Downloaded by NATL INST STANDARDS & TECH on September 17, 2009 | http://pubs.acs.org
Publication Date (Web): August 11, 2009 | doi: 10.1021/ja901646j

CIS

A RTTCUL E S

Published on Web 08/11/2009

Formation of Silicon-Based Molecular Electronic Structures
Using Flip-Chip Lamination

Mariona Coll,* ™ Lauren H. Miller,T Lee J. Richter,* Daniel R. Hines,$
Oana D. Jurchescu,’ Nadine Gergel-Hackett,! Curt A. Richter,t and
Christina A. Hacker**
Semiconductor Electronics Division, Electronics Electrical Engineering Laboratory and Surface
and Microanalysis Science Division, Chemical Science and Technology Laboratory, National

Institute of Standards and Technology, Gaithersburg, Maryland 20899, and Physics Department
and Laboratory for Physical Sciences, University of Maryland, College Park, Maryland 20740

Received March 3, 2009; E-mail: christina.hacker@nist.gov; mcollbau @ nist.gov

Abstract: We report the fabrication of molecular electronic test structures consisting of Au-molecule-Si
junctions by first forming w-functionalized self-assembled monolayers on ultrasmooth Au on a flexible
substrate and subsequently bonding to Si(111) with flip-chip lamination by using nanotransfer printing (nTP).
Infrared spectroscopy (IRS), spectroscopic ellipsometry (SE), water contact angle (CA), and X-ray
photoelectron spectroscopy (XPS) verified the monolayers self-assembled on ultrasmooth Au were dense,
relatively defect-free, and the —COOH was exposed to the surface. The acid terminated monolayers were
then reacted with a H-terminated Si(111) surface using moderate applied pressures to facilitate the interfacial
reaction. After molecular junction formation, the monolayers were characterized with p-polarized backside
reflection absorption infrared spectroscopy (pb-RAIRS) and electrical current—voltage measurements. The
monolayer quality remains largely unchanged after lamination to the Si(111) surface, with the exception of
changes in the COOH and Si—O vibrations indicating chemical bonding. Both vibrational and electrical
data indicate that electrical contact to the monolayer is formed while preserving the integrity of the molecules
without metal filaments. This approach provides a facile means to fabricate high-quality molecular junctions

consisting of dense monolayers chemically bonded to metal and silicon electrodes.

1. Introduction

The use of organic molecules to impart electrical surface
properties has been a subject of intense research not only from
a fundamental perspective, but for many technological applica-
tions. In particular, organic molecules have been proposed as
active components for molecular electronics,' > as surface
functioning agents,*> and as fabrication paradigms®® (i.e.,
utilizing molecular recognition to make complex structures).” !
Combining these molecular attributes with silicon is particularly
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of interest as there is a vast array of expertise and a substantial
fabrication infrastructure available that reduces development
time and enables rapid integration of molecule-based devices
with conventional CMOS technology. Moreover, chemical
bonding to silicon is covalent in nature, giving rise to potentially
robust organic layers and low resistivity interfacial contacts.”'?
Semiconductor doping can tailor the electronic properties of the
molecular device by tuning the electronic coupling between the
substrate and molecule.'*'* Organic monolayers on semicon-
ductors have been demonstrated to tune the substrate electrical
properties for chemical and biological sensors'>'® and to lower
the operating voltage in organic semiconductor electronic
devices."”
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However, building molecular junctions on silicon has re-
mained challenging. The strong covalent bonds at the Si surface
makes self-assembly impossible due to the limited lateral
mobility of the bonded molecules.”'® Thus dense, defect-free
monolayers of bifunctional molecules are difficult to achieve.'*°
The silicon surface is reactive toward a variety of functional
groups,?' %> making it quite challenging to get selective
attachment with bifunctional molecules.?®*” One of the largest
challenges in the fabrication of reliable molecular electronic
structures is the ability to make consistent contacts to the
monolayer.”®*? Instead of the idealized metal-molecule-
substrate sandwich structure, traditional metal vapor-deposition
often produces multiple metal filaments which diffuse through
the organic monolayer and dominate the electrical response. For
monolayers on silicon, metal evaporation is even more prob-
lematic as evaporated Au has been shown to displace molecules
directly attached to Si.**** Dense monolayers formed on silicon
oxide exhibited evidence of metal penetrating the monolayer
which altered the electrical response.?*>> Because the tunneling
rate of electrons is exponentially related to the distance between
electrodes, electrode roughness and low density monolayers
allowing partial metal penetration can also skew electrical
measurements. For example, a 2% density of defects which
reduces the electrode distance by 1.25 nm can carry more than
86% of the tunneling current through the molecular layer.*®
Therefore, a viable molecular electronic fabrication scheme must
include a means to form dense monolayers on ultraflat electrodes
and, preferentially, have molecules chemically bonded to both
electrodes.

