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Abstract

CT-AFM (Conductive Tip AFM) is commonly used for electrical characterization of organic and

inorganic surface systems. Understanding electron transfer at the molecular level may lead to the

development  of molecular  assemblies  with unique  properties  and  is  of  great  importance  for  the

advancement of both organic, molecular and bio-electronics. In this work we follow an approach

to  the  study  of  Metal-molecule-Metal  surface  junctions  that  uses  a  combination  of  different

AFM-based  techniques.  We  first  use  nanografting  to  build  nanopatches  of  the  molecules  of

interest into a hosting  reference self  assembled monolayer  (SAM) typically  made of alkane and

aromatic  thiols.  After  the  tip  is  changed  to  a  conductive  one,  CT-AFM  is  used  to  characterize

electrically  the  whole  system  recording,  at  the  same time,  the  system topography.  Some  of  the

advantages  of  this  approach  are  the  possibility  to  build  and  study  a  wide  range  of  different

monolayers  side-by-side  on  the  same  sample  and  the  in-situ  control  of  the  quality  both  of  the

hosting  monolayer  and  that  of  the  grafted  patches.  Results  will  be  presented  on  saturated  and

unsaturated  thiols  self-assembled  and  nanografted  on  Au(111)  surfaces.  We  will  also  show  a

clear  correlation  between  the  contrast  in  current  images  and  the  quality  of  molecular  packing

inside the nanopatches.
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1

Introduction

Introduction

Self-Assembled  Monolayers  (SAMs)  are  organic thin  films  grown on  different  substrates  using

molecules with an active head group that has high vertical affinity to the surface but high lateral

mobility  that  allows  the  lateral  packing  of  the  molecules  to  be stabilized  by  intermolecular  van

der Waals forces. Many SAMs on different surfaces have been prepared and investigated, among

which  monolayers  of  alkanethiol  radicals  on  gold  are  probably  the  most  intensively  studied  to

date.[1] [2-3]

Proved  and  potential  applications  of  SAMs  include  their  use  as  resist  to  protect  underlying

substrates from etching or corrosion;[4] as coating agent to prevent aggregation of nanoparticles;

[5]  as  well-defined,  controllable,  mask for  lithographic  techniques  with  nanometer  scale resolu-

tion;[6]  to  modify  the  wettability  and  other  surface  properties;[7-8]  as  building  blocks  for

fabricating  surface-bound  architectures,  such  as  biosensors,[9]  nanoelectronic  devices[10]  and,

finally, as substrates for crystallization.[11]

Many spectroscopic and microscopic techniques have been applied to studying SAMs, including

X-ray  photoelectron  spectroscopy,[12]  infrared  spectroscopy,[13]  high-resolution  electron

energy  loss  spectroscopy,[14]  near-edge  X-ray  adsorption  fine  structure  spectroscopy,[15]  low

energy  electron  diffraction,[16]  mass  spectroscopy,[17]  electrochemistry,[18]  NMR  spectros-

copy,[19]  helium  scattering[20]  and  scanning  probe  miscroscopy.[21]  These  methods,  with

various  viewing  angles,  can  explore into the structures,  growth  kinetics,  and  chemical reactions

of SAMs from the macroscopic scale down to the molecular level.
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Many spectroscopic and microscopic techniques have been applied to studying SAMs, including

X-ray  photoelectron  spectroscopy,[12]  infrared  spectroscopy,[13]  high-resolution  electron

energy  loss  spectroscopy,[14]  near-edge  X-ray  adsorption  fine  structure  spectroscopy,[15]  low

energy  electron  diffraction,[16]  mass  spectroscopy,[17]  electrochemistry,[18]  NMR  spectros-

copy,[19]  helium  scattering[20]  and  scanning  probe  miscroscopy.[21]  These  methods,  with

various  viewing  angles,  can  explore into the structures,  growth  kinetics,  and  chemical reactions

of SAMs from the macroscopic scale down to the molecular level.

Standing  out  from  the  many  techniques  mentioned  above,  scanning  probe  microscopy  (SPM),

including scanning tunneling microscopy (STM) and atomic force microscopy (AFM), has been

one of the most popular methods to characterize SAMs. The strength of SPM is its capability of

imaging and manipulating  surface structures  at nanometer  scale or even at the atomic/molecular

scale  in-situ.  STM,  probing  into  the  local  density  of  states  on  the  sample  surface,[22]  usually

offers better spatial  resolution than AFM because interaction  (the tunneling current) is localized

at the outmost atom of the tip and, moreover, because the strong dependency of tunneling current

versus  tip/sample distance.  However,  AFM can explore  into many  force-related  properties  such

long  range  electrostatic  and  magnetic  forces  exerted  by  the  surface,[23]  short-range  adhesive

forces,[24]  elasticity  and  plasticity,[25]  charge  transport,[26]  polarizability[27]  and  thermal

characterization and stimulation[28] are only some of the possible branch of application of AFM

on surfaces. Besides, AFM does not require conductive samples, which results in its flexibility of

examining various samples in different environments.

It  is  worth  noting  that  when  the  AFM  tip  is  coated  with  metal  thin  film  and  can  measure  the

tunneling  current  through  the  tip-sample  gap,  AFM  is  called  conductive-tip  AFM  (CT-AFM).

Unlike STM, in which tunneling current is used as the feedback signal to control the movement

of the piezo, CP-AFM is still an AFM based technique because the force between the sample and

the tip (i.e. the cantilever  deflection)  is detected during scanning and used in the feedback loop.

That  means the measured  signal  (current  in CT-AFM) and the feedback signal  are, in this case,

independent.

Understanding  charge  transport  at  the  molecular  level  is  of  crucial  importance  for  developing

molecular  assemblies  with  uncommon  properties  for  novel  applications,  such  as  molecular

electronic  devices  and  sensors.[22,29-30]  Precise  measurements  of  the  charge  transport  and

tunneling at the contacts  and through the molecules are likely to provide crucial  insight into the

electronic  couplings  within  and  between  molecules  and  with  the  interface[30].  While,  after

Ratner’s  pioneering  work  in  1974,[31]  this  field  has  made  steady progress,  the  direct  measure-

ment  of  the  electrical  characteristics  of  individual  molecules  is  still  very  problematic.[32]  The

possible applications  that this work  may have in the field  of drug  detection and  health care are,

however, strongly pushing for progress in molecular electronics studies.
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Ratner’s  pioneering  work  in  1974,[31]  this  field  has  made  steady progress,  the  direct  measure-

ment  of  the  electrical  characteristics  of  individual  molecules  is  still  very  problematic.[32]  The

possible applications  that this work  may have in the field  of drug  detection and  health care are,

however, strongly pushing for progress in molecular electronics studies.

One of the basic questions that has remained open is about the mechanism through which charge

is transported  through molecules.  Although the charge transport mechanism may be very differ-

ent from the well-established ones for metals and semiconductors,[33] experimentally measuring

the “conductance”  of  molecules  follows  the well  established  procedure,  in which the  molecules

are  bridged  between  two  electrodes,  and  then  a  bias  is  added  to  the  electrodes  and  the  current

passing  through  the  junction  is  measured.[34]  Strategies  for  fabricating  M-m-M  junctions

include assembling of molecules into metal-capped nanopores[35-36] or between a semiconduc-

tor surface and a mercury drop.[37-38] Also, mechanically controlled break junctions[39-41] and

nanofabricated  electrodes[42]  or  crossed  wires[43]  have  been  used.  Of  particular  interest  is  the

use  of  the  metallic  tip  of  a  scanning  probe  microscope  to  form and  characterize  M-m-M  junc-

tions.[26,44-46]

All the methods can be classified into two categories. The first is for measuring single molecule

conductivity,[40,47][44]  while  the  second  is  aiming  at  measuring  conductance  of  molecular

assemblies,[33-34]  typically  the  small  number  of  molecules  within  the  contact  region  of  two

electrodes.  In  single-molecule  conductivity  measurement,  inserting  and  confirming  the  only

molecule  between  the  two  electrodes  has  been,  and  perhaps  still  is,  a  huge  challenge  to  the

scientists.[40,47-48]  Besides,  there  has  been  evidence  that  the  molecular  conformation  can

dramatically  affect  on  the  measured  current  intensities.[49-50]  To  obtain  the  reliable  value  of

conductivity for a single molecule, the measurements have to be repeated hundred of thousand of

times to start  a reliable  statistical  analysis.[40]  On the other  hand,  measuring  the SAM conduc-

tance under  AFM tip contact area  involves hundred  to thousand  molecules  whose conformation

is stabilized by the intermolecular van der Waals forces. The reproducibility of the results in the

same  experimental  setup  is  usually  better  than  the  single  molecule  measurement  because  it  is

actually  averaging  over  a  large  number  of  molecules  in  each  measurement.  However,  when

measuring  the  SAM  conductivity,  precisely  determining  the  number  of  molecules  involved

remains problematic.
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times to start  a reliable  statistical  analysis.[40]  On the other  hand,  measuring  the SAM conduc-

tance under  AFM tip contact area  involves hundred  to thousand  molecules  whose conformation

is stabilized by the intermolecular van der Waals forces. The reproducibility of the results in the

same  experimental  setup  is  usually  better  than  the  single  molecule  measurement  because  it  is

actually  averaging  over  a  large  number  of  molecules  in  each  measurement.  However,  when

measuring  the  SAM  conductivity,  precisely  determining  the  number  of  molecules  involved

remains problematic.

SPM, including  STM and conductive-tip  atomic  force  microscopy (CT-AFM),  has  been widely

used  to  explore  the  transport  of  charge  through  SAMs.[45,51-53]  In  these  experiments  the

metallic substrate  and the conductive probe act  as the two electrodes.  By adding a small bias to

the  electrodes  and  measuring  the  current  tunneling  through  the  gap  filled  with  the  organic

medium,  the  conductivity  of  the  nanometer  scale  Metal-molecule-Metal  junction  is  obtained.

This  experimental  setup  is  popular  because  the  probe  of  SPM  is  intrinsically  at  nanoscale  and

does not require lithographic fabrication methods to prepare the nanojunction. Moreover, besides

being the electrode, the probe of SPM offers a powerful tool for imaging the sample surface and

for  many  other  spectroscopic  and  microscopic  characterizations  and  lithographic  applications.

[54-55] 

When  measuring  the  electron  transport  properties  of  SAMs,  however,  controlling  the  nature  of

the  contact  between  the  SPM  tip  and  the  SAM  is  difficult.  In  particular,  the  nanometer  scale

interactions, the contact area (in AFM),  and the thickness of the vacuum barrier between the tip

and  the  SAM  (in  STM)  are  all  quite  hard  to  estimate  with  good  precision.  To  determine  the

number  and  configurations  of  the  molecules  in  the  nanojuncitons  and  the  presence  of  contami-

nants  covering  the  tip  is  very  difficult.  Molecular  dimensions  (and  so,  indirectly,  the  distance

between  the  two  electrodes),  molecular  HOMO-LUMO  energy  gaps,  molecular  ionization

potentials, metal work functions, molecule-substrate  bonding and functional group architectures,

contact  properties  (i.e.,  the  number  of  molecules  involved),  all  have  a  strong  impact  on  the

transport  characteristics.[56-59]  The  discrepancies  of  current-per-molecule  values  between

different  CT-AFM  data  for  the  same  alkanethiol  can  reach  up  to  three  orders  of  magnitude

[34,60] or more and, apparently, cannot be reduced by statistical methods. This is a major issue,

not  only from the  purely  experimental  point  of  view  but  also because  it  makes the  comparison

between  theory  and  experiment  quite  problematic,  which  is  clearly  an  obstacle  to  further

advances in this field.

Since  we  still  lack  an  experimental  method  of  measuring  the  number  of  molecules  involved in

the  electrical  measurements  and  of  describing  the  tip  contact  properties  with  precision,  it  is

difficult  to  determine  the  absolute  value  of  each  molecule.  However,  we  try  to  circumvent  this

difficulty by fabricating two or more SAMs side-by-side  in the nanometer scale, then measuring

their  “resistance”  in  a  single  experiment,  so  as  to  determine  their  relative  current  flows.  More-

over,  simultaneously  determined molecular  resistances  may be used  to determine  a ratio-depen-

dent property, as the tunneling current decay constant, for homologous molecules.
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their  “resistance”  in  a  single  experiment,  so  as  to  determine  their  relative  current  flows.  More-

over,  simultaneously  determined molecular  resistances  may be used  to determine  a ratio-depen-

dent property, as the tunneling current decay constant, for homologous molecules.

Nanografting,  an AFM based nanolithographic  technique which was first introduced by Liu and

her  co-workers,[61]  offers  precisely  this  opportunity.  In  nanografting,  the  AFM  tip  is  used  to

shear  away  the  thiols  of  the  monolayer  from  the  gold  substrate  by  applying  a  relatively  large

force  load  while  scanning  over  a  flat  region  of  interest  in  the  presence  of  molecules  different

than those of the initial  SAM, which are solvated in a neighboring  solution.[62-63] As revealed

by a  lower force  scan, a  new patch of SAM composed  of the new molecules  is then formed by

exchange  of  the  hydrogen  atom  from  the  incoming  thiols  and  the  thiol  radicals  that  are  being

displaced from the surface. Using this method, two or more nanopatches of SAMs composed of

different  molecules  can  be  placed  as  close  as  possible,  and  their  properties  can  be  compared

using the same tip and in the same scan. Consequently, the uncertainties induced by the fact that

probes may change between two different runs, mentioned above, can be minimized.

After nanografting  is  performed,  a new and,  at  least  initially,  clean metal-coated  tip  (at a given

bias  voltage  with  respect  to  the  surface)  is  scanned  above  the  surface  region  where  adjacent

patches of different SAMs are present, so that the current flowing through these monolayers can

be recorded in a single experiment  in a bidimensional  image where color contrast  is representa-

tive  to  the  amount  of  flowing  current.  The  current  map,  together  with  the  topography  image,

acquired  by  the  conventional  AFM laser-deflection  feedback,  are  simultaneously  obtained.  The

topography  image  differentiates  the  two  molecules  by  their  heights  and  the  current  image

differentiates  the  two  molecules  by  their  conductivities.  If  we  use  as  the  reference  SAM  that

hosts  nanopatches  a  well  know  molecule,  as  a  short  alkanethiol,  well  characterized  experimen-

tally  and  theoretically,  all  obtained  value  of  current  or  resistance  may  be  referred  to  it.  This

allows to normalize all the data using the reference matrix removing from the measurements the

contribution  of  the  tip/molecules  contact.  In  particular  the  unknown  contamination  state  of  the

tip will be overcome.
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hosts  nanopatches  a  well  know  molecule,  as  a  short  alkanethiol,  well  characterized  experimen-

tally  and  theoretically,  all  obtained  value  of  current  or  resistance  may  be  referred  to  it.  This

allows to normalize all the data using the reference matrix removing from the measurements the

contribution  of  the  tip/molecules  contact.  In  particular  the  unknown  contamination  state  of  the

tip will be overcome.

There  is  evidence  in  the  literature[61,64]  that  nanografting  can  accelerate  the  kinetics  of  SAM

growth  and  prepare  SAMs with fewer  defects  than those  prepared by  self-assembly.  Moreover,

numerous experiments confirm that molecules in SAMs fabricated by nanografting assume well-

predictable  conformations.[65]  As  reliable  absolute  topographic  measurements  on  SAMs  are

difficult due to the intrinsic lack of a reference level, the matrix (the initial SAM) in nanografting

provides  an  easily  available  reference  height  for  this  type  of  measurements.  The  topography

images, through which the vertical  height of the molecules in the SAMs can be deduced,  play a

crucial role in determining the conformation of the molecules and the following current measure-

ment  because  the  conductivity  is  extremely  sensitive  to  the  molecular  conformation.  For

instance, the vertical (standing-up) configuration of molecules ensures that the electron transport

goes  through  the  backbone  (long  axis)  of  the  molecules.  If  the  molecules  adopt  a  lying-down

conformation  on  the  surface,  the  resulting  current  can  be  totally  different.  Zhao  et  al.[66-67]

have prepared nano-sized patterns by adding a sufficient bias to the conductive tip to remove the

molecules in the initial SAM and fill in the new ones, followed by measurements of the conductiv-

ity  distribution  and  current-bias  relation  by  the  CP-AFM  in  solution.  But  the  height  of  their

patterns  did  not  agree  well  with  a  close-packed  SAM  model  so  the  results  are  not  quite

conclusive.

Unlike  those  experiments  in which  new molecules  were inserted  into an existing  monolayer  by

exchange reactions, nanografting,  however,  is a better  nanolithographic  method which  can offer

well-addressable  control of the molecules  and can make monolayers of at least the same quality

as  that  prepared  by  self-assembly.  In  our  experiments,  multiple  patches  are  made  and  their

topographic  images  are  collected  and  analyzed  to  ensure  the  molecules  in  the  monolayers  are

forming a “standing  up” instead of a “lying down” phase. Other  useful information,  such as the

frictional images in contact mode AFM are also collected and discussed where necessary.

In summary, nanografting offers the opportunity of comparing various properties of SAMs at the

nanoscale.  It also offers  a versatile method of fixing thiol molecules with observable  conforma-

tions onto gold surfaces. Taking advantage of this technique, we carried out a series of nanograft-

ing  experiments  during  the  past  three  years  to  explore  the  properties  of  nanostuctured  SAMs

composed of different molecules, mainly thiols on gold surfaces.[30,46,68-72]
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In summary, nanografting offers the opportunity of comparing various properties of SAMs at the

nanoscale.  It also offers  a versatile method of fixing thiol molecules with observable  conforma-

tions onto gold surfaces. Taking advantage of this technique, we carried out a series of nanograft-

ing  experiments  during  the  past  three  years  to  explore  the  properties  of  nanostuctured  SAMs

composed of different molecules, mainly thiols on gold surfaces.[30,46,68-72]

Outline Contents of Chapters 2 to 8

Chapter  2  gives  a  detailed  description  of  self-assembled  monolayers  (SAMs)  focusing,  in

particular,  on  thermodynamic  and  energetic  aspects.  The  complete  procedure  used  for  SAM

formation from liquid  phase  is described.  The chapter  places  particular  emphasis  on the  factors

that  influence  SAM  quality  as  molecular  concentration,  kind  of  solvent,  immersion  time  and

temperature.  Characteristic  morphology  and  structure  assumed  by  molecules  on  the  supporting

metallic substrate are also discussed.

In Chapter 3, an introduction to the techniques used in the thesis is presented. After a description

about  AFM  working  principle  and  operative  modes,  a  short  excursus  on  the  capability  of  the

instrument  to  work  in  many  different  environments,  in  particular  water,  is  done.  Starting  from

this,  the  nanolithographic  AFM  assisted  technique  called  nanografting  is  introduced.[62]  The

capability of this method to immobilize different molecules in highly ordered nanopatch, side-by-

side,  into  a  reference  SAM  is  demonstrated.  Characterization  of  the  obtained  molecular  struc-

tures  is  performed  using  CT-AFM.  The  advantages  of  the  technique  compared  with  other

molecular  transport  investigations  (i.e.  STM)  are  demonstrated.  The chapter  concludes  discuss-

ing many variables that influence the real force applied by the tip on the surface.

In Chapter  4 we present a differential  approach based on the combination of CT-AFM measure-

ments  and  AFM-driven  nanolithography  to  the  study  of  Metal-molecule-Metal  junctions.  By

using nanografting, we build nano-patches of alkanethiol molecules of different chain length in a

reference matrix made by a self-assembled monolayer of other alkanethiol molecules, and by CT-

AFM we measure the transport properties of the different molecules on the same surface with the

same tip,  simultaneously  controlling  the morphology of each molecular assembly through AFM

topographic  images.  This  method,  as  shown  here,  allows  for  a  direct  comparison  between  the

values  of  current  measured  through  the  different  molecules,  eliminating  the  contribution  of  the

tip-molecule  contact  resistance  to  the  measurements.  The  validity  of  this  approach  is  demon-

strated for molecules belonging to the alkanethiol family, for which the tunneling decay constant

b  is  estimated  with unprecedented  precision.  A model  sketching  a double  bi-layered  junction  is

also  proposed  to  explain  the  theoretical  motivation  at  the  base  of  differential  current

measurements.
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In Chapter  4 we present a differential  approach based on the combination of CT-AFM measure-

ments  and  AFM-driven  nanolithography  to  the  study  of  Metal-molecule-Metal  junctions.  By

using nanografting, we build nano-patches of alkanethiol molecules of different chain length in a

reference matrix made by a self-assembled monolayer of other alkanethiol molecules, and by CT-

AFM we measure the transport properties of the different molecules on the same surface with the

same tip,  simultaneously  controlling  the morphology of each molecular assembly through AFM

topographic  images.  This  method,  as  shown  here,  allows  for  a  direct  comparison  between  the

values  of  current  measured  through  the  different  molecules,  eliminating  the  contribution  of  the

tip-molecule  contact  resistance  to  the  measurements.  The  validity  of  this  approach  is  demon-

strated for molecules belonging to the alkanethiol family, for which the tunneling decay constant

b  is  estimated  with unprecedented  precision.  A model  sketching  a double  bi-layered  junction  is

also  proposed  to  explain  the  theoretical  motivation  at  the  base  of  differential  current

measurements.

In Chapter  5, we try to describe the most important  factor that shifts the measured current value

from  the  “real”  one.  There  have  been  many  reports  in  the  literature  on  the  current-voltage

characteristics  of  thiol  SAMs  on  gold  surfaces.  However  the  published  results  from  different

groups  are  often  inconsistent  with  one  another  and  the  underlying  causes  are  not  clear.  Many

factors, including the substrate/tip  roughness, degree of order of the SAMs, contaminants  on the

tip,  applied  load,  contact  area  and  environmental  humidity,  may  play  important  roles  in  the

electrical  measurements.  During  our  experiments,  some clues  are observed,  and  described  here,

which provides valuable insights into the problem.

In Chapter  6, the differential  CT-AFM technique on which we focused in Chapter 4 is extended

to molecules that don’t belong to the same family (non-homologous molecules) such as aliphatic

and aromatic thiols. In particular, using a reference SAM layer of a well-characterized molecular

family (as  the case of alkanethiols)  a normalization  of electrical  properties for all  the molecules

under investigation is possible. Doing that a value for the resistance of a short aromatic thiol (2-

Benzene  Ethanethiol)  is  determined.  An  indirect  comparison  of  this  value  with  values  coming

from literature shows that the order of magnitude for resistance is the correct one. Some practical

difficulty  of  obtaining  absolute  values  of  “resistance”  and  about  the  possibility  to  extrapolate

single molecule values of resistance from “massive” measurements  are also discussed at the end

of this chapter.

Chapter 7 starts from the evidence that mechanical  properties of self-assembled molecules, such

as the  compressibility  of the chains,  and electrical  properties,  as charge transport  through them,

depend strongly by the molecular packing. The question that will be addressed in this section of

the thesis is if the molecular order in a nanografted structure is comparable with that present in a

spontaneously  formed  SAM.  To do  that,  rictional  force  and  conductive  tip  AFM investigations

are performed systematically  on different nanografted SAMs. Defects reduction is observable in

the  nanostructured  area  compared  with  the  spontaneous  formed  hosting  SAMs.  This  is  an

important result  as it has allowed to understand why DNA hybridization proceeds unhindered in

dense  nanografted  patches  (results  obtained  in  our  laboratory)  while  it  is  highly  hindered  in

dense SAMs.
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as the  compressibility  of the chains,  and electrical  properties,  as charge transport  through them,

depend strongly by the molecular packing. The question that will be addressed in this section of

the thesis is if the molecular order in a nanografted structure is comparable with that present in a

spontaneously  formed  SAM.  To do  that,  rictional  force  and  conductive  tip  AFM investigations

are performed systematically  on different nanografted SAMs. Defects reduction is observable in

the  nanostructured  area  compared  with  the  spontaneous  formed  hosting  SAMs.  This  is  an

important result  as it has allowed to understand why DNA hybridization proceeds unhindered in

dense  nanografted  patches  (results  obtained  in  our  laboratory)  while  it  is  highly  hindered  in

dense SAMs.

In chapter 8 a summary of the main results coming out from all the work described in this thesis

is  described  along  with  an  outlook  on  future  applications  of  the  CT-AFM  technique.  Future

directions  in  the  fields  of  surface  immobilization  of  proteins  and  of  the  electrophysiology  of

neurons will  be briefly discussed  that have,  in our  opinion,  great  potential for applications  to in

vitro diagnostics and for fundamental studies in neuroscience.

(For  sake  of  simplicity,  the  author  has  opted  for  gathering  all  the  references  at  the  end  of  the

thesis).
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2

Self-Assembled Monolayers of 

Organic Molecules

1. Self-Assembled Monolayers

Self-assembled  monolayers  (SAMs)  are  distinguished  from  ordinary  surfactant  monolayers  by

the fact that one end of the molecule is designed to have a favorable and specific interaction with

the surface  of  interest  (substrate).  SAMs may  be  so  described  as  ordered  molecular  assemblies

formed by the spontaneous adsorption of an active surfactant on a surface.

D. Scaini

14



This simple process makes SAMs inherently manufacturable and thus technologically for surface

engineering.  Although  the  area  is  not  limited  to  long-chain  molecules,  SAMs of  functionalized

long-chain  hydrocarbons  are  most  frequently  used  as  building  blocks  of  supermolecular

structures.

Figure 2.1. Schematic  diagram  of an ideal, single-crystalline  SAM of alkanethiolates  supported  on a gold surface  with a (111)

texture. The anatomy  and characteristics  of the SAM are highlighted.

2. Alkanethiol SAMs on Au(111)

The  structure  of  SAMs  and  the  mechanisms  by  which  they  assemble  are  subjects  that  have

evolved  considerably  over  the  past  two  decades  because  there  have  been  substantial  advances

made  in  the  characterization  methods.  The  development  of  scanning  probe  microscopy  (AFM,

STM, etc.) provided powerful  new capacities  to study both the structural  organization of SAMs

and the assembly process at a molecular level. These techniques have greatly extended the initial

structural understandings derived mainly from spectroscopic techniques (RAIRS, XPS, ellipsome-

try,  etc.)  and  physical  methods  (most  notably,  studies  of  wetting).  High  resolution  X-Ray

diffraction  beamlines  at  new generation  synchroton  radiation  facilities,  fully  devoted  to studies

of surfaces and interfaces  have been developed in the last 10 years. With such incidence X-Ray

diffraction  (GIXRD)  set-up,  new  insights  into  the  nature  of  the  SAMs  structure  have  made

possible. 

SAMs naturally exhibit  a high degree of structural order due to the interplay between substrate-

head group chemisorption forces and chain-chain long-range attraction forces. However,  despite

the well defined structure formed by the molecules in the SAM is, from a crystallographic point

of view, well known, the true atomistic picture of such organization is still debated, even for the

most extensively  studied alkanethiols  on Au(111).  Only  recently,  has  the role  of the underlying

Au substrate on the chemisorptio of thiols been realized,[73] and it is now clear that the presence

of adatoms and  vacancies  plays  a  crucial  role  in this  process.[73]  Defects,  both of intrinsic  and

extrinsic  types,  are  present  in  the  SAM at  the  thermodynamic  equilibrium.  Dynamic  aspects  of

SAMs  that  need  to  be  taken  into  account  are  coverage-driven  ordering  transitions,  conforma-

tional isomerism, lateral diffusion, and environmentally responsive  reconstructions of them. The

mechanisms of formation of SAMs and the limiting structures obtained by both solution and gas-

phase  adsorption  have  been  studied  extensively.  The  literature  on  the  structural  and  physical

characterization  of  SAMs  and  the  structural  evolution  during  assembly  has  been  described  in

several  excellent  reviews.[74-75]  The  general  understanding  provided  in  the  extensive  body  of

work on SAMs of thiols on metals is summarized here; in particular, we emphasize some of the

unresolved questions regarding the structure and dynamics of SAMs and discuss the intrinsic and

extrinsic  elements  that  complicate  the  common  representation  of  SAMs.  The  discussion  begins

most naturally with the chemistry of the metal-sulfur bonding interactions.
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characterization  of  SAMs  and  the  structural  evolution  during  assembly  has  been  described  in

several  excellent  reviews.[74-75]  The  general  understanding  provided  in  the  extensive  body  of

work on SAMs of thiols on metals is summarized here; in particular, we emphasize some of the

unresolved questions regarding the structure and dynamics of SAMs and discuss the intrinsic and

extrinsic  elements  that  complicate  the  common  representation  of  SAMs.  The  discussion  begins

most naturally with the chemistry of the metal-sulfur bonding interactions.

Nature of the Gold-SAM Interface

Most SAMs of practical interest are formed at a reactive interface,  that is, the adsorbate and the

substrate undergo a reaction that  lead to the formation of the SAM. The chemistry involved for

the  chemisorption  of  thiols  on  gold  is,  in  principle,  the  most  straightforward  but  remains  the

most enigmatic. Even less is known about SAM formation from organosulfur compounds (thiols,

disulfides,  sulfides)  on  other  metals,  such  as  palladium,  silver,  copper,  and  mercury.  All  these

systems  have  been  studied  in  some  detail,  but  each  metal  has  a  different  structural  surface

chemistry and a different reactivity toward organosulfur compounds. These variations impact the

assembly process in significant ways and lead to a variety of structures. The structural  details of

the metal-sulfur  interface are only understood  in qualitative terms at a level that makes it possi-

ble to  rationalize  many  of  the  details  seen  in the  organizations  of  the  organic  groups  they  sup-

port. Consideration of the bonding arrangements formed at the metal-sulfur interfaces for several

representative examples does suggest,  however, a common motif:  SAM molecules tend to adopt

structural  arrangements  that  are  similar  to  simple  adlayer  structures  formed by elemental  sulfur

on  that  metal.[76-77]  We  provide  here  an  analysis  of  the  stabilization  energy  for  gold-sulfur

bonds and a brief summary of the current knowledge regarding the structural ordering for SAMs

of n-alkanethiolates on gold.
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Thermodynamic Analysis of Gold-Thiolate Bonds

The formation of a thiolate requires the chemical activation of the S-H bond of the thiol (or the S-

S  bond  of  the  disulfide).  The  energetics  involved  in  this  bond  activation  (the  bonding  energy

between  the  adsorbate  molecules  of  the  SAM  and  the  gold  substrate)  were  first  examined  in

studies  carried  out  in  1987:  using  temperature-programmed  desorption  as  a  kinetic  measure  of

the SAM binding  energy,  Dubois  et  al.  established  that  the adsorption  of dimethyl  disulfide  on

Au(111) occurs dissociatively.[78] The reaction is fully reversible, and recombinative desorption

of the  disulfide  is  an  activated  process  with  a  barrier  lying  near  30  kcal/mol.  This  energy  sug-

gests  that  a  fairly  significant  degree  of  charge  transfer  to  sulfur  must  occur  in  the  thiolates,  an

inference  that  has  been  supported  by  the  results  of  theoretical  calculations.[79]  Using  different

experimental protocols,  Scoles and co-workers also investigated the bonding energies of various

organosulfur adsorbates on Au, and their studies suggest, for the case of SAMs involving thiolate

structures, bonding energies similar to those cited above.[80] Other kinetic treatments reveal the

complex  nature  of  the  thermodynamics  of  the  metal-sulfur  bonding  interactions.  For  example,

Whitesides et al. and Liu and co-workers both reported the results of desorption experiments that

employed SAMs immersed in a solvent.[81-82] The kinetics  of these processes  can be modeled

using  conventional  rate  equations,  and  these  models  suggest  barriers  for  desorption  that  are

somewhat  lower  than  the  values  obtained  from  desorption  rate  measurements  made  in  UHV

(~20÷25  kcal/mol).  Schlenoff  et  al.  used  electrochemical  measurements  to  provide  a  detailed

analysis  of  the  thiol/thiolate/disulfide  bond  energies  and  desorption  barriers  for  SAMs on  gold.

[83]  Of  particular  interest  was the  estimation  that the  barrier  for  the bimolecular  recombinative

desorption  of  an  alkanethiolate  from  a  SAM  on  gold  in  the  form  of  a  dialkyl  disulfide  is  ~15

kcal/mol.  This  value  is  approximately  a  factor  of  2  less  than  that  deduced  in  the  gas-phase

studies.  We  note  here,  though,  that  the two energies  are not  directly  comparable  given  that one

also contains  contributions  from the  heats  of  dissolution  of the  adsorbate  as  well  as the  heat of

immersion  of  the  substrate  in  the  solvent.  The  latter  energies  can,  in  fact,  be  quite  large;  for

example,  the  segmental  heat  of  interaction  of  a  hydrocarbon  on  gold  is  ~1.5  kcal/  mol  for  a

methylene  group.  In  this  context,  the  range  of  reported  values  appears  to  be  one  that  follows

directly  from  the  different  forms  of  the  measurements  used  to  assess  the  strength  of  the  Au-S

bonding  interaction.  As  the  vacuum  measurements  are  most  easily  interpreted,  we  believe  it  is

reasonable to conclude that the Au-S bond that anchors the SAM is, in fact, a reasonably strong

one (Au-S bond strength on the order of ca. 50 kcal/mol).
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Where does the Hydrogen Go?

