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Abstract 

The work in this thesis can be split into three areas. 

In the first, inelastic electron tunnelling spectroscopy (IETS) is used to 
investigate resistive and bias polarity dependent effects on vibrational mode 
energy in metal - aluminium oxide - metal tunnel junctions. It is shown that even 
when four point-probe techniques are used the ratio of width to thickness of the 
electrodes used in IET junctions has an effect on both the breadth and position of 
spectral lines. A simple treatment based upon work done by Giaever allows for 
such effects to be corrected. Work done on top metal and polarity effects in 
undoped IET junctions investigated the effect on the position of the 450 meV 
mode on reversing the applied bias. The investigation revealed that any 
dependence on the nature of the top-metal electrode was outside the accuracy of 
the work. Calculation of q/e for the hydroxyl group on alumina within the tunnel 
junction has been extended to include other electrode materials. 

A new and exciting facility within the university provided the impetus for 
the second area of work. A class 100 clean room housing a Langmuir Blodgett 
(LB) trough offered the opportunity to produce metal - insulator - Langmuir 
Blodgett film 
- metal tunnel junctions. It was realised at the outset that IETS using LB films 
would be difficult, previous workers had tried using a home-made tank with only 
limited success. However, the added sophistication of the new tank did not 
improve matters as was hoped. Although the results were disappointing, only a 
few junctions had resistances low enough to be usable in the spectrometer, the 
investigation produced some of the very few IET specra using junctions doped 
with LB films. The results also revealed the important role that imperfections and 
pin-holes play in the tunnelling process. 

The last area used IETS to investigate two commercially important and 
interesting polymers, hydrogels and polymeric electrolytes. Hydrogel have many 
applications in the field of implants, prosthetic, and cosmetics and have been 
studied and developed for many years. Polymeric electrolytes have many 
commercial applications especially in the field of solid-state batteries and 
conducting polymers. The way in which hydrogels swell as they absorb water is 
important, as is the way they adsorb onto a surface and much work has been done 
to investigate these characteristics using bulk samples. The study done by this 
group is the first to investigate the swelling and adsorption behaviour of a 
monolayer of the hydrogel poly 2-hydroxylethyl methacrylate. The results from 
both investigations indicate that ester cleavage occurs in p-HEMA and that water 
incorporated within a hydrogel has a limited structure with the first layer being 
thinner than the second and subsequent layers. 
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CHAPTER 1 

INTRODUCTION 

 

1.1. An Outline of the Present Work 

The initial experimental work done by the present group investigated three 

parameters that have an effect on peak positions in inelastic electron tunnelling (IET). 

These were the resistance of the bottom junction electrode, the polarity of the applied 

bias, and the type of metal used in the manufacture of junction electrodes [1]. This 

was followed by a study of Langmuir films of mixed stearic acid / stearic acid salts to 

decide the optimum manufacturing parameters. Langmuir films are monolayers of 

amphiphillic molecules such as fatty acids formed into monolayers on the surface of 

an uncontaminated subphase. Once a Langmuir film has been fabricated and 

transferred to a substrate it is conventionally called a Langmuir Blodgett or LB film. 

Once formed the LB films were subsequently incorporated in tunnel junctions before 

their study by inelastic electron tunnelling spectroscopy (IETS). An IETS 

spectroscopic study of several commercially important materials, including the etch-

resist co-tricosenoic acid, were also planned. These materials were to be polymerised 

in situ after being formed into a Langmuir film and before their incorporation in an 

IET junction. 

A previous group had shown that it was very difficult to use Langmuir 

Blodgett films to produce junctions that were suitable for use with IETS [2]. It was 

therefore realised at the outset that the present program of work would be difficult. 

The earlier team had been disadvantaged by having to use a homemade Langmuir 

trough to produce the films and transfer them to the substrate. Whereas the present 

group had access to a new commercially produced state-of-the-art instrument, housed 
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within a class 100 clean room. However, the advantages proved to be of no 

consequence because the present group were also unable to consistently produce 

usable IET junctions. 

Although originally frustrating, the difficulties experienced with the LB films 

did prove to have interesting and important consequences regarding tunnelling 

through ultra thin layers. These consequences having been explored, it was decided to 

abandon the study of polymerised Langmuir Blodgett monolayers and turn attention 

to the study of two commercially important polymers using a conventional liquid 

phase doping technique. 

One of the polymers studied was a hydrogel which has extensive and 

important uses in the biomedical field, and the other was a polymeric `electrolyte 

having applications in storage batteries. A very great interest has already been focused 

on these two materials using various analytical techniques and this IETS study adds to 

the store of this knowledge. 

1.2. Inelastic Electron Tunnelling Spectroscopy 

Inelastic electron tunnelling spectroscopy (IETS) was discovered by Jaklevic 

and Lamb [3,4] whilst investigating the band structure of metal electrodes in metal - 

insulator - metal (MUM) junctions. The junctions were called tunnel junctions 

because electrons may be transferred from one metal electrode to the other through a 

classically forbidden barrier by a quantum mechanical phenomena known as 

tunnelling. 
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Figure 1.La 

Shows here is a representation of an elastic tunnelling, where the electrons progress 

which is represented the arrows tunnels isoenergetically across the potential barrier 

Figure 1.1b 

Represented in this diagram is an inelastic tunnelling process. The electron loses 

energy within the barrier by exciting vibrational mode/s of molecules which have 

been incorporated within the IETS junction. 
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This followed on from the earlier work of Giaever [5], Fisher and Giaever [6], and 

Simmons [7]. 

IETS uses tunnelling electrons to excite vibrational modes of the molecules 

incorporated within an IETS junction. There are two ways in which electrons can 

tunnel through the sample molecule. The first way involves electrons tunnelling 

elastically and is by far the most predominant method accounting for more than 99% 

of the total tunnelling current. Elastic tunnelling occurs in all situations where a bias 

voltage is applied across two metals which are separated by a very thin layer of an 

insulating material; this is illustrated in Figure l.la & b. In elastic electron tunnelling, 

under the influence of the applied bias electrons tunnel isoenergetically through the 

insulator transferring from filled states in one metal to empty states in the other metal. 

The second way in which the electrons traverse the potential barrier presented by the 

insulating layer is inelastically. In the inelastic process, electrons from filled states in 

one metal tunnel through to empty states in the other but in doing so they lose energy 

within the barrier by exciting a vibrational mode within the insulating layer. The 

amount of energy lost in the process is hp, which is the energy of the vibrational 

mode. 

The manufacture of the junctions for use in the IET spectrometer is carried out in four 

stages. A metal which forms the base of the junction and the bottom electrode is 

deposited through a masking device onto a glass substrate by vacuum deposition. The 

freshly prepared electrode, which is usually aluminium, is allowed to grow an oxide 

film a few nanometres thick on its top surface. The oxide layer is then covered with a 

monolayer of the molecule to be investigated and then a top electrode (which is 

usually made from lead) is evaporated under vacuum through a mask to complete the 

junction.  When in use the junctions are connected to the spectrometer and immersed 
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in liquid helium at 4.2K. The cooling of the junction has a twofold purpose, it reduces 

thermal broadening of the lines in the spectra and the lead electrode becomes 

superconducting which further increases the resolution of the spectral lines. 

A d.c. bias together with a small a.c. current superimposed upon it is applied 

across the junction area and then slowly ramped between 0 and 500 mV. A plot of the 

second derivative of the Junctions IN characteristic versus the applied bias produces 

the IET spectrum. The spectrum reveals details of the vibrational excitations of the 

adsorbed molecules and/or their host adsorbent - the layer of oxide. The spectra 

obtained from IETS do differ slightly from the equivalent spectra taken by IR and 

Raman due to the way in which the compound is adsorbed onto the oxide layer. Many 

books and papers have been written on the tunnelling process involved in IETS and 

the author refers to some which are a representative collection of general reviews [8-

13]. 

Shown for reference are IET spectra of an undoped or clean junction and a 

junction which has been doped with stearic acid - see Figure 1.2a and 1.2b. 

 

1.3 Methodology of This Group's Work 

 

The first work undertaken during the research period was an investigation 

into the effect of the resistance of the bottom electrode. This work was done to 

elucidate the changes in the positions of peaks in IET spectra brought about by the 

potential drop resulting from the finite resistance of the bottom electrode in the area of 

the junction. The work with LB films of stearic acid produced one of the 

 6



 
 
 
 
 
Figure 1.2 

A reproduction of inelastic electron tunnelling spectra of a clean or undoped junction.  

To conform to the convention used by infrared spectroscopist a conversion factor of 

1meV = 8.065 cm"' [14] is employed.  The main features in the spectrum are as 

indicated in the figure. 
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Figure 1.3 

Illustrated here are comparisons between IET and a spectrum taken from a junction 

which had been liquid phase doped with stearic acid and the spectra obtained using 

single crystal infra-red and Raman. The range covered is the fingerprint region of the 

spectra ranges to 225 meV, after Keil et al [10]. The assignment of the peaks is 

discussed in Chapter 8. 
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very few spectra obtained from an IET tunnel junction which incorporated a 

Langmuir Blodgett film. The study highlights the very important role played by 

structural defects within the monolayer when electrons tunnel through adsorbed 

monolayers. The conclusions modify the way in which the adsorbed monolayer, 

within a tunnel junction, are viewed and point the way for further research using 

surface imaging techniques such as scanning tunnelling microscopy (STM) and 

atomic force microscopy (AFM). 

The data from previous polymer studies demonstrates that it is possible to use 

inelastic electron tunnelling spectra to study the way in which polymers are adsorbed 

onto aluminium oxide [15] and so two unique IETS studies were undertaken. In the 

first the adsorption of a polymeric electrolyte onto aluminium oxide was investigated, 

and in the second the adsorption of the hydrogel p-HEMA onto aluminium oxide.  

A further investigation which used an infusion doping technique [16] to study 

the processes by which water is incorporated into the hydrogel was also undertaken. 

The technique of infusion doping depends upon the migration of the dopant molecules 

through the grain boundaries in the top lead electrode. Proof that the dopant penetrates 

the top electrode material (lead in our case) and did not ingress via the edges has been 

previously established by various workers [17-19]. 

When the infusing water reaches the hydrogel it is incorporated into polymer, 

which swells to accommodate it. As the hydrogel is sandwiched between the top and 

bottom electrodes of a tunnel junction the resultant swelling caused the separation of 

the electrodes to increase which in turn results in a decrease of the tunnel 

conductance; the changes in conductance therefore mimic the dimensional changes of 

the hydrogel. Monitoring conductance changes during the time water infuses through 

the top electrode of an aluminium - aluminium oxide - hydrogel - lead IETS junction 
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allows inferences about the way in which the water is adsorbed into the hydrogel to be 

made. The present group has shown that there is some evidence that once water is 

adsorbed into the hydrogel it exhibits two differing structural forms. 
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CHAPTER 2 

THE THEORY OF INELASTIC ELECTRON  

TUNNELLING SPECTROSCOPY 

 

2.0 Introduction 

 

 In this chapter we will consider the methods by which electrons can 

traverse a barrier which in classical terms is seemingly impassable . Classically 

any electron with total energy E can only cross a potential barrier if the height of 

the barrier ( Vo ) is less than the total energy of the impinging electron. Figure 

2.1. is an illustration of a one dimensional potential barrier of height Vo , shown 

incident upon the diagram is an electron of energy E < V0. 

However, electrons with energy E < Vo can traverse the barrier with a non-

zero probability, provided the barrier is thin - of the order of a few nanometres. 

This quantum mechanical phenomenon is named tunnelling and as will be shown 

in later sections the magnitude of the current formed by tunnelling electrons is 

very dependent upon the magnitude and width of the potential energy barrier 

formed by the insulating layer. 

The chapter will provide a theoretical basis for the present work, and will 

be presented in the following way. First it will be shown how electrons tunnel 

across a simple hypothetical rectangular barrier see Figure 2.1. The theory will 

then be extended to cover tunnelling in metal-oxide-metal layers - MIM junctions - 

which closely model the blank or undoped junctions used in IETS.  These two 

models deal only with the current formed by electrons which traverse the barrier 

elastically, losing none of their energy in the process. 
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An electron of total energy E is shown incident on a rectangular barrier of height Vo An electron of total energy E is shown incident on a rectangular barrier of height Vo 
and width a, 
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The dominant tunnelling mechanism occurring in metal-insulator-metal junctions is 

elastic tunnelling. 

Under certain conditions, a tunnelling electron may lose some energy to an 

excitation within the barrier region but still have enough energy to finish up in an 

empty state of lower energy on the other side of the barrier. This process is termed 

inelastic tunnelling and it is this phenomenon which forms the basis of inelastic 

electron tunnelling spectroscopy (IETS). 

The problem will only be treated as one-dimensional, assuming that if the 

barrier extends from x = 0 to x = a in the x direction then the momenta in the y and z 

directions can be taken as constants of the motion. 

2.1 Barrier Penetration 

Classically if an electron with total energy less than  the barrier height  (E< Vo ) is 

incident on the barrier its motion will be limited to the region to the left of x = 0 and 

it will be reflected back without loss of energy. However quantum mechanics 

predicts that the electron will not necessarily be reflected back from the barrier. 

Consider an electron of rest mass m and total energy E incident upon a 

simple one dimension rectangular potential barrier of height Vo such that E < V0; as 

shown in figure 2.1. There are three distinct regions to be considered when 

approaching the problem in the first region at the metal 1 - insulator interface there 

will be incoming plane waves and plane waves which have been reflected back from 

the interface, in the second region, the barrier region, there will be an exponentially 

decaying wave which describes the tunnelling process, and in the third region at the 

metal 2 – insulator interface there will be only transmitted plane waves.  
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The three regions shown in the diagram are as follows:  

Region 1 where V(x) = 0 for x < 0 

   Region 2 where V(x) = Vo for 0 < x < a 

Region 3 where V(x) = 0 for x > a 

Since V, the barrier height is not a function of time, the motion of the 

electron can be described by the time-independent Schrödinger equation. 

 

 
 

Where m is the mass of the electron, h = h / 2π , and ψ(x) is the wave 

function associated with the electron, which is given by the general solutions of the 

equations in the regions l, 2, and 3 as shown in figure 2.1. 

In the following discussion only cases where the energy of the electron, E, 

is less than the height of the barrier will be considered. For regions 1 and 3 where 

V(x) = 0 the time-independent Schrödinger wave equation is: 
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The solution to this equation for region 1 is: 
 

 
 
 

 
Where I, R, and T are the incident, reflected, and transmitted amplitudes 

respectively and the positive exponent refers to the incident wave and the negative to 

the reflected wave and  

 

For region 2, the time-independent Schrödinger equation is:  

 

 

 

The solution of the equation for region 2 is: 

 

 

Where A and B are constants and 

 

 16



 
 

An illustration, after Giaever, of an idealised rectangular barrier of width 'a' and 

height Vo. The incident and reflected waves on the left would be matched to the 

transmitted wave on the right by using the continuity conditions referred to in the 

text. Within the barrier region the wave has an exponential decaying form. 
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The functions are sinusoidal before and after the barrier. If the functions and 

their derivatives are matched at the boundaries the wave function will have the form 

illustrated in Figure 2.2 and there will be a probability that the particle/electron will 

penetrate the barrier. Only the form of the eigenfunction obtained is shown in figure 

2.2, ψ(x) is a complex function and the figure plots only the real part of  ψ (x). Its 

exact form in region 2 as well as the ratio of its amplitudes in regions 1 and 3 will 

depend upon the values of Eo, Vo , a, and m. 

The probability of an electron penetrating the potential barrier is defined in 

terms of the intensity of the probability of the transmitted flux in region 3 and the 

intensity of the incident probability flux. The probability flux is the probability 

per second of finding an electron a particular reference point and it is proportional to 

both the intensity of the wave and the velocity of the electron at the point. 

From the equations 2.3 to 2.5 the following set of equation are obtained: 

 

 

 

 

 

Eliminating the reflected component - we require only the transmitted part - 

from equations 2.6 and 2.7 and then solving equations 2.8 and 2.9 to evaluate the 

constants A and B we obtain: 

 

 

 

Since for the simple rectangular barrier proposed in this analysis k'a is large  
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compared with unity A <

 

< B and equation 2.5 reduces to: 

he form of which highlights the exponentially decaying form of the wavefunction 

s to a quantity which a physically measurable quantity the 

transm

 introduced. Equation 2.10 can be simplified if it is assumed: 

ħ >> 1 equation 2.13 further reduces to: 

nd the probability of transmission is: 

 

he analysis presented here predicts that an electron of energy E, incident 

on a  a 

probability of penetrating a potential barrier and being transmitted through it to 

T

within the barrier. 

Relating thi

ission probability given by: 

 

 

is

 

 

 

and also if qa / 

 

 

a

T

potential barrier of height Vo > E and of finite thickness - a - does have
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the other side. The probability is small as indicated by the large exponential term 

in equation 2.14 - but it is not zero as predicted by classical theory. In classical 

terms the limit for the transmission is as a → ∞ and here the probability of 

transmission tends to be vanishingly small. 

Assuming a mean barrier height of 5eV and an electron energy of 2eV and 

serting some values for the barrier thicknesin s (a) into 2.12, will serve to illustrate 

critical

 

 

 

T le 

Model data to illustrate the dramatic way in which the probability of 
tunnelling decreases as the barrier width is increased. 

Varying Potential Barrier 

 to provide some insight 

into qu g via the simple model of an electron incident 

a/nm P 

 nature of barrier thickness. 

Using equation 2.12 gives the following values for P: 

 

 

0.5 10-4 

1.0 1  0-1

5.0 10-39

10.0 10 -78

 

ab 2.1. 

2.2  Elastic Tunnelling in the presence of a Slowly  

The previous paragraphs of this chapter have attempted

antum mechanical tunnellin

upon a finite barrier potential. Extending this simple model to  
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An electron incident upon a slowly varying potential barrier of an arbitrary shape. 

The classical turning points are shown as S1 and S2 on the diagram. 

 

 

 

 

 

 21



the real case of a metal-insulator-metal junction is the subject of the next section. 

Solving the Schrödinger equation exactly for more complex model to 

account for a varying potential in region 2 is an extremely difficult assignment [1,2]. 

The problem can be overcome by using an approximation known as the Wentzel-

Kramers Brillouin (WKB) approximation [3]. The WKB approximation is best 

applied when the transmission probability through the potential barrier is small i.e. 

for low fields and electrons with energies close to the Fermi energy - an almost 

classical situation when transmission through the barrier is very small. 

Consider a barrier where V(x) is now a slowly varying potential as illustrated 

in Figure 2.3. This is compared with the constant picture presented by the 

rectangular barrier. The classical turning points are shown by the positions marked s, 

and s, on the diagram. 

A solution to the Schrödinger equation: 

 
 
 
 
 
is needed, where 
 
 
 
 
 
 
 
 
Initially it is assumed that in this region the solution is of the form: 
 
 

 22



From which the WKB approximation for the transmission probability in 

region 2 may be obtained and is given by: 

If V(x) is assumed to be constant at Vo within the barrier region then the 

expression given by Equation 2.16 reduces to the transmission coefficient for a 

rectangular barrier - Equation 2.12. 

Amongst the many workers in the field of IETS who discussed the applicability of 

the WKB approximation to trapezoidal barriers and compared the results with exact 

transmission coefficients Gundlach and Simmon's [2] results show a correlation in 

which the functional form is preserved; the only difference between the absolute and 

WKB values is in a small pre-exponential factor. 