To realize reliable electrical contacts to molecular layers, it
is advantageous to consider metallization methods beyond
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traditional metal evaporation such as soft metallization,*” *° lift-
off float-on,*"** or nanotransfer printing.**~*> Nanotransfer
printing (nTP) is a soft-lithography technique which is attracting
much attention as a low cost method for printing nanometer-
scale geometries over large areas, without having to subject the
materials to harsh postprocessing conditions of etchants or
sacrificial resists.*® Recently, the capability to contact mono-
layers by nTP has been demonstrated by mechanically transfer-
ring Au onto the monolayers using an elastomeric stamp,
typically PDMS, as a transfer substrate.*~*® To ensure complete
metal transfer to the monolayer, it is also essential to work with
molecules possessing functional groups enabling a chemical
bond to the metal. However, electrode roughness generates small
gaps between the metal and the organic monolayer leading to
unreliable electrical results.*”*

This work demonstrates a novel fabrication route for high-
quality molecular junctions chemically bonded to silicon and
ultrasmooth gold (uSAu) by using flip-chip lamination (see
Figure 1). We circumvent the issues of forming dense mono-
layers on silicon by first self-assembling bifunctional thiols on
ultrasmooth template-stripped gold substrates. Template-strip-
ping has been widely used to prepare large areas of atomically
flat surfaces’ >2 and has also been shown to be an ideal
substrate to fabricate ordered monolayers.>® Alternatively, the
use of graphitic carbon substrates’>> and silanized SiO,
substrates®® has been demonstrated as smooth electrodes for
molecular electronics. Our gold surface has been fabricated on
a flexible polyethylene terephthalate (PET) substrate to enable
conformal contact with the silicon surface. We achieve direct
chemical bonding of Au-monolayers to H-terminated Si(111)
under mild conditions of pressure. By means of polarized
backside reflection absorption infrared spectroscopy (pb-
RAIRS), we have explored the influence of pressure on
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Figure 1. Schematic of flip-chip lamination process to form metal-
molecule-silicon molecular junctions preserving the integrity of the
molecules. Evaporated gold (b) is lifted off of a fluorinated release layer
onto a PET substrate by using nTP (c) to reveal the ultrasmooth Au
underside (d). Bifunctional molecules are self-assembled onto uSAu forming
a dense monolayer with the functional group exposed (e). Finally, the two
electrodes are laminated together with nTP causing bonding between the
exposed functional group and H—Si(111) (f).

molecular conformation and interfacial reactions in the metal-
molecule-silicon molecular junction. Current—voltage measure-
ments verified electrical contact to the high-quality monolayers
without formation of metal filaments or monolayer degradation.
This approach is versatile and can be extended to a variety of
monolayers, electrode materials, and electrode shapes. Our study
provides a reliable and facile way to fabricate many molecular
electronic structures in parallel. This approach can enable careful
studies of the electrical properties of the organic monolayers in
test structures.

