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In this study, a Si-based double-tunnel junction with purely organic radicals, where adamantyl
nitronyl nitroxide p-terphenyl (NN-TP) molecules are embedded as quantum dots in the oxide
layer of a metal—oxide—semiconductor (MOS)structure, was demonstrated. Notably, this MOS
structure functions as a tunnel junction, which has a high affinity for the current Si technology.
In this study, multilevel resonant tunneling through the discrete energy levels of the NN-TP
molecules at 7 K was achieved; moreover, the tunneling current was observed at 100K.
Furthermore, our device exhibited resonant tunneling through a singly occupied molecular
orbital, indicating the survival of an unpaired electron in the radical molecules. Thus, our
findings hold promise for incorporating the attractive functions of organic radicals into Si-

based solid-state devices, thereby enabling the large-scale integration of molecular devices.
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1. INTRODUCTION

In recent decades, global digital information has been rapidly growing because of the
emergence of the modern big data era and the Internet ofThings.!> However, the use of
conventional electronic devices is declining owing to theoretical and physical limits upon
downscaling to a few nanometers.>* As transistors shrink, quantum effects, such as quantum
tunneling, quantum interference, and energy-level quantization, become increasingly
pronounced.” Therefore, designing nanoscale memory and logic devices based on such

quantum effects is becoming increasingly crucial in the construction of energy efficient and



high-speed integrated circuits beyond the ability of the current complementary
metal—oxide—semiconductor (CMOS)devices.
Based on this, molecular devices, where in a few molecules are utilized as nanoscale

9~ resistors,'? and switches, are promising contenders.!>!* Beyond these

diodes,’® transistors,
efforts, the development of molecular-scale spintronic devices has received considerable
attention. Purely organic radicals are new building blocks for spintronic applications owing to
the following attractive features. First, the molecules comprise light elements and have weak
spin—orbit coupling and weak hyperfine interactions. Thus, the spin coherence in organic

radicals is preserved for a long time, !>

which is applied to molecular spin—based quantum
computing.!”!” For example, the molecular spins of TEMPO radical-based self-assembled
monolayers (SAMs) were used as quantum bits in a recent study. The spin coherence was
preserved at a temperature of up to 60 K.2° Second, the unpaired electrons of organic radicals
cause spin-dependent transport of carriers through singly occupied molecular orbitals
(SOMOs) or singly unoccupied molecular orbitals (SUMOs), resulting in large
magnetoresistance (MR) and the Kondo effect.?! >4

Often, quantum transport through a few radical molecules has been evaluated using
scanning tunneling microscopy (STM)*° and break-junctiontechniques.>'>* The unpaired
electrons of neutral polychlorotriphenylmethyl radical molecules have been detected
concerning Kondo resonance in mechanically controllable break junctions (MCBJs) and
electromigration break junctions.’>?* Large positive MR has been observed in a single
TEMPO-OPE junction formed by the MCBJ technique.”* However, these techniques are
unsuitable for large-scale integrated molecular devices owing to their poor compatibility with
current CMOS technology and thus are far from use in practical applications.>*™*!

To overcome the issue aforementioned issue, we have established a unique technique
to facilitate quantum transport through a few molecules in a CMOS-compatible device. In our
device, the isolated molecules are embedded in the oxide layers of the MOS structure, thus
behaving as a double-tunnel junction.*> Thus far, single-electron tunneling (SET) or resonant
tunneling has been achieved in the samples with C60 or copper phthalocyanine molecules.*
Thus far, single-electron tunneling (SET) or resonant tunneling has been achieved in samples
with Cgo or copper phthalocyanine molecules.** Furthermore, such tunneling current was
visible in photoisomerizable diarylethene molecules;* in particular, the tunneling current was

reversely controlled via the photoisomerization reaction of the diarylethene molecules. These

investigations were further extended to a vertically formed tunnel transistor, where the MOS



structure with Ceo molecules functioned as the transistor channel. The quantum transport that
reflected the discrete energy levels of Ceo molecules was effectively controlled by the
surrounding gate electrode.**