The previous paragraphs have assumed that the motion of the electrons is 

one-dimensional. A three dimensional approach to the problem does not invalidate 

the above analysis. Most cases will involve resolving the motion of the electrons 

which are incident on the barrier into components which are normal and parallel to 

the plane of the junction. The one dimensional approach relies on the fact that since 

it is only the normal component of motion which instigates electron transfer it is 

valid to insert these values into the one dimension transmission probability. The 

analysis assumes implicitly that electron momentum normal to the plane of the 

junction is conserved during tunnelling. 
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2.2.1 The Elastic Current Density 

Consider a theoretical MIM junction at OK shown in Figures 2.4a and 

2.4b. Figure 2.4a is a simplified diagram of a plane parallel junction at zero Kelvin 

with no applied bias and neither metal superconducting. Figure 2.4b is of a plane 

parallel junction as before but now a bias V has been applied between the 

electrodes. Elastic tunnelling of electrons which is the predominant form of 

conduction in such a junction involves the isoenergetic transfer of electrons from 

occupied states in metal electrode ( metal 1) to empty states in the opposite metal 

electrode ( metal 2). A number of authors have discussed rigorous solutions of the 

equations for tunnelling electrons in metal-insulator-metal structures [1,2,4,5]. The 

analysis presented here will utilise a simplified treatment of the problem to 

estimate the elastic tunnel current density. 

Taking the situation illustrated in Figure 2.4 the number of electrons 

available for tunnelling from metal 1 to metal 2 in unit time is proportional to the 

number of filled states - Z, ( E ) in metal 1 in an incremental energy range dE. 

The number of tunnelling electrons is also proportional to the number of empty 

states in metal 2. The total current density incident on the barrier in the x direction 

( Ji) is given by the product of the number of electrons (n), their charge (e), and 

their velocity (vx ). 

Ji= nevx 

Using the Sommerfield free-electron model [6] where the electrodes are 

considered to be free-electron metals in which the electrons are non-interacting 

fermions with zero potential energy within the metal and infinite potential energy 

everywhere else. 
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Figure 2.4a 

This illustration is a simplified energy diagram form a metal-insulator--

metal IET junction at zero Kelvin with no applied bias and where neither metal is 

superconducting. the Fermi energies Ef1 and Ef2 are at the same level. Z1 (E) and Z2 

(E) are the density of states functions for the electrons in the two metals; Φ1 and Φ2
- 

are the interfacial barrier heights. The hatched regions in the illustrations represent 

the filled states within the system  
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Figure 2.4b 

This figure represents the energy diagram for a metal-insulator-metal 

IETS junction at zero Kelvin, neither of the metals is superconducting but in this 

case a d.c. bias (V) has been applied across the junction. Applying the bias has the 

effect of separating the Fermi energy by an amount eV as shown. Also shown in the 

diagram is an arrow to represent the path of an electron tunnelling elastically across 

the junction. 

 28



Floyd and Walmsley [5] showed that the current density incident in the x direction 

on the barrier is given by: 

 

 

 

Equation 2.17 represents the number of electrons which are incident upon the 

potential barrier. Some of them will tunnel through the barrier and so the probability 

of this happening must be taken into account , also before they can tunnel through 

the barrier there must be empty states in the opposite electrode. If the transmission 

probability and the number of empty states in the second metal are taken into 

account the current density transmitted from metal one to metal two is given by: 

 

 

 

where V is the potential difference applied between the two metal electrodes. It is 

assumed also that during tunnelling the momentum in the plane of the barrier is 

conserved. A similar expression - equation 2.19 below - can be obtained for the total 

current density flowing in the opposite direction 

 

 

 

Hence if the transmission probability for a given E,, is the same in either 

direction; the net current density is just the difference of the two equations 2.18 and  
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2.19 above. 

 

Equation 2.20 predicts the net current density at any temperature but a more 

useful form of the equation can be obtained by taking a low temperature limit of T = 

0 and noting that in this situation the net current density from metal 2 to metal is 

zero for V ≥ 0. Using these assumptions the following expression for the tunnelling 

current is obtained (6]:  

 

This equation is an expression which is representative of the relationship 

between the final current density and the applied voltage. If we assume that, with an 

applied bias V which is very much smaller than the barrier height D, P (EX ) remains 

constant. Equation 2.21 can be re-written as: 
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Equation 2.22 is of the form y = mx demonstrating that for a small applied bias, with 

the junction at a temperature of zero Kelvin, the elastic tunnel current should vary in 

a linear manner with applied bias - the current versus voltage characteristic is Ohmic 

in form. 

2.2.3 Electron Tunnelling as a Time Dependent Perturbation 

The approach outlined above has been used to calculate the elastic tunnel 

current density in situations where relatively simple barrier potentials exist [7]. But 

once the barrier potential become more complicated the calculations become very 

unwieldy. A more flexible method of calculating the elastic tunnel current density to 

a good approximation was introduced by Bardeen in 1982 [8]. Initially it was used to 

explain the energy gap in the current versus voltage characteristics of metal-insulator 

- metal with superconducting electrodes, which had been observed by Giaever [9]. 

The approach used by Bardeen is usually referred to the as the Transfer Hamiltonian 

theory of tunnelling. 

 It has been shown in the previous section that the probability of an electron 

tunnelling through a potential barrier, if its energy is less than that of the barrier, is 

extremely small. Therefore electron tunnelling can be treated as a small perturbating 

interaction between the electron states which are on opposite sides of the barrier. 

Small terms representing the perturbations are be added to the Hamiltonian used to 

describe the wave functions of the electrons [8]. Therefore the perturbation theory 

may be used to calculate the probability density of electrons tunnelling across the 

barrier and subsequently the tunnel current through the barrier [10,11].  
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Figure 2.5a 

In calculating the initial state wave function the transfer Hamiltonian 

formalism taken by Bardeen places the interface between the second metal and the 

insulator at infinity - compare this with the second interface situated at x = a in 

Figure 2.2 in the approach taken by Giaever [9]. 

Figure 2.5b 

Continuing on the theme taken above, calculation of the final state wave 

function involves placing between the first metal and the insulator at minus 

infinity. An interaction potential is used to transfer the electron from its initial state 

to its final state. 

Both diagrams after Kirtley [7] 
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The core feature of the approach taken by Bardeen was the assumption that the a 

MIM junction can be described by a Hamiltonian which is the sum of three terms. 

Two of the terms describe the wave functions in the metal electrodes, and the third is 

a Hamiltonian which describes the tunnelling of the electrons between the barriers: 

HS = HA + HB + HT 

Where HA is the function for the initial electronic state, HB is the function for the 

final electronic state, and HT is the transfer Hamiltonian which describes the 

tunnelling of the electrons between the two states. 

Bardeen's concept of the tunnel barrier was that the potential barrier could 

be divided into two distinct parts. By extending x = a to x = ∞ the initial electronic 

state is localised on the left hand side of the barrier and the final electronic state 

can be treated in a similar manner by extending x = 0 to x = - ∞ to localize it on the 

right hand side of the tunnelling barrier - see Figures 2.5a and 2.5 b.. 

Then, using the WKB approximation Bardeen showed that normal to the 

interface the two wave functions - solutions to HA and HB - are sinusoidal outside 

the barrier and exponentially decaying within the barrier region. Then the total 

elastic transition rate was calculated by isolating the tunnelling matrix element and 

applying the 'Golden Rule' which states that the transfer rate is proportional to the 

matrix element squared. From the transition rate the total elastic current density 

was calculated. 

To summarise Bardeen's approach to the problem was to turn it around and 

instead of introducing states which are exact solutions of the approximate 

Hamiltonian he chose approximate solutions of the exact Hamiltonian; this method 

is now usually called transfer Hamiltonian formalism. 
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2.2.2 Temperature Dependence of Tunnel Conductance 

The above analysis of electron tunnelling does not take into account any 

effects on the elastic tunnel current which might be due a finite temperature. The 

effect of smearing the Fermi surface when T ;4 OK has been investigated by 

Simmons [12] and presented by Duke [1] and Stratton [13]. This section will present 

an overview of their findings. 

At first sight it might seem that if the temperature was to be increased 

- at a constant bias voltage - the current flowing would also increase. But, when the 

height of a typical barrier of approximately 2 eV, is compared with the value of only 

1/40 of an eV for kT at 300K, only small changes in conductance might be 

anticipated. Of course varying the other parameters to give smaller barrier heights or 

larger applied bias voltages will lead to larger temperature-dependant fractional 

increases in the conductance of the barrier. Calculations by Stratton, Duke, and 

Simmons [13,1,12] substantiate these assumptions. The method they used reveals a 

percentage conductance (OG) change relative to 0K of approximately: 

 
  

 

Where s = the barrier width in nm and Φ is the mean height of the barrier in electron 

volts. 

Taking eV <  Φ0 /2 gives the results listed in Table 2.2 on the following page. 
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Φ 0 / V T / K  s/nm ΔG% 

1.5 300 1.5 4.1 

1.5 300 3.0 16 

3.0 300 1.5 3.4 

3.0 300 3.0 13.5 

Table 2.2 

 Percentage conductance change for two value of barrier thickness and 
two values of barrier height. 

The calculation shown in Table 2.2 show the variation in conductance for 

two values of barrier thickness. Equation 2.34 also shows that there is a slight 

quadratic dependence of the conductance on temperature. The feature outlined in 

the equation was used by Ginnai [14] to determine whether tunnelling was the 

dominant conduction process, within a given range of temperature/ voltage. 

2.3  Superconductivity 

Conclusive proof of electron tunnelling between metal electrodes requires 

that at least one of the metals is in a superconducting state [15]. Although 

superconductivity was discovered around 1911 by Kamerlingh Onnes [16], it was 

not until 1957 when Bardeen, Cooper, and Shrieffer [17] published a theory which 

utilised the concept of paired electrons proposed by Cooper in 1956. The theory 

which earned Bardeen, Cooper, and Shrieffer a Nobel prize in 1972, is now called 
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the BCS theory. The theory postulates the existence of a forbidden energy gap 

centred on the fermi level of superconductors. Which results in deviations from the 

ohmic tunnelling characteristics obtained when tunnelling in normal metals. The 

theory proposes that below a temperature electrons within a metal can form into 

pairs, each pair being held together by an attractive force whiah is transmitted via a 

virtual phonon.  

2.3.1. The BCS Theory of Superconductivity 

A theory was put forward by Frohlich which proposed that an electron -

phonon interaction was able to couple two electrons together in such a way as if 

there was a direct interaction between them. Because of the conservation of energy 

and momentum when an electron is scattered by the lattice one of the vibrational 

modes of the lattice must be excited. The vibrational motion is quantized and 

considered to be the emission or adsorption of a phonon. Frohlich was able to show 

that in certain circumstances if an electron caused the emission of a phonon which 

was then immediately absorbed by another electron a weak interaction could exist 

between the two electrons. The interaction between the two electrons can be thought 

of as being transmitted by the phonon. 

It was demonstrated by Cooper that if a net attractive force existed between 

pairs of electrons , at zero Kelvin the lowest energy state of the system, would be 

one in which the electrons would be associated in pairs, now termed Cooper pairs. 

Bardeen, Cooper, and Schrieffer used Cooper pairs to provide a more complete 

explanation of superconductivity. 

The following explanation follows that given in " Introduction to Superconductivity" 

[18].  Consider an electron being scattered by the lattice, energy and momentum 
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must be conserved during the process and one of the vibrational modes of the lattice 

is excited – emitting or absorbing a phonon in the process. Fröhlich proposed that if 

the emitted phonon was immediately absorbed by another electron there would be a 

weak attractive interaction between the two electrons. Let the phonon have energy   

q = hυ / s where υ is the vibrational frequency of the phonon, s is the velocity of 

sound, and h is Plank’s constant. During the emission of the phonon momentum is 

conserved and for the first electron we may put -  p1 = p`1 + q. where p1 and p`1 are 

the momenta of the electron before and after scattering respectively. Consider that 

the phonon is now immediately absorbed by a second electron whose momentum 

changes from p2 to p'2 and so we can write p2 + q = p΄2. Where p2 and p΄2 are 

respectively the momenta of the electron before and after absorbing the phonon. 

Therefore from the two equations it con be shown that p1 + p2 = p΄1 + p΄2. this shows 

that the momentum before and after the interaction is conserved as we would expect 

it to be. 

 During the scattering process there is a mutual interaction between the 

electrons and if this is an attractive one, the resulting potential energy is negative. 

Over a period of time there are any scattering events and the energy of any two 

electrons is decreased by the time average of this negative potential energy – the 

amount of the decrease being proportional to the number of scattering events. The 

largest number of events yields the maximum lowering of the energy and this occurs 

when the momenta of the two electrons is equal and opposite. 
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Figure 2.6 

A simplified diagram showing the electron energy for a normal metal - 

insulator - superconducting metal IETS junction a zero Kelvin. Illustrated on the 

diagram are the transitions for both elastic and inelastic tunnelling of electrons. 

After Keil et. al. [20). 
 
 

 

 

 40



A situation can also exist where an interaction has taken place and a phonon 

has been emitted but not yet absorbed. Provided that the time taken for the event is 

very short the uncertainty principle dictates that energy need not be conserved 

between the initial and intermediate state – where the first electron has emitted a 

phonon but the second has not yet absorbed it, or between the intermediate state  and 

the final state. This is because there exists an uncertainty relationship between the 

energy (E) and time (t) whish has the form: 

Δ(E) (Δt) ≈ ħ 

If the lifetime of the intermediate state is very short, there will be a large 

uncertainty in its energy, so that the energy does not have to be conserved in the 

emission and absorption process. These processes in which energy is not conserved 

are termed virtual processes  and a virtual emission of a phonon is only possible if 

there is a second electron ready to absorb the phonon almost immediately after its 

emission. 

 It can also be shown that if the energy of the emitted phonon is greater than 

the energy reduction of the emitting electron then there will be an attraction between 

the two electrons. Opposing this attraction will be a Coulomb repulsion due to the 

like charge of the two particles, but if this is less than the attractive force the two 

will co-exist as a Cooper pair. The interactive phonon process will continue to 

scatter paired electrons between states whilst conserving their momentum. The 

probability of scattering can only be appreciable if there is only a small difference in 

energy between the initial and intermediate states; the initial and final energies of 

the emitting electron cannot be much more than the average lattice phonon energy = 

hνp. 

 When paired, the electrons have a propensity to collect in a single state 

energy called the BCS ground state. This has the effect of redistributing the electron 
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energy of the system into a state where its total energy is less than that found in a 

normal metal at the same temperature. The new energy distribution is characterised 

by a forbidden energy gap 2ΔE, centred on the Fermi level of the superconductor - 

see Figure 2.6. The width of this gap is equivalent to the energy which is needed to 

break a Cooper pair at the temperature of the experiment. The BCS ground state 

described above produces a new electron energy distribution in which the total 

energy of the system is less than that found in normal metals at the same 

temperature. This new density of states function has the following forms [19]:   

1. for | E  |  ≥ Δ 

 
 

 

 

 

 

Where Nn is the density of states for 'normal' electrons, 2Δ is the 

energy gap, and the two subscripts s and n stand for superconducting and normal 

states of the metal respectively. Therefore from 2.26 and 2.27 it can be seen that the 

density of states is zero in the range ± ΔO at the Fermi energy - there is a gap - 

whereas above and below this gap the density of states is large and 

decreases/increases asymptotically towards the gap from above and below. 

As stated before the tunnel current is proportional to the density of 

isoenergetic filled and unfilled states of the two metals forming the electrodes of the 

tunnel junction. Giaever and Megerle [15] built upon the work done by Bardeen [8]  
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Figure 2.7c 
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Figure 2.7 

An illustration after Giaever and Megerle [15] showing the density of states 

curves together with their respective I versus V characteristics of three junction 

electrode combinations close to zero Kelvin. 

a) Both metals normal. 

b) One metal superconducting. 

c) Both metals superconducting. 

See the accompanying text for a fuller explanation of the details. 
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to show that if the applied voltage is small the elastic tunnel current from metal 1 to 

metal 2 may be shown to be: 

[ ] )26.2()()(2121 dEeVEFEfnnAI +−= ∫
∞

∞−− 

Where n1 and n2 are the bensity states in the two metals forming the electrodes 

and A is a constant. 

If one of the electrodes is superconducting and one normal, then at 

0K, the conductance between superconducting and normal is directly proportional 

to the relative density of states in the superconducting metal. If the density of states 

in the two metals is constant over the range of the applied bias then Ohmic 

behaviour would be expected - see Figure 2.7b. 

Figure 2.7b illustrates the situation where the Fermi level of the 

normal metal faces the forbidden energy gap of the superconducting metal. In this 

condition, at OK, the applied bias must be changed by ± half of the 

superconducting energy gap in order for current to flow. At temperatures other 

than OK thermal smearing of the electron energies around the Fermi levels will 

allow some current to flow. 

Figure 2.7c shows a condition where both of the metals are 

superconducting, with energy gaps of 2Δ1, and 2Δ2. In this situation tunnelling can 

only occur when the applied bias V = (Δ1 - Δ2 )/e. Upon increasing the applied bias 

the current will decrease because the density of states available for tunnelling into 

decreases with increasing energy above the gap. When the bias V = ((Δ1 + Δ2 ) / e, 

most of the unexcited electrons in one metal are brought opposite empty states in the 

other one and current will increase asymptotically towards the characteristics of two 

normal metals. At 0K no current can flow until V = ((Δ1 + Δ2 ) / e has been applied. 

Therefore electron tunnelling in metal - insulator - metal structures can be identified 

by the dependency of the current  

 45



 

 46 46



 

 

Figure 2.8a 

An inelastic interaction within the tunnel barrier will cause a small but 

significant increase in the total current flowing through the junction. this increase 

will reveal itself as an increase in the gradient of a plot of current versus voltage 

curve. 

 

 

 

 

Figure 2.8b 

The increase in the gradient as shown above in Figure 2.8a will be 

revealed as a step function in the first differential (dI/dV) versus V plot. 

 

 

 

 

 

Figure 2.8c 

Taking the second differential ( d2I/dV2 ) and plotting the result 

versus V will reveal the changes due to the inelastic events as a delta function which 

has been smeared by thermal and other effects. It is these peaks positioned at eV = 

hν + Δ as shown in the figure which are referred to as the inelastic tunnelling 

spectrum. the energies are indicative of the energies involved in exciting the various 

molecular oscillators within the tunnel junction. 
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dependency of the current on the applied bias and the temperature of the experiment 

if one of the metals is allowed to go into a superconducting state. 

2.4 Inelastic Electron Tunnelling 

If the energy diagram for a MIM junction at absolute zero with one 

electrode superconducting as shown in Figure 2.7b is reconsidered, it can be seen 

that the electrons have an energy spectrum which is characterised by a band of 

forbidden energies. This band, denoted in the previous paragraphs by 2Δ, is centred 

on the Fermi level where at OK all of the electron energy states are filled below the 

gap and are empty above it. 

Applying a bias voltage (V ) across the junction will separate the two Fermi levels 

by eV. This will have the effect of placing empty states in one electrode opposite 

the filled states in the other and provided that the voltage being applied is greater 

than or equal to Δ / e electrons can tunnel isoenergetically from filled states on 

one side to empty ones on the other. If a molecular oscillator whose vibrational 

frequency is ν is now implanted in the barrier there exists a situation in which the 

electrons traversing the barrier could interact with and excite the oscillator. As a 

consequence of the interaction the electron would lose a quantum (hν) of energy 

and continue on to end up in a lower energy state in the opposite electrode. Whilst 

the elastic electron tunnelling begins at V = Δ/e, the onset of the inelastic process 

described above will open up a conduction process which takes place at eV = hν + 

Δ  as illustrated in Figure 2.8a. These inelastic electron tunnelling processes 

represent an opening up of extra conduction channels in the junction. The result of 

this is as each of these channels are opened up the inelastically tunnelling electrons 

will add to the total tunnel current thus producing a small increase in the total 

current at a specific bias voltage. These processes will be revealed as a step 
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function in the first differential (dI / dV ) of the junction and 'peaks' in the second 

differential at eV = by + A. It is these peaks which are recognised as the inelastic 

electron tunnelling spectrum, their position in the spectrum being indicative of the 

energies lost by the electrons in exciting the various molecular oscillators within 

the IET junction. 

