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ABSTRACT In this work, we present a novel surface-mount placement process that could potentially overcome the inadequacies of
the currently used stencil-printing technology, when applied to devices in which either their lateral and/or their horizontal dimensions
approach the nanometric scale. Our novel process is based on the “bottom-up” design of an adhesive layer, operative in the molecular/
nanoscale level, through the use of self-assembled monolayers (SAMs) that could form protective and conductive bridges between
pads and components. On the basis of previous results, 1,4-phenylene diisocyanide (PDI) and terephthalic acid (TPA) were chosen to
serve as the best candidates for the achievement of this goal. The quality and stability of these SAMs on annealed Cu surfaces (Rrms

) 0.15-1.1 nm) were examined in detail. Measurements showed that the SAMs of TPA and PDI molecules formed on top of Cu
substrates created thermally stable organic monolayers with high surface coverage (∼90%), in which the molecules were closely
packed and well-ordered. Moreover, the molecules assumed a standing-up phase conformation, in which the molecules bonded to
the Cu substrate through one terminal functional group, with the other terminal group residing away from the substrate. To examine
the ability of these monolayers to serve as “molecular wires,” i.e., the capability to provide electrical conductivity, we developed a
novel fabrication method of a parallel plate junction (PPJ) in order to create symmetric Cu-SAM-Cu electrical junctions. The current-
bias measurements of these junctions indicated high tunneling efficiency. These achievements imply that the SAMs used in this study
can serve as conductive molecular bridges that can potentially bind circuital pads/components.

KEYWORDS: copper • self-assembled monolayer • surface-mount technology • terephthalic acid (TPA) • 1,4-phenylene
diisocyanide (PDI) • molecular electronics

1. INTRODUCTION

Surface mount technology (SMT) involves the use of the
stencil-printing process for ultra-large-scale integration
(ULSI) technology in which a thin layer of solder paste,

made by a fine mixture of solder powder with viscous acid
flux, is deposited on copper (Cu) pads, followed by position-
ing of the components onto their designated places (1, 2).
Although this technology can be applied successfully in the
macro- and microscale regimes (3), it fails when either the
lateral and/or horizontal device dimensions approach
the nanometric scale. This failure occurs because the com-
ponent placement accuracy is affected by the height, area,
or volume of the solder-paste bricks (3); by the lateral
mobility of the components during the placement and reflow
processes (4, 5); by the cracking of solder-paste attachment
during cyclic thermal loadings (6); and by the corrosive
nature of the flux residues (7). In addition to these difficulties,
there are two main problems associated with the use of Cu
in this context: (i) formation of relatively rough Cu surfaces

(∼5 nm roughness), which would make the effective contact
much smaller than their geometrical cross-sectional area (8);
and (ii) formation of Cu-oxide layers upon exposure to air
(8-13), which would induce trap states at the Cu/Cu-oxide
interface leading to a significant degradation in its intercon-
nection capability, which, in turn, could cause electrical
malfunctions (14, 15). It is therefore expected that the
current SMT will soon reach its maximum capability to
accommodate the growing needs of the industry and the
shrinking size of the components, and as a consequence,
component density would reach saturation as well. There-
fore, there seems to be an urgent need for a novel design
that will override the current technology. Hence, the overall
goal of our work is to develop a new concept for a surface-
mount placement process that will be based on a “bottom
up” design of a conductive and protective adhesive layer
through the use of molecules with “tailored” properties and
functionalities that would bind to metallic surfaces, i.e.,
nanopads, on one side and to nanocomponents on the other
side, forming a protective, bridging and conductive layer,
operative in the nanometric regime, as schematically de-
scribed in Figure 1.

The development of such a concept depends on three
main factors: (i) the control of the morphology and oxidation
of the Cu surfaces, (ii) the optimization of the self-assembled
monolayer (SAM)/Cu system both in terms of the type of
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molecules used and in terms of the extent of coverage and
protection against Cu substrate oxidation, and (iii) the
creation of stable and highly ordered SAM, binding of the
SAM to a metallic overlayer and investigation of the ef-
ficiency of molecular conductivity.

