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Restricting Conformational Space: A New Blueprint for
Electrically Switchable Self-Assembled Monolayers
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Tunnel junctions comprising self-assembled monolayers (SAMs) from liquid
crystal-inspired molecules show a pronounced hysteretic current-voltage
response, due to electric field-driven dipole reorientation in the SAM. This
renders these junctions attractive device candidates for emerging technologies
such as in-memory and neuromorphic computing. Here, the novel molecular
design, device fabrication, and characterization of such resistive switching
devices with a largely improved performance, compared to the previously
published work are reported. Those former devices suffer from a stochastic
switching behavior limiting reliability, as well as from critically small

read-out currents. The present progress is based on replacing Al/AlO, with
TiN as a new electrode material and as a key point, on redesigning the active
molecular material making up the SAM: a previously present, flexible aliphatic
moiety has been replaced by a rigid aromatic linker, thereby introducing

a molecular “ratchet”. This restricts the possible molecular conformations

to only two major states of opposite polarity. The above measures have
resulted in an increase of the current density by five orders of magnitude as
well as in an ON/OFF conductance ratio which is more than ten times higher
than the individual scattering ranges of the high and low resistance states.

consumption. It is expected to use ~20% of
the total electricity production until 2030,
thus contributing significantly to global
warming.['l In order to create an environ-
mentally more sustainable ITC platform,
a transition to new, more energy-efficient
computational architectures is needed.
One of the most promising alternative
paradigms is neuromorphic computing,?!
electronic circuits inspired by biological
neural systems. The human brain has an
energy consumption of ~20 W whereas
its emulation by a von Neumann super-
computer is estimated to use 1 TW,!
i.e., 11 orders of magnitude more. For
the technical realization of neuromorphic
systems new device types based on mem-
ristive materials [* are among the most
promising candidates. Most of the active
material classes currently under investiga-
tion for practical use are inorganic ones.
Common mechanisms exploited to build
memristive devices are filament formation,

1. Introduction

The current Internet and Telecommunication (ITC) infrastruc-
ture has become one of the major drivers of global energy

ferroelectricity, or switching between
amorphous and crystalline phases.>%! Also organic memristors
have been reported, while so far these are mostly based on fer-
roelectric polymers ") or redox-active self-assembled monolayers
(SAM).#
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Figure 1. Previous (left) [°l and new design (right) of phosphonic acid
derivatives 1 and 2 for dipolar switching in SAMs.

In our previous communication,!! we demonstrated the feasi-
bility of memristive switching with liquid crystal-inspired SAMs
embedded as tunnel junctions between solid-state contacts. The
component molecules (1, Figure 1) are covalently anchored to the
substrate by a phosphonic acid group. Their dipole moments cou-
ple to an external electrical field and changes in tunnel current
are induced by a conformational reorganization and concomitant
change of dipole orientation in the monolayer. This eventually re-
sults in a change of layer polarization and hence of the asymmet-
ric tunnel barrier for the electronic charge carriers.

Although the ON/OFF ratio (ratio between conductance in the
low resistive state, LRS, and the high resistive state, HRS) of 1
was measured to be quite large, in the range of 10>~10?, the I-V
curves show large scattering, which significantly reduces the reli-
ably addressable states. This disadvantage is presumably caused
by the high conformational flexibility of the long C11 linker con-
necting the dipolar portion of the molecule to the phosphonate
anchoring group: an extremely large number of different confor-
mations allows for a multitude of possible dipole orientations,
each one with a slightly different contribution to the conductive
state of the tunnel junction. Therefore, for practical applications,
a limitation of conformational flexibility is needed, preferably in
a system with only two major dipolar conformations. This would
result in a reduction of resistance scattering between subsequent
I-V cycles.

The clearer the two distinct states were separated, the higher
we would also anticipate the device retention, i.e., the time dur-
ing which a certain state is maintained and can be read out as
often as needed. Tunnel junctions based on 1 show a retention
time of the resistive states of ~15 min at room temperature,
which may be already sufficient for many applications in neuro-
morphic computing.[®! However, a longer retention time would
clearly open the technology to a broader spectrum of possible
applications, including, e.g., storage class memory. In any case,
both the separation of states and the retention would benefit from
an increase in the activation energy barrier (E,) for the switching
between the two major dipole orientations.