The  fate  of  the  hydrogen  of  the  S-H  groups  still  has  not  been  determined  unambiguously.  It

seems probable that adsorption in a vacuum leads to loss of the hydrogen in the form of dihydro-

gen.  The  reductive  elimination  of  H2  from Au(111)  is  a  weakly  activated  process.  In  solution,

another  possibility  exists.  If  the  thiol  hydrogen  is  not  lost  in  the  form  of  H2,  the  presence  of

oxygen  in  the  reaction  medium  might  also  lead  to  its  oxidative  conversion  to  water.  In  either

case, the Au-S bonding interaction  in the thiolate is sufficient  to retain the chains at the surface

in  a  durable  fashion  and  preclude  a  recombinative  desorption  of  a  disulfide  product  at  room

temperature. 

Surface Structure of Aliphatic and Aromatic Thiolates on Gold

High-coverage  thiol  phases  on  Au(111)  are  generally  accepted  to  form  a  (!3ä!3)R30°  with

respect to the underlying Au.[1,74,84-85] The literature also strongly confirms that this organiza-

tion adopts a superstructure of the (!3ä!3), namely a c(4ä2) superlattice.[85-86] 

Figure 2.2. (A)  Constant-current  STM  topograph  of  reconstructed  Au(111)  surface  showing  quasi-hexagonal  arrangement  of

Au  atoms  and  bright  ridges  due  to  variations  in  registry  between  surface  and  subsurface  layers.  Atomic  rows  deviate  from

linearity  due  to  partial  stacking  fault  in  hcp  regions  (ABA  stacking).  (B)  Constant-current  STM  topograph  of  octanethiol

monolayer  on Au(111).  Au reconstruction  is  lifted  and alkanethiols  adopt  commensurate  crystalline  lattice  characteriized  by a

c(4µ2)  superlattice  of  a  (!3µ!3)R30°.  (C)  Model  of  commensuration  condition  between  alkanethiol  monolayer  (large  circles)

and  bulk-terminated  Au  surface  (small  circles).  Diagonal  slash  in  large  circles  represents  azimuthal  orientation  of  plane

defined by all-trans hydrocarbon  chain.

Figure  2.2B  shows  this  structure  schematically.  The  SAMs  formed  by  n-alkanethiols  were

originally  described  as  thiolate  overlayers  (chemisorbed  structures  formed  by  the  activation  of

the  S-H  bond  at  the  gold  surface).[78]  Diffraction  experiments  and  STM  imaging  suggested  a

structure  involving  some  degree  of  S-S  bonding  between  pairs  of  adjacent  adsorbates  on  the

surface of the gold (a disulfide model).[87] Alternative  interpretations  have been presented,  and

this  quasi-disulfide  model  has  now  been  largely  abandoned  in  favor  of  the  original  thiolate

model.[79]  The  latter  is  a  simple  adlayer  model  of  the  Au-S  bonding  interactions.  Within  this

model  there  has  been  considerable  discussion  of  the  surface  sites  involved  in this  bonding.[87]

Bonding of the thiolates at both 3-fold hollows and bridge sites has been suggested on the basis

of  both  experiment  and  theory.[88]  More  recently,  experimental  works  have  identified  on-top

and  quasi-on-top  adsorption  sites  as  preferred  sites,[73]  while  the  3-fold  hollow  site  has  been

generally abandoned. This aspect of the structure is still debated as of this writing. 
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Bonding of the thiolates at both 3-fold hollows and bridge sites has been suggested on the basis

of  both  experiment  and  theory.[88]  More  recently,  experimental  works  have  identified  on-top

and  quasi-on-top  adsorption  sites  as  preferred  sites,[73]  while  the  3-fold  hollow  site  has  been

generally abandoned. This aspect of the structure is still debated as of this writing. 

Mechanisms of Assembly

SAMs can form from either liquid or vapor phase. Films created by vapour phase (e.g. molecular

beam) deposition  of thiols on gold  share many  structural  characteristics  with solution-deposited

films. Studies on these films have the advantages of ultra-high-vacuum (UHV) substrate cleanli-

ness  and  the  availability  of  traditional  in  situ  surface  characterization  techniques.  On  the  other

hand  assembly  from  solution  on  the  laboratory  bench  is  convenient  and  sufficient  for  most

applications  of  SAMs,  especially  for  those  requiring  contact  with  other  solution  in  subsequent

experiments  (for  example,  support  for  cell  culture,  wetting  studies,  AFM assisted nanolithogra-

phy[89]). For the purposes of the work presented in this thesis, only solution prepared SAMs are

taken under consideration.
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Bulk Transport and Adsorption

Many processes are involved in SAM growth. A first step is clearly the solution-phase transport

of  adsorbate  molecules  to  the  solid-liquid  interface,  which  can  involve  some  combination  of

diffusive  and  convective  transport.  This  is  followed  by  adsorption  on  the  substrate  with  some

adsorption  rate  (related  to  a  “sticking”  probability).  The  overall  adsorption  dynamics  may  be

diffusion-controlled,  adsorption-rate controlled, or in an intermediate mixed-kinetic regime. This

part of the self-assembly process is closely related to the adsorption of surface-active  molecules

at  the  liquid-vapor  interface,  an  area  that  has  been  thoroughly  studied.  Although  the  typical

quantity of interest  at the liquid-vapor interface  is surface tension rather  than surface concentra-

tion (or  coverage),  the  two  quantities  are  related  by  the  surface  equation  of  state.  In  fact,  most

dynamic adsorption models  are actually written  in terms of surface concentration  and translated

into dynamic surface  tension predictions,  using an equation  of state  determined by applying the

Gibbs equation  to equilibrium surface tension data.  The dynamics  of surfactant  adsorption  were

thoroughly  reviewed  by  Chang  and  Franses,[90]  and  most  of  the  mathematical  development

presented by them is directly relevant to the initial adsorption stage of SAM formation. 
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Self-Organization on the Surface

During  the  formation  of  SAMs  there  is  an  evolution  of  the  molecular  order  as  adsorption

progresses and  the surface  coverage increases.  For example, the  very early stages  of adsorption

can  be  pictured  as  isolated  adsorbed  molecules,  conformationally  disordered  and  randomly

distributed  on  the  substrate.  The  final  film  involves  close-packed  adsorbate  molecules  with

relatively  uniform  molecular  orientation  and  conformation.  Although  one  might  imagine  a

continuous  path  from the  former  structure  to the  latter,  experimental  evidence  points  to  a  step-

wise process that can be thought of as an isothermal path through a quasi-equilibrium 2D-phase

diagram  like  the  one  schematically  illustrated  in  Figure  2.3.  Possible  states  alluded  to  in  this

phase  diagram  include  (a)  a  low-density  “vapor”  phase  in  which  isolated,  mobile  adsorbate

molecules  are  randomly  deposited  on  the  surface,  (b)  an  intermediate-density  phase  that  could

involve conformationally  disordered  molecules or ones lying flat on the surface, and (c) a final,

high-density  “solid”  phase  in  which  the  molecules  are  conformationally  ordered,  close  packed,

and standing approximately normal to the surface plane with a possible polar tilt angle of about "

30° . As discussed below, other states are, of course, possible. 

Figure 2.3. Schematic  quasi-equilibrium  2D-phase  diagram  for  a generic  SAM  system.  The  dotted  lines  represent  hypotheti -

cal isothermal  paths of SAM growth at temperatures  below (T1) and above (T2), the triple point (Ttriple ).

In a  hypothetical  situation  in which  the  adsorption  rate  is  much  slower  than any  other  process,

the monolayer  system would follow the equilibrium phase  diagram. There  are two qualitatively

different growth processes suggested by the lines at temperatures T1 and T2 in Figure 2.3, below

and above the triple point respectively. If the temperature is lower than the triple point (e.g. T1),

the growth  sequence  will  be similar  to the  one shown in Figure  2.4A.  Initially,  adsorbed  mole-

cules will form a dilute 2D-vapor phase. At a relatively low surface concentration, the monolayer

will enter  a coexistence  region between the vapor and the high-density condensed (solid) phase.

Domains  (islands)  of  solid  phase  will  nucleate  and  grow,  surrounded  by  isolated  adsorbate

molecules in the vapor phase. Eventually,  these domains will grow to cover the entire substrate.

This  mechanism  is  analogous  to  the  three  dimensional  (3D)  process  of  crystal  nucleation  and

growth  from  a  vapor  phase  precursor,  and  the  2D  scenario  is  typical  for  epitaxial  film  growth

from the vapor phase (e.g. molecular-beam epitaxy). At a temperature above the triple point (e.g.

T2  in Figure  2.3),  a more  complicated  progression  will  occur  as illustrated in Figure  4B. When

the vapor  phase  reaches a  certain  surface  concentration,  islands of  an intermediate,  low-density

condensed phase will nucleate  and grow.  This phase may be a disordered 2D-liquid phase or an

ordered  phase  with  lower  density  than  the  solid  phase  (e.g.  a  “lying-down”  phase  where  the

molecular  axis  is  parallel  to  the  surface  plane).  Eventually  the  vapor  phase  is  completely  con-

verted  to the  low-density  condensed  phase.  As adsorption  continues,  a second  transition  occurs

involving  nucleation,  growth,  coalescence,  etc,  of  solid-phase  islands  surrounded  by  the  low-

density condensed phase. Note that, at any temperature,  a snapshot of an incomplete film during

growth  will  often  involve  islands  of  one  phase  surrounded  by  another,  in  particular,  islands  of

solid  phase  surrounded  by  either  liquid  or  vapor  phase.  It  is  important  to  recognize  that  the

picture  painted in the previous paragraph  is somewhat oversimplified.  For example, the adsorp-

tion  rate  will  not  always  be  much  slower  than  other  surface  processes,  and,  therefore,  partial

monolayers may be quite far from equilibrium. If the nucleation and growth of condensed-phase

domains do  not  keep up  with  the deposition  rate,  the  less  condensed  phase  will  become “super

concentrated” (i.e. it will have a density greater than the equilibrium coexistence concentration),

and,  thus,  its  density  may  vary  considerably  during  the  growth  of  the  more  condensed  phase.

This behavior is well known in vapor phase thin-film deposition, where the surface concentration

of free adsorbate  atoms is understood  to vary during island nucleation and growth, and is likely

to occur during SAM growth at ambient conditions  as well.  However,  the surface concentration

in the vapor phase will always be small and amount to a negligible fraction of the molecules on

the surface. In the case of a 2D-liquid phase, however, the surface density is not negligible, and,

in fact, the film thickness is directly related to the surface concentration. Therefore,  variation of

the surface density in a 2D liquid in coexistence  with solid-phase islands will have a significant

effect on the appearance of the partial-monolayer film. 
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Figure 2.4. Cartoons  depicting  typical  sequences  of  a  self-assembled  monolayer  structure  during  growth  below  (A)  and

above  (B)  a  triple  point  like  that  shown  in  Figure  2.3.  (A)  Below  the  triple  point,  growth  proceeds  from  a  2D-vapor  phase,

through  a  solid-vapor  coexistence  region,  to  the  solid  phase.  (B)  Above  the  triple  point,  the  SAM  must  pass  through  three

phases  and  two  coexistence  regions.  The  intermediate  low-density  phase  may  be  disordered  (liquid)  phase,  a  “lying-down”

phase, etc.

The  molecules  used  to  create  SAMs  have  numerous  degrees  of  freedom,  and,  therefore,  it  is

quite  possible  that  the  equilibrium  phase  diagram  could  be  more  complicated  and  involve  a

greater  number  of  condensed  phases  than  implied  in  Figure  2.3.  It  could  include  a  lying-down

phase and a disordered-liquid  phase,  for  example. However,  there are numerous  other possibili-

ties. Langmuir monolayers of long-chain fatty acids, for example, are known to display a variety

of  liquid  crystalline  and  crystalline  phases  [91]  that  differ  in  the  polar  tilt  angle,  the  azimuthal

direction  of  molecular  tilt  (i.e.  nearest-neighbor  vs.  next-nearest-neighbor  direction),  and  rota-

tional  freedom  (herringbone  vs.  rotator).  To  date  there  is  no  firm  experimental  evidence  for

liquid-crystalline  phases,  transient  or  equilibrium,  in  SAMs.  Given  their  ubiquity  in  Langmuir

monolayers  and  Langmuir-Blodgett  films,  however,  one  would  not  be  surprised  if  they  were

observed in SAMs with the  appropriate  experimental  studies.  Therefore,  although it is certainly

overly  simplistic,  the  phase  diagram  of  Figure  2.3  will  be  used  as  a  conceptual  framework  to

describe the experimentally observed  growth mechanisms of various SAM systems discussed in

the following  sections.  Two general  experimental  strategies  have  been used to study monolayer

growth:  (a)  in  situ  studies  under  actual  deposition  conditions  in  real  time  and  (b)  studies  on

quenched  partial  monolayers  removed  from  solution  and  possibly  rinsed  to  remove  loosely

attached adsorbate molecules. Although in situ experiments have become increasingly important

in recent years, many publications  in the literature report  experiments that used quenched films.

The  clear  advantage  of  in  situ  experiments  is  that  one  avoids  the  issue  of  whether  the  film

structure  is  altered  by  the  quenching  process.  This  is  not  a  trivial  matter,  since  there  is  clear

evidence that quenching can alter the film coverage and morphology in some molecular systems.

On  the  other  hand,  working  with  quenched  films  permits  the  use  of  certain  techniques  not

applicable  in  situ,  such  as  contact  angle  and  X-Ray  photoelectron  spectroscopy.  Furthermore,

one can work over a  longer  range of time scales  (i.e. concentrations).  Although  experiments  on

quenched  films  often  report  reliable  and  useful  information  (particularly  on  qualitative  issues),

one must view subtle quantitative  conclusions based on quenched films with appropriate  skepti-

cism until they are confirmed by more direct experiments.
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Chain Length Effects

The literature  is  full  of dramatically  conflicting reports  regarding  the  effects  of chain  length  on

thiol  SAM growth  kinetics.  Regarding  the initial  fast stage  of growth,  Bain  et al[81]  found that

C18  grew  faster  than  C10  from  ethanolic  solution,  Xu  and  coworkers[92]  reported  that  C22

formed more quickly than C18 from 2-butanol solution, and Jung and Campbell[93] performed a

systematic  SPR study  and  found  that  the  growth  rate  increased  with  chain  lengths  in the  range

C2-C18  from  ethanolic  solution.  Thus,  these  studies  consistently  found  that  adsorption  rate

increased with chain length. Other studies reported exactly the opposite trend, however. Peterlinz

and  Georgiadis[94]  reported  growth  rates  for  the  initial  step  in  the  order  C8>C12>C16>C18

from  ethanolic  solution,  and  Dannenberger  et  al[95]  found  that  growth  rates  obeyed  the  trend

C4>C12>C22 for both ethanolic and hexane solution. Complicating the matter even further, two

additional  reports  were inconsistent  with all of these results.  DeBono and co-workers[96] found

that the initial stages of growth for C16 thiol occurred at about the same rate as C6 and that both

were  faster  than  C12  from  ethanolic  solution.  Karpovich  and  Blanchard  found  that  the  early

stages  of  growth  for  C8  and  C18  thiols  (from  hexane  solution)  were  approximately  equal  in

overall  rate.  Analyzing  the  concentration  dependence  of  the  growth  kinetics,  they reported  that

the  adsorption  rate  for  C18  was  greater  than  that  for  C8,  but  that  the  desorption  rates  had  the

opposite  behavior.  There  is  also  some  confusion  regarding  the  chain  length  dependence  of  the

later  slow-growth  regime.  Peterlinz  and  Georgiadis[94]  reported  that  the  rate  of  this  process

increased with chain length from C12 to C16 to C18. DeBono et al[96] also found that C16 was

faster than C12, but they observed that the trend was reversed for C6, which was equally as fast

as  C16.  There  is,  unfortunately,  little  basis  on  which  to  critically  analyze  these  results.  The

discrepancies  do  not  divide  along  the  lines  of  experimental  technique,  solvent,  concentration

range, or any other obvious parameter.  In addition,  it is not intuitively  clear which trend should

be correct for a given regime. In considering a hypothetical activated process for adsorption, one

might  think  that  the enhanced  interactions  between  a  longer  chain and  the  surface  would lower

the energy barrier and increase the adsorption rate.[93] On the other hand, if mobility is an issue,

longer chains might move more slowly. It is clear that none of the results summarized above are

dominated  by  bulk  solution-phase  molecular  diffusion  because  of  the  absolute  rates,  the  details

of the  time  dependence,  and  the  concentration  dependence  of  the  rate  constants.  However,  one

cannot  rule  out  the  importance  of  molecular  mobility  in  moving  through  a  hypothetical  phys-

isorbed layer,[94-95] etc.
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Adsorption Energy

Several  approaches  have been used to get at  the energetics of thiol  SAMs. Bain  et al[81] deter-

mined desorption rates of alkanethiol SAMs into hexadecane  at 83 °C. Assuming an Arrhenius-

type expression,  they found that the activation energy for desorption increased by ~0.2 kcal/mol

for each methylene group. Their estimate for the absolute activation energy for C22 thiol was 28

kcal/mol. Jung and Campbell[93] determined the “sticking probabilities” of various-chain-length

thiols  by  analyzing  the  observed  SAM  growth  kinetics  with  a  model  incorporating  molecular

diffusion  in  solution  and  adsorption  from  the  subsurface  layer.  Again  assuming  an  activated

energy  process  for  adsorption,  they  reported  that  the  activation  free  energy  for  adsorption

decreased by ~0.16 kcal/mol per methylene group and that the absolute activation extrapolated to

~11  kcal/mol  for  zero  chain  length.  The  Blanchard  group[97]  determined  the  free  energy  of

adsorption,  DGads ,  of  C8  and  C18  thiols  by  analyzing  the  concentration  dependence  of  the

observed  growth  rate  constant.  They  found  that  DGads  =  -5.5  kcal/mol  for  C18  and  -4.4

kcal/mol for C8 thiol SAMs. By measuring the temperature dependence of DGads  for C18, they

found the molar enthalpy of adsorption, DHads  = 48 kcal/mol, and the entropy of adsorption, D

Sads  =  -48  cal  mol-1K-1 .  It  should  be  noted  that  these  measurements  are  not  completely

consistent.  For  example,  one  would  expect  that  DGads  should  be  approximately  the  difference

between the activation energies  for  desorption  and  adsorption.  Using the values from the above

references, this would give approximately DGads  # 8÷27 = -19 kcal/mol for C18 thiol compared

with  the  -5.5  kcal/mol  quoted  by  Karpovich  et  al.[97]  However,  these  absolute  free  energies

involve  an  approximate  value  of  the  pre-exponential  frequency  factor  in  the  Arrhenius  expres-

sion and are, therefore, somewhat arbitrary. Considering the change with chain length, one finds

that the activation energy measurements predict that longer chains will be stabilized by approxi-

mately 0.2 + 0.16 = 0.36 kcal/mol per methylene group. This predicts that DGads  for C18 should

be 3.5 kcal/mol lower than that for C8, whereas the value quoted is only 1.1 kcal/mol lower. Of

course, there were numerous simplifications in the analyses,  not least of which was the assump-

tion of Arrhenius-like  behavior  in experiments  performed at only one temperature.[81,93] SAM

energetics should be a fruitful area for future work.
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Defects in SAMs

Because  they  form  by  self-assembly,  that  is,  because  they  adopt  adsorbed  structures  that  are

directed by the thermodynamics of a reasonably complex chemisorption process, SAMs provide,

in theory, convenient access to highly ordered organic interfaces whose molecular and aggregate

structures  can  be  varied  by  principles  of  rational  design.  The structures  of  SAMs  are  generally

regarded  as  if  they contained  few defects.  A  point  of fact,  they are  substantially  more  complex

than the highly ordered arrangements that are commonly assumed (Figure 2.5). 
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The causes of defects in SAMs are both intrinsic and extrinsic: external factors,  such as cleanli-

ness  of  the  substrate,  methods  for  preparing  the  substrates,  and  purity  of  the  solution  of  adsor-

bates, are  responsible  for  some defects  in SAMs,  but  some result  simply because  SAMs are, in

fact, dynamic systems with complex phase behaviors. 

Figure 2.5. Schematic  illustration  of  some  of  the  intrinsic  and  extrinsic  defects  found  in  SAMs  formed  on  poly-crystalline

substrates.  The dark line at the metal-sulfur  interface  is a visual guide  for the reader  and indicates  the changing  topography  of

the substrate itself.

Defects Caused by Variations in the Surface of the Substrate

The  substrates  on  which  SAMs  form  are  replete  with  many  structural  defects.  Polycrystalline

gold substratessa system that has been a benchmark choice for much of the published work in the

fields  present  a  grain  structure  characterized  by  dense  arrangements  of  intergrain  boundaries,

faceting, occlusions, twins, and other gross structural irregularities. Even for samples that present

a  strong  (111)  texture  misalignments  are  common  as  are  other  low-index  crystallographic

textures.  All  metal  substrates  also  have  a  varying  density  of  atomic  steps,  and  these  in  turn

impact  the  structures  and  defect  content  of  SAMs  as  judged  by  numerous  STM  studies.[84-

85,88] 
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Reconstruction of the Surface During Assembly

One type of  defect inherent  to the formation of SAMs on gold is monatomic  vacancies,  that  is,

regions of the SAM offset in height by one (gold) atomic diameter from the surrounding regions.

The probable  origins  of these pit-like  defect  structures  are easily  understood  by considering  the

structure of the gold surface prior  to adsorption of the SAM. A clean Au(111) surface normally

exhibits  a  (23ä!3)  reconstruction;  the  surface  density  of  gold  atoms  in  this  reconstruction  is

greater than that on the ideal (111) plane.[98] The adsorption of thiols onto the bare gold surface

lifts the reconstruction and induces a change in the atom density at the surface. The relaxation of

the  surface  is  achieved  via  the  formation  of  single-atom  vacancies;  these  defects  subsequently

nucleate and grow into large vacancy “islands” that are seen in STM studies.[84,98] The topogra-

phy of  SAMs faithfully  replicate  the  topography  of  these  defects  and,  for  interfacial  properties

that  are  sensitive  to  them,  cannot  fully  obviate  their  impacts.  Such  effects,  for  example,  are

strongly  evident  in  electrochemical  studies  and  probably  complicate  the  structures  used  in

studies of molecular electronics as well. 

Composition of the SAMs

In simple terms, the formation of a SAM is a form of chemical selection.  The assembly process

involves  a  thermodynamic  equilibrium  between  adsorbates  on  the  surface  and  their  precursors

free  in  solution.  The  composition  of  a  SAM must  reflect,  therefore,  a  concentration-dependent

binding of the most  strongly  interacting  adsorbate  species present  in the solution (or  gas vapor)

used  to  prepare  it.  Impurities  in  solvents  and  reagents  can  thus  complicate  both  the  kinetics  of

formation  and  the  final  structure  of  a  SAM.  These  defects  are  extrinsic,  and  careful  control  of

experimental methods can minimize them. 

SAMs present  other  types  of  defects  that  are  less  well  appreciated  than are  those  related  to the

characteristics  of  the  substrates  or  the  purity  of  the  adsorbates  used  to  prepare  them.  These  are

the defects that are intrinsic to the dynamic nature of the SAM itself.[99-100] In this regard, one

must consider both the intrinsic  structural  (i.e.,  phase) dynamics  of the SAM and the thermody-

namically  imposed  constraints  to  its  stability.  The  latter  issue  is  one  that  is  easily  understood.

SAMs  form  via  a  thermodynamically  driven  assembly  of  an  adsorbate  at  a  surface/interface.

Where the adsorbate-substrate  interaction  is sufficiently strong (as for  the case of the prototypi-

cal  layers  formed by  alkanethiols  on gold),  the  SAM may  be safely  removed from the solution

used to prepare it and studied or used further. Although these SAMs may be kinetically stable in

the absence of a flux of adsorbate,  the high coverage of the adsorbate  present in the SAM is, in

fact, thermodynamically  unstable.  Only in a case where the rate of desorption is rigorously zero

would  the  SAM  be  expected  to  exist  for  an  indeterminate  period  outside  the  solution  used  to

prepare it. 
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The unique aspects  of the systems that have attracted wide attention in studies of SAMs are the

essential  abilities  of  the  best  adsorbate-substrate  pairings  to  resist  the  competitive  binding  of

impurities  at  the  interface  and  their  substantial  stabilities  with  respect  to  thermal  desorption  or

displacement  by  other  chemical  species.  This  stability  is,  however,  one  that  is  limited  by  the

finite strength of the metal-sulfur bond and by the susceptibility  of the simplest thiolate systems

toward  decomposition  (whether  via  oxidative  degradation  or  other  dissociative  pathways)

reactions that are sensitive  to the ambients in which the SAMs are used. Still, the main concern

for  stability  remains  desorption.  For  simple  SAMs  of  thiolates  on  gold,  the  limit  of  thermal

stability due to desorption is modest but quite useful (especially at room temperature).[101] One

also encounters classes of defects that are related to intrinsic dynamics of the organic component

of the  SAM. The chain dynamics  of alkanethiolate  SAMs on gold provide  an instructive  exam-

ple. First, because the chains of these SAMs are canted (reflecting the gold-sulfur spacings),  the

chains  are  subject  to  a  variety  of  complex  phase  transitionss  thermally  driven  population  of

gauche  conformers  and  tilt-order  phase  transitions  are  among  some of  the  phase  dynamics  that

have  been  investigated  and  used  to  rationalize  aspects  of  their  interfacial  properties.[99-100]

Order-order phase transitions (such as those involving a posited  thermal coexistence of the c(4ä

2) and  (!3ä!3)R30°  phases)  constitute  another  example.  In  yet  another  example,  Grunze inter-

preted the relative protein-binding affinities of oligo(ethylene glycol) (OEG)-modified SAMs on

gold  as  arising  from a  coverage-dependent  rod-helix  ordering  transition  of  the  OEG  chain  end

segments.[102]  This  last  example  illustrates  the  subtle  interplay  of  physical  features  that  might

serve to modulate the properties of SAMs in a specific application.
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Liquid Phase Deposited Thiol Films

Preparation of Thin Metal Films as Substrates for SAMs

Sulfur compounds have a strong affinity to transition metal surfaces. This is probably because of

the  possibility  to  form  multiple  bonds  with  surface  metal  clusters.  Organosulfur  compounds

coordinate very strongly to silver, copper, platinum, mercury, iron, colloidal gold particles, GaAs

and InP  surfaces.  However,  the most  investigated,  even not  jet  completely  understood  thiolated

SAMs are that on Au(111) and in particular thin films of gold supported on silicon wafers, glass,

mica,  or  plastic  substrates.  These  substrates  are  easy  to  prepare  by  physical  vapor  deposition

(PVD) methods  (thermal or electron beam evaporation),[103] electrodeposition,[104] or electro-

less  deposition.[105]  Anyway,  PVD  and  electrodeposition  can  generate  thin  films  of  a  wide

range of metals (including gold, silver, copper, palladium, platinum, and nickel) and alloys.
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Why is Gold the standard?

The answer to this question has two parts: (1) on gold good (but not uniquely good) SAMs  form

and (2) it is historically the most studied. In fact, for many applications gold may not be the best

substrate. There are at least five characteristics  of gold that make it a good choice as a substrate

for SAMs. First, gold is easy to obtain, both as a thin film and as a colloid. It is straightforward

to  prepare  thin  films  of  gold  by  physical  vapor  deposition,  sputtering,  or  electrodeposition.

Although  expensive  and  not  essential  to  most  studies  of  SAMs,  single  crystals  are  available

commercially.  Second,  gold  is  exceptionally  easy  to  pattern  by  a  combination  of  lithographic

tools (photolithography,  micromachining,  others) and chemical etchants. Third,  gold is a reason-

ably  inert  metal:  it  does  not  oxidize  at  temperatures  below  its  melting  point;  it  does  not  react

with atmospheric O2; it does not react with most chemicals. These properties make it possible to

handle  and  manipulate  samples  under  atmospheric  conditions  instead  of  under  UHV  a  great

practical convenience for conducting experiments that require “dirty” conditions, e.g., microfabri-

cation  (outside  of  a  clean  room  environment)  and  cell  biology.  Gold  binds  thiols  with  a  high

affinity,[13] and it does not undergo any unwanted reactions with them, e.g., the formation of a

substitutional sulfide interphase. (Because thiols have a high affinity for gold, they also displace

adventitious  materials  from  the  surface  readily.)  Fourth,  thin  films  of  gold  are  common  sub-

strates  used  for  a  number  of  existing  spectroscopies  and  analytical  techniques,  including  SPR

spectroscopy, quartz crystal microbalances (QCM), RAIRS, and ellipsometry. This characteristic

is particularly useful for applications of SAMs as interfaces for studies in biology. Fifth, gold is

compatible with cells, that is, cells can adhere and function on gold surfaces without evidence of

toxicity.  SAMs  formed  from  thiols  on  gold  are  stable  for  periods  of  days  to  weeks  when  in

contact with the complex liquid media required for cell studies (see Outlooks). 
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Thin Films on Mica

Freshly  cleaved  mica  supporting  a  thin  film  of  metal  is  a  common  substrate  used  as  a  pseudo-

“single  crystal”  for  microscopic  studies  of  SAMs  by  scanning  tunneling  microscopy  (STM)  or

atomic  force  microscopy  (AFM).[22,106]  Gold  films  grow  epitaxially  with  a  strongly  oriented

(111)  texture  on the  (100)  surface  of  mica.  The films  usually  are  prepared by thermal  evapora-

tion of  gold  at  a  rate  of  ~0.1÷0.2  nm/s onto  a  heated  (250÷650 °C)  sample  of  mica.  The  grain

sizes  of  these  films,  strongly  dependent  on  rate  and  temperature  values,  may  be  larger  than

~1000 nm with flat (111) terraces of more than ~100 nm in width. 

A method called template stripping can be easily employed to generate surfaces  with roughness

<1 nm. [107] In this technique a glass slide or other solid support is glued to the exposed surface

of a gold  film deposited  on mica,  and  then the gold film is peeled from the mica to expose the

surface  that  had  been  in  direct  contact  with  the  mica.  Knarr  et  al.  showed  that  the  mechanical

shear  required to  separate  these  surfaces  is large  (~1800 mN/m) and  induces  roughening  of the

gold  surface[108].  Gooding  et  al.  demonstrated  that  immersion  of  the  mica-gold-support  struc-

ture into liquid nitrogen cleaved the mica from the surface and produced films with roughness on

the order of ~1 nm over areas of ~200ä200 nm2  (measured by STM).[109] Ulman et al. reported

another  method for  reducing the mechanical  stress imparted  on the gold film during separation.

[110]  They  removed  the  mica  film  in  an  ethanolic  solution  containing  thiol  (200  mM),  and  a

SAM formed at the gold/mica interface. The roughness of these surfaces was ~0.3÷0.7 nm (rms),

and the advancing  and  receding  contact  angles  of  water on the SAMs were essentially  indistin-

guishable, that is, there was almost no hysteresis (~1÷5°). (The hysteresis measured for SAMs of

alkanethiolates prepared on polycrystalline substrates with no additional treatments is 10°÷ 20°).
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SAMs Preparation

Adsorption of Alkanethiols from Solution

The most common protocol for preparing SAMs on metals is immersion of a freshly prepared or

cleaned  substrate  into  a  diluite  (~10÷1000  mM)  ethanolic  solution  of  thiols  for  12÷24  hours  at

room temperature. This procedure is widely used and originates from early studies of SAMs; the

experimental details resulted from a combination of studies designed to optimize the reproducibil-

ity of  the  SAMs.[81]  Dense  coverage  of  adsorbates  are  obtained  quickly  from millimolar  solu-

tions (seconds to minutes), but a slow reorganization process requires times of the order of hours

to maximize the density of molecules and minimize the defects in the SAM. There are, however,

a number of experimental  factors that can affect the structure of the resulting SAM and the rate

of formation: type of solvent, temperature, concentration of adsorbate, immersion time, purity of

the adsorbate, concentration of oxygen in solution, cleanliness of the substrate, and chain length

(or more generally, structure of the adsorbate). 

In  practice,  most  experimental  conditions  for  the  preparation  of  SAMs yield  organic  interfaces

with reproducible and desired functional behaviors. These characteristics are acceptable for some

applications of SAMs, but fundamental studies of certain materials properties such as wettability,

corrosion,  tribology,  and  charge-transfer  processes  (among  others)  require  an  understanding  of

how to minimize  defects  in  SAMs and  maximize  order  in these  systems.  The effects  that  some

parameters,  such  as  immersion  time,  concentration  of  adsorbate,  and  chain  length,  have  on  the

structure  and  properties  of  SAMs are  known  to  a  small  degree,  but  less  is  known  about  others

(choice  of  solvent,  temperature).  We  summarize  below  the  present  knowledge  determined  by

specific experiments or empirical evidence about several of these factors. 
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Factors Effecting SAM Quality

Solvents:  Ethanol  is  the  solvent  that  is  most  widely  used  for  preparing  SAMs  however,  SAMs

formed  from  solutions  of  alkanethiols  comprising  solvents  other  than  ethanol  (tetrahydrofuran,

dimethylformamide,  acetonitrile,  cyclooctane,  toluene)  do  not  vary  significantly  from  those

formed  from  ethanolic  solutions.[81]  At  least  four  other  factors  also  contributed  to  the  wide-

spread use of ethanol: it solvates a variety of alkanethiols with varying degrees of polar character

and chain length; it is inexpensive; it is available with high purity; and it has low toxicity. 