In this study, quantum transport through purely organic radicals in a Si-based double-
tunnel junction was demonstrated, where adamantyl end-capped p-terphenyl nitronyl nitroxide
(NN-TP) molecules were used (Figure 1). The NN group is known as a stable radical n-
conjugated to the host p-terphenyl molecules. This feature is expected to induce spin-dependent
quantum transport in the associated solid-state device. First, multilevel resonant tunneling
through the discrete molecular orbitals (MOs) of the NN-TP molecules at a temperature of 7 K
was recognized. Thus, the tunneling current was further maintained at 100 K. Notably, we
successfully observed the resonant tunneling via SOMO, which proves the survival of the
unpaired electrons of the radical molecules embedded in the device. This could potentially
facilitate the integration of unique spintronic functions originating from organic radicals into

nanoscale devices for future large-scale applications.

Figure 1. Molecular structure of NN-TP and schematic illustration of the double-tunnel
junction based on the Si MOS structure. The isolated molecules were incorporated into the

device as quantum dots.

2. RESULTS AND DISCUSSION

2.1. Theoretical Calculation of the MOs of NN-TP. The MOs of the NN-TP
molecules were calculated using density functional theory (DFT)* with the BP86 (GGA)*®
functional and the def2-TZVP basis set in the ORCA package.*’ Grimme’s D3 dispersion



correction using Becke—Johnson damping was considered in the calculations.*® Structural
geometry was optimized until the energy gradient reached below 10~* Hartree/Bohr; moreover,
the change in energy for the SCF iterations was set to 107 Hartree. Isosurface values were set
to 0.02 a.u. for plotting the MOs and 0.003 a.u. for plotting the spin density. Figure 2a shows
the optimized structure of the NN-TP molecule with the radical part. Figure 2b illustrates the
calculated MOs with the corresponding energy states for spin up (a) and spin down (). The
energy values of the MOs are presented in Table S1 in the Supporting Information. The highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are
mainly localized on the host benzene rings. Two intermediate orbitals (SOMO and SUMO) are
localized on the radical part. This is because of the presence of one unpaired electron in the
oxygen atom in the radical part. The energy levels of the SOMO and SUMO are located in the
HOMO-LUMO gap. The theoretically estimated HOMO— LUMO gap is 3.25 eV. In contrast,
neither a SOMO nor a SUMO exists in the host molecules without the radical part (Figure S5).
The spin density plot (Figure 2¢) demonstrates the delocalization of the spin cloud over both
oxygen atoms in the radical part, thereby confirming that the SOMO and SUMO originate from
the radical part rather than from the host benzene rings. Accordingly, the observation of
quantum transport through the SOMO or SUMO energy levels of the NN-TP molecule was the
target of this study.
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Figure 2. (a) Optimized molecular structure, (b) energy levels of the MOs, and (c) spin density
plot of NN-TP obtained from DFT-based calculations.



2.2. Quantum Transport via NN-TP Molecules Embedded in a Si-Based Double-Tunnel
Junction. A Si-based double-tunnel junction, which comprises Au/aluminum oxide
(Al203)/NN-TP molecules/silicon dioxide (SiO), was prepared on highly doped Si substrates,
where NN-TP molecules are used as quantum dots (Figure 1). The insulating layers (Al.O3
and SiO») serve as the tunnel barriers, and the Si substrate serves as the bottom electrode. Our
previous studies revealed that the tunneling current reflecting the occupied MOs appears in the
negative voltage range for a p-type Si substrate because the holes are transported from the
bottom Si substrate to the embedded molecules. However, electron tunneling through
unoccupied MOs occurs in the positive voltage range when an n-type Si substrate is
employed.** Another important point concerning carrier transport is that the quantum transport
via molecules in a double-tunnel junction is given by the effects of discrete MOs and the
charging energy of embedded molecules.*****° The electro-chemical potential U (N) of a

molecule can be described using eq 1:

UN) = ey +S(N=1) (1)

where C, N, and ¢y are the capacitance of the double-tunnel-junction, total number of
electrons, and energy level of the N electron, respectively. The energy required to transport a

single electron via the discrete energy levels (N — N+1) is given by Equation 2:
2
p(N) = UV +1) = UN) = (ens1 — &) + = 2)

where Ae = gy,1 — &y represents the HOMO-LUMO gap of the molecules. When the effect
of the charging energy is dominant, the staircases are observed at regular intervals. However,
if resonant tunneling is dominant, the staircases are visible with nonuniform intervals, in line
with discrete MOs.

