE, respectively). A current is driven from the
BE to the TE through the molecule layer, exhibiting various electronic
and optoelectronic properties*>™*. For example, photo-switchable
flexible memories and high-yield, ambient-stable molecular devices
have been demonstrated using graphene-molecule-graphene
(2D-0D)** and metal-molecule-metal (3D-OD)** heterostructures,
respectively. However, the active vdWI junction areas of 2D-OD and
3D-0D are limited to microscale sizes, posing a formidable challenge
for future high-density device integration.

A OD-1D vdWI is expected to provide advantages regarding inte-
gration of ultra-small-scale devices and their corresponding electrical
characteristics through nanoscale vdW junctions, but this has not yet
been demonstrated. In this work, we demonstrate a 1D-OD-1D vdWI
memory fabricated by vdW stacking of top carbon nanotubes (CNT)
above a layer of self-assembled molecules (SAM) covering bottom
CNTs (CNTg). Our CNT+-SAM-CNTpg 1D-0OD-1D vdWI forms the smallest
reported junction area of 1nm? at the cross point of the top and
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Fig. 1| Device fabrication process and characterizations. a Schematics of the
fabrication steps for the CNTp-M/CNTy vdWI device (1x 1 CNT array). The inset
image in (ii) and (iii) shows the schematics of the molecule assembly on CNTg. b The
Raman mapping corresponding to each step in (a), where the G-band (1590 cm™)
peaks are observed at a laser wavelength of 532 nm. ¢ The SEM images for the

bottom CNTs. The ferroelectric polarity transition of the azobenzene
molecules between the trans-isomer (high resistance state-HRS) and
cis-isomer (low resistance state-LRS) states provides further insight
using experimental and theoretical simulations. Using this platform for
building multi-cross-junction arrays (up to 4x4 CNTs, 16 active
domains), our vertical 1D-0D-1D vdWI molecular device provides a
clear path toward the assembly of ultra-short junction areas for future
molecular electronics applications.

Results

CNTg-M/CNT; vdWI device fabrication and characterization
Figure 1a shows a schematic illustration of the fabrication steps for the
CNTg-M/CNTt (OD-1D-OD) vdWI device. The individually aligned
metallic-CNTg (m-CNTpg) was transferred from a CVD-grown sample
onto a 300 nm-thick SiO,/Si substrate using a conventional wet
transfer technique (Fig. 1a (i)). The CNTg is covalently functionalized by
the azobenzene molecules that allow ultra-thin mono-molecular self-
assembly* (Fig. 1a (ii), details are provided in the Methods section and
Supplementary Figs. 1-3). Then, CNT is stacked on CNTg-M by the
well-known dry transfer method, forming a vdW contact (Fig. 1a (iii)).
Figure 1b shows the Raman mapping images at each fabrication step.
The G-peak intensity (-1590 cm™) of the CNT was measured under an
excitation laser wavelength of 532 nm. The diameter of the CNT was
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CNTp-M/CNTy vdWI device in (a, b (iii)). d AFM image of the CNTz-M/CNT single
cross-junction corresponding to (c). e Height profile distributions of CNTg (red
curve), CNTg-M (black curve) and CNTy (blue curve) are plotted from the AFM
function in (d).
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Fig. 2 | Device structure and ferroelectric characteristics of the CNTg-M/CNT
vdWI. a Three-dimensional view of the CNT-M/CNTy vdWI. The layers (from
bottom to top) are CNTg, molecule (M), and CNT+. b DFT simulation model of the
molecule polarization change based on trans and cis isomers in CNTg-M/CNT+
vdWI according to electrical switching. ¢ Output characteristic (/z-Vy4s) curves of
CNTg-CNTy device (without molecule assembly). Forward (i, ii) and reverse (iii, iv)
scans indicating no memory windows at V45 sweep ranges =+10 V (negligible

interface charge states at the interlayer interface of the vdwl). d Output char-
acteristic (I4s-Vy4s) curves of CNTg-M/CNT+ vdWI device (with molecule assembly).
The switching of molecules between trans and cis states leads to the generation of a
memory window. e Ferroelectric polarization versus bias for CNT-CNTy (red
curve) and CNTg-M/CNT (blue curve). The measurements were conducted on the
same device as in (c, d).

