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Abstract

The development of methods to produce nanoscale features with tailored chemical functionalities is fundamental for applications
such as nanoelectronics and sensor fabrication. The molecular-ruler process shows great utility for this purpose as it combines top-
down lithography for the creation of complex architectures over large areas in conjunction with molecular self-assembly, which
enables precise control over the physical and chemical properties of small local features. The molecular-ruler process, which most
commonly uses mercaptoalkanoic acids and metal ions to generate metal-ligated multilayers, can be employed to produce regis-
tered nanogaps between metal features. Expansion of this methodology to include molecules with other chemical functionalities
could greatly expand the overall versatility, and thus the utility, of this process. Herein, we explore the use of alkanethiol molecules
as the terminating layer of metal-ligated multilayers. During this study, it was discovered that the solution deposition of alkanethiol
molecules resulted in low overall surface coverage with features that varied in height. Because features with varied heights are not
conducive to the production of uniform nanogaps via the molecular-ruler process, the vapor-phase deposition of alkanethiol mole-
cules was explored. Unlike the solution-phase deposition, alkanethiol islands produced by vapor-phase deposition exhibited
markedly higher surface coverages of uniform heights. To illustrate the applicability of this method, metal-ligated multilayers, both
with and without an alkanethiol capping layer, were utilized to create nanogaps between Au features using the molecular-ruler
process.
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Findings

In a time when many technological advances are driven by the
miniaturization of fabrication methods, much effort has been
placed on the development of novel methods to produce nano-
scale features with chemical functionalities that go beyond
traditional semiconductors [1-3]. Recent advances in the field
allow for the fabrication of molecular-scale features into sur-
faces that template the assembly and growth of metals, poly-
mers, biomolecules, and cellular structures [3-11]. In addition,
these surface assemblies have been utilized as molecular-scale
resists for lithography [12,13]. One promising strategy for such
fabrication utilizes top-down lithography to create complex
architectures over large areas in conjunction with molecular
self-assembly, which enables precise control over the physical
and chemical properties of the small features [1,2]. The molecu-
lar-ruler process is a notable example of this hybrid approach as
it couples conventional patterning methods with molecular self-
assembly [14].

The molecular-ruler process can be employed to form nanogaps
between registered metal surface features that have been gener-
ated using conventional lithographic techniques such as
photolithography or electron-beam lithography (Figure 1) [14-
24]. In short, a metal structure that has been patterned on a non-
metal substrate (e.g., Si) using conventional lithography is
subsequently covered by a metal-ligated multilayer through the
iterative deposition of bifunctional organic molecules and metal
ions. Note that the use of a thiol as one of the two functionali-
ties ensures that deposition and growth of the multilayer only
occurs on the surface of the metal, not the exposed substrate. By
using molecules of discrete length, the thickness of the multi-
layer can be precisely controlled through the number of deposi-
tion steps. Once the desired thickness has been achieved, a
second metal deposition is used to cover the entire sample of
the substrate, including the exposed substrate and the surface of
the multilayer. Following this second metal deposition, a chemi-
cal lift-off removes the labile multilayer, thus exposing the
initial metal feature and the portion of the substrate that was
masked by the multilayer, yielding a nanogap between the two
metal surfaces. The size of this gap is defined by the thickness
of the multilayer. Utilization of the molecular-ruler process in
this way provides a general and widely applicable method to
fabricate registered, nanometer-scale features for potential ap-
plications including nanoelectronics, molecular-scale junctions,
and electrochemical sensors [17,18,20,21,25,26].

Although mercaptoalkanoic acid molecules, such as 16-mercap-
tohexadecanoic acid (MHDA), are the most widely studied mol-
ecules used in the molecular-ruler process, this method is inher-
ently versatile through the use of molecules with alternate func-
tionalities [27-31]. Towards this end, we set out to explore the
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Figure 1: Key steps for the molecular-ruler process. (A) A metal is
patterned on a substrate via conventional lithography. (B) A molecular-
ruler, consisting of alternating layers of thiol molecules and metal ions,
is created only on the first metal structure. (C) A second metal is
deposited. (D) Upon removal of the molecular-ruler and the second
metal on top of the multilayer via a chemical lift-off, a tailored nanogap
is generated with a width that corresponds to the thickness of the
multilayer.