2. Experimental Section

2.1. Materials and Sample Preparation. The substrates used
in the present study are (i) 200 nm thick evaporated gold on silicon
(precovered with 10 nm of titanium) purchased from Platypus
Technologies®” and (ii) uSAu on PET, fabricated by direct
evaporation of 200 nm of gold on a Si substrate previously treated
with a fluorinated release layer.** Transfer printing of the gold film
onto the PET substrate was performed using a Nanonex 2500
imprint machine.’” The transfer conditions were optimized to
facilitate easy release of the PET layer in order to perform electrical
measurements.

2.2. Monolayer Formation. All chemicals purchased are ACS
grade (Octadecanethiol 99%, ODT; 11-mercaptoundecanoic acid
95%, MUA; 16-mercaptohexadecanoic acid 99%, MHA) and used
as received. The uSAu/PET substrates were cut into approximately
1 cm x 1 cm squares and placed for 5 min in an ultraviolet (UV)/
ozone cleaner, rinsed with water and ethanol, dried with N, gas,
and returned to the UV/ozone cleaner for 10 min. Then substrates
were placed into ethanol for 5 min and dried with N, gas before
being immersed in 1 mmol/L alkanethiol solution overnight. The
resulting samples were rinsed with 2 mol/L HCI acid at 65 °C to
eliminate adsorbates and promote carboxylic acid termination in
the case of MUA and MHA.

Monolayers on uSAu/PET were laminated on double side
polished (DSP) hydrogen terminated- Si(111) wafers (P-doped,

(57) The mention or use of products in this manuscript is not meant as an
endorsement by NIST nor as an indication that they are the best
available.

n-type, 10—15 Q-cm). The H-terminated silicon substrates were
prepared by immersion into a cleanroom grade buffered oxide 6:1
etch (NH4F:HF), rinsed with 18 MQ-cm water, and dried with
nitrogen. DSP Si(111) float zone wafers (P-doped, 3000—5800
Q-cm) were occasionally used for specific infrared spectroscopy
characterization in the low frequency region, 700—1300 cm™!, to
avoid the contribution of interstitial oxygen contaminants. For
electrical tests, DSP Si(111) (n-type, 0.001—0.005 Q-cm) were
used in order to avoid the complications associated with the
Schottky barrier that can result from the energetic mismatch of the
silicon and the metal, and maximize the effect of the molecular
layer.

2.3. Monolayer Characterization. Gold substrates and mono-
layers were characterized prior to formation of the sandwich
structure using contact angle, infrared spectroscopy, spectroscopic
ellipsometry, scanning probe microscopy, and X-ray photoelectron
spectroscopy (see Supporting Information). Following formation
of the ultrasmooth metal-molecule-silicon structure, pb-RAIRS was
used to characterize the molecular structure and interfacial bonding
of these molecular junctions.

2.4. Atomic Force Microscopy (AFM). AFM images were
acquired using a commercial AFM instrument with a deflection-
type scanning head. Tapping mode images were acquired in air
using Si ultrasharp tips.

2.5. Reflection Absorption Infrared Spectra (RAIRS). RAIRS
were recorded using a commercial Fourier transform (FT) instru-
ment with a liquid nitrogen cooled mercury cadmium telluride
(MCT) detector (600—4000 cm™!) set to 4 cm™! resolution. The
angle of incidence was 69° from the surface normal. SAM-uSAu/
PET samples were referenced to 100 nm evaporated Au on Si and
metal-SAM-Au structures were referenced to 100 nm Au evaporated
on H—Si (111).

2.6. Electrical Measurements. Current—voltage (I—V) mea-
surements were performed on patterned uSAu-monolayer Si junc-
tions after removing the PET plastic substrate. The area of the uSAu
pattern was defined by a shadow mask through which gold was
evaporated on SiO, resulting in a device area &~ 50 um x 50 um.
Measurements of I—V data were acquired under nitrogen and in
the dark over an applied bias range of £1 V using a commercial
probe station. Control data was acquired with the tungsten electrical
probe tip in direct contact with the H—Si(111) surface.