A plot of the second differential of the current versus the applied bias is 

called an inelastic electron tunnelling spectrum and it is the basis of Inelastic 

Electron Tunnelling Spectroscopy (IETS) [20,21]. The inelastic processes which 

open up the inelastic tunnelling channels also include molecular vibrations which are 

analogous to Raman vibrational energies, infra-red molecular vibrations [22], 

electronic transitions, and phonon excitations within the metal electrodes [23]. The 

shape of the peaks will depend upon thermal smearing of the Fermi surfaces of the 

metals, effects in the density of states due to the use of superconducting electrodes, 

and the natural line-shape of the excitation. 

The majority of tunnelling electrons suffer no loss of energy when traversing 

the barrier and constitute the majority of the tunnelling current with the inelastic 

tunnelling electrons making up typically 1 % or less of the total tunnelling current. 

The tunnelling of electrons via inelastic interactions with the molecules 

within the barrier can be explained in terms of a one-electron model. This model was 

first proposed by Scalapino and Marcus in 1976 [23]. Later, in 1968, their theory 

was modified by Lamb and Jaklevic [24] to include electronic interaction with the 

polarizability of the molecule which would account for the Raman active modes 

which can be seen in the IET spectra. These molecules are discussed in the 

following section of this thesis. 
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Figure 2.9a 

Scalapino and Marcus proposed that a molecular dipole which is situated 

near to one of the metal electrodes in a tunnel junction will induce an image of 

itself in the metal as shown in the figure. The component of the dipole which is 

parallel to the plane of the metal surface will be equal and opposite and therefore 

tend to cancel each other out, whereas the component which is perpendicular to the 

surface and its image will add together to give a net perpendicular sum. 

Figure 2.9b 

Using the coordinate system shown: 

The parallel component will tend to be cancelled out by its image but the 

perpendicular component and its image add to give a net sum of 2px. If the dipoles 

are - as assumed in the theory - points then the sum will act through the point 

shown by O in the diagram, and may interact with a tunnelling electron (e- ). 
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2.4.1 One - electron Model of Inelastic Electron Tunnelling 

Scalapino and Marcus [23] considered the case in which the electric field of 

a tunnelling electron interacts with the Coulomb potential of an oscillating molecular 

dipole (and its image) which is situated near to one of the electrodes. They proposed 

that the image in the electrode would cancel the parallel component of the dipole 

moment and reinforce the perpendicular component of the dipole, relative to the 

plane of the junction - see Figure 2.9. The coupling of the dipole and its image was 

considered to be a perturbation of the barrier height. 

Consider an oscillating point dipole situated inside the insulating layer and 

close to one of the electrodes in a metal - oxide - metal junction, as shown in Figure 

2.9. The probability that a tunnelling will interact with a dipole can be obtained by 

utilizing the 'Golden Rule' of quantum mechanics [25]. The rule states that the 

probability per unit time that a tunnelling electron interacts with a dipole is 

proportional to the appropriate matrix element squared and so we can put: 

 

 

 

Where P1-2 is the transition rate for inelastic tunnelling, │M1-2│is the matrix element 

for transmission and describes the electron - molecule interaction for the transfer of 
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electrons from metal 1 to metal 2, and δ( E1 – E2 - hν ) is a delta or step function 

which ensures that δ(x) = 0 unless x = 0 thus implying that E1 = E2 + hν. Scalapino 

and Marcus [23] approximated the electron - molecule interaction by the Coulomb 

interaction between the dipole moment of the molecule and the electron 

 

 

 

 

Where x, p, and r are defined as in Figure 2.9. 

The interaction Ui (x) is treated as a perturbation on the barrier potential U(x) - 

assuming the barrier to be idealised as rectangular. Since the perturbation is assumed 

to be small for a simple rectangular barrier the initial and final wave functions can 

be evaluated by using a WKB approximation giving [24]: 

 

 

 

Where E is the total electron energy and Ep is the component of an electron's kinetic 

energy which is perpendicular to the direction of the current flow. Assuming that 

there are N molecular dipoles within the barrier Lamb and Jaklevic derived an 

expression for the inelastic tunnel current which is due to the electron - dipole 

moment interactions [24]. 

 
 

 
 

 53



Where the transition rate has been summed from 0 to m vibrational states. N, and 

NZ are the density of states of the two metals forming the electrodes, G0 is the 

elastic conductance of the junction, and Φ is the maximum height of the barrier. 

This expression embodies an important difference between elastic and inelastic 

electron tunnelling; the Fermi functions in the inelastic case are written assuming 

that the transitions are unidirectional - one-way only from metal 1 to metal 2. The 

term In │s/r0│  represents a cross-section for tunnelling and r0 a cut-off radius below 

which the dipole approximation no longer holds. 

The reason for the difference in the Fermi factors is that in the case of elastic 

tunnelling it is equally likely that transitions will take place in both directions. The 

excitation energies and the low temperatures which give rise to the thermal smearing 

of the electron energy distribution in inelastic tunnelling ensure that all of the 

molecules are in their ground state and consequently no flowing of electron from 

'final' to 'initial' states is possible. Therefore inelastic electron tunnelling is a one-

way process [22]. 

This model by Scalapino and Marcus [23] predicts that the size of the increase in 

conductance due to the inelastic interactions is proportional to the square of the 

dipole matrix element - │<m│p2│0>│2  The ratio of the inelastic junction 

conductance to the elastic conductance is given by: 

 

 

 

 

where M is the matrix element for transmission. 

An estimate of approximately 1% for the increase in conductance due to inelastic 
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interactions was made by Scalapino and Marcus [23], a figure which compares 

favourably with measured data taken by Lamb and Jaklevic [24]. In practice the 

intensities of peaks in IETS and IR generally show a good correlation with infra-red 

and orientation predictions except that there are extra peaks in IETS spectra. Lamb 

and Jaklevic extended the above model to include Raman interactions between the 

molecules and electrons through the polarizability of the molecule. The electrons 

electric field interacts with the molecule polarizing the molecule to induce a dipole 

moment in it, the electron then interacts with this induced dipole. 

The interaction potential is given by [24] 

 

 

 

 

Where α is the polarizability of the molecule and other symbols are as previously 

defined. The vibrational modes described by this interaction are those which are 

seen in Raman spectroscopy and are assigned, in IETS as being Raman active 

modes. Lamb and Jaklevic [24] derived a similar expression for the ration of elastic 

to inelastic conductance due to the excitation of these Raman modes by following 

the procedure of Salapino and Marcus [23]. Lamb and Jaklevic predicted 

conductance changes which were of the order of 1/10 the changes for infra-red 

modes - 0.1% to 0.5% c.f. 1% for infra-red. 

 
 
2.4.2.  The Kirtley Scalapino and Hansma (KSH) Theory 
 
 
 
The theories of Scalapino and Marcus and Lamb and Jaklevic were able to 
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predict to within an order of magnitude peak intensities, but there were difficulties 

due to the assumptions they made when formulating their respective theories. These 

are highlighted in "Tunnelling Spectroscopy, Capabilities, Applications, and New 

Techniques " [7]. 

The full theory is beyond the scope of this work but the main points are listed 

below. 

1. Kirtley, Scalapino, and Hansma [26] did not use the dipole 

approximation, instead they assumed that the molecular potential to be 

the sum of the Coulomb potentials due to a set of partial charges which 

were localized on each atom of the molecule. The partial charges arose 

from the uneven distribution of the bonding electrons. 

2. Whereas both Lamb and Jaklevic and Salapino and Marcus only considered 

the nearest image in the metal electrode. KSH considered the images of 

partial charges. 

3. KSH took into consideration the off-axis scattering by assuming that the 

momentum parallel to the interface is not conserved. 

4. Bond polarizability was not considered. 

5. All three groups defined the initial and final state wave functions using the 

WKB approximations, KSH used the transfer Hamiltonian formalism to 

transfer electron across the barrier, this meant that they could incorporate 

more complicated interaction potentials in their theory. 
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2.4.3. Predictions Arising from KSH Theory 

 
A number of important predictions arise from the KSH theory, these are 

isted below: 
 

1. They calculated the change in the ratio of elastic to inelastic tunnel junction 

conductance due to a monolayer of hydroxyl ions to be approximately 

0.5%. Experimental determinations of this value put it at around 0.4%. 

2. The selection rules due to orientation are the same for all three theories when 

the molecules are close to one metal electrode. Dipoles are oscillating 

perpendicular to the plane of the interface couple more strongly with 

tunnelling electrons and therefore should produce stronger IET spectral lines. 

KSH showed that contrary to this molecules which reside near to the centre 

of the barrier give rise to stronger IET spectral lines when their dipoles are 

oscillating parallel to the interface. 

3. A consequence of number two above is that Raman active modes should be 

seen even if molecular polarizability is not included in the molecule - 

electron interaction. 

4. It was shown that using reasoning similar to that used in 3 above, modes 

which are neither Raman or infra-red should also be observed; these are 

termed optically forbidden modes. 

5. Certain vibrational modes show changes in the ratio of their elastic to 

inelastic conductances which are dependent upon the bias polarity. 

The predictions of the Kirtley, Scalapino, and Hansma theory have, to some 
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extent, been born out by experiment. Kirtley and Hall [27] and Hall and Hamsma 

[28] using a range of adsorbates have shown qualitative agreement with KSH 

predictions of peak intensities and orientational behaviour. Hipps and Mazur [29] 

have shown some evidence for the existence of optically forbidden modes in the IET 

spectra. 

The Kirtley, Scalapino, and Hansma theory [26] has proved to be 

reliable to date but there still exists plenty of scope for further work to extend the 

comparison to cover more complicated molecular species. 

2.5 Resolution in IETS 

The width of the natural lines in IETS are modified by a number of 

external factors. In addition to the natural width of the lines in IETS spectra, there 

are three contributions which contribute to the broadening of peaks and hence to the 

available resolution. 

These are: 

1. A broadening caused by thermal smearing of the electron energy distribution 

near to the Fermi energy. 

2. Peaks are also broadened by the instrument and techniques used 

to detect and recover the vibrational modes. 

3. The effect of superconducting electrodes. 

25.1 Thermal Broadening 

Thermal broadening was first discussed by Lamb and Jaklevic [24] and we will 

follow their method. 
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First consider an IET vibrational mode of energy hp. For T > OK electrons may be 

excited into states above the Fermi energy. As a consequence the applied bias 

voltage (V) required to excite a mode may be greater than by hν/e. Consider the 

diagram in Figure 2.10 in which is illustrated the situation where the Fermi function 

is shown thermally smeared where the density of electron states is slowly varying 

near to the Fermi energies in the two metals. In the illustration f(E), represent the 

filled states in metal on one side of a MIM junction and 1 - f(E) represent the 

unfilled states in metal on the opposite side of the junction. In this situation where 

the density of electron states is slowly varying near to the Fermi energies the 

inelastic tunnelling current can be expressed as: 

 

 

 

For simplicity the constant C contains all of the details of the electronmolecule 

interaction. The equation 2.30. expresses the condition that the electrons must tunnel 

from filled states in one metal to empty states in the metal opposite. Integrating 

gives from 2.31: 
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Figure 2.10 

The diagram shown here is to illustrate the origins of thermal broadening of the 

peaks in Inelastic Electron Tunnelling Spectroscopy and is after Keil et.al  [20]. 

The illustration is of a metal-insulator-metal junction at zero Kelvin and under an 

applied bias of V volts. The region which is bounded by the Fermi function f(E) and 

the Metal I interface represents the filled states in metal 1. The region bounded by 

the insulator-Metal 2 and the Fermi function 1 - f(E) is representative of the empty 

states in Metal 2. 

The positions marked by δ1 and δ2 are two possible initial and final energy states 

respectively which are due to the thermal smearing of the Fermi functions near to 

the Fermi levels in the two metals indicated by EF1 and Ef2 respectively. As can be 

seen from the diagram: 

eV = hν - Δ1 – Δ2 . 
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To conform to the practice of displaying IET spectra as d2I / dV2 ; taking the second 

derivative with respect to voltage gives: 

 

 

 

Assuming that the natural linewidth is negligible, 2.33 above describes the linewidth 

expected at a finite temperature in an IET spectrum. This implies that the observed 

linewidth is due entirely to the smearing in the energy of the electron distribution in 

the two metals. The function is bell shaped and has a width at half the maximum 

height of 5.4 kT / e , in good agreement with experimental data [30] - see Figure 

2.11a which illustrates the shape of the function. The linewidth varies from 

approximately 150meV at room temperature to about 2 meV at 4.2K. 

 

2.5.2 The Effect of Superconducting Electrodes 

 

When superconducting electrodes are introduced the situation is changed. Now the 

effect of changes in the tunnelling density of states must be taken into consideration. 

Below some critical temperature some metals become superconductors and their 

resistance to the flow of direct or low frequency a.c. current is reduced to zero [13]. 

The majority of IETS work is done at 4.2K by immersing the sample into liquid 

helium at atmospheric pressure. The main reason for the low temperature is the 

reduction of thermal noise but as most IET junctions contain one lead electrode and 

this electrode metal will become superconducting at 7.2K. As shown in the section 

on superconductivity the effect of this is an energy gap of 2Δ - the energy required  
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to break up a Cooper pair - centred on the Fermi level of the superconducting 

electrode. At a finite temperature below the superconducting transition temperature 

there will be a number of electrons thermally excited across the energy gap. The 

number of electron excited across the gap will be governed by the Fermi 

distribution. The Fermi distribution in the region of the 'tail' approximates to the 

Boltzman distribution, given by: exp - (E + Δ ) / kT - ( E is the electron energy ). But 

because Δ >> kT at 4.2K there will be a sharp boundary in the energy profile 

between the filled and unfilled states reducing the extent of the Fermi tail. 

The superconducting density of states is very large near to the gap as 

shown in Figure 2.6. and since the tunnel current is directly proportional to the 

superconductor density of states, and since E ≈ Δ the number of states in a small 

energy range is so large that tunnelling into these states will dominate. Therefore if 

either or both of the electrodes is superconducting the threshold of the inelastic 

tunnel current will be smaller require a narrower bias voltage range and thermal 

smearing is much reduced. 

As stated above in the first paragraph the majority of IETS work is done 

at 4.2K by immersing the sample into liquid helium at atmospheric pressure and 

under these conditions the lead electrode will be in a superconducting state. The 

superconducting density of electron states possesses an energy gap of 2Δ centred on 

the Fermi level. For lead at 4.2K Δ is approximately 1.2 meV and kT is 

approximately 0.4 meV. There will, therefore be a significant decrease in the 

number of  filled above and empty states below, the Fermi level in comparison with 

the normal metal electrode. Thus the effects of thermal smearing are reduced 

significantly. Above and below the gap the two density of states show a peaking 

effect which will further sharpen the onset if tunnelling - this does introduce  
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asymmetry into the curve also there is sometimes seen an undershoot on the high 

energy side of the peak. The aforementioned undershoot is illustrated in Figure 2.11 

a later in the chapter, also shown in the figure is the shift of approximately Δ 

towards the high energy side in the top of the peak. The shift is an effect which is 

caused mainly by the amplitude of the modulation voltage [31]. Kirtley [32] has 

calculated that the thermal FWHM for a normal metal - superconducting lead 

configuration at 4.2K is 1.1 meV, which represents a useful improvement in 

resolution when compared to the situation when using two normal metals. 

 

2.5.3 Modulation Voltage Broadening 

 

The effects described above are not the only contributions to the width of the 

observed linewidth i.e. the resolution of lines in the spectra presented to the user. 

Spectra in IETS are obtained using a modulation technique using a lock-in amplifier 

and this results in significant effect on the second derivative linewidth. When IET 

spectra are taken an a.c. modulation voltage Vω cos ωt is applied to the IET junction 

and superimposed upon the slowly increasing applied d.c. bias voltage (V) ; and d2I 

/dV2 is proportional to the second harmonic current response of the junction I2ω. 

Klein et al were the first to discuss analytically the effect of a modulation voltage on 

the width of peaks in IETS [33]. The second harmonic is proportional to the second 

derivative averaged over interval of the modulation signal. Following Klein the 

tunnel current is expressed as: 
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where V is the applied bias voltage and second harmonic response as: 
 
 
 
 
 
 
 
putting N = eVω cos ωt gives: 

 

 

 

 

The function is bell-shaped with a full width at half maximum height of 1.7 Vω 

(rms). see Figure 2.11b. 

Thermal broadening at 4.2 K is approximately 2 meV, with normal electrodes at this 

temperature the modulation broadening will be comparable to the thermal 

broadening if a modulation voltage of 1.2mVrms, is used. With superconducting 

electrodes at 4.2K the width at half maximum of the thermal broadening function is 

reduced to approximately 2.9kT [32]. Therefore in order to take advantage of the 

reduction of line width by using superconducting electrodes a modulation voltage of 

approximately 0.6 mVrms is used.  As the second harmonic signal varies as the 

square of the modulation signal and the signal to noise ratio varies as the square root 

of the averaging time, it would take a prohibitively long time to take a tunnelling 

spectrum with the same signal to noise ratio as that which would be obtained with a 

modulation voltage of 1.2 mVrms Therefore broadening due to the modulation signal 

will be the major limiting factor as far as resolution in I.E.T.S. is concerned. 
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Figure 2.11a 

An illustration of the thermal broadening function with both electrodes normal - 

after Hansma [21] 

a) Both metals normal 

b) One metal superconducting diagram based on an energy gap of 3kT which 

corresponds to a lead at a temperature of 4.2K the normal IET junction temperature. 

the offset of curve b is approximately 2.4 kT. 

Figure 2.11b 

An illustration of the modulation voltage broadening function redrawn after Kirtley 

[26] 
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Most spectra in IETS are taken using a modulation voltage of 1.7 mVrms 

this gives a total broadening due to both the thermal and the instrumental effects 

combined, at 4.2K of approximately [32]:   

Total FWHM = (( 1.73 Vrms)2  (0.47 T)2 )1/2 meV = 1.79 meV 
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CHAPTER 3 

JUNCTION FABRICATION, ASSESSMENT PROCEDURES  

AND CRYOGENICS 

3.0 Procedures 

This chapter outlines the cleaning and fabrication procedures 

followed by this group. Since these follow well established lines only brief 

descriptions are given, more detailed descriptions are presented in separate chapters 

when the information is relevant. The methods used by the author in fabricating, 

assessing and mounting the junctions used in this work mainly follows the well 

proven methods developed by previous workers in the School of Applied Physics 

[1-3]. Criteria for the minimum thickness of the bottom electrode in IET junctions 

were developed and implemented by this group; these will be described in chapter 

5 of this thesis. 

3.1. Cleaning and Preparatory Work 

Cleanliness is essential if reproducibility is to be achieved and so prior 

to the manufacture of the junctions a rigorous cleaning procedure is followed. 

Throughout the processes of cleaning and manufacture, surgical gloves are worn to 

prevent contamination of the masks and slides by grease from the skin. After 

cleaning tweezers are used to handle and manipulate the slides throughout the 

manufacturing processes. 
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The substrate, which is a glass microscope slide cut to 70 x 11 mm  

is first cleaned by abrasion using a mild alkaline abrasive - Balzers No 1. The residue 

abrasive is then removed using a detergent/solvent degreaser - Balzers No 2. The 

slides are then placed, ten at a time, in a bottomless staining rack and ultrasonically 

cleaned in a 10% solution of the detergent Decon 90 for approximately 15 minutes. 

After this they are removed from the Decon and washed in running, filtered, mains 

water for approximately 30 minutes and then rinsed several times in Millipore water. 

The brass masks are ultrasonically cleaned in the Decon solution 

previously used for the glass substrates. After a few minutes they are removed and 

scoured to remove any remaining metal, returned to the bath for a few more minutes 

and finally washed and rinsed along with the slides. After the 'Millipore' rinse both 

the masks and slides are dried in an oven at 100°C. Stored in the oven, the clean and 

dry masks and slides will remain uncontaminated for use throughout the day. It is 

also important to instigate a similarly strict cleaning regime for the glassware used in 

preparing the solutions used in the manufacturing processes. 

