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ABSTRACT: For over 20 years, template stripping has been
the best method for preparing ultrasmooth metal surfaces for
studies of nanostructures. However, the organic adhesives used
in the template stripping method are incompatible with many
solvents, limiting the conditions that may subsequently be
used to prepare samples; in addition, the film areas that can be
reliably prepared are typically limited to ∼1 cm2. In this article,
we present chemical−mechanical polishing (CMP) as an
adhesive-free, scalable method of preparing ultrasmooth gold
surfaces. In this process, a gold film is first deposited by e-
beam evaporation onto a 76-mm-diameter silicon wafer. The
CMP process removes ∼4 nm of gold from the tops of the grains comprising the gold film to produce an ultrasmooth gold
surface supported on the silicon wafer. We measured root-mean-square (RMS) roughness values using atomic force microscopy
of 12 randomly sampled 1 μm × 1 μm areas on the surface of the wafer and repeated the process on 5 different CMP wafers. The
average RMS roughness was 3.8 ± 0.5 Å, which is comparable to measured values for template-stripped gold (3.7 ± 0.5 Å). We
also compared the use of CMP and template-stripped gold as bottom electrical contacts in molecular electronic junctions formed
from n-alkanethiolate self-assembled monolayers as a sensitive test bed to detect differences in the topography of the gold
surfaces. We demonstrate that these substrates produce statistically indistinguishable values for the tunneling decay coefficient β,
which is highly sensitive to the gold surface topography.

■ INTRODUCTION

Metallic surfaces with nearly atomic smoothness are essential to
the development of a number of nanotechnologies. Fabricating
nanostructures on surfaces, imaging nanostructures with
scanning probe microscopies, and characterizing nanostructures
to develop structure−function relationships all require
substrates with a surface roughness that is smaller than the
dimensions of the nanostructures being investigated.1 For over
20 years, the best preparation method has been template
stripping, in which a rigid backing layer glued onto a metal film
on an ultrasmooth template substrate is stripped away to reveal
the ultrasmooth underside of the metal film.1−5 Two critical
limitations of template stripping, however, impede the
continued advancement of nanotechnology: Organic adhesives
such as epoxies and polyurethanes used as glues swell in many
organic solvents, severely constraining the conditions for
subsequent sample preparation. These adhesives can also trap
air bubbles and solvent pockets, resulting in subsequent
outgassing that is problematic for ultrahigh vacuum systems.6

Furthermore, the area of ultrasmooth films that can be prepared
is limited to a few centimeters squared.2,6,7 Here, we present
chemical−mechanical polishing (CMP) as an adhesive-free,
scalable method for preparing ultrasmooth gold surfaces. We
demonstrate a CMP process that rapidly (<5 min) produces

ultrasmooth gold films with an area of 4.5 × 103 mm2 and
average root-mean-square roughness values of 3.8 ± 0.5 Å. A
comparison of CMP and template-stripped (TS) gold as
bottom electrical contacts in molecular electronic junctions of
n-alkanethiolate self-assembled monolayers reveals that these
substrates produce statistically indistinguishable values for
tunneling decay coefficient β, which is highly sensitive to the
gold surface topography.8