use of an alkanethiol, specifically 1-hexadecanethiol (C16), as
the terminating layer of a metal-ligated multilayer. This
molecule was selected as it is commonly used to produce well-
ordered self-assembled monolayers, has a relatively well
understood terminal functionality (e.g., a methyl group), and
enables direct comparison of thickness to MHDA molecules.
Figures 2A and 2B show representative 2 pm x 2 um and
500 nm x 500 nm atomic force microscopy (AFM) images of a
Cu-ligated MHDA-C16 bilayer formed from the solution depo-
sition of MHDA for 18 h, Cu(ClO4),:6H,0 for 5 min, and C16
for 1 h. Figure 2C displays a representative cursor profile across
several islands as indicated by the red line in Figure 2B. Al-
though C16 is very similar in structure to MHDA, the solution
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deposition of C16 results in structures that exhibit islands of
various apparent heights, ranging from 3.4 to 24.8 nm, with rel-
atively low surface coverages (38.2 £+ 3.3%). This is in contrast
to Cu-ligated MHDA bilayers, which exhibit islands of uniform
height (ca. 2.2 nm) and have surface coverages of about 50%
[27-29,32]. The C16 islands of the Cu-ligated MHDA-C16 bi-
layers are observed across the Au{111} substrate and are attri-
buted to C16 molecules bound to a MHDA monolayer via
cupric ions. The morphology of these islands is consistent with
previous AFM topographic images of solution-deposited
Cu-ligated MHDA-C16 bilayers [27]. This surface morphology
results in a RMS roughness of 3.2 + 0.5 nm, which is consider-
ably larger than previously reported RMS roughnesses for
MHDA monolayers (ca. 0.1 nm) and MHDA bilayers (1.0 nm)
[32]. Similar morphology and slightly higher coverages of the
C16 islands are observed when C16 is deposited from solution
at 80 °C (Figure S1, Supporting Information File 1). Given the
roughness and variations in the surface morphology of the
Cu-ligated MHDA-C16 bilayers, it seems that the solution
deposition of C16 is not suitable for use in the molecular-ruler
process, and specifically for producing nanogaps with repro-

ducible uniformity.

To overcome this limitation, the vapor deposition of C16 is
explored. Interestingly, when C16 is deposited from the vapor
phase onto MHDA monolayers to produce Cu-ligated MHDA-
C16 bilayers, protruding islands with uniform thickness are
observed across the Au{111} substrate (Figure 3). Figure 3A
and Figure 3B show representative 2 um x 2 pm and
500 nm x 500 nm AFM images of a Cu-ligated MHDA-C16 bi-
layer formed from the solution deposition of MHDA for 18 h
and Cu(ClO4),'6H,0 for 5 min followed by vapor deposition of
C16 for 1 h at 80 °C. Figure 3C displays a representative cursor
profile across several islands as indicated by the red line in
Figure 3B. The apparent height of these protruding islands
(3.6 £ 0.2 nm) is consistent with the least-protruding C16
islands of the Cu-ligated MHDA-C16 bilayers formed via solu-
tion deposition. Protruding islands of greater thicknesses are not
observed. The surface morphology of the Cu-ligated MHDA-
C16 bilayer formed via vapor deposition results in a RMS
roughness of 1.3 + 0.1 nm, which is smaller than a Cu-ligated
MHDA-CI16 bilayer formed via solution deposition. Further, the
surface coverage of these C16 islands (69.9 + 1.8%) is consider-
ably higher than the C16 surface coverage for the MHDA-C16
bilayer formed via solution deposition. Given the increase in
surface coverage coupled with the marked decrease in rough-
ness, this method is far more amendable to our goal of nanogap
formation. It should be noted that thickness of the C16 islands is
roughly twice as thick as predicted, which has been observed
in other studies [27,33,34]. Although the explanation of this
height discrepancy it not completely clear, it is conceivable that
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Figure 2: Cu-ligated MHDA-C16 bilayer formed from solution-phase
deposition of C16. Representative (A) 2 um x 2 ym and

(B) 500 nm x 500 nm AFM images of a Cu-ligated MHDA-C16 bilayer
formed from the solution deposition of MHDA for 18 h,
Cu(ClO4)2:6H20 for 5 min, and C16 for 1 h. (C) Corresponding cursor
profile across the C16 islands.
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Figure 3: Cu-ligated MHDA-C16 bilayer formed from vapor-phase
deposition of C16. Representative (A) 2 ym x 2 ym and

(B) 500 nm x 500 nm AFM images of a of a Cu-ligated MHDA-C16 bi-
layer formed from the solution deposition of MHDA for 18 h and
Cu(ClO4)2:6H20 for 5 min and the vapor deposition of C16 for 1 h at
80 °C. (C) Corresponding cursor profile across the C16 islands.
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the doubling in height results from disulfides that are interca-
lated into the hydrocarbon tails of the Cu-ligated C16 mole-
cules.