Recent developments in our laboratories have shown the
ability to satisfy the requirements of the first two factors
toward developing of a new concept for the surface-mount
placement process. More specifically, we have shown the
ability to prepare and to control high-quality, defect-free,
ultrasmooth polycrystalline Cu surfaces (Rrms ) 0.15-1.1
nm) by employing an annealing modification and, in turn,
to achieve superior oxidation resistance of the Cu surfaces
(8, 13). The results showed a significant increase in the grain
size of the Cu surface structure from 20 × 60 nm to 300 ×
300 nm and decrease in the separation between grain
boundaries for annealed Cu surfaces, this in agreement with
the previously published theoretical investigations which
pointed out the energetic advantages of annealed metal
surfaces (16-22). The oxide layer thickness of annealed Cu
surfaces was ∼30% lower in comparison to nonannealed
polycrystalline Cu samples at similar exposure conditions
(13). In parallel, we have shown that symmetric difunctional
molecules on Cu substrates could serve as excellent candi-
dates for protective organic coatings for ULSI technology
(23, 24). The results of this study indicated that isocyanides,
thiol, and carboxylic functional groups provide the strongest
adhesion to ambient copper surfaces. Moreover, it was
shown that molecules such as 1,4-phenylene diisocyanide
(PDI) and terephthalic (TPA) acid adopted “standing-up”
phase configuration, in which they bonded to the Cu sub-
strate through only one terminal functional group, with the
other terminal group disposed away from the Cu substrate.
Consequently, the ability of the TPA and PDI SAMs to
prevent the oxidation of the underlying annealed Cu during
storage in ambient air conditions were examined, both
qualitatively and quantitatively for long time periods (<110
days) (8, 25). The TPA-modified Cu surfaces have not shown
any detectible oxidation during the first two weeks of
exposure. The protection efficiency of both TPA and PDI
layers were found to be considerably superior to those
reported earlier with n-alkanethiols SAM on polycrystalline
Cu surfaces (26-29).

In this study, we will address two main avenues of action
to complete the nanoscale-based SMT concept. The first is

the preparation of high-quality, defect-free, and homoge-
neous SAMs of PDI and TPA molecules on annealed Cu
surfaces. The second is construction of top metallic Cu layer
(mimicking the “component”) by employing a “sandwich”
approach, in order to assess the ability of these SAMs to
serve as “molecular wires,” i.e., the capability to provide
electrical conductivity (30-36). All samples, were character-
ized by the novel parallel plate junction (PPJ) method which
was developed in order to create symmetric Cu-SAM-Cu
electrical junctions. This method allowed the characteriza-
tion of the SAMs conductive properties in a simple and
reproducible manner by minimization of the possible junc-
tion defects as shorts and SAM’s damage.

2. EXPERIMENTAL SECTION
2.1. Materials. Tantalum (Ta) and copper (Cu) metals with

>99% purity were purchased from Kurt J. Lesker, USA. N-type,
phosphorus-doped (0.008-0.020 Ω cm resistivity), two-inch,
single-side-polished Si (100) wafers with <1 nm roughness were
purchased from Virginia Semiconductor Inc., USA. NH4F(aq) 40%
and HF(aq) 40% were purchased from Sigma-Aldrich and Merck,
respectively. Water rinses used 18 MΩ deionized (DI) water
obtained from a Millipore Nanopure system. Methanol, acetone,
dichloromethane and 1,1,1-trichloroethane were purchased
from Frutarom Ltd., Israel. 1,4-Terephthalic acid (TPA) CO2H-
C6H4-CO2H and 1,4-phenylene diisocyanide (PDI) CN-C6H4-NC
with 98 and 99% chemical purity, respectively, were purchased
from Sigma Aldrich. Tetrahydrofuran (THF) and toluene supra
dry solvents were purchased from Bio Lab Ltd., Israel.

2.2. Sample Preparation. Prior to metal evaporation, all Si
(100) wafers were cleaned by sequential rinsing with DI water,
methanol, acetone, dichloromethane, 1,1,1-trichloroethane,
dichloromethane, acetone, methanol, and DI water. Samples
were then dried under a stream of N2(g) and treated with ozone
oxidation for 20 min in a UVOCs apparatus. The native oxide
was etched by immersing the clean wafers in buffered HF(aq)