Ultrasmooth metallic substrates are particularly important for
studies of charge transport though assemblies of molecules on
metallic substrates.9,10 In a typical molecular electronic (ME)
junction, a self-assembled monolayer (SAM) is chemisorbed to
a coinage metal substrate that serves as the bottom electrode,
and a top electrode may be chosen from a variety of options,
such as a mercury drop, a gallium−indium eutectic (EGaIn) tip,
a conducting polymer, a scanning tunneling microscope tip, or
a conductive atomic force microscope tip.9−11 The topography
of the bottom contact is a crucial parameter regardless of the
choice of top contact. When the bottom contact is a coinage
metal film deposited using e-beam deposition, the surface
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comprises small grains separated by deep grain boundaries. For
example, as-deposited (As-Dep) gold films typically comprise
grains that are ∼50 nm in diameter separated by grain
boundaries that are ∼10 nm deep with a root-mean-square
(RMS) roughness of ∼30−80 Å.4,12−14 n-Alkanethiolate SAMs
formed on As-Dep surfaces possess regions of disorder because
the adsorbates cannot pack at the grain boundaries. This
topographically induced disorder results in a variation of the
thickness of the SAM across the surface, with thin disordered
regions at grain boundaries.5,15 According to the simplified
version of the Simmons equation (eq 1), which is the most
common approach to model charge transport, small changes in
SAM thickness (d) due to topographically induced disorder
cause an exponential change in the tunneling current density J
(A cm−2); J0 (A cm−2) is the limiting value of current for a
hypothetical junction with no hydrocarbon present (d = 0), and
β (nC−1 or Å−1) is the tunneling decay constant:16,17

= β−J J e d
0 (1)

Thus, the variation in SAM thickness results in a substantial
variation in the measured current densities, which makes the
interpretation of ME junction data challenging. A key
innovation in the development of ME junctions was the
replacement of As-Dep metal electrodes with ultrasmooth
metal electrodes prepared by template stripping.5,8,10,18,19 The
TS metal surface is smoother than As-Dep surfaces, with larger
grains separated by shallower grain boundaries. For example,
typical TS gold surfaces consist of large (50−500 nm diameter),
atomically flat terraces that vary by only a few atomic steps in
height, resulting in an RMS roughness of 2−10 Å.2−4,13,14,20

SAMs formed on TS metal surfaces possess fewer topo-
graphically induced defects, which consequently increases the
yield of viable junctions (i.e., those without electrical shorts)
and reduces the variation in measured current densities
compared to ME junctions formed using As-Dep substrates.5,18

This improvement has been demonstrated with different top
contact types (e.g., hard scanning probe tips and soft liquid
metal drops), junction areas (several nanometers to several
micrometers), and bottom electrode materials (Ag and
Au).5,8,10,18,19

The introduction of TS substrates in ME junctions has
enabled a meaningful statistical analysis of junction data,
particularly when used in combination with a “soft” top contact
made from EGaIn.21 A key property of EGaIn is the formation
of a Ga2O3 layer (∼0.7 nm thick) on the surface that enables
the fabrication of small (∼25 mm diameter) tips.22

Furthermore, the resistance of the Ga2O3 layer does not
contribute to the resistance of the junction.23,24 The EGaIn/
Ga2O3 contact makes it practical to collect large numbers of
J(V) data; the combination of a TS metal bottom contact and
EGaIn/Ga2O3 top contact has thus opened the way to
systematic studies of charge transport across organic thin
films. A comparison of J(V) data sets from junctions formed
using different molecules has statistically distinguished effects
such as rectification,25−30 the odd−even effect,30,31 different
torsional angles of biphenyl groups,32 quantum interference,33

and the effect of the molecular structure of the SAM and its
interfaces with the electrodes.34−39 We may now be poised to
exploit the huge variety of molecular structures that can be
chemically synthesized to cultivate a deep understanding of the
mechanisms of charge transport and pursue molecular devices
that outperform silicon. However, the critical limitation of TS

metal contactsthe adhesivepresents a serious challenge
when forming SAMs of complex molecules, such as large
conjugated systems incorporating electroactive functionalities
such as ferrocenes or porphyrins.25,26,28,40−47 Typical organic
adhesives, such as polyurethanes and epoxies, used to glue a
rigid backing layer to the back side of the ultrasmooth metal
film are compatible with ethanolic solutions of n-alkanethiols
commonly used to prepare SAMs; however, the strong organic
or chlorinated solvents that will likely be necessary to form
SAMs of complex molecules swell this adhesive and cause
topographical changes to the TS gold film over a relatively
short time. Figure S1 shows that pinhole or blister defects arise
when TS gold is immersed in toluene for 24 h. The damage
caused by immersion in halogenated solvents is more severe:
dissolution of the adhesive destroys the sample after only 3 h in
chloroform or 1 h in dichloromethane. The incompatibility of
the adhesive with these solvents will only be exacerbated with
complex molecules of very low solubility, which may require
heating to keep them in solution.6,40,41,48 There have been
efforts to replace organic adhesives with innocuous alternatives
increase the fabrication time by adding processing steps, (e.g.,
additional metal deposition steps by evaporation12 or electro-
plating48). Efforts to avoid adhesive altogether through a cold-
welding process require additional metal evaporation steps49 or
specialized handling to avoid problematic surface contami-
nation.6 Other alternatives to organic adhesives such as solder14

