Downloaded via WAKE FOREST UNIV on October 28, 2024 at 23:34:09 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

NANO... 5

pubs.acs.org/NanoLett

The Stark Effect: A Tool for the Design of High-Performance

Molecular Rectifiers

Ryan P. Sullivan, John T. Morningstar, Eduardo Castellanos-Trejo, Mark E. Welker,

and Oana D. Jurchescu*

Cite This: Nano Lett. 2023, 23, 10864-10870

I: I Read Online

ACCESS | [l Metrics & More | Article

Recommendations | Q Supporting Information

ABSTRACT: Molecular electronic devices offer a path to the
miniaturization of electronic circuits and could potentially facilitate
novel functionalities that can be embedded into the molecular
structure. Given their nanoscale dimensions, device properties are
strongly influenced by quantum effects, yet many of these
phenomena have been largely overlooked. We investigated the
mechanism responsible for current rectification in molecular diodes
and found that efficient rectification is achieved by enhancing the
Stark effect strength and enabling a large number of molecules to
participate in transport. These findings provided insights into the
operation of molecular rectifiers and guided the development of
high-performance devices via the design of molecules containing
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polarizable aromatic rings. Our results are consistent for different molecular structures and are expected to have broad applicability
to all molecular devices by answering key questions related to charge transport mechanisms in such systems.
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olecular electronic devices use molecules as the basic

building blocks and have the potential to revolutionize
the way electronic circuits are designed and manufactured.
Their properties can be tailored by modifying the chemical
structure of molecules used, and hence, they are quickly
expanding into novel functionalities, including optical photo-
switches,' synaptic-emulating memristors,” chemical and
biological sensors,” > and wires with tunable conductivity,6
all of which offer nanoscale and cost-efficient functionality to
complement conventional technologies. One of the simplest
molecular devices—the molecular rectifier—consists of a
single molecule or a self-assembled monolayer (SAM)
sandwiched between two contacts that acts as a conductor
under forward bias and as an insulator under the opposite bias,
allowing current to effectively flow only in one direction. The
efficiency in current rectification is quantified by the
rectification ratio, R = [J(V*)/J(V7)l, defined as the ratio
between current density J under forward bias (V*) and the
current density under the reverse bias of the same magnitude,

. . 1.7,19-21 .
one or more frontier molecular orbitals.”"’ Introducing

asymmetry into molecular rectifiers has been achieved by gate
effects,"” asymmetric molecule/electrode coupling,””** inter-
action with the environment,” and, more recently, the Stark
effect.”**° The Stark effect is a quantum phenomenon that
describes the splitting and shifting of the energy levels within
atoms or molecules when subjected to a strong electric field,
similar to the Zeeman effect occurring in the presence of a
magnetic field.”” ™" The magnitude of the shift depends on the
strength and orientation of the electric field as well as the
difference between the excited and ground state dipole
moments. Typically, Stark shift measurements are modeled
by linear and quadratic shifts with an applied bias and are often
used to investigate the polarizability of atoms and molecules.”
In molecular rectifiers, the Stark effect has been adopted to
describe how an applied electric field shifts the energies of the
molecular orbitals to induce asymmetric tunneling, which
yields current rectification.”*">° There are a number of
theories about the Stark effect in molecular electronics;
however, its role in high-performance molecular rectifiers and

J(V7). This device was theoretically proposed in 1974’ and
first demonstrated experimentally in the early 1990s," " with
substantial improvements in performance being achieved
within the past decade; several groups have reported
rectification ratios of 102—10° and values of >10° have also
been demonstrated."'™'® The rectification process has largely
been explained by intramolecular donor—acceptor mechanisms
(Aviram and Ratner ansatz) and asymmetric tunneling through
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Figure 1. (a) Device structure of the molecular junctions. (b—d) Chemical structures and corresponding current—voltage characteristics sorted into