(pH ) 5-6, 5:1 (v/v) NH4F/HF(aq)) for 30 s, while agitating the
solution for preventing formation of etch pits. At the end of the
etching process, the samples were rinsed thoroughly with 18
MΩ DI water for 30 s, dried under a stream of nitrogen, and
transferred directly to a reactive sputtering system (LS-320S,
Von Ardenne, Germany) for deposition of 20 ( 5 nm tantalum
nitride (TaN) films. The TaN layer serves as an effective barrier
for reducing Cu diffusion into the SiO2/Si substrate during the
annealing at elevated temperature (<700 °C) (37, 38). The
deposition of TaN films was carried out at 1 × 10-7 Torr base
vacuum and applying a power of 50 W and a sputtering pressure
of 15 mtorr (6 sccm N2 and 12 sccm Argon). The TaN-coated Si
samples were then transferred to a dry nitrogen glovebox (<0.6
ppm O2 and <0.1 ppm H2O) (MBRAUN, Labmaster 130, USA)
connected with an e-beam evaporator (TFDS-870, Vacuum
Systems & Technologies Ltd., Israel), heated to 300 °C at 1-5
× 10-6 Torr and coated with 300 ( 10 nm Cu films, using <1
Å/s deposition rate. Immediately after Cu deposition, the substrates
were annealed at 580 °C and 2 × 10-7 Torr for a period of 8 h, to
minimize the Cu surface roughness (8, 37, 38). Following the
annealing procedure the samples were carefully removed from
the tray holder of the e-beam evaporator, and broken into a
number of pieces for further self-assembly procedures.

All adsorption solutions were prepared in new glassware that
was first cleaned by rinsing and sonicated in DI water, acetone,
and pure THF or toluene solvents. The TPA and PDI at concen-
trations of 1.0 mM were dissolved in the THF and toluene
solvents, respectively, and sonicated in order to prevent the
possible molecular agglomeration. The SAMs of TPA and PDI
were formed inside the dry nitrogen glovebox by immersing

FIGURE 1. Idealization of SAM as conductive and mechanical bridges
for nanometric surface-mount applications.
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the freshly prepared, annealed Cu samples in the solutions for
immersion times of 24 and 8 h for TPA and PDI, respectively.
Then the samples were removed from the adsorption solution,
rinsed and sonicated for 1 min in pure solvents in order to
remove all loosely bound molecules and dried under a stream
of N2(g). Thereafter, the TPA- and PDI-modified Cu samples
were exposed to ambient air conditions during and between
the various characterization steps.

2.3. Polarization Modulation Infrared Reflection Absorp-
tion Spectroscopy (PM-IRRAS). PM-IRRAS spectra were collected
on Nicolet 8700 Nexus (Thermo Electron Corporation, USA)
with a PM-IRRAS attachment including a PEM-90 photoelectric
modulator (Hinds) and a N2 cooled MCT detector at near grazing
angle of 88° relative to the surface normal. The measurements
were collected under the dry air purging conditions. An average
of 2000 scans per analysis was collected, with the resolution of
2 cm-1. Reflectance spectra are expressed ∆I/I ) 100 × (Is -
Ip)/(Is + Ip), converted to arbitrary units. Ip and Is designate the
spectra collected parallel and perpendicular to the plane of
incidence, respectively (39).

2.4. Spectroscopic Ellipsometery (SE). To measure the
thickness of the organic layers, were recorded ellipsometric
spectra over a range from 250-1000 nm at three different
incidence angles 65, 70, and 75° using a spectroscopic phase
modulated ellipsometer (M-2000 V Automated Angle, J. A.
Woollam Co., Inc., USA). For TPA- and PDI-modified Cu samples
we used a three-phase SAM/(Cu2O+CuO)/Cu substrate model
to extract the thickness of the SAM layer. An adsorption-free
Cauchy dispersion of the refractive index with values ranged
from 1.46 to 1.61 at 1000 and 250 nm, respectively, was
assumed for SAM layer (40). The optical constants of the Cu and
Cu2O were determined experimentally from the reference
samples. All layer thicknesses reported were calculated after
averaging at least five measurements.

2.5. X-ray Photoelectron Spectroscopy (XPS). Surface
analysis of the molecularly modified Cu samples was performed
by XPS, using a Thermo VG Scientific, Sigma Probe, (UK),
operating at a base pressure of <3 × 10-9 Torr and fitted with
a monochromatized Al KR (1486.6 eV) X-ray source. No reduc-
tion of the surface was observed during prolonged exposure of
oxide surfaces to the monochromatized beam of 100W X-ray
beam of 400 µm in diameter (41). Broad scan survey spectra
and high-energy resolution spectra of Cu LMM, Cu2p, C1s, N1s,
and O1s were collected at pass energies of 100 and 20 eV,
respectively. The measurements were performed in the bulk
sensitive mode at a take-off angle, θ ) 65°, between the
direction of an analyzer and the specimen plane. Spectral
analysis was performed using the peak fitting software (XPS-
PEAK version 4.1) after a Shirley background subtraction (42).
Peak fitting solutions were sought for �2 < 2, where �2 is the
standard deviation.