The effects of the choice of a solvent on the kinetics of formation and the mechanism of assem-

bly  are  complex  and  poorly  understood.  Studies  on  this  topic  have  led  to  some  qualitative

understanding  of  how  solvent  can  affect  the  assembly  process.  The  presence  of  a  solvent  adds

additional  parameters  to  the  dynamic  equilibrium  governing  the  adsorption  of  thiols:  solvent-

substrate  and  solvent-adsorbate  interactions  complicate  the  thermodynamics  and  kinetics  of

assembly. Solvent-substrate  interactions can hinder the rate of adsorption of thiols from solution

because  the  solvent  molecules  must  be  displaced  from  the  surface  prior  to  the  adsorption  of

thiols, which are less prevalent in solution than the solvating molecules. 

Studies  suggest  that  the  rate  of  formation  of  SAMs  of  alkanethiolates  is  faster  in  certain  non

polar  solvents  (heptane,  hexanes)  than  ethanol.[111]  The  use  of  long  hydrocarbons,  such  as

dodecane  and  hexadecane,  as  solvents  reduces  the  rates  of  formation  to  values  comparable  to

those  for  SAMs from ethanolic  solutions.[111]  Hydrocarbon  solvents  may  improve the  kinetics

of  formation  in  some  cases,  but  the  strong  solvent-adsorbate  interactions  in  these  solutions

impede the organization  of alkanethiols SAMs. Contact  angle measurements  and electrochemis-

try  suggest  that  SAMs  formed  from  solutions  of  thiols  in  non  polar  organic  solvents  are  less

organized  than SAMs  formed  in ethanol.[81,112]  Polar  liquids-poor  solvents  for  n-alkanethiols

seem to  reduce  the  quantity  of  some  types  of  defects  found in  SAMs (conformational  arrange-

ments,  regions  of  missing  adsorbates)  and  promote  densely  packed  monolayers.[113]  The  low

solubility of thiols in such solvents and the low segmental heats of adsorption for these solvents

(that  is,  the  heat  associated  with  each  additional  interaction  of  the  solvent  molecules  with  the

surface,  for  example,  the  heat  of  adsorption  per  methylene  or  alcohol  group)  probably  serve  to

segregate  the  thiols  at  the metal  surface  and  thus more  efficiently  drive the  assembly processes

involving them. SAMs with few conformational and pinhole defects also can form from aqueous

solutions containing micelles of ionic or nonionic surfactants.[112] To summarize, the studies of

the effects  of  solvent  on  the  prototypical  example  of  SAMs of  alkanethiolates  on  gold  indicate

that the choice of solvent clearly is an important parameter for determining the resulting quality

of  a  SAM  deposited  from  solution,  but  there  remains  significant  challenges  in  developing  a

detailed understanding  of the complex and dynamic interactions  that occur between the solvent,

surface, and adsorbates during the formation process.
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solutions containing micelles of ionic or nonionic surfactants.[112] To summarize, the studies of
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Temperature: Temperatures above 25 °C can improve the kinetics of SAM formation and reduce

the number of defects in them. Elevated temperatures increase the rate of desorption for adventi-

tious  materials  and  solvent  molecules  physisorbed  on  the  surface  and  make  it  possible  for  the

system to cross activation barriers for processes such as chain reorganization and lateral rearrange-

ments  of  the  adsorbates  more  easily  than  at  room  temperature.  Uosaki  and  co-workers  suggest

that the  effect  of  temperature  is  particularly  relevant  during  the first  few minutes  of  the forma-

tion of a SAM when most of the adsorption and reorganization of the SAM is taking place.[112]

Concentration and Immersion Time:  These two parameters are inversely related:  low concentra-

tions of thiols in solution require long immersion times.[81] For SAMs formed from alkanethiols

on gold, the typical surface density of molecules (when maximum coverage is obtained) is ~4.5ä

1014  molecules/cm2; thus,  the minimum concentration  for forming  a dense SAM is ~1 mM, or

~6ä1014  molecules/cm3. In practice,  SAMs formed by immersion for a week in solutions with

concentrations  at  or  below  1  mM  do  not  exhibit  the  same  physical  properties  as  those  formed

from  more  concentrated  solutions.[81]  The  amount  of  impurities  or  other  sulfur-containing

compounds  also  can  complicate  the  use  of  extremely  dilute  solutions  to  form  SAMs.  Most

spectroscopic  and  experimental  evidence  suggests  that  the  average  properties  of  SAMs formed

from n-alkanethiols  (wettability,  mass coverage,  and, to a large extent, the structure deduced by

RAIRS)  do  not  change  significantly  when  exposed to  ~1 mM solutions  of  thiols  for  more  than

12÷18  hours.  Electrochemistry,[18]  STM,[21]  and  RAIRS[13]  indicate,  however,  that  the

structure of the SAM can continue to evolve over immersion times of ~7÷10 days. These results

imply that the coverage of the surface increases with extended immersion times and suggest that

there are two consequences: (1) the number of pinhole defects in the SAMs decreases and (2) the

conformational  defects  in  the  alkane  chains  decrease.  The  typical  time  allowed  for  formation

(12÷18  h)  is  convenient  experimentally,  but  for  some  applications,  formation  over  many  days

can  improve  the  reproducibility  of  subsequent  experiments  that  use  the  SAM,  for  example,

studies of electron transfer through SAMs.[41,45-46,53,72]
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Purity of  Solvents  and Thiols:  Common  impurities  derived  from thiols are disulfides:  an oxida-

tion product.  Experiments suggest  that small amounts of these materials (<5%) do not necessar-

ily  impede  the  formation  or  alter  the  structure  of  the  SAM.[81]  The  disulfides  usually  are,

however,  less  soluble  than their  thiol  precursors;  the  reduced  solubility  can result  in physisorp-

tion  of  these  materials  and  alteration  of  the  physical  properties  of  the  SAM.  Oxidized,  polar

contaminants  (sulfonates,  etc.)  can  be  removed  by  percolating  the  thiols  over  activated,  neutral

alumina prior to use.[81]

Concerning  the  oxygen  content  of  the  solution,  there  is  little,  if  any,  quantitative  knowledge

about  the  effects  that  oxygen  can  have  on  the  rate  of  formation  and  the  structure  of  SAMs

formed  when  it  is  present  in  solution.  Empirical  evidence  suggests  that  degassing  the  solvent

with an inert gas, such as argon, prior to preparing the solution of thiols and maintaining an inert

atmosphere  over  the  solution  during  formation  improve  the  reproducibility  of  the  SAMs.[81]

Reducing  the  concentration  of  oxygen  in  the  solution  limits  the  oxidation  of  the  thiols  to  sul-

fonates and other oxygenated  species.  This precaution  is more important  for  SAMs prepared on

palladium, silver, copper, and (perhaps) platinum than on gold.

Cleanliness of  Substrate:  The formation of SAMs on substrates  that are handled in a laboratory

atmosphere  is  essentially  an  exchange  process:  the  thiols  must  displace  whatever  adventitious

materialhas adsorbed onto the substrate prior to immersion in the thiol solution. The assumption

supporting this statement  is that the thiols  are, in fact,  able to displace  the miscellaneous  adsor-

bates  already  present.  Displacement  by  thiols  first  requires  desorption  of  the  contaminants  and

impurities;  the  rate  of  desorption  of  the  contaminants  must,  therefore,  affect  the  kinetics  of

formation.  SAMs  have  reproducible  materials  properties  when  formed  on  substrates  that  are

immersed into solutions  of thiols  within ~1 h  of  preparation  or cleaned  with strongly  oxidizing

chemicals  (“piranha”  solution-H2 SO4 :H2 O2 )  or  oxygen  plasmas.  Exposure  to  ambient  condi-

tions for prolonged times seems to allow adsorption of materials  that are not easily displaced in

the typical time allowed for the formation of SAMs.
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3

Electrical Characterization of 

Molecular Junctions Using AFM-

based Techniques

Many techniques  have  been used  in  past  years  to  study and  characterize  transport  in molecular

junctions.  Strategies  for  fabricating  Metal-molecule-Metal  junctions  (M-m-M)  include  assem-

bling  molecules  inside  metal-capped  nanopores[35-36]  and  mechanical  break  junctions[39-

41,47]  or  between  mercury  drops,[37-38]  nanofabricated  electrodes,[42]  and  cross  wires.[43]

Metallic  nanoparticles  have  also  been  used  as  electrical  contacts  to  molecular  monolayers

supported  on  metal surfaces.[44,114]  In this  thesis  work  we chose an approach  where  scanning

probe  microscopy  based  techniques  were  used.  We  used  an  alternative  approach  to  Metal-

molecule-Metal  junction  formation  and  study  using  the  nanolithographic  and  current  detection

capabilities of atomic force microscopy (AFM). The AFM, in fact, offers the uncommon chance

to  join  together  high-resolution  surface  topography  imaging  (contact  mode  AFM),[106]  high-

accuracy  molecular  lithography  (nanografting)[62,115]  and  moreover,  current  detection  using  a

conductive  tip  and  an  opportune  amplification  circuit  (CT-AFM).[116]  A  key  advantage  of

scanning  probe  microscopy  for  junction  formation  is  that  no  micro-  or  nano-fabrication  pro-

cesses  are  necessary.  Also  in  our  case,  the  nanolithography  was used  only  to immobilize  more

than a single molecule  below the tip in order to extend the number of molecules simultaneously

studied  and  was  not  a  real  junction  fabrication  process.  This  means  that,  in  terms  of  time,

screening  of  junction  behavior  is  limited  by  synthesis  of  molecules  and  their  self  or  assisted

assembly  on  conducting  substrates,  and  not  by  the  measurement  methodology  itself.  Junction

fabrication  by  CT-AFM  is  also  a  “soft”  process  in  that  there  are  no  high-temperature  contact-

forming  or  high  pressure  stamping  steps.  Molecules  may  be  contacted  by  any  conducting  film

that can be coated onto an AFM tip, offering flexibility for examining the role of contacts on the

junction I/V behavior.
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Figure 3.1. (A) Schematic  of a CT-AFM set-up.  Above a SAM of the molecules  of interest  grown on a gold substrate  is placed

a conductive  AFM  tip.  A  closed  amplification  circuit  connecting  substrate  and  cantilever  provide  bias  and  current  detection.

Scanning  feedback  stays  in  force  during  surface  CT-AFM  characterization.  (B)  Two-layer  tunnel  junction  model.  The  STM

tunnel junction  is composed  of two distinct layers:  the vacuum gap and the film. Each region is characterized  by a transconduc -

tance,  G,  which  is  dependent  on  the  physical  thickness  of  the  layer.  The  film  thickness  is  an  intrinsic  property,  while  the

vacuum  gap  thickness  is  controlled  by the  STM to maintain  a constant  overall  transconductance.  Working  at constant  current

on differently  conductive  molecules  implicates  a variation  of the vacuum gap.

It  is  important  to  note  the  difference  between  this  CT-AFM  method  and  scanning  tunneling

microscopy (STM) for characterizing molecular junctions (refer to Figure 3.1). In STM, current,

not force, is used to control tip-positioning.  Because the conductance properties of molecules are

generally unknown, the position of the probe with respect to the molecules can be ambiguous. If

the  STM  tip  is  not  in  contact  with  the  monolayer,  the  junction  transport  properties  are  deter-

mined by the molecules and the vacuum (or air) gap between the molecules and the tip. If the tip

penetrates the monolayer,  it  is difficult  to know how far it has penetrated and thus what portion

of  the  molecules  contribute  to  the  current.  CT-AFM  does  not  have  this  difficulty  because  an

independent feedback signal, namely normal force, allow the probe to be controllably positioned

just  in  contact  with  the  monolayer  as  is  shown  in  Figure  3.1A.  At  low  contact  forces,  there  is

much  less  ambiguity  in  CT-AFM  about  where  the  tip  is  with  respect  to  the  endgroups  of  the

SAM.  Some  attempt  in  the  direction  of  a  systematic  understanding  of  the  vacuum  (or  air)  gap

contribution in STM characterization of molecular layers was done by Weiss and coworkers.[45]

Their work focuses in particular on the behavior of the STM tip during the motion over different

molecules  in  a  mixed  SAM.  The  usually  unknown  changing  in  the  tip-surface  distance  when

moving over molecules (or in general over surface areas) of different conductibility is a problem

that has to be addressed when STM is used to perform transport studies (see Figure 3.1B).

Ph.D Thesis

39



It  is  important  to  note  the  difference  between  this  CT-AFM  method  and  scanning  tunneling

microscopy (STM) for characterizing molecular junctions (refer to Figure 3.1). In STM, current,

not force, is used to control tip-positioning.  Because the conductance properties of molecules are

generally unknown, the position of the probe with respect to the molecules can be ambiguous. If

the  STM  tip  is  not  in  contact  with  the  monolayer,  the  junction  transport  properties  are  deter-

mined by the molecules and the vacuum (or air) gap between the molecules and the tip. If the tip

penetrates the monolayer,  it  is difficult  to know how far it has penetrated and thus what portion

of  the  molecules  contribute  to  the  current.  CT-AFM  does  not  have  this  difficulty  because  an

independent feedback signal, namely normal force, allow the probe to be controllably positioned

just  in  contact  with  the  monolayer  as  is  shown  in  Figure  3.1A.  At  low  contact  forces,  there  is

much  less  ambiguity  in  CT-AFM  about  where  the  tip  is  with  respect  to  the  endgroups  of  the

SAM.  Some  attempt  in  the  direction  of  a  systematic  understanding  of  the  vacuum  (or  air)  gap

contribution in STM characterization of molecular layers was done by Weiss and coworkers.[45]

Their work focuses in particular on the behavior of the STM tip during the motion over different

molecules  in  a  mixed  SAM.  The  usually  unknown  changing  in  the  tip-surface  distance  when

moving over molecules (or in general over surface areas) of different conductibility is a problem

that has to be addressed when STM is used to perform transport studies (see Figure 3.1B).

There  is  another  important  point  in  favor  of  the  use  of  CT-AFM  instead  of  STM  to  perform

current measurements  on low conductive SAMs, as for example, long alkanethiol ones. In STM

operations,  the  feedback  signal  is  the  same  quantity  that  we  are  measuring,  the  current.  That

means that the acquisition speed of the amplifier has to be fast enough to assure a good feedback

response in order to regulate the tip-surface distance. However it is well known that for amplifi-

ers an inverse relationship between gain and bandwidth exists. The implication of that statement

is a limitation of the maximum gain and so, directly,  to the minimum current detectable,  due to

the  impossibility  to  reduce  below  a  certain  value  the  bandwidth  of  the  feedback  circuit.  STM

usually works with currents starting from 1 pA rather, the CT-AFM, easily succeeds in handling

fA range ones.
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1. The Atomic Force Microscopy

The atomic force microscope (AFM), or scanning force microscope (SFM) was invented in 1986

by Binnig, Quate and Gerber.[106] Like all other scanning probe microscopes, the AFM utilizes

a sharp probe moving over the surface of a sample in a raster scan. In the case of the AFM, the

probe  is  a  tip  on  the  end  of  a  cantilever,  which  reacts  changing  some  dynamic  (resonant  fre-

quency) or static (bending shape) property in response to the force that acts between the tip and

the sample. The capability to detect  these changes may give us the possibility to reconstruct the

surface  morphology.  The  first  AFM  used  a  scanning  tunneling  microscope  at  the  end  of  the

cantilever  to detect  the  bending  of the  lever,  but  now the  great  majority  of commercially  avail-

able AFMs employ an optical lever technique.

Figure 3.2. An explicative  cartoon  of  AFM working  principle.  It is  possible  to recognize  the  laser (A) focusing  a laser  beam at

the  top  end  of  a  cantilever  (B)  from  where  it  is  reflected  at  the  center  of  a  4  quadrants  photodiode  (C).  Every  cantilever

deformation  (bending  or torsion)  will  be easily  detected  as spot  movements  on the  photodiode.  At the  end  of cantilever  there

is a very sharp  tip in close  proximity  with the sample  surface  (F).  Surface  is moved  below the  tip using  an x and y piezoscan -

ner  (E).  During  the  rastering  process  tip  bends  (or  changes  its  resonant  frequency)  as  function  of  surface  morphology.  A  z

piezoscanner  (D)  approaches  or  moves  away  the  surface  from  the  tip  in  order  to  maintain  constant  bending  or  resonant

frequency.  Voltages needed to do this corrections  are used to reconstruct  surface topography.

Briefly, a laser beam is focused on the back end of the cantilever and subsequently reflected on a

position sensitive photo diode (PSPD) as a four quadrant light detector upon which it is centered.

The  diode  is  able  to  track  every  spatial  movement  of  the  laser  spot  so  a  deviation  due  to  a

cantilever  deformation  (bending  or torsion)  is  easily  detachable  with  high precision  thanks  also

to  the  optical  level  magnification.  Since  the  cantilever  obeys  Hooke's  Law  for  small  displace-

ments (in fact it may be imaged as a beam spring), the interaction force between the tip and the

sample  can  be  found.  From  geometric  calculations  the  displacement  of  the  laser  spot  on  the

PSPD can give the  value of  the vertical  tip displacement  that,  in combination  with the intrinsic

elastic  constant  of  the  cantilever  furnish  the  force  applied  by  the  tip  to the  surface.  The  move-

ment  of  the  tip  or  sample  is  performed  by  an  extremely  precise  positioning  device  made  from

piezoelectric ceramics, most often in the form of a tube scanner but more complex solutions are

available.  The scanner  is  capable  of sub-ångstrom  resolution  in x,  y  and  in z directions.  The z-

axis is conventionally perpendicular to the sample.
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Briefly, a laser beam is focused on the back end of the cantilever and subsequently reflected on a

position sensitive photo diode (PSPD) as a four quadrant light detector upon which it is centered.

The  diode  is  able  to  track  every  spatial  movement  of  the  laser  spot  so  a  deviation  due  to  a

cantilever  deformation  (bending  or torsion)  is  easily  detachable  with  high precision  thanks  also

to  the  optical  level  magnification.  Since  the  cantilever  obeys  Hooke's  Law  for  small  displace-

ments (in fact it may be imaged as a beam spring), the interaction force between the tip and the

sample  can  be  found.  From  geometric  calculations  the  displacement  of  the  laser  spot  on  the

PSPD can give the  value of  the vertical  tip displacement  that,  in combination  with the intrinsic

elastic  constant  of  the  cantilever  furnish  the  force  applied  by  the  tip  to the  surface.  The  move-

ment  of  the  tip  or  sample  is  performed  by  an  extremely  precise  positioning  device  made  from

piezoelectric ceramics, most often in the form of a tube scanner but more complex solutions are

available.  The scanner  is  capable  of sub-ångstrom  resolution  in x,  y  and  in z directions.  The z-

axis is conventionally perpendicular to the sample.

The reconstruction  of  the surface  morphology  is  possible  directly  recording  for  example the tip

bending, but in this case the applied force is out of control or even impossible for very corrugate

surfaces. A different approach uses a feedback circuit to maintain constant the force (working in

static mode) or tip oscillation amplitude (dynamic mode) while the tip is scanning the surface.

Static Mode AFM

Working in static mode, also referred to as contact mode, the AFM can so operate in two princi-

pal  modes:  with  feedback  control  and  without  feedback  control.  If  the  electronic  feedback  is

switched  on,  then  the  positioning  piezo  that  is  moving  the  sample  (or  tip)  up  and  down  can

respond  to  any  changes  in  force  (or,  to  be  more  precise,  cantilever  deflection),  which  are

detected,  and  alter  the  tip-sample  separation  to  restore  the  force  to  a  predetermined  value

(imposed  by  the  operator).  This  mode  of  operation  is  known  as  constant  force,  and  usually

enables a fairly faithful topographical  image to be obtained reducing,  at the same time, tip crash

risk. If  the feedback electronics  are switched  off,  then the microscope  is said to be operating in

constant  height  or  deflection  mode.  This  is  particularly  useful  for  imaging  very  flat  samples  at

high resolution and high speed. Often it is best to have a small amount of feedback loop gain, to

avoid problems  with thermal  drift  or  the possibility  of a  rough  sample  damaging  the tip  and/or

cantilever. Strictly, this should then be called error signal mode. 

Contact mode is the most  common method of operation of the AFM. As the name suggests,  tip

and  sample  remain  in  close  contact  as  the  scanning  proceeds.  By  “contact”  we  mean  in  the

repulsive  regime  of  the  inter-molecular  force  curve  as  shown  in  Figure  3.3A.  The  repulsive

region of the curve lies above the x-axis and extends for some fraction of nanometer depending

mainly on the tip and surface composition. From here on we refer to tip/surface contact when the

tip is, somehow, feeling this repulsive interaction, both in static or dynamic mode.
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Contact mode is the most  common method of operation of the AFM. As the name suggests,  tip

and  sample  remain  in  close  contact  as  the  scanning  proceeds.  By  “contact”  we  mean  in  the

repulsive  regime  of  the  inter-molecular  force  curve  as  shown  in  Figure  3.3A.  The  repulsive

region of the curve lies above the x-axis and extends for some fraction of nanometer depending

mainly on the tip and surface composition. From here on we refer to tip/surface contact when the

tip is, somehow, feeling this repulsive interaction, both in static or dynamic mode.

Figure 3.3. (A) Force  versus  tip to surface  plot. The tip,  approaching  to the surface,  starts to feel  attractive,  long range  forces

(non-contact  AFM  region)  until  tip  and  surface  electron  orbitals  are  so  close  to  start  exerting  repulsive  forces  (contact  mode

AFM  region).  Between  these  two  regimes  lies  the  intermittent-contact  (or  tapping  mode)  region.  (B)  Cartoons  of  the  three

AFM  operation  modes.  From  left  to  right,  contact,  non-contact  (large  tip  oscillations),  and  intermittent  contact  (small  tip

oscillations)  modes.

One of the characteristics  of remaining in contact with the sample is that there exist large lateral

forces  on  the  sample  as  the  tip  is  “dragged”  over  the  specimen.  These  transversal  interactions

induce  torsion  in  the  cantilever  proportional  to  the  tip/surface  friction.  The  operation  mode  in

which  this  interaction  is  recorded  is  usually  called  lateral  force  (LF-AFM)  and  is  a  commonly

used technique for studying rheological  properties or surface forces (an example of this applica-

tion  is  presented  in  Chapter  7  of  this  thesis).  A  drawback  of  these  lateral  interactions  is  the

surface  damaging  that  occurs  during  scanning  of  very  soft  materials  as  polymers  or  organic

layers  especially  if  working at  high forces.  To overcome  this problem a dynamic approach  was

developed.
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Dynamic Mode AFM

Basically,  in the dynamic  mode, the  cantilever  is oscillated  close  to its resonant  frequency (and

also  characterized  by  a  resonant  oscillation  amplitude)  and  positioned  above  the  surface.  Now,

once  the  tip  starts  to  approach  to  the  sample  and  feeling  the  surface  forces,  a  changing  in  the

cantilever  resonance  frequency  is  induced.  This  change  may  be  detected  as  a  frequency  shift

(frequency modulation  AFM) or as  an amplitude  change  (amplitude  modulation  AFM).  In  both

cases the information is usable to reconstruct the surface topography directly or using, as previ-

ously  described  for  the  contact  mode  case,  some  feedback  correction  in  order  to  maintain

constant  a certain  value  of the frequency  shift  or of the amplitude.  Regarding  the forces  sensed

by the tip we can stay in the attractive regime of the surface potential, and in this case we relate

to  non-contact  mode  (NC-AFM),  or  sensing  also  the repulsive  branch  of the  potential  intermit-

tently (tapping or semicontact  AFM).  Factors  inducing one  or the other behavior  are, for exam-

ple, cantilever stiffness, choose set-point value, tip/surface chemistry, working environment, etc.

Although it is a very gentle technique,  non-contact  operation is a very difficult mode to operate

in  ambient  conditions  with  the  AFM.  The  thin  layer  of  water  that  exists  on  the  surface  on  the

sample  will  invariably  form a  small  capillary  bridge  between  the  tip  and  the  sample  and  cause

the tip to “jump-to-contact”  inducing undesirable instability during scanning (even under liquids

and  in  vacuum,  jump-to-contact  is  extremely  likely  due,  for  example,  to  electrostatic  interac-

tions).  Moreover,  a  not  accurate  choice  of  the  scanning  variables,  induce  usually  poorer  lateral

resolution  than  contact  mode  AFM.  To  overcome  the  problem  a  technique  that  may  be  posi-

tioned  exactly  between  contact  and  non-contact  mode  was  developed.  We  refer  to  it  as  semi-

contact mode.  It  is  the next  most  common mode  used  in AFM after  contact  mode.  When oper-

ated in air or other gases, the cantilever is oscillated at its resonant frequency (often hundreds of

kilohertz)  and  positioned  above  the  surface  so  that  it  only  taps  the  surface  for  a  very  small

fraction of its oscillation period. This is still contact with the sample in the sense defined earlier,

but the very short time over which this contact occurs means that lateral forces are dramatically

reduced as  the  tip  scans over  the  surface  reducing so  damaging  and,  at  the same time,  offering

easily  better  spatial  resolution  than  non-contact.  When  imaging  poorly  immobilized  or  soft

samples, tapping mode may be a far better choice than contact mode for imaging.

More  recently,  there  has  been  much  interest  in  phase  imaging.  This  works  by  measuring  the

phase difference between the oscillations of the cantilever driving piezo and the detected oscilla-

tions. In general phase is more sensitive to changes in attractive and repulsive tip-surface interac-

tion, especially to electrostatic or magnetic long range ones.
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More  recently,  there  has  been  much  interest  in  phase  imaging.  This  works  by  measuring  the

phase difference between the oscillations of the cantilever driving piezo and the detected oscilla-

tions. In general phase is more sensitive to changes in attractive and repulsive tip-surface interac-

tion, especially to electrostatic or magnetic long range ones.

Working in Liquid Environment: the Liquid Cell

The  main  aspect  of  atomic  force  microscopy  is  the  remarkable  adaptability.  Many  different

geometries  and  techniques  were  developed  in  order  to  extend  the  instrument  capabilities  to  a

wide range of environments, and to performing specialized task. AFMs able to work in ultra high

vacuum  (UHV),  liquid  (e.g.  water,  alcohols,  physiologic  solutions),  air  and  controlled  atmo-

sphere  (as,  for  example,  a  nitrogen  box  with  humidity,  temperature  and  pressure  control)  are

present in research laboratories.

In addition  to  the  standard  sample  topography  determination,  AFM may be used  to study more

complex  surface  properties.  Studies  of  long  range  electrostatic  and  magnetic  forces  exerted  by

the  surface,[23]  short-range  adhesive  forces,[24]  elasticity  and  plasticity,[25]  charge  transport,

[26]  polarizability[27]  and  thermal  characterization  and  stimulation[28]  are  only  some  of  the

possible  branch  of  application  of  AFM  on  surfaces.  In  this  thesis  work  we  took  advantage  in

particular  of  the  AFM  capability  to  work  easily  in a  liquid  environment.  Such  ambient  will  be

necessary  to  perform  all  the  nanolithographic  tasks  necessary  to  build  surface  nanostructure  of

different molecules (into an hosting molecular matrix) in order to perform simultaneous molecu-

lar characterization as described in the following chapter. Moreover, there is a large debate in the

scientific community about the role of different solvents to mediate electrical transport in single

molecules or through (or across) SAMs. Answer to this question may be addressed only perform-

ing  a  molecular  electrical  characterization  in liquid.  Passing  momentarily  over  the  argument  of

this  thesis,  liquid  environment  may  be  absolutely  necessary  handling  organic  or  biological

material  in  order  to  avoid  molecular  degradation  or  to  perform  studies  in  “real”  ambient  (e.g.

proteins in physiological saline solution).

AFM measurements  may be done in liquid using a liquid cell. Two basic designs are usable: an

open liquid cell and a closed one. In the first case the cell is a very small tub (some mL usually)

and the AFM is inserted into the liquid mounted on a crystal  or below a small glass window in

order to assure a perfect optical view through the liquid interface.
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AFM measurements  may be done in liquid using a liquid cell. Two basic designs are usable: an

open liquid cell and a closed one. In the first case the cell is a very small tub (some mL usually)

and the AFM is inserted into the liquid mounted on a crystal  or below a small glass window in

order to assure a perfect optical view through the liquid interface.

The closed  liquid  cell  is  similar  to the  open  one  but  present  a  silicon membrane  able  to  seal  it

and usually has a smaller volume. The advantage of this solution is the ability to reduce evapora-

tion of the liquid. The concentration of molecules in an alcohol solution or the amount of salts in

a buffer may be maintained constant into the closed liquid cell. Inlet and outlet tubes are present

for  refilling  or  liquid  exchanging.  One  of  the  drawbacks  of  this  solution  is  the  mechanical

coupling of the inferior part of the instrument,  where usually the sample and the piezo-scanners

are  located,  and  the  above  part,  where  there  are  the  tip  and  all  the  laser  detection  parts.  As  a

consequence  of  this  there  is  the  possibility  to  introduce  mechanical  noise  in  the  measurement

caused  by  liquid  evaporation  instabilities  or  spurious  cantilever  vibrational  modes.  In  fact

induced  liquid  oscillations  into  the  cell  may  create  interference  problems  determining  the

resonance frequency when working in dynamic mode.

Summarizing,  the  most  difficult  design  targets  to  achieve  are  to  avoid  air  bubbles  formation

along the laser path, reduce the unwonted oscillation modes of the cell during dynamic operation

in  liquid  and  assure,  in  case  of  close  liquid  cells,  absence  of  stresses  due  to  the  membrane

sealing. For our purposes we chose to modify a commercial open liquid cell to overcome all the

above-mentioned difficulties and to fit all of our requirements.
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2. Nanografting

Nano  and  microfabrication  of  self-assembled  monolayers  (SAMs)  has  attracted  tremendous

attention  because  it  opens  to  the  unprecedented  capability  to  control  surface  properties  at  the

nanometric  scale.  For  example,  tailoring  the  exposed  functional  group  of  the  nanopatterned

molecules  and  of  the  surrounding  SAM ones,  hybrid  hydrophobic-hydrophilic  surfaces  may  be

prepared.[71]  Moreover  patterned  SAMs  can  be  used  as  resist  for  pattern  transfer  and  as  tem-

plates  to  pattern  proteins  and  other  biosystems.[117-120]  Micrometer-sized  patterns  have  been

fabricated  within  SAMs  using  microlithographic  techniques  such  as  photolithography,[121]

microcontact  printing,[6,118]  microwriting,[6,118]  and  micromachining.[6]  Argon  ion  or

electron beam lithography can produce smaller patterns (down to tens of nanometers) but require

a high-vacuum (HV) environment.[122]  Another  approach to produce nanometer-sized  domains

of SAMs is the coadsorption  of two or more adsorbate.[123] However,  with this approach,  it is

difficult to precisely control the size and distribution of these nanodomains because the structure

is determined by the interplay of the kinetics  and thermodynamics  of the self-assembly process.

[124]
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Creating  nanopatterns  of  SAMs  of  different  molecules  with  molecular  precision  and  in  short

time requires  new fabrication  strategies.  Atomic force  microscopy (AFM) is well-known for  its

ability  to  visualize  surfaces  of  materials  with  high  spatial  resolution[125]  in  many  physical

environments.  Taking  advantage  of  the  sharpness  of  the  tip  and  the  strong  and  localized  tip-

surface  interactions,  AFM  has  also  been  used  to  manipulate  molecules  on  surfaces  and  to

fabricate  nanopatterns  of  metal  and  semiconductor  surfaces  via  electro-oxidative  processes.

Despite  the  structural  complexity  of  SAMs,  molecular  resolution  images  have  been  obtained

using  AFM.[61,126]  The  fact  that  molecules  within  SAMs  can  be  resolved  indicates  that  tip-

SAM interaction  in AFM imaging is localized to molecular dimensions.  Therefore,  in principle,

by  enhancing  the  local  tip/surface  interaction  (the  applied  force  in  AFM  case)  one  is  able  to

break chemical bonds selectively.  Various approaches for controlling the local interactions have

been  reported.  These  methods  include  AFM-based  lithography  such  as  tip-catalyzed  surface

reactions and dip-pen nanolithography,[115]

Figure 3.4. (A)  Procedure  for  nanografting.  The  schematic  diagram  provides  an  example  of  the  fabrication  of  a  C18

nanostructure  inlaid  in  a  C10  monolayer.  The  drawings  are  not  to  scale.  Initially  a  well-ordered  C10  on  gold  is  imaged  via

AFM with  a low imaging  force of 0.5 nN in ethanol  solution  containing  C18.  At the image  force of about   50 nN (depending  on

the  tip  sharpness),  C10  molecules  can  be  displaced  during  the  scan,  and  C18  molecules  (0.5  mM  in  concentration)  self-

assemble  on  the  exposed  gold  surface.  The  resulting  nanopatch  of  C18  can be imaged  by  AFM at  a low  imaging  force.  The

typical  time  to  complete  all  the  nanofabrication  procedure  is  ~5  min.  The  threshold  force  for  nanografting  is  determined

looking  at  the  atomic  periodicity  of  the  surface.  At  low force  C18  SAM  lattice  is  imaged  (B),  increasing  the force,  at  a certain

point, lattice changes into the periodicity  of the Au(111)  (C).
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Figure 3.4. (A)  Procedure  for  nanografting.  The  schematic  diagram  provides  an  example  of  the  fabrication  of  a  C18

nanostructure  inlaid  in  a  C10  monolayer.  The  drawings  are  not  to  scale.  Initially  a  well-ordered  C10  on  gold  is  imaged  via

AFM with  a low imaging  force of 0.5 nN in ethanol  solution  containing  C18.  At the image  force of about   50 nN (depending  on

the  tip  sharpness),  C10  molecules  can  be  displaced  during  the  scan,  and  C18  molecules  (0.5  mM  in  concentration)  self-

assemble  on  the  exposed  gold  surface.  The  resulting  nanopatch  of  C18  can be imaged  by  AFM at  a low  imaging  force.  The

typical  time  to  complete  all  the  nanofabrication  procedure  is  ~5  min.  The  threshold  force  for  nanografting  is  determined

looking  at  the  atomic  periodicity  of  the  surface.  At  low force  C18  SAM  lattice  is  imaged  (B),  increasing  the force,  at  a certain

point, lattice changes into the periodicity  of the Au(111)  (C).