2D bins for molecules 1 (panel b), 2 (panel c) and 3 (panel d).
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Figure 2. (a) Example Fowler—Nordheim plot used to determine the transition voltage of each molecular junction. (b) Average R with the
standard deviation vs y for the nine different molecular compounds investigated.

its relationship to molecular structure are not yet clear. A
deeper understanding of this phenomenon will not only shed
light on the mechanism of charge transport at molecular length
scales but also be essential for the advancement of other
molecular technologies. Here, we investigate the Stark effect in
a large set of molecular rectifiers that exhibit rectification ratios
spanning several orders of magnitude, from lower than 10 to
greater than 10°. Through transition voltage spectroscopy, we
found a positive correlation between the Stark effect strength
and the rectification ratio, suggesting that the Stark effect plays
a significant role in the operation of molecular rectifiers. We
employed an expanded Landauer—Biittiker expression utilizing
a first-order approximation for the Stark effect strength and
assumed an exponential dependence of the number of
molecules participating in transport on the applied voltage to
effectively model the current—voltage characteristics by using
experimentally derived properties as key fitting parameters. We
found that the current rectification is more effective in
molecular rectifiers based on SAMs containing aromatic
functional groups with polar substituents due to synergistic
effects of a more pronounced shift in the molecular orbitals
(Stark effect) and a larger number of molecules participating in
transport.

To fabricate the devices, we started from degenerately doped
n-type silicon substrates (resistivity of 0.001—0.005 ©Q cm)
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with an ~2 nm native oxide layer, which have been cleaned for
10 min in an acetone bath at 85 °C, followed by an acetone
and isopropyl alcohol (IPA) rinse and a 10 min IPA bath at 85
°C. Then they were blown dry under nitrogen, exposed to
ultraviolet ozone for 10 min, rinsed with deionized water, and
dried again under a stream of nitrogen. Next, the substrates
were placed in glass containers inside a nitrogen glovebox,
where they were immersed into a 7 mM solution of SAM in
room-temperature chloroform for ~16—20 h allowing ample
time for self-assembly. Afterward, the samples were thoroughly
rinsed with chloroform and then IPA and finally dried again
under nitrogen. The molecular structures of the SAMs are
illustrated in Figure S1; they consist of a triethoxysilane
anchoring group with various functionalized tails that are
electrically decoupled by an insulating o-bonded bridge."***
Molecular junctions were formed with close to 100% yields by
utilizing a non-invasive top contact of EGaln (eutectic
gallium—indium), which contains a thin (~0.7 nm) Ga,O,
(gallium oxide) layer that spontaneously forms on its surface,
creating a metal/oxide/SAM/oxide/metal device architec-
ture." "> 7** A schematic of the device structure is included
in Figure la. By using silicon substrates with soft top contacts,
we emphasize cost-efficient device processing by avoiding
expensive evaporation and/or template-stripping pro-

3,14,35
cesses.
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Figure 3. Energy level diagram illustrating the rectification mechanism resulting from the LUMO being asymmetrically shifted by the Stark effect.
The panels correspond to (a) no applied bias and (b) a positive LUMO shift outside the transmission window. This is in agreement with the data
displayed in Figure S5, where the measured value of the negative current exponentially decreases with |yl, whereas the positive current only slightly
increases and then decreases (overall remaining relatively constant), leading to the observed increase in R in Figure 2b.