The IV characteristics of a sample with a p-type Si substrate are illustrated in Figure 3a; /-
characteristics were measured for 112 devices. The temperature was fixed at 7 K. Figure 3b
depicts the corresponding differential conductance (d//dV’) curve obtained for the same sample
at 7 K. Clear staircases in the /—V curve and sharp peaks in the dZ/dV curve were detected at —
0.75 V and — 0.94 V as indicated by the green arrows in Figure 3a and 3b. The observation
yield for the d//dV peaks was approximately 18% (20 of 112 devices). Notably, the interval of
each d//dV peak is nonuniform, implying that resonant tunneling through discrete MOs of the
NN-TP molecules is more dominant than the SET induced by the charging energy. In contrast,
no peaks are observed in the d//dV curve of the reference sample without NN-TP molecules

(Au/AlL,05/S102/p-type Si) (Figure S6). Accordingly, the dI/dV peak at — 0.75 V is assigned to



the HOMO of the NN-TP molecules, whereas the dI/dV peak at — 0.94 V is assigned to the
HOMO-1 of the NN-TP molecules. Furthermore, an n-type Si substrate was used to investigate
electron tunneling through the unoccupied MOs of the NN TP molecules. Figure 3¢ and 3d
depict the /—V and d//dV characteristics of the sample with the n-type Si substrate. The
temperature was 7 K. Clear staircases in the /—V and d//dV peaks are observed at +0.84 and +1
V, as indicated by the red arrows in Figure 3¢ and 3d. The two peaks in the positive voltage
range are assigned as the LUMO and LUMO+1 of the NN-TP molecules, respectively. The
observation yield in case of these MOs is almost same as that in case of the HOMO and
HOMO-1 of the NN-TP molecules (approximately 19%; 21 of 112 devices).

The HOMO and LUMO levels calculated from the statistical dI/dV curves are — 5.83
+ 0.04 eV and — 4.26 £ 0.04 eV, respectively (Figure S7a in the Supporting Information).
Accordingly, the HOMO-LUMO gap is estimated to be 1.57 eV. Notably, the experimentally
obtained HOMO-LUMO gap is different from the theoretical value (3.25 eV). This
discrepancy can be attributed to the use of the freestanding configuration of the NN-TP

molecule in the theoretical calculations.
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Figure 3. (a) /-V and (b) d//dV curves of the double-tunnel junction with NN-TP molecules,

where the p-type Si substrate was used. (¢) /—V and (d) dZ/dV curves of the device with the n-
type Si substrate. In panels (a—d), the temperature was fixed at 7 K.

An additional staircase and dZ/dV peak are visible at — 0.34 V in the /—V curves of the



devices with p-type Si substrates, although the yield was as low as 3% (Figure 4). Our
theoretical calculation of the MOs of NN-TP molecules indicates that the unpaired electronic
states (SOMO and SUMO) are located in the HOMO—-LUMO gap (Figure 2b). In particular,
the SOMO is located close to the HOMO. Conversely, the SUMO is located near the LUMO.
Hence, the d7/dV peak at — 0.34 V is assigned as the SOMO of the NN-TP molecules. Similar
carrier transport through a SOMO or SUMO has been observed by STM measurements with

' and tetracyano-p-quinodimethane molecules.”” In both

open-shell graphene nanoribbons’
cases, the d//dV peak for the SOMO is observed in the negative voltage range, whereas the
peak for the SUMO is observed in the positive voltage range.’'>? These reports indicate that
the d7/dV peak at — 0.34 V is caused by the resonant tunneling via the SOMO states of the NN-

TP molecules. Accordingly, the SOMO level is estimated to be — 5.43 + 0.02 eV (Figure S7b).
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Figure 4. /—V and d//dV curves of a sample with a p-type Si substrate embedded with NN-TP
molecules, where two clear peaks were visible at —0.34 and —0.64 V, respectively. This
measurement was performed at 7 K. The d//dV peak at —0.34 V indicates the resonant tunneling

through the SOMO of the NN-TP molecules.