Finally, besides these important device considerations, the ab-
solute values for the current densities require attention as well:

Small 2024, 20, 2308072

2308072 (2 of 6)

www.small-journal.com

in our previously reported ensemble molecular devices, the cur-
rent densities are relatively low (e.g., in the HRS, ~107° mA cm™
at +1 V for Al/Al,0,/1/Pb/Ag devices), which limits both the
readout speed (due to capacitive charging effects) and a possible
down-scaling of the junction area to target values in the range of
10 nm or less (absolute read-out currents would be too small: aA
range). Therefore, a SAM-based device with significantly higher
current density would be highly desirable, while still keeping en-
ergy consumption at tolerable values. One way to achieve higher
current densities would be through an improved device architec-
ture featuring different anchoring layers and contact materials.
In fact, an increase of the current density by at least two orders
of magnitude can already be observed when replacing aluminum
oxide with titanium oxide (covering TiN) as the anchoring layer
and replacing lead with titanium as top contact, for devices based
on material 1 (see Figure S6, Supporting Information). To further
increase current densities, careful molecular design is necessary,
as a mere enrichment of the molecular backbone with conjugated
moieties alone would not work: in our concept of electrically
switchable tunnel junctions, the SAM components are intention-
ally designed with a large HOMO-LUMO gap. The switching is
supposed to occur only via conformational changes in the dipo-
lar structure but without any changes in the redox state, which
might stress the organic material during prolonged and repeated
operation, in effect possibly reducing the endurance of the device.

2. Results and Discussion

2.1. Molecular Design and Synthesis

One possible way to increase the efficiency of tunneling through
the molecules and thus their conductivity is carefully reducing
the HOMO-LUMO gap over a larger portion of the tunnel bar-
rier, placing a higher density of accessible states closer to the
molecules’ Fermi level. From the viewpoint of molecular design,
this can be achieved by replacing the long aliphatic linker with
its large local band gap (typical HOMO-LUMO gap of alkanes
~8 eV) with an aromatic moiety (estimated HOMO-LUMO gap
of the 2,3-difluorophenylene moiety in 1 ~5.9 eV, and ~5.5 eV for
the whole diaryl ether unit in 2).11%

Based on all these considerations, structure 2 was specifi-
cally designed for the next generation of SAM-based, electrically
switchable tunnel junctions: compared to 1, in 2 the C11 alky-
lene linker is replaced by an aromatic moiety, with ortho-methyl
groups acting as molecular ratchets, restricting the conforma-
tional flexibility to only two possible dipole orientations (see,
Figure 2). The synthesis of 2 (Scheme 1) is described in more de-
tail in the Supporting Information. As a non-polar reference com-
pound, the non-fluorinated analog 3 (Scheme 1) was prepared by
a similar method.

To address the major requirements listed above, we at first
focused on the anticipated higher activation energy for dipolar
reorientation for our newly designed compound 2, by carrying
out model calculations. In general, the energy barrier is deter-
mined by inter- as well as intramolecular interactions between or
within the molecules making up the SAM, respectively. Whereas
the intermolecular contribution to E, is difficult to assess due
to lack of knowledge of the exact microscopic structure of the
SAM, an estimate of the intramolecular part can be obtained

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. lllustration of the mechanism of dipolar switching of 2: appli-
cation of an external electrical field flips the polar 2,3-difluorophenylene
group up (left) or down (right), resulting in different tunnel currents
through the SAM.

from a simple dihedral scan for the rotation of the dipolar moi-
ety of the molecule around the O—C,, bond (Figure 3): at first,
our computational analysis of a simplified model of molecule 1
(labeled A in Figure 3) indicates that the relevant barriers for the
rotation around the COC_,C,, dihedral are only 1.41 kcal mol~!
(from syn to anti) and 2.10 kcal.mol™! (from anti to syn) — intrigu-
ingly far less than what would be required for the observed re-
tention time of ~15 min (estimated >20 kcal mol~?).1113] This
can only be reconciled if we assume that the effective barrier
is much higher, and dominated by intermolecular interactions
in the sterically crowded SAM. Also, (collective) intermolecu-

6:X=NO,

7:X = NH,

c |:
8:X=1
X o
9: X = PO(OEY),
e

2: X = PO(OH),

H;C CHg
3
_P_
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Scheme 1. Synthesis of the phosphonic acid 2: a) 5, K,CO3;, DMSO;
125 °C, 18 h (87%). b) H,, 5% Pd-C, i-PrOH, THF; 5 bar, room temp.,
18 h (98%). c) NaNO,, CH,l,, HOAc, CH,Cl,, H,0; room temp.,
18 h (60%). d) P(OEt);, cat. Pd(OAc),, dioxane; reflux, 75 min (87%). e)
Me; SiBr, CH,Cl,; room temp., 18 h (44%). The non-fluorinated reference
compound 3 is synthesized by the same method using the non-fluorinated
analog of 5.