Rectification ratio R was determined by electrically
characterizing the molecular rectifiers under ambient con-
ditions using an Agilent 4155C semiconductor parameter
analyzer and performing voltage sweeps from 0 to 2 V,
followed by 0 to —2 V to minimize any potential hysteresis
effects that could influence the experimental outcome and
complicate the analysis. The results obtained for (E)-1-(4-
carbomethoxy-phenyl)-N-[3-(triethoxysilyl)propyl]-
methanimine, (E)-1-(3-cyanophenyl)-N-[3-(triethoxysilyl)-
propyl]methanimine, and triethoxy(octyl)silane, which are
labeled as molecules 1—3, respectively, are illustrated in panels
b—d, respectively, of Figure 1, alongside the molecular
structures. The measured current—voltage characteristics
were assorted into two-dimensional (2D) bins, which show
highly consistent curves indicative of ordered films. The
corresponding rectification ratio histograms are shown in
Figure S2. These examples correspond to molecular rectifiers
exhibiting high, medium, and low rectification ratios within the
set of devices we investigated. Similar measurements were
performed for all nine different SAMs, producing R values from
S to 1100; the results are shown in Figure S3. Note that
rectification ratios as high as 9000 can be obtained in some of
these SAMs upon co-assembly of molecules in which donor—
acceptor interactions can occur, resulting in new electronic
states.'® Nevertheless, here, we restricted our study to
monomolecular SAMs to avoid the contribution of charge
transfer states, which would have complicated the interpreta-
tion of the results.

Transition voltage spectroscopy (TVS) was used to
determine transition voltage V,.** The Fowler—Nordheim
plot [In(I/V*) vs 1/V] was generated on the basis of the
current—voltage characteristics measured on each device, and
V. was extracted as the voltage at the minimum of this plot
(Figure 2a), where V,, (V,_) corresponds to the minimum in
the positive (negative) bias regime.36 Transition voltages were
determined by using the averaged I—V curves corresponding to
the measurements illustrated in Figure S2. All reported R
values correspond to V' = 2V, except for the case of molecule
3 where R was measured at +1.5 V due to electrical
breakdowns at higher voltages. Upon adoption of the single-
level model, the energy offset between the LUMO (lowest
unoccupied molecular orbital) level and the Fermi energy (Ep)

is defined as & = E;yyo — Er.”” In a junction under an external
bias, the LUMO shifts proportionally with respect to applied
voltage V

Ergmo(V) = Epgyo + 7eV (1)

where e represents the elementary charge and Stark effect
strength (orbital shift) y is determined by

1 Vo, + V_

Y

2 V2 + 10,V /3 + v, 2)
g is also dependent on voltage, such as
&(V) = Epymo(V) — Ep = g + yeV (3)

where €] corresponds to the energy offset in the absence of an
applied voltage.

In the following, we focus on determining the Stark effect
strength for each molecule and assessing whether there is a
dependence of R on this parameter. Small adjustments were
made to the measured V; to account for the asymmetric
electrodes (the respective work functions of the EGaln and
silicon electrodes are —4.2 and —4.65 eV, respectively) (details
included in Figure S4). As shown in Figure 2b, a positive trend
between lyl and R exists, with R being very small for low values
of y and a significant jump in R occurring around lyl = 0.02,
followed by a less steep increase at a higher y. The magnitude
of y is modulated by the Stark effect and the asymmetric
location of the orbital in the junction, and the values shown in
Figure 2b should be viewed as an underestimation due to
contact effects, which result in screening of the applied electric
field by the trap states forming at the molecule—electrode
interface. This phenomenon, in turn, will indirectly impact the
current rectification by reducing the magnitude of the effective
voltage shifting the HOMO/LUMO level within the SAM.*®
For reference, a maximum rectification ratio of ~500 was
predicted when considerinsg only the contribution of the Stark
effect to the rectification.”® We note that other effects such as
the internal molecular dipole, asymmetric placement of the
orbital in the junction, or the length of the molecules also
contribute to the rectification ratio and will impact the data
depicted in Figure 2b.”> It is essential to discuss this
experimental observation in a broader context. The clear
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Figure 4. Average current—voltage characteristics of molecule 1 fitted to a Landauer—Biittiker expression (eq 8) when using (a) a constant N and
(b) an N(V) that exponentially depends on the applied bias. (c) The relative N(V) was determined from the best fit.

dependence of R on y suggests that the Stark effect is a key
phenomenon in molecular electronics that could potentially be
controlled for the development of new and improved devices.
Another important observation is that both R and Iyl are larger
in SAMs containing aromatic rings, in agreement with previous
reports that found that aromaticity increases the extent of
molecular rectification.”®>” However, there is no clear
correlation of |yl with the electronegativity of the substituent
to the aromatic ring, where other effects like the degree of
order within the SAM, coupling with the electrodes, or
intermolecular interactions are likely playing a role.