2.6. Ultra High Vacuum Scanning Tunnelling Microscope
(UHV-STM). STM measurements were performed using a UHV/
VT STM Omicron system (Germany) equipped with a tungsten
tip, which was cleaned in UHV by electron bombardment to
remove the tungsten oxide prior to use. All STM images were
obtained at selected conditions (constant bias voltage of 2 V and
a tunneling current of 20-60 pA), such that no STM tip induced
surface diffusion could take place during the scans between the
tip and the sample (43).

2.7. Current Density vs Bias (J-V) Measurements. To
reliably measure the conductive properties of Cu-SAM-Cu junc-
tions, we developed a novel fabrication parallel plate junction
(PPJ) method. This method guarantees good control over the
device area and intrinsic contact stability, and produces a large
number of devices with acceptable yield. Two features were
essential to the measurement system, the first of which was the
employment of annealed ultra smooth and highly stable Cu
bottom and top contact surfaces, and the second feature was

the fine controlled contact between the parallel Cu-SAM and Cu
bare surfaces in order to minimize such defects as impurities,
oxidation and grain boundaries that have a high potential to
influence on the (J-V) characteristics and in order to minimize
the damage to SAM during the physical contact between the
bare and molecularly modified Cu surfaces, respectively. A
schematic representation of the device structure is illustrated
in Figure 2 and the fabrication details are presented in the
following paragraph.

Freshly prepared molecularly modified and bare Cu samples
(see experimental section 2.2.) were contacted on the back of
a Si substrate to the conductive gold stages by applying the thin
layer of silver-filled epoxy (EPO-TEK-EE-129-4, 0.0003 Ω cm
resistivity, Electron Microscopy Sciences, USA) after curing at
70° for 2 h in a dry nitrogen glovebox (<0.1 ppm O2 and <0.1
ppm H2O). To create the thin, smooth, and homogeneous layer
(100( 10 nm), the mixture of silver-filled conductive epoxy was
spin-coated on the gold stages for 30 s at a spin rate of 1000
rpm. For all samples, the exposure to ambient was limited to
ca. 5 min prior to the transfer into the glovebox. The fine contact
between the molecularly modified and bare Cu surfaces was
achieved using the micrometer distance controller and online
J-V measurements of a Agilent B1500A semiconductor device
analyzer (Agilent Technologies, UK) under optical microscope
observation. To prevent any pressure on the Cu surfaces during
the contact, the PPJ method was developed in such a manner
that one of the sample stages (the right one in Figure 2) was
free to move 2 mm in X direction, while the second stage was
static. The connection between the device analyzer and the
measured PPJ system was provided by triax cables in order to
prevent the possible current leakage. Most scans were carried
out between -1 V and +1 V in a swap mode and were done
several times for each junction with a scan rate of 10 mV s-1.
To neglect the influence of water and other adventitious con-
taminants from the ambient air, all current-bias (J-V) measure-
ments were carried out in ultradry glovebox conditions.

3. RESULTS AND DISCUSSION
3.1. Surface Analysis. For the qualitative investiga-

tion of the TPA-modified Cu surfaces we used the informa-
tion obtained from high resolution XPS spectra of C1s, O1s,
Cu2p3/2 and Cu LMM as shown in Figure 3A-D, and sum-
marized in Table 1. In the peak fit for C1s, shown in Figure
3A, there are four peaks at 284.3 eV (peak 1), 285.2 eV (peak
2), 286.6 eV (peak 3), and at 288.9 eV (peak 4), correspond-
ing to aromatic carbons, carbons adjacent to carboxylic acid
group, carbons in carboxylate groups bonded to the Cu and
carbons in free carboxylic acid groups, respectively (44-46).
The peaks area ratio (see Table 1) matched the stochiometric

FIGURE 2. Schematic view (not to scale) of the parallel plate junction
(PPJ) method of fabrication.
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ratio of the different carbons in TPA molecules, which
indicated that the organic film layer was deposited with a
high degree of specificity and very limited adventitious
contamination from air. In the O1s spectrum, shown in
Figure 3B, there are two peaks at 531.5 eV (peak 1) and
532.7 eV (peak 2), corresponding to a carboxylate group
bonded to the Cu and a free carboxylic group, respectively
(47). O1s chemical shifts are usually not large, therefore it
is possible that due to the relatively high value of its fwhm
value, two unresolved oxygen species are present within the
peak at 532.7 eV (see Table 1) (48). It may be prudent at
this point to mention that there was no evidence of an
oxygen peak at 530.4 eV, which would be attributed to a
native Cu2O layer. High-resolution Cu2p3/2 and Cu LMM
spectra shown in Figure 3C and 3D, respectively, were
collected in order to investigate the oxidation state of the
molecularly modified Cu surfaces. In agreement with the
O1s spectra and our previous wor k (8), no Cu2O and CuO
layers were observed. The Cu2p3/2 spectrum (see Figure 3C)
showed only one peak at 932.7 eV with fwhm of 1.01 eV,
corresponding most likely only to Cu metal, in a good
agreement with the spectrum of sputtered oxide-free and
oxygen-free Cu2p3/2 (8, 13). In the peak fit of Cu LMM, shown