Small 2024, 20, 2308072

2308072 (3 of 6)

www.small-journal.com

8.00

Relative Torsional Energy [kcal-mol-]

40 90 140 190 240 290 340 390
Dihedral Angle [°]

Figure 3. Calculated dihedral energy scan (M06-2X-D3/6-31G(d) level of
theory; in a second step the minima and transition states were fully op-
timized (M06-2X-D3/6-31G(d,p)) and ZPE corrected) ['%] for the dihedral
rotation of the dipolar 2,3-difluorophenylene moiety against the linker unit
(marked in red). For both simplified model compounds A (corresponds to
1) and B (to 2, respectively), for the sake of computational efficiency, the
global minimum is the anti-conformation with a dihedral angle of 180°, in
both cases energetically slightly preferred over syn. The relative energies
of the syn conformers vs. anti are 0.69 kcal mol~" for A and 1.27 kcal mol~!
for B.

lar dipole interactions might contribute to this higher effective
barrier.!'™™ Then as expected, in contrast to the rather flat profile
of A, the dihedral scan of B (simplified version of 2) shows sig-
nificantly higher barriers of 5.11 kcal mol! (from syn to anti) and
6.39 kcal mol~! (from anti to syn). Both model compounds A and
B show a double minimum of their syn conformation with the
2,3-difluorophenylene subunit slightly twisted against the alkoxy
resp. aryloxy moiety. This is due to the repulsive interaction in the
exact synconformation between the 2-fluorine substituent and
the a methylene group of the linker for A and the x system of
the dimethyl phenylene linker in B. The crystal structure of 2 (see
Supporting Information) shows a conformation with a dihedral
angle (C21-020-C15-C16) of 146.7(3)°, twisted by ~35° out of the
global minimum at 180°. The oxygen valence angle (C21-020-
C15) is 118.1(3)°.

2.2. SAM and Device Characterization

Next, we set out to evaluate our novel molecular design in ac-
tual monolayer memristive devices. Before the fabrication of
such electrical junctions, SAMs from all compounds under study
(2, as well as 1 and 3 - the non-fluorinated and thus practically
non-polar analog of 2) were deposited (for the protocol, see Sup-
porting Information) on non-structured, planar TiN reference
chips and investigated thoroughly with respect to their structural
and surface chemical properties. In particular, X-ray photoelec-
tron spectroscopy (XPS) data clearly verified the presence of the
respective SAMs. They also indicated the presence of a layer of at
least 2 nm of TiO, between TiN and SAM. Taking the deposition
process into account, the hydrolysis and oxidation of the top layer
of the TiN to TiO, can be chemically expected. Based on XPS, the
thickness of the SAMs was estimated to be 2.4 + 0.2 nm for 1, and
1.60 + 0.15 nm for both, 2 and 3; note, however, that these values

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. Current—density versus voltage characteristics of

TiN/SAM/Ti/Au (20 x 20 pm?) junctions comprising SAMs of 2 in
comparison to 1. The J-V curves show averages from three cycles
(sweeps from 0 V to +2.0 V to —2.0 V and back to 0V, scan direction
indicated by arrows) and three devices, each. The minimum and maxi-
mum current densities at each voltage are shown as envelopes, and the
area between is shaded. The shaded areas of 2 are hardly visible, since
their J-V traces show — in contrast to those of 1 — extremely low variability
rendering the envelope nearly invisible.

represent the lowest estimates and the real thicknesses are most
likely higher by 0.3-0.5 nm (see Supporting Information for de-
tails). The thickness difference between 1 and 2, 3 is well in agree-
ment with the expectation, based on their dissimilar molecular
contour lengths (1: #2.8 nm, 2: 2.0 nm), cf. Figure 1. Comple-
mentary X-ray absorption spectroscopy measurements indicate
that molecules 2 and 3 have an upright orientation in the SAMs
butalower packing density as well as a lesser degree of conforma-
tional order than molecules 1 (for more details, see Supporting
Information).

Subsequent to the SAM characterization, tunnel junctions
with TiN as bottom electrodes and Ti (10 nm)/Au (80 nm) solid-
state top contacts on the monolayers were fabricated and elec-
trically characterized, largely following the protocol reported in
Ref. [12] Here, the gold capping layer improved lateral conductiv-
ity and prevented titanium from oxidation. Details of the fabrica-
tion process including a STEM cross-sectional image of a FIB cut
of the junction, confirming the SAM’s integrity after top contact
deposition, can be found in the Supporting Information (Figure
S3, Supporting Information).

Comparison of the J-V characteristics of 1 and 2 (Figure 4) in-
dicates an extremely low cycle-to-cycle and device-to-device vari-
ability of 2 — as intended by the molecular design. The J-V trace
of its non-fluorinated, non-polar analog 3 (see Figure S7, Sup-
porting Information), which was prepared as a reference, shows
a much smaller hysteresis occurring in a different voltage range.

