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Fabrication of ultra-smooth and oxide-free
molecule-ferromagnetic metal interfaces for
applications in molecular electronics under
ordinary laboratory conditionst

Karuppannan Senthil kumar,? Li Jiang® and Christian A. Nijhuis*®®

Self-assembled monolayers of alkanethiolates on ferromagnetic metal surfaces have potential applications in
molecular spintronics, but the fabrication of such structures is complicated by unwanted oxidation of the
ferromagnetic metal. This paper describes the fabrication of ultra-smooth oxide-free Ni surfaces via
template-stripping which are protected by SAMs of S(CH,),_1CHs that are stable for 1 day in ambient
environment. Our method does not require ultra-high vacuum conditions, glove-box techniques, or (redox)
cleaning of the Ni surface, but can be readily applied under ordinary laboratory conditions. Passivation of
the Si/SiO, template with a layer of FOTS (1H,1H,2H,2H-perfluorooctyltrichlorosilane) reduced the Ni-
template interaction sufficiently enabling successful template-stripping. The Ni"~SAM interfaces were
characterized by X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM). We found
that the surfaces were ultra-flat with a root mean square surface roughness of 0.15 + 0.05 nm over 1.0 x
1.0 pm? and that they were stable against oxidation for 1 day in air at room temperature. These SAMs on Ni
were incorporated in SAM-based tunneling junctions of the form Ni"™-SC,//GaO4/EGaln to study the
tunneling rate across the SAMs. The tunneling rate is highly sensitive to defects in the SAMs or the
presences of oxides. We found that the charge transport properties across these junctions were
indistinguishable from those junctions with formed on Au™ and Ag'™ substrates from which we conclude
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Introduction

Self-assembled monolayers (SAMs) of thiol-functionalized
molecules on ferromagnetic metal (FM) surfaces are inter-
esting for possible applications in molecular,"” and biomolec-
ular-spintronics.®® Such studies are challenging because the
formation of metal oxides has to be minimized to ensure effi-
cient spin-dependent charge transport’™ and thus there is
a need to have easy access to high quality, oxide free, and defect
free FM electrodes. Template-stripping (TS) is a well-known
technique to generate ultra-smooth and clean metal surfaces
on demand.”** Often, a clean and ultra-smooth silicon (Si)
surface with its native layer of SiO, is used as the template onto
which a thin metal film is deposited. Next, a support, e.g.,
a glass surface, is glued against the metal and the support/glue/
metal stack is stripped off the template to expose the metal

“Department of Chemistry, National University of Singapore, 3 Science Drive 3,
Singapore 117543, Singapore

Centre for Advanced 2D Materials and Graphene Research Centre, National University
of Singapore, 6 Science Drive 2, Singapore 117546, Singapore. E-mail: christian.
nijhuis@nus.edu.sg; Tel: +65 6516 2667

f Electronic supplementary information (ESI) available: Experimental details. See
DOI: 10.1039/c6ra27280k

14544 | RSC Adv., 2017, 7, 14544-14551

that our method yields high quality Ni">~SAM interfaces suitable for applications in molecular electronics.

surface that had been in contact with the template when
needed. Since the metal surface was in contact with the
template it is protected from the ambient environment and the
template serves in this regard as a protective barrier which
avoids contamination and oxidation of the metal surface.
Although this method works well for inert metals such as Ag,
Au, Pd, or Pt, reactive metals tend to interact too strongly with
the template preventing successful template-stripping.

Here, we report a method to fabricate ultra-smooth and
oxide free template-stripped nickel (Ni™) surfaces that can be
obtained under ordinary laboratory conditions. This method
makes it possible to strip off Ni from the Si/SiO, template via
passivation of the template with a monolayer with a low surface
energy. We characterized the SAM and Ni"® surfaces with X-ray
photoelectron spectroscopy (XPS) to confirm successful fabri-
cation of oxide free FM-SAM interfaces. Our method does not
rely on any ultra-high vacuum (UHV) environments and/or
electrochemical reduction/cleaning processes."*™® Prior to
template-stripping, the Ni substrates can be stored in ambient
conditions for a period of time of 4-6 months. To demonstrate
their usefulness, we prepared good quality molecular tunneling
junctions of the form Ni"®-SC,,//GaO,/EGaln, where, the SC, is
a SAM of n-alkanethiolates of the form of S(CH,),_;CH; with