For our  purposes  we  chose  to  take  advantage  of  the  nanografting  technique,  introduced  for  the

first time by Song Xu and Gang-yu Liu in 1997.[62] The technique is performed in its entirety in

a liquid  medium using a  common AFM tip  in a  liquid cell  set-up.  The highest  resolution  AFM

images  of  thiol  SAMs  were  acquired  in  liquid  under  very  low  imaging  loads  (e.g.,  0.5  nN).

[61,126]  The pressure  exerted by  the tip  was about 0.1  GPa (assuming  a tip  radius  of about 10

nm and using Hertzian contact theory). The van der Waals energy per CH2  group is ~2 kcal/mol.

[127]  Therefore,  under  such  imaging  pressure,  the  AFM  tip  was  in  contact  with  the  alkane

chains, causing small local deformation.[25,127] Increasing the local pressure would increase the

deformation,  disrupt  the  packing,  and  eventually  displace  thiol  molecules  from their  adsorption

sites because the Au-S interface bond is the weakest one (the binding energies for S-Au, C-C, C-

H, and C-S are 40, 145, 81, and 171 kcal/mol, respectively). In addition, the lateral movement of

thiols on gold requires  less activation energy than desorption.  Increasing the load further  would

cause the underlying gold substrate to deform.

Basic Nanografting Procedure

The  process  of  nanografting  includes  three  steps  as  illustrated  in  Figure  3.4.  All  of  those  are

performed with  the tip immersed in a liquid solution  of,  usually,  a different  thiolated molecule.

The first step is to characterize the matrix SAM and select areas for the nanofabrication. During

this  process,  the  surface  structure  of  the  SAM  (matrix)  is  imaged  by  AFM  under  a  low  force,

normally  below  1 nN.  The  second  step  is  to  fabricate  desired  patterns  within  the  SAM.  In  this

step, SAM molecules in selected regions of the surface are removed by scanning these areas with

an AFM tip at a force greater than the threshold displacement force. As the matrix molecules are

removed,  new  thiol  molecules  from  the  surrounding  solution  immediately  adsorb  onto  these

areas  following  the  scanning  track  of  the  AFM  tip.[62]  The  final  step  is  to  characterize  the

patterned  SAMs  using  the  same  AFM  tip  at  a  reduced  imaging  force.  The  geometry  of  the

resulting patterns is defined by the scanning trajectrory,  and the spatial  precision of the fabrica-

tion  depends  on  the  sharpness  of  the  AFM  tip  and  the  thermal  and  mechanical  stability  of  the

AFM. The best spatial precision achievable is of about 1 nm.[62]
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Factor Influencing Nanografting

Omitting the kind of thiolated molecule used, three are the main factors influencing the nanograft-

ing  procedure:  the  fabrication  force,  the  scanning  speed,  and  the  concentration  of  thiols  in

solution.  Since  the  geometry  and  the  chemical  nature  of  AFM  tips  vary,  the  corresponding

threshold  force  must  be determined for  each tip  before initiation of  a fabrication process.  Typi-

cally, a small area of 5ä5 nm2  was scanned under a gradually increasing load until the periodic-

ity changed  from that  for  a  thiol  monolayer  to  that  for  Au(111),  i.e.,  from an hexagonal  lattice

(a=0.50 nm) to a smaller hexagonal lattice (a=0.29 nm).[128] This change indicates the displace-

ment  of  the  matrix  molecules  from  their  adsorption  sites.  To  ensure  complete  removal  of  the

matrix  molecules  without  causing  plastic  deformation  of  the  underlying  gold  surface,  the  nan-

ografting  force  was  set  10÷50%  higher  than  the  threshold  force.  The  concentration  of  thiol  in

solution was not a critical parameter as we have successfully achieved nanografting with concen-

trations ranging from 2 –M to 2 mM. The results of nanografting were sensitive  to scan rate  as

slow  scans  often  produced  pattern  distortion  due  to  thermal  drifts  while  fast  scans  did  not

produce  patterns  with  high  coverage.  We  found  that  scan  rates  ranging  from 100 to  2000  nm/s

resulted  in  the  rapid  and  reproducible  formation  of  patterns  with  well-defined  geometry  and

sharp  edges.  Thiol  molecules  within  these  patterns  were  well  ordered  and  densely  packed  as

demonstrated  also  by  some  recent  current  measurements  performed  on  alkanethiol  molecules

(Chapter 6 of this thesis).
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Figure 3.5. (A) Nanopatch  of  C18  fabricated  using  nanografting  into  a C10 matrix.  Difference  in height  from line profile  (B) is

close  to  the  theoretical  difference  in  thickness  between  C18/C10  SAMs.  (C)  Topographic  image  of  a nanografted  C10  patch

into a C18 SAM with the relative line profile  (D).

Nanografting  offers  many  advantages  compared  with  others  AFM  based  nanolithographic

techniques  as,  for  example,  dip-pen  nanolithography.[115]  Due to  the fact  that  the  technique  is

performed entirely in the liquid environment of an AFM liquid cell, the sample never sees the air

and moreover, it is very easy to graft different molecules simply changing the solution filling the

cell (the tip used for the fabrication is always the same). Another  benefit of the technique is the

fact that concentration  of molecules in solution  is perfectly known; in opposition in dip-pen the

amount  of  molecules  soaked  by  the  tip  is  unknown.  Also  from  the  point  of  view  of  pattern

resolution the nanografting may be considered superior  in performance  compared to dip-pen.  In

nanografting  patterns  are  created  into  a  hosting  SAM  of  molecules  that  serves  as  diffusion

confinement  for  them.  That  means  higher  spatial  resolution  and  time  stability  of  the  fabricated

nanostructures than in dip-pen nanolithography.
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3. CT-AFM

AFM based electrical  characterization  of many  different  organic layers  has  been carried  out  by

panoply of groups in the past years.[34,53,114,129] The common procedure was to fabricate M-

m-M junctions  placing a conductive  AFM tip in contact  with a metal-supported  molecular film,

such  as  a  self-assembled  monolayer  on  gold.  While  the  normal  force  feedback  circuit  of  the

AFM controls the mechanical  load on the microcontact,  a voltage swap is done recording so the

I/V  characteristic  of  the  junction.  We  will  refer  to  that  approach  as  punctual  measurements  or

punctual CT-AFM.

In  our  experiments  we  didn’t  perform  punctual  measurements  but,  instead,  a  complete  bi-

dimensional  mapping of the currents  flowing through the area below AFM tip during scanning.

[46]  As usual  the junction  is formed placing  the conductive  AFM tip  in contact  with  the mole-

cules  of  interest  assembled  on  a  gold  surface.  Has  to  be  considered  that  now,  thanks  to  the

nanografting technique,[62] the molecular layer is not formed by a unique type of molecule but,

instead, by two or more ones, auto-assembled in highly ordered nanostructures  in well localized

areas  of  the  surface.  The  electrical  characterization  is  performed  simultaneously  with  a  topo-

graphic imaging of the surface with the feedback working at constant  force (contact mode) as is

possible to see sketched out in Figure 6.2. The use of a conductive tip connected with a high gain

amplification chain let us to collect current values for every point forming the 2D image when a

potential  is  applied  between  tip  and  surface.  Usually  we  allude  to  this  technique  in  terms  of

surface measurement or scanning CT-AFM.

The  electrical  characteristic  of  junction,  usually  called  I/V  characteristic,  is  now  obtained  for

every molecular junction  acquiring a set of current  images at different applied voltages (usually

swapping  from  -250  mV  to  +  250  mV).  A  set  of  twenty  images  is  sufficient  to  assure  a  good

junction  analysis.  An  example  of  an  I/V  plot  obtained  from  the  analysis  of  current  images  at

different biases is reported in Figure 4.3A. The voltage increasing steps range from 1 to 20 mV,

clearly  more  dense  points  were  acquired  close  to  the  zero  voltage origin.  Starting  from current

images,  an  average value  for  the  current  was  extrapolated  for  every  molecular  patch present  in

the image (usually this was done also for the hosting SAM). The procedure was repeated for all

the images acquired at different applied biases. I/V curve of current values plotted as function of

applied voltage may be then easily obtained. 
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swapping  from  -250  mV  to  +  250  mV).  A  set  of  twenty  images  is  sufficient  to  assure  a  good
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clearly  more  dense  points  were  acquired  close  to  the  zero  voltage origin.  Starting  from current

images,  an  average value  for  the  current  was  extrapolated  for  every  molecular  patch present  in

the image (usually this was done also for the hosting SAM). The procedure was repeated for all

the images acquired at different applied biases. I/V curve of current values plotted as function of

applied voltage may be then easily obtained. 

Benefits of Scanning CT-AFM

Scanning CT-AFM takes on many of punctual measurements capabilities. In particular has to be

recalled the ability to analyze very low currents through quasi-insulating materials (e.g. alkaneth-

iol SAMs longer  than 16 carbons) with a well-known tip/surface position (especially  comparing

with STM junction  characterization,  as  previously  mentioned).  Additionally,  in both  techniques

the  feedback  controlling  the  tip  surface  interaction  is  the  force  that  is  specified  by  the  AFM

operator.  This  opens  the  possibility  to  perform  electrical  measurements  where  transport  is  in

strong correlation with the mechanical  pulling  of the junction.  An example of this methodology

will be discussed in the next section.

The main  difference  between  the  two techniques  is  the  fact  that,  in  punctual  analysis  with  CT-

AFM, a statistical  approach  is needed.  This is due to the large variance in the obtained current-

voltage characteristics.  The reason  of those  deviations  is primary attributable  to the presence  of

SAM  defects  that  false  the  punctual  scans  (see  Chapter  2  and  Chapter  7  of  this  thesis).  To  go

over  the  problem a  large  quantity  of  numerical  data  has  to  be obtained  in  order  to  increase  the

amount  of  measurements  done  on  good  portions  of  the  SAM  and  carrying  useful  information.

Usually tens to hundred  of thousand punctual  measurements  are done to assure a representative

statistical analysis of a certain molecular property.  Although automatic  tasks are usually used to

perform this  kind of  experiments,  it can  be defined as a time consuming  procedure.  In  addition

has to be considered the fact that the procedure has to be repeated many times as is the number

of molecules involved in the study. The scanning approach overcomes these two troubles.

First  of  all,  the  technique  consists  of  the  simultaneous  acquisition  of  a  “normal”  topographic

image  of  the  surface  and  a  second  image  carrying  the  information  under  investigation  (current

values,  energy  dissipation,  friction,  etc.).  This  gives  the  possibility  to associate  the  information

coming from the  second image  to the surface  morphological  attributes.  Defects  are now detect-

able, and so the possibility to a better interpretation (or to the discharge) of the results is open. A

second important point that has to be considered is the intrinsic statistical information that is held

by a  current  image.  For  example,  usual  image  resolution,  during  a  standard  scanning  CT-AFM

characterization  of  a  surface,  is  about  512ä512  pixels,  meaning  more  than  250.000  punctual

sampling  at  a  certain  applied  voltage.  Even  though  the  molecules  of  interest  may  cover  only  a

portion of the surface, an impressive amount of data is recorded.
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values,  energy  dissipation,  friction,  etc.).  This  gives  the  possibility  to associate  the  information
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able, and so the possibility to a better interpretation (or to the discharge) of the results is open. A

second important point that has to be considered is the intrinsic statistical information that is held

by a  current  image.  For  example,  usual  image  resolution,  during  a  standard  scanning  CT-AFM

characterization  of  a  surface,  is  about  512ä512  pixels,  meaning  more  than  250.000  punctual

sampling  at  a  certain  applied  voltage.  Even  though  the  molecules  of  interest  may  cover  only  a

portion of the surface, an impressive amount of data is recorded.

Unfortunately,  the scanning procedure, although assuring all the previously mentioned improve-

ment  on  the  punctual  approach,  is  causing  other  major  troubles.  Try  to  picture  in  your  mind  a

gold tip moving in narrow contact with an alkanethiol SAM. The tip acts as a “vacuum cleaner”

for  all  residual  molecules  which  are  physisorbed  on  the  top  of  the  SAM,  or  picks  up  SAM

molecules in correspondence  of SAM defects or gold irregularities (if the SAM was grown on a

polycrystalline  gold  surface).  As  result  of  this  action  the  state  of  the  tip  will  change  after  few

scans  offering  more  resistance  to  the  current  flow.  This,  at  a  glance,  insurmountable  problem

may  be  effectively  overcome  only  with  a  differential  approach  as  thoroughly  described  in

Chapter 4 for alkanethiol SAMs. Briefly, we take advantage from the capability that we have to

immobilize  many  different  molecules  in  nanopatches  on  a  surface  using  the  nanografting  tech-

nique. The nanopatches may be so  closed one to the other  to be imaged all  together  in a  single

scan  of  some  microns.  If  we  now  suppose,  reasonably,  that  the  tip,  although  contaminated  by

physisorbed  molecules,  doesn’t  change  its  state  during  a  scan,  a  normalization,  or  better,  a

relative  comparison,  will  allow  us  to  overcome  the  problem  of  the  tip  contamination.  More

precisely, as described in the experimental chapter, all boundary conditions affecting the measure-

ment can be neglected when looking for properties coming from the ratio between experimental

values.
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The Force Variable

As in  the  case  of  punctual  measurements  the  tip  is  constantly  in  contact  with  the  end-group  of

the molecules  forming  the  SAMs.  Although  current  measurements  were performed  at  very low

force in order  to avoid  SAM damaging  and/or  tip  contamination  (due to  molecular adsorption),

the possibility to change the applied force with high accuracy introduce a new analysis variable.

It is well known that single component films of alkanethiols react to an increasing load exerted,

for example, by an AFM tip following a stepwise behavior. In fact, under applied load, the thiol

island  undergo  a  stepwise  decrease  in  height.[25,130]  At  the  smallest  applied  loads  the  island

height  corresponds  to  the  one  expected  for  molecules  tilt  around  30°  from  the  vertical.  When

increasing the load, a first step of approximately 0.4 nm is observed, compatible with a 48° chain

tilting. Increasing further the load a third step at a tilting of about 55° can be distinguished. After

each of these compressions,  the initial height of the island was recovered when lowest load was

used.  The  process  is  thus  reversible,  meaning  that  it  is  an  elastic  behavior.  The  discrete  film

height observed  in these experiments  indicates  the existence of particularly  favorable molecular

configurations. 

Figure 3.6. (A)  Schematic  model  of  all-trans  alkyl  chains  that  illustrates  tilt  configurations  which  fulfill  the  condition  of

maximum  packing  density.  Only  certain  angles  are  allowed  due  to  the  zig-zag  arrangement  of  the  methylene  groups.  At  top

left  the uncompressed,  upright  configuration.  At top  right opposed  zig-zag,  causing  an increased  separation  of the molecules.

This  unfavorable  energy  state  has  to  be  overcome  to  reach  the  first  (bottom  left)  and  second  (bottom  right)  tilted

configuration.(B)  Schematic  illustration  of  possible  mechanism  for  (elastic)  electronic  charge  carrier  tunneling  across

molecules.  Through  bond (a), across bond (b), and through dielectric  (c).

A similar behavior  may be explained by a simple  1D geometrical  model  that takes into account

the zig-zag structure of alkanethiol chains (see Figure 3.6A). The model assumes chain interlock-

ing at specific angles to achieve optimum packing.[131] The implication of this structure change

in transport  measurements  is the possibility  to address one  of the more  debated questions about

transport  in  alkane  chains:  is  the  charge  transported  through  the  molecules  forming  the  film or

across adjacent molecules (see Figure 3.6B)?
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the zig-zag structure of alkanethiol chains (see Figure 3.6A). The model assumes chain interlock-

ing at specific angles to achieve optimum packing.[131] The implication of this structure change

in transport  measurements  is the possibility  to address one  of the more  debated questions about

transport  in  alkane  chains:  is  the  charge  transported  through  the  molecules  forming  the  film or

across adjacent molecules (see Figure 3.6B)?

A  density  functional  theory  study  of  electronic  properties  of  n-alkanedithiols  sandwiched

between two Au(111) infinite  slab electrodes[132] claims that while  the length  of the hydrocar-

bon  chain  is  a  determining  factor  in  charge  flow,  the  tilt  angle  of  the  packed  molecules  with

respect  to  the  electrode  surface,  and  therefore  the  distance  between  the  electrodes,  has  a  small

influence on the local density of states (LDOS) at the center of the molecules. The picture, which

emerges from these calculations,  is totally consistent with a through bond tunneling mechanism.

From  the  other  side,  punctual  CT-AFM  experimental  evidences  of  molecular-tilt  dependent

chain-to-chain tunneling  are also  present  in literature.[50] The  strong influence that SAM order

and substrate and tip morphology have on this measurements leave anyway the question open.
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4. Theoretical Basis of Electron Tunneling in Self-

Assembled Monolayers

Possible Conduction Mechanisms

In Table 3.1, possible conduction mechanisms are listed with their characteristic current, tempera-

ture, and voltage dependencies[133] On the basis  of whether thermal activation  is involved,  the

conduction  mechanisms  fall  into  two  distinct  categories:  (i)  thermionic  or  hopping  conduction,

which  has  temperature-dependent  I(V)  behavior  and  (ii)  direct  tunneling  or  Fowler-Nordheim

tunneling, which does not have temperature-dependent I(V) behavior. For example, both thermi-

onic and hopping conduction have been observed for 4-Thioacetyl-Biphenyl  SAMs[35] and 1,4-

Phenelyene-Diisocyanide  SAMs.[134]  However,  the  conduction  mechanism  is  expected  to  be

tunneling  when  the  Fermi  levels  of  contacts  lie  within  the  large  HOMO-LUMO  gap  for  short

molecules,  as  for  the  case  of  an  alkanethiol  molecular  system.[135-136]  Previous  work  on

Langmuir-Blodgett  alkane  monolayers  exhibited  a  significant  impurity-dominated  transport

component, complicating the analysis. I(V) measurements on self-assembled alkanethiol monolay-

ers have  also been reported;[26,38,41,137]  however,  all  of these  measurements  were performed

at  a  fixed  temperature  (300  K)  that  is  insufficient  for  proving  tunneling  to  be  the  dominant

mechanism.

Table 3.1. Possible Conduction Mechanisms
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For direct tunneling we focus only in the low voltage regime.
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Tunneling Models

To describe the transport  through a molecular system having HOMO and LUMO energy levels,

one  of  the  applicable  models  is  the  Franz  two-band  model.[138-140]  This  model  provides  a

nonparabolic energy-momentum E(k) dispersion relationship by considering the contributions of

both the HOMO and LUMO energy levels:[138]

k2 =
2 m*

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
—2

 E
ikjjj1 +

E
ÅÅÅÅÅÅÅÅÅÅ
Eg

y{zzz
where k is the imaginary part of the wave vector of electrons, m* is the electron effective mass,

h(=2p—) is the Planck’s constant,  E is the electron energy, and Eg  is the HOMO-LUMO energy

gap.  From  this  nonparabolic  E(k)  relationship,  the  effective  mass  of  the  electron  tunneling

through  the  SAM  can  be  deduced  by  knowing  the  barrier  height  of  the  metal-SAM-metal

junction. When the Fermi level of the metal is aligned closely enough to one energy level (either

HOMO  or  LUMO),  the  effect  of  the  other  distant  energy  level  on  the  tunneling  transport  is

negligible,  and  the  widely  used  Simmons  model[141]  is  an  excellent  approximation.[142]  The

Simmons model expresses the tunneling current density through a barrier in the tunneling regime

of V < FB /e as:
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where m is the electron mass, d is the barrier width, FB  is the barrier height, and V is the applied

bias.  For  molecular  systems,  the  Simmons  model  has  been  modified  with  a  parameter  a.[143-

144]  a  is  a unitless  adjustable  parameter  that  is  introduced  to provide  either  a  way of applying

the tunneling  model  of a rectangular  barrier  to tunneling  through a non rectangular  barrier[143]

or  an  adjustment  to  account  for  the  effective  mass  (m*)  of  the  tunneling  electrons  through  a

rectangular barrier[140,143-145] or both. a = 1 corresponds to the case for a rectangular  barrier

and  bare  electron  mass.  By  fitting  individual  I(V)  data  using  the  above  equation,  FB  and  a

values  can  be  obtained.  The  above  equation  can  be  approximated  in  two  limits:  low  bias  and

high bias  as  compared  with  the  barrier  height  FB.  For  the  low bias  range,  the equation  can be

approximated as[141]
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of the applicable models is the Franz two-band model.[138-140] This model provides a nonpara-

bolic  energy-momentum  E(k)  dispersion  relationship  by  considering  the  contributions  of  both

the To determine the high-bias limit, we compare the relative magnitudes of the first and second

exponential  terms in  eq 2.  At high  bias, the  first  term is  dominant,  and thus  the current  density

can be approximated as

I º J e
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
4 p2  — d2

N JFB -
eV
ÅÅÅÅÅÅÅÅÅÅ
2

N eJ- 2 H2 mL1ê2
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ—  aIFB -

eV
ÅÅÅÅÅÅÅÅ2 M1ê2  dN

The tunneling currents  in both bias regimes are exponentially  dependent  on the barrier width  d.

In the low-bias regime, the tunneling current density is

I !
1
ÅÅÅÅÅÅ
d

 eH- b0  dL

where b0 is a bias-independent decay coefficient

b0 =
2 H2 mL1ê2
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

—
 aHFB L1ê2

whereas in the high-bias regime

I !
1

ÅÅÅÅÅÅÅÅÅ
d2

 eH- bV  dL

where bV is a bias-dependent decay coefficient

bV =
2 H2 mL1ê2
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

—
 aJFB -

eV
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
2 FB

N1ê2

At high bias, bV  decreases as bias increases, which results from a barrier lowering effect due to

the applied bias.
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4

Electron Transfer Mediating Prop-

erties of Hyrocarbons as a Func-

tion of Chain Length: a Differen-

tial Scanning CT-AFM 

Investigation

Understanding  charge  transport  at  the  molecular  level  is  of  crucial  importance  for  developing

molecular  assemblies  with  uncommon  properties  for  novel  applications,  such  as  molecular

electronic  devices  and  sensors.[146-150]  Precise  measurements  of  the  charge  transport  and

tunneling at the contacts  and through the molecules are likely to provide crucial  insight into the

electronic  couplings  within  and  between  molecules  and  with  the  interface.[151]  From  a  more

general point of view such studies aim at expanding our fundamental understanding of molecular

electronics: a central issue in biophysics and biochemistry.
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Understanding  charge  transport  at  the  molecular  level  is  of  crucial  importance  for  developing

molecular  assemblies  with  uncommon  properties  for  novel  applications,  such  as  molecular

electronic  devices  and  sensors.[146-150]  Precise  measurements  of  the  charge  transport  and

tunneling at the contacts  and through the molecules are likely to provide crucial  insight into the

electronic  couplings  within  and  between  molecules  and  with  the  interface.[151]  From  a  more

general point of view such studies aim at expanding our fundamental understanding of molecular

electronics: a central issue in biophysics and biochemistry.

Metal-molecule-Metal  junctions  (M-m-M)  have  been  extensively  studied  in  the  past  years  in

order  to  understand  the  factors  influencing  the  transport  of  charges  through  or  across  different

molecules.  Systems  ranging  from  single  molecule  contacted  by  two  metal  electrodes  to  Self-

Assembled  Monolayers  (SAMs)  sandwiched  between  two  contacts  have  been  investigated  by

using  a  panoply  of  different  techniques.  Unfortunately  there  is  a  wide  spectrum  of  factors

influencing the electron transfer behavior  in these systems which is responsible for the presence

of large inconsistencies  in the literature.  Values spreading over 3 orders of magnitude are easily

found for the same molecule.[34]

Strategies  for  fabricating  M-m-M  junctions  include  assembling  of  molecules  into metal-capped

nanopores[35-36] or between a semiconductor surface and a mercury drop.[37-38] Also, mechani-

cally  controlled  break  junctions[39-41]  and  nanofabricated  electrodes[42]  or  crossed  wires[43]

have  been  used.  Of  particular  interest  is  the  use  of  the  metallic  tip  of  a  scanning  probe  micro-

scope  to  form  and  characterize  M-m-M  junctions.[26,44-46]  Scanning  Tunneling  Microscopy

(STM)  and  Conductive  Tip  Atomic  Force  Microscopy  (CT-AFM)  are  ideally  suited  to  make

local  measurements  of  electron  transfer  through  organic  thin  films.  In  both  cases,  in  fact,  it  is

possible to record simultaneously  electron transport  details  (in both instruments the tip interacts

with  the  sample  via  electron  tunneling)  and  the  spatial  characterization  of  the  molecules.  The

major  distinction  between  the  two  techniques  concerns  the  feedback  signal  used.  In  the  STM

case  the  current  itself  is  used  as  feedback  signal  while,  in  CT-AFM,  the  optical  feedback  is

enforced even during current measurements. The advantage of this second solution is the possibil-

ity to use  high gain,  low noise  and  therefore  slow amplifiers  even with  highly corrugated  sam-

ples. This is more difficult with STM because the amplifier has to be fast enough to allow for the

feedback to follow the sample  morphology.  This limits the current to about 10 pA or higher  for

routine  measurements.  Another  point  to  remember  when  using  an  STM,  is  the  change  in  tip-

surface  distance  (or  in electrical  parameters)  that  happens  when  the  probe  moves  above  differ-

ently conductive molecules.[45]

A common characteristic of the almost totality of approaches evolved so far, is the fact that they

rely  on  absolute  transport  measurements  with  the  consequence  that  the  values  obtained  are

strongly  affected  by  the  experimental  boundary  conditions.  Molecular  dimensions  (and  so,

indirectly,  the  distance  between  the  two  electrodes),  molecular  HOMO-LUMO  energy  gaps,

molecular  ionization  potentials,  metal  work  functions,  molecule-substrate  bonding  and  func-

tional group architectures, contact properties (i.e., the number of molecules involved), all have a

strong  impact  on  the  transport  characteristics.[56-59]  Moreover,  to  these  factors,  other  factors

that influence the measurements have to be added, such as substrate roughness, tip chemistry, the

possible  presence  of  solvent  or  water  meniscus,  extended  tip  usage,  and  contact  dimension,

which is related to the radius  of the tip in the case  of AFM studies.  It  follows, that  it is next  to

impossible, not only to compare current values coming from different techniques, but frequently

also  values  coming  from  the  same  experimental  run.  In  fact,  for  example,  it  is  hard  to  verify

whether,  from  the  beginning  to  the  end  of  an  experiment,  the  tip  stays  always  in  the  same

conditions.
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rely  on  absolute  transport  measurements  with  the  consequence  that  the  values  obtained  are

strongly  affected  by  the  experimental  boundary  conditions.  Molecular  dimensions  (and  so,

indirectly,  the  distance  between  the  two  electrodes),  molecular  HOMO-LUMO  energy  gaps,

molecular  ionization  potentials,  metal  work  functions,  molecule-substrate  bonding  and  func-

tional group architectures, contact properties (i.e., the number of molecules involved), all have a

strong  impact  on  the  transport  characteristics.[56-59]  Moreover,  to  these  factors,  other  factors

that influence the measurements have to be added, such as substrate roughness, tip chemistry, the

possible  presence  of  solvent  or  water  meniscus,  extended  tip  usage,  and  contact  dimension,

which is related to the radius  of the tip in the case  of AFM studies.  It  follows, that  it is next  to

impossible, not only to compare current values coming from different techniques, but frequently

also  values  coming  from  the  same  experimental  run.  In  fact,  for  example,  it  is  hard  to  verify

whether,  from  the  beginning  to  the  end  of  an  experiment,  the  tip  stays  always  in  the  same

conditions.

To  overcome  these  problems  a  differential  approach  has  to  be  considered.  In  fact,  measuring

simultaneously  at  least  two  different  monolayers,  self-assembled  side-by-side  on  the  same

surface,  eliminates  most  of  the  above  mentioned  difficulties.  By  considering  the  ratio  between

the values  of the current  through  the different  molecules  the  effects  of the  boundary  conditions

that affect the transport measurements can be minimized.

An  attempt  to  carry  out  relative  measurements  has  been  done  by  Liang  et  al.  who  proved  the

feasibility  of  the  differential  approach  to  electrically  characterize  isomeric  aromatic  molecules

using a combination of CT-AFM and Density Functional Theory based Tersoff-Hamann calcula-

tions.[46]  The  authors  used  an  AFM  based  nanolithographic  technique  performed  in  a  liquid

environment,  referred  to  as  nanografting,[89]  to  build  a  nanopatch  of  one  molecule  inside  the

SAM made  of its  isomer and  then  electrically  characterized  the  bi-molecular  system using CT-

AFM.  The  contribution  of  the  different  functional  groups  and  of  the  gold-thiol  link  to  electron

tunneling  through  two  distinct  monolayers  was  pointed  out.  The  authors  conclude  highlighting

the large spread in absolute current values obtained in different experiments  but focusing on the

fact that the ratios between different molecules are reasonably constant.

The drawback of this differential  approach  is the impossibility  to obtain an absolute  measure of

the  electron  transport  through  a  specific  type  of  molecules  unless  comparing  it  with  one  well

characterized  by  absolute  measurements.  However,  if  the  molecules  considered  in  the  same

experiment  belong to the  same family,  e.g. alkanethiols,  we can obtain  quantitative  information

about specific physical properties that are function, for instance, of the molecular length or of the

arrangement  of  chemical  groups  along  the  chain.  An  effort  to  characterize  mixed  SAMs  of

alkanethiols  of  different  length  using  an  STM  has  been  reported  by  Weiss  and  co-workers[45]

introducing a bilayer model to explain their results.
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The drawback of this differential  approach  is the impossibility  to obtain an absolute  measure of

the  electron  transport  through  a  specific  type  of  molecules  unless  comparing  it  with  one  well

characterized  by  absolute  measurements.  However,  if  the  molecules  considered  in  the  same

experiment  belong to the  same family,  e.g. alkanethiols,  we can obtain  quantitative  information

about specific physical properties that are function, for instance, of the molecular length or of the

arrangement  of  chemical  groups  along  the  chain.  An  effort  to  characterize  mixed  SAMs  of

alkanethiols  of  different  length  using  an  STM  has  been  reported  by  Weiss  and  co-workers[45]

introducing a bilayer model to explain their results.

The present  chapter  of the thesis  pushes  the differential  philosophy to its  limit by fabricating at

least two patches of different thiols in a simple reference monolayer. The simultaneous presence

of  these  molecules  on  the  surface  let  us  evaluate  directly  the  ratio  between  currents.  As  a  test

case we apply  the  technique to the chain  length  dependence of electron  transport  in alkanethiol

molecules obtaining a value of the electron tunnel decay constant b with unprecedented precision.
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Results and Discussion

Nanofabrication and Measurements

Using  nanografting  we  fabricate  several  monolayer-thick  nano-assemblies  of  alkanethiols  of

different  chain  length,  side  by  side,  into  a  reference  alkanethiol  SAM  on  a  gold  film.  M-m-M

junctions are then created by placing a clean conducting AFM tip in contact with the top part of

the  molecules  and  scanning  the  surface  while  a  fixed  tip-surface  bias  voltage  is  applied.  The

current  flowing  through  the  nanografted  patches  and  through  the  reference  monolayer  (the

carpet) can be recorded in a single image, where differences in contrast are representative of the

variation of current  levels.  Current  data  coming from all  images  are then used  to determine  the

average  current  values  for  a  specific  applied  bias  looking  over  the  current  histogram  of  the

image. The force  feedback  circuit  of the AFM controls  the mechanical  load on the nanocontact

keeping  it  constant  while  the  current  image  is  collected.  The  current  image,  together  with  the

topographic image acquired by reading out the AFM laser-deflection feedback, is simultaneously

registered.  This  provides  the  capability  to  obtain  information  about  order  in  the  monolayer

packing by measuring the patch-to-carpet height difference, and comparing this number with the

one evaluated by assuming that the alkanethiol molecules are inclined by about 30° with respect

to the surface normal[84,137] (see Table 4.1 in Methods). To go one step further, the tip load can

be  increased  to  induce  controlled  changes  in  the  molecular  configuration  of  the  SAMs  to  be

correlated  with  changes  in  the  transport  through  the  M-m-M junction.[25,50]  The  feasibility  of

this  approach  for  order  evaluation  has  been  proven  several  times  for  different  applications.