or liquid glass50 can be applied relatively simply; nonetheless,
these methods have been demonstrated only on small (∼1
cm2) areas.
Here, we report a simple, scalable, and adhesive-free

alternative to template stripping based on CMP to produce
ultrasmooth gold surfaces. CMP is an essential process in
microelectronics manufacturing, where it is used to remove
overburden metal or oxide in damascene/dual damascene
processes rapidly and to planarize interlevel dielectrics for
shallow trench isolation.51 CMP removes material through a
combination of chemical etching and abrasive polishing with a
planar polishing pad. During the CMP process, the polishing
pad contacts asperities on the wafer and preferentially removes
material from these areas, thus planarizing the surface both
locally and globally. Despite these favorable attributes and
heavy use by the microelectronics industry, the use of CMP to
prepare ultrasmooth metallic surfaces for studies of nanostruc-
tures has been overlooked except for a 2005 report by Islam et
al., which reports a CMP process to reduce the grain height of
as-deposited platinum surfaces.52 We present a CMP process to
prepare ultrasmooth gold by polishing the surface of As-Dep
gold. Gold has long been the substrate of choice for studies of
SAMs because it is chemically inert, allowing it to be handled
under ambient conditions, and because of its high affinity for
thiols.15 We use atomic force microscopy to show that CMP
gold, like TS gold, presents an ultrasmooth surface. SAMs of n-
alkanethiols formed on CMP and TS gold are indistinguishable
according to reflection−absorption infrared spectroscopy
(RAIRS); furthermore, the properties of ME junctions formed
from SAMs on CMP and TS gold with EGaIn top contacts are
also statistically indistinguishable. In particular, values of the
tunneling decay coefficient β, which is highly sensitive to the
gold surface topography,8 indicate that CMP gold is an effective
ultrasmooth substrate for ME junctions, unhindered by the
solvent restrictions associated with TS gold.
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■ EXPERIMENTAL SECTION
All chemicals were purchased commercially and used as received
unless otherwise specified. All n-alkanethiols were purified by silica gel
column chromatography using gravity elution with 100% hexanes.
Additional experimental details, instrumental protocols, purification
methods for n-alkanethiols, and NMR spectroscopic data are provided
in the Supporting Information.
Preparation of CMP Slurry. Hydrophilic fumed silica (5 g, Aerosil

200), I2 (0.03 g), KI (0.3 g), citric acid (4.1 g), and trisodium citrate
(0.925 g) were added to 500 mL of deionized water. The mixture was
simultaneously sonicated and bubbled with dry nitrogen for 1 h.
Preparation of As-Dep and CMP Gold. As-Dep gold substrates

