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ABSTRACT Achieving high rectifying performance of molecular scale diode devices through
synthetic chemistry and device construction remain a formidable challenge due to the complexity
of the charge transport process and the device structure. We demonstrated here high-performance
molecular rectification realized in self-assembled monolayer (SAM) based device by low-cost
and fast screening the electroactive units. SAMs of commercial available carboxylate terminated
alkane thiols on gold substrate, coordinated with a variety of metal ions, structures denoting as
Au-S-(CH,),.1COO-M™" (Cn+M™"), where n=11, 12, 13, 14, 16, 18 and M™=Ca?", Mn**, Fe**,
Fe**, Co?*, Ni?*, Cu?', Zn*", were prepared and junctions were measured using a eutectic indium-
gallium alloy top contact (EGaln). The C18+Ca?" and C18+Zn*" junctions were found to afford a
record high rectification ratio (RR) of 756 at £1.5 V. Theoretical analysis based on single level
tunneling model shows that optimized combination of the asymmetry voltage division, energy
barrier and the coupling of carboxylate-metal complex with electrode. Our method described
here represent a general strategy for fast, cheap and effective exploration of the metal complex

chemical space for high-performance molecular diodes devices.
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The purpose of molecular electronics is to construct circuits using single or molecular assemblies,
and to prepare functional molecular electronic devices with electrical properties determined by
the chemical and supramolecular properties of molecules.!” In the past few decades, a verity of

functional molecular devices have been theoretically designed and experimentally prepared, such

10-23 24-26 27-29

as molecular switches, molecular wires, negative differential resistance, molecular

30.31sensors,*?3* and molecular diodes.>>-* The diode is the device that conduct

transistors,
electricity under a forward bias and block under a reverse bias, and is one of the fundamental
elements in the circuit. Since Aviram and Ratner first proposed the concept of a molecular diode

composed of donor-bridge-acceptor (D-bridge-A) molecules in 1974,* many molecular diodes

devices have been studied.*® #!-48

Since 2010s, molecular diodes based on asymmetric single electronic state*”*->! (Figure 1a)
emerged and were extensively developed, mainly by Nijhuis and Whitesides et al,>*>* of which
significantly, higher rectification ratio (RR) was achieved. This type of molecular rectifier
usually utilizes redox active moieties, such like ferrocene,*- %% 3% 3* bipyridyl,*” 3 or various
polycyclic-aromatic-hydrocarbon’®® and so on, as active electronic states and inert alkane as
spacers for asymmetry. Theoretical study using either ab initio calculation based on DFT and

Green’s function,”” 8

or single level transmission models have revealed the origin of the
rectification device.’*%! In the simplified single level model, the current / across the junction is

given by the Landauer-Biittiker formula,®> namely,

I'=2 [ dEIf,(E) ~ fo(E) Tr(E) (M

where e is the electron charge and 4 is the Planck’s constant. fi and fr are the Fermi functions of

the left and right electrodes, respectively, given by eq 2.



fir(EV) = — v )
exp(—)+ 1
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where, 1 r is the chemical potential of the left and right electrode. 77(E) is the transmission
function which is related to the coupling strength 77, Iz, the energy barrier ¢ and the voltage
division factor or asymmetric factors a, of the single electronic state in the junction, as shown in

following eq 3.

I

Tr(E,V,I,IR) = (E-g—aev)2+[r(FL2'rR)]z 3)

It can be recognized from this model that the rectification is realized when the transmission peak
enters the bias window under one bias over the other polarity due to the asymmetricity in the

transmission function, as shown in Figure 1b.

In our recent model study, we have extensively studied the performance of the molecular
rectifier depending on the coupling strength 7', energy barrier £ and asymmetric factors o (Figure
1), and the performance optimization of the molecular diode need delicate control on all the three
parameters.5® ¢! The theoretical studies imply that, in principle, there exist a big space for
rectification performance modulation defined by chemical and device structures. Added on top is
the fact that the interface between top electrode, mostly the Galn/GaOx, and the molecule is ill-
defined due to the unknow composition and structure of GaOx,®!> ©3%° which further blurred the
designing path. Therefore, the performance optimization of the molecular diode through try-and-
error strategy by synthetic chemistry and device construction is inevitably a highly time

consuming and resource-intensive process.