Having established the positive correlation between y and R,
we can now describe the rectification mechanism in the
presence of the Stark effect. In Figure 3, we focus on two cases,
i.e, large and small y values, depicted in blue and red,
respectively. Figure 3a corresponds to the energy level diagram
in the absence of an external bias, where S and T are the energy
levels of the substrate (bottom electrode) and the top
electrode, respectively. Assuming that the facilitating orbital
is the LUMO for all investigated molecules, according to eq 1,
if y < 0, such as in the case of our devices, a positive (negative)
bias shifts the frontier orbitals downward (upward), with the
magnitude of the shift being proportional to y and applied
voltage V (Figure 3b,c). A positive bias shifts the LUMO level
closer to Eg; the larger the value of lyl, the smaller the voltage
needed to reach resonance (see eq 3). The current gradually
increases until it reaches resonance and then decreases until
the next energetic level participates in transport. On the
contrary, when a negative bias is applied, the LUMO shifts
further from Eg, reducing the current and even placing the
LUMO above the top electrode for large lyl values, yielding a
significant decrease in the current when the LUMO shifts
outside the transmission window. This is in agreement with the
data displayed in Figure SS, where the measured value of the
negative current exponentially decreases with lyl, whereas the
positive current only slightly increases and then decreases
(overall remaining relatively constant), leading to the observed
increase in R in Figure 2b.

We further examined the implications of our findings by
employing the Landauer—Biittiker theory, which has been
extensively used when simulating current—voltage character-
istics in molecular devices.”**>**~** In the framework of this
theory, the current through molecular assemblies can be
modeled by summing over the transmission probabilities of
possible conduction channels:

1) = 22 [C a8t v E v - £E VL
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where N is the number of conducting molecules, E is the
energy, f and fg are the Fermi functions of the top electrode
and bottom electrode (substrate), respectively, and T is the
transmission function. The transmission function is expressed
as

40
4(E — Ejyyo)” + (I + I)? (5)

T(E) =

where I't (Ig) is the level broadening due to the molecule—
electrode coupling for the top electrode (substrate). We will
account for a linearly approximated shift of &(V) by including
a Stark effect strength coefficient described by eq 3, leading to
the transmission function:

41T
4(E — Epymo — reV)® + (Ts + FT)2 (6)

T(E) =

When the temperature effects are ignored, the Fermi
functions become steplike functions, allowing the integral to
be analytically solved.

EpteV/2
1(v) = e f dET(E; V)
h JE.—ev/2 (7)

such that

£L+(y + %)eV
(Is +Tp)/2

= Ny ] ctan

C (T + L)

8L+(y - %)eV
— arctan| ————
G+ Ip)/2

(8)