[46,62-63,65,71,89]  The  well  defined  physical  structures  resulting  from  nanografting  are  ideal

for measuring in a comparative way properties such as mechanical stability and electron transfer.

In  the  following  we  will  show  that,  because  of  ubiquitous  problems  with  the  AFM tip  cleanli-

ness, a bi-layer junction is needed to model the transport through the M-m-M junction created by

using the  AFM metal  tip  as one  of  the two electrodes,  and that  relative  measurements  between

molecules that are not too different are the only ones in which the results can be fully trusted.

We  have  chosen  here  a  set  of  alkanethiol  molecules  with  slightly  different  alkyl  chain  length,

namely 1-octanethiol (CH3(CH2 )7SH, briefly C8), 1-nonanethiol (CH3(CH2)8 SH, briefly C9),

1-decanethiol  (CH3(CH2 )9 SH,  briefly  C10),  1-undecanethiol  (CH3 (CH2)10SH,  briefly  C11),

and 1-dodecanethiol (CH3(CH2 )11 SH, briefly C12). The calculated difference in film thickness

between SAMs of two consecutive chains (e.g. the 10-carbon 1-decanethiol and the 11-carbon 1-

undecanethiol)  is  always  about  1.1  Å  for  an  alkyl  chain  tilt  angle  of  30°.[137]  Within  these

ordered domains, molecules adopt identical conformations and film structure.
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We have  chosen  here  a  set  of  alkanethiol  molecules  with  slightly  different  alkyl  chain  length,

namely 1-octanethiol (CH3(CH2 )7SH, briefly C8), 1-nonanethiol (CH3(CH2)8 SH, briefly C9),

1-decanethiol  (CH3(CH2 )9 SH,  briefly  C10),  1-undecanethiol  (CH3 (CH2)10SH,  briefly  C11),

and 1-dodecanethiol (CH3(CH2 )11 SH, briefly C12). The calculated difference in film thickness

between SAMs of two consecutive chains (e.g. the 10-carbon 1-decanethiol and the 11-carbon 1-

undecanethiol)  is  always  about  1.1  Å  for  an  alkyl  chain  tilt  angle  of  30°.[137]  Within  these

ordered domains, molecules adopt identical conformations and film structure.

Compared  with  STM,  CT-AFM  provides  the  electrical  characterization  of  a  SAM  with  the

simultaneous control of the effective tip-surface distance.[45] In CT-AFM the feedback signal is

the  cantilever  deflection  and,  even  at  low  load,  the  tip  is  in  contact  with  the  molecules.  In

principle, the size of the contact area can be varied by changing the applied load.  Loads smaller

than 0.5 nN are required to prevent any tip penetration into the SAM. However, it is not possible,

even  at  low load,  to  prevent  the  tip  from  gathering  up  contaminants  adsorbed  at  the  top  of  the

SAM. Such contaminants could be, for example, alkanethiol molecules physisorbed on top of the

SAM, that  will  stick  to the  metallized  tip  during  the scanning.  We think  that  such  contaminant

molecules are responsible  for the large fluctuations  over the current values observed in previous

works[46].  This  contamination  process  is  likely  to  be  proportional  to  the  size  of  the  scanning

area and  to be affected  by the  surface morphology.  In particular  we have seen that a  small-size

scanning over a  very smooth and  even area  induces  very small  contamination,  while  large scan

areas  on  irregular  and  bumpy  regions  and,  in  general,  large  travels  of  the  tip  over  the  sample,

easily  change  the  tip  state.  In  the  less  perturbative  case,  i.e.  small  scanning  size and/or  smooth

surfaces, it is at least reasonable to make the assumption that if a contamination layer covers the

tip, such a layer does not change composition and conformation during the entire measurement.

Our system will be therefore represented not as a single molecular layer embedded between two

electrodes, but rather as a more complex double-layer junction.

A tunneling M-m-M junction having two side-by-side SAMs, the nanopatch SAM and the carpet

SAM, on the same metal surface  is sketched in Figure 4.1. At the lower level are the molecular

assemblies, with a thickness and a conductance determined by the specific molecule; at the upper

level  is  the  tip  with  its  contamination  layer,  which  is  considered  here  remaining  the  same over

the  whole  scanning  area.  Obviously,  each  boundary  variable  influencing  electron  tunneling

through the junction should also be added to the contamination layer.
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A tunneling M-m-M junction having two side-by-side SAMs, the nanopatch SAM and the carpet

SAM, on the same metal surface  is sketched in Figure 4.1. At the lower level are the molecular

assemblies, with a thickness and a conductance determined by the specific molecule; at the upper

level  is  the  tip  with  its  contamination  layer,  which  is  considered  here  remaining  the  same over

the  whole  scanning  area.  Obviously,  each  boundary  variable  influencing  electron  tunneling

through the junction should also be added to the contamination layer.

For  testing  our  differential  approach  we  have  chosen  molecules  belonging  to  the  alkanethiol

family. This enables us to refer to the large volume of experimental and theoretical work that has

addressed the chain length dependence of the electron transfer through alkane s-bonded bridges.

In  particular,  in  the  case  of  alkanethiol  SAMs  junctions,  it  has  been  demonstrated  that  the

electron  transport  is  dominated  by  coherent  non-resonant  tunneling  and  that,  therefore,  the

junction  resistance  depends  exponentially  on  the  molecular  length[53]  and  that,  for  small  volt-

ages,  the  I/V  characteristic  is  consequently  linear.[141]  Different  kinds  of  experimental  tech-

niques,  such  as  scanning  probes,  metal-molecule-metal  junction  devices  and  electrochemical

techniques, have shown that the electron current through the junction is proportional to exp(-bl),

where  b  is  the  tunneling  decay  constant  of  the  molecules  and  l  is  the  length  of  the  formed

junction.  However,  the  obtained  values  of  b  for  alkanethiols  present  in  literature  widely  range

from 0.8 to 1.4 Å-1  (1.0 to 1.8 per methylene group).

Figure 4.1. Two-layer  tunnel  junction  model  sketching,  for  example,  a  nanopatch  of  short  molecules  A  into  a  SAM  of  long

ones  B.  The  tip  moving  from  left  to  right  engages  two  distinct  double  layers:  the  contamination  layer  C  and  the  SAM  A,  the

contamination  layer and the SAM B. The two molecular  assemblies  are characterized  by the same contact  resistance  R0  and

tunnel  decay  constant  b if they  fit to the same molecular  family  (e.g.  alkanethiols)  but different  thickness.  Contamination  layer

properties  are  usually  unknown  but  we can  make  the  hypothesis  that  stay constant  during  an image  scan  on both  molecular

films. The contact  area does not change from A to B since the feedback  signal  is given by the interaction  force.

The resistance  of  an  alkanethiol  SAM in  a  Metal-molecule-Metal  junction  as  a  function  of  the

molecular length is given, under non-resonant conditions, by:
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R = R0  eHb hL

Where the prefactor R0  is the contacts resistance of the SAM, h is the thickness of the SAM and

b is the molecule tunneling decay constant.

In our  set-up,  schematized in Figure 4.1,  we study the transport  through two adjacent  SAMs of

different  alkanethiol  molecules  (referred  to  as  molecule  A  and  B)  sandwiched  between  two

metallic  contacts.  Further,  to  complete  the  model  description  of  the  junctions,  we  introduce  a

third  layer  that  takes  into  account  the  presence  of  contaminants  adsorbed  on  the  tip  during

scanning.  The  layer  is  obviously  located  between  the  metal  AFM  tip  and  the  top  of  the  SAM

under  investigation.  Transport  through  these  double  junctions  is  affected  by  the  transmission

coefficient  of  the  layers  involved  (the  well  know  alkanethiol  monolayer  and  the  unknown

contamination  layer),  by  the  layer-by-layer  electron  hopping  and,  clearly,  by  the  contact  resis-

tances located at the interface between the metal tip and the contamination layer and between the

alkanethiol SAMs and the gold substrate.

Since our resistance depends on an electron tunneling probability,  the total resistance of each of

the two composite two-layer junctions contains contributions  from the SAM and the contamina-

tion layer. The system may be described by the relations:

9 Rtot
A = Rtot

0  VCA  eHb hA + a dC L
Rtot

B = Rtot
0  VCB  eHb hB + a dC L

Where  the  prefactor  R0
tot  is  the  total  contact  resistance  of  all  the  double  junction,  the  second

term is the electron hopping factor  linking transport  through the two layers,  b and a are respec-

tively  the tunneling  decay  constants  of  the alkanethiol  SAMs and  of the  contamination  layer,  h

indicates  the  thickness  of  the  SAMs  and  d  the  thickness  of  the  contamination  layer.  A  and  B

indicate the alkanethiol molecules involved while C identifies the contamination layer.

Our  model  can  be  further  simplified  assuming  that  the  alkanethiol  molecules,  the  ones  in  the

surrounding SAM and the ones in the patches, are in the same, unperturbed, standing-up configu-

ration  and,  as  a  consequence,  that  b  is  the  same  for  both  SAMs.  Furthermore  since  all  the

molecules  belong  to  the  same  family,  it  is  reasonable  to  make  the  hypothesis  that  the  contact

resistance at the sulfur-gold  interface is the same and that the composition of the contamination

layer  does  not  change  during  repeated  tip  scans  over  the  two  adjacent  junctions.  As  a  conse-

quence  both  a  and  dc  will  stay  constant  together  with  the  tip/layer  contact  resistance.  Finally,

since  the  two  molecules  in  the  SAMs have  the  same  functional  end-group,  we  assume  that  the

density of states is the same for both the double junctions.
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Our  model  can  be  further  simplified  assuming  that  the  alkanethiol  molecules,  the  ones  in  the

surrounding SAM and the ones in the patches, are in the same, unperturbed, standing-up configu-

ration  and,  as  a  consequence,  that  b  is  the  same  for  both  SAMs.  Furthermore  since  all  the

molecules  belong  to  the  same  family,  it  is  reasonable  to  make  the  hypothesis  that  the  contact

resistance at the sulfur-gold  interface is the same and that the composition of the contamination

layer  does  not  change  during  repeated  tip  scans  over  the  two  adjacent  junctions.  As  a  conse-

quence  both  a  and  dc  will  stay  constant  together  with  the  tip/layer  contact  resistance.  Finally,

since  the  two  molecules  in  the  SAMs have  the  same  functional  end-group,  we  assume  that  the

density of states is the same for both the double junctions.

From  all  the  previous  considerations  we  can  easily  evaluate  the  ratio  between  the  total  resis-

tances of the two faced double-layers, which simplifies to:

Rtot
A

ÅÅÅÅÅÅÅÅÅÅÅÅ
Rtot

B
= e@b HhA -hB LD

From the  last  equation,  we can  extrapolate  the  value  of  the  decay  constant  b  for  the molecules

involved:

b =
lnI Rtot

A

ÅÅÅÅÅÅÅÅÅÅ
Rtot

B M
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅHhA - hB L

Therefore,  by  measuring  point  by  point  in  a  current  image  the  electron  transport  through  two

SAMs of molecules of the same homologous series, placed side-by-side on the same surface, and

measuring  at  the  same  time  their  height  difference  from  simultaneously  recorded  topographic

images,  as  in  our  approach,  we  can  determine  the  decay  factor  b  ruling  out  the  effect  of  the,

usually unknown, contact resistance at the tip side of the measurement, as we will demonstrate in

the following section.
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Direct Differential Comparison of Molecular Systems

We refer  hereafter  to “differential  comparison” between different  molecular systems when such

comparison is made without the need of any normalization. This is usually possible when all our

molecular  systems can be imaged,  and so  characterized,  in a single measurement  frame,  so that

we can reasonably assume that the tip does not change during the entire measurement. The ultra-

flat  Ulman  gold  film,  described  later  on  in  the  methods  section,  allows  for  the  fabrication  of

nanopatches of different molecules close one to the other (e.g. in a matrix arrangement). We can

therefore acquire the transport information through all the molecules simultaneously in the same

image, keeping the size of the same reasonably small.
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Figure 4.2. (A) Topographic  AFM  image  acquired  with  a silicon  tip  immediately  after  nanografting  of  a matrix  of 3µ3 patches

containing  C10  (first  row),  C9  (second  row)  and  C8  (third  row)  molecules  embedded  in  a  C18  SAM  matrix.  Differences  in

height between the patches and the surrounding  C18 SAM are 8.69 Å, 9.81 Å and 10.85 Å respectively.  (B) Topographic  AFM

image  of  the  same  area  acquired  with  a  Pt  coated  silicon  tip.  (C)  Current  image  acquired  simultaneously  to  (B)  with  the  Pt

coated tip at +5.5 mV bias. Distortions  in the shape of patches are related to the drift of the x-y piezo-scanner.

Figure  4.2A  shows  the  topographic  image  of  a  three  by  three  matrix  of  nanopatches,  made  of

three  different  alkanethiol  molecules  nanografted  into  the  same  C18  SAM  background  as  seen

immediately  after  the  nanografting  process  by a  conventional  silicon  AFM tip.  The  first  row is

formed by C10 patches,  the second by C9 patches and  the last consists  of C8 structures.  In this

image  it  is  possible  to  appreciate  the  flatness  of  the  gold  surface,  that  allows  for  good  height

resolution although the scan size is about 3.5 mm by 3.5 mm. Figures 4.2B and 4.2C represent the

simultaneously  acquired  topographic  and  current  images  recorded  after  the  exchanging  of  the

previous  silicon  tip  with  a  conductive,  Pt  covered,  one.  The  current  image  (Figure  4.2C)  was

taken at  +5.5  mV bias voltage applied from the surface to the tip. Larger currents  flow through

the shorter  molecule (1-octanethiol),  as seen from the color contrast  in the figure.  Physisorption

of  dust  particles  occurs  during  sample  drying  as  can  be  seen  from  the  comparison  of  the  two

topographic  images  in  Figure  4.2A  and  4.2B.  Such  dust  particles  generate  the  no-conduction

areas  visible  inside  the  patches  in  Figure  4.2C.  These  areas  were  not  taken  into  account  for

estimating the current values in the patches. Successively, images of the same area were taken at

different  applied  voltages.  Figure  4.3A  shows  the  average  current-voltage  (I-V)  trace  extrapo-

lated from such images for  each kind of molecule.  Every point in the curve is the average from

the current values of each patch. The load applied to the tip during scanning was less than 1 nN

and the same Pt-coated tip was used for the whole experimental  session. All the traces are linear

over the voltage sweeps and are used to define a junction resistance equal to 1/slope. Resistances

of about  726±15  MW,  219±3  MW  and  67±1  MW  were  determined  for  C10,  C9  and  C8  respec-

tively, with an error of about 2%. The flattening of the current through the C8 patch outside the

±7 mV voltage region is due to the current cut-off due to the saturation of the amplifier.
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immediately  after  the  nanografting  process  by a  conventional  silicon  AFM tip.  The  first  row is
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simultaneously  acquired  topographic  and  current  images  recorded  after  the  exchanging  of  the

previous  silicon  tip  with  a  conductive,  Pt  covered,  one.  The  current  image  (Figure  4.2C)  was

taken at  +5.5  mV bias voltage applied from the surface to the tip. Larger currents  flow through

the shorter  molecule (1-octanethiol),  as seen from the color contrast  in the figure.  Physisorption

of  dust  particles  occurs  during  sample  drying  as  can  be  seen  from  the  comparison  of  the  two

topographic  images  in  Figure  4.2A  and  4.2B.  Such  dust  particles  generate  the  no-conduction

areas  visible  inside  the  patches  in  Figure  4.2C.  These  areas  were  not  taken  into  account  for

estimating the current values in the patches. Successively, images of the same area were taken at

different  applied  voltages.  Figure  4.3A  shows  the  average  current-voltage  (I-V)  trace  extrapo-

lated from such images for  each kind of molecule.  Every point in the curve is the average from

the current values of each patch. The load applied to the tip during scanning was less than 1 nN

and the same Pt-coated tip was used for the whole experimental  session. All the traces are linear

over the voltage sweeps and are used to define a junction resistance equal to 1/slope. Resistances

of about  726±15  MW,  219±3  MW  and  67±1  MW  were  determined  for  C10,  C9  and  C8  respec-

tively, with an error of about 2%. The flattening of the current through the C8 patch outside the

±7 mV voltage region is due to the current cut-off due to the saturation of the amplifier.
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Figure 4.3. (A) I-V characteristic  of C8, C9 and C10,  patches nanografted  into a C18 SAM. Flat parts in the C8 plot are due to

the  saturation  of  the  current  amplifier.  (B)  Current  ratios  between  one-carbon  variation  chains  (C10/C9  and  C9/C8)  and

between  two-carbon  variation  chains  (C10/C8).  The  ratio  gives  the  exponential  of  the  product  between  the  current  decay

constant  and the difference  in the number  of carbon  of the two alkanethiol  chains  involved.  A good overlap  of the C10/C9 and

C9/C8  ratios is observable.  For  Dn of 1 and 2 experimental  values  are very  close to the calculated  values  of 0.301 and  0.091

respectively  (b = 1.2/CH2 ). (C) Semilog  plot  of average  resistance  vs. SAM thickness.  Fit line is an exponential  with b fixed to

1.2/CH2 ).

The ratios between C10/C9, C9/C8 and C10/C8 data are plotted in Figure 4.3B. These ratios are

similar  in  the  case  of  C10/C9  and  C9/C8,  since  both  differ  by  one  methylene  group,  and  are

close to the theoretical  value of 0.30. A value of about 0.09 is derived for the ratio between C10

and C8 (n = 2). Figure 4.3C shows a semilog plot of the average junction resistance vs. alkaneth-

iol chain length for the three molecules involved in the experiment.  It is clear that the resistance

increases exponentially with the number of methylene groups in the chain,  as expected for non-

resonant  electron  tunneling.  The  slope  of  the  plot  gives  a  tunneling  decay  constant  b  =

1.1965±0.0033 per methylene group or, ~0.94 Å-1, at a contact resistance of about 4600±150 W

. The C–C length that we used is 1.27 Å[152]. The uncertainty  of about 0.3% in the fitting of b

leads to an error in the resistance values extrapolated from the plot of about 3.3%.
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The ratios between C10/C9, C9/C8 and C10/C8 data are plotted in Figure 4.3B. These ratios are

similar  in  the  case  of  C10/C9  and  C9/C8,  since  both  differ  by  one  methylene  group,  and  are

close to the theoretical  value of 0.30. A value of about 0.09 is derived for the ratio between C10

and C8 (n = 2). Figure 4.3C shows a semilog plot of the average junction resistance vs. alkaneth-

iol chain length for the three molecules involved in the experiment.  It is clear that the resistance

increases exponentially with the number of methylene groups in the chain,  as expected for non-

resonant  electron  tunneling.  The  slope  of  the  plot  gives  a  tunneling  decay  constant  b  =

1.1965±0.0033 per methylene group or, ~0.94 Å-1, at a contact resistance of about 4600±150 W

. The C–C length that we used is 1.27 Å[152]. The uncertainty  of about 0.3% in the fitting of b

leads to an error in the resistance values extrapolated from the plot of about 3.3%.

Normalized Differential Comparison of Molecular Systems

When  a  direct  comparison  between  SAMs of  different  alkanethiol  molecules  is  not  possible,  it

becomes  crucial  to  establish  a  way  to  compare  data  coming  from  different  experiments  or

different  frames.  In  fact,  when  the  tip  has  to  travel  longer  distances  to  image  all  the  desired

molecular  patches,  the  probability  that  the tip changes  during  the measurement  increases.  What

we need then is a correct normalization protocol.  In particular, if the hosting SAM is always the

same,  every  molecular  patch  embedded  in  it  can  be  referred  to  that  SAM.  We  refer  to  this

procedure as “normalized differential comparison”.

We tested  the method  using  as  a substrate  a  gold  film produced by  thermal  evaporation  on  hot

mica  as  described  in  the  monolayer  preparation  section.  The  final  surface  was  composed  of

monoatomically flat islands of about 500 nm in diameter. We fabricated nanopatches of C9, C10

and  C11  in  a  matrix  of  C12  SAM.  No  more  than  one  patch  can  be  located  on  the  same  gold

island.  Distances  between  patches  of  different  molecules  were  about  1mm.  The  islands  were

separated  by  boundaries  that  looked  as  deep  canyons  that  made  impossible  to  acquire  large

images with sufficient height resolution or without current artifacts, for these reasons every patch

was imaged separately.

Filled dots in the three plots of Figure 4.4 represent the I/V curves for the three measured molecu-

lar patches of C9, C10 and C11 respectively, as extrapolated from the set of current images taken

at different  voltages.  Each  I/V  curve  for  each  patch  is  compared,  in the  same plot,  with  the I/V

curve determined for the C12 SAM carpet from the same set of images (empty dots in the three

plots). Not surprisingly, the three values obtained from the three set of images for the resistance

of the C12 SAM are different, in particular we obtained a resistance of 1372±18 GW from the C9

patch image, 5315±95 GW in the case of the C10 image and 5775±204 GW for the C11 image. It

is  important  to  notice  here  that  the  resistance  is  progressively  increasing  with  the  number  of

repeated scans, but also that from the first to the last set of images the length of the molecules in

the nanopatches increased, both phenomena concurring to the increasing of the contact resistance

at the tip. This has an impact also on the measured resistance of the alkanethiol patches, that are

two or  three  orders  of  magnitude  higher  with  respect  to  the  values  expected  from the  previous

section of experiments.
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Filled dots in the three plots of Figure 4.4 represent the I/V curves for the three measured molecu-

lar patches of C9, C10 and C11 respectively, as extrapolated from the set of current images taken

at different  voltages.  Each  I/V  curve  for  each  patch  is  compared,  in the  same plot,  with  the I/V

curve determined for the C12 SAM carpet from the same set of images (empty dots in the three

plots). Not surprisingly, the three values obtained from the three set of images for the resistance

of the C12 SAM are different, in particular we obtained a resistance of 1372±18 GW from the C9

patch image, 5315±95 GW in the case of the C10 image and 5775±204 GW for the C11 image. It

is  important  to  notice  here  that  the  resistance  is  progressively  increasing  with  the  number  of

repeated scans, but also that from the first to the last set of images the length of the molecules in

the nanopatches increased, both phenomena concurring to the increasing of the contact resistance

at the tip. This has an impact also on the measured resistance of the alkanethiol patches, that are

two or  three  orders  of  magnitude  higher  with  respect  to  the  values  expected  from the  previous

section of experiments.

Figure 4.4. I-V  Characteristics  of  a  C9  patch,  a  C10  patch  and  a  C11  patch  nanografted  into  a  C12  SAM  matrix.  All  the

patches  were  imaged  in  current  independently;  that  explains  the  difference  in  C12  resistance  measured  in  the  three  cases.

Resistance  was taken to be the reciprocal  of the slope of each straight-line  fit. Values for C12 were 1372±18 GW, 5315±95 GW

, and 5775±204  GW in the presence  of C9, C10 and C11 respectively.
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This  problem  can  be  overcome  by  operating  a  weighted  normalization  of  C9,  C10  and  C11

resistances.  To  this  end  we  fix  a  value  for  the  C12  SAM  resistance  that  is,  for  simplicity,  the

value extrapolated from Figure 4.3C for a twelve carbon chain. Data normalized in this way can

be directly compared.

 

Figure 4.5. (A)  I-V  plot  of  the  normalized  C9,  C10  and  C11  currents.  C12  SAM  resistance  was  fixed  to  the  value  of  about

7193  MW,  extrapolated  extending  the  plot  in  Figure  4.3C  to  a  12  carbon  chain.  Ratios  between  the  experimental  C12

resistance  values  and this “theoretical”  one were used to normalize  all the patches  resistances.  (B) Semilog  plot of normalized

resistance  vs.  number  of  carbons  constituting  the  alkanethiol  chains.  Straight  line  is  an  exponential  fit  done  using  a  contact

resistance  of  about  5  KW  and  decay  constant  close  to  1.187/CH 2 .  Values  are  in  good  agreement  with  the  previous  experi -

ment:  a difference  of  0.8% in  the  extrapolated  values  of  b for  the two  experiments  gives  a difference  in calculated  resistance

values of about 9%.

Figure  4.5A  shows  the  normalized  I/V  plots  for  the  four  alkanethiol  molecules.  Filled  markers

describe the behavior of the molecules in the nanopatches, whereas the empty ones correspond to

the 7193 MW  resistance for C12 SAM extrapolated from the curve in Figure 4.3C. The normal-

ized  data  are  used  to  evaluate  the  resistance  of  the  alkanethiols  in  term  of  1/slope  of  the  I/V

curves.  The  logarithm  of impedance  values  is  then plotted  versus the  number  of  carbons  in the

chains  (Figure 4.5B)  in order  to  extrapolate  the tunneling  current  decay constant  from the slant

of  the  fitting  exponential  function.  The  slope  of  the  plot  gives  a  tunneling  decay  constant  b  =

1.1869±0.0071/carbon  or ~0.93 Å-1  at  a contact  resistance of about 4690±227 W.  The validity

of this differential  approach is corroborated by the fact that the b values of the two experiments

are very close one to the other (less than 1%) meaning that we are not distorting the true physical

meaning of the data.

Ph.D Thesis

75



Figure  4.5A  shows  the  normalized  I/V  plots  for  the  four  alkanethiol  molecules.  Filled  markers

describe the behavior of the molecules in the nanopatches, whereas the empty ones correspond to

the 7193 MW  resistance for C12 SAM extrapolated from the curve in Figure 4.3C. The normal-

ized  data  are  used  to  evaluate  the  resistance  of  the  alkanethiols  in  term  of  1/slope  of  the  I/V

curves.  The  logarithm  of impedance  values  is  then plotted  versus the  number  of  carbons  in the

chains  (Figure 4.5B)  in order  to  extrapolate  the tunneling  current  decay constant  from the slant

of  the  fitting  exponential  function.  The  slope  of  the  plot  gives  a  tunneling  decay  constant  b  =

1.1869±0.0071/carbon  or ~0.93 Å-1  at  a contact  resistance of about 4690±227 W.  The validity

of this differential  approach is corroborated by the fact that the b values of the two experiments

are very close one to the other (less than 1%) meaning that we are not distorting the true physical

meaning of the data.

Conclusions and Outlook

We  demonstrated  here  that,  by  combining  nanografting  with  a  differential  measurement

approach, we can determine the resistance of alkanethiol molecules with an higher precision than

it was possible  so far.  Our approach  has  the considerable  advantage of circumventing  the prob-

lem of  the  contribution  of  the  junction  properties  to  the  molecular  transport  measurements.  By

accepting  the  unavoidable  presence  of a  tip-contamination  layer on  top  of  the SAM molecules,

and  by  considering  relative,  instead  of  absolute,  measurements,  we  have  demonstrated  that  the

contribution  of  such  layer  can  be  cancelled  out,  provided  that  experimental  data  are  correctly

normalized.  In  particular,  it  is  necessary  that  all  the  nano-patches  of  the  different  molecules

involved  in  the  study  are  imaged  simultaneously  in  the  same  frame  or,  alternatively,  that  the

patches  are  imaged  separately  while  each  one  is  embedded  in  a  reference  SAM  of  the  same

molecule.  The tunneling  current  decay constant  b,  obtained  from our  data is in good agreement

with  the  values  reported  in  the  literature.  Moreover,  the  determination  of  I/V  characteristics  in

our approach is faster and has a much lower experimental error when compared with other point-

by-point I/V methods, due to the high number of data points obtained from a single image.

As shown in Figure  4.4, the  errors  affecting current  measurements  increase  as the length of the

molecules under investigation increases. An explanation of this trend can be found in the higher

resistance of such molecules and, therefore,  the low detected currents that force the amplifier  to

work  closely  to  its  sensing  limit.  Differential  comparison  between  longer  molecules  is  actually

under investigation using an improved amplification chain.

Concerning  the  set-up  presented  in  this  work,  and  in  particular  the  experimental  environment,

there are other kinds of complication that have to be addressed. When working in air, in fact, the

adhesion  effect  of  atmospheric  water  has  to  be  taken into  account.  A  perfect  knowledge  of  the

force applied by the tip is impossible in air. Measured tip-SAM pull-off forces can reach tens of

nN, depending on tip radius, meaning that even at nominal  zero applied force, there is an effec-

tive load of up to 15 nN load on the junction. This effect may be controlled moving to a vacuum

or a liquid environment. The latter route, even if more challenging, looks like the most promising

one,  especially  when  the  aim,  as  in  our  case,  is  to  extend  this  kind  of  study  to  more  complex,

biological systems in their physiological environment.
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Concerning  the  set-up  presented  in  this  work,  and  in  particular  the  experimental  environment,

there are other kinds of complication that have to be addressed. When working in air, in fact, the

adhesion  effect  of  atmospheric  water  has  to  be  taken into  account.  A  perfect  knowledge  of  the

force applied by the tip is impossible in air. Measured tip-SAM pull-off forces can reach tens of

nN, depending on tip radius, meaning that even at nominal  zero applied force, there is an effec-

tive load of up to 15 nN load on the junction. This effect may be controlled moving to a vacuum

or a liquid environment. The latter route, even if more challenging, looks like the most promising

one,  especially  when  the  aim,  as  in  our  case,  is  to  extend  this  kind  of  study  to  more  complex,

biological systems in their physiological environment.

Methods

Materials and Instrumentation

Gold  wire  (99.99%  pure)  was  purchased  from  Metalli  Preziosi  S.p.a.,  Milan,  Italy,  Muscovite

mica  from  Goodfellow  Cambridge  Limited,  Huntingdon,  England.  Ethanol  (99.8%  purity)  and

all  alkane  thiols  were  used  as  received  from  Fluka  and  Sigma  Aldrich  respectively.  All  the

measurements were carried out using a commercial NT-MDT Solver PRO AFM endowed with a

low noise,  high gain amplifier  (AU020-NTF,  NT-MDT Co.)  characterized  by a 3 fA/!Hz noise

level,  and  able  to  measure  currents  up  to  100  pA,  where  the  amplifier  saturates.  Nanografting

was performed in an open liquid cell using silicon rectangular cantilevers  (mMash NSC36/noAl,

spring constant 0.6 nN/nm) while all the current measurements were carried out with conductive

Pt covered silicon V-shaped cantilevers  (mMash CSC21/TiPt,  spring constant  0.12 nN/nm).  The

loads  applied  during  imaging  and  current  measurements  were  set  to  about  0.5  nN  in  order  to

assure good tip-film contact  avoiding at  the same time penetration of the monolayer.  In case  of

nanografting,  the  load  was  as  large  as  50  nN.  Current  measurements  were  carried  out  under

atmospheric conditions.
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Monolayer Preparation

Two different kinds of gold substrates  were used in the described experiments:  a cold deposited

gold  surface  obtained  by  slightly  revising  the  procedure  described  by  the  Ulman  group[110]

(refered to as Ulman gold) and a hot deposited gold on mica.

Briefly,  a  thin  gold  film was  first  thermally  deposited  onto  a  freshly  cleaved  mica  surface  that

afterwards was cut into 8 x 8 mm2 pieces. Epoxy SU8-100 glue was then distributed in drops on

the gold side of the slides. The samples were backed at 95° C for 5 hours in order to remove the

solvent  from  the  glue  drops.  Successively  the  SU8  was  cured  by  exposure  under  a  462  nm

wavelength  UV  lamp  at  a  power  of  about  70  mW/cm2  for  15  minutes.  All  samples  were  then

annealed at 95° C for at least 3 hours. The SU8 drop, now looking as a flat hard surface strongly

attached to  the  gold  layer,  can  in  this  way be  mechanically  detached  in  air  from the  mica sub-

strate, keeping the gold film attached to it. The surface of gold originally buried at the interface

with  the  mica  is  now  available.  Such  a  Au  film  surface  has  the  advantage  of  reproducing  the

flatness of  mica,  giving  an extremely  reduced  roughness,  of  about 4  Å. Gold  island  boundaries

look very  light  and  almost  indistinguishable  from large-scale  topographic  images.  Samples  are,

immediately after stripping, soaked in a freshly prepared 100 mM solution of thiols in ethanol.

The second kind of substrate used in the present work is a more conventional gold film deposited

onto  heated  mica  substrates  using  a  thermal  evaporator  at  a  background  pressure  of  5  x  10-8

Torr.  Freshly  cleaved  mica  was  inserted  into  the  vacuum  chamber  and  subsequently  backed  at

400° C for 24 h. Typically, 800 Å of gold was deposited at 0.2 Å/s with the substrate heated at a

temperature of about 340° C. Immediately after metallization and cooling down to room tempera-

ture, the gold was placed into freshly prepared 100 mM thiol solution in ethanol for at least 48 h.

[2]

Before  use,  each  sample  was  rinsed  with  several  mL of  absolute  ethanol  and  gently  blown  dry

with nitrogen.
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Junction Formation and Characterization

Our junctions are formed by nanopatches of the molecules of interest inlaid in a reference SAM

matrix.  The  molecular  patches  or  the  surrounding  SAM  are  than  “sandwiched”  between  the

supporting gold surface and a platinum covered AFM tip that acts as the second metallic contact

of the junction.