3. Results and Discussion

The ultrasmooth gold (uSAu) surface required for flip-chip
lamination is formed by first vapor depositing 200 nm of Au
onto a fluorinated release monolayer on a smooth SiO, wafer.
Nanotransfer printing (nTP) is then used to lift off the Au layer
with a PET substrate exposing the uSAu surface (Figure 1a—d).
AFM imaging of this uSAu surface found large uniform terraces
extending several hundreds of nanometers with rms roughness
of ~0.5 nm, as shown in Figure 2a. By comparison, an AFM
image of conventional evaporated Au (=200 nm) is shown in
Figure 2b with 150 nm grains and a peak-to-valley roughness
of 6.5 nm (rms is ~2.5 nm). Thus, using nTP to access the
uSAu on the underside provides a starting electrode substrate
which is a factor of 5 times smoother than conventional vapor-
deposited Au.

High-quality monolayers can be assembled from a variety
of w-functionalized thiols by utilizing thiol-Au self-assembly.
We report here the successful fabrication of Si-molecule-Au
junctions via the lamination of carboxylic acid terminated self-
assembled monolayers (SAMs) of 16-mercaptohexadecanoic
acid (MHA) and 11-mercaptoundecanoic acid (MUA). Infrared
spectroscopy (IRS), spectroscopic ellipsometry (SE), water
contact angle (CA), and X-ray photoelectron spectroscopy (XPS)
were used to characterize the initial SAMs, which are highly
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Figure 2. A 10 um x 10 um AFM topographic image and height profile of (a) ultrasmooth gold surface on a polyethylene terephthalate substrate (Figure
1d), and (b) evaporated gold on a silicon substrate. Black line denotes the region where height profile is performed.

ordered films with the alkane portion in an all-frans chain
conformation and with the terminal COOH group exposed to
the air surface (see Supporting Information). However, in
general, the shorter chain MUA produces less ordered and less
dense films, consistent with the previously reported chain length
dependence of alkane thiol SAMs.>® These dense molecular
films have the terminal functional group exposed to air that can
then be laminated to the ultrasmooth H-terminated Si(111)
surface at room temperature under moderate pressure to create
Si-molecule-Au molecular junctions (Figure le.f). The high-
quality self-assembled monolayer and uSAu surface combined
with the pliable PET substrate are promising to fabricate
reproducible and reliable molecular junctions with conformal
contacts by using nTP.

To evaluate adhesion between the carboxylic acid head group
of the SAMs and the H—Si(111) surface, we have studied the
influence of pressures up to 2 MPa at &30 °C. The pressures
were applied to a freshly H-terminated Si(111) sample in contact
with the carboxylic acid terminated SAM-uSAu substrate for a
typical time of 5 min. We find a critical pressure of ~ 0.5 MPa
is necessary to achieve adhesion/reaction of the carboxylic acid
terminated SAM with the H—Si(111) substrate. In fact, at P <
0.5 MPa, the silicon substrate falls apart from the monolayer-
uSAu/PET when the sample is removed from the imprinter. We
attribute the adhesion to reaction of the acid with the silicon
and is supported by the lack of adhesion at all pressures (up to
2 MPa) for ODT control films and the pb-RAIRS data.
Vibrational spectra of the laminated structures were acquired
after applied pressure in a pb-RAIRS setup, transmitting through
the double-side polished silicon wafer and reflecting off of the
Au electrode.” Peak positions and mode assignments are given
in Table 1. In Figure 3a, the carbonyl region of the MUA
monolayers assembled on uSAu before and after adhesion to
H—Si(111) are compared. Before adhesion (P < 0.5 MPa), the
monolayer presents a single band at 1720 cm™! assigned to
v(C=0) mode in H-bonded carboxylic acid groups which is
commonly observed in alkanoic acid monolayers.®®®" After