were prepared by depositing 2 nm of titanium followed by 50 nm of
gold onto 75 -mm-diameter silicon wafers using an e-beam evaporator.
Prior to CMP, As-Dep gold substrates were bonded to a 75 -mm-
diameter glass carrier disc (Logitech Ltd.) using low-melting-point
quartz wax (South Bay Technologies Inc.) at 100 °C on a hot plate.
After cooling, it was held in vacuum contact with the chuckface of a
PP5 polishing jig (Logitech Ltd., U.K.) and placed face down onto a
12-in.-diameter polyurethane polishing cloth (Chemcloth, Logitech
Ltd.) adhered to the stainless steel platen of a PM5 lapping and
polishing system (Logitech Ltd) with <1 psi downforce. Polishing
slurry was dripped from a PM5 Syton feed unit at a rate of 2 to 3
drops/s onto a polishing cloth, and the As-Dep gold substrate was
polished for 4 min with a platen rotational speed of 25 rpm and a jig
head-sweep speed of 5 mm/s. CMP gold substrates were removed
from the glass carrier disc by heating to 100 °C on a hot plate for 5
min to melt the bonding wax. Residual wax was removed with toluene.
The CMP gold substrates were then sonicated for 15 min in a
detergent solution (5 g of Sparkleen from Fisher Scientific dissolved in
200 mL of deionized water) at 75 °C, and then rinsed with deionized
water and methanol and dried under a stream of dry nitrogen.
Preparation of TS Gold Substrates. TS gold substrates were

fabricated according to published procedures.14 Gold (500 nm) was
deposited onto a 75-mm-diameter silicon wafer using an e-beam
evaporator, and then a drop (5 μL) of UV-curable adhesive (NOA
83H, Norland Optical) was applied to the gold surface, followed by a 1
cm × 1 cm glass substrate. After the adhesive was cured using a 100 W
UV lamp for 15 min, the glass substrate was stripped from the silicon
wafer using a scalpel.
Formation of CnSH SAMs. CMP gold substrates were sonicated

in anhydrous ethanol for 5 min and then placed in a 1 mM solution of
the appropriate n-alkanethiol in ethanol for 12 h under nitrogen. TS
gold substrates were stripped from a silicon wafer and immediately
placed into a 3 mM solution of the appropriate n-alkanethiol in
ethanol for 3 h under nitrogen.
Electrical Measurements. A conical EGaIn/Ga2O3 top electrode

was fabricated by extruding a drop (∼0.5 μL) of EGaIn from a 10 μL

gastight syringe, bringing it into contact with a sacrificial gold
substrate, and slowly withdrawing the syringe from the substrate. ME
junctions were formed according to the procedure described by Thuo
et al.31 by gently bringing the EGaIn/Ga2O3 tip into contact with the
SAM. Contact between the tip and the SAM was judged by the
convergence of the tip with its reflected image on the substrate surface
to give electrical contact, which was confirmed by passing a current
through the junction. Once the junction was formed, a Keithley 6430
source meter applied a bias sweep from 0 → −0.5 → +0.5 → 0 V
across the junction and measured the current. Current densities were
calculated by assuming a circular contact area; the diameter was
measured using an Allied Vison Technologies Stingray F-046 high-
magnification CCD camera. After the EGaIn/Ga2O3 top electrode was
placed in contact with the SAM, the presence of a molecular tunnel
junction was confirmed by measuring a single J(V) trace. A working
junction was defined as a sigmoidally shaped J(V) trace, and a short
circuit was defined as a straight line in which the current reached the
compliance of the source meter (105 mA). After establishing a
working tunnel junction, 20 subsequent J(V) traces were measured
from the same area. A minimum of 13 randomly sampled tunnel
junctions totalling a minimum of 260 J(V) traces were measured for
each CnSH SAM on CMP and TS gold. We measured a maximum of
five junctions before fabricating a new EGaIn/Ga2O3 tip. The
nonshorting junction yield is defined as the number of junctions
that short circuit divided by the total number of junctions sampled,
after the first working junction (21 J(V) traces) of that particular
sample has been established. Charge transport data for SAMs on CMP
and TS gold are summarized in Tables S3 and S4.

