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ABSTRACT: Self-assembled monolayers (SAMs) of molecules have been reported to exhibit improved structural
quality when formed at elevated temperatures; however, this effect has long been ignored in the field of molecular
electronics. In this study, electrical measurements such as current—voltage characteristics were combined with
scanning tunneling microscopy (STM) images to analyze the correlation between the SAM formation temperature
and the resulting electrical properties of SAM junctions using alkanethiol. Increasing the formation temperature
enhanced the conductance of the SAM junctions, which is associated with the improved structural quality of the
SAMs with fewer defects and larger domains. Additionally, the rectifying behavior was found to be related to the
conductance of the SAMs. A close examination of the current—voltage characteristics revealed that rectification was
due to an asymmetrical shift of the highest occupied molecular orbital (HOMO) under bias. Defects in SAMs
account for rectification, as well as its correlation with conductance. Based on these observations, it was found that
the formation temperature affects the electronic properties of the SAM junctions by controlling the defects. This
study elucidates the causal relationship between the SAM formation process and the resulting electrical properties of
SAM junctions.
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INTRODUCTION electric dipoles are widely used as functional layers for work
Understanding charge transport in self-assembled monolayers function engineering in a patternable manner.'”"” The
(SAMs) is critical for molecular electronics, as SAMs are key

building blocks for implementing reliable large-area junctions in Received: May 8, 2025

a variety of device applications, including diodes,"”* transis- Revised:  September 24, 2025

tors,~> and memristors.° SAMs can also be applied to flexible Accepted: September 24, 2025

devices that exhibit consistent operation under mechanical Published: October 4, 2025

stress or interesting responses, such as changes in current or

mechano-optoelectronic properties.””” In addition, SAMs with
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Figure 1. (a) Schematic illustration of the molecular device. The black, white, and red balls represent carbon, hydrogen, and sulfur atoms,
respectively. (b) Optical image of an Au/SAM/graphene junction with PR sidewalls. (c) Zoomed-out image showing 3 molecular junctions. (d)
Average current—voltage characteristics of molecular junctions formed at room temperature (blue), 50 °C (green), and 75 °C (red).

conduction properties through the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) are also useful in charge injection in transistors and
photoelectric devices. ™~

While SAMs are applied to a wide range of electronics, much
effort has been devoted to studying the formation characteristics
of SAMs under various conditions, such as temperature, solvent,
molecular concentration, and immersion time.”°”*® Detailed
adsorption dynamics of thiolated molecules on metal substrates
have also been extensively investigated both experimentally and
theoretically.””** Since the adsorption process and the quality
of SAMs depend on the formation process, it is natural to
question the correlation between the formation conditions and
the resulting electrical properties of SAMs. In a single-molecule
limit, there have been pioneers who elucidated the effect of
formation conditions on the electrical properties, but the scope
tends to be limited to sharp metal structures.”> Up to date,
efforts to correlate the electrical characteristics to the more
intrinsic properties of SAMs have mainly focused on geometric
factors, such as tilt angle and conformations.'>**” However, the
effects of formation conditions directly controlled at the
fabrication level on the electrical properties of SAMs have not
been extensively studied.

The formation temperature is known to be a major factor
determining the quality of SAMs of both aliphatic and
conjugated molecules.”””" An elevated formation temperature
leads to well-ordered SAMs, reducing the number of vacancy
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islands and the disordered phases. In this study, we investigated
the effect of SAM formation temperature on the electrical
properties of octanethiol (C8) SAMs, bridging the knowledge
gap between the formation process and the implementation of
actual electronic devices. As a primary result, the formation
temperature was found to have a positive correlation with the
electrical conductance of the SAM junctions. Scanning
tunneling microscopy (STM) observations support that the
enhancement of conduction is coupled with a decrease in defects
and the resulting effective increase in the number of molecular
channels. Also, the current rectification characteristics depend
on the formation temperature of the SAMs. Linearity was
defined as a measure of the linearness of the current—voltage
curves and was found to be coupled to rectification. The
correlation between linearity and the rectification ratio (RR)
suggested that the defects in the SAMs changed the conduction
characteristics of the molecular junctions by affecting the
HOMO level alignment under bias. This study reveals that the
formation process of SAMs can significantly change their
conduction characteristics, which is noteworthy when molecular
devices are implemented using SAMs as functional elements.