This journal is © The Royal Society of Chemistry 2017
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n = 10-18. The GaO,/EGaln top-electrodes have been well-
characterized and EGaln stands for eutectic mixture of Ga and
In (mp = 15.7 °C) which has a self-limiting surface layer of
conductive, 0.7 nm thick GaO, (predominantly consisting of
Ga,0;)."”"® The electrical properties of the tunnel junctions are
given by eqn (1), in which tunneling processes are characterized
by the exponential decay of the current density J (in A cm™?) as
a function of the tunneling distance d (in nm).

J=Joye ? (1)

where the § (nC™') is the tunneling decay coefficient and
Jo (A cm™?) is the pre-exponential factor for a predefined applied
bias.’*** The results show that the SAMs form good quality
tunneling barriers on Ni'® with § = 1.01 £+ 0.03 nC™" and
logio|Jo| = 2.3 £ 0.2 A em™?; these values are well within the
range of consensus values.>*** These junctions also show good
yields (>90%) in non-shorting junctions and high precision of
data with log-standard deviations of 0.3-0.5 similar to junctions
with Ag or Au bottom electrodes.’>?

The self-assembly of alkyl/aryl thiols on FM surfaces, such as
nickel (Ni),*'*1¢2* cobalt (Co),'***?**** and iron (Fe),"* are chal-
lenging due to the presence of the native oxide which hampers
the formation of the metal-thiolate bonds. Therefore, SAMs are
immobilized on FM surfaces via this native oxide layer using
carboxylate, phosphonate, or silane, anchoring groups.*** The
presence of a native oxide layer, however, often forms an anti-
ferromagnetic (AFM) passivation layer which hinders the re-
orientation of ferromagnetic moment of the FM layer by
exchange coupling lowering the performance of, for example,
spin valves.?>**> Thus, to develop fabrication methods to obtain
oxide free molecular-FM interfaces are important for molecular
spintronics.

Fabrication methods based on highly controlled ultra-high
vacuum (UHV) environments or in situ electrochemical control
are available.****¢ Most electrochemical techniques are based
on a two-step procedure involving removal of the native oxide by
electrochemical reduction, followed by immediate substrate
immersion in alkanethiol containing ethanolic solutions.
During transfer of the oxide free Ni surface, metal-oxides can
form as the substrates are exposed to air. For example, Bengio
et al** reported the fabrication of n-alkanethiolate SAMs on
Ni(111) and polycrystalline Ni surfaces by the electrochemical
reduction method in which the electrochemical reduction was
performed under either acidic or basic aqueous conditions,
while the SAM formation was carried out either in situ or by
pulling the substrate through a top layer of neat thiol. Instead of
using two separate steps and acidic or basic aqueous electrolyte,
Fontanesi et al.** performed electrochemical removal of the
oxide layer with the thiol precursor present in the electrolyte
(1:0.8, ethanol:water) and reported good quality SAMs.
Hoertz et al.** used three different methods for SAM formation
on Ni, Co and Fe substrates, (i) glovebox techniques (freshly
evaporated metal transfer to a solution of the SAM precursor
without exposure to air), (ii) electrochemical reduction inside
a glovebox (oxide removal by electrochemical reduction and
SAM formation carried out inside the glovebox), and (iii)
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deposition of metal via direct metal evaporation followed by
a brief exposure in air before immersion into a solution with the
SAM precursor. The stability of hexadecanethiolate SAM
prepared by method (i) and (ii) on FMs was examined by XPS,
the sulfur atom oxidized to a S=O containing species (e.g,
sulfonate, sulfinate, sulfone) within 2 hours of exposure to the
ambient atmosphere confirmed by the appearance of S 2p peak
at ~169 eV. After five days of exposure the sample contained
predominantly oxidized sulfur atoms. The oxidation of Ni
surfaces slows down by the presence of SAMs under atmo-
spheric conditions. Hoertz et al.** reported, alkanethiolate SAM
on Ni surface slowed down the formation of the Ni oxide by 1-2
hours using X-ray photoelectron spectroscopy (XPS). As a group,
these studies show that storing of FM surfaces is challenging.