The vacuum chamber which is kept at a low pressure when not in use 

is brought up to atmospheric pressure and the top removed. Aluminium wire is 

loaded onto a tungsten filament heating source and lead shot is placed in a resistively 

heated boat. Gloves are worn when working inside the bell chamber when handling 

the metals used in the evaporation process and when it becomes necessary to change 

either of the sources. The lid has built into it two fixing bolts which allow the masks 

to be attached to it so that when the top is replaced on the system the masks are   
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Figure 3.1 a. 

This figure is an illustration of the masks used to produce IET 

junctions in this department. The top mask has slots cut into it, these slots allow the 

evaporated metals to pass through and be deposited on the glass microscope slid in 

the pattern defined by the slots. Thus forming the junction and its contacts to the 

spectrometer. Shown also are the dual purpose holes used for fixing the masks in 

the vacuum system and aligning them so that the two metal electrodes overlap each 

other to form a junction area. The lower set are used to forme the bottom electrode 

and the upper set to form the top. 

Figure 3.1 b. 

Show here is a diagram of a finished set of five IET junctions. The 

junction area is produced where the top and bottom electrodes cross over each 

other. Electrical contact is through the broad sections of the electrodes at formed by 

the evaporated metals at the edge of the microscope slide. 
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facing down towards the tungsten evaporation sources. Thus when a current is passed 

through either of the sources the aluminium or lead will be melted and evaporated to 

be deposited on the unmasked portion of the substrate - see Figure 3.1 a. The 

deposited layers of metal forms the patterns from which the junction are made. 

3.2. Electrode Deposition and Oxidation 

The junctions are made, five at a time, using brass masks see Figure 

3.1 a. The masks are assembled with a cleaned glass slide and placed in the vacuum 

chamber as illustrated in Figure 3.2. The chamber is then evacuated to about 0.05 

Torr. At this pressure a plasma glow discharge using a current of 50 mA is set up and 

maintained for several minutes in order to reduce the level of organic contaminants 

inside the chamber. The chamber is then pumped down to a pressure of 

approximately 10 -S Torr. The bottom electrodes are then deposited by passing a 

current through the filaments holding the aluminium wire. Throughout the deposition 

process both the deposition rate and thickness of the metal being deposited are 

monitored using a quartz-crystal film thickness monitor. The aluminium base 

electrodes are evaporated to a thickness of at least 300 nm after which the surface of 

the metal is oxidised. The oxidation is achieved either inside the bell chamber by a 

d.c. plasma glow discharge in air at approximately 0.05 Torr and 50 mA or by 

utilising the thermal oxidation which occurs naturally when the chamber is brought 

up to atmospheric pressure prior to the removal of the slides so that doping can take 

place. 

 74



 

 75



 
 
 
 
 
 
Figure 3.2 

Shown here a schematic of the vacuum system used as standard by the 

IETS groups in this department for the fabrication of tunnel junctions. The 

illustration shows the approximate positions of the main components of the system. 

1. The removable top plate is provided with a mask holder from which 

the masks are suspended prior to evaporation of the electrodes. 

2. A molybdenum boat is used as the lead evaporation source and 

tungsten filaments as the aluminium evaporation source. 

3. Liquid nitrogen cold traps are used in conjunction with Santovac - 5 

rotary pump oil to reduce the possibility of hydrocarbon vapours 

backstreaming in to the evaporation chamber. 
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Immediately after oxidation the junctions are doped using one of the 

methods described in detail in section 3. 3. It is also convenient to note at this point 

that both undoped junctions and junctions doped with the solvents used to dilute the 

sample solutions were tested on a regular basis. These were used as control junctions 

to monitor for any contamination which might have occurred from the air during the 

oxidation process and/or the solvents being used. 

After the slides have been doped they are replaced in the realigned 

masks returned to the vacuum system and the chamber is pumped down to about 10-5 

Torr. The top electrode, which is usually made of lead, is then evaporated to a 

thickness of approximately 300 nm. 

The newly completed junctions shown in Figure 3.1b are allowed to 

cool, the chamber is then vented to air and the slides removed. If the junctions are 

not going to be used immediately the completed slides are stored in a vacuum 

desiccator, where they can be kept for several days without any deterioration. 

3.3 Doping Methods 

After an oxide has been formed on the top surface of the base 

electrode metal, a means of depositing a controllable amount of the sample under 

investigation onto the surface must be devised. The present work has used two 

methods: Liquid phase doping and Langmuir Blodgett (L.B.) film transfer [4-6]. 
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3.3.1. Liquid Phase Doping. 

Liquid phase doping [7] is the simplest method and the most widely 

used by Inelastic Electron Tunnelling Spectroscopists for incorporating molecules 

into tunnel junctions. The materials under investigation were dissolved in a suitable 

solvent for example methanol or ethanol to form a solution of suitable concentration 

- usually about l mg mL-1. All of the solvents used in this work were of 

'Spectrograde' or 'Analar' grade. To test the reaction of the solvents with the oxide 

surface IET spectra were taken from junctions which had been doped with the pure 

solvent. 

Liquid phase doping is performed by placing a glass slide, containing 

the five oxidised bottom electrodes on the axis of the vacuum chuck of a spinner; 

with the oxide surface uppermost. The doping solution is poured over the surface of 

the slide, left for a few seconds and then spun off. The doped slide is then returned 

to the vacuum chamber, and a top electrode is deposited after the chamber has been 

evacuated to approximately 10-5 T. During the pumping down process any excess 

dopant will be pumped off and exhausted to the air. 

Studies with new dopants require that the optimum concentration of 

the dopant is ascertained. This is done on an empirical basis - a range of solutions of 

varying concentrations around 0.2 to 2 mg mL-1 are prepared and a series of 

junctions are doped with each of the solutions and each assessed in turn. Initial 

testing of the junctions is done by measuring their resistances. Once suitable 

resistances have been obtained junctions doped with the chosen concentration are 

placed in the spectrometer and spectra taken from them. 
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Figure 3.3 

Shown in this figure is a schematic of the MGW Lauda Langmuir 

Blodgett trough used for all of the Langmuir / Langmuir Blodgett film work done by 

the present group. The main features are illustrated, for a fuller discription of the 

apperatus see the appropriate section in this thesis. 
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The solvents to be used in the work must also be chosen carefully, 

with the following factors in mind. The dopant must dissolve in the solvent, leaving 

no residue. This was checked visually, a procedure followed by other groups [8]. If 

the dopant is not completely dissolved high junction resistances are encountered; this 

is perhaps due to pockets of high dopant concentration on the surface of the oxide. 

The solvents also carry low levels of contaminants into the junctions during the 

doping and their effect has to be monitored. They must also not contain any 

detectable amount of contaminants, react with or remain adsorbed on the oxide. The 

materials chosen for this study fulfilled this criteria; the IET spectra of their 

respective 'blank' junction showed no detectable signs of any contamination. 

3.3.2. Using Langmuir Blodgett Films. 

In the Langmuir Blodgett (LB) film technique [4-6] a solution of the 

material under investigation is spread upon the surface of a water bath - see Figure 

3.3. The molecule under investigation must be amphipathic, possessing a 

hydrophillic and a hydrophobic end. Thus when the molecule is placed upon the 

surface of the water it will naturally orientate itself with the hydrophillic end towards 

the surface and the hydrophobic as far away as possible - see Figure 3.4a which show 

a diagrams of the amphipathic molecule stearic acid . 

The amount to be placed on the surface must be calculated to give a 

film of well separated molecules after the solvent has evaporated. Once the 

concentration has been determined 20 - 30 μL of the solution is placed in 2 - 3 μL 
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Figures 3.4a 

The illustration shown opposite is Stearic acid the material used in the 

Langmuir - Blodgett work done by this group. By incorporating barium stearate into 

the subphase the H+ ion in the hydrophillic end group of the stearic acid was replaced 

by the divalent metal ion Ba 2+. The mixed films of steanc acid and barium stearate 

proved to have an increased stability - see the chapter on Langmuir - Blodgett films 

for details. 

Figure 3.4b 

Illustrated in diagram 3.4b are the three different modes of monolayer 

transfer. Depending upon conditions there will be transfer upon immersion of the 

substrate only ( Y type ), transfer on withdrawal only ( X type ), and transfer in both 

directions ( Z type ). The present series of experiments used only X-type monolayers. 

The solid circles represent the carboxyl end groups and the open 

circles represent the methyl end groups in the molecule. 
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drops over the whole surface of the water . The bath is then left to stand for 

approximately 15 minutes in order to allow the solvent to evaporate, leaving the 

molecules spread over the entire surface of the subphase. 

A computer controlled movable barrier situated on the surface of the 

subphase is then swept slowly across the water, pushing the molecules before it. At 

the opposite end of the trough there is a floating barrier which is connected to a 

transducer which is used to monitor the force on the layer of molecules as they are 

swept towards the barrier. The compression is performed with the subphase held at a 

constant temperature and a graph of pressure versus area then a p – A isotherm is 

taken as shown in chapter 5. At a predetermined pressure, corresponding to the 

solidus form of the layer the barrier stops advancing and the applied pressure is held 

constant. It is at this point the molecules are arranged in an ordered and compact 

monolayer, held together by van der Walls forces. The slide, which is mounted in a 

dipping device is then lowered slowly into and through the surface layer, held 

stationary for a few minutes and then withdrawn back through the layer usually at the 

same speed as the dipping speed. 

The way in which the first and if the dipping is continued subsequent 

layers are arranged is determined firstly by the surface of the oxide and secondly by 

the nature of the exposed groups on the previous layer. There are three ways in which 

Langmuire Blodgett can be built up depending upon the conditions see Figure 3.4b. 

These are termed: X-type in which a layer of Langmuir film is transferred to the 

substrate on immersion only, Y-type in which a layer is transferred on withdrawal 

only, and Z-type where a layer is transferred in both directions. 

 84



Once the first layer (All of the work in this study used only one layer - 

a monolayer) had been deposited the sample is placed in a desiccator and left for at 

least 24 hours in order to remove any water molecules which may have been 

transferred with the monolayer. The slide is then placed into the vacuum chamber 

and the top electrode deposited over the junction in the same way as that for liquid 

phase doped junctions. 

 
3.4. Junction Assessment 
 

 
The completed junctions are evaluated immediately before use using 

an ohmmeter with a probe voltage of < lOmV. This low power ohmmeter is used to 

monitor the d.c. resistance of each of the five junctions. Junctions with a resistance 

between 50 and 400 ohms are considered suitable for IETS. A knowledge of the 

junction resistance can also give information about the quantity of the dopant 

present, allowing adjustments to the concentration of the doping solution to be made. 

Any junctions with resistances falling outside the above limits are normally 

discarded. 

Once the evaluation process is completed any selected groups of 

junctions are mounted in a sample holder via a 32 way 0.1" PCB edge connector. 

This connector provides a means of overcoming the problems of connecting the 

spectrometer to the sample which have been encountered by other workers; the gold-

plated contacts of the edge connector provide excellent electrical and mechanical 

contact with the sample. This sample holder is constructed so that it can be placed 

into a standard 50 litre Helium storage Dewar vessel via the neck of the vessel. The 

procedure is carried out very slowly in order to avoid rapid cooling and violent 
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boiling of the helium. The top of the dewar is sealed using an 'O' ring arrangement 

thus preventing icing within the neck. Once the sample holder is completely 

immersed in the helium it can be connected to the spectrometer via a 25 pin D plug at 

the top of the assembly. 

3.4.1. Assessment of Junctions at 4.2 Kelvin 

Several tests are performed with the sample immersed in the liquid 

helium. The modulation voltage at low bias ( = 5mV) is monitored on an 

oscilloscope, lead is superconducting at this temperature and a non-linearity in the 

current to voltage characteristics caused by tunnelling into the superconductor should 

be observable - reference chapter 4. If the effect is small or not present the junctions 

are not used. 

The second test is to take fast, low resolution spectra of each of the 

acceptable junctions to assess the signal to noise ratio of each of selected junctions 

using an X-Y plotter. This process also highlights junctions which have abnormal 

behaviour such as creeping and breakdown. 

Creepers are junctions which are unable to sustain the applied bias; 

breakdown occurs in one of two ways. The first is a sudden large excursion current 

which then returns and continues normally and the second is a sudden complete 

breakdown of the junction. Suitable junctions are then chosen to be scanned at high 

resolution to produce IET spectra. 
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3.5. Materials 

The materials used in this work were of the purest grade available, 

this is especially true of the L.B. chemicals where particular attention was paid to the 

concentrations of surface active contaminants. 

3.5.1. Solvents and Water 

All the solvents used were Spectrograde' or 'Anal ar' grade, supplied 

by BDH, and used without any further purification. A check was kept upon the 

condition of the solvents by regularly running 'blank' junctions - junctions doped 

only with solvent. The solvents used were n-hexane, ethanol, methanol and methoxy 

ethanol. The materials used for cleaning the L.B. trough are dealt with in Chapter 6. 

All water used in the L.B. trough and for the final rinsing of the 

glassware and substrates was supplied from a Millipore plant providing water with a 

conductivity of 18 MΩ cm-1. The water used for the washing stages is mains water 

filtered through a 30 micron filter followed by a 5 micron filter. 
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CHAPTER 4 

THE SPECTROMETER 

 

4.1 Instrumentation and Accuracy 

The spectrometer used in this work was originally built by Tunnicliffe 

[1], developed by Oxley [2] with improvements by Reynolds and co-workers [3,4]. It 

was reviewed in 1987 by Reynolds [5] where it was shown for the first time that the 

instrument is capable of resolving peak shifts of 0.39 meV in the OH mode of the 

benzoate ion with an accuracy of       0.02 meV. ±

4.2  Technique 

Inelastic Electron Tunnelling Spectroscopy (IETS) is a surface 

technique which enables the vibrational modes of small amounts of molecules 

adsorbed upon an oxide to be determined. As stated earlier in chapter two the 

tunnelling current in a MIM junction is made up from two components. The first and 

by far the largest is the contribution made by electron which have tunnelled through 

the potential barrier without loss of energy, this is termed the elastic tunnelling 

current. The second contribution, making up less than 1% of the tunnelling current, 

is from electrons which have lost some of their energy by exciting molecular 

vibrations within the barrier before tunnelling continuing through the barrier - this 

contribution is termed the inelastic tunnelling current. The onset of each of these 

inelastic events produces a slight increase in the current versus voltage characteristic 
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Figure 4.1 

This figure is an illustration which represent the current versus 

voltage characteristic of a tunnel junction at the position where a conductance 

change due to an inelastic event has occurred. A modulation current io cos ωt is 

superimposed upon the standing current Io , this produces a distorted voltage 

response Vac due to the non-linearities in the I - V curve. 
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at a particular voltage (V ) given by V = hν/e where h is Plank's constant, e is the 

electronic charge, and ν is the frequency of the particular vibrational mode within the 

barrier. Detection of these small changes is usually done by applying a varying 

voltage to the junction and then taking the second derivative d2I/dV to reveal the 

changes in conductance as a series of 'peaks' on the smoothly sloping elastic 

background and in essence an IET spectrum consists of a plot of d2I/dV2 versus V. 

Therefore an IET spectrometer must be able to detect any inelastic events against a 

very much greater background of elastic conduction and be able to present the results 

as a plot of d2I/dV2 versus V. Modulating the d.c. bias current with a small 

sinusoidal signal and measuring the second-harmonic voltage response of the 

junction is the most convenient way of doing this and most spectrometer designs use 

this technique. 

The non-linearities in the I versus V characteristics resulting from the 

inelastic tunnelling events will mean that the a.c. response of the junction will be 

distorted. The I versus V characteristic of a tunnel junction in the vicinity of an 

inelastic event is shown in Figure 4.1. The response will contain harmonics of the 

fundamental frequency applied to it which will be proportional to the first and 

second derivatives of the I versus V characteristics as shown in the following 

analysis.  

Denoting the peak amplitude and angular frequency of the modulation 

current to be io and ω respectively, then the voltage response of the junction, V(I) 

can be expanded as a Taylor series 

 

V(I) = V(Io+ i0 cos ω t) 
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expanding gives: 

 

 

Where the higher order terms have been neglected. From equation 4.1. it can be 

seen that the voltage (Vω) at the first harmonic frequency is proportional to the fast 

derivative: 

 

 

 

and the Voltage(V2ω) at the second harmonic frequency is proportional to the second 

derivative: 

 

 

 

 

Each of these voltage are available across the tunnel junction and can be recovered 

using a lock-in amplifier. 

Using a similar analysis and expanding the steady state current as a function of the 

steady state voltage , it can be shown that the current response of the junction is also 

given by a series of harmonic terms involving dI / dV and d2I / dV2 - ignoring the 

higher orders. 
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Although constant voltages are possible it is easier to achieve conditions which 

approximate to constant current merely by use of passive components - as in this 

spectrometer. The derivatives are related through the identities: 

 

 

 

 

 

 

 

 

And the conversion of d2V/dI2 to d2I/dV2 is done conventionally by computer 

software. 

 

4.3 Bias and Modulation 

 

The d.c bias current is supplied through a series combination of resistors. The ohmic 

drop across Ra is used to monitor the bias current. Rb is used to set the range bias 

voltage - usually 0 to 0.5 V. The bias supply is 10V and so Rb will be twenty times 

the value of the junction resistance; thus if the junction resistance varies by less than 

100% the current will change by less than 5%. Similar reasoning applies to R. where 

this resistor is more than one hundred times the value of the junction resistance. The 

modulation generator supplies IV peak to peak which is dropped to I mV peak to 

peak across the junction. 
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A four point probe technique is used to determine the second-harmonic 

voltage. Also provided that the differential input voltmeter used to measure the 

junction resistance has an input impedance far greater than the resistance of the 

connecting leads, the voltage drop across these will be negligible. It should be noted 

here that there will usually be a small parasitic ohmic drop across the junction due to 

its finite area. The importance of this effect has been observed by others and studied 

by this present group [6 - 8] - see Chapter 5. 

4.3.1 a. c.  Signal Recovery 

An IET spectrometer must be able to detect the amplitude of the 

second-harmonic signals; these are proportional to the square of the modulation 

current (or voltage) amplitude appearing across the junction. The modulation voltage 

cannot be increased to too high a level otherwise modulation broadening will reduce 

the resolution of the spectrum - see Chapter 2. Routinely a modulation voltage of 

1mV peak to peak is used, this is of the same order as the effect of thermal smearing 

of the signal from a junction held at a temperature of 4.2K. Using these parameters 

changes as small as 10nV in the value V2ω have to be detected by the second 

harmonic recovery system. If the phase of the signal is known - as it is here - a 

powerful recovery technique known as phase-coherent or lock-in detection can be 

used. In simple terms the phase sensitive detector consists of two unity gain 

amplifiers connected to a switch which is controlled by the phase of a reference 

signal.  When the signal is positive the input signal is directed to the input of a unity 
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gain amplifier and when the reference signal is negative the input signal is sent to the 

input of an inverting unity gain amplifier. 

Thus if the input and reference signals are exactly in phase the output 

from the phase sensitive detector will be a full-wave rectified version of the input 

signal. The signal from the output is then applied to a low-pass filter to smooth the 

waveform to give a d.c. level proportional to the mean amplitude of the input. If, 

however, the input has a 180° phase difference with the reference signal the output 

will still be full-wave rectified but the output from the detector will now be negative. 

And if the two signals have a 90° phase difference the output from the filter will 

contain no net d.c. response. 

Thus the signal and reference must have a constant phase relationship 

for the phase sensitive detector to give a d.c. output. It is therefore necessary to 

derive the signal and the reference from the same source. Signals or noise from other 

sources will have a random phase relationship to the reference signal and will appear 

as a.c. fluctuations on the output signal. 

The lock-in amplifier used by this team is a Brookdeal 9503 with a 

factory modification to increase the high-frequency cut-off from 100kHz to 200kHz. 

The reference signal is provided a Brookdeal 5021F oscillator which is powered by 

the 9503. The 5201F is also used to provide a high purity sine wave for the 

modulation supply. Typically the sensitivity range corresponds to a V2ω signal of 

about 300 nV; this allows the peaks to be displayed within the full scale deflection of 

the LIA ± 10 V d.c.). 