in Figure 3D, there is one major peak at 568.3 eV (Cu metal)
and four other peaks at 570.5, 573.0, 567.1, and 565.2 eV
that represent different transitions states of the Cu LMM
spectrum (49).

The high-resolution XPS spectra of C1s, N1s, Cu2p3/2, and
Cu LMM were used to examine the quality of the PDI-
modified Cu surfaces as shown in Figure 4A-D, respectively,
and summarized in Table 2. In the peak fit for C1s, shown
in Figure 4A, there are three binding energy peaks at 284.8
eV (peak 1), 285.7 eV (peak 2) and a relatively broad binding
energy peak at 286.7 eV (peak 3), corresponding to aromatic
carbons, to carbon atoms adjacent to isocyanide groups and
to carbon atoms of both bonded and free isocyanide groups,
respectively (44, 45). Figure 4B shows the peak fitting for
the N1s spectrum, where two peaks with similar intensities
(see Table 2) were observed at 399.6 eV (peak 1) and at
401.6 eV (peak 2), corresponding to nitrogen atoms belong-
ing to bonded and free isocyanide groups, respectively. The
relatively strong upward binding energy shift of the free
isocyanide group relatively to the bonded group (∼2 eV) can
be attributed mainly to the fact that the nitrogen in a free
isocyanide group has a partial positive charge compared to
the negative charge on the carbon atom, because its lone
pair electrons are involved in the bond with the carbon,
causing the nitrogen to be essentially quarternized (i.e.,
having 4 bonds) (44, 50). The Cu2p3/2 spectrum, shown in
Figure 4C, exhibits two resolved peaks at 932.6 eV and at
933.3 eV, corresponding to Cu metal and to Cu-Isocyanide
bond, respectively (44). The presence of a native Cu oxide
layer (e.g., Cu2O) at 932.6 eV can be neglected due to the
small value of the fwhm (1.03 eV), which indicates that this
peak should be attributed to Cu metal only. Peak fitting of
the Cu LMM spectrum, shown in Figure 4D, exhibits one
major difference in comparison to Cu LMM spectrum of TPA-
modified Cu surfaces, namely, a peak at 572.1 eV, which is

FIGURE 3. (A) C1s, (B) O1s, (C) Cu 2p3/2, and (D) Cu LMM spectra for TPA molecularly modified, polycrystalline, and annealed copper surface
measured 1 h after exposure to ambient air. For the sake of clarity of presentation the peak fitting data summary for the spectra presented
in this figure is presented in Table 1.

Table 1. Summary of Peak Fitting Parameters for
TPA Molecularly Modified, Polycrystalline, Annealed
Copper Surface Spectra As Presented in Figure 3
spectrum peak binding energy (eV) fwhm (eV) intensity (a.u.)

C1s 1 284.3 1.29 1506
2 285.2 1.58 740
3 286.6 1.50 310
4 288.9 1.70 270

O1s 1 531.5 1.35 1083
2 532.7 1.70 1215

Cu2p3/2 Cu 932.7 1.01 9492
Cu LMM Cu 568.0 1.13 2365
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attributed to a Cu-Isocyanide bond (44). Similarly to the TPA-
modified Cu surface, the Cu LMM spectrum of the PDI-
modified Cu surface shows no evidence of oxidation.

UHV-STM images were used to confirm the morphology
of the TPA and PDI organic layers on top of the Cu surface.
Images A and B in Figure 5 show representative UHV-STM
2D images of the phase formed in the self-assembly process
of TPA and PDI molecules on annealed Cu thin film surfaces,
respectively. Both images show similar morphology in which
most of the surface (>85%) is covered with large islands
consisting of a self-assembled layer of densely packed
molecules, separated by interisland regions (such as pin-
holes, which consist of molecule-free domains, dark islands)
having 5-10 nm in diameter. The relatively low surface root-
mean-square roughness (Rrms) values of 0.62 and 0.55 nm
in TPA and PDI images, respectively, are mainly attributed
to the homogeneous morphology of the organic layers
adsorbed on energetically stable, ultrasmooth, annealed Cu
surfaces, without any evidence of agglomeration of these
molecules and with minimum number of pinhole regions.
The UHV-STM cross-section profile of the molecular “do-
mains” of 0.9 ( 0.1 nm for TPA and 0.7 ( 0.1 nm for PDI