In the past decade, by various head group and its position and orientation defined by the linker

and device structure, the rectification performance based on single state has increased from

several tens to 103,430 6570 and even reached 10°,3

comparable to the practical inorganic p-n
junction molecular diodes. However, there still remains a large chemical space to be explored for

cheap, reliable and high performance molecular rectification.

In this work, by adopting the idea of in-situ metal ion complex in the SAM,’"’? we developed a
fast-screening strategy to efficiently explore the junction structure space to achieve high
performance molecular rectification. The off-the-shelf carboxylic acid terminated n-
mercaptoalkanoic acid (n=11, 12, 13, 14, 16, 18) SAMs coordinated with various metal ion
(M™=Ca?", Mn?", Fe**, Fe**, Co?", Ni**, Cu*', Zn>") were prepared and molecular junction were
formed using EGaln top electrode. Using this fast-screening strategy, Ca** and Zn*" were filtered
out as good electroactive groups for rectification device, of which the RR can reach record high

up to ~756 at 1.5 V by further combing with C18 linker.
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Figure 1. Schematic diagram of the asymmetric molecular junction (left) and I-V characteristic
based on the single-level model (right). The horizontal yellow curve represents the shift of

LUMO energy level at negative and positive bias. At positive bias, the LUMO energy level



enters the bias window, and the current increases rapidly. While LUMO energy level is outside

the bias window at negative bias, and the current is low.

We first prepared and characterized 11-mercaptoundecanoic acid (C11) SAM on the vacuum
deposited gold surface, and various metal ions were then coordinated to the SAM surface
(C11+M™; M™=Ca*", Mn**, Fe**, Fe**, Co*", Ni**, Cu**, Zn*"). Ellipsometry measurement
found an increased thickness of the SAM after metal ion binding (Figure S1a). Surface reflective
infrared spectroscopy showed the appearance of carboxylate vibration peak (Figure S1b) and the
absence of counter ion CI" in complexed SAM (Figure S4a), indicating the formation of the metal
ion carboxylate complex, see Supporting Information for details. X-ray photoelectron
spectroscopy (XPS) further confirmed the formation of metal complex at the SAM surface with

O:M ratio of 4:1, except for Ca* and Zn** (2:1), see Table S2.

We further construct the molecular junction (Figure 2) by applying EGaln on top of the
C11+M™" SAM as the top electrode. EGaln has been well recognized as a stable and harmless
soft contact for SAM,”>7° it is convenient to fabricate and operate, and afford quick and
reproducible high yield working junctions, allowing statistically significant data to be
collected.” 77 Our recent work shows that carboxylate alkali metal complexes are beneficial to
increase RR, compared with COOH terminated SAM due to the carboxylic acid (COOH)-

GaOy/Galn interface.®!
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Figure 2. Schematic illustration of the molecular junction based on metal-organic coordinated
monolayer of Au-Cn+M™ -GaOx/EGaln, where n=11, 12, 13, 14, 16, 18, M™=Ca**, Mn**, Fe?*",

Fe¥*, Co**, Ni?*, Cu*", Zn*".

The C11+M™" SAM junctions of 8 types were measured and the I-V response and rectification
performance was summarized in Figure 3. We define the rectification ratio RR as the current
density J ratio at positive and negative bias voltages (RR=|J(+V)|/|J(—=V)| at £1.5 V or +1 V), and

the value and positive/negative sign indicate the magnitude and polarity of the rectification.

The averaged Log J-V traces of the C11-COOH and C11+M™" junctions are shown in Figure 3a,
Figure S5. Figure S4 in supporting information provides statistical heat map of J-V plots. It can
be seen that various C11+M™" exhibited quite different rectification behavior. Cu**, Mn**, Co?*",
and Ni*" junctions have very low positive RR (<5), while Fe?" and Fe** exhibit lightly negative
RR (-2 and -13) respectively. In contrast, Zn?>" and Ca®" junction afford much higher positive RR

(more than 40).
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Figure 3. Transport behavior and rectification performance of the 11-mercaptoalkanoate-metal
complexes monolayer junction (C11+M™") junctions. (a) The averaged Log |J|-V traces of the
C11+M™ junctions. The J-V traces were shifted vertically for a clearer view, while keeping the
same scale. The vertical bar represents 1 order of magnitude. (b) Rectification ratio (RR=|J(+1.5
V)/JJ(—=1.5 V)| ) of the junctions. RR of Cu? and Fe?* was calculated at 1.0 V because they were

easy to get shorts above +1.0 V.