Defects in molecular tunneling junctions, such as pinholes,
need to be minimized to ensure good quality tunnelling junc-
tions and therefore the surface roughness of the FM surface
needs to be kept at a minimum.*~** Substrates used for prepa-
ration of SAMs on Ni by electrochemical methods have typically
a root mean square (rms) surface roughness of 2.5 nm over an
area of 2 x 2 um” which is much higher than the molecular
dimensions of the SAMs they support.** In addition, electro-
chemical etching increases the rms surface roughness of, for
example, Ni and Co, by about ~40%."* Although the roughness
is usually reported in terms of rms surface roughness, the
topography can also be more comprehensively analyzed to
include, grain size, width of the grain boundary, presence of
pinholes, and whether the grains are located in the same plane
or not. The so-called bearing volume (BV, nm?) of the surface
topography includes all of these parameters but a BV analysis
has been only occasionally reported.™ In this context, TS seems
to be an attractive choice to generate FM surfaces because TS
produces ultra-flat surfaces, the template provides protection
from the atmosphere, and clean metal surfaces are available on
demand, and therefore we developed a TS procedure to generate
flat and clean Ni surfaces on-demand.

Experimental details

We purchased nickel (Ni) with purity of 99.999% from Super
Conductor Material, Inc (USA) and silicon wafers (100, p-type,
500 + 25 um) with one side polished from University Wafers
(USA). The 1H,1H,2H,2H-perfluorooctyltrichlorosilane (FOTS)
and alkanethiols SC, (with n = 10, 12, 14, 16 and 18) were
purchased from Sigma-Aldrich with a purity of 98%. We puri-
fied the alkanethiols before use as reported previously.*® The n-
alkanethiol with n = 6 was purified by distillation under
vacuum. The n-alkanethiols with n = 10, 12, 14, 16 and 18 were
purified by column chromatography over silica gel with hexane
as an eluent and then recrystallised from ethanol under an
atmosphere of N, followed by quick filtration. The gallium-
indium eutectic (75.5% Ga and 24.5% In by weight) was
purchased from Sigma-Aldrich. The solvents were AR grade.

Fabrication of Ni'> substrate

300 nm Ni was evaporated on 1H,1H,2H,2H-perfluorooctyltri-
chlorosilane (FOTS) functionalized Si({100)) substrate by
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e-beam evaporation. Before Ni evaporation, the silicon
substrate was exposed in FOTS for 30 min at 1 mbar in vacuum
desiccators. 300 nm layer of Ni was evaporated at a rate of 0.1 A
s~' monitored by a quartz crystal thickness controller. We
cleaned the glass slides by ultra-sonication in ethanol solution,
followed by washing with ethanol, the slides were blown to
dryness in a stream on N, gas. Before we glued the glass on the
nickel surfaces with optical adhesive (Norland, No. 61), the glass
slides were cleaned by a plasma of air for 5 min at a pressure of 5
mbar. The optical adhesive was cured for 2 hours under UV-
light irradiation following previously reported methods.>* In
order to prevent nickel oxidation template stripping was carried
out in a N, flow hood.

Formation of SAMs on Ni™>

The SAMs of alkanethiolates (SC,, with n = 10, 12, 14, 16 and 18)
were prepared by immersing freshly template-stripped Ni™ from
the silicon wafer inside the N, flow hood into 3 mM ethanolic
solutions of the alkanethiolate molecule. The SAMs were formed
overnight under a N, atmosphere (Fig. 1) using previously re-
ported methods.** Then the SAM-modified substrates were
rinsed with ethanol and blown to dryness in a stream of N, gas.