showed comparable thickness values to those obtained by
SE measurements of 1.10 ( 0.05 nm and 0.86 ( 0.03 nm
on the same TPA- and PDI-modified Cu surfaces, respec-
tively. These thicknesses are closely consistent with the
theoretical thicknesses of TPA and PDI monolayers in which
the molecules adopt a standing-up conformation during the
self-assembly process such that only one terminal functional
group bonds to the Cu substrate through, whereas the other
group is directed away from the substrate surface.

To assess the stability of the SAMs at elevated tempera-
tures, the surfaces were heated to 200 °C for 1 h inside the
UHV-STM system. Images C and D in Figure 5 show repre-
sentative UHV-STM 2D images of the phase formed through
the self-assembly process of TPA and PDI molecules on
annealed Cu thin film surfaces after heating to 200 °C,
respectively. In comparison to the nonheated surfaces, the
morphologies of heated surfaces exhibited slightly higher
Rrms values, 0.73 and 0.66 nm for TPA- and PDI-modified
Cu, respectively. These higher values can be attributed
mainly to slightly larger pinhole areas because of the non-
significant molecular desorption during the heating modifi-
cations. However, more than ∼80% of the surface is still
covered by the SAMs in both cases, a fact that is most likely
responsible for the strong coordinative reaction between the
PDI and TPA functional groups and Cu surface atoms, as can
be observed also from PM-IRRAS measurements, see the
following paragraph.

To confirm the standing-up conformation of the TPA and
PDI SAMs, we used information obtained from PM-IRRAS
measurements. The representative PM-IRRAS spectra of the
organic monolayers generated by the self-assembly of a 1
mM PDI solution for 8 h and a 1 mM TPA solution for 24 h
on annealed copper substrates are presented in panels A and
B in Figure 6, respectively. In Figure 6A, there are four major
peaks at 1506, 1604, and 2121 cm-1 and 2158 cm-1,

FIGURE 4. (A) C1s, (B) N1s, (C) Cu 2p3/2, and (D) Cu LMM spectra for PDI molecularly modified, polycrystalline, and annealed copper surface
measured 1 h after exposure to ambient air. For the sake of clarity of presentation, the peak fitting data summary for the spectra presented
in this figure is presented in Table 2.

Table 2. Summary of Peak Fitting Parameters for
PDI Molecularly Modified, Polycrystalline, Annealed
Copper Surface Spectra As Presented in Figure 4
spectrum peak binding energy (eV) fwhm (eV) intensity (a.u.)

C1s 1 284.8 1.20 1526
2 285.7 1.22 879
3 286.8 1.45 818

N1s 1 399.6 1.80 470
2 401.6 1.55 520

Cu2p3/2 Cu 932.7 1.03 9220
CuCN 933.3 1.30 1324

Cu LMM Cu 567.9 1.12 2151
CuCN 572.1 1.50 203
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attributed to the vibration along the long axis of the phenyl
ring, to the in-plane vibration mode of the phenyl ring and
to the symmetric stretch of free isocyanide group and
isocyanide group bonded to the Cu substrate, respectively
(23, 51-54). It is important to mention here that there were
no detectable peaks in the 1680-1700 cm-1 spectral range,
which would have been indicative of the presence of an
imine stretch (52), and hence, it is unlikely that the isocya-
nide groups could have undergone rehybridization (i.e.,
conversion of the NC triple bond to a double bond) or
oligomerization (55-57). The absence of the imine peak in
the PM-IRRAS spectrum is consistent with the high resolution

N1s XPS spectrum (see Figure 4B), in which no evidence of
an imine nitrogen at 398.6 eV was observed either. The fact
that the bonded isocyanide group is strongly blue-shifted (by
∼48 cm-1), whereas the free group has a less pronounced
shift, as compared to the position of the non-adsorbed
isocyanide group (2110 cm-1) suggests that the isocyanide
groups are no longer equivalent in the adsorbed state, and
therefore, PDI is adsorbed on Cu mainly through one iso-
cyanide group with the other isocyanide group disposed
away from the surface. The strong blue-shift can be at-
tributed to the antibonding character of the carbon lone pair
electrons in the isocyanide bond, and to the increased

FIGURE 5. UHV-STM 2D representative images showing the phase formed in the self-assembly process of (A) TPA and (B) PDI on annealed Cu
surfaces. (C, D) Images showing the same TPA- and PDI-modified annealed Cu surfaces, respectively, after heating to 200 °C. The scales in all
images are 125 nm × 125 nm and Rrms values of 0.62, 0.53, 0.73, and 0.66 nm were measured for A-D, respectively.