The rectification direction of Ca?* and Zn*" complexed SAM junction along with all the
C11+M™ junctions of positive RR is the same as COOH terminated SAM junction,®" 8 while

6881 implying the electronic state of energy higher than

opposite to that of the Fc-based junction,
the Fermi level of the electrode, which is often LUMO, dominates the charge transport process

and should be responsible for the rectification for all the junctions with positive RR. When a



positive bias is applied, the energy level of the metal ion atomic orbital enters the bias window,
causing the current to increase rapidly, thereby causing rectification (Figure 1b). On the contrary,
electronic state of energy lower than the Fermi level of the electrode, which is often HOMO,
should dominates the charge transport process in Fe**, Fe** junction, and is responsible for the

negative RR.

As we have discussed before, RR of the single state-based rectification device is jointly affected
by several physical parameters like the voltage division factor (o), the coupling (/) and the
energy offset (¢) of the electronic state with respect to the electrode. Considering the voltage
division factor is mainly determined by the spatial position of the electronic state in the junction,
we can assume that o is the same for all the C11+M™" junction. Then the high performance of
Ca?" and Zn*" may be due to the appropriate energy offset and coupling with top electrode

GaOy/Galn.

We next try to further increase the performance of the molecular diode by introducing more
asymmetry on voltage division factor. This was done by applying longer linker between bottom
electrode and carboxylate metal, i.e. we constructed SAM of Cn+Ca**/Zn*" where n=11, 12, 13,
14, 16, 18). SAM thickness, and structures were extensively characterized as well by
ellipsometry, IRRAS, and XPS (Figure S8-S10). Figure 4 showed the J-V traces and rectification
performance of the Cn+Ca**/Zn** junctions (Figure S11 provides the heat maps of all the J-V
traces). We can find the off-state current density J at negative bias decreases gradually as the
chain length increases, while keep almost constant at positive bias, which leads to an increase of
RR (Figure 4a,b). Meanwhile, it can also be found that there is a sharp increase of J value at on-
state voltage around 1 V (arrow in Figure 4a,b), which can be recognized as the sign that the

available electronic state enters the bias window. While at the negative bias (-1.5 V) range, the



electronic state is always outside the bias window. At the same time, the RR" increases as the
voltage increases (Figure 4c, d). We summarized the RR of Cn+Ca?"/Zn*" at £1.5 V as shown in
Figure 5. As the number of carbon atoms # increases from 11 to 18, the RR increases from 45 to

573 and 756 for Ca®" and Zn?", respectively.

We also studied the effect of the linker on other metal ions carboxylate complex (shown in
Figure S16, S17a) and observed a similar, but smaller increase in RR in the C18 complex except
for Fe?*, Fe*" and Cu®", the RR increased from 4 to 19, 3.2 to 131, 3.5 to 28 for Mn?", Co?" and

Ni?* respectively (Figure S17b).
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Figure 4. Heat maps and average Log |J|-V curves (white) (a, b) and RR(V) (c, d) for n-
mercaptoalkanoate-Ca?*/Zn?" complexes monolayer junction (Cn+Ca*"/Zn**, n=11, 12, 13, 14,

16, 18).
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Number of Carbon Atoms, n

Figure 5. RR at £1.5 V of n-mercaptoalkanoate-Ca*"/Zn*" complexes monolayer junction

(Cn+Ca*"/Zn*, n=11, 12, 13, 14, 16, 18). The error bars represent one standard deviation.

We try to further model the performance of the Cn+Ca?*/Zn?" using the single level tunneling
model.%" 82 As described above, the improvement of RR depends on the energy barrier &,
coupling strength I” and the asymmetry factor a.>% - %38 In our model, we set the energy barrier
¢ value to 1.0 eV. We assume that the coupling strength between carboxylate metal complex and
the Au substrate decreases exponentially with the number of carbon atoms following Iz =
AeBLB %0 \where A is contact coupling constant. S is the attenuation coefficient. Lg is the number
of carbon atoms of active group from the bottom electrode. And a decreases linearly with the
increase of the number of carbon atoms following « = B — DLg, where B is asymmetry factor at
zero spacer length and D is the rate with length. For detailed analysis of these values, please see
the Supporting Information.