Further, the current density for 2 is at least 3 orders of mag-
nitude higher than the one for 1 (at +1 V). As a higher current
density for 2 in comparison to 1 was one of our initial molec-
ular design targets, it should be mentioned again that also for
compound 1 the current density of the TiN/1/Ti/Au device is at
least two orders of magnitude higher at these read-out voltages
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Figure 5. Current density in the HRS and LRS, as a function of sweep num-
ber (here, two sweeps make up one cycle). Top: measured at —1.0 V for
compound 1 in the first-generation Al/Al,05/1/Pb/Ag device stack.[°] Bot-
tom: at —0.45 V for compound 2 in the TiN/2/Ti/Au device stack. In both
cases, the read-out voltages were chosen close to the maximum value of
either ON/OFF ratio (see also Figure S8, Supporting Information), but
also with sufficient current density at the selected voltage. Our previously
reported system, Al/Al,05/1/Pb/Ag (25 X 25 um?) (Figure S6, Supporting
Information), shows a large scattering of the LRS as well as a slight down-
ward drift of the current density with successive sweeps. In contrast, the
TiN/2/Ti/Au device (5 x 5 um?) has a stable ON/OFF ratio of about one
order of magnitude, with a low scattering of LRS and HRS.

than for the Al/Al,0,/1/Pb/Ag device described in our previ-
ous communication,®) cf. Figure S6 (Supporting Information).
Presumably, this is mainly due to the absence of the insulating
Al,O; anchoring layer. This renders the current density of the
optimized TiN/2/Ti/Au device altogether at the minimum five
orders of magnitude higher than for the first, proof-of-concept
device (Al/Al,0,/1/Pb/Ag).

This effect can be immediately discerned with the help of
Figure 5, which directly compares the HRS and LRS current den-
sities as a function of the sweep number, of one first-generation
device (Al/Al,0,/1/Pb/Ag) with those of one new TiN/2/Ti/Au

© 2024 The Authors. Small published by Wiley-VCH GmbH
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device. Having both major improvements (molecular design and
electrode material) implemented, the resulting strong increase in
current density as well as the already observed, greatly enhanced
state stability are evident. In fact, at the voltage with the highest
average ON/OFF conductance ratio, system 1 shows a large scat-
tering of the LRS with successive sweeps. In contrast, the novel
TiN/2/Ti/Au device exhibits an excellent repeatability of its HRS
and LRS with an ON/OFF ratio Jps/Jirs >10 for all measured
20 switching cycles — not only on average. Importantly, this ratio
is also more than ten times higher than the individual scattering
ranges (max/min conductance ratio) of HRS and LRS, in con-
trast to the first-generation device data (see, the numerical range
limits included in Figure 5). As the average ON/OFF ratios for 1
and 2 are still quite comparable for the same contact materials
(cf., Figure 4), we conclude that the dominating current switch-
ing mechanism is mainly related to the dipole orientation of the
polar 2,3-difluorophenylene unit in both cases.

3. Conclusion

On the way toward neuromorphic devices based on molecular
films, a new scaffold for the dipolar switching of SAM compo-
nents was designed. Compared to the first generation, based on
liquid crystal-like structures 1, the new material 2 shows a rota-
tional energy profile with significantly stronger pronounced min-
ima, separated by higher activation barriers. In addition, the cur-
rent density through the device was significantly increased (by at
least three orders of magnitude, at +1 V), by using a diphenyl
ether backbone featuring a smaller band gap and thus a higher
density of states close to the Fermi level. A further enhancement
of the current density (up to at least two orders of magnitude)
could be achieved by using TiN as the bottom electrode material
instead of Al/AL O;.

In particular for tunnel junctions, achieving a certain min-
imum current density of the LRS at READ voltage is manda-
tory for practical industrial application of the devices. Therefore,
we benchmarked our device (current density of 10* mA cm=2 at
—0.45 V, Figure 5) against various other solid-state, ferroelectric
tunnel junctions recently reported in the literature (for details,
see Table S1, Supporting Information). This comparison shows
that the current density of our device is in the same range as the
ones of FTJs using inorganic ferroelectrics with the highest cur-
rent densities reported, at comparable READ voltages.l"3] Tt can
be up to four orders of magnitude higher than for FTJs based
on ferroelectric polymer films of comparable thickness.l”] There
is currently no report on FTJs based on low-molecular-weight
SAMs, to the best of our knowledge.

Finally, the most prominent feature of the new class of materi-
als (2) is its extremely reproducible switching behavior: J-V char-
acteristics of the new device generation show a “clean” switching
between high and low resistive states, with a current ON/OFF ra-
tio of >10. The noise level of the switching is very low, and the
junctions show stable operation without drift over at least 20 cy-
cles, suggesting that they could also be used in multi-level or ana-
log memory devices in forthcoming applications.

Future work will be directed toward developing SAM-based
tunnel junctions for practical applications, such as synapses in
neuromorphic circuitry. This shall include an extended study and
optimization of device retention, switching dynamics (time de-
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pendence), and spike-time dependent state potentiation and de-
pression (under pulsed operation).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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