(58) Fenter, P.; Eisenberger, P.; Liang, K. S. Phys. Rev. Lett. 1993, 70
(16), 2447-2450.
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Table 1. IR Mode Assignments for Flip-Chip Laminated
uSAu-MHA-Si and uSAu-MUA-Si

MUA MHA
mode frequency frequency reference

v(C=0) H-bonded 1715 cm™' 1720 cm™" 1720 cm™! 60, 63, 66
v(C=0) free 1747 cm™! — 63, 66
v(C=0), v,(0CO) 1627 cm™! - 66

v, (OCO) 1558 cm™! - 63, 66
v(0CO) 1439 cm™! 1430 cm™! 63, 66
(CH,) scissor deformation — 1465 cm™! 60, 63, 66
V,5(S10—C) 1070 cm™! 1070 cm™" 71, 72

Vs (SI0—C) 1107 cm™! 1107 cm™! 71—=74
V,as(SI0—C) 1263 cm™! 1263 cm™! 71

adhesion, at 0.8 MPa, the spectrum contains four bands at 1725,
1627, 1558, and 1439 cm™!. The first band at 1725 cm™' is
assigned to the carbonyl stretching mode. The peaks at 1558
and 1439 cm™! are assigned to v,(OCO) and to vy (OCO),
respectively. The presence of both modes in the IR spectra
indicates the two oxygen atoms are oriented in a tilted
conformation from metal surface selection rules.®® Since only
dipole moments oriented normal to the metal surface are IR
active, the carboxylate group is likely interacting asymmetrically
with the Si surface.”> The frequency difference between
V,(OCO) and v,(OCO), Av, is sensitive to the orientation of

_(a) o(C=0) 0.001[ R (b)DS(OC 0) 0002 |
S v(0OCO) v,(0CO) 1.7 MPa| 5 (C=0)
< ok o <[ 1.7 MP]
Q
o = 8
g SNPNIUORNE g _'g 0.3 MPa|
< e Fresh] @ e Ay e
mﬁw\gﬂ

1400 1500 1600 1700 1800 1400 1500 1600 1700 1800

Wavenumber (cm™) Wavenumber (cm™)
Figure 3. pb-RAIRS spectra of the carbonyl region showing the changes
in the acid head group for pressures up to 2 MPa (a) uSAu-MUA (fresh)
and uSAu-MUA-Si structure; (b) uSAu-MHA (fresh) and uSAu-MHA-
Si. Dashed lines show the deconvolution of the MUA spectra after
adhesion.
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Figure 4. Schematic coordination modes proposed for the interaction of
—COOH groups in the self-assembled monolayers on uSAu/PET after
lamination to H—Si(111) under pressure. (a) Bidentate coordination with
two oxygens interacting asymmetrically with Si, (b) Carboxylic acid group
interacting to H—Si where part of the double bond character of the carbonyl
group is preserved. (c) Bidentate coordination with two oxygens interacting
symmetrically with Si.