■ RESULTS AND DISCUSSION

CMP Process for Ultrasmooth Gold Surfaces. We
developed a CMP process to planarize the surface of an As-Dep
gold film prepared by e-beam evaporation of 2 nm of titanium
followed by 50 nm of gold onto a 76-mm-diameter silicon
wafer. This As-Dep surface consists of gold grains with
diameters of ∼50 nm, separated by grain boundaries that are
∼5 to 6 nm deep (Figure 1a). Accordingly, we designed a CMP
process to produce a flat, ultrasmooth surface by polishing the
gold down from the tops of the grains to approximately the
bottom of the grain boundaries, corresponding to the removal
of ∼5 nm in film thickness. In CMP, the sample to be polished
is mounted onto a polishing jig and placed in contact with a
polyurethane polishing pad. An aqueous slurry is continuously
dripped onto the polishing pad while the polishing pad and the
jig are rotated and the jig is swept linearly across the pad.
Slurries for the CMP of metal films use a chemical etchant to

Figure 1. Surface topography of As-Dep, CMP, and TS gold. AFM topographic images (top) and corresponding line-scan profiles (bottom) of (a)
As-Dep gold, (b) CMP gold, and (c) TS gold.
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oxidize the metal surface. The resulting metal ions are then
removed by synergistic chemical dissolution (often assisted by
complexing ligands in the slurry) and mechanical abrasion by
the polishing pad and abrasive particles, such as alumina or
silica, in the slurry.53 To remove only ∼5 nm of material, we
designed a CMP process with a low removal rate by employing
a slurry with a low etchant concentration in combination with a
low downforce (<1 psi) between the surface and polishing pad.
We used dilute iodine triiodide, a standard gold etchant, to
oxidize gold atoms on the surface to produce gold(I) iodide.54

Citric acid/trisodium citrate buffer (50 mM, pH 3) provided a
stable pH throughout the CMP process to keep the oxidation
potential of gold consistent.51 Citric acid also complexes the
gold ions generated on the surface of the film to improve
solubility and prevent redeposition.51 Finally, we used hydro-
philic fumed silica with a mean primary particle size of 12 nm as
the abrasive and sonicated the slurry prior to polishing to
reduce particle aggregation. The sonication step reduces the
average aggregate size to ∼25 nm, which prevents scratching of
the gold surface during polishing.55 After CMP, we used a
cleaning process designed to remove residual slurry and
dissolve residual KI and I2 on the CMP gold surface in water
and methanol.
Topography of CMP Gold. A comparison of tapping

mode atomic force microscopy (AFM) images of As-Dep and
CMP gold surfaces shows that removing the tops of the gold
grains by CMP produces a flat, smooth surface (Figure 1a,b).
The distinct gold domains of As-Dep gold, which are due to the
island growths of gold during e-beam evaporation, become far
less pronounced after the CMP process. CMP reduces the RMS
roughness of the gold surface over a 1 μm2 area from 11.5 ± 1.6
Å for As-Dep gold to 3.8 ± 0.5 Å for CMP gold. Line scans
taken from the AFM images more clearly depict how CMP
changes the topography of As-Dep gold and provide data to
estimate the thickness of gold removed by CMP. We measured
maximum peak-to-valley distances of each of 45 line scans that
were obtained from AFM images taken from 3 different regions
on 3 different samples each of As-Dep and CMP gold. The
average maximum peak-to-valley distances were 5.5 ± 0.6 nm
for As-Dep gold and 2.1 ± 0.6 nm for CMP gold,
corresponding to a removal of roughly 4 nm of gold by CMP.
A comparison of AFM images of CMP and TS gold (Figure

1b,c) shows that although both surfaces can be described as
ultrasmooth according to roughness measurements, they differ
in the distribution of grain sizes that comprise them. CMP and
TS gold have comparable RMS surface roughness values of 3.8
± 0.5 and 3.7 ± 0.5 Å, respectively, measured over a 1 μm × 1
μm area and identical average maximum peak-to-valley
distances measured from AFM cross sections (2.1 ± 0.6 and
2.1 ± 0.5 nm, respectively). Two-sample t tests for both the
RMS roughness values and maximum peak-to-valley distances
confirmed that there was no statistically significant difference
between the data sets on CMP and TS gold (p > 0.5). The root
mean square is a statistical measure of roughness commonly
used to compare surfaces, but RMS roughness values can be
misleading because they do not describe the horizontal spatial
distribution of surface features. For example, surfaces with a
wide, hilly topography can have an RMS roughness value
identical to a surface with narrower and sharper peaks as long as
the hills or peaks deviate from the mean plane by the same
amount on average. We therefore analyzed the diameters of the
grains comprising CMP and TS gold to reveal differences
between these surfaces. The diameters of 60 grains measured