The lock in detector requires two inputs, the input signal V, and the reference 

input V, The reference input is derived from the modulation supply and therefore the 
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frequencies of the two inputs are identical. Also, an internal doubling circuit is used 

to double the reference signal frequency which enables the second harmonic signals 

(d2I/dV2) to be processed. 

Usually data from the spectrometer are transformed into digital form 

to enable the processing to be performed on a dedicated computer. The spectrometer 

can also be used in an analogue mode with the bias being ramped by a motorised 

potentiometer. The spectrum is produced by applying the bias to the x-axis of a chart 

recorder and the output from the lock-in amplifier to the y-axis. 

4.3.2  Noise 

The detection system in the IET spectrometer provides a very high 

degree of noise rejection, which is limited only by the time allotted to the scan of the 

junction. However, there are constraints placed upon the experimenter by the 

inherent long term d.c. stability of the lock in amplifier. Long time scans may 

encounter drift in the expected operating parameters of the LIA introducing 

unacceptable errors.  

There are three areas where noise reduction is essential if satisfactory 

results are to be obtained in IETS. These are: junction, environmental and 

instrumental. The contributions from each of these are discussed in the following 

paragraphs. 

Junction noise arises from shot [9,10] and 1/f noise [10 - 13], The 

first, shot noise, is a direct consequence of the particulate nature of charge and is the 

major contributor to the noise profile in a well prepared junction. The spectral 
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distribution of shot noise has a wide frequency range and is random, containing 

many frequencies - 'white noise' - and therefore its reduction cannot be achieved by 

operating at a particular frequency. 

The magnitude of flicker or 1/f noise decreases with frequency and 

its origins are not well understood. To reduce its effect the spectrometer is operated 

at a fundamental frequency of 50 kHz. This figure was chosen for the operating 

frequency of the a.c. modulation with particular regard to the 1/f noise from the 

junction and to the thickness of the screening material of the room. In a recent 

paper by Speakman and Adkins [14] it has been proposed that if the aluminium 

barriers in IETS junctions are grown in the presence of water there is a large 

contribution to noise which could be attributed to ionic motion causing fluctuations 

of the tunnelling conductance. 

The d.c. bias supply to the junction is fed through an LC filter to 

minimise noise at the signal frequency. The preamplifier has a low a noise as 

possible - the design was adjusted to have acceptable parameters by previous 

workers. 

The noise created by the digital equipment required to operate the 

spectrometer, the computer and DVMs etc, can be a problem; to overcome this the 

spectrometer is housed in a separate room from the signal recovery equipment. 

Environmental noise in the form of transients, mains interference 

and other electromagnetic interferences has been reduced to acceptable levels by 

filtering the mains input to the room with a Belling Lee filter type L1822 which 

provides 100 dB attenuation from 0.1 Hz to 10 GHz with a notch at 50 Hz also the 

spectrometer is housed in a screened room. The electromagnetic screening is in  
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the form of a cladding of aluminium sheet 1.6 mm thick. The design of the cladding 

involved the choice of an operating frequency of 50 kHz for the a.c. modulation 

frequency [ 2]. 

4.4 The Spectrometer Circuit. 

The basic circuit chosen followed a design by McMorris et al [15], a 

schematic diagram is shown in Figure 4.2. 

The spectrometer has 10 basic components: 

1.  The control box. 

2.  Lock-in Amplifier and Oscillator.  

3.  Second-harmonic preamplifier. 

4.  Computer and associated hard/software. 

5.  Digital voltmeters. 

6.  Digital to analog converter.  

7.  X-Y chart recorder. 

8. Printer. 

9. Plotter. 

10. oscilloscope to monitor modulation input and second harmonic waveforms. 

 

These units are briefly reviewed in the following sections. 

 

• The spectrometer control box was built by Tunnicliffe [1,2] and modified by 

Reynolds [3]. The box enables the operator to select any one of the five junctions 

for appraisal. The d.c. bias for the junction, up to ± 5v, is supplied by a solid state 
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current source feeding through a set of adjustable series resistors with a standard 

resistor to allow the measurement of current followed by an LC filter. 

 

• The modulation supply is filtered prior to being applied to the junction to ensure 

that the measured second-harmonic signal, detected by the spectrometer, are 

indeed caused by non-linearities in the junction. 

 

• The control box also contains a motor driven potentiometer - a Rayleigh MP 120. 

This unit is used, during the set up procedure to control the input to the current 

source and to sweep the junction independent of the computer. 

 

• The lock-in amplifier is a Brookdeal 9503 modified by the manufacturer to have 

a high frequency cut off of 200 kHz (the standard instrument has a cut-off 

frequency of 100 kHz). Housed in, and powered by, the LIA unit is a Brookdeal 

5012F oscillator. This oscillator is used to provide both the reference signal and 

the modulation supply. It has a total harmonic distortion of 0.05% with a second 

harmonic content of 0.005%. The second harmonic preamplifier is based upon an 

integrated amplifier supplied by RS Components . It is fed via a series LC circuit 

which is resonant at 2w. The arrangement using the preamplifier improves the 

noise performance [2], although it is not certain why. The design of the circuit 

has been described in detail elsewhere [2]. 

 

• The computer which controls the logging of data, processing and the peripherals 

is a Digital Electronics Corporation (DEC) LS-11/2. Interfacing with the 

computer is conducted via a 9.6 Kbaud serial RS232 line. A Badel single density 
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dual floppy drive provides the means for storage for programs and data; each 

floppy disc will store 128 K bytes of data. 

 

• The voltmeters which are used to record the values of the bias voltage, junction 

current or lock-in amplifier output are two Solatron 7055 DVMs. Their accuracy 

is 1 μV on the 200 mV range, l0 μV on the 2V and 100μV on the 20V range. 

They have a built-in option which provides increased noise rejection at the 

expense of integration times. The minimum input impedance of the instruments 

is greater than 1GΩ and therefore no significant loading problems occur. The two 

DVMs are interfaced with the computer through a serial RS232 port operating at 

9.6 Kbaud.  

The one problem with noise is encountered with the DVM which is 

connected directly across the junction to measure the bias. A built-in clock 

caused a.c. interference resulting in unacceptable levels of second-harmonic 

distortion. To overcome this an RC low-pass filter is placed between the junction 

and the voltmeter input; this does result in some loss of accuracy in measuring 

the bias but which is acceptable. To further reduce the noise the screens of the 

connecting leads to the voltmeters are earthed at the spectrometer end.  

 

• The digital to analogue converter (DAC) provides a computer controlled 0 to 10 

volt d.c. voltage which is used as a reference for the bias current driver; this 

enables the computer to control the bias voltage. The twelve bit conversion 

provides 4096 steps of increasing voltage thus enabling the bias to be scanned in 

0.1 mV steps over a 500 mV range. The DAC is controlled via a 16 bit parallel 

interface and the analogue fed to the control box through a screened cable. 
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• A Bryans 2500 A4 chart recorder is used to monitor the output from the LIA as a 

function of applied bias. IET spectra may be obtained directly on the recorder by 

driving the bias with the motorised potentiometer built into the control box. 

 

• The plotter employed to output the spectra is a Tektronix 4662 digital plotter. 

The plotter provides high quality graphical images up to A3 size with a 

maximum resolution of 4096 on the X axis and 2731 on the Y. It is also possible 

to digitise points on the plotted graphs, allowing accurate determination of 

positions of features on previously plotted data. The plotter is interfaced via a 

600 baud RS232 line. The stylus is controlled by a joystick and the co-ordinates 

of the position fed into the computer by pressing a button to accept the reading. 

 

• A printout of header files etc. are produced on a Data Systems IDS-440 impact 

dot matrix printer. 

 

• The oscilloscope used to monitor and set up the spectrometer is a Phillips 

PM3251 dual beam. 

 

A schematic diagram of the complete spectrometer is shown in Figure 4.2. 

 102



4.5  Software 

The software used to drive the spectrometer, collect and process the 

data and provide hard copies of spectra etc was designed and written by 

S.Reynolds[2]. 
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Shown in this figure is a schematic of the inelastic electron tunnelling spectrometer 

used by the group for all of the IETS work presented in this thesis. 
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                                      CHAPTER 5 

RESISTIVE AND BIAS-POLARITY-DEPENDENT 

               EFFECTS ON VIBRATIONAL MODE ENERGY 

5.1 Introduction 

The material presented in this chapter covers an investigation into two of the 

phenomena which affect measured peak positions in IETS spectra. The first part of the 

chapter deals with the effect that the resistance of the electrodes forming the junction 

has on measured peak positions. The second part of the chapter deals with top-metal 

and bias polarity effects in undoped tunnel junctions. 

5.1.2 The Effect of Electrode Resistance 

in order to understand fully the conditions under which one may be confident 

that electrode resistances are not significant a series of experiments were performed 

using Al-AlOx-Benzoate-Pb junctions. In this work the resistance of the bottom 

electrode was varied in a systematic way by altering the thickness of the aluminium 

forming the bottom electrode. 

Measurement of vibrational modes with optimum precision requires careful 

design of the tunnel junction geometry even when four point probe measurement 

techniques are employed [1,2]. Care must be taken to avoid the finite electrode 

resistance causing unwanted potential variations along the electrode material forming 

the actual junction area. 
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Mask and Junction Layout 
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Figure 5.1 

An illustration of mask design showing the modified form used in this set of 

experiments. Also shown is a schematic diagram of the junction area illustrating the 

positions of the applied bias and the meter used to monitor the voltage across the 

junction. It can be seen from this diagram that the applied p.d. and the meter are at 

opposite ends of the junction. 

 108



      Schematic of Tunnel Junction (After Giaever) 
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Figure 5.2 

A schematic representation of an undoped tunnel junction. The currents and their 

associated potentials will be functions of position along the junction. The measured 

resistance will only be a measure of the junction resistance as long as the resistance of 

the electrodes is very much less than that of the junction. 
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In the context of this the junctions used in this study are cross shaped, the electrodes 

being evaporated at right angles to each other - see figure 5.1. An examination of 

figures 5.1 & 5.2 will show that because the voltmeter and power supply are connected 

to opposite ends of the electrodes forming the junction, the voltmeter will indicate a 

measured voltage that is less than that applied.  As a consequence of this the vibrational 

modes will appear to be initiated at apparently lower applied bias and a commensurate 

line broadening occurs - see figure 5.3.  

In the set of experiments conducted into the effect of electrode resistance on 

measured peak positions the top electrodes were made exclusively from lead. This metal 

is chosen because lead becomes superconducting at around 7K and as all the .work is 

conducted with the samples immersed in liquid helium at 4.2K to reduce thermal noise.

 The effect of the resistance of the top electrode is eliminated and therefore plays 

no role in shifting measured peak positions. 

It is shown that the positions of spectral lines in IETS can be modified if the 

resistances of the electrodes which form the junction become too large. The aluminium 

electrode which forms the junction bottom area is inherently resistive and therefore the 

applied bias will produce a potential gradient across the junction. This potential 

variation across the junction manifests itself in two ways. Firstly the measured positions 

of the spectral lines are shifted and secondly the lines themselves are broadened. These 

two effects are in addition to the thermal and modulation  broadenings and peak shifts 

described elsewhere in this thesis. The small shifts in peak position and peak broadening 

caused by electrode resistance are isolated from these other contributions and a simple 

correction procedure is developed. 
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Figure 5.3. 

IET spectra of the 198 meV region of the benzoate spectrum, for three 

thicknesses of bottom electrode, with the top electrode biased positively. All spectra 

were obtained at a junction temperature of 4.2 K, and at a modulation amplitude of 1.0 

mV. A smooth background, corresponding to the change in elastic conductance with 

applied bias voltage, has been subtracted. A down-shift of 1.9 mV occurs when the 

thickness of the electrode is reduced from 548 nm to 31 nm.  

Key to peak numbering 

Peak No Electrode Thickness (nm) Position (mV) 

1 548 198.3 

2 80 197.7 

3 31 196.4 
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5.1.3  Top Metal and Bias Polarity Effects 
 
 

The second part of the chapter deals with top-metal and bias polarity effects 

in undoped tunnel junctions. The top electrode metals used in this part of the work were: 

lead, tin and silver respectively. It is important to realise that molecules incorporated in 

tunnel junctions are under the influence of three fields: 

(i) From the barrier structure. 

(ii) From the image charges. 

(iii) From the applied- bias. 

 
The measurements presented in this section reveal that the peak shift is 

independent of the metal being used as an electrode material - within the experimental 

errors of this work. This result is consistent with a simple superposition of the three 

electric field acting on the hydroxyl group due to the tunnel barrier, the image charge 

and the applied bias respectively. The implication of this is that so far as the subtle 

effects on peak shift on reverse bias are concerned, the tunnel junction environment of 

the adsorbed species is essentially benign. 

Using typical values for barrier heights and the distance of the proton in 

OH from the top electrode together with an expression for image potential [3], the 

relative orders of magnitude of these three fields are readily shown to be 1010 Vm-1 for 

(i) and (ii) and 108 Vm-1 for (iii). This clearly shows that in the case of the proton of an 

OH group, both the barrier and image contributions to the resultant field are 

considerably greater than that arising from the applied bias. 
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As IETS has progressed and measurements have been refined to the current level (mode 

energies can now be reproducibly measured to within   0.03 meV in 150 meV), subtle 

effects have emerged. Recent work [1] has highlighted the role of the electric field 

within the junction, suggesting that it interacts via anharmonic effects to perturb the 

vibrational frequencies of adsorbed molecules. Other workers have examined the effect 

of image charges in the metal electrodes of the junction on peak positions [3] and 

significant peak shifts due to the nature of the metal in the top electrodes have also been 

reported [4-6] It is clear that there is a need to distinguish these effects from the equally 

important peak shifts associated with the chemical aspects of the adsorption of dopant 

molecules to the oxide surface [7-9]. 

±

It is also important to recognise that the potential barrier associated with 

the metal oxide work functions produces a significant electric field at a dopant molecule 

as does the image charge. The net electric field referred to above can be varied in two 

ways. The first is by alteration of the potential barrier associated with the metal oxide 

work functions by the use of different metals as counter-electrodes. The second 

approach is a simple reversal of the applied bias for a given top electrode.  

The material presented here extends previous measurements on reverse-

bias peak shifts [1] to include different top metal electrodes. These data are then used to 

examine the relative roles of the electric field contributions outlined above.  

 

5.2  Notation   

In this chapter the terms forward and reverse bias refer to the lead top 

electrode being biased positively and negatively with respect to the aluminium bottom 

electrode respectively. The peak shift, ΔV, is the numerical difference between the 
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measured position of a given peak under forward bias and its position under reverse 

bias. 

 

5.2.1 Glossary of Terms 

 

2l = the width of each of the electrodes assuming both are identical. 

11 and 12  are the currents flowing in the top and bottom electrodes respectively. 

V1(x) = the potential at position x in the top electrode. 

V2(x) = the potential at position x in the bottom electrode. 

Re = The resistance of the electrode. 

Rj = the resistance of the junction. 

Vapp = the applied bias. 

ΔV = the numerical difference between the applied and measured p.d. 

Vm = the measured potential difference. 

AVω = the excitation voltage of a particular molecular oscillator of frequency 

ω. 

ΔVR = The numerical difference between the measured position of a given                   

peak under forward and reverse bias. 

 

5.2.3 Junction Fabrication 

The junctions were prepared as described in detail in chapter. The 

exceptions to this procedure were the junctions with silver top electrodes. 

These initially proved to be very unreliable, exhibiting breakdown below 250mV, and 

excessive noise or no OH peak at 450mV. A subsequent private communication from 
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Professor P.K.Hansma suggested the use of a lower evaporation rate for the aluminium 

and thermal oxidation at temperatures higher than ambient (instead of plasma glow 

discharge) together with thinner top electrodes. The adoption of these procedures 

resulted in silver junctions having greater reproducibility and reliability. 

5.3 Electrode Resistance Effects. 

These experiments establish clearly that even when four-point-probe 

measurements are used, it is necessary to be aware of the effects of parasitic potential 

variations along the electrode material forming the actual junction area. 

The importance of this is illustrated in figure 5.3 which presents a 

detailed examination of the normal mode of the 198.3 meV peak in the benzoate 

spectrum, where the mode is substantially down shifted and broadened when the Al 

electrode is reduced in thickness below the normally used level of 300nm. A relatively 

straightforward model described below allows one to establish criteria that allow such 

effects to be avoided. 

The preparation of tunnel junctions essentially similar to those used in 

this work have been described in detail [11] However as discussed below, modifications 

to the geometry have been introduced. These facilitate both measurement of the top- and 

bottom-electrode resistance and performance of simultaneous four point probe IETS at 

4.2K. 
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5.4 Resistive Errors 

The theory is developed in the following ways: First a simple theory is 

developed. This is then followed by two detailed analyses of a tunnel junction first 

with both electrodes normal and secondly with the top electrode superconducting. 

These last two more rigorous treatments following an analysis performed by Giaever 

[12]. 

5.4.2 The Simple Theory 

In this analysis the junction under consideration is Al-oxide-Pb The top Pb electrode 

will be superconducting, the more usual state in PETS, and therefore have zero 

resistance. Referring to figure 5.2. and assuming that the top electrode is biased 

positively with respect to the bottom; conventional current will therefore flow as 

shown in the figure. Assuming a uniform current density through the oxide, the 

current in the aluminium electrode at any position for x > 0 is given by: 

 

for (0 < x <_ 21), for x > 21, Ix = I, and for x < 0, Ix = 0 

To calculate the potential drop ΔV along the electrode, consider the voltage drop  

δV across a small element δx at x. 
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Therefore the total change in potential difference AV in the electrode between  x = 

0 and x = 21 is given by integrating over the total length, 21, of the electrode. 

 

∫=Δ
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IRV
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02
 

  

 

2
2lIRV =Δ∴

 (5.1a) 

The current through the junction is given by: I = Vapplied / Rj and the 

resistance per unit length of the aluminium electrode is: Re / 2L where L is the 

total length of the aluminium electrode. Substitution into equation for ΔV gives: 

L
l

R
RV

V
j

eapplied 2
2

=Δ     (5.1b)  

Equation 5.1. shows that AV is dependent upon the ratio of the total 

resistance of the aluminium electrode (Re) - a parameter measured during selection 

of junction which are suitable for IETS - and the resistance of the junction (Rj ). 

Because of the positioning of the voltmeter - see figure 5.1 - the measured 

potential difference across the junction is less than that being applied. As a 

consequence of this as the bias is increased, molecular oscillators nearer to the 

applied bias end will be excited at an apparently smaller applied bias. Thus neglecting 

thermal and modulation effects the changes in conductance associated with each 
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oscillator will appear to commence at a bias voltage reduced by ΔV from the true value. 

This will produce a downward shift in the measured positions of the spectral lines. 

 

5.4.3 Resistive Peak Shift after Giaever 

 

In this part of the analysis both electrodes are assumed to be formed 

from the same material and are not in a superconducting state. Referring to figure 5.2. 