O—C—O0 group and, therefore, is useful in identification of the
bonding mode of the carboxylate group. Indeed, the observed
Av value of 2100 cm™' matches the typical values described
for a bidentate carboxylate species.®*“ In intermediate pressure,
0.8 MPa, it is suggested that carboxylate groups are canted
relative to the surface normal interacting asymmetrically with
Si, as shown in Figure 4a. Further, the peak at 1627 cm™!
suggests the presence of a second species where the OCO of
the carbonyl group preserves some double bond character which
may be consistent with weak H-bonding between the C=0 and
the H—Si surface,®® as depicted in Figure 4b. As the pressure
increased to 1.7 MPa, the v(C=0) mode broadens, the peak at
1627 cm™! is no longer observed, and the area of the v,(OCO)
mode increases. Therefore, it is likely that the interaction of
the carboxylate group with the Si is essentially bidentate-like
at 1.7 MPa, as shown in Figure 4a. The large width observed
for the v,(OCO) suggests this peak could also contain CH,
deformation modes which occur near 1465 cm™"'.°*® The strong
v(C=0) band can be fit to two peaks at 1715 and 1747 cm™!
in accordance with H-bonded and free carbonyl stretching
modes.®>®® The band at 1747 cm™' might be due to either
—COOH groups or an ester-like vibration Si—O-(C=0)-R.%
These results are indicative of alteration of the H-bonding
interaction between carboxylic acid groups, as expected for the
formation of Si—O—C bonding. The presence of both v(OCO)
and v(C=0) bands indicates some, but not all, carboxylic acid
groups have reacted forming a chemical bond between the
molecule and Si. The intensity of peaks in pb-RAIRS data is a
function of the number density, orientation, and intrinsic
oscillator strength. If we assume that both the carboxylate and
carboxylic acid species in the MUA spectra have similar upright
orientations and similar transition dipole strengths, then the
relative intensities of the two modes in Figure 3a imply
approximately half of the acid head groups have converted to
a carboxylate at 1.7 MPa.

Figure 3b shows the IR spectra of MHA carbonyl region
before and after adhesion to H—Si (111). After adhesion, the
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carbonyl stretch persists at 1720 cm™! and a second band at

lower frequency ~1430 cm™! is evident and attributable to the
symmetric stretching vibration of the carboxylate functionality
(0C0).% A weak feature located at 1465 cm™' is also
observed which is attributed to a CH, scissor deformation
mode.®® There is no evidence in the MHA spectra of the
V,5(OCO) mode, suggesting that carboxylate oxygens are
oriented parallel to the surface normal, perhaps interacting with
Si in a symmetric bidentate configuration as proposed in Figure
4c. With increasing pressure, the v,(OCO) mode becomes
stronger suggesting an increase in the number of reacted COOH
groups. The broadening of the v(C=O0O) mode due to the
appearance of the 1740 cm™! contribution, also observed in the
MUA spectra, indicates alteration of H-bonding among —COOH
groups during the bonding with silicon, consistent with the
appearance of the 1465 cm™! peak. The evaluation of relative
intensities of MHA carbonyl and carboxylate bands suggests
about half of the carboxylic acid groups have converted to
carboxylate at 1.7 MPa, similar to MUA. However, unlike
MUA, MHA monolayers show a symmetric bidentate coordina-
tion of the oxygen atoms to the Si surface.

The reactivity of the terminal acid with the silicon may be
determined by the original orientation of the reactive group
within the SAM. Previous work has shown the orientation of
terminal species, such as acid groups, is affected by the number
of methylene groups (i.e., odd vs even chain length) for well-
ordered monolayers.®” It has been previously reported that MHA
layers (odd-chain length) typically expose both functionalities
(OH, C=0) to the air surface.®® This configuration would give
preference to a symmetric interaction of the two oxygen atoms
with the H—Si(111) surface in agreement with the pb-RAIRS
data. The shorter MUA monolayers are initially less ordered
than MHA leading to a more heterogeneous COOH orientation.
This results in no clear preference for symmetric or asymmetric
reaction products in agreement with the pb-RAIRS data. The
difference in reactivity of the MUA and MHA acid groups with
the H—Si(111) surface is attributed to the original COOH
presentation to the Si surface as determined by the quality of
the molecular packing.