approximately 1 nm based on the radial breathing mode (RBM) peak
estimation (Supplementary Fig. 4)*, indicating that the critical
dimensions of the CNT electrodes and active area at the CNT-
molecule-CNT junction are -1 nm and -1 nm?, respectively. Covalent
C-C sp® bonds formed between carbon atoms C=C sp? of CNTg and
aryl radicals (azobenzene molecular) were produced through a che-
mical reaction, yielding CNTg-M, whose electrical characteristics were
slightly lower than the original CNTg (Supplementary Fig. 5). There-
fore, the Raman G-band intensity of CNTg-M was reduced after the
chemical reaction, as shown in Fig. 1b (i-iii). This is in contrast to the
original CNT and CNTy, which showed similar intensities because
there is no aryl radical chemical reaction*’. The effects of azobenzene
molecules chemisorbed by CNTg were further characterized by Raman
and Fourier transform infrared (FTIR) spectroscopy (Supplementary
Fig. 4, 6). Figure 1c shows a scanning electron microscopy (SEM) image
of a single-cross junction of the CNTz-M/CNT+ (1D/0OD) vdWI device at
an accelerating voltage of 1kV, corresponding to Figs. 1a and 1b (iii). An
atomic force microscopy (AFM) image was taken, and a height profile
distribution analysis was performed to confirm the topology and
thickness of each component in our sample (CNTg, azobenzene
molecule, and CNT+ (Fig. 1d, e)). Here, the thicknesses of pure CNTg,
CNTg-M (after molecule assembly), and pure CNT+ were measured as
~1.6 nm (red), -4.2 nm (black), and -1.6 nm (blue), respectively, indi-
cating that the length of the azobenzene molecule is 2.6 nm (Fig. 1e),
which is in good agreement with the height of azobenzene molecule in
DFT calculation (2.8 nm). It is noted that the molecules surrounding

the CNTj (inset of Fig. 1a-iii)*” allow the top molecule to stand vertically
by the support of side molecules. The thickness (diameter) of CNT
calculated from the AFM and Raman spectroscopy is slightly different,
which is attributed to the roughness of the SiO, interface.

Theoretical simulation and ferroelectric characterization

Figure 2a shows a three-dimensional image of our CNTg-M/CNTt
(" =chemical contact, /'=vdW physical contact) vdWI device struc-
ture. The azobenzene molecule used in our experiments contain a
-CF; group at the end of the tail (Fig. 2b, left panel). This group
exhibits a strong dipole characteristic with negative (positive) charge
located at the F (C) atoms along the axis of the azobenzene, as shown
by the density functional theory (DFT) calculations in the Methods
section. It is known that the azobenzene molecules transformed
between cis and trans states by external bias*, inducing the ferro-
electric switching memory behavior in CNTz-M/CNTt vdWI. The
thickness change of CNTg-M/CNTt vdWI of trans-cis transition of
azobenzene was measured to ~0.6 nm (Supplementary Fig. 7), which is
in good agreement with length change of azobenzene molecule in DFT
calculation. Figure 2c shows the typical electrical characteristics of a
bare CNTg-CNTy junction without the molecular layer. Note that
metallic CNTs were chosen (Supplementary Fig. 8) to avoid resistance
changes in the semiconducting CNTs. The memory measurement was
conducted by sweeping V4s =10 V from negative to positive values (i-
i) and then back to negative values (iii-iv), indicating no memory
window in the /4-Vyg curves. In contrast, the CNTg-M/CNTy vdWI
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device (Fig. 2d) exhibits a large memory window with a high on/off
current ratio of >10° at V4s=5V, which is attributed to the resistive
switching between two states, e.g., the trans-isomer (assigned as the
high-resistance state (HRS)) and cis-isomer (assigned as the low-
resistance state (LRS))**. As shown by our DFT simulation in Fig. 2b, the
ferroelectric property of the azobenzene molecule is attributed to the
change in direction of the dipole moment of the -CF; group. In the
trans-conformation, the dipole is aligned vertically along the axis of
the molecule. Vertically applied positive and negative drain biases shift
the dipole direction of -CF3 in the azobenzene downward and upward,
respectively, resulting in the observed ferroelectric behavior”. To
prove the ferroelectric behavior in our CNTg-M/CNT+ vdWI, we mea-
sured the ferroelectric polarization loops in CNTg-CNTt and CNTg-M/
CNT (Fig. 2e) along the drain bias sweeping loop. No polarization loop
is observed in the CNTg-CNTy (red curve), implying no ferroelectric
behavior in the bare CNT-CNT junction. On the other hand, the CNTg-
M/CNT+ junction shows a clear ferroelectric polarization loop (blue
curve). At Vgs=-10 V (Fig. 2e (i)), the drain electric field aligns the -CF;
dipole downward, resulting in negative polarization. By sweeping V4
from -10 V to 10V (Fig. 2e (i, iii)), the -CF5 dipole shifts upward;
therefore, the polarization changes from negative to positive. In con-
trast, the -CF3 dipole shifts downward by sweeping V4s from 10 V to -10
V (Fig. 2e (iv)), resulting in a polarization change from positive to
negative.