The simulated change of Log I-V curves versus chain lengths is shown in Figure 6. We can see
that the current decreases significantly with the alkyl chain length at negative bias while the
positive bias current at high voltage decrease little, leading to increased, which agree well with
the experimental results. Moreover, we can also find the threshold voltage at which current

increases sharply, i.e. the resonance threshold, is decreased with increasing chain length, as

11



shown in red arrow of Figure 6. This is due to the increased asymmetry of the junction, which
can bring the resonance peak into the bias window at lower voltage. The same trend can also be

found in the experimental study as shown in Figure 4.
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Figure 6. Simulated Log -V curves of different chain lengths by single level tunneling model.
The energy barrier is 1.0 eV, and the coupling strength decrease exponentially with the number
of carbon atoms. The asymmetry factor decreases linearly with the number of carbon atoms. The
arrow is the indicator that the threshold voltage decreases as the number of carbon atoms

Increases.

Table 1. Summary of RR Larger 50 Based on Monolayer Molecular Junctions Using EGaln as

Top Electrode

bottom electrode SAM structure voltage (V) RR refs
Au™s HSCoFc 1.0 1.7(-) 86
Au'® HSCq1Fc 1.0 3.1(-) 86
Au'® HSCi3Fc 1.0 1.7(-) 86
Ag'™ HSCoFc 1.0 120(-) 67,86

52,54, 67, 68, 81, 86,

AgTS HSC]lFC 10 "’100(-) 89-91
Ag'™ HSCi3Fc 1.0 81(-) 50,86
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AgTS

HSC1o0NHC=0OFc
HSC11FcCa
HSCiiFe2
HSCi1Fe=Fc*
HSCi1Fc-Fe
HSCi5Fc-C=C-Fc
HSCi5Fc-C=C-Fc
HSCi5Fc-C=C-Fc
HSCi5Fc-C=C-Fc
HSCi5Fc-C=C-Fc
HSCi5Fc-C=C-Fc
HSC.BIPY
HSC.BIPY
HSC1:BIPY-MCl,
(M=Mn, Fe, Co)
HSC1S-BTTF

Benzotetrathiafulvalene
(BTTEF)

HSC11S-BTTF

Benzotetrathiafulvalene
BTTF

HSCi1 PAH polycyclic-
aromatic-hydrocarbon
(PAH)

1.0
1.0
1.0
0.875
1.125
1.0
2.0
1.0
3.0
1.0
3.0
1.0
1.0

1.0

1.5

2.5

0.74
1.0

90(-)
77.43(-)
500(-)
1100(-)
610(-)
1000(-)
794 (-)
398(-)
6x10%(-)
251(-)
1x10% (-)
85(+)
40(+)

~80(+)

83(+)

912(-)

~170(-)
~150(-)

54

50
52, 81,90
49
49

53
53
53
53
53

53

39

39

71

66

66

56

¢ RR*=J(+W)/|J(-V)| and RR=|J(-V)|/|J(+V)|; TS: Abbreviation for template stripping.

In summary, we demonstrated in this work a quick screening strategy to efficiently explore the

chemical space for high performance molecular rectification based on carboxylate-metal

complexes electro-active unites. By studying a series of junctions with the structure of Au-S-C,.-

13



1COO'M™//GaO,/EGaln, where n=11, 12, 13, 14, 16, 18; M™=Ca?*, Mn?", Fe*", Fe**, Co**,

Ni%*, Cu?*, Zn**, we have reached RR as high 750 at 1.5 V using Ca*" and Zn?" combined with

C18-COOH SAM. Table 1 summarizes the RR larger than 50 in single level molecular junction

fabricated with the EGaln top electrode, and the C18+Zn?" junction in this work is among one of

the best molecular diodes, while it is much easier and cheaper to make than other type of

molecular diodes.

We would like to emphasize that there still remain a large metal complex space of different metal

ions and ligands to be explored using our strategy. And it is worth noting as well that the
rectification obtained in this work is based on a relative rough gold surface (Rq=0.7 nm), so a

higher performance diode is expected to be realized on template stripped ultra-flat substrate.
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