RESULTS AND DISCUSSION

Figure 1a shows a schematic of the molecular device used in this
study. Sandwiching C8 SAM between the Au bottom electrode
and the graphene top electrode, the device structure provides a
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Figure 2. STM images of C8 SAMs formed at (a—c) 75 °C and (d—f) room temperature.

testbed for two-terminal current—voltage measurements of
vertical SAM junctions. For electrical measurements, the
graphene electrode was grounded, and a voltage was applied
to the Au electrode. Template-stripped Au provides a flat
substrate for large-area SAMs of up to a few microns.”*™*!
Photoresist (PR) sidewalls were used as patternable and
insulating films to form uniform dimensions of molecular
junctions. Figure la shows a comprehensive yet not-in-scale
illustration, and the junction structure with realistic relative
length scales is provided in the Supporting Information (Figure
S3). Figure 1b shows an optical image of a circular molecular
junction with a radius of 2 ym (indicated by an arrow in Figure
1b). In Figure lc, the horizontal Au pads (bottom electrodes)
and the top graphene electrode (marked as a dashed area) form
of multiple molecular junctions. The detailed fabrication process
and characterization of the template-stripped Au and graphene
films can be found in the Experimental Section and Supporting
Information (Sections 1 and 2). C8 SAMs in the molecular
junctions were prepared at three different temperatures: room
temperature (RT), 50 °C, and 75 °C. All components of devices,
including PR, were found to be compatible with the formation
temperature ranging from RT to 75 °C. Despite some apparent
damage to the PR after immersion in ethanol at high
temperature, the PR wall remained insulating, and the radius
of aperture remained unchanged, providing a good platform for
a formation-temperature-dependent experiment with a well-
defined size of the molecular junction. The results of the
compatibility tests can be found in the Supporting Information
(Section 3). The formation of uniform octanethiol SAMs on
template-stripped Au at temperatures from RT to 75 °C was also
confirmed by contact angle measurements (Supporting
Information Section 4).

Representative current—voltage characteristics in the log scale
are presented in Figure 1d, obtained by averaging the individual
data from 166, 116, and 158 working molecular junctions
formed at RT, 50 °C, and 75 °C, respectively. All acquired data
were classified as working or not by the quantitative criteria
presented in the Experimental Section and Supporting
Information (Section S). Notably, the SAMs formed at elevated

temperatures showed a larger conductance. For example, the
conductance of SAMs formed at 75 °C was about 60-fold larger
than that formed at RT near zero voltage, which emphasizes the
importance of controlling the formation process of SAMs in the
junction fabrication process. The increase of conductance of the
molecular junction at a high formation temperature was also
observed for decanethiol and dodecanethiol, implying the
generality of this effect on alkanethiol SAMs (Supporting
Information Section 6).

Template-stripped Au is a good substrate for the fabrication of
SAM-based electronic devices due to its relatively uniform
surface morphology.”*~*' However, it is very difficult to obtain
molecular-scale information about C8 SAMs on the template-
stripped Au substrate because it contains many small-sized, flat
terraces ranging from a few nanometers to ~40 nm, as shown in
the STM images in Supporting Information (Section 7). In this
study, single-crystal Au(111) substrates with terraces larger than
~100 nm were used to determine the molecular features of the
C8 SAMs (Supporting Information Section 7). The STM
images in Figure 2 clearly show that there are significant
differences in the molecular features of C8 SAMs on Au(111)
depending on the formation temperature. C8 SAMs formed at
75 °C (Figure 2a—c) have long-range, well-ordered domains
without domain boundaries. The packing structure of the
ordered domains can be assigned to the well-known c(4 X 2)
structure observed for various alkanethiolate SAMs.””**** The
density of structural defects, such as vacancy islands and domain
boundaries, which are typically observed in alkanethiolate
SAMs, was found to be significantly reduced compared with the
SAMs formed at RT (Figure 2d—f). STM images (Figure 2d,e)
show many small ordered domains separated by domain
boundaries and numerous vacancy islands. Magnified STM
image (Figure 2f) also shows structural defects in the closely
packed ordered domains. STM observations clearly demon-
strate that well-ordered SAMs with fewer structural defects can
be formed at an elevated formation temperature of 75 °C driven
by the Ostwald ripening process.””*” Therefore, it is reasonable
to consider that highly ordered C8 SAMs can be formed at
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Figure 3. (a) Current—voltage characteristics of C8 junctions formed at different formation temperatures, normalized by the current at 1.0 V.
(b) RR—voltage plot for the averaged current—voltage curves for each formation temperature.
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convenience.