For the nanofabrication  we start from a gold surface  with a well packed  SAM on top  of it. The

whole procedure is performed in a sealed liquid cell filled with an ethanol solution (100 –M) of a

different thiolated molecule. SAM molecules are easily imaged by AFM by using a low imaging

force  of  about  0.5  nN.  If  we  increase  the  force  above  a  certain  threshold,  that  depends  on  the

molecule’s  chain  length,  the  molecules  of  the  SAM are  displaced  during  the scan  and  replaced

by the ones  in solution  which  self-assemble  on  the freshly  exposed gold surface.  In the  case of

alkanethiol  molecules,  using a  tip  with a  radius  smaller  than 10  nm, the threshold  is  around 50

nN. The resulting nanofeatures, of about 200 x 200 nm2, can be imaged by AFM at low imaging

force,  e.g.  0.5  nN.  The  molecules  in  the  patch  rapidly  self-assemble,  due  to  the  nanometer-

confined environment and to the tip local effect31. Completion of the molecular substitution can

be  proved  by  resolving  the  (!3µ!3)R30°  structure  of  alkanethiols  on  Au(111)  film  inside  the

patch,[62]  or  from  the  height   distribution  analysis.  Table  4.1  reports  the  measured  height

differences between C8, C9 and C10 nanopatches and a surrounding  C18 reference SAM. Each

value has been obtained  by measuring the distance  between the Gaussians  describing the height

distribution of the patch and of the SAM molecules in a sufficiently large area holding the patch

of interest. Theoretical values are also reported as comparison. The height difference between C8

and C9,  and  between  C9 and  C10 (corresponding  of  a  single  methylene  group  height  contribu-

tion) are about 0.104 nm and 0.112 nm respectively,  both very closed to the theoretical  value of

about 0.11 nm.[45]

After nanografting the silicon tip is removed, and replaced with a Pt covered conductive one. Tip

replacement is always necessary after nanografting,  because this process degrades the tip reduc-

ing  its  sharpness  and  generally  contaminating  it.  To  find  the  nanostructured  area  after  tip-

exchanging,  we  produce  on  the  surface,  before  nanografting,  micron-sized  markers,  easily

visible with an optical microscope. The shape of the markers was chosen in order to optimize the

repositioning of the AFM tip: with the new tip optically aligned over the markers, the patches are

found within a radius of 3 mm or less.
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Table 4.1. Patches height differences realtive to a C18 reference SAM

 C18 - C8 C18 - C9 C18 - C10
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

Experimental 1.085±0.027 nm 0.981±0.036 nm 0.869±0.027 nm

Theoretical 1.083±0.001 nm 0.974±0.001 nm 0.866±0.001 nm

Deviation 0.2% 0.7% 0.3%

The experimental differences are defined as the distance between the centers of the Gaussians describing

the  height  distribution  in  the  topographic  images  taken  around  the  patch  of  interest.  The  theoretical

differences  are  obtained  by  multiplication  of  a  methylene  height  contribution  (1.082  Å)  times  the

difference in carbon units between the C18 reference SAM and the molecule composing the patch.

Voltages  are  then  applied  between  the  tip  and  the  substrate  monitoring  the  current  flowing

through the molecular  assembly. The force applied by the tip was, at all times,  less than 0.5 nN

in  order  to  assure  good  electrical  coupling,  avoiding  at  the  same  time  tip  penetration  into  the

SAM.  In  fact,  above  1  nN,  a  lower  value  for  the  height  difference  between  the  patch  and  the

SAM  was  measured.[71]  The  range  of  voltage  sweep  during  current  measurements  was  indi-

rectly limited by the maximum value of current readable by the amplifier, that is ±100 pA. In any

case, in order to avoid damaging of the layers, voltages larger than ±500 mV were never used in

the experiments. Scanning speed during current imaging was always below 200 nm/s.

From current images,  collected at different applied voltages,  we have extrapolated the values of

current flowing through each type of molecule present on the surface. Currents are defined as the

mean value of the Gaussians describing the current distribution over the patches and, eventually,

over  the  surrounding  reference  SAM.  This  procedure  is  repeated  for  each  patch  and  obtained

values are successively used to draw the I/V characteristic for every molecule as shown in Figure

4.3. We would like to point out here that a single current image contains  a large amount of data

(usually 512µ512 sampled pixels) and therefore statistical information on the molecular conduc-

tance. As a result the electrical characterization of a group of molecules can be obtained from the

analysis  of few tens of current  images,  one for  each  voltage value,  instead  of the thousands  I/V

curves needed in the case of single-point measurements.
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5

Factors Affecting the Measured 

Current Values

In  Chapter  4  the  importance  of  a  differential  approach  to  study  molecular  transport  with  CT-

AFM  was  demonstrated.  There  have  been  many  reports  in  the  literature  on  current-voltage

characteristics  of  thiol  SAMs  on  gold  surfaces.  However,  as  already  discussed  in  the  previous

chapters, the published results from different groups are often inconsistent with one another and

the underlying  causes  are  not  clear.  Many  factors,  including  the  substrate/tip  roughness,  degree

of  order  of  the  SAMs,  presence  of  solvent,  contaminants  on  the  tip,  applied  load,  contact  area

and  environmental  humidity,  may  all  play  important  roles  in  the  electrical  measurements.

[153-154]

The  differential  measurement  by  CT-AFM  combined  with  nanografting,  which  has  been  intro-

duced in  Chapter  3  and  in the  previous  chapter,  minimizes the  contribution  of boundary  condi-

tions during the determination of molecular properties obtained from ratios between homologous

molecules.  In  this  chapter,  some  interesting  phenomena  that  would  affect  the  measured  current

values  will  be  discussed  providing  some  valuable  insights  into  the  problem  of  current

fluctuations.
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The work reported in this chapter was made possible thanks to the collaboration with colleagues

from the Chemistry Department of Princeton University and, in particular, thanks to the investiga-

tions done by Dr. J. Liang.

The Initial Layer and the Grafted Molecules

To  compare  the  conductance  of  two  or  more  SAMs  of  different  molecules  we  can  carry  out

differential  measurements.  Interestingly,  we  found  that  different  measured  current  values  have

been  obtained  when  more  conductive  molecules  are  nanografted  into  a  layer  composed  of  less

conductive  molecules,  or  vice  versa.  Usually,  when  the  more  insulated  molecules  are  the  nan-

ografted  ones,  the  measured  current  intensities,  both  in  the  patch  and  in  the  matrix  layers  are

lower than in the reversed case (i.e. more conductive molecules forming the nanografted patch).

Hereafter  an  example  will  be  given  to  clarify  the  statement.  Attempts  to  nanograft  isomeric

aromatic  molecules  were  done  not  to  long  ago  at  Princeton  University.  Nanopatches  of  2-

Ethylbenzenethiol  (CH3CH2 PhSH,  briefly  EBT)  were  fabricated  into  a  2-Benzenethanethiol

(PhCH2 CH2SH, briefly BET) reference SAM. The measured current intensities for both SAMs

were in the nA range. However, when halogenated long alkanethiol, as the case of Perfluoropenta-

decanethiol  (CF3 (CH2)15S H,  FC16  in  short)  molecules,  were  grafted  in  the  same  BET  refer-

ence SAM, the measured current intensity in BET was only in the pA as shown in Figure 5.1. 

To explain  this  result  we may  imagine  that  when performing  nanografting  working  in a  liquid-

cell  filled  with the  solution  of long,  insulating,  molecules,  some of them will  be left  in a  phys-

isorbed state  on top  of the SAM and remain also after sample removing  and washing with pure

ethanol. This physisorbtion will involve more energy if the number of methylene groups compos-

ing the chain, increases. In the current measurements,  because the conductive tip is covered with

a thin film of noble metal (usually  Au or Pt),  which has good affinity  to the thiols, some of the

residual  molecules  can  adsorb  from  the  top  of  the  SAM  onto  the  tip  as  contaminants.  If  the

molecule  being  nanografted  is  a  rather  conductive  one,  the  resulting  contaminant  layer  gives  a

low screening contribution. The current detected in this case (the EBT case) is higher than when

an  insulating  molecule  being  nanografted  (the  FC16  case).  Obviously,  EBT  is  supposed  to  be

more  conductive  than  FC16  because  of  the  shorter  alkyl  chain,  the  presence  of  the  conjugated

phenyl  ring  (with  many  delocalized  electrons  accessible  to  conduction)  and  the  absence  of  the

polar halogenated terminal head group (CF3 –).
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molecule  being  nanografted  is  a  rather  conductive  one,  the  resulting  contaminant  layer  gives  a

low screening contribution. The current detected in this case (the EBT case) is higher than when

an  insulating  molecule  being  nanografted  (the  FC16  case).  Obviously,  EBT  is  supposed  to  be

more  conductive  than  FC16  because  of  the  shorter  alkyl  chain,  the  presence  of  the  conjugated

phenyl  ring  (with  many  delocalized  electrons  accessible  to  conduction)  and  the  absence  of  the

polar halogenated terminal head group (CF3 –).

Usually the longer the CT-AFM tip scans across the sample, the more likely the tip cleanliness is

compromised. In Chapter 4 was demonstrated as long tip travels on corrugated surfaces induce a

continuous  increasing  in  the  current-reducing  effect  due  to  the  growth  in  the  number  of  mole-

cules  forming  the  contamination  layer.  Interestingly,  removing  the  sample  from the  AFM after

nanografting  and  carefully  rinsing  it  with  pure  ethanol  cannot  improve  the  situation,  indicating

that the amount of molecules is extremely small and agreeing well with the results in Chapter 4.

A stationary tip that does not scan may adsorb fewer molecules but still can not at all guarantee

the  entire  cleanness  of  it.  In  particular,  a  punctual  CT-AFM  characterization  encounters  other

kinds of problems that force to a statistical approach as will be described in Chapter 6. 

Figure 5.1. Measured  current  through  a BET  reference  layer  when  an EBT  patch  (red  dots  plot  at  the  left)  or  a  FC16  patch

(blue squares  plot  at  the right)  is nanografted  into it.  Each  data  point is  averaged  from three  measurements  and  the standard

deviation is shown.

Contamination  of  the  tip,  which  has  been  shown to  be able  to change  the  measured  current  by

several  orders  of magnitude,  is  the  most  important  factor  we have found  that  is  responsible  for

the inconsistency  of  the  results  in  the  literature.  This  can  be justified  by  the  high sensitivity  of

the current to even tiny change of the tunneling distance. According to the tunneling mechanism,

exposed in Chapter 3 and Chapter 4, the current I should decay exponentially with the increment

of distance d, as

I = I0  eH- b dL

Where  b  is  the  decay  constant.  Assuming  for  b  a  value  of  about  1.0  Å-1,  consistent  with  the

value found in Chapter 4 and literature,[34] the current can decay by 3 orders of magnitude if the

contaminant layer is ~7 Å thick (DI=exp(bDd). Has to be noticed that this thickness  is compara-

ble to half the length of a C10 alkanethiol molecule.
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Where  b  is  the  decay  constant.  Assuming  for  b  a  value  of  about  1.0  Å-1,  consistent  with  the

value found in Chapter 4 and literature,[34] the current can decay by 3 orders of magnitude if the

contaminant layer is ~7 Å thick (DI=exp(bDd). Has to be noticed that this thickness  is compara-

ble to half the length of a C10 alkanethiol molecule.

Because  of the small  radius  of curvature  (less than 20 nm) and  surface  roughness of the end of

the metal-covered tip, the captured thiols are unlikely to form a compact and ordered layer on it.

Thus, the double-layer model,[53] which assumes another perfectly formed and ordered layer on

the probe in contact with the layer on the substrate during the measurement, may not be appropri-

ate  for  describing  the  nature  of  the  contact.  Although  the  nanografting  history  will  affect  the

absolute  value  of  the  current,  it  does  not  change  the  conductivity  ratios  of  the  SAMs  in  our

differential  measurement  (the  tip  condition  may  be  leveled  using  this  method),  as  extensively

described in Chapter 4.
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Figure  5.2  shows  some  other  experimental  results  that  support  the  above  conclusion.  In  Fig.

5.2A,  we  show  the  current  image  of  a  FC16  patch  nanografted  into  a  Benzyl  Mercaptan  (Ph-

CH2SH,  shortly  BM)  reference  layer.  The  resulting  current  through  BM  matrix,  which  is  one

methylene group  shorter  than the  BET molecule,  is only  ~5 pA at  a bias  of 1  V, much  smaller

than the current  value for  BET reported in the plot  of Figure  5.1A, but in agreement  with what

measured  in  Fig.  5.1B.  In  Figure  5.2C,  FC16  molecules  are  nanografted  into  a  C10  reference

layer  followed  by  current  measurements.  The  current  through  the  C10  layer  is  also  very  small

(~1 pA), less than that reported before in Chapter 4 (see for example Figure 4.3A), but different

also  from  literature  values  coming  from  STM  characterization.[84,155]  Meanwhile,  similar  to

Figure 5.2A, the current flowing through the FC16 patch is zero because it composes of a long,

well insulating saturated molecule.

Figure 5.2. (A)  The  current  image  (bias  = -1  V)  of  a  FC16  patch  in  a BM  reference  layer  and  (B)  the  corresponding  current

line profile;  (C) the current  image (bias = -2 V) of a FC16 patch in a C10 matrix  and (D) the corresponding  current  line profile.

In  general  has  been  seen  that  nanografting  technique,  compared  with  dip-pen  nanolithography,

[115]  leaves  a  smaller  amount  of  residual  molecules  on  the  surface.  Explanation  of  that  is  the

fact that the relative concentration of “dried” molecules onto AFM tip during nanofabrication  is

higher (or  better,  unknowing  higher) compared with the molecules  in the nanografting solution.

Consequently,  during  the  nanofabrication,  a  large  number  of  molecules  will  diffuse  not  only

inside the area of interest but also on the top of the surrounding SAM matrix.

A fundamental  point to focus on is the difficulty to obtain consistent values from the differential

approach  also  in  the  case  when  the  nanografted  molecules  are  very  good  insulators.  This  is

somewhat  unexpected  because,  in  principle,  differential  analysis  of  currents  has  the  ability,  as

demonstrated,  to  remove  the  contribution  of  the  contamination  layer.  Unfortunately  if  the

junction  becomes  too  insulating,  and  the  currents  flowing  through  it  very  small,  the  amplifier

may be  not  able  to  detect  them or,  if  it  can,  the  instrumental  error  afflicting  the  measurements

will be very high. In conclusion, nanografting of long molecules in short ones is to be avoided if

at all possible, preferring instead the inverse nanofabrication order.
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may be  not  able  to  detect  them or,  if  it  can,  the  instrumental  error  afflicting  the  measurements

will be very high. In conclusion, nanografting of long molecules in short ones is to be avoided if

at all possible, preferring instead the inverse nanofabrication order.

Humidity and Temperature

The atomic force microscope used in our laboratory for the electrical characterization of molecu-

lar junctions is equipped with a metallic cap covering all the instrument head. This protective lid

is  electrically  grounded  assuring  electromagnetic  and  acoustic  insulation  during  measurements.

The  hermetic  ambient  so  created  gives  us  the  possibility  to  have  temperature  and  humidity

control.  A  small  heather  coupled  with  a  PID  feedback  controller  and  a  inlet  pipe  for  nitrogen

flow may be used for environmental control.

The  usual  relative  humidity  inside  the  box  is  20-30%  while  the  temperature  is  held  approxi-

mately to 20÷25 ºC. When the AFM is operated for more than 1 hour, the heat produced by the

instrument can increase the temperature by 1÷2 ºC. In principle, the measured current should not

depend  on the  slight  temperature  variance  if  the electron  transport  follows  the elastic  tunneling

mechanism  as  reported  in  Chapter  3  and  in  literature.[32,133,144]  Humidity  reduction  can  be

achieved  by  placing  desiccant  in  the  box  or  flowing  in  a  gentle  flow  of  nitrogen.  The  purging

method  usually  can  reach  lower  humidity  (<10%)  than  the  desiccating  one.  To  increase  the

humidity, a beaker containing water is inserted in the box until the humidity reaches equilibrium.

A  high  sensibility  thermo-hygrometer  is  used  to  monitor  local  and  ambient  temperature  and

humidity. Current through a C10 layer was measured at two different humidities (10% and 40%,

respectively),  at  the  same  temperature  (~24  ºC)  and  using  the  same  AFM  tip.  The  conductive

probe  was  immersed  in  the  piranha  solution  (3:1  ratio  between  sulfuric  acid  and  hydrogen

peroxide)  for  15  minutes  and  then  rinsed  with deionized  water  and  dried  with  a  gentle  flow of

nitrogen before being used.  After engagement,  the tip scans a small  region (10x10 nm2) on the

flat  top  of  a  gold  sample.  The  current  intensities  are  recorded  as  randomly  picked  scan  lines

(each scan line has 512 data points) and then averaged along the lines. The first 15 recorded scan

lines are further  averaged  and the results  are reported  in Table  5.1. The results indicate that the

averaged  current  does  not  show  strong  dependence  on  the  humidity.  The  measured  currents,

regardless  of the  polarity  of the  bias,  are  all  at  the  same order  of  magnitude  at  the humidity  of

10% or 40%.
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Table 5.1. Humidity dependence of measured current on a C10 SAM. 

Low relative humidity (10%) High relative humidity (40%)
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

Bias = +1V Bias = -1V Bias = +1V Bias = -1V
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

Averaged 
current (pA)

0.82 2.72 2.11 1.49

Standard 
deviation (pA) 0.36 0.62 0.39 0.18

The plus and minus sign applies when the potential of the tip is more positive or negative than the 
sample, respectively.
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Normal Force

Force in AFM is determined  by the detection  of the cantilever  deflection and  the knowledge of

cantilever  elastic  constant  and  many  factors  may affect  the  load felt  by  the  surface.  First  of all

has to be mentioned the fact that commercial  AFM tips are sold with a large imprecision  in the

declared force  constant value K.  Usually K variance  is in the order  of 25% to 250% of asserted

value.  To  this  the  variance  in  the  load,  in  terms  of  pressure,  due  to  variations  in  the  radius  of

curvature  of  the  AFM tip  plays  an important  role.  Larger  is the  radius  greater  is  the tip/surface

contact  area  and  so,  minor  is  the  exerted  pressure  at  parity  of  applied  force.  To  conclude,  an

environmental  factor  is also present.  Due to the ambient humidity,  a more or less uniform layer

of  water  of  some  hundreds  of  nanometers  thick,  covers  every  surfaces.  The  meniscus  forming

when  the  tip  is  in  contact  with  these  surfaces  exerts  an  extra  force  on  it  (also  called  capillary

force) that, in case of hydrophilic surfaces and tips, is in the order of some nN. All these factors

are responsible for a not perfectly know applied load.
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Depending  on  the  applied  load,  going  from  low  to  high  force  regime,  three  different  scenarios

may be considered.  At  small  loads,  in  ambient  conditions,  the  tip  is in  “apparent”  contact  with

the top of the SAM. The term “apparent” is used because between tip and surface may be present

a very  thin  layer  of  environmental  water.  Increasing  the  force  may induce  displacement  of this

water until  none, or only some, molecular layers are present.  At intermediate loads the tip starts

to  deform,  usually  bending  or  tilting,  the  molecular  SAM.  Some  molecular  water  layer  may

remain depending  of  the  entity  of  SAM terminal  head  to water  interaction  (e.g.  hydrophobicity

or  hydrophilicity).  At  high  forces  the  tip  punches  the  SAM  undergoing,  for  example,  to  gold

substrate contact. The last two regimes have not a clear distinction due to the fact that, depending

on  the  tip  apex  size  and  SAM  imperfections,  penetration  may  appear  at  very  low  forces.  It  is

easy to understand that every of the three listed regimes present different transport behavior. The

main  reasons  of  that  are  the  reduction  of  the  distance  between  tip  and  the  top  of  the  SAM,

depending  if  the  transport  is  through  or  across  molecule  also  the  reduction  of  the  molecular

junction  thickness  influence  the  current  intensity  and,  finally,  force  induced  SAM defects  may

induce fluctuations and spikes in detected currents.

Figure 5.3 shows how the current changes for a FC16 patch nanografted into a BET matrix as the

applied tip load is increased. The long alkyl chain in FC16H generates relatively strong intermo-

lecular van  der Waals  force that  stabilizes  the SAM and consequently,  up to 50 nN, the current

recorded for the patch is always zero. However, for BET surrounding layer, the current increases

very slowly at force below 30 nN but is very fast after that.

Figure 5.3. Current images  of a FC16 patch nanografted  into a BET matrix.  (A) Normal  load exerted is 10 nN; (B) normal  load

is 50  nN;  (C)  the  current  versus  normal  load  relationship  of  the  BET  layer  for  positive  and  negative  applied  voltages  (green

and red markers respectively).

These results  suggest  the tip probably  penetrates  (especially  for  very sharp tips)  or deforms the

layer  (this  is  the  case  when  using  blunt  tips)  at  force  larger  than  30  nN[25,50,130-131]  and

shorten  the  tunneling  distance.  Although  the  force  can  effectively  affect  the  current,  as demon-

strate  in  Figure  5.3C,  the  intensity  change  is  no  more  than  one  order  of  magnitude  when  the

normal load is raised from 1 nN to 50 nN. Although  the sensitivity  of the AFM cantilevers  has

been  proved  to  be able  to detect  differences  in  force  in the  pN range  in controlled  enviroment,

[156-157]  we  have  already  listed  reasons  that  make  difficult  an  absolute  estimation  of  the  real

applied force.  These  factors,  anyway,  have  a contribution  of some nN in the force indetermina-

tion.  Consequently,  the normal  force  is not  the major  concern  for  the huge discrepancies  of the

measured current reported in the literature.

Ph.D Thesis

89



These results  suggest  the tip probably  penetrates  (especially  for  very sharp tips)  or deforms the
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[156-157]  we  have  already  listed  reasons  that  make  difficult  an  absolute  estimation  of  the  real

applied force.  These  factors,  anyway,  have  a contribution  of some nN in the force indetermina-
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Different Probes

In CT-AFM  the  (cantilever)  tip  is  the  probe  detecting  currents  so  the  strong  influence  it  has  is

expected.  We  had  already  occasion  in  previous  sections  of  the  thesis  to  point  out  the  fact  that

even  the same type  of AFM tips  are different  (also tips  coming  from the  same box are  slightly

different).  In  particular,  in  our  work  we  focused  on  the  large  spread  in  the  factory  declared

geometrical,  and  indirectly  elastic,  cantilever  properties.  Regarding  the  cantilever  tip,  its  radius

of curvature  is  provided as  lower  than some value  (e.g.  less  than 10 nm),  meaning  that  smaller

radii  are  possible.  Various  experimental  techniques  and  calculation  methods  have  been  devel-

oped  and  applied  for  measuring  and/or  estimating  this  value.[158-160]  However,  even  if  the

starting  radius  would  be  known  precisely,  the  effective  tip  radius  of  curvature  can  change

dynamically  because  of  the  wearing  of  the  tip  or  adsorbing  of  contaminants  during  operation.

Thus  the  contact  area  under  the  AFM  tip  and  the  number  of  molecules  actually  measured  are

very case-specific.  To add  further complication,  material forming  or covering the tip to make it

conductive  may  have  strong  contribution  due  to  different  contact  potential  or  affinity  with

molecular  layers  under  investigation.  Tips  made  using  highly  doped  silicon  or  covered  with  a

layer of a metallic (Au, Pt, Pt/Ir,  etc.) or ceramic (W2C, TiN,  etc.) conductor are commercially

available.

To prove  the  consistency  of  current  values coming  from the same  type of  conductive  AFM tip

some electrical measurement on Biphenyl 4, 4'-dithiol (BPDT, in short) patches nanografted in a

C10  matrix  have  been  successfully  performed  in  different  experimental  setups  using  the  same

type  of  Pt/Ir  coated  silicon  nitride  tips  (SCM-PIC,  Veeco  instruments).  The current  values  at  a

positive  applied  voltage  of  1  volt  were:  (85.7  pA,  66.4  pA,  and  82.6  pA);  90.1  pA;  (71.0  pA,

85.1  pA,  92.1  pA,  and  95.6  pA);  56.6  pA;  79.8  pA  (values  in  each  pair  of  parentheses  are

different patches measured using the same tip). Surprisingly,  the maximum and minimal current

values  obtained  using 5  tips on  10 BPDT patches just  differ  from each other  by a factor  of  ~2,

indicating that  the  contact  properties  of the  same type of  tips probably  are very  similar  to  each

other  when  following  the  same  experimental  procedures  in  the  same  experimental  shot.  This

explains the fact that the current values reported from the same group for a certain molecule are

usually self-consistent,  but not  with those from others group obtained  following different or the

same experimental protocol.[34]
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indicating that  the  contact  properties  of the  same type of  tips probably  are very  similar  to  each

other  when  following  the  same  experimental  procedures  in  the  same  experimental  shot.  This

explains the fact that the current values reported from the same group for a certain molecule are

usually self-consistent,  but not  with those from others group obtained  following different or the

same experimental protocol.[34]

Summary

We have discussed  several  factors  that influence the measured  current values in our differential

characterization  of  the  electron  transport  properties  of  SAMs  by  CT-AFM  combined  with  the

nanografting  technique.  These  factors,  including  the  nanografting  process,  the  compactness  of

the SAM, normal  load,  contact area of a specific  tip and environmental  factors as humidity and

temperature,  can  all  affect  the experimental  results  to different  extent.  The contaminants  on the

tip,  which  can  shift  the  current  value  by  several  orders  of  magnitude,  are  probably  the  most

crucial  reason  for  the  discrepancies  of  the  data  obtained  from  different  experiments.  Other

factors affect  the current  value to a less degree (around one order of magnitude or less) and are

easier to control. Further investigations are necessary in the direction of a better understanding of

tunneling  junction  components.  In  particular  role  of  water  has  to  be  addressed.  To  do  that  two

possible  routes  may  be  followed:  ultra  high  vacuum  (UHV)  differential  CT-AFM  experiments

may help to increase the cleanness of the system, while liquid current measurements, performed

in  a  liquid  cell,  may  extend  our  knowledge  about  solvent  contribution  in  molecular  transport.

Both  cases  eliminate  the  water  meniscus  force  contribution  from  the  surface  reducing  so  the

applied load indetermination.
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6
CT-AFM Investigations with Aro-

matic Thiol SAMs

In  Chapter  4  we  focused  on  the  development  of  a  new,  differential,  approach  to  electrical

characterization  of  molecular  junctions.  Motivation  for  this  strategy  was  to  bypass  all  the

uncontrollable  factors  influencing  the  Metal-molecule-Metal  junction  such  as  tip/molecules

contact quality and composition (see Chapter 5). To do that we used CT-AFM as main investiga-

tion  tool  showing  how  it  is  possible  to  determine  easily,  and  with  low  experimental  errors,

properties that depend on the ratio between the “resistance” of molecules belonging to the same

family. The tunneling current decay constant (vs. chain length) was measured for molecules that

belong to the alkane-thiol family (see Chapter 4).

Aim of this chapter  is the extension of the technique to molecules that don’t belong to the same

family (non-homologous molecules) such as comparing aliphatic and aromatic thiols in the same

experiment.  Using a reference  SAM layer of a well-characterized  molecular family (as  the case

of alkanethiols) a normalization of electrical properties for all the molecule under investigation is

possible. Doing that a value for the resistance of a short  aromatic  thiol (2-Benzene Ethanethiol)

is  determined.  An  indirect  comparison  of  this  value  with  values  coming  from  literature  shows

that the order of magnitude for resistance is correct.
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1. Comparison Between Heterogeneous Molecules

In  recent  years,  molecular  electronics  research  has  generated  considerable  interest.[161]  To

create molecular devices, new “conductive” organic molecules, e.g., conjugated molecular wires

have  been synthesized.  Self-assembled  monolayers  (SAMs)  of  such  conjugated  molecules  have

also been reported.[162-165] Furthermore, many interesting studies on the transport of electrons

through molecules have appeared concerning the electron transfer along the molecular axis using

scanning  probe  microscopy  (SPM),[26,44-46]  mechanical  break  junction,[39]  and  nanogap

electrode techniques.[35,166]

The transport  of charge  through  adsorbed  molecules  using STM is quite complicated  compared

to other techniques such as break junctions or nanogap electrodes, where the electrode is directly

attached  to  the  molecules.  While  it  is  possible  to  estimate  molecular  “conductivity”  using

scanning tunneling  spectroscopy  (STS), it is not so easy to minimize the effect on the measure-

ments  of  the  tunneling  gap  between  the  STM  tip  and  the  molecules.  Atomic  force  microscopy

(AFM)  using  a  conductive  cantilever  (usually  referred  as  CT-AFM,  see  Chapter  3)  in  contact

with the molecules  under investigation,  is a good candidate for  direct measurement  of electrical

conduction of organic monolayers such as SAMs.[53,167]

The detailed electron transport  mechanism through organic monolayers is still unclear, although

great  progress  has  recently  been  made.  Further  systematic  experimental  studies  are  necessary,

because reliable nanoscale electron transport measurements  through organic molecules have just

begun.

In  the  study  presented  in  this  section  of  the  thesis  we  are  going  to  discuss  the  transport  of

electrons through a nanoscale patch of a short aromatic molecule (2-Benzenethanethiol) confined

into a short alkanethiol SAM matrix (1-Hexanethiol) making use of a nanolithographic technique

(nanografting, see Chapter 3). Our objective is to explore the possibility of applying the differen-

tial  scanning  CT-AFM  technique,  studies  presented  in  Chapter  4,  to  molecules  that  are  not

homologous  with  the  saturated  hydrocarbon  series  measured  before.  In  particular,  keeping  in

mind the difficulty of an absolute approach to a measurement,  we are trying to understand  if, at

least,  an indicative  absolute  value for  the “molecular  resistance” is  obtainable starting  from our

differential approach.
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electrons through a nanoscale patch of a short aromatic molecule (2-Benzenethanethiol) confined

into a short alkanethiol SAM matrix (1-Hexanethiol) making use of a nanolithographic technique

(nanografting, see Chapter 3). Our objective is to explore the possibility of applying the differen-

tial  scanning  CT-AFM  technique,  studies  presented  in  Chapter  4,  to  molecules  that  are  not

homologous  with  the  saturated  hydrocarbon  series  measured  before.  In  particular,  keeping  in

mind the difficulty of an absolute approach to a measurement,  we are trying to understand  if, at

least,  an indicative  absolute  value for  the “molecular  resistance” is  obtainable starting  from our

differential approach.

Nanofabrication and Measurements

Using  nanografting  we  fabricate  four,  one  monolayer-thick,  nano-assemblies  of  2-Benzeneth-

anethiol  (Ph(CH2 )2 SH,  briefly  BET),  side  by  side,  into  a  reference  1-Hexanethiol  (CH3 (-

CH2)5SH,  briefly  C6)  SAM  on  a  gold  film  (Figure  6.1).  Metal-molecule-Metal  junctions  are

then created,  as extensively described  in Chapters  3  and Chapter  4,  by placing a clean conduct-

ing AFM tip in contact with the top part of the molecules and scanning the surface while a fixed

tip-surface bias voltage is applied.  The current flowing through the nanografted patches of BET

and  through  the  reference  C6 monolayer  (the  carpet)  can  be  recorded in  a  single  image,  where

differences in  contrast  are  representative  of the variation  of current  levels.  Current  data coming

from all images are then used to determine the average current values for a specific applied bias

looking over the current histogram of the image. 

Figure 6.1. (A) Topographic  AFM image acquired  with a Pt coated silicon tip immediately  after nanografting  of four BET 

patches into a C6 SAM matrix.  Difference  in height between the patches and the surrounding  C6 SAM is about 1.2 Å. (B) 

Current image acquired  simultaneously  to (A) at +500 mV bias. Distortions  in the shape of patches  are related to the drift of 

the x-y piezo-scanner.

The force feedback circuit of the AFM controls the mechanical  load on the nanocontact keeping

it constant while the current image is collected. The current image, together with the topographic

image acquired by  reading out the AFM laser-deflection  feedback,  is simultaneously  registered.

This  provides  the  capability  to  obtain  information  about  order  in  the  monolayer  packing  by

measuring  the  patch-to-carpet  height  difference,  and  comparing  this  number  with  the  one

evaluated  by  assuming  that  the  alkanethiol  molecules  are  inclined  by  about  30°  with respect  to

the surface normal[84,137] and, in spite of the presence of the phenyl ring, assuming a molecular

tilting of BET of about 20° adopting in a (!3ä!3)R30° structure.[49,129,162,168] The calculated

difference in  film thickness  between these  two SAMs is about 1.4±0.05 Å, considering  that the

normal to surface carbon-carbon distance in tilted alkanethiol chains is always about 1.1 Å for a

chain tilt angle of 30°[137] and 1.19 Å for a 20° tilt angle. Carbon-carbon distance in the phenyl

ring was considered  of about  1.4 Å. This theoretical  value is close  to the BET/C6 difference in

height experimentally determined from height profile analysis on the topographic image (1.2±0.5

Å).
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the surface normal[84,137] and, in spite of the presence of the phenyl ring, assuming a molecular

tilting of BET of about 20° adopting in a (!3ä!3)R30° structure.[49,129,162,168] The calculated

difference in  film thickness  between these  two SAMs is about 1.4±0.05 Å, considering  that the

normal to surface carbon-carbon distance in tilted alkanethiol chains is always about 1.1 Å for a

chain tilt angle of 30°[137] and 1.19 Å for a 20° tilt angle. Carbon-carbon distance in the phenyl

ring was considered  of about  1.4 Å. This theoretical  value is close  to the BET/C6 difference in

height experimentally determined from height profile analysis on the topographic image (1.2±0.5

Å).