Electrical response and device working mechanism

Figure 3a shows the energy band diagram of the CNTg-M/CNT+ vdWI
corresponding to the downward (i and ii) and upward (iii and iv)
ferroelectric polarization of azobenzene. It is known that the Fermi
level (Ef) of graphene’®* and m-CNT*°*! can be shifted by doping or
external field due to the finite density of states near the Dirac point,
resulting in Schottky barrier height (SBH) change. In our device, the
Er of CNTg and CNT are shifted by the ferroelectric polarization field
of the azobenzene molecule™, resulting in SBH change at CNTg-
molecule (®gg) and CNT-molecule (dgr) (Supplementary Fig. 9). At
the downward polarization (Fig. 3a (i and ii)), the ferroelectric field
attracts holes to CNTy and electrons to CNTg, shifting Er downward

and upward, respectively. It thus forms a negative ®g (-0.06 eV) and
a high ®pg (0.24 eV) (Supplementary Fig. 9c and 10). By applying
negative Vg4 (Fig. 3a (i)), hole transport takes place from CNTg to
CNTr, therefore the high ®gp at the CNTg-M junction reduces the
current flow (Fig. 2d (i)). By applying positive V45 (Fig. 3a (ii)), hole
transport occurs freely through the Ohmic ®gr at the CNT+-M junc-
tion, resulting in high current flow (Fig. 2d (ii)). At the upward
polarization (Fig. 3a (iii and iv)), the Ef of CNTy and CNTjg shifts
downward and upward, respectively, resulting in a high ®g (0.24 eV)
and a negative ®gg (-0.04 eV) (Supplementary Fig. 9d and 10). By
applying positive Vs (Fig. 3a (iii)), hole transport is blocked by the
high ®gr at the CNT+-M junction (Fig. 3a (iii)), resulting in low current
flow at Fig. 2d (iii). By applying negative Vq4s (Fig. 3a (iv)), hole
transport is enabled by the Ohmic ®gg at the CNTg-M junction
(Fig. 3a (iv)), resulting in high current flow at Fig. 2d (iv).

To confirm the mechanism of electron transport through the
molecular energy barrier, the IV curve in Fig. 2d is modeled by the
Simmons approximation®>. The direct tunneling (DT) and Fowler-
Nordheim tunneling (FNT) are expressed by the following Egs. (1, 2)**:

1y (V)= A\/mtbngl/ds ex —4m\/m’ ®pd
DT d p A

: Direct tunneling (1)

Ienr (V)=

3 2 — o
Agq mV,;S ex 8n2m od : FN tunneling  (2)
SThd,d*m’ 3hqVas

where A, @, g, m, m* d, and h are the effective contact area, barrier
height, electron charge, free electron mass, effective electron mass,
barrier width (molecular length), and Planck’s constant, respectively.
DT and FNT show logarithmic and negative linear behavior in In(l/V?)
vs. 1/V plots, respectively® (Supplementary Fig. 11). At high SBH (Fig. 3a
(i) and (iii)), [n(l/V?) vs. 1/V plots shows negative linear curve (Fig. 3b),
indicating the FNT of hole carriers through large triangular energy
barrier. At the Ohmic SBH (Fig. 3a (i) and (iv)), In(l/V?) vs. 1/V plots
shows logarithmic curve (Fig. 3c), representing direct tunneling of
holes through barrier-free junction (field emission).
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Fig. 4 | Memory function and microscale integration array of CNTz-M/CNTy
vdWL. a Electrical response of CNTg-M/CNT+ vdWI memory that repeats writing,
reading, erasing, and reading sequence by applying a drain voltage of -10V,
1V,+10V, and 1V, respectively. The pulse width was 0.01s. b Endurance and
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Junction area (nm?)

c retention characteristic of the CNTg-M/CNT device. d Cross-staking of 4x4
aligned m-CNTs in CNT-M/CNTy vdWI with color mapping of on/off ratios,
respectively. Scale bar is 100 um. e Statistical comparison of current density and
active area reported for molecule junctions.