higher formation temperatures also on a template-stripped Au
substrate.

When the electrical properties and STM images are
combined, the increase in conductance at elevated formation
temperatures is attributed to an increase in the number of
molecules in close-packed structures. A tunneling model
commonly used for C8 molecular junctions predicts the
conductance based on three factors: coupling between the
molecule and electrodes, HOMO level, and the number of
molecular channels.** Among them, coupling is unlikely to be
changed significantly by formation temperatures, as discussed in
Supporting Information (Section 13). Also, the same c(4 X 2)
phase is observed for both formation temperatures of RT and
75 °C (Figure 2); thus, it is unlikely that the thickness or tilt
angle of the SAMs will change depending on the formation
temperature. Especially at zero voltage, the HOMO level is
unaffected by the applied voltage, leaving the difference in
conductance as the result of the different numbers of channels.
Therefore, the observed difference in zero-voltage conductance
in Figure 1d can be interpreted as the effect of the formation
temperature on the number of conduction channels. We also
found that the conductance of molecular junctions is sensitive to
the temperature at the beginning of the formation of SAMs, as
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shown in Supporting Information (Section 8). The full coverage
of SAM is reached in a short time scale compared to the
immersion time of 20 h (see the Experimental Section).”"*"
Hence, the strong dependence of conductance on the initial
temperature implies that the conductance is mainly affected by
the temperature during the adsorption process of the SAMs.
Figure 3a shows the average current—voltage data for the
molecular junctions (a total of 446 junctions) normalized by the
current at 1.0 V. The molecular junctions of SAMs formed at RT
exhibited more asymmetric conduction behavior than those
formed at 75 °C. As a measure of asymmetry, the rectification
ratio (RR) was defined as RR(V) = I(V)/I(—=V), where Vis a
positive voltage and I is the current. An RR = 1 corresponds to
the symmetric case, and RR < 1 represents a rectifying junction
favorable to negative voltage. Figure 3b shows the averaged RR
values (from 446 junctions) plotted as a function of voltage for
each formation temperature. The RR of molecular junctions
formed at RT decreases (deviating from 1, becoming more
asymmetric) as the applied voltage increases, while the RR of
those formed at 75 °C remains almost symmetric (i.e., remains
at around RR ~ 1). Rectifying properties decrease smoothly
from RT to 75 °C through 50 °C without abrupt changes, which
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Figure S. Scatter plots of the RR and linearity at (a) 1.0 V and (b) —1.0 V. (c) Linearity of the averaged currents of each formation temperature
plotted as a function of voltage. (d) Energy band diagram across the molecular junction at zero voltage. Defect states are indicated by a single
dashed line, and graphene is abbreviated as Gr for convenience. (e) Energy band diagram under negative voltage, resulting in the charging of
defect states and consequent upward shift of the HOMO. (f) Energy band diagram under positive voltage, showing weak charging of defect
states due to the lack of density of states in graphene, and thus, a weak upward shift of the HOMO.

shows a similar trend with the gradual change in the quality of
SAMs under varying formation temperatures.