A  tunneling  M-m-M  junction  having  a  BET  nanopatch  placed  into  a  C6  SAM  carpet,  on  the

same metal  surface,  is sketched  in Figure  6.2.  At the  lower  level  are the  molecular  assemblies,

with thickness  and conductance  determined by the specific  molecule;  at the upper  level there is

the metalized CT-AFM tip with its circuit scheme.

Figure 6.2. Two-layer  tunnel  junction model  sketching  a nanopatch  of shorter  (by ~1.2 Å) 2-benzenethanethiol  molecules  into 

a SAM made of 1-exanethiol  molecules.  The tip moving from left to right engage the two distinct  molecules.  When a difference  

in potential  is applied between tip and gold substrate a current  flow is recorded  using a high gain current meter.  The tip 

records,  for every applied potential,  a topographic  and a current  image simultaneously.  The contact  area does not change 

from A to B because of the feedback  on the interaction  force of the AFM. Concerning  current sampling,  we acquire current  

images rastering  lines of 1000 nm of surface  at 1 Hz. If we consider  molecules  spaced of about 0.5 nm, 2000 molecules  are 

scanned in one second (2 kHz). The amplifier  used (NT-MDT AU006)  has a bandwidth  of about 10 kHz meaning that one 

molecule is sampled  5 times before tip moves to the adjacent  one.

In  Chapter  4  we  demonstrated,  by  measuring  point  by  point  in  a  current  image  the  electron

transport through two SAMs of molecules of the same homologous series, placed side-by-side on

the same surface,  that  it is  possible  to determine  the  decay factor  b  ruling  out the  effect of  the,

usually unknown, boundary conditions.  The strong influence of the contact  resistance on the tip

side of the measurement was also highlighted. 

For testing the possibility to compare molecules belonging to different families with the already

explained differential  approach (see Chapter 4), we have chosen to use saturated and conjugated

molecules. Behind that choice, is the possibility to refer to the large volume of experimental  and

theoretical work that has addressed the chain length dependence of the electron transfer through

s and p  systems.[57] In particular,  it has been demonstrated  that the electron transport  is domi-

nated  by  coherent  non-resonant  tunneling  and  that,  therefore,  the  junction  resistance  depends

exponentially  on  the  molecular  length[53]  and  that,  for  small  voltages,  the  I/V  characteristic  is

consequently  linear.[141]  Different  kinds  of  experimental  techniques,  have  shown  that  the

electron current  through the junction  is proportional  to exp(-bl),  where b  is the tunneling  decay

constant  of the molecules  and  l  is the  length  of the formed junction.  As in the case  of homolo-

gous  studies,  the  two  adjacent  SAMs  of  different  molecules  sandwiched  between  two  metallic

contacts  may  be  imaged  as  part  of  a  two  double  junctions  system,  in  which  a  third  layer  (the

contamination  layer)  is  present  (refer  to  Figure  4.1  for  details  about  the  junction).  Transport

through these double  junctions  is affected by the transmission  coefficient of the layers involved

(the  well  know  SAMs  and  the  unknown  contamination  layer),  by  the  layer-by-layer  electron

hopping and, clearly, by the contact resistances located at the interface between the metal tip and

the contamination layer and between the thiol SAMs and the gold substrate.
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consequently  linear.[141]  Different  kinds  of  experimental  techniques,  have  shown  that  the

electron current  through the junction  is proportional  to exp(-bl),  where b  is the tunneling  decay

constant  of the molecules  and  l  is the  length  of the formed junction.  As in the case  of homolo-

gous  studies,  the  two  adjacent  SAMs  of  different  molecules  sandwiched  between  two  metallic

contacts  may  be  imaged  as  part  of  a  two  double  junctions  system,  in  which  a  third  layer  (the

contamination  layer)  is  present  (refer  to  Figure  4.1  for  details  about  the  junction).  Transport

through these double  junctions  is affected by the transmission  coefficient of the layers involved

(the  well  know  SAMs  and  the  unknown  contamination  layer),  by  the  layer-by-layer  electron

hopping and, clearly, by the contact resistances located at the interface between the metal tip and

the contamination layer and between the thiol SAMs and the gold substrate.

Absolute Resistance Values for Molecules Non-Homologous whit the 

Alkanes

In previous  discussions  the  concept  of  the  difficulty  to  obtain  absolute  values  from a  measure-

ment  was  presented.  To  extrapolate  a  reasonable  absolute  value  for  the  molecular  “resistance”

the normalization protocol introduced in Chapter 4 is used. The determined resistance value of 2-

Benzenethanethiol will be normalized using the value obtained for 1-Hexanethiol and the current

tunneling decay constant  b coming from Plot 4.3C.  The ultra-flat Ulman gold film[110] allows

for  the  fabrication  of  many  BET  nanopatches  close  one  to  the  other  in  order  to  increase  the

number of current samplings. 
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Figure 6.3. (A) I/V characteristic  of C6 (red squares)  and BET (blue dots).  Aromatic thiols were nanografted  into the aliphatic  

reference matrix.  (B) Current  ratios between BET and C6. The ratio gives an idea about the evolution  of the tip contamination  

during succeeding  scans. The good alignment  of the ratios around a value of about 1.73 is a good indication  of the tip state 

and assures  that currents  stay for both molecules  in the linear  regime of tunneling.  The value at zero voltage was not taken 

into account.

Figure 6.3A shows the average current-voltage  (I-V)  trace extrapolated from current  images for

BET  and  C6  molecule.  Every  point  in  the  red  curve  is  the  average  from the  current  values  of

each  of  the  four  patches,  whereas  the  blue  line  is  the  fitting  of  the  average  values  of  all  the

surrounding C6 matrix.  The load applied to the tip during  scanning was less  than 1  nN and  the

same Pt-coated tip was used for the whole experimental session. All the traces are linear over the

voltage sweeps as indicated also by the good alignment of the BET/C6 current ratios represented

in Figure  6.3B. The fitting lines  of molecular  resistance are used to define a junction  resistance

equal  to  1/slope.  Resistances  of  about  333±8  MW  and  195±6  MW  were determined  for  C6  and

BET respectively, with an error of about 2%.  

The obtained resistance,  in order  to be comparable  with absolute  values coming from literature,

has  to  be  normalized.  To do  that  we  can  take  advantage  of  the  knowledge  of  the  experimental

resistance ratio between BET and C6 and of the possibility to calculate a theoretical value of C6

resistance  using  the  results  of  Chapter  4.  The  calculated  resistance  of  a  C6  SAM  using  the

relation R=R0 exp(bn) where, R0  and b  are respectively  the contact  resistance and the tunneling

current  decay  constant  for  every carbon  forming  an alkanethiol  chain,  is of  about 6.2  MW.  The

term n is the number of carbon constituting the alkane molecule. The tunneling decay constant b

(1.1965±0.0033  per  methylene  group or,  ~0.94  Å-1)  is  given  by  the  slope of  Plot  4.3C, while

the  contact  resistance  is  of  about  4600±150  W.  Using  the  determined  fitting  ratio  of  1.73  (Plot

6.3B) a resistance of 3.6±0.1 MW is given for BET.

The values determined are  not values per molecule  but represent  the global values of the mole-

cules  touched  by  the  tip.  Taking  into  account  that  both  C6  and  BET  present  a  (!3ä!3)R30°

structure  on  gold,  the  best  molecular  density  achievable  is  ~5  molecule/nm2.[2]  If  we suppose

now for the tip a contact area of about 20 nm2 , the currents detected by the conductive tip are an

average  on  the  ~100  molecules  forming  the  junction.  From that,  a  resistance  of  about  hundred

times larger for a single molecule may be calculated supposing our system as a classical parallel

of  resistors  (~360  MW  for  a  single  BET  molecule).  Anyhow,  the  uncertainness  in  tip  size  and

applied force (see Sections 5.3 and Section 5.4) induce uncertainness in the tip/SAM contact area

that  may  induce  large  errors  in  the  estimation  of  molecules  forming  the  junction.  Moreover,

simply considering  an across molecules transport  contribution in tunneling, the simple model of

parallel  resistors  may  be  not  adequate  to  describe  the  collegial  molecular  behavior  to  charge

transport.[151,169-170] For these reasons more work as to be done in order to be able to extrapo-

late single molecule information from massive measurements.
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applied force (see Sections 5.3 and Section 5.4) induce uncertainness in the tip/SAM contact area

that  may  induce  large  errors  in  the  estimation  of  molecules  forming  the  junction.  Moreover,

simply considering  an across molecules transport  contribution in tunneling, the simple model of

parallel  resistors  may  be  not  adequate  to  describe  the  collegial  molecular  behavior  to  charge

transport.[151,169-170] For these reasons more work as to be done in order to be able to extrapo-

late single molecule information from massive measurements.

Conclusions

We  demonstrated  here  that,  by  combining  nanografting  with  a  differential  measurement

approach,  we  could  determine  the  absolute  resistance  of  an  aromatic  thiolated  molecule  (2-

Benzenethanethiol,  BET in short).  The approach  has the advantage  of circumventing  in part  the

problem of the  contribution  of the junction  properties  to the molecular transport  measurements.

The fact that the nanopatches of BET and the 1-Hexanethiol matrix are imaged simultaneously in

the  same  frame  allow  for  a  normalization  of  the  obtained  resistance  values.  In  fact,  using  the

tunneling  current  decay  constant  b,  obtained  from  previous  experiments  for  alkanethiols,  and

assuming  a  contact  resistance  of  about  4600  W,  a  theoretical  value  of  resistance  for  C6  was

calculated  and  used  to  extrapolate  BET  resistance  after  normalization.  The  obtained  value  of

3.6±0.1 MW for BET may be compared with the results presented by Ishima et al. about electri-

cal  conduction  of  conjugated  molecular  SAMs  studied  by  punctual  CT-AFM.  In  this  work  a

resistance value of about 0.5 MW is obtained for 2-Benzenemethylenthiol (BMT) that, instead of

two  methylene  groups  as  BET,  presents  only  one.  Anyway,  considering  that  two  carbons  in

alkanethiols  contribute  to  a  current  reduction  of  about  1  order  of  magnitude  (see  Plot  4.3C,

where b  =  1.1965±0.0033  per  methylene  group  or,  ~0.94  Å-1)  an  indirect  evaluation  for  BET

resistance  may  be obtained  using the  relation  RBET =RBMT exp(b).  The calculus  gives  a  value

of  about  1.65  MW  for  the  2-Benzenethanethiol’s  resistance.  This  is  evidently  more  than  two

times  smaller  than  the  obtained  one,  remarking  the  difficulty  to  obtain  absolute  values  from

measurements  but,  anyway,  they  are  of  the  same  order  of  magnitude.  The  presented  approach

represents so a valid and quick procedure to obtain values that can give a first idea of the resis-

tance of a molecular film.
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where b  =  1.1965±0.0033  per  methylene  group  or,  ~0.94  Å-1)  an  indirect  evaluation  for  BET

resistance  may  be obtained  using the  relation  RBET =RBMT exp(b).  The calculus  gives  a  value

of  about  1.65  MW  for  the  2-Benzenethanethiol’s  resistance.  This  is  evidently  more  than  two

times  smaller  than  the  obtained  one,  remarking  the  difficulty  to  obtain  absolute  values  from

measurements  but,  anyway,  they  are  of  the  same  order  of  magnitude.  The  presented  approach

represents so a valid and quick procedure to obtain values that can give a first idea of the resis-

tance of a molecular film.

Materials and methods

Gold  wire  (99.99%  pure)  was  purchased  from  Metalli  Preziosi  S.p.a.,  Milan,  Italy,  Muscovite

mica  from  Goodfellow  Cambridge  Limited,  Huntingdon,  England.  Ethanol  (99.8%  purity)  and

all molecules were used as received from Fluka and Sigma Aldrich respectively. All the measure-

ments  were  carried  out  using  the  same  equipment  of  Chapter  4  apart  from  the  amplifier.  The

commercial  NT-MDT  Solver  PRO  AFM  was  in  this  case  endowed  with  a  high  gain  amplifier

modified  to  measure  current  through  conductive  cantilever  from  50pA  to  20nA.   Nanografting

was performed in an open liquid cell using silicon rectangular cantilevers  (mMash NSC19/noAl,

spring constant 0.6 nN/nm) while all the current measurements were carried out with conductive

Pt covered silicon V-shaped cantilevers  (mMash CSC21/TiPt,  spring constant  0.12 nN/nm).  The

loads  applied  during  imaging  and  current  measurements  were  set  to  about  0.5  nN  in  order  to

assure good tip-film contact  avoiding at  the same time penetration of the monolayer.  In case  of

nanografting,  the  load  was  as  large  as  50  nN.  Current  measurements  were  carried  out  under

atmospheric conditions.

Regarding  gold  substrates  for  monolayer  grown  and  nanolithography,  Ulman  gold  was  used  as

described in detail in Chapter 4.

Our junctions are formed by nanopatches of the molecules of interest inlaid in a reference SAM

matrix.  The  molecular  patches  or  the  surrounding  SAM  are  than  “sandwiched”  between  the

supporting gold surface and a platinum covered AFM tip that acts as the second metallic contact

of the  junction.  To build  these  molecular  nanostructures  we take  advantage  of the  nanografting

technique  extensively  described  in  Chapter  3.  For  all  the  experiment  details  and  procedure

followed  the  information’s  present  in  Chapter  4.  Concerning  the  measured  height  difference

between  BET  patches  and  C6  SAM,  that  is  a  good  indicator  of  molecular  packing,  a  value  of

about 0.2±0.1 nm was obtained. The value has been obtained by measuring the distance between

the  Gaussians  describing  the  height  distribution  of  the  patch  and  of  the  SAM  molecules  in  an

area covering all the scan image of 2x2 –m2 . The obtained value is very closed to the theoretical

value of about 0.14 nm. 
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Our junctions are formed by nanopatches of the molecules of interest inlaid in a reference SAM

matrix.  The  molecular  patches  or  the  surrounding  SAM  are  than  “sandwiched”  between  the

supporting gold surface and a platinum covered AFM tip that acts as the second metallic contact

of the  junction.  To build  these  molecular  nanostructures  we take  advantage  of the  nanografting

technique  extensively  described  in  Chapter  3.  For  all  the  experiment  details  and  procedure

followed  the  information’s  present  in  Chapter  4.  Concerning  the  measured  height  difference

between  BET  patches  and  C6  SAM,  that  is  a  good  indicator  of  molecular  packing,  a  value  of

about 0.2±0.1 nm was obtained. The value has been obtained by measuring the distance between

the  Gaussians  describing  the  height  distribution  of  the  patch  and  of  the  SAM  molecules  in  an

area covering all the scan image of 2x2 –m2 . The obtained value is very closed to the theoretical

value of about 0.14 nm. 

After nanografting the silicon tip is removed, and replaced with a Pt covered conductive one. To

find  the  nanostructured  area  after  tip-exchanging  micron-sized  markers,  easily  visible  with  an

optical microscope, were engraved on the surface. 

Voltages  are  then  applied  between  the  tip  and  the  substrate  monitoring  the  current  flowing

through the molecular  assembly. The force applied by the tip was, at all times,  less than 0.5 nN

in  order  to  assure  good  electrical  coupling,  avoiding  at  the  same  time  tip  penetration  into  the

SAM. Many information about surface characterization using CT-AFM are present in Chapter 3.

In any case,  in order to avoid damaging of the layers, voltages  larger than ±500 mV were never

used  in  the  experiments.  Scanning  speed  during  current  imaging  was  always  below  200  nm/s.

From current images,  collected at different applied voltages,  we have extrapolated the values of

current flowing through each type of molecule present on the surface. Currents are defined as the

mean  value  of  the  Gaussians  describing  the  current  distribution  over  the  patches  and  over  the

surrounding  reference  SAM.  This  procedure  is repeated  for  each  patch and  obtained  values are

successively used to draw the I/V characteristic for every molecule as shown in Figure 6.3A.
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7
Qualitative Analysis Using CT-
AFM: Molecular Order in Nan-

ografted Patches

Nanografting, an AFM based nanolithographic technique, extensively described in Chapter 3 has

several  advantages over standard  lithography  and other microfabrication  techniques.  First,  edge

resolutions of 2 nm are routinely obtained and molecular precision is likely to be achieved with a

sharp tip.  Second,  the fabricated nanostructures  can be characterized in situ  and with molecular

resolution  using  the  same  AFM tip.  Third,  once  set  up,  one  can  quickly  change  and/or  modify

the  fabricated  patterns  in  situ  without  changing  the  mask  or  repeating  the  entire  fabrication

procedure.  Due  to  its  compatibility  with  operating  in  solution,  this  method  may,  ultimately,

prove to be extremely useful in forming novel nano-bioelectronic devices for research or diagnos-

tic purposes. Nanografting has been already proven many times to have the capability to immobi-

lize specific  molecules  into a  surface  covered  by  a  reference  self-assembled  monolayer  (SAM)

taking advantage to the well known lateral mobility of the sulfur-gold interaction (see Chapter 2

for  details).  Bi-dimensional  structures  characterized  by  spatial  dimensions  ranging  from tens of

nanometers  to  couple  of  microns  were  successfully  fabricated.  Molecules  composing  these

nanostructure  ranged  from  aliphatic  and  aromatic  thiols[46,70,89]  to  complex  bio-molecules,

such  as  proteins[69,171]  and  thiolated  single  strand  and  double  strand  DNA  (ssDNA  and

dsDNA).[30]  The  ability  to  fabricate  nanostructures,  one  close  to  the  other,  of  such  different

molecules opens to the possibility of differential studies of many molecular properties. Compress-

ibility  and friction analisis  of alkanethiols,[71,171] surface-liquid  interactions  in membrane  like

systems[71]  and compressibility studies on DNA are only some of a multitude of investigations

performed on these nanostructured systems.
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lize specific  molecules  into a  surface  covered  by  a  reference  self-assembled  monolayer  (SAM)

taking advantage to the well known lateral mobility of the sulfur-gold interaction (see Chapter 2

for  details).  Bi-dimensional  structures  characterized  by  spatial  dimensions  ranging  from tens of

nanometers  to  couple  of  microns  were  successfully  fabricated.  Molecules  composing  these

nanostructure  ranged  from  aliphatic  and  aromatic  thiols[46,70,89]  to  complex  bio-molecules,

such  as  proteins[69,171]  and  thiolated  single  strand  and  double  strand  DNA  (ssDNA  and

dsDNA).[30]  The  ability  to  fabricate  nanostructures,  one  close  to  the  other,  of  such  different

molecules opens to the possibility of differential studies of many molecular properties. Compress-

ibility  and friction analisis  of alkanethiols,[71,171] surface-liquid  interactions  in membrane  like

systems[71]  and compressibility studies on DNA are only some of a multitude of investigations

performed on these nanostructured systems.

A very critical  role in this scenario  is played by molecular order.  Mechanical properties of self-

assembled  molecules,  such  as  the  compressibility  of  the  chains  or  the  friction  exerted  by  the

terminal  head  group,  depend  strongly  by  the  molecular  packing  and  flatness  of  the  surface.

Regarding  the  immobilization  of  DNA probes  on  surfaces,  one  of  the  most  appealing  applica-

tions  is  the  production  of  new  biosensors  able  to  detect  with  unprecedented  sensibility  genetic

material present in a test solution. To do that, an explored route by our group was the fabrication

of nanostructure of ssDNA of different sequences side-by-side  in a high-density matrix.[30] The

nanopatches,  usually  embedded  in  a  DNA-repellent  matrix  of  polyethylene  glycol  terminated

thiols (PEG-thiols),  are detected in height by means of AFM topographic imaging.  Detection of

surface  immobilized  complementary  ssDNA  molecules  present  in  a  solution  spilled  on  the

nanostructured  surface  will  be  possible  detecting  the  patches  height  changes  due  to  DNA

hybridization.  In  fact,  dsDNA is  much  stiffer  than  ssDNA  (persistence  length  50  times  longer)

[172] inducing the nanopatch to stand up taller giving, in addition, an increased rigidity to the lay.

In  order  to  produce  a  device  able  to  provide  reliable  results,  every  factor  inducing  changes  in

nanopatches  rigidity  not  directly  correlated  to  the  hybridization  process  have  to  be  eliminated.

Molecular  packing  variations  due  to  defects  are  responsible  for  that  undesired  behavior  and,

moreover, may make the device characterization and calibration much more difficult.[30,69,171]

Concluding  with  an example  closer  to the subject  of  this  thesis  we would like  to point  out  that

changes in molecular order or the presence of defects in a bi-dimensional Metal-molecule-Metal

junction  induce  large  fluctuations  in  the  revealed  currents  due  to  the  change  in  the  density  of

molecules  forming  the  junction  and  to  the  penetration  of  the  tip  into  the  SAM  when  using

conductive  tip  AFM characterization  (see  Chapter  4).[173]  In  summary,  concerning  the  degree

of  crystalline  perfection  of  thiol  SAMs  on  gold,  the  presence  of  disorder  or  pinholes  could

compromise the physical and electron-transfer blocking ability of the monolayers.[21,174-175]

SAMs prepared from liquid or gas phase on gold are characterized by a characteristic molecular

structure  broken  by  the  presence  of  defects  as  domain  boundaries,  gold  vacancy  islands  and

molecular vacancies.[84] The question that will be addressed in this section of the thesis is if the

molecular  order  in  a  nanografted  structure  is  comparable  with  that  present  in  a  spontaneously

formed SAM.
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SAMs prepared from liquid or gas phase on gold are characterized by a characteristic molecular

structure  broken  by  the  presence  of  defects  as  domain  boundaries,  gold  vacancy  islands  and

molecular vacancies.[84] The question that will be addressed in this section of the thesis is if the

molecular  order  in  a  nanografted  structure  is  comparable  with  that  present  in  a  spontaneously

formed SAM.

Resulted Order in Nanografted Alkanethiols Nanostruc-

tures Revealed with High Resolution Topographic 

Measurements

As  described  in  Chapter  3,  in  nanografting  an  AFM  tip  is  used  to  stimulate  the  exchange  of

molecules  that  belong  to  a  matrix  monolayer  immersed  in  a  solution  containing  molecules  that

are different from those of the matrix. As the AFM tip plows through the matrix monolayer,  the

matrix molecules are removed and replaced by these reactive molecules in solution. An example

of fabricated patterns is shown in Figure 7.1A where two CH3(CH2 )17 SH (C18) islands inlaid

in the CH3(CH2 )9 SH (C10) matrix monolayer  formed on Au(111).  The dimensions of the two

islands are 3ä5 nm2  and 50ä60 nm2 , respectively, with an edge resolution of 1 nm. By zooming

into the C18 and surrounding C10 areas, molecular resolution AFM images have been acquired.

The results, shown in Figure 7.1B and C, reveal a two-dimensional close-packed structure with a

lattice constant of 5.0 Å. 

Figure 7.1. (A) Topographic  image of two fabricated  C18 nanoislands  (brighter  areas) inlaid in the matrix  C10 monolayer.  The

steps present  on the  surface  are due to the single  atomic  step of  Au(111).  Profile  analysis,  not included  in the picture,  shows

that  C18  islands  are  8.8  Å  higher  than  the  surrounding  C10  monolayer,  wich  is  in  excellent  agreement  with  the  theoretical

value  for  crystalline  phase  SAMs.  Molecular  resolution  images  (50ä50  Å2 )  acquired  from  C10  (white  square  in  part  A)  and

C18 (black square in part A) covered  areas are shown in parts  (B) and (C) respectively.
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Figure 7.1. (A) Topographic  image of two fabricated  C18 nanoislands  (brighter  areas) inlaid in the matrix  C10 monolayer.  The

steps present  on the  surface  are due to the single  atomic  step of  Au(111).  Profile  analysis,  not included  in the picture,  shows

that  C18  islands  are  8.8  Å  higher  than  the  surrounding  C10  monolayer,  wich  is  in  excellent  agreement  with  the  theoretical

value  for  crystalline  phase  SAMs.  Molecular  resolution  images  (50ä50  Å2 )  acquired  from  C10  (white  square  in  part  A)  and

C18 (black square in part A) covered  areas are shown in parts  (B) and (C) respectively.

Such  periodicity  is  consistent  with  the  well  known  (!3ä!3)R30°  based  structure,  in  which

hydrocarbon  chains  are  close-packed  and  tilted  ~30°  with  respect  to  the  surface  normal.[85-

86,176-177]  No C18-C10 exchange reaction was observed in the non-fabricated  area during the

entire course of the experiment as well no residual  C10 areas are distinguishable inside the C18

nanopatches,  which  assures  the  high  spatial  selectivity  and  precision  of  nanografting.  Only  in

case  of  substitution  of  very  short  alkanethiols  into  a  matrix  of  long  chain  molecules  some

residual  molecule  were  found  to  be  present  inside  the  fabricated  nanopatches.  This  possible

problem may be easily solved reducing the scan speed during nanografting and/or repeating two

or  three  times  the  scan  above  the  same  area.  The  AFM  molecular  resolution  image  obtained

above the nanografted C18 patch (Figure 7.1C) demonstrate that nanografting offers the capabil-

ity to  build  structures  with  packing,  and  so  density,  comparable  with  SAMs formed by  normal

liquid or gas phase procedure.

Increased Film Homogeneity in Nanografted Alkanethiol 
Structures Revealed with Friction and CT-AFM 
Measurements

In  previous  experiments  performed  in  our  laboratory  on  nanografting  of  alkanethiols  we  con-

ducted AFM friction analysis  on several alkanethiols  of different  length. In friction analysis the

AFM tip  is moved  in contact  with the  sample  surface  at  fixed load while  the  cantilever  torsion

due  to  the  tip/surface  interaction  is  recorded.  The  cantilever  twisting,  constant  during  scanning

on  a  perfectly  homogeneous  surface,  increase  or  decrease  because  of  changes  either  the  gold

surface morphology (boundary edges, surface steps or holes, but also gold surface roughness) or

in  the  molecular  film  properties.  Belong  to  this  second  group  variations  in  the  terminal  head

group  of  thiolated  molecules,  as  the  case  when  hydrophobic  molecules  are  nanografted  into  a

matrix of hydrophilic ones, changes in the orientation of the terminal head group, as for alkanethi-

ols with odd or even number of carbons that present a different orientation of the terminal methyl

group, and molecular disorder (vacancies, etch-pits, etc.). 

To  isolate  the  influence  of  molecular  order  in  the  friction  deformation  felt  by  the  tip  we  intro-

duced the concept of autografting. In autografting nanopatches of the same molecule forming the

reference SAM carpet are fabricated. The advantage of this approach is that, if the nanostructures

are  enough  small  and  the  surface  sufficiently  flat,  all  the  geometric  contribution  of  the  gold

surface may be neglected.  All the remaining  contribution is the one due to the molecular order.

In fact using the same molecules for the nanopatches and for the matrix SAM allows neglecting

all  the  head  contributions.  Figure  7.2  shows  the  topographic  image  and  the  simultaneously

acquired  friction  image  of  a  1-octadecanethiol  (C18)  patch  enclosed  into  a  C18  SAM.  SAM

matrix was prepared from a 100 mM ethanol solution of alkanethiol and 24 h incubation time for

the thermal evaporated gold on mica (see Chapter 2 and Chapter 4 for details about gold and film

preparation).  Nanografting  was  performed  in  ethanol  solution  of  the  same molecules  (250  mM)

scanning the surface only one time at ~65 nN load. Images displayed in Figure 7.2 were acquired

at  an  applied  load  of  15  nN at  1000  nm/s  scan  speed  using  a  silicon  tip  (NSC36/NoAl  from m

Masch, 0.6 N/m) with an apex radius of about 10 nm.
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To isolate  the  influence  of  molecular  order  in  the  friction  deformation  felt  by  the  tip  we  intro-

duced the concept of autografting. In autografting nanopatches of the same molecule forming the

reference SAM carpet are fabricated. The advantage of this approach is that, if the nanostructures

are  enough  small  and  the  surface  sufficiently  flat,  all  the  geometric  contribution  of  the  gold

surface may be neglected.  All the remaining  contribution is the one due to the molecular order.

In fact using the same molecules for the nanopatches and for the matrix SAM allows neglecting

all  the  head  contributions.  Figure  7.2  shows  the  topographic  image  and  the  simultaneously

acquired  friction  image  of  a  1-octadecanethiol  (C18)  patch  enclosed  into  a  C18  SAM.  SAM

matrix was prepared from a 100 mM ethanol solution of alkanethiol and 24 h incubation time for

the thermal evaporated gold on mica (see Chapter 2 and Chapter 4 for details about gold and film

preparation).  Nanografting  was  performed  in  ethanol  solution  of  the  same molecules  (250  mM)

scanning the surface only one time at ~65 nN load. Images displayed in Figure 7.2 were acquired

at  an  applied  load  of  15  nN at  1000  nm/s  scan  speed  using  a  silicon  tip  (NSC36/NoAl  from m
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Figure 7.2. (A) Topographic  image  of  an autografted  C18  patch  enclosed  into  a C18  matrix  SAM and (B)  the simultaneously

acquired  friction  image.  It  is  almost  impossible  to detect  the  patch  in  topography  but  there  is an evident  contrast  reduction  in

the friction image.  Darker  areas mean lower cantilever  torsion,  so lower tip/surface  lateral  interaction.

In  the  topographic  image  (Figure  7.2A)  edges  of  the  autografted  nanopatch  are  very  hard  to

recognize while, in the lateral force image (endowing part of the tip/surface friction information)

the patch is clearly visible as a decreasing in contrast meaning that the tip moves more freely on

the patched area. This is, in our opinion, a proof of the better molecular stacking into nanostruc-

tures fabricated by nanografting.

To obtain confirmation of this speculation we attempt to use CT-AFM to have a similar character-

ization of molecular order. Current flow is, in fact, more sensitive to order variations inside SAM

than AFM torsional  analysis  giving,  at  the  same  time,  better  spatial  resolution.  Irregularities  in

the  order  of  few  nanometers  may  be  easily  detected  using  conductive  tip  AFM.  Figure  7.3

reports  topographic  and  current  images,  simultaneously  acquired,  of  a  1-decanethiol  (C10)

nanopatch autografted into an homologues  C10 carper on gold. For details about CT-AFM refer

to Chapter 3 and Chapter 4 of the thesis. Force load during scanning was less than 1 nN at a scan

speed of about 500 nm/s.  The AFM tip was a conductive one (gold coverd silicon tip) produced

by mMasch (CSC17/Cr-Au,  0.15 N/m).  Applied voltage during the scan was -0.2 volts.  Regard-

ing  SAM  preparation  and  autografting  procedure,  the  C10  carpet  was  prepared  following  the

same procedure  described  previously  for  C18/C18  autografting.  The  nanolithography  was  done

at a force of only 50 nN.
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To obtain confirmation of this speculation we attempt to use CT-AFM to have a similar character-

ization of molecular order. Current flow is, in fact, more sensitive to order variations inside SAM

than AFM torsional  analysis  giving,  at  the  same  time,  better  spatial  resolution.  Irregularities  in

the  order  of  few  nanometers  may  be  easily  detected  using  conductive  tip  AFM.  Figure  7.3

reports  topographic  and  current  images,  simultaneously  acquired,  of  a  1-decanethiol  (C10)

nanopatch autografted into an homologues  C10 carper on gold. For details about CT-AFM refer

to Chapter 3 and Chapter 4 of the thesis. Force load during scanning was less than 1 nN at a scan

speed of about 500 nm/s.  The AFM tip was a conductive one (gold coverd silicon tip) produced

by mMasch (CSC17/Cr-Au,  0.15 N/m).  Applied voltage during the scan was -0.2 volts.  Regard-

ing  SAM  preparation  and  autografting  procedure,  the  C10  carpet  was  prepared  following  the

same procedure  described  previously  for  C18/C18  autografting.  The  nanolithography  was  done

at a force of only 50 nN.

Figure 7.3. (A) Topographic  image  of  an autografted  C10  patch  enclosed  into  a C10  matrix  SAM and (B)  the simultaneously

acquired  current  image.  As  in  the  previous  friction  case  it  is  almost  impossible  to  detect  the  patch  in  topography  but  it  is

evident  in the  current  image.  Current  was  acquired  at  negative  bias  that  means  currents  are  negatives  and  flow  entering  the

patch  plane.  Consequently,  darker  areas  mean  larger  negative  currents.  (C)  Current  profile  of the  evidenced  white  line in the

current  image.  Increased  current  homogeneity  of  the  patch  is  evident  and,  moreover,  a  drastic  reduction  in  current  spikes

(dark spots)  is evident  in the nanopatch  that looks  more uniform.  Gold grain  boundaries  induce  large currents  probably  due to

tip/gold surface short contacting.
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Figure 7.3. (A) Topographic  image  of  an autografted  C10  patch  enclosed  into  a C10  matrix  SAM and (B)  the simultaneously

acquired  current  image.  As  in  the  previous  friction  case  it  is  almost  impossible  to  detect  the  patch  in  topography  but  it  is

evident  in the  current  image.  Current  was  acquired  at  negative  bias  that  means  currents  are  negatives  and  flow  entering  the

patch  plane.  Consequently,  darker  areas  mean  larger  negative  currents.  (C)  Current  profile  of the  evidenced  white  line in the

current  image.  Increased  current  homogeneity  of  the  patch  is  evident  and,  moreover,  a  drastic  reduction  in  current  spikes

(dark spots)  is evident  in the nanopatch  that looks  more uniform.  Gold grain  boundaries  induce  large currents  probably  due to

tip/gold surface short contacting.