The currents and voltages along the electrodes will be functions of position. The total 

resistance of each of the electrodes is Re, and the tunnelling resistance is Rj. The 

voltage drop across the element due to the current, I1, in the top electrode is: 

 

dx
dVI

l
Re 1

12
−=  (5.2) 

 

and the voltage across the element of length dx due to the current, I2, in the bottom 

electrode is given by: 

 

dx
dVI

l
Re 2

22
−=

  (5.3) 

 

I1 and 12 being functions of position x along the electrode. It is apparent that the sum of 

these currents gives the total current: 

 

  I1 + I2 = I  (5.4) 

 120



The potential drop across the across the junction element dx at x is given by: 

 

 

 

Where V1(x) is the voltage at position x in the top electrode, V2 (x) is the voltage at 

position x in bottom electrode and I2 is the current flowing in the bottom electrode, see 

figure 5.2. Equations 5.2 to 5.5 are the starting point for the more rigorous treatment, the 

initial step is to differentiate equation 5.5 giving: 

 

 

 

From 5.1 and 5.2 

 

 

 

 

 

 

 

Also I1  = I1 – I2 and from 3 (I2 – I1 ) = (I2 – I + I2) 
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5.6 Comparison With Previous Work 

 

It is interesting to note at this juncture that Kirtley and Hansma [4] using different 

metals as top electrodes, found a strong correlation between peak position and widths 

for the OH and OD stretch modes in Al-AlOx- Pb junctions. It might be envisaged that 

this correlation is due to a resistive effect since their results are quoted for electrodes 

approximately 200 nm thick. However, they found no thickness dependence of the 

effect they observed, and thus their shifts cannot be explained by the effects discussed 

in § 5.3. But, for given tunnel junctions and bottom electrode materials and thicknesses, 

it is readily shown that  ΔV is proportional to (21)2. 

 

5.6.1 Dependence of Peak Shift on Electrode Width  

 

The resistance of the aluminum electrode is given by: 

 

 

 

Where L is the total length of the bottom electrode and assuming that the thickness of 

the electrode is constant. The resistance of the junction is given by: 

 

 

 

 

Where tj is the length of the junction - i.e. the thickness of the insulating oxide layer. 
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Incorporating these equations into equation 21 results in: 

 

 

 

Cancelling gives: 

 

 

 

Assuming constant electrode and junction thickness and all other parameters remaining 

constant 

 

 

Thus the peak shift is dependent upon the square of the width of the electrodes forming 

the junction. The electrodes used by Kirtley and Hansma were 140μm wide compared 

with ours which were 500μm wide. This would indicate that the expected resistive shift 

of KH would be of the order of a twelfth of those in this study. This confirms that the 

resistive effects in the shifts reported by Kirtley and Hansma would have been outside 

the resolution of their experiments. 

 

5.7 Top-metal and Polarity Effects in Undoped Junctions 

 

By repeating the work of Kirtley and Hansma and then extending the investigation to 

incorporate junctions under reverse bias, this study investigates the effect of the metal 

used as a counter-electrode on the polarity shift of the 450 mV OH peak. 
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Table 5.1 lists the results from a series of experiments conducted on AL-

AL- Ox-M tunnel junctions, where M = Pb, Sn, Ag. This table brings together the 

work of two other groups, Kirtley and Hansma [4,5] investigated the effect on the 

position of the OH peak at 450mV of using metals other than lead as a top 

electrode under forward-bias conditions and Reynolds and co-workers [1] revealed 

a small, polarity dependent shift on the position of the 144mV peak in the benzoate 

spectrum using a lead top electrode, this result being in agreement with similar 

work on OH at 450mV by Adkins and Sleigh [3]. 

Table 5.1. 

Results for the 450 meV peak. Forward bias and reverse bias refer to the 
counter-electrode being biased positively and negatively with respect to the bottom 
aluminium electrode. ΔV refers to the numerical difference in peak position, for a given 
peak, under forward and reverse bias. 

Counter- 
electrode 

Forward bias
(mV) 

Reverse bias 
(mV) ΔV(mV) Kirtley and Hansma

(mV) † 

Pb 445.6 ± 0.1 447.8 ± 0.1 2.2 ± 0.2 446 

Sn 444.3 ± 0.1 446.4 ± 0.1 2.1 ± 0.2 444 

Ag$ 435.3 ± 0.5 438.2 ± 0.5 2.9  ± 1.0 438 

 

† Forward bias only. 

As seen in §5.2 the use of silver as a counter-electrode material necessitated 
adopting different manufacturing procedures for the junctions, which resulted in thinner 
top electrodes. This has the effect of introducing an error due to the resistance of the 
electrodes. This is treated using the procedures of §5.4 and yields Δ V = 2.7mV which 
when added to the forward-bias result gives 438.0 mV in good agreement with Kirtley 
and Hansma [4]. 
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Adkins and Sleigh [3] by assuming, in line with other workers, that the component of 

the potential of the oscillating system due to the applied field as a linear form, obtained 

an expression for the top electrode shift in terms of the interaction of the molecular 

system with its electrical image: 

 

 

 

Here, m is the mass of the proton in the OH group, q is the partial charge on the atom of 

the adsorbed species, d is the distance from the terminal hydrogen to the top electrode 

and β is a constant equal to:  

 

 

 

Where D is the dissociation energy and ωo is the frequency of the unperturbed system. 

A corresponding expression was obtained by Kirtley and Hansma [4] in their analysis. 

Examination of equation 26 shows that because the last term in the second parentheses 

has a value of approximately eight, this term dominates and thus the frequency shift is 

seen to have a 1/d2 dependence on d. This would have the effect of producing changes 

of a few per cent in peak position, a result borne out by the present experiments. 

Data from the present work are shown in table 1: columns 2 and 5 show that 

there is a close correlation between the forward-bias results of our work and the data 

from Kirtley and Hansma's experiments. Clearly shown is the downward shift in peak 

position observed when different metals other than lead are used as top electrodes. 
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The approximation of regarding the electric field acting on a dopant molecule as 

arising merely from the external bias applied to the junction would appear to be an 

oversimplification since it is located in a region where one might expect the potential 

near the edge of the barrier to vary rapidly. The use of different top metal electrodes 

should offer a means of modifying this latter contribution. However, if a simple 

superposition of the three field contributions is assumed one would predict that the peak 

shift on reversing the applied bias should be relatively insensitive to top metal material. 

This is borne out by the results of the present work; examination of column 4 in table 1 

shows that the shift due to reverse bias polarity is insensitive to the metal used to form 

the top electrode, within the errors of our experimental work. 

A comparison of the molecular and image potentials, in this simple one 

dimensional model, will show that the spatial variation of the force due to the molecular 

potential is always much greater than the restoring force due to the image potential. By 

selecting the dominant terms, Adkins and Sleigh obtained an expression for the nolarity 

shift: 

 

 

 

Here γ = ε1S/(ε2 + ε 2S1 ) is the factor by which the field in the adsorbate exceeds the 

mean field across the barrier. The permittivities of the oxide and the adsorbate are 

respectively ε1 and ε2; S, S 1 and S2 are the thicknesses of the tunnel barrier, oxide and 

the adsorbate respectively and ω is the measured frequency.  

By considering equation 5.27 we see that it is unlikely that any of the parameters 

other than γ and S could be affected by changing the top metal; ω is determined by  
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experiment and β is a constant from the Morse potential: 

 

 

 

Also q is given the value of free OH in this case following Adkins and Sleigh. 

The total thickness S is the sum of S 1 and S2 and incorporated into S2 is d, the distance 

of the top hydrogen to the metal surface. Thus it can be seen that the polarity shift is 

weakly dependent upon d through γ. 

Using observed frequency shifts and assuming a value for d, Adkins and Sleigh 

calculated a value for q/e. In the case of lead the value selected for d was 200 pm, which 

corresponds to a figure slightly larger than the radius of a lead atom. The figures S1 = 2 

nm, S2 = 0.2 nm, ε1 = 7.6, ε2 = 1, hω = 450 meV and Δω = 1.1 meV gave a result of -

0.32 for q/e compared with -0.2 in the case of free OH [13] 

The radii of tin and silver atoms are smaller that of tin being 140 pm and that of 

silver being 144 pm, which raised the question of whether or not using these metals as 

counter electrodes would reduce the value of d from that of the lead value and thus 

change the peak shift by an observable amount. 

Handy [14] found that smaller metal atoms gave thinner effective barriers, 

suggesting that the small atoms penetrated further into the oxide. This would have the 

effect of reducing d in our simple model, which would increase -y and therefore Δω.  In 

this study we have assumed that d would be, in each case, rounded up to a value slightly 

above the radius of the atoms of the metal used as a counter electrode in line with the 

assumption above. The validity of this assumption is, perhaps questionable but since the 

whole area of theoretical calculation of charge distribution is somewhat unreliable the 

assumption is as good a starting point as any to provide order of magnitude comparisons. 
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We substitute values of d Ag = 155 pm and d Sn = 150pm to give q/e =  

- 0.28 for silver and q/e = - 0.27 for tin. The results compare well with the calculated 

value of -0.2 cited above but, given the unreliable nature of calculating charge 

distributions and the low signal to noise ratio for the OH mode, it would be naive to 

draw exact conclusions from these results. 

By substituting the values for the radii of the atoms of the various 

metals used as counter electrodes ΔV can be calculated roughly. The results of these 

calculations are listed in table 5.2. 

Table 5.2. 

Calculated variations in the peak shift, for three values of atomic radius. 

Top Metal γ │ΔV│ /(mV) 

Pb 4.7 2.2 

Ag 4.99 2.34 

Sn 5.04 2.36 

 

An examination of column 3 in table 5.2 shows that the calculated variation in peak 

shift will not be resolved in this work. A maximum variation between lead and tin of 

0.16 mV is calculated, compared with errors of ± 0.2 mV in the experimental results 

listed in table 5.1. 
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It may prove more advantageous with such small shifts to focus attention 

onto other, better resolved peaks. The 144mV peak in the benzoate spectrum, for 

example, has been shown to exhibit a small shift on polarity change [5]. A detailed 

study, using different top electrodes, of both the normal and deuterated form of the 

benzoic acid spectrum, may provide the data that will pinpoint any differences in 

polarity shift caused by the use of different top metal electrodes. 

5.8  Conclusions 

Examination of the peak shift of the 450 meV OH mode on reversing 

the applied bias reveals that any dependence on the nature of the top metal electrode 

used is too small to be revealed with the accuracy of the present work. This is in 

accordance with existing theoretical work and of related interest is the result that we 

can treat the relatively large and non uniform barrier and image contributions to the 

resultant field by superposition with the applied field and show that the effect of the 

former two upon bias reversal is negligible. Thus, in quite subtle ways, the tunnel 

junction environment remains benign in so far as the vibrating species are 

concerned. 

Calculations of the ratio q/e for the hydroxyl group on alumina within 

a tunnel junction performed originally by Adkins and Sleigh for a lead top electrode 

have been extended to include other electrode materials. The results are again 

roughly consistent with those obtained for free OH by other workers. 

The ratio of width to thickness of the electrodes in IET junctions is 

shown to influence both the apparent position and breadth of spectral lines. This 
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phenomenon is a result of finite electrode resistance and can be significant even 

when four point probe conditions pertain. A simple treatment after Giaever allows 

such effects to be corrected for even when they are difficult to avoid experimentally. 
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                                           CHAPTER 6 

AN IETS STUDY OF A MONOLAYER LANGMUIR BLODGETT 

           FILM OF STEARIC ACID ON ALUMINIUM OXIDE 

 

6.0 An Overview of Langmuir - Blodgett Films 

 

The diversity of the applications of organic thin films bears witness to the 

fact that they have an ever increasing role to play in a wide diversity of applications. 

For example, such films are being used as, photoresists and electron resists for very 

large scale integration, as photo conductors for printing and copying, as liquid 

crystal displays, protective coatings and for surface modifications such as adhesion 

promoters and lubricants. 

Attention has also been directed towards their applications in the fields of 

thin film sensors, transducers and optical devices. Biomedical interest is centred 

around thin film sensors of various biological processes, such as testing for 

antibodies. Thin films also have a role to play in the preparation of biocompatable 

surfaces; implants, for example, need to have an affinity with the fluids of the body 

such as blood to prevent attacks by antibodies. Much of the early work on these type 

of films has been done with amorphous organic or polymeric films but the demand 

for thinner and thinner films increased the need to produce more ordered and well-

defined films. 

Reducing the thickness of conventional films increases the likelihood of 

pinholes and defects and led to the conclusion that more ordered films, i.e. those 

approaching crystallinity, needed to be even more defect free. These requirements 

naturally led to a re-evaluation of the work done on thin films by I. Langmuir and 
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K.Blodgett [1-4]. Films made by the Langmuir - Blodgett (LB) technique are highly 

anisotropic and densely packed. Also by modifying the functional end groups they can 

be engineered for specific uses. The way in which such films attach to the substrate 

can be dictated, the structure of the film established and the end groups made 

functionally appropriate for the chosen application. 

The simplicity and versatility of the technique underlies its potential 

importance for molecular electronics. The ability to design and construct organised 

systems of molecules that interlock and interact, like the parts of a machine, presents 

an exciting challenge. Materials can be designed which have properties which depend 

upon the exact location of each of their component molecules. The building of such 

molecular assemblies is of great importance and interest in the developing field of 

microelectronics. 

The terminology used to label these films is generally accepted to be as 

follows: 

1. Langmuir Film 

A monolayer of material which has been compressed to form a two 

dimensional solid on the surface of a liquid subphase. 

2. Langmuir - Blodgett Film 

Langmuir film which as been transferred from a liquid subphase onto a solid 

substrate. Langmuir - Blodgett films can be composed of one layer of material 

or built-up multi-layers of one or more materials. 
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Figure 6.1 
 
Illustrated in this figure is schematic representation of a cross-section through a 
completed tunnel junction of the type used in this set of experiments. Also shown are 
typical dimensions of the layers forming the junction sandwich. 
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6.1. Introduction 

The work presented in this chapter builds on work done in this department by 

Ginnai [5]. Ginnai studied electron tunnelling and conduction methods in single and 

multi-layer Langmuir - Blodgett films using IETS. The films were fabricated using a 

trough and dipping mechanism designed and manufactured in the department. His 

investigations used mixed films of stearic acid and barium stearate and were 

conducted using tin as a substrate for the Langmuir - Blodgett film and bottom 

electrode of the IET junctions. 

Three of the conclusions drawn from the groups work were: 

1. The group found that it appeared not to be possible to manufacture an IET 

junction using aluminum as a substrate material. 

2. The manufacture of defect free films was very difficult to achieve. 

3. If non reactive metals such as gold were used as base electrode materials it 

was impossible to manufacture defect free devices. 

An important aim of the present work is to re-investigate the possibility of performing 

IETS using aluminium -aluminum oxide - LB film - Lead and tin - tin oxide - LB film 

- Lead junction constructions. Figure 6.1 is a schematic cross section of a tunnel 

junction. The difference between the present group's work and that of Ginnai's is 

centred on the manufacture of the films. The group now has access to state-of-the-art 

film manufacturing facilities in the form of a new tank supplied by Lauda which is 

housed within a class 100 clean room. It is hoped that these sophisticated facilities 

will eliminate any of the contamination and monitoring errors which may have been 

present in the equipment used by the first group and increase the chances of producing 

good defect-free films. These facilities and equipment are described in detail in the 

following sections. 
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6.2 An Introduction to Film Fabrication 

 

Langmuir - Blodgett film fabrication although simple in concept requires 

careful and sophisticated techniques and procedures. The first parts of the following 

sections outline the techniques which need to be understood and the preparatory work 

which had to be done in order to be confident that the Langmuir - Blodgett films 

produced by this group were coherent and reproducible. 

6.2.1 Langmuir Films 

 

The fabrication of a Langmuir film entails the spreading of a small amount of 

material on the uncontaminated surface of a liquid subphase and then compressing it 

to form a monomolecular sheet. The subphase most usually used is water. The 

subphase liquid must be pure especially with respect to surface active contaminants as 

these may influence the properties of the monolayer. Monolayer forming molecules 

usually posses both hydrophobic and hydrophillic end groups, such as long alkyl and 

carboxylic groups respectively. If the amphiphillic balance - the balance between the 

end groups - is appropriate the molecule will be adsorbed at the air-water interface. A 

volatile solvent is often employed to assist spreading on the surface. 

A monolayer on the surface of a liquid is a two dimensional system. The 

application of a suitable lateral pressure may result in a monomolecular sheet being 

formed with all the molecules aligned approximately normal to the surface see figures 

6.2a to 6.2c. With the molecules aligned and touching, Van der Waal's interactions 

can take place along the molecules length and the molecules form into a 2dimensional 

solid. Figures 6.2a - c illustrate the way that a Langmuir film is formed on the surface 
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of the subphase. The letters a, b and c identify three of the main components of the 

tank and subphase. 

a. The fixed, floating, barrier which is connected to the monitoring sensors. 

b. The moveable barrier - this is driven forwards to compress the film. 

c. An area of clean subphase surface which remains uncontaminated and is 

sealed from the rest of the surface. The sensor uses this surface as a 

benchmark against which it measures the pressure being applied to the 

Langmuir film. 

 

Obviously it is of great importance that the film is not over-compressed to a 

point where it collapses and no longer consists of a well ordered monomolecular 

sheet. If a suitable solid substrate is then dipped through the film, provided the 

conditions are suitable, part of the monolayer of molecules will be transferred to the 

surface of the substrate. 

The state of the compression of the film is defined in terms of its surface 

pressure (π), which is defined as π = γ0 – γ. Where π is defined as the surface pressure 

or differential surface tension, γ0 is the surface tension of the gas / liquid interface and 

γ  is the surface tension of the gas / film interface. If the surface area available to the 

layer of molecules is monitored at the same time as the compressing force it is 

possible to plot the surface pressure of the monolayer versus the surface area available 

per molecule. From this curve the behaviour of the spread film can be determined. A 

plot of pressure versus area for a constant temperature is termed a π/A isotherm - see 

figures 6.3a & 6.3b. 
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Figure 6.2a. 

Illustrates the gaseous phase of a monolayer. The molecules have spread out to 

occupy the maximum area available to them. The hydrophillic ends are in the surface 

of the subphase and the hydrophobic chains are distributed near to the surface. 

Figure 6.2b. 

Shown here is a representation of the liquids phase of a Langmuir monolayer. As the 

moveable barrier is moved slowly towards the fixed one the surface area available to 

the molecules is reduced. This reduction in available area causes the hydrophobic 

chains to be lifted away from the surface. The surface pressure at which this phase 

occurs is usually very small (< 1mN m-1) owing to the weak interaction between the 

tailgroups and the water. 

Figure 6.2c. 

The last figure in the series is a schematic of the final phase change which takes place. 

This represents a transition to an ordered solid-like arrangement of the two-

dimensional array of molecules. This occurs at a pressure of about 25 mN m2 and an 

area per molecule of 0.22 nm2 molecule-1. This is close to that occupied by stearic 

acid molecules in a single crystal of the acid. 
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By analogy with an ideal gas three distinct regions can be identified on the curve. 

These three regions correspond to the gaseous, fluid and solid phases of the 

monolayer. Beyond the solid phase the layer collapses and the molecules pile up on 

top of each other. Transfer of the layer to a solid substrate is normally undertaken 

with the monolayer held in the solid phase and with the surface pressure being held 

constant during the transfer. 

The junctions used in this study were made from mixed films of stearic acid 

and barium stearate sandwiched between metal electrodes. The metal electrodes were 

produced using the same methods as described in chapter 3. The criterion developed 

in chapter five regarding the thickness of the metal films is also applied during their 

manufacture. The difference between these junctions and those used in the rest of the 

IETS work covered in this thesis lies in the way that the dopant material is 

incorporated in the junction. In this work the dopant layer is incorporated into the 

junction as an L-B film prior to the evaporation of the top electrode. 

Figures 6.3 a and 6.3b are stylised surface pressure / area (π/A ) curves and are 

a representative sample of the curves obtained for stearic acid / barium stearate using 

the LB trough. By analogy with a normal gas undergoing a compression three distinct 

regions can be distinguished on the curve. These correspond to the gaseous, liquid and 

solid phases of the monolayer. Each of the three regions are a result of a sudden 

change in the configuration of the molecules forming the layer on the surface of the 

subphase as described below. 

Gaseous phase 
 

In the gaseous phase the molecules are floating on the surface of the water 

forming the subphase. The hydrophillic heads of the amphipathic molecules get bound 
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Stylised phi versus area curve 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 
 
 

 
 
 
Phi versus area curve for stea ric acid 
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Figure 6.3.a 

Is a stylised phi versus area curve illustrating the three regions within the curve - gas, 

liquid, and solid. 