Monolayer characterization

The surface chemical composition of the SAMs chemisorbed on
Ni"® substrate was characterized by XPS using well-established
procedures.** The photoemission spectra were measured using
VG ESCA lab-220i XL XPS. The system was equipped with
a monochromatic Al Ko X-ray source with a photon energy of
1486.6 eV at 15 kV. The high resolution spectra were collected at
a pass energy of 20 eV, with 0.1 eV steps, at a 45° take-off angle.
The binding energies were corrected against the C 1s energy of
285.0 eV. The collected XPS high resolution spectra were ana-
lysed using XPS Peak fit 4.1 software using Voigt functions (30%
Lorentzian and a 70% Gaussian). The background from each
spectrum was subtracted using Shirley-type back grounds to
remove most of the extrinsic loss structure. The SAM thickness
and tilt angle were measured using angle resolved photoelectron
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Fig. 1 Schematic illustration of the fabrication process of template-
stripped Ni (Ni™) coated with a SAM. (A) On a clean Si/SiO, surface (B)
FOTS was deposited followed by (C) deposition of 300 nm Ni. (D) Glass
supports were glued on the Ni surface using photocurable optical
adhesive. (E) After curing of the adhesive, the metal film around the
glass support was cut out using a razor blade. Next, the nickel film, with
its glass support, was lifted off to expose an ultra-flat Ni film (inside of
a N, flow hood). (F) The Ni™ surface was then immediately transferred
into a solution of n-alkanethiolates.

14546 | RSC Adv., 2017, 7, 14544-14551

View Article Online

Paper

spectroscopy (AR-XPS). We used synchrotron-based photoelec-
tron spectroscopy to perform the angle resolved XPS measure-
ments at the SINS (Surface, Interface and Nanostructure
Science) beamline of Singapore Synchrotron Light Source
(SSLS). The measurements were carried out at room temperature
under ultra-high vacuum with a base pressure of 10~ '° mbar.
We recorded S 2p spectra at different angles of from 0° to 90° to
measure surface coverage and tilt angle of SAMs on Ni"® surface.

Ultraviolet photoelectron spectroscopy (UPS)

We determined the work function of the Ni"™ surfaces with and
without SAMs with UPS at the SINS beam-line.** The top of the
valence band and work function ¢ values were determined by
linear extrapolation of the lower binding energy side of the
HOMO peak and secondary electron cut-off to the base line.

Atomic force microscopy (AFM)

AFM images were performed in the tapping mode, using Bruker
dimension Fastscan (FASTSCAN-A, resonant frequency: 1.4
MHz, force constant: 18 N m™'). We used nanoscope analysis
(version 1.4) software to analyse the AFM images.

Junction fabrication and data collection

The junction fabrication and data collection has been reported
before.** Here, we give only a brief description. We used cone-
shaped EGaln tips to approach the Ni-SAM substrates and
form a junction with a diameter of 20-30 pm. For each SAM, we
fabricated junctions on four to five different samples and
collected five to six junctions on each sample. For each junction,
we first carried out 5 scans to stabilize the junction and then
collected 20 traces (except for shorts), which were all used for
data analysis. We defined a short when the value of J exceeded
10%> A cm™ 2 (the compliance value of J of our instrument) during
scanning (including the first 5 scans). The yield of non-shorting
junctions is defined as the number of stable junctions divided
by the total number of junctions. We followed the procedure for
statistical analysis of the junction data as reported before.”
Briefly, we plotted the value of log,,|J| at a given bias voltage in
histograms and fitted Gaussians to these histograms to obtain
the log-standard deviation and log-mean of the value of J. We
used this procedure for all the applied biases to construct the
log-average J(V) curves.

Results and discussion

Fabrication of Ni'> substrates

Fig. 1 shows schematically the procedure for the preparation the
Ni™ substrates and formation of alkanethiolate SAMs of
S(CH,),_;CH; (in short SC,) on these Ni™ surfaces. As a
template, we tried to use a Si wafer with its native SiO, layer
(Si/SiO,) or an oxide free Si template. We found that the nickel
cannot be stripped off successfully because Ni interacted too
strongly with these templates. To be able to peel off the nickel
layer from the template, the Ni-template interaction has to be
minimized. Besides, physisorbed and/or chemisorbed water on
the template plays a role in the formation of nickel oxides.* To