Figure 5 displays the IR low frequency spectra for monolayers
on uSAu before lamination (a), MHA and MUA after lamination
to H—=Si(111) (b) and (c), respectively, and the transmission
spectrum of SiO, (d). The Brewster’s angle transmission
spectrum of the native oxide surface shows the characteristic
1061 cm™! Si—O—Si TO and 1226 cm™! LO mode.®>" After
Au-monolayer-Si formation, a broad feature appears at ~ 1100
cm™! which can be fit to two peaks at 1070 and 1107 cm™',
shown in the inset of Figure 5. These peaks are consistent with
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previous studies of ethoxy and acetoxy species adsorbed on
silicon which were assigned to Si—O—C modes’"”? supporting
the linkage between the —COOH group and the H—Si surface.
The Si—O—Si TO phonon mode at 1070 cm™! is not expected
to be observed because of surface selection rules. The absence
of the strong Si—O—Si band at 1226 cm™! in the molecular
junction spectra suggests that minimal oxidation takes place
during lamination.”® The spectra also contain a sharp peak at
1263 cm™! which has previously been attributed to a Si-CHj
umbrella mode.”® Lack of methyl vibrations in the pb-RAIRS
data (see Supporting Information) after flip-chip lamination
indicates there is minimal contamination from methyl species.
Previous reports of ester compounds have also identified a
Si—O—C mode in this region, which is consistent with the
acid—silicon interaction.®®”" Along with changes in Si—O and
C—O vibrational spectra, the 2000—2300 cm™' Si—H region
(see Supporting Information) shows broadening of the 2083
cm™! peak resulting from the disruption of H—Si(111) surface
due to —COOH group interaction which compares well with
previous studies of H—Si(111) surface reactivity.”* We obtained
molecular junctions with the organic monolayer chemically
bonded to both electrodes (i.e., Au—S and Si—O—C) which
facilitates the fabrication of reproducible junctions but also will
allow future detailed studies of the role of molecule—electrode
interface on the molecular electronic devices.”

Additional insight into the laminated film quality can be
obtained from the CH spectral region. The inset of Figure 6
shows typical spectra obtained for MHA, MUA, and ODT with
detailed analysis of the peak frequency and fwhm of the
asymmetric —CH,— stretching mode (d™) as a function of
applied pressure shown in Figure 6. The control ODT spectral
fwhm and peak position were nearly constant indicating the all-
trans molecular conformation was unchanged. This is not
unexpected, since pressures tens to hundreds of times greater
are needed to induce irreversible chain tilting in dense
monolayers.”®””

After compression, MHA molecules still retain a high degree
of conformational order with no major structural changes. The
MHA spectra show little change in d~ peak frequency with
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Figure 6. pb-RAIRS of ODT, MHA, and MUA monolayers on the Au-
monolayer-Si structure as a function of applied pressure (a) d~ peak
frequency, (b) d~ fwhm. Vibrational spectra of ODT, MHA, and MUA
before flip-chip lamination are shown in the inset.

applied pressure indicating the all-trans configuration is main-
tained. The d~ fwhm broadens with increasing pressure reflect-
ing a slight increase in disorder upon lamination, perhaps due
to strain during the formation of the acid-Si bonding. The MUA
monolayer, initially less dense and more conformationally
disordered than MHA, orders following lamination to Si as seen
by the frequency values approaching 2919 cm!. Similar
irreversible annealing effects involving the removal of gauche
defects were observed in the vibrational spectra of defective
ODT SAMs on Au after compression (P > 800 MPa).”” The
reorientation of MUA monolayers at much lower pressures is
likely due to a combination of the low molecular density and
interaction with the Si surface providing a second anchor.
Importantly, no soft CH modes near 2825 cm™!, indicative of
Au penetration of the films, are observed (see Supporting
Information), in stark contrast with Au evaporation onto high-
quality alkyl silane films.*