It is notable that the deviation in RR is observed in a relatively
high-voltage regime (~1.0 V), whereas the three curves in
Figure 3b meet in the low-voltage regime. A common approach
to explain rectification is to introduce aszmrnetry in the HOMO
shift under the application of voltage.”*™*" For quantitative
analysis, the asymmetry factor # is used to describe the HOMO
shift under bias, or equivalently, the asymmetric voltage drop
between the molecule and two electrodes by 7V and (1 — 1)V,
respectively." ™ The asymmetric structure of the Au/SAM/
graphene junction may induce rectifying behavior described by
n, which is the result of an asymmetric voltage drop at the Au—S
bond and methyl/graphene interface. However, the eftect of the
asymmetric structure is weak for alkanethiols, where the HOMO
lies deep relative to the Fermi level. Moreover, the nature of the
electrode-molecule does not change with the formation
temperature (Supporting Information Section 13). Thus, the
difference in the RR for the three formation temperatures in
Figure 3b cannot be attributed to the asymmetric contact itself.
More detailed discussions on the rectification and structural
asymmetry are provided in the Supporting Information (Section
10).

A combined, closer inspection of the current level and RR
reveals a clear correlation with the formation temperature, as
shown in Figure 4a,b. As shown in Figure 4a, at a voltage as low
as 0.1V, the three formation temperatures deviate in the current
level (right panel), while there is no significant difference in the
RR (top panel). The scatter plot in Figure 4a does not show any
significant correlation between the current and rectification at
0.1 V. On the other hand, at high voltages, such as 1.0 V plotted
in Figure 4b, the peaks of the RR values for each formation

temperature are separated (top panel), while the current scale
has the same positive correlation to formation temperatures as at
0.1 V (right panel). This immediately results in a correlation
between the current level and RR; that is, a junction with higher
conductance shows more symmetric current—voltage character-
istics (scatter plot in Figure 4b). It is worth noting that the
separated scatter plots for each formation temperature show the
same trend, that is, higher conductance is correlated with more
symmetric behavior (Figure $23, Supporting Information). That
is, the conductance is correlated to rectification, rather than the
formation temperature itself. The same trend is observed for
negative voltages, as shown in Figure S24 in the Supporting
Information.

It is convenient to define a quantity “linearity” (denoted by L),
which is a measure of linearness of the current—voltage curve,
defined as

fo " avi(v
I(V)-V

2 (1)

The basic properties of L are discussed in the Supporting
Information (Section 12). The linearity L in a high-voltage
regime shows a clear correlation with RR, as shown in Figure
Sa,b for +£1.0 V. Though the current at +1.0 V also showed a
correlation with RR (Figures 4b and S24), RR was coupled to L
stronger than the current. Especially, at —1.0 V, the correlation
between RR and linearity was as high as 0.70, while that between
RR and current remained at 0.41. This implies that the rectifying
properties of the junctions are affected by linearity more directly
than by the current level. Figure Sc presents the L(V)
characteristics for each formation temperature. All three curves
in Figure 5S¢ coincide in the low-voltage regime. As the applied

L(V) =
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voltage increases, the linearities decay and deviate from each
other. The linearity of the junctions formed at higher
temperatures is larger than that of the junctions formed at
lower temperatures at high voltages, indicating that the
molecular junctions formed at elevated temperatures result in
more linear current—voltage curves.

The current in the molecular junction is determined by the
voltage, coupling between molecules and electrodes, number of
molecules, and HOMO level.** Because linearity is a normalized
quantity, the number of molecules does not affect it. Also, the
coupling constants do not alter L(V) characteristics significantly,
even under a 100-fold change in the coupling constants
(Supporting Information Section 12). Noting that the formation
temperature does not affect the nature of the molecule—
electrode coupling, therefore, the differences in the L(V)
characteristics for different formation temperatures are not likely
to originate from the coupling. Thus, at a given voltage, L(V) is
mainly affected by the HOMO level. Simulations based on the
Landauer formalism (Figure S28) show that linearity is
enhanced when the HOMO level is deep or, equivalently, far
from the Fermi level (Supporting Information Section 12). For
all three formation temperatures, the linearity is slightly larger at
positive voltage than at negative voltage (Figure Sc), which can
be attributed to the asymmetric voltage drop at the molecule—
electrode interfaces induced by the asymmetric structure of the
SAM junction investigated in this study (Supporting Informa-
tion Section 12). Figure Sc shows that the HOMO level of SAMs
formed at elevated temperatures tends to remain deeper, while
that of SAMs formed at lower temperatures becomes shallower
in the high-voltage regime. Note that the linearity L of the
molecular junctions also shows a positive correlation with the
zero-voltage conductance which is proportional to the number
of molecules in the junction (see Supporting Information
Section 15).