from AFM line scans taken from CMP and TS gold samples
show a similar range of grain diameters: CMP grain diameters
range from 19−250 nm, and TS grain diameters range from
19−267 nm. On both surfaces, roughly 50% of the grains
measured have diameters of between 50 and 99 nm. However,
CMP and TS gold differ in their proportions of small
(diameters <50 nm) and large (>100 nm) grains that comprise
these surfaces: 38% of CMP gold grains have diameters of <50
nm, compared to 12% of TS gold grains in this size range.
Conversely, 42% of TS gold grains have diameters of >100 nm,
compared to only 12% of CMP gold grains in this size range.

Reliability of the CMP Process. The CMP process
produces ultrasmooth gold surfaces over the area of a 76-mm-
diameter Si wafer. We assessed the precision of the CMP
process over this 4.5 × 103 mm2 area and wafer to wafer by
measuring the RMS roughness of 12 randomly sampled 1 μm ×
1 μm areas from 4 different geometric locations that spanned
the surface of the wafer (∼15, 30, 45, and 60 mm from the
wafer flat) and repeated the process on 5 different CMP wafers
to generate a total of 60 roughness measurements. The results
of this study are summarized in Table 1. A histogram

representing the 60 RMS roughness values (Figure 2) shows
a normal distribution with all roughness values falling within a
range that can be considered to be ultrasmooth (2.8 to 5.2 Å).
The average (μ) of these roughness measurements is 3.8 ± 0.5
Å, corresponding to a coefficient of variation of 13%. We also
determined the precision of the polishing process across a wafer
by calculating the coefficient of variation of the roughness

Table 1. Summary of Root-Mean-Square Roughness
Measurements of CMP Au

wafer number μ RRMS (Å) σ RRMS (Å) coefficient of variation (%)

1 4.1 0.3 7
2 4.0 0.6 15
3 3.8 0.3 8
4 3.5 0.4 11
5 3.6 0.2 6
all 60 scans 3.8 0.5 13

Figure 2. Reliability of the CMP process for preparing ultrasmooth
gold. Histogram of RMS surface roughness values measured from 12
randomly sampled 1 μm × 1 μm areas on a CMP gold wafer and
repeated on 5 different CMP wafers to generate a total of 60
roughness measurements. The y axis of the histogram corresponds to
the number of counts for a given statistical bin.
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measurements collected for each CMP wafer. These values
ranged from 6 to 15%, indicating that the CMP process
generates uniform, ultrasmooth surfaces that are usable over the
entire 4.5 × 103 mm2 surface of the wafer.
Chemical Composition of the Surface of CMP Gold.

We used X-ray photoelectron spectroscopy (XPS) to character-
ize the chemical state of the gold surface after the CMP process.
The XPS survey scan of CMP gold (Figure S2a) shows signals
due to gold, carbon, oxygen, and sulfur, consistent with the
adsorption of adventitious organic materials on the gold
surface. The survey scan also shows 0.4 atom % iodine. An XPS
thickogram calculation (Figure S2b, Table S1) estimates the
thickness of the iodine layer to be <0.1 Å, indicating
submonolayer surface coverage.56,57 It is not possible to
determine the binding state of the iodine species because of