To illustrate the applicability of the vapor-phase deposition of
C16 in the molecular ruler process, Cu-ligated MHDA multi-
layers with and without a C16 capping layer are utilized to
create nanogaps via the molecular-ruler process. Figure 4A
shows a scanning electron microscope (SEM) image of the re-
sulting nanogaps from nine iterations of the solution deposition
of MHDA and Cu(ClOy4), 6H;0 followed by the solution depo-
sition of MHDA for 1 h. The higher-intensity region corre-
sponds to the first Au deposition (100 nm thick) before multi-
layer growth, and the lower-intensity region corresponds to the
second Au deposition (30 nm thick) after multilayer growth.
The lowest-intensity region between the two Au regions corre-
sponds to the nanogap where the Si substrate is exposed. This
nanogap measures 26.0 £ 4.3 nm and is consistent with the

A MHDA only

C16 vapor
deposition

Figure 4: Nanogaps from MHDA only and MHDA with vapor-phase
deposition of C16. (A) A representative SEM image of a nanogap fabri-
cated from nine iterations of the solution deposition of MHDA and
Cu(ClO4),-6H20 followed by the solution deposition of MHDA. (B) A
representative SEM image of a nanogap from ten iterations of the solu-
tion deposition of MHDA and Cu(ClOg4),-6H,0 followed by the vapor
deposition of C16. In both SEM images, the initial Au structure

(100 nm thick) is on the left, and the second layer of Au (30 nm thick)
is on the right.
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thickness of the Cu-ligated MHDA decalayer measured via
spectroscopic ellipsometry (24.8 £ 0.1 nm) and the thickness of
Cu-ligated MHDA decalayers from previous studies [28].

Figure 4B shows an SEM image of the resulting nanogaps from
ten iterations of the solution deposition of MHDA and
Cu(ClOy4),-6H,0 followed by the vapor deposition of C16 at
80 °C for 1 h. Similar higher and lower intensity regions are ob-
served and correspond to the first and second Au deposition
steps. The nanogap between the two Au regions measures
31.0 = 9.4 nm, which is both larger and exhibits greater vari-
ability than the nanogap without the C16 capping layer. The
width is consistent with the thickness of a Cu-ligated MHDA
decalayer with the C16 capping (31.0 + 1.0 nm) measured via
spectroscopic ellipsometry.

The standard deviations of the nanogap widths, thus the quality
of the nanogaps, result from the morphologies of the Cu-ligated
multilayers of MHDA only and MHDA with vapor-phase depo-
sition of C16 (Figure S2, Supporting Information File 1). The
surface morphology of the 10-layer Cu-ligated MHDA multi-
layer with a C16 capping layer appears rougher with protruding
islands with larger cross sections when compared to the
10-layer Cu-ligated MHDA multilayer without a C16 capping
layer. Although the nanogaps produced from the Cu-ligated
MHDA multilayer with a C16 capping layer have somewhat
larger standard deviation, these nanogaps illustrate that alter-
nate chemical functionalities can be utilized in the molecular-
ruler process.

In conclusion, Cu-ligated MHDA-C16 bilayers formed from the
solution and vapor deposition of C16 have been characterized
with AFM revealing varied surface morphologies. The solution
deposition of C16 results in structures that exhibit protruding
islands of varying heights with relatively low surface coverages.
These results agree with previous AFM topographic images of
solution deposited Cu-ligated MHDA-C16 bilayers [27]. The
vapor deposition of C16 produces protruding islands with
uniform apparent heights and relatively high surface coverages.
Given the increase in surface coverage coupled with the marked
decrease in roughness for C16 islands formed from the vapor-
phase deposition, Cu-ligated MHDA multilayers, without and
with a vapor-phase deposited C16 capping layer, were utilized
to create nanogaps between Au features using the molecular-
ruler process. Although the quality of the nanogaps formed
using the vapor-phase deposited C16 capping layer is dimin-
ished (i.e., the standard deviation is larger) when compared to
MHDA multilayers, this is a minor tradeoff considering this ap-
proach enables the utilization of molecules with alternate func-
tionalities beyond carboxylic acid into the molecular-ruler
process. Efforts to explore the underling mechanism for the in-
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creased thickness of the C16 islands and to apply this strategy

to other bifunctional thiol molecules are ongoing.