In single molecular junctions and SAM-based junctions, the effect of SOMOs on quantum
transport is usually marginal owing to the considerable energy-level broadening of radical
molecules. For instance, in [Ru2"]" radical-based SAMs, energy-level broadening occurs
owing to strong coupling between the molecules and attached electrodes, resulting in the
delocalization of unpaired electrons over the whole molecules.>® However, in our study, a clear
d//dV peak for SOMO was visible, exhibiting that the unpaired electron of the NN-TP
molecules is localized in the NN group because the NN-TP molecules are embedded in

insulating layers and do not contact the metal electrodes. Furthermore, the observation of the



dZ/dV peak for the SOMO is direct evidence that the unpaired electron of the NN-TP molecules
remains intact within the Si-based double-tunnel junction. This represents an important
advancement in the field of spintronics because spin-polarized MOs (SOMO and SUMO) play
a pivotal role in the induction of spin-dependent carrier transport properties.

Next, we examined the device-to-device variation of tunneling characteristics and
breakdown voltage to determine device stability. Figure S9 depicts the device-to-device
variations of d//dV peaks for the MOs of NN-TP. The change in peak positions is considerably
small and within + 0.1 V for all devices. In addition, the breakdown voltage is the maximum
applied voltage before device failure.”**> The breakdown voltage of our device is 4.7 V in the
positive voltage range (Figure S10a) and — 5.0 V in the negative voltage range (Figure S10b).
The large breakdown voltage indicates the stability of our devices within the voltage range of
+4.0V.

Studies on single molecular junctions and SAM-based junctions have revealed the
difficulty to investigate charge transport through deep MOs such as HOMO—1 and LUMO +1
due to the narrow bias windows,’%>® despite the fact that stronger resonance than frontier MO
(HOMO and LUMO,) is likely to appear in the deep MOs (HOMO-1 and LUMO+1).
Conversely, in our device, the voltage can be applied up to £ 4 V, enabling the observation of
resonant tunneling through deeper MOs. In our study, the d//dV peaks for the deep MOs,
including HOMO-1 and LUMO+1, are distinctly observed, providing a clear advantage for
using our device. Figure S depicts the carrier transport mechanism through the NN-TP
molecules in the Si-based double-tunnel junction. Upon applying negative voltages to the Au
electrode, holes are transported from the Si substrate to the occupied MOs (HOMO and
HOMO-1) of the NN-TP molecules (Figure 5a). Notably, upon applying a small negative
voltage to the Au electrode, hole tunneling occurs via the SOMO (Figure 5b). Conversely,
upon applying positive voltages to the Au electrode, electron tunneling occurs from the Si

substrate to the unoccupied MOs (LUMO and LUMO+1) of the NN-TP molecules (Figure 5c).

2.3. Temperature Dependence of Quantum Trans port via NN-TP Molecules Embedded
in a Si-based Double-tunnel Junction. We evaluated the temperature dependence of the /—V
and d//dV curves of the Si-based double-tunnel junction with NN-TP molecules. The
examination of the quantum transport in the radical-based molecular junctions is often limited
to an extremely low temperature of <15 K because the molecular junctions formed by the break

junction and STM techniques are unstable.?? 24*%5%% Figure 6a and 6b depict the temperature



dependence of the /—V and dI/dV curves for the sample with the p-type Si substrate. The
staircases in the /—J curve and the d//dV peaks observed at 7 K are visible up to 100 K —a

higher temperature than previously reported.?2?*-
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Figure 5. Carrier transport mechanism through (a) fully occupied (HOMO), (b) SOMO, and
(c) fully unoccupied (LUMO) MOs in the Si-based double-tunnel junction with NN-TP

molecules.
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Figure 6. Temperature dependence of (a) /—V and (b) dZ/dV curves in the sample with NN-TP

molecules, wherein the p-type Si substrate was used. The temperature varied from 7 to 150 K.