the negligible differences in binding energies of physisorbed
and chemisorbed iodine on gold.58 Because n-alkanethiolates
efficiently displace physisorbed contaminants on the gold
surface as a result of the high affinity of sulfur for gold,15 we
formed an n-hexadecanethiolate SAM on the CMP gold surface
to distinguish between physisorbed and chemisorbed iodine
species. The XPS survey scan (Figure S3a) shows the elements
consistent with SAM formation along with 0.4 atom % iodine.
The thickness of this iodine layer estimated by the thickogram
method is <0.1 Å (Figure S3b, Table S1), unchanged from the
post-CMP gold surface. The persistence of the iodine species
after SAM formation is consistent with a chemisorbed iodine
species on the surface of CMP gold, which we believe is likely
residual AuI on the gold surface. This species, however, does
not prevent SAM formation nor does it compromise the

Figure 3. Charge-transport data for ME junctions of CnSH SAMs (n = 8, 10, 12, 14, 16) on CMP and TS gold. (a, b) Histograms of log |J| (−0.5 V)
fitted with unimodal Gaussian curves. The x axes correspond to the number of counts for a given statistical bin. (c, d) Plots of the log (average J(V))
curves. (e, f) Plots of the Gaussian mean values of log |J| at −0.5 V vs the number of carbon atoms in the CnSH SAM. a, c, and e are for CMP gold; b,
d, and f are for TS gold.
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organization of n-alkanethiolate adsorbates on the surface: We
formed the series of CnSH SAMs (n = 8, 10, 12, 14, 16; the
number of carbon atoms in the alkyl chain) on CMP and TS
gold and compared the frequencies of the asymmetric and
symmetric methylene C−H stretching modes in RAIR spectra,
which are diagnostic of alkyl chain crystallinity.59 The data
(Table S2) show that the C−H stretching frequencies of SAMs
on CMP and TS gold are indistinguishable, which implies that
CMP and TS surfaces support the formation of SAMs with
similar adsorbate packing densities and conformational
organization.
CMP Gold as Bottom Contacts in ME Junctions. ME

junctions of CnSH SAMs sandwiched between two metallic
electrodes are an effective test bed to compare the effect of
differences in topography of CMP and TS gold. Possible
metrics for comparison include the values determined for J0 and
β and nonshorting ME junction yield. Values of J0 are highly
dependent on the contact area of the top electrode23 and thus
less useful for distinguishing between topographical differences
of the bottom contact. Recently, however, Yuan et al. showed
that the topography of the underlying silver or gold substrate−
the surface roughness, grain size, and the width of the grain
boundaries−has a profound effect on the tunneling decay
coefficient β and a measurable effect on the yield of ME
junctions derived from CnSH SAMs: rough surfaces with many
grain boundaries produce low β values (0.4−0.5 nC−1); smooth
surfaces with fewer grain boundaries produce β values of ∼1.0
nC−1.8 Similarly, junction yields increased from 60% for rough,
As-Dep silver surfaces to nearly 100% for TS silver.19 We
determined junction yields and β values for CnSH SAMs (n = 8,
10, 12, 14, 16) on CMP and TS gold with a top contact formed
from a conical EGaIn/Ga2O3 tip brought into gentle contact
with the SAM surface according to previously reported
procedures.22,31,39 Figure 3a,b shows histograms of all of the
currents measured at −0.5 V for SAMs on CMP and TS gold.
We fitted unimodal Gaussian curves to these data and used
them to obtain the log-mean (μlog) of the value of J and the log-
standard deviation (σlog) (Table 2).