This journal is © The Royal Society of Chemistry 2017
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minimize the formation of NiO bonds with the SiO, surface and
to increase the hydrophobicity of the template, we formed
a monolayer of 1H,1H,2H,2H-perfluorooctyltrichlorosilane
(FOTS) on the Si/SiO, template via gas phase deposition for
30 min at 5 x 10~ > mbar in a vacuum desiccator (Fig. 1B). We
found that this approach effectively reduced the Ni-template
interaction enabling us to obtain Ni™® in high yields. On the
Si/Si0,-FOTS template a layer of 300 nm thick Ni was deposited
(Fig. 1C). Next, glass substrates (1 x 1 cm?®) were glued against
the Ni layer using an epoxy glue (Norland No. 61) which was
cured under UV-light irradiation following previously reported
procedures (Fig. 1D).>*** Finally, we stripped of the glass/AO/Ni
stacks from the Si/SiO,-FOTS template in a N, flow hood to
yield oxide-free Ni'® surfaces that had been in contact with the
template (Fig. 1E). These freshly prepared Ni'® surfaces were
immersed immediately (within a few seconds) into ethanolic
solutions of HSC,, to form SAMs overnight under a N, atmo-
sphere (Fig. 1F). The samples were washed with ethanol and
then dried in a stream of N,.

Topography of the Ni™ surface

We characterized the topography of the Ni™ surfaces with
tapping mode AFM and compared the results against Ni
surfaces obtained by direct evaporation of Ni on Si/SiO, via e-
beam evaporation (Ni’F). Fig. 2 shows the AFM images of an
as-deposited nickel surface Ni®* (300 nm) on SiO,/Si and Ni">.
As expected, the rms surface roughness of the Ni'® surfaces of
0.15 4 0.05 nm over 1.0 x 1.0 um” are substantially smaller
than those of Ni"® surfaces of 2.0 & 0.1 nm measured over the
same area. However, the topography contains more information
rather than the surface roughness, such as the size of grains, the
width of the grain boundaries, or the presence of pinholes.
Based on previous studies, we found that exposed surface grain
boundaries are the major source of defects in SAM-based
tunneling junctions.”**>*” The exposed grain boundary area
depends on the rms surface roughness (which essentially tells
us whether the grains are in the same plain), grain boundary
width, and size of the grains. For instance, a surface with large
grains and small grain boundary widths has a smaller surface
fraction of exposed grain boundaries than a surface with small
grains and large grain boundary widths. Therefore, we used the
bearing volume (BV), as defined in eqn (2), to determine the
quality of metal surfaces

BV = Ny X Agp X rms (2)

-5.0nm

200nm

Fig. 2 Atomic force microscopy (AFM) image of (A) as deposited Ni°®
(300 nm) on SiO,/Si-substrate and (B) Ni™.
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where Ny, is the relative number of grains normalized by the
largest grain size (where the value of N, is 1 for the surfaces
with the largest grain size and the values of N, for other
surfaces are the ratios of the AG/AX™"), Ay, is the area of
grain boundaries, and rms is the root mean square surface
roughness (see ESIt and ref. 39 for the details). Generally, low
BV values indicate smooth surfaces with a small fraction of
exposed grain boundaries, while high BV values imply defective
surfaces with a large surface fraction of exposed grain bound-
aries. The BV value of Ni"® surface is around 2 x 10> nm® and
that of Ni"® is one order of magnitude higher (2 x 10° nm?),
which indicates the quality of Ni"® is better than that of Ni"®
surface. The BV value of Ni™ surface is similar to the high
quality Au™ and Ag™ surfaces reported before which have
been used successfully to fabricate high quality SAM-based