Supporting Information

Supporting Information features additional AFM data and
experimental details.

Supporting Information File 1

Additional experimental data.

[http://www .beilstein-journals.org/bjnano/content/
supplementary/2190-4286-8-233-S1.pdf]
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Additional AFM data

Figures S1 shows a representative 500 nm X 500 nm AFM image of a Cu-ligated MHDA-C16
bilayer formed from the solution deposition of MHDA for 18 h, Cu(ClO4),-6H,0 for 5 min, and
C16 for 1 h at 80°C. Islands of various apparent heights with relatively low surface coverages
(46.8 + 2.9%) are observed. This surface morphology results in a RMS roughness of

3.8+ 0.2 nm.
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Figure S1: Cu-ligated MHDA-C16 bilayer formed from solution-phase deposition at 80 °C.
Representative 500 nm x 500 nm AFM images of a Cu-ligated MHDA-C16 bilayer formed from
the solution deposition of MHDA for 18 h, Cu(Cl0O4),-6H,0 for 5 min, and C16 for 1 h at 80 °C.
Figure S2A shows a representative 500 nm x 500 nm AFM image of a Cu-ligated MHDA-C16
multilayer formed from nine iterations of the solution deposition of MHDA and Cu(ClO4),-6H,0
followed by the solution deposition of MHDA for 1 h. Figure S2B displays a representative
cursor profile as indicated by the red line in Figure S2A. The surface morphology results in a
RMS roughness of 1.4 + 0.1 nm. Additionally, isolated protruding features are observed across
the substrate. These features have been observed previously and are attributed to the dimerization

and agglomeration of MHDA molecules [1]. Figures S2C shows a representative 500 nm x 500

nm AFM image of a Cu-ligated MHDA multilayer formed from ten iterations of the solution

S2



deposition of MHDA and Cu(ClO,), -6H,0 followed by the vapor deposition of C16 at 80 °C for
1 h. Figure S2D displays a representative cursor profile as indicated by the red line in Figure
S2C. The surface morphology results in a RMS roughness of 1.7 + 0.1 nm. Isolated protruding
features, with similar heights and larger cross sections when compared to the MHDA multilayers
without the C16 capping layer, are observed across the substrate. These features are attributed to
the C16 molecules depositing across the entire substrate including the dimerized and

agglomerated MHDA molecules.
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Figure S2: Cu-ligated MHDA multilayers from MHDA only and MHDA with vapor-phase
deposition of C16. (A) A representative AFM image and (B) corresponding cursor profile of a
Cu-ligated MHDA multilayer fabricated from nine iterations of the solution deposition of
MHDA and Cu(ClO4),-6H,0 followed by the solution deposition of MHDA for 1 h. (C) A
representative AFM image and (D) corresponding cursor profile of a Cu-ligated MHDA
multilayer from ten iterations of the solution deposition of MHDA and Cu(ClO4),-6H,0O
followed by the vapor deposition of C16 at 80 °C for 1 h.
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Experimental details

Reagents and materials

16-Mercaptohexadecanoic acid (MHDA, 90%), 1-hexadecanethiol (C16, 95%), copper(Il)
perchlorate hexahydrate (Cu(ClO4),-6H,0, 98%), and acetic acid (>99%) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Nitric acid (ACS grade), hydrogen peroxide (30%
aqueous solution), and sulfuric acid (ACS Grade) were purchased from VWR International
(Randor, PA, USA). Absolute ethanol was purchased from Pharmco-Aaper (Bookfield, CT,
USA). LOR-2A and Shipley 1813 photoresists, MF-319 developer, and Remover PG were
purchased from MicroChem (Westborough, MA, USA). ACT-935 was purchased from Air
Products (Allentown, PA, USA). All reagents were used as received. Water (18 MQ) was
generated using a Milli-Q system (Q-GARD 2, Millipore, Billerica, MA, USA). Au wire
(99.99%, 1 mm diameter) was purchased from Scientific Instrument Services (Ringoes, NJ,
USA). Pt-Ir foil (99.9%, 0.1 mm thick) was purchased from Alfa Aesar (Tewksbury, MA, USA).
Undoped 2-inch silicon wafers were purchased from University Wafer (South Boston, MA,
USA). All glassware was cleaned by immersing in piranha solution (3:1 by volume of sulfuric
acid/30% hydrogen peroxide) for 1 h, rinsing with copious amounts of 18 MQ water, and drying
overnight in ambient. Caution: piranha solution is a vigorous oxidant and should be used with

extreme care!