21 Repeating this procedure

for all applied biases between −0.5 and 0.5 V produces the
log(average J(V)) curves in Figure 3c,d. The junction data at V
= −0.5 V (Table 2) show that CMP and TS gold produce
similar ME junctions at each chain length: Values of μlog (−0.5
V) of SAMs on CMP gold are within ±1σlog of SAMs on TS
gold; moreover, the range of σlog (−0.5 V) on CMP gold
(0.13−0.58) is similar to that of TS gold (0.34−0.59),
suggesting that SAMs on CMP and TS gold have similar
average tunneling barrier thicknesses and thus similar defect
densities in the SAMs. Two-sample t tests of μlog (−0.5 V)
revealed no statistically significant difference for chain lengths
of 8, 10, 12, and 14 carbons on CMP and TS gold. The

junction data for the C16 chain length on CMP and TS gold at
V = −0.5 does appear different on a statistically significant level
(p = 0.025); however, this is most likely due to the unusually
small standard deviation for the data collected on CMP gold.
CMP and TS gold also give comparable junction yields. Plots of
log |J| versus nC in Figure 3e,f provide β values of 1.04 ± 0.03
C−1 for CMP gold and 0.99 ± 0.07 C−1 for TS gold. These
values fall within with the widely accepted range of β values
(0.90−1.1 nC−1) measured for different ME junction
structures23 and also agree with β values of n-alkanethiolate
SAMs on TS gold measured using a flattened EGaIn tip.60

More importantly, agreement between the β values of CMP
and TS gold indicate that these substrates have comparable
topographies and that CMP gold is an effective, adhesive-free
substitute for TS gold in ME junction studies.

■ CONCLUSIONS

Although template stripping has served the needs of
fundamental nanoscience research for many years, the ability
to fabricate molecular junctions and other nanostructures over
large areas without a restriction on the type of processing
solvent is a necessity for the continued development of these
technologies and their implementation in practical applications.
The CMP method reported here is an enabling technology for
nanoscience: it provides adhesive-free ultrasmooth surfaces that
are not damaged or altered by organic and halogenated solvents
(Figure S1). CMP is fully compatible with commercial
semiconductor manufacturing and is potentially scalable to
state-of-the-art 300-mm-diameter wafers (7.1 × 104 mm2)
because of the high-precision CMP tools developed by the
semiconductor industry. We expect that the development of
CMP methods to prepare ultrasmooth films of metals other
than gold will provide ultrasmooth surfaces that are useful in a
wide variety of nanoscience studies.
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Table 2. Summary of Charge-Transport Data at V = −0.5 V
for CnSH SAMs Formed on CMP and TS Gold Surfaces

CMP gold TS gold

n μlog σlog
junction yield

(%) μlog σlog
junction yield

(%)

8 −2.44 0.58 87 −2.64 0.54 88
10 −3.51 0.53 96 −3.26 0.50 81
12 −4.38 0.37 94 −4.24 0.38 76
14 −5.26 0.27 94 −5.38 0.59 95
16 −6.10 0.13 100 −5.87 0.34 87
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J.; Higgins, S. J.; García-Suaŕez, V. M.; Lambert, C. J. Oligoyne Single
Molecule Wires. J. Am. Chem. Soc. 2009, 131, 15647−15654.
(44) Kiguchi, M.; Takahashi, T.; Kanehara, M.; Teranishi, T.;
Murakoshi, K. Effect of End Group Position on the Formation of a
Single Porphyrin Molecular Junction. J. Phys. Chem. C 2009, 113,
9014−9017.
(45) Scudiero, L.; Barlow, D. E.; Mazur, U.; Hipps, K. W. Scanning
Tunneling Microscopy, Orbital-Mediated Tunneling Spectroscopy,
and Ultraviolet Photoelectron Spectroscopy of Metal(II) Tetraphe-
nylporphyrins Deposited from Vapor. J. Am. Chem. Soc. 2001, 123,
4073−4080.
(46) Duong, B.; Arechabaleta, R.; Tao, N. J. In situ AFM/STM
characterization of porphyrin electrode films for electrochemical
detection of neurotransmitters. J. Electroanal. Chem. 1998, 447, 63−69.
(47) Shimazu, K.; Takechi, M.; Fujii, H.; Suzuki, M.; Saiki, H.;
Yoshimura, T.; Uosaki, K. Formation and characterization of thiol-
derivatized zinc (II) porphyrin monolayers on gold. Thin Solid Films
1996, 273, 250−253.
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