junctions.®**

XPS characterization of Ni™ and Ni"™-SAM

We measured XPS spectra of F 1s to determine whether the Ni™
surface contains any residues of the FOTS passivation layer. It is
well-known that the C-F bond is prone to radiation damage,***
therefore we recorded the high resolution F 1s spectra before
the survey scans and the other XPS measurements. Fig. S17
shows the F 1s spectrum and that no F 1s signal could detected
which confirms that the Ni"™ surface is clean and does not
contain residues (within the detection limit of our XPS) of the
FOTS anti-sticking layer. We further analyzed the Ni™® and Ni"5-
SAM surfaces by XPS to verify the chemical composition of the
system with the specific aim to establish whether nickel oxide
(NiO) formation was successfully prevented. Fig. 3 shows the
oxygen (O 1s), nickel (Ni 2p), sulfur (S 2p), and carbon (C 1s),
spectra of the Ni'® and Ni"™-SAM surfaces and the corre-
sponding binding energies are summarized in Table 1. No clear
signals were observed in the O 1s spectra (Fig. 3A) obtained
from the Ni™-SAM substrates which confirm that no oxides

Counts

Satellite feak .
. Ni2p,,

536 534 532 530 528 526 524 80 865 860 855 850 845
Binding energy (eV) Binding energy (eV)
D

C-S and Physisorbed
C-C,C-0

Counts
Counts

Physisorbed C-C, C-O

i A s incad s et e S
188 166 164 162 160 188 287 286 285 284 283
Binding energy (eV) Binding energy (eV)

Fig. 3 XPS spectra of (A) O 1s, (B) Ni 2p, (C) S 2p and (D) C 1s of the (@)
bare Ni™, (¥) Ni™-Cg and (A) Ni"®-Cy, substrates.
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Table 1 Measured binding energies of the major core lines of SAMs on Ni' under atmospheric conditions at different time intervals

Sample C 1s (eV) O 1s (eV) Ni 2p® (eV) S 2p (eV) F 1s (eV)
Ni'S 285.0 529.5, 531.6 854.4, 860.0 — —
Ni™-Cq 284.4 — 853.9, 860.3 162.0, 163.2 —
Ni™-Cy, 284.5, 284.8 — 853.9, 860.3 161.4, 162.6 —
Ni™-Cy, (24 h) 284.5,284.8 — 854.0, 860.3 161.3, 162.4 —
Ni™-Cy, (48 h) 284.5,284.9 529.8, 530.8 854.3, 860.2 163.65 —

“ Binding energy of Ni 2p;/,.

were present. In contrast, the bare Ni'® substrates clearly show
an O 1s signal at 529.5 eV corresponding to NiO. The O 1s
spectra are in agreement with the Ni 2p;/, spectra (Fig. 3B)
which show that the overlapping metal-oxide (Ni-O) at 854.4 eV
is absent for the Ni"™>-SAM samples and only a Ni-S peak at
853.9 eV can be observed. From these spectra we conclude, that
within the detection limits of XPS, that a SAM on oxide free Ni™
can be formed. We note, however, that the satellite peak in
Fig. 3B is not completely symmetrical which could be caused by
a small amount of nickel oxides.

To confirm the presence of the SAM, we measured the S 2p
and C 1s spectra for from the Ni">-SAM substrates. The S 2p
spectrum is dominated by a doublet with the main component
at 161.4 eV (2p3/,) and the minor component at 162.6 eV (2p;3)-
These values are typical for metal-thiolates and these data
confirm the presence of the SAM. The C 1s spectra are domi-
nated by a peak at 284.6 eV which is associate with the alkyl
chain of the SAM. The weak signal at 285.0 eV for bare Ni'® is
due to physisorbed carbon contaminants on the Ni'™® surface.
Although the SCs SAM was dominated by one peak, the SCi,4
SAM sample had an additional weak signal due to carbon
contamination which likely physisorbed during transfer into
the XPS chamber. From these data we conclude that both SAMs
effectively prevented the formation of nickel-oxides.