Figure Sd depicts the energy band diagram describing the
HOMO level shift affected by the defects. Defect states lying on
imperfections in SAMs are illustrated with the HOMO and
electrodes. It should be noted that the defect states are marked
as a single line for simplicity, while they may be distributed over
abroad range of energies. A slight p-doping of graphene induced
by the wet-transfer process and Fermi level matching to Au/
SAM is also illustrated.”** For detailed characterization of the
energy structure of the SAM junction, including the HOMO
level (about —2.4 eV below the Fermi level) and doping level of
graphene, see Supporting Information (Sections 16 and 17).
When a negative voltage is applied to the junction, the defect
states are filled by the Au electrode which behaves as an electron
reservoir, and negatively charged defects lead to an upshift of the
HOMO to a shallower energy state, as shown in Figure Se.
Hence, the defects result in an increase in the current at negative
voltages, accounting for the RR and lower linearity at negative
biases. This effect is prominent for SAMs formed at RT which
have more imperfections. On the other hand, positive voltage
results in weak charge filling from graphene which suffers from a
lack of DOS and consequent quantum capacitance®”>" that
leads to a less p-doped configuration under positive voltage, as
depicted in Figure 5f. This weakens the upward shift of the
HOMO, leaving the linearity higher than that at negative
voltages, as discussed above.

Here, the differences in the transport characteristics are
mainly due to the changes in the SAMs rather than the graphene
electrode. For example, ultraviolet (UV) photoelectron spec-
troscopy (UPS) and Raman spectroscopy revealed that the work

function or carrier density of graphene on SAMs formed at RT
and 75 °C did not show significant differences (Supporting
Information Section 17). Moreover, because the SAMs are the
main source of electric resistance in the Au/SAM/graphene
structure, small changes in the electric properties of graphene on
the SAMs can be neglected.

From the zero-voltage conductance (Supporting Information
Section 15) and STM image (Figure 2), SAM junctions formed
at elevated temperatures are expected to have a low number of
defect states, which implies a lesser effect on the HOMO shifting
under voltage depicted in Figure Sd—f. Hence, with a lower
source of asymmetry, the junctions formed at 75 °C showed an
RR near unity and more linear current—voltage characteristics.
On the other hand, lower formation temperatures lead to more
upward shifts of the HOMO due to more defects, especially at
negative voltages, hence giving a rectifying and less linear current
response.

CONCLUSIONS

In summary, this study demonstrated that the formation
temperature of SAMs affects the conduction properties of
SAM junctions. Electrical measurements showed that the
conductance increased 60 times compared to that of the
SAMs formed at room temperature when the SAM formation
temperature increased to 75 °C. The variation in the
conductance is attributed to the difference in the number of
close-packed molecular channels, which is also supported by the
STM images. In addition, SAM junctions formed at different
temperatures showed different rectifying properties, i.e., more
symmetric current—voltage characteristics when formed at
higher temperatures. Statistical analysis showed a correlation
between the current order and rectification in the high-voltage
regime, which is due to the HOMO level shift under bias. We
presented a model explaining the HOMO level shift due to the
defect states in SAMs. A high formation temperature led to a
decrease in defects and a weakening of the defect-induced
HOMO shift. The rectifying or symmetric and linear or
nonlinear conduction characteristics of the SAMs were found
to be related to the formation temperature, which was explained
by the proposed model. Therefore, this study provides a basis for
understanding the relationship between the formation process
of SAMs and the resulting electrical properties.