Memory function and microscale integration array

The switching behavior of the azobenzene molecule between the
trans and cis states was further confirmed by the electrical response
using retention and endurance tests, as shown in Fig. 4a-c. Figure 4a
demonstrates a series of memory cycles using the repeated voltage
pulses of -10, 1, 10, and 1V as programing, reading, erasing, and
reading operations, respectively. Regular and stable read state was
achieved with an ON/OFF ratio over 10°. Our CNTzg-M/CNT; vdWI
memory demonstrate an endurance over 300 cycles and a retention
>2000 s (Fig. 4b, c¢), indicating the high reliability of our CNTg-M/
CNTy vdWI memory. Our memory offers a very simple fabrication
technique, cross-stacking of aligned CNTs, to achieve microscale
array integration of nanoscale vdWI junction memories. Figure 4d
shows the integration of 16 vdWI junction memories obtained by
cross-stacking 4x4 aligned m-CNTs. Most of vdWI memories exhib-
ited an on/off ratio larger than 100 with a 100% operational yield
(Supplementary Fig. 12). Figure 4e shows a comparison of the current
density and junction area of the memory. With an ultra-small junction
area (1nm?), our CNTz-M/CNT; vdWI memory achieves a maximum
current density of 3.4 x 103 A/cm?, which is approximately 100 times
higher than that of previously reported nanoscale molecule junctions
(Fig. 4e and Supplementary Table 1)*>#27#456-58,

Discussion

In conclusion, we demonstrate a vertically aligned 1D/OD vdWI
memory device based on an assembly of azobenzene molecules
sandwiched between multi-crossbar m-CNT arrays with ultra-small
critical dimensions. The non-volatile memory behavior of the CNTg-
M/CNT vdWI achieved high on/off current ratio (-10%), high stability
(300 switching cycles), long retention time (>2000 s), a 100%
operational yield in 4 x4 memory array integration, and ultra-large
current density (3.4 x108A/cm?) which is 100 times higher than

previously reported. Our platforms can be applied to the array
integration of molecular junction memories. Thus, this study can
provide guidelines for the assembly of ultra-small devices for future
electronics.

Methods

Synthesis of m-CNT arrays

Aligned m-CNT arrays were synthesized by catalytic CVD laminar flow
using methane as the carbon source. The catalyst solution was pre-
pared using deionized (DI) water as the solvent. In particular, an
aqueous solution of iron nitrate (Fe(NO3)3.9H,0, 99.99%, Aldrich),
bis (acetyl-acetonato) dioxo-molybdenum (MoO,(acac),, 99.98%,
Aldrich), poly(vinyl pyrrolidone) (Mw 50 000, Aldrich), and alumina
nanoparticles were mixed together in DI water, followed by a soni-
cation process’>®°, Next, the catalyst solution was applied to one
edge of a 300 nm-thick SiO,/Si substrate, and the substrate was then
placed in a horizontal 1-inch (2.54 cm) quartz tube furnace. The cat-
alyst precursor was reduced using a flowing mixture of argon/
hydrogen gas at 1000 °C, and then a methane/hydrogen gas was
introduced into the furnace to grow aligned m-CNT arrays. Finally, at
the end of the growth process, argon gas was applied during cooling
to room temperature®’.

Synthesis of azobenzene diazonium salt

An azobenzene diazonium salt was synthesized according to a pre-
viously reported method, as shown in Supplementary Figs. 1-3%% First,
in a round-bottom flask, 0.3 g of 4-aminoazobenzene (>98%, TCI) was
dissolved in tetrahydrofuran (THF, 99.9%) under an inert atmosphere.
Second, 2.0 equivalent of boron difluoride diethyl etherate (99.8%,
Samchun) (for synthesis grade) was added slowly to the solution, until
the color of the solution turned dark red. Third, 1.6 equivalent of iso-
pentyl nitrite was added dropwise into the solution. Finally, the
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diazonium salt was recrystallized and vacuum-filtered with cold diethyl
ether, and the product was dried under vacuum.