Monolayer thickness, tilt angle- and work function of Ni"5-
SAM

We used angle resolved XPS to determine the SAM thickness,
dsam in nm, on the Ni™ following previously reported proce-
dures.® We recorded S 2p spectra at five different angles
ranging from 20° to 90° (Fig. 4A; see ESIT). The value of dga for

6=90°

A,

YA

Counts
Intensity

6=60°
RN R
0=20°

165 164 163 162 161 160
Binding energy (eV)

UL PRILI S B i e e
159 3.8 3.9 40 4.1 424344454647 48
Kinetic energy (eV)

Fig. 4 (A) XPS of S 2p as a function of the take-off angle of Cy4 NiTs-
SAM and (B) UPS spectra of bare Ni'® and a SCi4 SAM coated Ni'>.
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the SC;;, SAMs is 1.74 £ 0.2 nm in agreement with previous
reports considering a molecular length of 2.17 nm (estimated by
CPK model) and a tilt angle with respect to the surface normal
of 36 + 9°.133%3¢

We determined the work function @ of the Ni"™>-SAM and
a freshly prepare native Ni"® substrate by ultraviolet photo-
emission spectroscopy (UPS). We found that the adsorbed
monolayer caused a lowering of & with respect to the bare Ni™
surface of 0.3 eV (Fig. 4B) resulting in a similar value of @ as of
alkanethiolate SAMs on gold and silver likely due to Fermi-level
pinning caused by the Ni-S bond.**"*

Stability of Si-FOTS/Ni and Ni"™>-SAM

In principle, since the Ni is in contact with the template, nickel
oxides cannot form. Hence, prior to template-stripping the Ni
surfaces can be stored for months without forming NiO. To test
this hypothesis, we measured XPS spectra of O 1s (Fig. 5) from
a Ni"-SAM surface that was stripped off the Si-FOTS/Ni
template after aging of the Si-FOTS/Ni stack for six to eight
months in ambient conditions. The O 1s peak was not observed
for Ni"™-SAM prepared on Si-FOTS/Ni aged up to six months.
The Ni"™-SAM formed on an 8 month old surface showed an O
1s peak at 529.5 eV which could be due to physisorbed C-O
contaminations or NiO. From this observation, in line with
observations made by others for Ag™ surfaces,* we conclude
that the Ni surfaces can be stored for prolonged periods of time
and can be stripped of the template on demand to yield oxide
free surfaces in ordinary laboratory conditions.

(2]

N

a ‘W '

3 [ W
%ﬂ.ﬁmm W) pléA }g“m

536 534 532 530 528 526 524

Binding energy (eV)

Fig. 5 XPS spectra of O 1s of Ni"™>~SAM substrate with the Ni'
template stripped after storing for (A) one month, (¥) 6 months and
(@) 8 months of the Si—-FOTS/Ni stack.
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The stability of the Ni'>~-SAM surface upon exposure to
atmospheric conditions is important to know and so we followed
the rate of oxide formation on the Ni"*~-SAM over a period of
time of 2 days under atmospheric conditions. Fig. 6A shows that
after 1 h or 1 day of aging no noticeable amounts of oxides were
formed. The ratio of the S 2p peak at 162.6 eV and 161.4 eV is
~2 : 1 for Ni">-SAM surface exposed in ambient conditions for 1
hour before transfer into the XPS chamber, the observed ratio is
consistent with a metal-bound thiolate species (Fig. 6C). Aging
for 2 days, however, caused significant degradation of the
sample. The O 1s spectrum showed a peak at 529.8 eV and
530.8 eV corresponding to carbon contamination and Ni-O
indicating that Ni surface started to oxidize and the typical
signature of a metal-thiolate bond disappeared. We note that the
carbon contamination increased with time as is evident from the
decrease in the ratio of the two C 1s signals at 284 (C from the
SAM) and 285 eV (C from contamination) from 2.4 to 1.1. These
results show that the Ni"S-SAM surfaces are stable for 1 day.

Charge transport studies

To prove that the Ni™ surfaces are suitable for applications in
molecular electronics, we formed molecular junctions by con-
tacting the Ni">-SAM with cone-shaped EGaln top-electrodes
using well-established procedures.** Fig. 7A shows the Ni™>-
SC,//GaO,/EGaln junction schematically. To determine § of the
Ni"™-SAM junctions, we prepared SAMs of SC, (with n = 10, 12,
14, 16 and 18) immobilized on Ni™ bottom-electrodes (see ESTt
and Table 2). We measured the electrical properties of the Ni*>-
SAM junctions as a function of n (see Experimental section for
details) following previously reported procedures.*