Figure 6.3b 

Illustrated here is a plot taken from the Lauda trough using a stearic acid / barium 

stearate monolayer. Comparison with the diagram in 6.3a shows the close correlation 

between the theory and raw data. 
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into the subphase and their hydrophobic tails float on the surface with no long-range 

order discernable. 

Liquid phase 

As the movable barrier is moved forward, the area available to the molecules 

is reduced and the pressure on them is increased. When the area of the surface is 

reduced to a point where there is not enough space to accommodate all of the 

hydrocarbon tails on the surface the tails will be forced into various standing 

positions and there will be some short range order. This condition corresponds to the 

liquid phase in a compressed gas. 

 
Solid phase 

If compression of the monolayer continues a limit for the lateral compression of the 

film is reached when the surface area is approximately 20Ǻ2 per molecule. In this 

situation van de Waal's forces come into operation and all of the molecules are 

formed into well ordered, two dimensional sheet. This phase is termed the solid 

phase and the sheet has long range order. Further compression of the monolayer will 

result in collapse of the sheet into a three dimensional crystal-like form with 

molecules piled on top of each other. 

 

6.3 L-B Film Materials 

 

The general rules-of-thumb for any materials used in conjunction with 

Langmuir film production are as follows; note that no order of precedence is placed 

upon the sequence of the following limitations. 
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l. It is essential that only the purest grades of materials are selected to be used; 

the levels of surface active contaminants are especially important in this work.  

2. Other materials which may come into contact with the subphase/film should 

not be prone to oxidation. 

3. It is also important that the materials used in the manufacture of the tank are 

not prone to leaching. In this process chemicals which become entrapped 

during the manufacture of the material are released into the subphase causing 

contamination. 

The tank used in this department was supplied by Lauda their expertise and 

testing ensure that the materials used in the construction of the tank comply with the 

rigorous standards outlined above. Other materials such as glassware and handling 

equipment etc. undergo the rigorous cleaning procedure developed by this department 

and have been described in chapter three of this thesis. 

6.3.1. Subphase Water 

When selecting the subphase liquid particular care must be taken in reducing 

surface active contaminants to the absolute minimum. The water used as a subphase 

in this set of experiments was supplied by a dedicated system manufactured by 

Millipore. 

The process of purifying the water used in this set of experiments starts with 

water taken from the mains. This was passed through a thirty micron particulate filter 

to remove solids. The filtered water was then pumped through a softener to remove 

carbonates and then through an activated carbon filter to remove salts.  Next it is 

forced through a reverse osmosis filter after which its conductivity has increased to 

0.5 to 1 x 10-2 MΩ-1 m -1. The water is then pumped through two inorganic chambers 
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and an organic scavenger cartridge and finally through a five micron filter to give a 

output  

supply of water which has a conductivity of 18 x 10-2 MΩ-1 m-1.  All tap water used 

for washing of glassware etc was passed through a thirty micron filter followed by a 

five micron filter to remove solids from the supply. The supply was piped directly into 

the clean room where the L.B. trough was housed.  Regular maintenance of the piping 

was required to eliminate the build up of organic contaminants which could have 

occurred in the pipe when the tank remained unused for any extended periods of time.  

This was carried out by a qualified technician who also monitored and maintained the 

quality of the Millipore water. 

6.4  Instrumentation 

The instrument used to manufacture the Langmuir - Blodgett films used in 

this study was a Lauda Filmbalance FW2 manufactured by Lauda 1251, Pfarrstraβe 

16/43, 6970 Lauda - Königshofen. The MGW Lauda Filmbalance is a highly 

sophisticated precision instrument capable of manipulating monolayers of molecules 

over a wide range of film and subphase conditions. A measuring range of - 5 to 95 

mN/m, a resolution of < 0.04 mN/m and accurate temperature control over the range 

from 0° to 60° ensure that the static and dynamic characteristics of a wide range of 

films can be interpreted, with great accuracy. Transfer of the films from the subphase 

to substrate is done under computer control using an integral dipping mechanism. 

Figure 6.4 is a diagram of the trough showing the main features. The trough is 

fabricated from brass and then coated with a thin sheet of Teflon (ptfe). The coating 

has a number of advantages; first the hydrophobic nature of the ptfe allows the 

subphase surface to form a meniscus which extends above the level of the top 
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Figure 6.4 

This figure is an illustration of the Lauda Langmuir Blodgett trough used 

throughout the series of experiments conducted on Langmuir films. Indicated on the 

diagram are the main components; the film pressure measuring system which consists 

of a floating barrier, the compression system which consists of a moving barrier, and 

the film compression area which is contained between these two barriers. 
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surface of the tank. This prevents any films which have been deposited on the 

surface of the subphase slipping under the measuring or moving barrier during 

compression. Secondly the hydrophobic nature of the ptfe makes the tank easy to 

clean and easy to empty when changes of subphase are required. Thirdly Teflon is 

resistant to most organic substances and fourthly the coating of ptfe prevents the 

ingress of any metal ions from the brass to the subphase. 

The trough which contains the subphase has dimensions 700 mm long, 150 

mm wide and 6mm deep. Incorporated in the trough near to the measuring barrier is a 

well which measures 80mm wide, 30 mm long and 60 mm deep; the total volume of 

the subphase is therefore about 700cc. The well is there to allow substrates up to 

approximately 60 mm long by 75 mm wide to be coated by passing them wholly in 

and out of the subphase. 

The trough is clamped in good thermal contact to thermostatically controlled 

base through which thermostatically controlled heated or cooled liquid can be passed 

thus allowing the temperature of the subphase to be controlled. The temperature of the 

base and the subphase are monitored using two Platinum resistance thermometers.  

The sample film is spread between two ptfe barriers, one fixed and one 

movable. The movable barrier rests on the sides of the tank preventing leakage of 

langmuir film around its two ends and thus defining the surface area available to the 

film.  Controlling the separation of these barriers controls the area over which the film 

is allowed to spread. The movable barrier can be driven towards or away from the 

fixed barrier at continuously variable speeds of between 0.9 cm / min and 65 cm / 

min. Feedback electronics also allow the barrier o be used to maintain a specific 

pressure on the film. Two limit switches dictate the extremes of the movable barrier 

positions thus limiting the minimum and maximum surface area. When the barrier 

makes contact  
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with either of the switches its direction of motion is automatically reversed. 

The fixed barrier is a floating barrier. It consists of a ptfe boat which is 

attached to the sides of the trough via two ptfe sealing foils which prevent leakage of 

the film past this barrier and onto the clean surface of the area of clean subphase 

behind the barrier. This barrier is situated below a bridge which extends over the 

width of the tank resting on the metal sides being firmly fixed in place by two thumb 

screws thus ensuring that it does not move in relation to the rest of the tank. Built into 

this bridge is the measuring sensor. Extending from the sensor are two metal prongs 

which locate in two holes in the floating barrier. It is through the two prongs that the 

sensor transducer is actuated.  In its zero position the pressure on both sides of the 

barrier will be equal and the barrier will be in a rest position and the transducer output 

will be zeroed. As the movable barrier is forced against the surface film pressure is 

transmitted through the film to the floating barrier. The floating barrier responds by 

moving back into the clean area of subphase and this movement is detected by the 

transducer. The output from the transducer is fed to an Amstrad 1512. computer 

which is used to control the tank and its ancillary equipment.  A dedicated software 

package controls the instrument, the dipping device, gathers and processes the data, 

and produces a hard copy on a dot matrix printer. Technical details of the tank are 

incorporated in an appendix at the back of the thesis. 

Environmental control of the gas above the surface of the subphase is two 

fold. Firstly a sealable cover on the tank enables the whole volume above the 

subphase to be flooded with a gas other than room air, thus providing the capability of 

putting inert atmosphere above the subphase. Secondly the air in the clean room is 

filtered to provide class 100 clean room conditions and the room is isolated from the 

outside atmosphere by maintaining a slight positive pressure within the room. 
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6.5 Vibration and Contamination Precautions 

Vibration is a major problem in any work with Langmuir films. The input of 

energy into the surface layer from outside sources should be guarded against at all 

costs. The measuring range of the sensor incorporated in the tank is – 5 to 81.96 

mN/m and forces below the maximum covered by the sensor can destroy a film. The 

Lauda tank is housed in a purpose constructed room. The location of the facility was 

chosen to minimise vibrations. Being situated at the corner of the building next to a 

massive wall any transverse and lateral vibrations of the building inner steel frame are 

reduced to a minimum. The tank itself is located upon a massive purpose built table 

which in turn is attached to the wall. The table is built from steel and has a top made 

from a large flat slab of slate covered by a sheet of 10 mm thick plate glass. The glass 

enables the surface of the table to be kept clear of contamination caused by any 

spillage of chemicals. Possible absorption of spilt liquids into the slate and their 

subsequent slow evaporation into the atmosphere is also thus avoided. 

Airborne contamination of the clean room is controlled in a number of ways. 

First prior to entering the room all personnel must don protective outer garments 

consisting of: clean-room boots, coveralls, hats, masks, and rubber gloves. This 

clothing has been prepared to clean-room standards and is kept in a locked cupboard 

sealed in plastic bags until required. 

Secondly a sticky-mat which removes dust from the soles of the boots must be 

crossed prior to entering a set of double doors - effectively an air-lock. A strict 

procedure is followed when using these doors, after entering the outer door must be 

closed before opening the inner door to the room proper. The room is fed exclusively 

by pumped and filtered air. The pumping maintains the air in the room at a slight  
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positive pressure with respect to the rest of the building and therefore when the inner 

door to the room is opened the only movement of air will be clean air from the clean 

room to the outside thus preventing the ingress of airborne contaminants. Finally the 

tank itself has a lid which when closed provides a last resort protection. These 

measures ensure that level of particulate contamination within the clean room are kept 

down to a very low level. 

6.5.1 Monitoring of Airborne Contamination 

Regular monitoring of the contamination with a Calmet particle size meter 

shows that when the room has been left unused overnight the standard is class 100. 

This means that there are no more than 100 half micron particles per cubic metre of 

room air - see figure 6.5.  When the room is in use the standard is between class 300 

and 600, i.e. there are between 300 and 600 half micron particles per cubic metre of 

room air. As a matter of course the floors and walls are cleaned regularly by trained 

staff following a specialised cleaning procedure. 
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Figure 6.5. 

This figure is a reproduction the results of one of the many dust monitoring 

sessions. The dust profile shows that after an initial settling down period the numbers 

of particles per cubic metre fall to within the range 300 to 600. This sample was taken 

over a 200 hour period using a Calmet dust Monitor. The profile represents normal 

working conditions within the environment of the clean room. 
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6.6 Rigorous Cleaning of LB Trough 

 

Even though all work was carried out using a Lauda trough which is housed in 

a class 100 clean room, it was necessary to instigate a rigorous cleaning routine. 

Multiple users and the wide range of chemicals under investigation necessitated that 

this routine was stringently followed. Liaison with the other users has resulted in the 

following system being developed. This procedure was followed at the start of any 

work on the tank when it had previously been used by another worker or when it was 

considered that the instrument required more rigorous cleaning. 

 

a) Before use, the tank is emptied and then filled with a solution of water and 

acetone, in approximate equal proportions. 

b) The temperature of the water in the bath is then raised to 50° C, following an 

automatic routine built into the dedicated software. 

c) At the end of the above cycle the water/acetone solution is removed from the 

tank and the system flushed a number of times - at least twice - with clean 

water. 

d) The last change of pure water is left in the tank and the temperature is then 

allowed to reduce to the selected working temperature. Once this temperature 

has been reached an isotherm of the clean surface is taken. The criterion used 

to detect a clean surface was: 

A change in the surface area of about 95% had to result in a negligible 

change in the surface pressure. 
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6.6.1 Standard Cleaning Procedures 

When using the tank for extended periods as a single user any cross 

contamination is of course eliminated. Following an initial cleaning as described 

above a less stringent and time consuming method was used for the second and 

subsequent cleaning during these work periods. 

Initially the subphase was cleaned by using a fine stainless steel tube which 

was built into the tank. The tube was connected to a flexible pipe and then to a water 

vacuum pump. This device was used to sweep the surface and suck from it any 

floating contaminants or old film layers. It is essential in the Lauda system that 

the height of the water at the measuring barrier is maintained at a predetermined level. 

To achieve this there are built into the tank a number of nozzles which are attached to 

an extraction system. These nozzles are set just behind and to the sides of the barrier. 

When the pump to which they are connected is switched on the nozzles extract water 

from the surface of the subphase, reducing the level of the surface to its optimum 

position. These nozzles are also used initially to clean the surface of the subphase. 

Following a menu driven option in the software 200 to 250 mL of subphase water are 

added to the tank. The water pump is then actuated and water is extracted by the 

nozzles as the driven barrier is moved towards the measuring barrier. The effect is to 

clean the surface and reduce its height to the working level. 

The cleanliness of the subphase surface was checked, as it is before depositing 

any surface film, by sweeping the surface with the movable barrier and monitoring the 

residual surface pressure, once again using an option from the software menu. For 

film spreading it was required that for a change in surface area of about 95% the 

pressure change had to be negligible. This translates to a horizontal line on the 
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pressure / area graph along the X axis. Very often the above procedure had to be 

repeated several times before the criterion was met. 

6.7 Monolayer Materials 

Some compounds produce stable monomolecular films when they are 

deposited in the gas/liquid interface at the surface of a liquid, as a result of their 

amphipathic, or amphiphillic nature, of the molecules. Each amphipathic molecule has 

one part which is capable of forming strong van der Waal's interaction with the liquid 

molecules. This part of the molecule is lyophilic and specifically hydrophillic if the 

liquid is water. It should be noted here that with the work of this group the 

hydrophillic end of the molecule is responsible for the spreading of the molecule over 

a large surface area - for only water was used as a subphase liquid. Another part of the 

molecule has a much weaker ability to form any stable interactions with the liquid 

molecules. This part of the molecule is lyophobic and specifically hydrophobic if the 

liquid is water. Most of the work to date has been performed on fatty acids and their 

salts which fulfil the requirement outlined above. 

In summary the fatty acids used by this group can be described as 

amphipathic compounds having a highly polar head group which is attached to a 

hydrocarbon chain ( hydrocarbon tail ) of ten carbon atoms or more. If a very dilute 

solution of one of these compounds in an organic solvent which is insoluble in water 

(around one milligram per millilitre ) is dropped onto the surface of pure water and 

the solvent evaporates, an insoluble film is spread across the top of the water surface. 
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Figure 6.6a. 

The chemical structure of stearic acid and its barium salt are shown in this 

figure. It is usual in Langmuir Blodgett film production to replace the H+ ion in the 

hydrophillic end group with a divalent ion by introducing into the subphase a soluble 

salt of the desired metal. Barium chloride or cadmium chloride are the most usual 

choices. The reaction converts stearic acid into barium (or cadmium ) stearate. The 

extent of the conversion depends upon the pH of the subphase. The inclusion of the 

metal ion increases the stability of the monolayer but its rigidity is increased and with 

it a greater risk of transferring defects. 

Figure 6.6b. 

An illustration of a possible arrangement of a mixed Langmuir Blodgett film 

of stearic acid and barium stearate after Dr. T. Ginnai. The configuration of the 

molecule with respect to the substrate surface is presented as a solution to the 

differing lengths of the molecule. When it is measured in its crystal form a length of 

2.44 nm is recorded and when measured in a Langmuir Blodgett film its length is 

calculated to be approximately 2 nm. Tilting the molecule at an angle of 35° to the 

surface of the substrate as illustrated would account for the different lengths. 
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6.7.1 Stearic Acid 

The stearic acid - and the barium chloride - used throughout this study was 

Fisons analar grade nominally 99.5%. The structure of stearic acid is illustrated in 

Figure 6.6a. In this series of experiments the H+ ion in the hydrophillic end group was 

replaced by a divalent ion by introducing the latter into the subphase as a soluble salt 

of the desired metal. Barium chloride or cadmium chloride are the most usual choice; 

barium chloride was used in this study. The reaction with the metal ion converts the 

stearic acid to barium stearate.; the reaction takes the form 

2(C17 H35 COOH ) + M2+                    M2+ ( C117 H35 COOH-)2 + 2H+ 

The subphase additive - barium chloride - was used at a concentration of       

2.5 x 10-4 M. At this concentration precipitation of metal oxides and carbonates is 

avoided [4]. This reaction and the extent of the conversion of the acid to the salt 

depends critically upon the pH of the subphase. If it was required to adjust the pH in 

the present work a few drops of sodium citrate or acetic acid solutions were added to 

the subphase. The solutions for use in adjusting pH levels were prepared at a 

concentration of 0.1 M strength. The inclusion of metal ions into the subphase has the 

advantage of increasing the stability of the monolayer but it does have the 

disadvantage of increasing the rigidity of the film and therefore the possibility of 

transferring defects is higher [3]. It is therefore, as with most experimentation, 

necessary to optimize the balance by selecting a suitable subphase pH in the range - 

5.7 to 6.0 in this series of experiments. 
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X-ray studies done on single crystal stearic acid have shown the length of the 

molecules to be 2.44 nm [7] which would give spacings and angles as shown in figure 

6a. Other X-ray work done on Langmuir Blodgett films of stearic acid give a length of 

2.00 nm for the molecule [8]. It was suggested by Gnnai [5] that this apparent 

difference could be explained by assuming that the molecules within the LB film are 

not aligned perpendicularly to the substrate surface. Taking this line of reasoning as 

one possibility puts the molecules at an angle of 35 degrees from the perpendicular. 

An illustration of this possible arrangement for the molecules as proposed by            

Dr. Ginnai also shown in figure 6.6b. 

6.7.2 Solvents 

Stearic acid is supplied in the form of a crystalline powder and therefore does 

not spread spontaneously on the surface of the water forming the subphase. To 

improve the spreading, the stearic acid is spread from a solution of a suitable solvent. 

The criteria for the solvent were three fold: firstly it should have the ability readily to 

dissolve the stearic acid.  Secondly it should not react with any of the other materials 

it might come into contact with in the Langmuir Blodgett film production and 

deposition and thirdly it should evaporate completely in a reasonable length of time 

after dispersion of the film on the subphase.  In this study the solvent used was n-

Hexane 60° - 80° (special for spectroscopy grade) supplied by BDH. 
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6.8 Substrate Preparation 

The preparation of the substrates and the evaporation of the aluminum 

electrodes has been described elsewhere in this work (see chapter 3) and exactly 

similar procedures were followed in the production of tunnel junctions for this group 

of experiments. The difference occurs in the way that the dopant layer was 

incorporated in the tunnel junction. As outlined in section 6.1. of this work the dopant 

layer is pre-formed into a well defined layer prior to its incorporation in the tunnel 

junction. The methodology of this process is described in the following section. 

6.8.1 Langmuir Film Fabrication 

Langmuir films are fabricated by depositing a solution of the material under 

examination onto an uncontaminated surface of a liquid subphase ( water containing 

barium chloride). The sample being a fatty acid will if the conditions are suitable 

spread out to form a monomolecular layer on the surface - see Figure 6.2a. This layer 

should have no long-range order. This disordered layer can be ordered into a 

monomolecular sheet by applying an appropriate lateral pressure via a movable 

computer-driven barrier. As the pressure is slowly applied, eventually all of the 

molecules will be organized into a solid sheet. In this situation this close proximity of 

the individual molecules with each other allows van der Waal's forces to pull the layer 

into a well ordered solid which being one molecule thick is effectively a two 

dimensional solid sheet- see figure 6.2c. 

Some of the sheet can then be transferred to a solid substrate by dipping the 

substrate through the surface and then withdrawing it. Multiple layers can be formed 

by repeating the dipping procedure, transferring the sample to the substrate one layer 

at a time. As the material is stripped from the surface of the water it is necessary to 
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maintain the pressure on the surface layer to preserve the integrity of the layer. This 

is achieved via the barrier which compresses the layer under computer control. The 

pressure within the layer is monitored and as material is removed the barrier is 

pushed forward to keep the pressure constant at the value required to maintain the 

monolayer on the surface in its solid form. 