Preparation of Au substrates
For AFM experiments, Au beads with single crystal {111} facets were formed by melting Au
wires mounted to Pt-Ir foils. Subsequently, the Au beads were positioned such that the single

crystal {111} facets were parallel to the Pt-Ir foil [2-4]. The Au beads were cleaned by
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immersing in hot (130 °C) nitric acid for 1 h, rinsed with copious amounts of 18 MQ water, and
dried under a stream of N,. Au beads were annealed with a H, flame for 20-30 s just prior to
immersion into thiol solutions.

For the spectroscopic ellipsometry and nanofabrication experiments, Au thin film structures
were patterned on Si substrates using a bilayer resist process. A bilayer resist was employed to
ensure a clean edge on the patterned Au structure. First, a 2" Si wafer was spin-coated with
LOR-2A photoresist and baked on a hotplate at 180 °C for 5 min. After cooling, it was spin-
coated with Shipley 1813 photoresist and baked on a hotplate for 2 min. at 100 °C.
Photolithographic patterning was performed using a Karl-Suss MA4 mask aligner with a UV
exposure time of 25 s followed by submersion in MF-319 developer for 180 s. Following
development, the wafer was rinsed in 18 MQ water and dried under a stream of N,. The wafer
was then loaded into a thermal deposition system. After reaching a pressure of less than
107 Torr, 4 nm of Cr was deposited as an adhesion layer, followed by the deposition of 100 nm
of Au. Lift-off was performed by soaking in Remover PG at 70 °C for 1 h followed by 5 min of
sonication. The patterned wafers were then diced into four 1 cm x 3 cm chips. Each chip was
cleaned by immersing in piranha solution for 30 min, rinsed with copious amounts of 18 MQ
water, dried under a stream of N,. Subsequently, the chip was cleaned using a UV ozone cleaner
(Novascan, PSDP-UVT, Ames, 1A, USA) for 30 min, rinsed with absolute ethanol, and dried

under a stream of N prior to immersion into thiol solutions.

Preparation of Cu-ligated multilayers and nanogaps

Au substrates were immersed into 0.1 mM MHDA ethanoic solutions with 1.5 M acetic acid for

18-24 h. Acetic acid helps suppress the dimerization and agglomeration of the MHDA molecules
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by competing for hydrogen-bonding interactions [1,5-7]. Subsequently, the Au substrates with
the MHDA SAMs were rinsed with absolute ethanol, immersed into 5 mM Cu(ClO4),-6H,0
ethanolic solutions for 5 min, and rinsed with absolute ethanol. To grow multilayers of MHDA,
the Au substrates were immersed into 1 mM ethanolic solutions of MHDA for 1 h and rinsed
with absolute ethanol. This sequence of immersion into ethanolic solutions of Cu(ClO4),-6H,0
and MHDA was repeated until the number of desired layers was achieved. It is important to note
that only the initial MHDA monolayer in Cu-ligated MHDA multilayers was assembled from a
0.1 mM MHDA ethanolic solution with 1.5 M acetic acid; the subsequent layers of the
multilayers were assembled from 1 mM MHDA ethanolic solutions without acetic acid. We
observed that 0.1 mM MHDA ethanolic solutions with 1.5 M acetic acid disrupt the assembly of
the Cu-ligated MHDA multilayers and typically resulted in MHDA monolayers.