Fig. 7B shows the log-average J(V) curves for each type of
junction. We determined the value of @ by fitting the data of
log|J| vs. n at —0.5 V (Fig. 7C) to the general tunneling equation

H,0, C-0

= Metal Ni, Ni-S /vil
; HI ;Ni-O
Satellite peak :
o ™o 0 ‘o'. 0
Aol
ORI &:

Ni2p,,

Counts
Counts

506 524 870 865 860 855 850 845
Binding energy (eV)

-
7 -

C-Sand
Physisorbed C-C,
C-0

532 530 528
Binding energy (eV)

T
536 534

Counts

c-C

160 188 287 286 285 284 283
Binding energy (eV)
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Binding energy (eV)

Fig.6 XPS spectraof O 1s (A), Ni2p (B), S 2p (C) and C 1s (D) after aging
in ambient conditions of (M) Ni">-Cy4 (1 h), (@) Ni'™>-Cy4 (1 day) and
(A) Ni"™-Cy4 (2 days).
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(eqn (1)). The obtained values of 8 = 1.01 4+ 0.03 nC™" and
logio|Jo| = 2.3 + 0.2 A cm™? are similar to those values obtained
from junctions Au™ or Ag™ bottom-electrodes.’>*® These
results indicate that the dominant mechanism of charge
transport  across our junctions is  through-bond
tunneling,®>*”**** where the current flows through the back-
bone of the alkyl chains of the SAMs. This explains why the
values of J of a given molecular length of the SAM are inde-
pendent of the molecular tilt angles «. In other words, the
values of J across junctions with alkanethiolate SAMs on Ni"® («
= ~39° £ 9°) are the same as those with SAMs on Ag"™ (a =
~10°) or Au™ (& = ~30°) substrates.®> These results indicate
that the overall mechanism of charge transport is dominated by
through-bond tunneling, and not through space, which is
plausible since through-bond tunneling (8 = 0.8 A™*) is much
more efficient than through space tunnelling (8 = 2.9 A~1).2°
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Table 2 Statistical analysis of J(V) measurements of Ni™>—SAM//GaO,/
EGaln junctions

No. of total No. of No. of

SAMs junctions shorts® Yield? stable trace Olog”
C1oSH 17 2 88 375 0.44
C,SH 17 0 100 425 0.45
C.SH 17 1 94 400 0.50
C16SH 14 1 93 325 0.34
Cy3SH 18 2 89 400 0.47
Total 83 6 92 1925 —

% A short junction was defined when the value of J exceeded the
compliance value of J of our instrument (100 mA) during data
collection. ® The yield is defined as the number of non-shorting
junctions divided by the total number of junctions. © The gy, is log-
standard deviation obtained from Gaussian fitting.

Our previous studies showed that the value of § decreased from
1.0 nC™" to 0.4 nC~" with increasing value of BV from ~10° nm*
to 107 nm?>.* Thus, here the low BV of the Ni™ surfaces (~2 x
10°> nm?®) ensured high quality junctions where the SAMs are
good tunneling barriers. These junctions have an average yield
of non-shorting junctions of 92% and good precision of data
with log-standard deviations around 0.3-0.5, similar to the
same junctions but with Au™ and Ag™ electrodes.

Conclusions

We report a procedure for direct self-assembly of n-alka-
nethiolate SAMs on oxide-free (within the detection limits of our
XPS system) Ni'® substrates without using UHV, glove box, or
electrochemical reduction methods. The topography of the Ni"™
surface was determined by AFM and showed that the surfaces
were ultra-flat and that the amount of exposed grain boundaries
was small. We also showed these surfaces support densely
packed SAMs of n-alkanethiolates which, in turn, stabilized the
Ni™ surface against oxidation in ambient conditions for 1 day.
To demonstrate potential applications in molecular electronics,
we incorporated the Ni™ surface in Ni"-SAM//GaO,/EGaln
junctions and measured the J(V) characteristics. These
measurements showed that the SAMs formed high quality
tunnelling barriers and the junctions did not suffer from pin
holes, with a high yield of non-shorting junctions with good
reproducibility. Currently, we are investigating the Ni'® surfaces
in tunnelling junctions with magnetically active monolayers.
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