Device fabrication procedure

Aligned CNTg was transferred from the CVD-grown sample onto a
SiO,/Si substrate (300 nm-thick SiO,) using a wet transfer approach
(Supplementary Fig. 13). The poly(methyl methacrylate) (PMMA)
solution was spin coated onto CNTg CVD-grown substrate at 3000 rpm
for 60 s (Supplementary Fig. 13a (i-ii)). After baking at 150 °C for 5 min,
the sample was then floated onto solution consist of 1% HF and DI
water. By etching SiO, sacrificial layer, CNTg with the PMMA sup-
porting layer is floated on the etchant solution (Supplementary Fig.13a
(iii)). The CNTg with PMMA layer was transferred to DI water using
Polyethylene terephthalate (PET) holder to clean the HF etchant. By
using SiO,/Si target substrate, pick up the CNTz/PMMA layer and bake
at 150 °C for 5 mins to enhance the adhesion between CNTg and SiO,/Si
wafer (Supplementary Fig. 13a (iv)). Finally, the PMMA supporting layer
was removed by dipping sample in acetone for 1h (Supplementary
Fig. 13a (v)).

For the molecule assembly on CNTg (CNTp-M, Supplementary
Fig. 13a (vi)), the CNTg samples on SiO,/Si substrates were immersed in
a dimethylformamide solution of azobenzene diazonium salt (50 mM)
for 48 hin aglove box. The azobenzene monolayer-modified CNTy was
thoroughly washed with dimethylformamide (DMF) solution and then
dried overnight under vacuum.

To transfer the CNTt onto CNTg-M/SiO,/Si wafer, we used the dry-
transfer method as describe in Supplementary Fig. 13b. Firstly, the
CNTy was detached from original substrate as same technique as the
CNTg (Supplementary Fig. 13b (i-iii)). PMMA supporting layer was then
flipped-up and floated on DI water using PET holder (Supplementary
Fig. 13b (iv-v)). The PMMA layer was then picked up using dry transfer
holder with alignment hole (Supplementary Fig. 13b (vi)). The CNTt
was cross aligned and attached above the CNTg using a X-Y-Z posi-
tioner while looking through the hole in the holder under an optical
microscope (Supplementary Fig. 13b (vii-viii)). Finally, the CNTg-M/
CNT+ crossed structure was obtained by removing PMMA supporting
layer using acetone (Supplementary Fig. 13b (ix)).

The source and drain electrodes were patterned by e-beam pho-
tolithography (EBL) followed by metal deposition using the e-beam
evaporator (EBV) method for Cr/Au (5/50nm) at 2x107°Torr.
Unwanted m-CNTs were etched using a reactive-ion etching (RIE)
process under an oxygen gas environment.

Characterizations

The electrical characteristics were measured using a probe station
and source/measure units (Keithley 4200) under high vacuum
(2x107°Torr). Raman spectroscopy was performed using a Witec
system at a 532 nm wavelength excitation. Scanning electron micro-
scopy (SEM) (JEOL, JSM-6510) images were taken in the secondary
electron image mode at an accelerating voltage of 1kV. Atomic force
microscopy (AFM; SPA-400, SEIKO) was used to record the mor-
phological images using the tapping mode. The FT-IR spectrum was
detected using a Bruker VERTEX 70 series spectrometer under the
ATR mode in the range of 600-4000 cm™. 'H nuclear magnetic
resonance (NMR) spectroscopy was performed using a Bruker
Ascend™ 500 system. Photoirradiation with a 360/430 nm laser
wavelength was performed using a Power Arc ultraviolet 100
instrument (ultraviolet Process Supp Inc.).

Density functional theoretical calculations

The structure of the azobenzene molecule was theoretically optimized
using density functional calculations under the PBE approximation in
the Quantum Espresso code®. Two different initial configurations
corresponding to cis- and trans- isomers were generated and then
optimized to determine the local minimum energy. The energy and

force in the molecule were relaxed until less than 10™*Ha and 10Ha/
bohr, respectively. The core potentials of atoms were replaced by
ultrasoft and paw potentials from the standard library for solids with a
cut-off energy of 400 eV**“°, The charge in atoms was calculated by the
Léwdin method. A unit cell box of 50 x 20 x 20 A® was used to avoid
interactions of molecules between cells due to the periodic condition.

Data availability

All data are available within the Article and Supplementary Files,
or available from the corresponding authors on reasonable
request. Source data are provided with this paper.
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