Notably, the /—V and dI/dV curves have been vertically shifted for better visibility.

Furthermore, the estimated activation energy of the tunneling current is below 1 mV
at < 50 K (Figure S11 in the Supporting Information), although the energy increases to 3—5
mV at >50 K. These results show that the transport mechanism is dominated by resonant

tunneling below 50 K.61-65

However, broadening of the staircases in the /—V curve and the d//dV peaks occurs with



increasing temperature. Peak broadening in the d//dV curve occurs owing to the thermal
broadening of the Fermi edge. Another possible reason is the thermal vibration of the embedded
molecules. In both cases, peak broadening is in the order of kgT (kg is the Boltzmann constant).
However, for our sample, the full width at half maximum (FWHM) of the d//dV peak for the
HOMO (Figure S12) indicates peak broadening larger than the order of kgT. The FWHM of
the dZ/dV peak for the HOMO increases from 54 mV at 7 K to 117 mV at 100 K. Thus, other
factors also affect peak broadening. Speculatively, broadening of the d//dV peaks results from

the interaction between the molecular orbital and insulating layer.%

3. CONCLUSIONS

We demonstrated resonant tunneling through purely organic radical molecules (NN-TP), where
the molecules were employed as quantum dots in an MOS structure. The clear staircases in the
1=V curves and prominent peaks in the d//dV curves are ascribed to multilevel resonant
tunneling through discrete MOs of the NN-TP molecules at 7 K. Quantum transport was
observed even at 100 K. Furthermore, we successfully observed resonant tunneling through the
SOMO. This phenomenon demonstrates the survival of the unpaired electrons in the NN-TP
molecules within the solid-state device. Our findings provide a foundation for further
investigations into spin transport through organic radicals in Si-based double-tunnel junctions.
This could ultimately lead to the development of CMOS-compatible molecular spintronic

devices.

4. MATERIALS AND METHODS

4.1. Synthesis of NN-TP Molecules. The synthesis of NN-TP molecules is depicted in the
Supporting Information (Section 1).

4.2. Device Fabrication. A Si-based double-tunnel junction was prepared on highly doped Si
(100) substrates, where isolated NN-TP molecules were sandwiched between the ultrathin Si10>
and Al>O3 insulating layers. First, a highly doped Si substrate was cleaned in acetone and
isopropanol through ultrasonication for 5 min and rinsed with ultrapure water. Subsequently,
the substrate was ultraviolet ozone treated. The cleaned substrate was then immersed in dilute
hydrofluoric acid for hydrogen termination, rinsed with deionized water, and dried using N>
flow. A SiO; layer was then formed as the first tunnel layer via thermal annealing at 500 °C.
Subsequently, the Si0, /Si substrate was placed in a high-vacuum molecule deposition chamber.

The NN-TP molecules were thermally evaporated on the SiO» surface under 1 x 107 Pa. The



deposition rate and time were 0.45 A/ min and 1.5 min, respectively. The number density of
the molecules was estimated to be in the order of 102 —10'* cm ™2 based on our previous study.*?
The sample was transferred into an atomic layer deposition chamber without breaking the high
vacuum condition. Subsequently, a 2.2 nm-thick Al,O; film was formed on the NN-TP
molecules. The AlbO3 film not only served as the second tunnel layer but also protected the
molecules from exposure to the ambient environment. Finally, the top circular electrodes (gold)
with a diameter of 500 um were deposited through a metal shadow mask using a thermal
deposition system.

4.3. Electrical Measurements. /—} measurements were performed using a semiconductor
parameter analyzer (Keysight Technology, B2912B) in a low-temperature probe system
(Nagase Techno-Engineering Co. Ltd.). The voltages were applied to the top gold electrode

while the bottom Si substrate was grounded. The temperature varied between 5 and 300 K.
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