The feasibility and reliability of flip-chip lamination for
electrical device fabrication has been evaluated by performing
electrical measurements on patterned molecular junctions.
Device areas ~ (50 x 50) um? were successfully flip-chip
laminated with a transfer printing yield of 90%, where the
printing yield is determined by visual inspection of the
transferred metal after removal of the PET. However, when
the device area increased >(500 x 500) um?, the printing yield
reduced to 75%. All devices that were successfully flip-chip
laminated were electrically characterized, and the electrical yield
was 100% for 22 devices from 6 independent fabrication runs.
We examined the I—V characteristics for both MUA and MHA
molecular junctions and compared them to a metal-Si control,
as shown in Figure 7. MUA and MHA attenuate the current
compared to the metal-Si control confirming the presence of
the molecules in the junction and indicating the monolayer is
acting as an ultrathin dielectric layer between the Si and Au.
To compare the current density with previous molecular
junctions, the resistance per molecule was estimated assuming
a coverage density of 4 x 10'* molecule/cm?. This yielded a
resistance per molecule of 6.7 x 10° MQ #+ 0.6 x 10 MQ for
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Figure 7. Transition voltage spectra of Si-MHA-uSAu molecular junctions,
Si-MUA-uSAu molecular junctions and control. Arrows indicate forward
and reverse bias minima in MHA and MUA molecular junctions. Insets
show the linear I—V plot for the respective junctions.

MHA and 6.4 x 10° MQ £ 0.5 x 10° MQ for MUA. These
values agree with previous data obtained from aliphatic mono-
layers with two chemisorbed contacts (10°—10° MQ),”® cor-
roborating the chemical reaction between the —COOH group
and H—Si previously described in the IR data and suggests
minimal metal penetration.

Transition voltage spectroscopy has been recently developed
as a tool to experimentally determine the bias necessary for
charge transport to transition from direct tunneling to field
emission in molecular junctions.” The voltage at which this
transition, Vi, occurs is related to the height of the energy
barrier between the electrode and the molecule and is therefore
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molecule and electrode speciﬁc.80 The Vs is identified as the
minima in the Fowler-Nordheim plot (Figure 7), generated from
the I—V measurements. The minima occur at |0.17] + 0.02 V
for MHA and 10.22| £ 0.03 V for MUA molecular junctions
which is consistent with values (0.2 V) previously reported for
similar silicon-alkyl junctions measured in a cross-wire con-
figuration.®' By contrast, the transition from tunneling to field
emission occurs at much higher voltages for monolayers
between metal electrodes, where Vi, was on the order of 1.2
V.7 Observation of such a low transition voltage in Au-SAM-
Si structures is likely due to transport facilitated by a broad
density of states at the silicon interface. In addition, the
asymmetric shape observed for MHA and MUA junctions agrees
with Au-monolayer-Si architecture. Although detailed interpre-
tation of the electrical data is beyond the scope of this
manuscript, these electrical measurements verified electrical
contact to the high-quality monolayers without formation of
metal filaments or monolayer degradation.

4. Conclusions

We have developed a procedure that allows the formation of
dense bifunctional monolayers bonded to both silicon and
ultrasmooth gold electrodes under mild conditions. This ap-
proach offers many advantages over the conventional route of
forming monolayers on silicon and evaporating a top electrode.
First, monolayer formation of bifunctional molecules proceeds
on the ultrasmooth gold surface via self-assembly. This facili-
tates the formation of dense, relatively defect-free films and
allows for significantly greater flexibility in the choice of end
group compared to the less selective direct attachment of
bifunctional molecules to silicon. Additionally, in contrast to
conventional evaporation, this approach allows us to preserve
the integrity of the molecules within the junction since fabrica-
tion occurs through the application of minimal pressure, avoiding
metal filament formation, monolayer degradation, and other
detrimental aspects observed for traditional vapor-phase metal-
lization of molecular layers. Our approach offers many advan-
tages for the electrical measurement of molecules. First, our
approach presents a facile means to reproducibly fabricate many
junctions in parallel with high yield and fidelity allowing
versatility to form devices with different sizes and shapes.
Second, the ultrasmooth gold should allow better conformal
contact between the two electrodes, and finally, the molecules
are chemically bonded to both electrodes, minimizing the
resistivity of mechanical contacts. Moreover, the flexibility of
this approach can easily be extended to a variety of molecules
and electrodes allowing careful study of the electrical properties
of the organic monolayers.
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