As  happened  in  the  previous  friction  experiment  (C18  into  a  C18  SAM),  also  in  this  case  the

patch is hardly seen in the topographic images (Figure 7.3A), while it is clearly visible in current

images  (Figure  7.3B).  The  markers  laid  upon  the  pictures  help  to  recognize  the  inlaid  C10

nanopatch. Analysis of the current image highlights the presence of current spikes (dark regions)

in  correspondence  to  the  gold  islands  boundaries.  Analogously,  defective  areas  are  clearly

identified  by  current  spikes  outside  the  nanopatch.  This  defects,  practically  absent  inside  the

autografted  patch,  are  characterized  by  a  size  of  about  50÷100  nm  in  diameter.  These  size  are

comparable  with  the  dimensions  of  gold  etch  pits  formed  by  SAM  prepared  from  the  liquid

phase at room temperature and not post annealed. Anyway, profile analysis on the current image

(Figure 7.3C) proves that the main value of the flowing current inside and outside the nanopatch

is exactly the same but more uniform inside the C10 patch rather in the C10 carpet SAM.

Conclusions

Friction  (LF-AFM)  and  current  (CT-AFM)  investigations  made  with  atomic  force  microscopy

demonstrate the reliability of obtaining well packed and with a low density of defects nanostruc-

tures fabricated using an AFM assisted nanolithographic technique called nanografting.  Further-

more,  a  substantial  reduction  of  defects  inside  nanografted  patch  is  demonstrated  by  electrical

conductivity  measurements.  The  high  sensitivity  of  SAM  defects  by  CT-AFM  may  be  under-

stood thinking about the fact that they are defective  areas easily penetrable by the AFM tip due

to  the  local  SAM  weakness[84,155].  Tip  penetration  leads  easily  to  formation  of  conducting

tip/surface (Au/Au or Pt/Au depending on the metalized AFM tip used) metal filaments responsi-

ble of the current spikes.[173]

The reason of this nanografting induced defects reduction is still unclear and under investigation.

However  a  rough  thermo-mechanical  model  may  work  as  a  first  approach  to  the  phenomenon.

First, the AFM tip, scanning at relatively high forces during nanografting procedure, may act as a

nano-slice smoothing the underneath gold surface from out-plane irregularities. Second, the high

friction exerted by the tip at the gold surface interface, may induce a significant surface heating

localized  at  the  tip/surface  contact  area.  Estimation  of  the  contact  area  using  Hertzian  contact

theory gives a contact surface of about 20 nm2  that induces a local pressure in the order of some

GPa at  50  nN tip  applied load.  This  pressure,  especially if  goes  with high scan speeds,  is more

than  sufficient  to  induce  a  gold  surface  annealing  localized  below  the  AFM  tip.  The  furnished

thermal  energy  induces  two  main  effects:  an  increasing  in  gold  mobility  that  induce  a  local

surface reorganization (and maybe reduction of gold defects as vacancy islands) and an increas-

ing  in  alkanethiol  surface  mobility  that  arrange  in  closed  packing  molecules  (explaining  so  the

obtained molecular resolution  on nanografted  patch despite the ultra-fast  formation kinetic). So,

if it  is true the thermal  annealing  mechanism,  has  to be true also a better  molecular reorganiza-

tion due to an increased sulfur/gold mobility.
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The reason of this nanografting induced defects reduction is still unclear and under investigation.

However  a  rough  thermo-mechanical  model  may  work  as  a  first  approach  to  the  phenomenon.

First, the AFM tip, scanning at relatively high forces during nanografting procedure, may act as a

nano-slice smoothing the underneath gold surface from out-plane irregularities. Second, the high

friction exerted by the tip at the gold surface interface, may induce a significant surface heating

localized  at  the  tip/surface  contact  area.  Estimation  of  the  contact  area  using  Hertzian  contact

theory gives a contact surface of about 20 nm2  that induces a local pressure in the order of some

GPa at  50  nN tip  applied load.  This  pressure,  especially if  goes  with high scan speeds,  is more

than  sufficient  to  induce  a  gold  surface  annealing  localized  below  the  AFM  tip.  The  furnished

thermal  energy  induces  two  main  effects:  an  increasing  in  gold  mobility  that  induce  a  local

surface reorganization (and maybe reduction of gold defects as vacancy islands) and an increas-

ing  in  alkanethiol  surface  mobility  that  arrange  in  closed  packing  molecules  (explaining  so  the

obtained molecular resolution  on nanografted  patch despite the ultra-fast  formation kinetic). So,

if it  is true the thermal  annealing  mechanism,  has  to be true also a better  molecular reorganiza-

tion due to an increased sulfur/gold mobility.

Concluding,  nanografting  can  produce  nanostructures  of  SAMs with specific  shape,  dimension,

and composition with molecular order higher than in the usual SAMs prepared from liquid or gas

phase.  In  addition,  SAM  defects  reduction  is  observable  in  the  nanostructured  area.  These

characteristics support the enhanced lithographic and analytical capabilities of the technique. The

ability  to  fabricate  multiple  patterns  regionspecifically  from  desired  components  opens  the

possibility  for  new routes  in surface  analysis.  These patterned  SAMs produced by  nanografting

should provide new opportunities for pursuing systematic studies of such size-dependent proper-

ties as conductivity, nanotribology, and spatially confined surface reactions in a differential way

as  described,  for  transport  properties,  in  Chapter  4  of  this  thesis.  Furthermore,  production  of

selective  recognition  sites  for  sensors  with  orthogonal  detection  capabilities  opens  to  a  new

generation of biosensors with unprecedented molecular recognition sensibility.[30]
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8
Conclusions and Outlook

Conclusions

In this thesis we exploited and studied the AFM capability to work easily in a liquid environment

to  perform  all  the  nanolithographic  tasks  necessary  to  build  surface  nanostructures  of  different

molecules into a common hosting molecular SAM matrix and to carry out simultaneous character-

izations of molecular properties. Nanografting, an AFM based nanolithographic technique which

was  first  introduced  by  Liu  and  co-workers  in  1997,[61]  was  extensively  described.  The  three

main  factors  influencing  the  nanografting  procedure  (fabrication  force,  scanning  speed,  and

concentration of thiols in solution) were studied and discussed.

The  use  of  CT-AFM,  for  Metal-molecule-Metal  junction  characterizations  was  discussed

focusing in particular on the advantage offered by this technique if compared with STM. Instead

of the  common procedure to fabricate  and  characterize  M-m-M junctions  by  statically position-

ing a conductive AFM tip in contact with a metal-supported molecular film while a voltage swap

is performed (recording so the I/V  characteristic  of the junction), we chose a scanning approach

for CT-AFM junction characterization. In our experiments we didn’t perform punctual measure-

ments but, instead,  a complete bi-dimensional  mapping of the currents flowing through the area

below  the  AFM  tip,  at  fixed  voltages.  The  electrical  characterization  was  performed  simulta-

neously  with a  topographic  imaging of  the surface  with  the feedback  working  at  constant  force

(contact mode). The use of a conductive tip connected with a high gain amplification chain let us

to  collect  current  values  for  every  point  scanned  by  the  AFM  tip  when  a  potential  is  applied

between  it  and  the  surface.  Benefits  of  this  approach  were discussed  at  the  end  of  the  chapter,

together  with  the  possibility  to  use  the  force  applied  by  the  tip  to  modify  the  structure  of  the

SAM (e.g. tilting) in order to study the structural dependence of the passage of electrical current

through SAMs.
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of the  common procedure to fabricate  and  characterize  M-m-M junctions  by  statically position-

ing a conductive AFM tip in contact with a metal-supported molecular film while a voltage swap

is performed (recording so the I/V  characteristic  of the junction), we chose a scanning approach

for CT-AFM junction characterization. In our experiments we didn’t perform punctual measure-

ments but, instead,  a complete bi-dimensional  mapping of the currents flowing through the area

below  the  AFM  tip,  at  fixed  voltages.  The  electrical  characterization  was  performed  simulta-

neously  with a  topographic  imaging of  the surface  with  the feedback  working  at  constant  force

(contact mode). The use of a conductive tip connected with a high gain amplification chain let us

to  collect  current  values  for  every  point  scanned  by  the  AFM  tip  when  a  potential  is  applied

between  it  and  the  surface.  Benefits  of  this  approach  were discussed  at  the  end  of  the  chapter,

together  with  the  possibility  to  use  the  force  applied  by  the  tip  to  modify  the  structure  of  the

SAM (e.g. tilting) in order to study the structural dependence of the passage of electrical current

through SAMs.

In Chapter  4 we demonstrated  that,  by combining nanografting with a differential  measurement

approach, we can determine the resistance of alkanethiol molecules with higher precision than it

was possible  so far. Our approach has the considerable advantage of circumventing the problem

of  the  contribution  of  the  junction  properties  to  the  molecular  transport  measurements.  By

accepting  the  unavoidable  presence  of a  tip-contamination  layer on  top  of  the SAM molecules,

and  by  considering  relative,  instead  of  absolute,  measurements,  we  demonstrated  that  the

contribution  of  such  layer  can  be  neglected,  provided  that  the  experimental  data  are  correctly

normalized.  In  particular,  it  is  necessary  that  all  the  nano-patches  of  the  different  molecules

involved  in  the  study  are  imaged  simultaneously  in  the  same  frame  or,  alternatively,  that  the

patches  are  imaged  separately  while  each  one  is  embedded  in  a  reference  SAM  of  the  same

molecule. The tunneling current decay (with the chain length) constant b, obtained from our data

is more precise than, and in good agreement with, the values reported in the literature. Moreover,

the determination of I/V characteristics in our approach is faster when compared with other point-

by-point  I/V  methods,  due  to  the  high  number  of  data  points  obtained  from  a  single  image.

During our  experiments  we also  realized  that errors  affecting current  measurements  increase  as

the length  of the  molecules  under investigation  (the nanografted one) increases.  An explanation

of  this  trend  can  be  found  in  the  higher  resistance  of  such  molecules  and,  therefore,  the  low

detected currents that force the amplifier to work closely to its sensing limit. Differential compari-

son  between  longer  molecules  is  actually  under  investigation  using  an  improved  amplification

chain.

In  Chapter  5  we  focused  on  several  factors  that  influence  the  measured  current  values  in  our

differential characterization of the electron transport  properties of SAMs by CT-AFM combined

with the nanografting technique. These factors, including the nanografting process, the compact-

ness of the SAM, normal load, contact area of a specific tip and environmental factors as humid-

ity and  temperature,  can  all  affect  the  experimental  results  to different  extent.  Contaminants  on

the tip, which  can shift  the current value by several orders  of magnitude, are probably the most

crucial  reason  for  the  discrepancies  of the  data  obtained  in  different  experiments.  Other  factors

affect the current value to a less degree (around one order of magnitude or less) and are easier to

control. Further  investigations are necessary in the direction of a better understanding of tunnel-

ing  junction  components.  In  particular  the  role  of  water  has  to  be  addressed.  To  do  that  two

possible  routes  may  be  followed:  ultra  high  vacuum  (UHV)  differential  CT-AFM  experiments

may help  to  increase  the  cleanness  of  the  system,  while  current  measurements,  performed  in  a

liquid  cell,  may  extend  our  knowledge  about  solvent  contribution  in  molecular  transport.  Both

cases eliminate  the water meniscus  force contribution  from the surface  reducing in this way the

uncertainties due to the applied load indetermination.
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In  Chapter  5  we  focused  on  several  factors  that  influence  the  measured  current  values  in  our

differential characterization of the electron transport  properties of SAMs by CT-AFM combined

with the nanografting technique. These factors, including the nanografting process, the compact-
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ity and  temperature,  can  all  affect  the  experimental  results  to different  extent.  Contaminants  on

the tip, which  can shift  the current value by several orders  of magnitude, are probably the most

crucial  reason  for  the  discrepancies  of the  data  obtained  in  different  experiments.  Other  factors

affect the current value to a less degree (around one order of magnitude or less) and are easier to

control. Further  investigations are necessary in the direction of a better understanding of tunnel-

ing  junction  components.  In  particular  the  role  of  water  has  to  be  addressed.  To  do  that  two

possible  routes  may  be  followed:  ultra  high  vacuum  (UHV)  differential  CT-AFM  experiments

may help  to  increase  the  cleanness  of  the  system,  while  current  measurements,  performed  in  a

liquid  cell,  may  extend  our  knowledge  about  solvent  contribution  in  molecular  transport.  Both

cases eliminate  the water meniscus  force contribution  from the surface  reducing in this way the

uncertainties due to the applied load indetermination.

In  Chapter  6  we  demonstrated,  studing  an  aromatic  thiolated  molecule  (2-Benzenethanethiol,

BET in short),  that an information  about the magnitude of the absolute resistance is achievable.

The approach has  the advantage  of circumventing  in part  the problem of the contribution of the

junction  properties  to  the  molecular  transport  measurements.  The  fact  that  the  nanopatches  of

BET  and  the  1-Hexanethiol  matrix  are  imaged  simultaneously  in  the  same  frame  allow  for  a

normalization  of  the  obtained  resistance  values.  In  fact,  using  the  tunneling  current  decay

constant and contact resistance from previous experiments for alkanethiols, a theoretical value of

resistance for C6 was calculated and used to extrapolate BET resistance after normalization. The

obtained value of 3.6±0.1 MW per 100±50 BET molecules may be compared with results present

in literature about electrical conduction of conjugated molecular SAMs studied by punctual CT-

AFM.[129] A resistance  value of  about 0.5  MW  was obtained  for  2-Benzenemethylenthiol  that,

instead  of  two  methylene  groups  as  BET,  presents  only  one.  Anyway,  considering  the  current

reduction  produced  by  the  extra  methylene,  an  indirect  evaluation  for  BET  resistance  was

obtained.  This  calculation  gives  a  value  of  about  1.65  MW  per  100  molecules  for  the  2-

Benzenethanethiol’s  SAM resistance which  is two times smaller  than the value obtained  above,

underlining the difficulty to obtain absolute values from this type of measurements, even though

a factor  of two between measured  and calculated  values is  to be considered,  in this field,  if  not

satisfactory  ,  at  least  not too  bad.  The presented  approach  represents,  therefore,  a fast  but  valid

procedure to obtain values that can give a first idea of the resistance of a molecular film.
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The approach has  the advantage  of circumventing  in part  the problem of the contribution of the

junction  properties  to  the  molecular  transport  measurements.  The  fact  that  the  nanopatches  of

BET  and  the  1-Hexanethiol  matrix  are  imaged  simultaneously  in  the  same  frame  allow  for  a

normalization  of  the  obtained  resistance  values.  In  fact,  using  the  tunneling  current  decay

constant and contact resistance from previous experiments for alkanethiols, a theoretical value of

resistance for C6 was calculated and used to extrapolate BET resistance after normalization. The

obtained value of 3.6±0.1 MW per 100±50 BET molecules may be compared with results present

in literature about electrical conduction of conjugated molecular SAMs studied by punctual CT-

AFM.[129] A resistance  value of  about 0.5  MW  was obtained  for  2-Benzenemethylenthiol  that,

instead  of  two  methylene  groups  as  BET,  presents  only  one.  Anyway,  considering  the  current

reduction  produced  by  the  extra  methylene,  an  indirect  evaluation  for  BET  resistance  was

obtained.  This  calculation  gives  a  value  of  about  1.65  MW  per  100  molecules  for  the  2-

Benzenethanethiol’s  SAM resistance which  is two times smaller  than the value obtained  above,

underlining the difficulty to obtain absolute values from this type of measurements, even though

a factor  of two between measured  and calculated  values is  to be considered,  in this field,  if  not

satisfactory  ,  at  least  not too  bad.  The presented  approach  represents,  therefore,  a fast  but  valid

procedure to obtain values that can give a first idea of the resistance of a molecular film.

Aim of  Chapter  7  was  to  demonstrate  through  a  combination  of  friction  and  current  investiga-

tions  made  with  the  atomic  force  microscope  that  a  nanostructured  monolayer  fabricated  using

nanografting is better packed and with a lower density of defects than a spontaneously assembled

monolayer.  A  substantial  reduction  of  defects  inside  nanografted  patches  was  demonstrated  by

electrical  conductivity measurements.  The reason of this nanografting-induced  defects reduction

is still unclear and under investigation. However a rough thermo-mechanical model may work as

a first  approach  to  the phenomenon.  Indeed,  high  friction exerted by  the tip  at the  gold surface

interface, may induce a significant surface heating localized at the tip/surface contact area. Since

this heat is produced very locally and lasts only a very short time it may anneal rapidly the film

without decomposing the molecules.

Outlooks

CT-AFM has demonstrated  in  many occasions  to be a  reliable method for  surface  characteriza-

tion  of  inorganic  and  organic  layers.[23-28]  It  in  the  field  of  surface  biology  and  biophysics,

however,  that  we  can  find  the  more  exciting  perspective  applications  of  this  technique.[156-

157,178]  In the following I am going to discuss  the prospective application  of CT-AFM  to the

electrophysiology of neurons, a field in which our laboratory has only recently been involved in. 

Until  now,  this  type of  study  has  been carried  out  taking advantage  of patch-clamp  techniques.

[179]  A  glass  micro-pipette,  containing  a  reference  electrode  immerse  in  saline  solution,  is

placed  into  the  cell  membrane  in  order  to  create  a  conductive  solution  continuity  between  the

electrode  solution  and  the  cell  cytoplasm  after  membrane  perforation.  The  membrane  junction

area  is  sealed   from  the  external  physiological  solution  thanks  to  a  negative  pressure  applied

inside  the  pipette.[179]  Though  patch-clamp  is  a  well  tested  and  almost  standard  technique,  it

presents some limitations due to the large size of the probe (compared with cellular dimensions)

and  the  difficulty,  in  the  standard  implementation,  to  obtain  different  information  than  voltage

stimulus response. 
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We plan to use our experience in electrical measurements by CT-AFM to open new directions in

cell electrophysiology. 

The simultaneous characterization of the surface morphology and the surface charge discontinui-

ties distribution,  with nanometric  resolution, can be pursued together  with voltage and chemical

stimulations.

The development of a novel technique for electrophysiology of neurons in vitro may start from a

CT-AFM based procedure instead of the standard apparatus used so far (patch-clamp).[180-182]

This  approach  has  the  main  advantage  of  combining  together  very  high  resolution  surface

topography imaging of the cell  membrane and the intrinsic capability  of the instrument to apply

locally a  voltage stimulus,  detecting,  at the same time, currents.  There  are two main difficulties

in  adapting  CT-AFM  technique  to  cell  analysis  in  order  to  shrinking  the  scale  of  electrical

measurements and stimulation inside neuronal cells. 

The first is the obvious one of insulating the electrode (the AFM tip) from the saline, physiologi-

cal solution, where cells are immersed during electrophysiology experiments. Different solutions

are being considered to solve this problem, ranging from covering the usual conductive AFM tip

with a layer of an insulating material  (e.g. SiO2  or a polymeric  film), with the exception of the

tip apex,  to  the  use of  a  new  generation  of  AFM tips  manufactured  starting  from a nanometric

sized  glass  capillary  with  a  metallic  contact  inside.  Analogous  approach  were  used  by  other

groups to develop ionic current scanning microscopes able to work in a similar manner based on

classic  STM  using,  instead  of  the  tunneling  current,  a  ionic  current.  However  this  technique  is

characterized  by  a  very  low  spatial  resolution  and  by  the  impossibility  to  have  independent

control over the applied force and the currents.[183]

The second difficulty  regards the capability of making a very good seal at the interface between

the  outside  surface  of  the  insulated  tip  (or  the  AFM nanopipette)  and  the  cell  wall  membrane.

This is  a critical  but  necessary  goal  in order  to assure  absence of  electrical conduction  between

the  extracellular  physiological  solution  and  the  cell  cytoplasm.  While  sufficient  progress  has

been  done  recently  in  the  area  of  nanofabrication  and  nanofluidics  to  make  us  confident  that  a

solution to the first problem can be found we will need to apply our own, substantial, knowledge

on interactions between monolayers to solve the second class of difficulties.

Starting from the extraordinary fact that neurons show an improvment in neuronal comunication

when grown on a carbon nanotube (CNT) carpet,[184-185] we would like to investigate  emerg-

ing neuronal network dynamics together with the manipulation of the substrate  by nano-pattern-

ing  specific  functionalized-CNT  on  the  surface.  This  will  lead  to  the  formation  of  specific

neuronal pathways  connections  in vitro,  or to faster synapse formation and plasticity  at  specific

circuit-nodes.  Nanografting,[62]  can  be  used  to  directly  manipulate  selectively  functionalized

CNT,  and  to  organize  the  latter  in  preferred  orientation.  We  expect  obtaining  in  this  way  pre-

cious  information  for  improving  our  understanding  of  neuron  growth  while,  at  the  same  time,

expanding the range of neurophysiology applications.
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In  order  to  bind  CNTs  to  a  gold  surface  the  CNTs  need  to  be  functionalized,  for  istance  with

thiol-groups.  Instead of a  direct binding  of functionalized  CNTs to the  Au surface,  other strate-

gies are  viable:  the original  SAM can be nano-patterned  with molecules  capable  to bind oppor-

tunely  modified  CNTs.  One  possibility  is  to  modify  CNTs  by  adding  single  stranded  DNA

(ssDNA) tags. Our laboratory has developed in the past-three years a deep knowledge on surface

immobilization of ssDNA molecules to form nanopatches, and studied the subsequent hybridiza-

tion  with  complementary  strands  as  a  function  of  ssDNA  density.  Fixing  this  complementary

ssDNA  to  CNTs  may  allow  for  a  systematic  immobilization  of  these  targets  on  the  previously

prepared  nanopatches  or  nano-features.[30]  Moreover,  protein  immobilization  on  well  defined

nanosized areas of gold surface was achieved in our group by using the well known NTA/Ni(II)/-

Histidine  linking  chain.[186-187]  In  short,  an  NTA  terminated  molecule  is  nanografted  into  an

ethylene  glycol  SAM.  Ionic  nickel,  coming  from  a  salt  solution,  is  immobilized  by  the  NTA

termination and  used to bind the histidine  group of  a protein  that will  be fixed above the nano-

patch.  An  histidine  functionalized  CNT  could  then  be  immobilized  following  the  same  proce-

dure.  In  this  field,  we  are  investigating  the  possibility  to  use  CT-AFM  as  an  electrochemical

probe in order to control the amount of nickel and its localization on the surface instead of using

a salt  solution. This will increase the versatility of the technique allowing, at the same time, the

immobilization of different targets.
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circuit connecting substrate and cantilever provide bias and current detection. 
Scanning feedback stays in force during surface CT-AFM characterization. (B) 
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function of surface morphology. A z piezoscanner (D) approaches or moves away 
the surface from the tip in order to maintain constant bending or resonant fre-
quency. Voltages needed to do this corrections are used to reconstruct surface 
topography.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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Fig. 3.3. (A) Force versus tip to surface plot. The tip, approaching to the surface, starts to 

feel attractive, long range forces (non-contact AFM region) until tip and surface 
electron orbitals are so close to start exerting repulsive forces (contact mode AFM 
region). Between these two regimes lies the intermittent-contact (or tapping 
mode) region. (B) Cartoons of the three AFM operation modes. From left to right, 
contact, non-contact (large tip oscillations), and intermittent contact (small tip 
oscillations) modes.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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Fig. 3.4. (A) Procedure for nanografting. The schematic diagram provides an example of 
the fabrication of a C18 nanostructure inlaid in a C10 monolayer. The drawings 
are not to scale. Initially a well-ordered C10 on gold is imaged via AFM with a 
low imaging force of 0.5 nN in ethanol solution containing C18. At the image 
force of about  50 nN (depending on the tip sharpness), C10 molecules can be 
displaced during the scan, and C18 molecules (0.5 mM in concentration) self-
assemble on the exposed gold surface. The resulting nanopatch of C18 can be 
imaged by AFM at a low imaging force. The typical time to complete all the 
nanofabrication procedure is ~5 min. The threshold force for nanografting is 
determined looking at the atomic periodicity of the surface. At low force C18 
SAM lattice is imaged (B), increasing the force, at a certain point, lattice changes 
into the periodicity of the Au(111) (C).. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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Fig. 3.5. (A) Nanopatch of C18 fabricated using nanografting into a C10 matrix. Difference 
in height from line profile (B) is close to the theoretical difference in thickness 
between C18/C10 SAMs. (C) Topographic image of a nanografted C10 patch into 
a C18 SAM with the relative line profile (D).. . . . . . . . . . . . . . . . . . . . . . . . . . . 

51

Fig. 3.6. (A) Schematic model of all-trans alkyl chains that illustrates tilt configurations 
which fulfill the condition of maximum packing density. Only certain angles are 
allowed due to the zig-zag arrangement of the methylene groups. At top left the 
uncompressed, upright configuration. At top right opposed zig-zag, causing an 
increased separation of the molecules. This unfavorable energy state has to be 
overcome to reach the first (bottom left) and second (bottom right) tilted 
configuration.(B) Schematic illustration of possible mechanism for (elastic) 
electronic charge carrier tunneling across molecules. Through bond (a), across 
bond (b), and through dielectric (c).. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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Fig. 4.1. Two-layer tunnel junction model sketching, for example, a nanopatch of short 
molecules A into a SAM of long ones B. The tip moving from left to right 
engages two distinct double layers: the contamination layer C and the SAM A, the 
contamination layer and the SAM B. The two molecular assemblies are character-
ized by the same contact resistance R0  and tunnel decay constant b if they fit to 
the same molecular family (e.g. alkanethiols) but different thickness. Contamina-
tion layer properties are usually unknown but we can make the hypothesis that 
stay constant during an image scan on both molecular films. The contact area does 
not change from A to B since the feedback signal is given by the interaction force.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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Fig. 4.2. (A) Topographic AFM image acquired with a silicon tip immediately after 

nanografting of a matrix of 3µ3 patches containing C10 (first row), C9 (second 
row) and C8 (third row) molecules embedded in a C18 SAM matrix. Differences 
in height between the patches and the surrounding C18 SAM are 8.69 Å, 9.81 Å 
and 10.85 Å respectively. (B) Topographic AFM image of the same area acquired 
with a Pt coated silicon tip. (C) Current image acquired simultaneously to (B) 
with the Pt coated tip at +5.5 mV bias. Distortions in the shape of patches are 
related to the drift of the x-y piezo-scanner.. . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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Fig. 4.3. (A) I-V characteristic of C8, C9 and C10, patches nanografted into a C18 SAM. 
Flat parts in the C8 plot are due to the saturation of the current amplifier. (B) 
Current ratios between one-carbon variation chains (C10/C9 and C9/C8) and 
between two-carbon variation chains (C10/C8). The ratio gives the exponential of 
the product between the current decay constant and the difference in the number 
of carbon of the two alkanethiol chains involved. A good overlap of the C10/C9 
and C9/C8 ratios is observable. For Dn of 1 and 2 experimental values are very 
close to the calculated values of 0.301 and 0.091 respectively (b = 1.2/CH2 ). (C) 
Semilog plot of average resistance vs. SAM thickness. Fit line is an exponential 
with b fixed to 1.2/CH2).. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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Fig. 4.4. I-V Characteristics of a C9 patch, a C10 patch and a C11 patch nanografted into a 
C12 SAM matrix. All the patches were imaged in current independently; that 
explains the difference in C12 resistance measured in the three cases. Resistance 
was taken to be the reciprocal of the slope of each straight-line fit. Values for C12 
were 1372±18 GW, 5315±95 GW, and 5775±204 GW in the presence of C9, C10 
and C11 respectively.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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Fig. 4.5. (A) I-V plot of the normalized C9, C10 and C11 currents. C12 SAM resistance 

was fixed to the value of about 7193 MW, extrapolated extending the plot in 
Figure 4.3C to a 12 carbon chain. Ratios between the experimental C12 resistance 
values and this “theoretical” one were used to normalize all the patches resis-
tances. (B) Semilog plot of normalized resistance vs. number of carbons constitut-
ing the alkanethiol chains. Straight line is an exponential fit done using a contact 
resistance of about 5 KW and decay constant close to 1.187/CH2. Values are in 
good agreement with the previous experiment: a difference of 0.8% in the extrapo-
lated values of b for the two experiments gives a difference in calculated resis-
tance values of about 9%.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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Fig. 5.1. Measured current through a BET reference layer when an EBT patch (red dots 
plot at the left) or a FC16 patch (blue squares plot at the right) is nanografted into 
it. Each data point is averaged from three measurements and the standard devia-
tion is shown.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

83

Fig. 5.2. (A) The current image (bias = -1 V) of a FC16 patch in a BM reference layer and 
(B) the corresponding current line profile; (C) the current image (bias = -2 V) of a 
FC16 patch in a C10 matrix and (D) the corresponding current line profile.. . . 
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Fig. 5.3. Current images of a FC16 patch nanografted into a BET matrix. (A) Normal load 

exerted is 10 nN; (B) normal load is 50 nN; (C) the current versus normal load 
relationship of the BET layer for positive and negative applied voltages (green 
and red markers respectively).. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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Chapter 6

Fig. 6.1. (A) Topographic AFM image acquired with a Pt coated silicon tip immediately 
after nanografting of four BET patches into a C6 SAM matrix. Difference in 
height between the patches and the surrounding C6 SAM is about 1.2 Å. (B) 
Current image acquired simultaneously to (A) at +500 mV bias. Distortions in the 
shape of patches are related to the drift of the x-y piezo-scanner.. . . . . . . . . . . 

95

D. Scaini

130



Fig. 6.1.

(A) Topographic AFM image acquired with a Pt coated silicon tip immediately 
after nanografting of four BET patches into a C6 SAM matrix. Difference in 
height between the patches and the surrounding C6 SAM is about 1.2 Å. (B) 
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Fig. 6.2. Two-layer tunnel junction model sketching a nanopatch of shorter (by ~1.2 Å) 2-
benzenethanethiol molecules into a SAM made of 1-exanethiol molecules. The tip 
moving from left to right engage the two distinct molecules. When a difference in 
potential is applied between tip and gold substrate a current flow is recorded using 
a high gain current meter. The tip records, for every applied potential, a topo-
graphic and a current image simultaneously. The contact area does not change 
from A to B because of the feedback on the interaction force of the AFM. Concern-
ing current sampling, we acquire current images rastering lines of 1000 nm of 
surface at 1 Hz. If we consider molecules spaced of about 0.5 nm, 2000 molecules 
are scanned in one second (2 kHz). The amplifier used (NT-MDT AU006) has a 
bandwidth of about 10 kHz meaning that one molecule is sampled 5 times before 
tip moves to the adjacent one.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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Fig. 6.3. (A) I/V characteristic of C6 (red squares) and BET (blue dots). Aromatic thiols 

were nanografted into the aliphatic reference matrix. (B) Current ratios between 
BET and C6. The ratio gives an idea about the evolution of the tip contamination 
during succeeding scans. The good alignment of the ratios around a value of about 
1.73 is a good indication of the tip state and assures that currents stay for both 
molecules in the linear regime of tunneling. The value at zero voltage was not 
taken into account.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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Chapter 7

Fig. 7.1. (A) Topographic image of two fabricated C18 nanoislands (brighter areas) inlaid 
in the matrix C10 monolayer. The steps present on the surface are due to the 
single atomic step of Au(111). Profile analysis, not included in the picture, shows 
that C18 islands are 8.8 Å higher than the surrounding C10 monolayer, wich is in 
excellent agreement with the theoretical value for crystalline phase SAMs. 
Molecular resolution images (50ä50 Å2 ) acquired from C10 (white square in part 
A) and C18 (black square in part A) covered areas are shown in parts (B) and (C) 
respectively.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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Fig. 7.2. (A) Topographic image of an autografted C18 patch enclosed into a C18 matrix 
SAM and (B) the simultaneously acquired friction image. It is almost impossible 
to detect the patch in topography but there is an evident contrast reduction in the 
friction image. Darker areas mean lower cantilever torsion, so lower tip/surface 
lateral interaction.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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Fig. 7.3. (A) Topographic image of an autografted C10 patch enclosed into a C10 matrix 
SAM and (B) the simultaneously acquired current image. As in the previous 
friction case it is almost impossible to detect the patch in topography but it is 
evident in the current image. Current was acquired at negative bias that means 
currents are negatives and flow entering the patch plane. Consequently, darker 
areas mean larger negative currents. (C) Current profile of the evidenced white 
line in the current image. Increased current homogeneity of the patch is evident 
and, moreover, a drastic reduction in current spikes (dark spots) is evident in the 
nanopatch that looks more uniform. Gold grain boundaries induce large currents 
probably due to tip/gold surface short contacting.. . . . . . . . . . . . . . . . . . . . . . . 
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