FIGURE 6. PM-IRRAS spectra of (A) 8 h self-assembled PDI 1 mM, and (B) 24 h self-assembled TPA 1 mM on annealed copper substrate (see
Experimental Section) after 1 h of exposure to ambient air. The insets show the schematics of the chemical structures of PDI and TPA molecules
on top of the Cu surface.
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stretch of this bond upon “donation” of these electrons to
Cu (50, 51). Figure 5B shows a representative PM-IRRAS
spectrum of TPA-modified Cu surfaces, consisting of peaks
at 1380, 1402, 1503, 1605, and 1627 cm-1, corresponding
to the symmetric stretch of free carboxylate ions, the sym-
metric stretch of bonded carboxylate ions to the Cu surface,
the vibration along the long axis of the phenyl ring, the
antisymmetric stretch of free carboxylate ions with the
contribution of the in-plane vibration mode of the phenyl
ring at 1600 cm-1 and the antisymmetric stretch of bonded
carboxylate ions to the Cu substrate, respectively (23, 52, 58).
Similar to PDI, the observed blue-shift of the symmetric and
antisymmetric stretch peaks of bonded carboxylate ions can
be attributed to the increased strength of the carboxylate
group bonds due to the coordination reaction with the Cu
upon the adsorption. The different chemical environment
of the bonded carboxylate ions compared to the free car-
boxylate ions of the coordinated TPA molecules is consistent
with the high resolution C1s XPS spectrum shown in Figure
3A (peaks 3 and 4).

Figure 7 shows the PM-IRRAS spectra of the PDI on
annealed (top spectrum) and nonannealed Cu surfaces
(bottom spectrum) in order to emphasize the essential
impact of the annealing process of the Cu surfaces on the
formation of homogeneous SAMs. Note that the PDI-modi-
fied Cu surfaces were prepared and measured at the same
conditions described previously (i.e., assembly time, solution
concentration, and environmental conditions), with the only
difference being the annealing process of the Cu surfaces.
As can be seen, the spectra are different in terms of the
relative intensities and peak locations. This difference can
be explained by the possible agglomeration and partial
polymerization of the PDI layer on nonannealed Cu. This
agglomeration is supported by the fact that the intensity of
the free isocyanide group absorption peak is higher com-
pared to intensity of the bonded isocyanide peak. Moreover,
the free isocyanide peak is red-shifted to 2111 cm-1, which
is almost identical to the stretching vibration of the free-state,

unabsorbed isocyanide molecule (52, 59, 60). The average
thickness of the SAM obtained by SE measurements was of
4 ( 0.05 nm, which is consistent with the agglomeration
mechanism. Partial polymerization of the PDI was also
observed on nonannealed Cu surfaces, as evidenced by the
appearance of a new peak at 1680 cm-1, corresponding to
imine groups, formed as a result of rehybridization (55). The
different conformations of the organic layers inferred from
the PM-IRRAS spectra can be solely attributed to the different
morphologic (e.g., roughness, grain dimensions, crevices)
and energetic properties (e.g., grain boundary energies) of
the annealed and nonannealed Cu surfaces.

Taken together, these observations are consistent with
the formation of dense, homogeneous, and stable TPA and
PDI SAMs that adopt a standing-up phase conformation.
Such advantages as small pinhole areas together with low-
defect, oxide-free and ultrasmooth properties of the mo-
lecularly modified annealed Cu surfaces, led these SAM-Cu
systems to serve as a good candidates as organic, nanoscale,
conductive and protective bridges for surface mount place-
ment processes. The conductive properties of these mono-
layers have been studied and discussed in the following
paragraphs.

3.2. Cu-SAM-Cu Junctions. The critical step in the
fabrication of large-area molecular junctions is applying the
metal top electrode. The direct, vacuum metal evaporation
creates shorts and damages the SAM due to the filamentary
growth of noble metals (61-65), SAM exposure to elevated
temperatures and high kinetic energies of the impinging
atoms/clusters (66-68). The indirect vacuum evaporation
of metals (65, 69), electrochemical metal deposition (70-76)
and printing-type approaches (77-79) have some clear
technological possibilities. However, such disadvantages as
very low deposition efficiency (69), penetration through the
SAM defect sites due to the presence of large amounts of
free metal ions in addition to the three-dimensional metal
clusters growth (72-76), and generally poor electronic
quality (e.g., ∼20% yield) (80) hinder the reproducible work
with these methods. In this context, construction of top
metallic Cu layer with these methods becomes nonefficient
and very complicated. To overcome these difficulties, we
developed a new PPJ method to create symmetric Cu-
SAM-Cu electrical junctions.