Two methods for the deposition, solution and vapor, of a terminal layer of C16 were
explored. To deposit a C16 layer from solution, Au substrates with MHDA monolayers and/or
multilayers were immersed into 5 mM Cu(ClOy),-6H,0 ethanolic solutions for 5 min, rinsed
with absolute ethanol, and into 1 mM C16 ethanolic solutions for 1 h. The Au substrates were
subsequently rinsed with absolute ethanol and dried under a stream of N,. To deposit a C16 layer
from vapor, Au substrates with MHDA monolayers and/or multilayers were immersed into
SmM Cu(ClO4),-6H,O ethanolic solutions for 5 min and rinsed with absolute ethanol.
Approximately, 1 mL of neat C16 was pipetted into a 10 mL beaker. The Au substrates and the
10 mL beaker were then placed into a glass jar and sealed. The glass jar was held at 80 °C for
1 h, exposing the Au substrate to vapor-phase C16. The Au substrates were removed from the
glass jar, rinsed with absolute ethanol, and dried under a stream of N,. All SAMs and multilayers

were imaged or utilized for hybrid-nanolithography immediately after preparation.
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For the molecular-ruler process, samples were returned to the thermal deposition system.
3 nm of Cr was deposited followed by 30 nm of Au. Following deposition, the multilayer is
removed by soaking the sample in ACT-935 at 75 °C for 1 h followed by 5 min of sonication.

The sample is then rinsed in absolute ethanol and dried under a stream of N».

Atomic force microscopy

Tapping-mode (AC-mode) atomic force microscopy (AFM) images were acquired using an
Agilent 5420 scanning probe microscope with OLTESPA Si cantilevers (Bruker AFM probes,
Santa Barbra, CA, USA) with nominal force constants of 2 N/m. The Si cantilevers were cleaned
using a UV/ozone cleaner (Novascan, PSDP-UVT, Ames, 1A, USA) for 20 min to remove
surface contaminants [8]. The drive frequency of the cantilever was offset by 0.1 kHz lower than
the cantilever resonance to maintain repulsive probe-surface interactions [9,10]. The damping of
the amplitude was set at 60—70% of free oscillation, and scan rates were set to 2.00 Hz. All AFM
images were acquired at 256 points per line under ambient conditions. Image processing and
analysis of the AFM images were performed using Gwyddion (version 2.48, "Magnetic
Monastery"), which is an open-source software freely available on the internet and supported by
the Czech Metrology Institute [11].

The AFM images used for analysis were acquired from several regions across each type of
Cu-ligated multilayer, and the resulting apparent heights, surface coverages, and RMS
roughnesses were averaged. The average and standard deviation (average + standard deviation)
of the apparent heights of the various features of the Cu-ligated multilayers were determined
from cursor profiles from 500 nm % 500 nm AFM images across at least 30 features. The average

and standard deviation (average + standard deviation) of the surface coverages of the C16 islands
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in the of Cu-ligated multilayers were calculated by counting the number of pixels above a
thickness threshold and dividing by the total number of pixels in a set of at least four 500 nm X
500 nm AFM images for each type of multilayer. The thickness threshold values were
determined by using the full-width-at-half-height across several protruding islands of C16 within
the AFM images [12-18]. The average and standard deviation (average + standard deviation) of
the RMS roughnesses of the Cu-ligated multilayers were calculated using a set of at least four

500 nm x 500nm AFM images for each type of multilayer.

Spectroscopic ellipsometry

Spectroscopic ellipsometry measurements were acquired using a rotating compensator
spectroscopic ellipsometer (Alpha-SE, J.A. Woollam Inc.) where 180 wavelengths between 380—
900 nm were measured at a fixed 70° angle of incidence The Cu-ligated multilayer thicknesses
were calculated using the CompleteEASE software package; a B-spline model was used for the
Au substrate, and a Cauchy model was used for the multilayer film using a refractive index value
of n = 1.5 [19-21]. Measurements were collected on multiple regions across each type of Cu-
ligated multilayer, and the average and standard deviation (average + standard deviation) of the

resulting calculated thicknesses were determined.

Scanning electron microscopy

Scanning electron microscopy (SEM) images of the molecular-ruler samples were acquired using
a TESCAN MIRA field-emission SEM. The size of the nanogap was determined by taking
approximately 10 images at a magnification of 2 x 10° at various locations on each sample. On

each image, the pixel intensity as a function of position was plotted for multiple linescans taken
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perpendicular to the nanogap. A numerical procedure developed in the software program Igor
Pro was used to determine the gap width by finding the full-width-at-half-minimum of each
linescan. A total of 100 linescans for each sample (both without and with the C16 capping layer)
were used to calculate the average and standard deviation (average + standard deviation) of the

nanogap width.
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