Figure 4a shows the current—voltage characteristics
measured on molecule 1 (red circles) along with the curve
generated using the expression in eq 8 (free fitting parameters
included ¢, y, I's, ', and N), shown in blue, with small
adjustments to account for the asymmetric contacts; details
about the fitting parameters are included in Table SI. In spite
of our attempts to model the experimental curves with this
expression, even when using multiple molecular orbitals along
with y values that are significantly larger than the experimental
results, the fit was still not satisfactory (Figure S6), suggesting
that additional effects must be considered. Similar results have
been obtained for molecules 2 and 3 (Figure S7ab). The
underestimation of the current values at high forward voltages
prompted us to further consider the dependence of the
number of molecules participating in transport on the applied
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bias, N(V).'* A bias-dependent N has been previously used
when modeling high-performance molecular rectifiers.'* Here,
for the first time, we integrate this concept with the Landauer
formalism. Indeed, modeling the same experimental current—
voltage characteristics with the expression in eq 8, while using
the exponential dependence of N on the applied bias, not only
resulted in good agreement with the experimental points but
also allowed us to use the experimentally derived Stark effect
strength and removed the need for any molecular orbitals other
than the LUMO (free fitting parameters include &, I's, I'1, and
N); the results are shown in Figure 4b, with details on the
fitting parameters included in Table S1. The corresponding fits
for molecules 2 and 3 are included in panels ¢ and d of Figure
S7, and the dependence of the relative N on V [the relative
N(V) is normalized by N when V = 0] is shown in Figure 4¢c
for molecule 1 and panels e and f of Figure S7 for the other
molecules. The dependence of N on V also resulted in a
significantly better agreement when fitting to the average
rectification ratio versus voltage data (Figure S8). Upon
comparison of the values of N for molecules 1—3, one can
observe that in SAMs that exhibit a high rectification ratio the
Nat V=2 Vis ~30 times larger than the N at V ~ 0 V, while
in the low rectifying SAMs, N(V) remains close to unity. The
N(V) dependence in the highly rectifying SAMs is similar to
that of previously reported molecular rectifiers based on thiols
assembled on gold substrates.'* This difference in N(V) values
in our samples is attributed to the molecular structures of the
tail groups. Specifically, the tail group of molecule 3 is a
nonpolar, insulating, aliphatic chain leading to negligible
changes in N with an increase in voltage, whereas the
substituted aromatic compounds such as molecules 1 and 2
are polarizable, which allows the molecules to charge and
reconfigure on the basis of an applied bias. These findings
suggest that polar substituents can enhance molecular
rectification. Because the coupling with one of the electrodes
can also have an effect on the magnitude of the rectification
ratio,””*> we also evaluated the average I" for each molecule
through zero-bias conductivity measurements.”* However, we
observed no statistically relevant relationship between R and I,
confirming that the Stark effect, and not asymmetric-electrode
coupling, is dominating the rectification mechanism in our
devices.” We also attempted to model the experimental points
obtained on molecule 1 when assuming charge transport
through multiple molecular orbitals, where the total current
through the molecule is a summation of all of the contributing
orbitals determined from eq 8. We used two different
molecular orbital combinations to explore if better fits could
be obtained; the additional fits consisted of the HOMO and
LUMO as well as the HOMO, LUMO, and LUMO+1 (Figure
S9a,b). However, no significant improvements were noted,
further confirming that the charge transport in our SAMs is
dominated by a single molecular orbital. The corresponding
voltage dependencies of the rectification ratios are illustrated in
panels ¢ and d of Figure S9.

In summary, we demonstrated that the Stark effect can
significantly impact current rectification in molecular diodes by
asymmetrically shifting the molecular orbitals participating in
charge transport. By analyzing a large data set measured on
molecules with rectification properties ranging from negligible
to very strong, we have shown that the Stark effect strength
correlates positively with the rectification ratio, with statistical
significance. Using experimentally derived parameters, the
current—voltage characteristics were successfully modeled with

a modified Landauer—Biittiker theory, which accounts for the
voltage dependence of the number of molecules participating
in transport. We found that polar conjugated aromatic
compounds are more effective in current rectification as a
result of a stronger Stark effect and a more pronounced
dependence of the number of molecules participating in
transport on the applied voltage. On the basis of these lessons,
we have demonstrated high-performance molecular rectifiers
with rectification ratios exceeding 10° using cost-efficient
materials and processing schemes that are also high throughput
with nearly 100% yields. Our insights into charge transport
mechanism in molecular rectifiers in molecular rectifiers are
important for the development of high-performance organic—
electronic devices.
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