Figure 8 illustrates the typical J-V characteristics of
Cu-Cu and Cu-SAM-Cu junctions, 0.19 cm2 in area,
contacted by the PPJ method. As can be observed, the
current in Cu-Cu junction exhibits typical Ohms law char-
acteristics and its current is orders of magnitude larger in
comparison to the Cu-SAM-Cu junctions. The current in
the molecularly modified junctions is dominated by the PDI
and TPA monolayers without any contribution from the Cu
oxide layer. This layer was shown to be absent, as evidenced
by the XPS results (see the XPS results discussions in the
previous section). Both SAM-modified junctions show, as
expected, almost similar J-V characteristics, due to the
similar properties of both adsorbed PDI and TPA molecules
in terms of length (i.e., the tunnelling barrier), π-conjugated

FIGURE 7. PM-IRRAS spectra of the PDI 1 [mM] after 8 h of self-
assembly on annealed (above spectrum) and nonannealed Cu
surfaces (bottom spectrum). NOTE, that the SAMs were prepared and
measured in the same conditions (i.e., self-assembly time, concen-
tration, and similar environment), the only difference being the Cu
annealing.
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phenyl backbone structure and the coordination reaction
between their functional groups and the Cu surface atoms.
The inset of Figure 8 shows a linear behavior at the low bias
range. The slightly asymmetric character of the J-V curves,
as can be observed from Figure 8, can be attributed mainly
to the different quantity of chemical interactions between
the molecular functional groups with the bottom and the top
Cu electrodes.

4. SUMMARY AND CONCLUSIONS
This article describes the potential advantages of the new

concept for a surface-mount placement process. The concept
is based on a “bottom up” design of adhesive layer, operative
in the nanometric regime through the use of self-assembled
monolayers that form a protective, bridging and conductive
layer between the metallic surfaces, i.e., nanopads, on one
side and nanocomponents on the other side. The develop-
ment of such a concept was dependent on three main
factors: (i) the control of the morphology and oxidation of
the bare Cu surfaces, (ii) the optimization of the self-
assembled monolayer (SAM)/Cu system both in terms of the
type of molecules used and in terms of the extent of
coverage and protection against Cu substrate oxidation, and
(iii) the creation of a stable and highly ordered SAM, binding
of the SAM to a metallic overlayer and investigation of the
efficiency of molecular conductivity. The first two factors
were successfully covered in our previous works (8, 13, 25),
and the current work focuses mainly on the third factor. The
self-assembly of TPA and PDI molecules on annealed Cu
surfaces were examined in detail using the information
obtained from XPS, PM-IRRAS, spectroscopic ellipsometry
and UHV-STM measurements. These measurements showed
that the self-assembly of TPA and PDI molecules formed on
top of annealed Cu creates well-ordered, high-coverage
(∼90%), closely packed monolayers with a standing-up
phase conformation, in which the molecules create strong

coordinative reactions with the Cu substrate through one
terminal functional group, with the other terminal group
residing away from the substrate. The stability of both
monolayers was examined at elevated temperatures (200
°C) for 1 h inside the UHV-STM system. A negligible molec-
ular desorption during the heating modifications was ob-
served, with more than ∼80% of the surface still covered
by the SAMs in both cases. To examine the ability of these
monolayers to serve as “molecular wires,” i.e., the capability
to provide electrical conductivity, we developed a novel
fabrication parallel plate junction method to create sym-
metric Cu-SAM-Cu electrical junctions. This method al-
lowed the characterization of the SAMs conductive proper-
ties in a simple and reproducible manner with a minimum
of the junction defects as shorts and SAM’s damage. Both
SAM-modified junctions showed, as expected, almost similar
current-bias characteristics, because of the similar structure
and chemical interaction with the Cu substrate. These results
indicated high tunneling efficiency and were in good agree-
ment with previously reported studies of similar π-bonded
molecules.

Our findings imply that the SAMs used in this study can
serve as protective coatings for annealed Cu and, further-
more, as conductive molecular bridges that can potentially
bind circuital pads/components in a selective manner in
micro- and nanoelectronic applications.
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