EXPERIMENTAL SECTION

Device Fabrication and Electrical Measurements. All devices
were fabricated on a template-stripped Au substrate, with an atomically
smooth surface.** *' To prepare this substrate, a 50 nm-thick Au film
was deposited on a clean silicon surface by e-beam evaporation. The Au
film was patterned as electrodes using shadow masks during
evaporation. After optical adhesive (OA) (NOA61, Norland) was
cast on the Au/silicon substrate, the substrate was covered with glass
that had been treated with ultraviolet (UV) light for Au adhesion. UV
curing for an hour and overnight aging in a 50 °C oven under low
vacuum were performed to obtain a chemically stable OA mold for Au.
Finally, a razor was used to eliminate the silicon substrate to expose the
ultraflat Au surface, giving an Au/OA/glass substrate for forming
molecular junctions. On this substrate, the PR sidewall was patterned
using photolithography, resulting in multiple pairs of Au electrodes and
holes with a radius of 2 ym in the PR layer on the electrodes. PR was
hard baked at 200 °C for 30 min under a constant argon flow with 5%
hydrogen to prevent the oxidation of Au surfaces. Then, patterned
substrates were immersed in a 5 mM ethanol solution of C8 at the
designated formation temperature in a glovebox filled with nitrogen
(both ethanol and C8 were purchased from Sigma-Aldrich). For
accurate temperature control, all the solutions and substrates were
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heated to the desired temperature before immersion. The immersion
time was at least 20 h and not more than 24 h. After the formation of
SAMs, the substrates were rinsed with ethanol, and then the graphene
film was transferred onto the SAMs/Au/OA/glass structure by wet
transfer.

A chemical vapor deposition-grown graphene film (purchased from
Graphene Square) was initially prepared in the form of poly(methyl
methacrylate) (PMMA)/graphene/copper foil for the top electrode. A
0.2 M aqueous solution of ammonium persulfate was used for etching
the copper foil, and the remaining PMMA/graphene was cleaned by
floating it three times on deionized water for more than 10 min to
eliminate physisorbed ions and contaminants. After the wet transfer of
graphene, PMMA was etched by immersing the devices in acetone for 5
min, and graphene was etched using oxygen plasma with a shadow mask
to obtain the desired pattern. More detailed fabrication processes are
provided in Supporting Information (Section 1). The characterization
results of the Au roughness and graphene are presented in Supporting
Information (Section 2).

Electrical measurements were performed in a vacuum probe station.
The voltage was swept from 0 to 1 V to avoid breakdown caused by
abrupt bias stress, and then data was acquired with decreasing voltage to
—1.0 V with a step of —0.02 V. Then, the voltage was set to 0 V before
disconnecting the molecular junction. All junctions were classified into
one of four categories: open, noisy, short, or working. Open was clearly
distinguished with its extremely low current level on the sub-pA scale,
with almost no response to voltage. For example, junctions showing a
sub-pA current at +1 V were classified as open. Noisy cases showed
large hysteresis or noise, hindering an accurate analysis. Since they tend
to show sharp peaks in the current—voltage curves, junctions that
showed such unusual behaviors were classified as noisy, with a
quantitative criterion provided in Supporting Information (Section S).
After excluding open and noisy cases, junctions with G(1.0 V)/G(0.1
V) < 5 were classified as short, where G(V) = I(V)/V, as they are much
more linear than that expected in Au/C8/graphene junctions. The
others were all classified as working. Typical current—voltage
characteristics for all four cases are presented in the Supporting
Information (Section 5).

STM Imaging. C8 SAMs for STM imaging were prepared on single-
crystal Au(111) substrates with large, atomically flat terraces by the
thermal evaporation of Au onto a freshly cleaved mica surface preheated
to 570 K under ultrahigh vacuum conditions of approximately 107° Pa.
C8 SAMs were prepared by immersing Au(111) substrates in a S mM
ethanol solution containing C8 molecules at RT and 75 °C for 24 h.
After SAM formation, the substrates were taken out of the solution and
immediately rinsed with pure ethanol to remove the physisorbed
molecules on the surface. STM measurements were performed in
constant current mode in air using a NanoScope E (Veeco, Santa
Barbara, CA) with a commercially available Pt/Ir (80:20) tip.
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