The main advantages of films constructed using this technique in electrical 

studies are accurately known thickness, high dielectric strength, highly ordered, 

controlled orientation of constituent molecules, a defect free and uniform film even 

for layers as thin as 2.5 nm. 

The Langmuir - Blodgett technique lends itself well to inelastic electron 

tunnelling spectroscopy where the tunnel junctions are required to be less than 10 nm 

thick. Studying the electrical properties of thin insulating layers such as those forming 

tunnel junctions is fraught with many pitfalls. To achieve reproducible results the 

films must be uniform and defect free. Defects in the insulating layer - pinholes 

through which conduction can take place - as low as one in a million can significantly 

modify results so as to render them useless [9] . Films deposited in the conventional 

way by evaporation or oxidation can suffer from pinhole defects which lead to data 

which are not reproducible. These defects have been shown to be a consequence of 

the fabrication process [10]. The Langmuir - Blodgett technique appears to have many 

advantages over conventional processes. The films are well ordered with a known 

structure and have a uniform and controllable thickness. 

As discussed earlier the disadvantages mainly lie in two fields. Firstly the 

fabrication of the films requires meticulous care if reproducibly good layers are to be 

made. Secondly every device made using an LB film has a metal oxide built into it. If 
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non-reactive metals such as gold are used to form the electrodes it appears to be 

impossible to manufacture defect free devices [5]. 

6.8.2 Film Spreading 

Once the tank had been cleaned a semi automatic procedure was followed 

which prepared the subphase temperature and surface conditions. The subphase was 

heated up to a predetermined temperature - usually between 20 and 22 °C. Generally 

temperature has a crucial effect on film transfer. The main one is to limit the rate of 

transfer of the monolayer to the substrate [10] and the range 20 -22 has been shown to 

be the optimum for good transfer. Once the temperature has stabilised the movable 

barrier is withdrawn to expose the maximum area of subphase - 927 cm2. Doing this 

ensures that there is sufficient surface area available to allow the film to spread out 

and form a monolayer which is in the gaseous phase (see next section). Using 20 

micro litres of stearic acid / n-hexane solution gives an area per molecule of 80 Ǻ2  

[5]. 

A pressure versus area curve was then taken to check the condition of the 

surface of the subphase. If the resulting graph indicated a constant pressure of zero, 

within experimental error, the subphase was assumed to be clean and uncontaminated 

and a sample of dispersant solution was then applied to the surface of the subphase. 

The sample - in this work stearic acid - was formed into a suitable dispersion solution 

by diluting it in n - Hexane at a concentration of 1 mg ml-1 . A bulk solution of 10 ml 

was made up in the clean room using a 10 ml volumetric flask kept specifically for the 

purpose. 
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Figure 6.7 
 
 
 
Typical surface pressure versus time plot obtained curing film spreading. 
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The solvent n-Hexane was chosen because, as with all solvents used in the 

preparation of dispersion solution in L-B film production, it is insoluble in the 

subphase. This concentration was chosen as an optimum; higher concentrations 

tended to result in agglomerations of the sample in patches on the surface due to the 

fast evaporation of the solvent whereas lower concentrations might result in 

entrapment of solvent molecules within the monolayer. 

As only 20 to 30 pd of the sample were spread at any one time the sample was 

dispensed from a 50 μl syringe ( Hamilton Microlitre Syringes 50μl ). Some of the 

solution was poured into a clean measuring cylinder, and taken into the syringe from 

this container. The syringe was filled and emptied three times with pure solvent and 

twice with the dispersion solution before being used to dispense the sample onto the 

surface. 

The sample was applied, through an aperture in the lid of the Lauda tank, one 

drop at a time and very close - about 2 mm - to the surface of the subphase. The drops 

themselves were applied over the whole area of the surface after which a time was 

allowed for the solvent to evaporate from the dispersant solution. The time allowed 

followed guidelines set up by previous workers in the department [5,12] - see Figure 

6.7. For the amount of solution used in this work the minimum evaporation time is 5 

minutes. However it was usual to allow 30 minutes to elapse before compressing the 

film. 
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Figure 6.8 

This diagram illustrates the way in which the phi versus area curve varies when the 

pH os the subphase is changed between 5.2 and 6.2. Varying the pH of the subphase 

dramatically alters the shape of the isotherm. As pH is increased the area under the 

liquid-phase portion of the curve gradually reduces until if disappears completely at a 

ph of 6.5. 
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6.8.3 Deposition Conditions 

After the solvent has evaporated the movable barrier is driven towards the 

measuring barrier thus reducing the area available to the monolayer. The barrier is 

driven forward at a very slow rate - 2 - 5 cm2 per minute - to ensure that the layer 

remains in equilibrium during this period of reforming [13] 

During this compression of the film the most commonly measured property is 

the surface pressure π = γo - γ. Plots of surface pressure versus area are the most 

commonly used and are termed compression isotherms and it is this type of plot 

which is used throughout this section. Using the convention suggested by Langmuir 

[14], the compression isotherm can be regarded as made up of three linear regions 

which can be regarded as Gas, Liquid and Solid; all fatty acids undergo essentially 

similar behaviour [15]. 

When transferring parts of the film onto solid substrates the dipping is done 

whilst the film is held in its solid phase. It is important to note here that the pH of the 

subphase has a bearing on the shape of the curve which of course reflects differences 

in the monolayer's physical characteristics. Referring to figure 6.8, increasing the pH 

of the subphase modifies the curve. As the pH is increased the area under the liquid 

phase portion of the curve is progressively reduced until it is effectively eliminated at 

pH 6.5, and there is a sudden transition from the gaseous to the solid phase. It has 

been shown, in earlier work at this establishment [5], that the ideal range of subphase 

pH is 5.2 to 6.5. Optimising the pH between these limits results in several benefits. 

The mixed films fabricated in this range produce an acceptable proportion of stearic 

acid and its salt to give a flexible monolayer and good adhesion. Also using a pH of 

around 5.7 to 6.0 avoids the precipitation of metal hydroxide and carbonates [4]. 
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Finally this middle range roughly corresponds to the pH of the water used in the tank 

in equilibrium with air and so effectively eliminates the need to adjust the subphase 

6.9 Monolayer Transfer 

Once the Langmuir film has been fabricated it is usually necessary, no matter 

what the application, to transfer it from the liquid subphase onto a solid substrate so 

that its properties can be exploited. In this work the film was incorporated in a tunnel 

junction for examination by inelastic electron tunnelling spectroscopy. The junctions 

used in this work are produced in exactly the same way as those used and referred to 

in the rest of the thesis. The major difference comes in the way that the organic 

material is incorporated in the junction. Whereas all of the other work was conducted 

using liquid phase doping the junctions in this work were 'doped' using a Langmuir 

Blodgett film. 

The films are transferred by dipping or pulling the solid substrate through the 

film when the monolayer in compressed to its solid phase whilst maintaining the 

pressure constant at the chosen value - between 25 and 30 mN m-1 . The three 

different modes of monolayer transfer are as follows: 

X type Transfer of the film onto the substrate by passing the substrate from 

the air (gas) through the monolayer into the subphase only. 

Y type Transfer of the film onto the substrate by passing the substrate from 

the air (gas) through the monolayer into the subphase and a 

successive transfer by returning from the subphase through the 

monolayer to the air (gas). 
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Z type Transfer of the film onto the substrate by passing it from the 

subphase through the monolayer into the air (gas) only. 

The above view of monolayer deposition is an oversimplification. In practice 

the mode of the transfer will be chiefly governed by the surface of the substrate and 

its pre-conditioning. These are factors which will be governed by the parameters set 

for the functional requirements of the finished device. 

It is also important to realise that the mode describes the way in which the first 

and any successive layers are taken from the surface onto the substrate. Multi-layers 

containing combinations of these deposition types can be made by a number of 

methods, all of which involve processing the surface of the substrate, the surface of 

the film or the transferred layer to dictate the orientation of the molecules in the next 

layer of the series. These multi layer methods are beyond the scope of the work. 

The material used in this study was a mixed film of stearic acid and barium 

stearate. No film will be transferred on the first downstroke (immersion) of the 

substrate through the monolayer because the clean surface of the glass and the freshly 

produced aluminium bottom electrode are both hydrophillic surfaces. These surfaces 

will attract the hydrophillic ends of the molecules but as the substrate is moving down 

into the subphase the molecules will remain on the surface of the subphase On all 

subsequent strokes through the film there will be monolayer deposition onto the 

substrate. During the first withdrawal the hydrophillic surfaces will attract the COON 

end group of the molecules within the surface layer and a Y- type layer is deposited 

on the surface of the electrodes and the glass as shown in Figures 6.9a and 6.9b. 

Subsequent immersions and withdrawals would stack the layers on top of each other. 
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Figure 6.9a 

Illustrates the first immersion of a hydrophillic substrate into a Langmuir film which 

has been compressed to the solid phase and is maintained under constant pressure. 

As the substrate passes down through the film for the first time there will be no 

transfer from the monolayer to the substrate. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.9b 

Shown here is the first withdrawal of the substrate from the body of the subphase. 

For a hydrophillic substrate material will be transferred to it from the surface layer 

to form a Langmuir Blodgett film on the substrate. 
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The orientation of these subsequent layers would depend upon the exposed surface of 

the previous layer and the Langmuir film, both of which could be conditioned to pre-

determine the Langmuir - Blodgett film structure. 

 

6.9.1 Transfer Ratio 

 

IETS requires that the monolayer deposited on the substrate is unbroken and 

continuous. To this end a series of experiments were conducted into determining the 

transfer ratio of the dipped area of the substrate to the area removed from the film 

during deposition. The tests were conducted using microscope slides of nominal 

dimensions 73 mm long x 22 mm wide x 1 mm thick - for each of the tests each slide 

was measured to determine its dimensions. 

To test if the ratio of glass to aluminium or the pattern of the aluminum had 

any effect on the transfer ratio a variety of configurations of evaporated aluminium / 

glass were prepared. These ranged from no aluminium to complete coverage of the 

slide. Differing patterns of aluminium were also tried - including the pattern used 

to produce the junctions. The dipping pattern was also varied; some slides were 

passed down through the film and then withdrawn while others were only withdrawn 

up through the film from the subphase. Multiple dips were also performed to compare 

subsequent depositions with the first. Although it must be emphasised that only single 

layers of Langmuir Blodgett film were used in the present work. 

Table 6.1. lists a representative sample of the results. These results compare very 

favourably with previous work done in the department; Grinnai [5] 
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Transfer ratio of a Langmuir film of mixed stearic acid and barium stearate. All 
parameters appertaining to the cleaning of the tank, subphase, and substrate and the 
production of the electrodes were as outlined elsewhere in the thesis. 
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obtained transfer ratios of unity with an error of 10%. The present work shows 

transfer ratios of unity with an error of 2% . 

 

6.9.2 Parameters used in Transfer Ratio Tests 

Table 6.2. 

The various parameters used during the determination of the transfer ratio are listed 
below in Table 6.2. These parameters were selected from the results of work done and 
outlined in the previous sections of this chapter. All conditions appertaining to the 
cleaning of the tank, subphase, substrate and the production of the electrodes were as 
outlined elsewhere in the thesis. 
 

6.9.3 Comments on Using LB Films as a Dopant in IET Junctions 

 

The above results show that by using the parameters a transfer ratio of one can be 

achieved. This infers if a substrate containing a pattern of evaporated aluminium 

which defines the bottom electrodes of a set of five tunnel junctions is dipped each of 

the electrodes will receive a coherent monolayer of film. These results apply to the 

partially constructed junction, prior to the evaporation of a top lead electrode. As with 

other doping methods (liquid phase for instance) it is assumed that application of the 

lead top electrode does not compromise the integrity of the dopant monolayer.  The 

resulting sandwich construction is metal - oxide - LB film - lead. The LB film being a 

coherent insulating monolayer approximately 2.5 nm thick.  
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6.10 Processing Parameters for L - B Films  

 

The data gathered in the previous sections have been brought together in table 

6.3 below which outlines the parameters for the production of Langmuir films at this 

establishment. These parameters ensure that the films produced and their subsequent 

transfer to a substrate are optimised. 

 

Summary of the deposition conditions of the Langmuir Blodgett films incorporated in 
Al- AIOX - LB film - Pb IETS tunnel junctions. 
 

 

6.11  Experimental 

 

Using the parameters outlined above a series of IETS junctions were manufactured. 

These were of form tin - tin oxide or aluminium - aluminium oxide - mixed LB 

monolayer of stearic acid and barium stearate - lead construction. The cleaning of the  
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glass substrate and the evaporation of the electrodes followed the well proven 

methods outlined elsewhere in this thesis. 

Once the bottom aluminium electrode had been evaporated it was taken in a 

clean petri dish to the clean room where a monolayer of mixed stearic acid and barium 

stearate had been freshly prepared. Once dressed and in the clean room the slide 

containing the set of five bottom electrodes was removed from the petri dish using 

tweezers. It was then placed between the jaws of a mini bulldog-clip, ensuring that the 

clip only touched the glass and not the aluminium electrodes. This type of holder was 

chosen after many trials with various designs to be the most reliable. The clip was 

then fixed to the arm of the dipping mechanism using its integral magnet. The dipping 

mechanism was placed over the hole in the lid of the tank and the arm lowered until 

the bottom edge of the slide was approximately .5 mm above the surface of the 

subphase. This was done by observing the reflection of the bottom edge in the surface 

- the positioning is not critical. The only criterion is that the slide is positioned so that 

the dipping mechanism is able to immerse all of the evaporated electrodes in the 

subphase so that on withdrawal each of them will receive a coating of the film. Once 

this had been done it was necessary to leave the clean room to operate the dipping 

mechanism. The dip then proceeded automatically under computer control. When the 

cycle of dipping was complete ( one immersion and withdrawal ) the slide was 

removed from the holder and placed in a desiccator overnight. 

The next day the slide was brought down to the vacuum system in a clean petri 

dish. The slide was removed from the dish and placed in the masks which defined the 

electrodes and then put into the vacuum system to have the top lead electrode  
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evaporated . Once the lead electrode had been evaporated the finished set of five 

junctions was taken to the spectrometer room for initial assessment. The assessment 

procedures, criteria for selection and the IETS procedures followed exactly those 

described in chapter 3. 

It is important at this point to realise that although adopting the parameters 

outlined above resulted in transfer ratios of unity, the ratio of the numbers of working 

junctions to the numbers produced was not as high as expected. It was thought that by 

having a suitably thin - a few nanometres - and coherent dopant layer a large number 

of junctions would be suitable for IETS. It was expected therefore that many junctions 

would exhibit a d.c. resistance within the range 50 to 500 Ω  therefore fulfilling the 

first criterion for good IET junctions for use in this spectrometer. But contrary to this 

expectation only a small ( but we felt a significant) number of junctions had a 

resistance of less than 5000Ω. 

Previous workers in the department had been unable to obtain any working 

junctions using aluminum as a base electrode material and resorted to using tin as a 

bottom electrode metal [5]. The junctions with aluminium bottom electrodes prepared 

by Ginnai generally had resistances of >1MΩ and showed an I-V characteristic which 

was markedly non-linear even at applied biases as low as 50 mV. However some of 

the junctions with aluminium bottom electrodes in this present work had resistances 

of a few hundred Ohms. The use of aluminium as a base electrode material was 

successful, although it must be recognised that the percentage of working junctions 

was very small in comparison with junction using other doping techniques. 

The questions posed by the statistically small number of working junctions 

obtained when doping with L-B films - a disturbing phenomenon experienced by both 

Ginnai's group and the present one - is addressed later on in this chapter. 
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6.11.1 Junction with Tin Base Electrodes 

It appeared not to be possible in the present series of experiments to 

obtain spectra from junctions constructed using tin as a base electrode metal. 

Experiments using tin-tin oxide-LB film-Pb junctions were conducted over a period of 

ten months - hundreds of junctions were manufactured - none of these produced 

spectra. All of the devices produced using tin as a bottom electrode metal either had 

very low junction resistances (of the order of a few Ohms) or very high junction 

resistances (of the order of tens of kilohms). The very few junctions which did have 

resistance of the order of 1000 Ohms were either creepers - junctions which would 

only temporarily support an applied bias or broke down during the setting up of the 

spectrometer. Several modifications to our technique were suggested by Dr. Ginnai 

after a private communication with him. These involved increasing the glow 

discharge times and using a wet O2 atmosphere for the oxidation. Using the 

modifications suggested did increase the resistance of the oxide in blank junctions 

slightly - on average the junction resistance of blank junctions went up from around 5 

Ohms to around 10 Ohms. But after the junctions were completed and tested there 

was no perceivable effect on the finished junctions. 
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6.11.2 Interpretation of Spectra 

Figure 6.10. shows an IET spectrum obtained by this present group 

using an Al-A10,, - mixed stearic acid / barium stearate Langmuir Blodgett film - Pb 

tunnel junction. There are a number of regions in the infra-red spectra of carboxylic 

acids which can be used for the characterisation of IET spectra [18], and these will be 

used to assign peaks in the IET spectrum. 

Figures 6.10, 6.11, and 6.12 have been transcribed to compare with the 

results obtained from this study. Figure 6.10 is from this study figure 6.11, after Kiel 

et al [17], compares the data for the fingerprint region from IETS with other 

spectroscopy techniques for liquid phase doped stearic acid, and figure 6.12 is a 

reproduction of an IET spectrum obtained from an IETS study of LB films of stearic 

acid by Ginnai [5]. 

Carbonyl group absorption takes place at 213 mV (1716 cm-1 ) in the 

infra red spectrum see figure 6.11. Dissociation of the acid has a significant effect on 

this band. The band corresponding to carbonyl group absorption usually disappears to 

be replaced by two new bands at 180 and 200 mV (1440 and 1600 cm-1 ). These two 

new bands result from the resonance stabilised COO- group and correspond to 

symmetrical and antisymmetrical vibrations of the COO- structure respectively. 

IET spectra obtained from Langmuir Blodgett film junctions have very little or 

no features at around 213 mV (1716 cm-1 ). Instead there is a broad band at 199 mV 

(1600 cm-1 ) which corresponds to the antisymmetrical stretching of the COO- group 

- see figures 6.10 and 6.12. The band at 178 mV ( 1440 cm-1 ) corresponds to the 

symmetrical stretch of this group. As was stated in the previous paragraph most IET 

spectra of carboxylate acids do not show any features which indicate that carbonyl 

group vibrations are taking place within the sample. Chemisorption of carboxylic 
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acids normally proceeds through the formation of the salt of the acid with the base 

electrode [19]. If the adsorbate is a Langmuir film the situation is more complicated 

because before transfer to the substrate the monolayer is partially converted to the salt 

of any divalent cation in the subphase solution - barium chloride in this work. 

Therefore the presence of a C=O vibration would imply that not all of the carboxylic 

acid had been chemisorbed onto the surface. If this were so it would indicate that 

some of the material was only physisorbed onto the surface. This would have adverse 

implications regarding the adhesion of Langmuir Blodgett films onto aluminium 

surfaces but the C= O peak was small - see figures 6.10 and 6.12. 

The free hydroxyl OH stretch at 450mV is clearly visible in the spectra from 

both groups. This peak is weaker than the corresponding peak in liquid - phase doped 

samples but this is possibly due to the overnight desiccation of the LB doped samples. 

Other evidence for O-H absorption occurs between 312 and 345 and at 375 mV in 

infra red spectra of carboxylic acids. In the tunnelling spectra - figure 6.10 there is a 

broad shoulder discernable between 320 and 340 mV but this is very weak, the other 

peak at 375 is, as is usual in IET spectra of carboxylic acids, overlaid by the very 

strong CH absorption at 360 mV. 

In infra red spectra there is also a doublet 159 - 168 mV see figure 6.11; 

the higher frequency is linked with CO and CH in-plane deformation the origin of the 

lower peak is unknown. Coupled CO and OH will often give rise to another band 

between 172 and 180 mV ( 1375 - 1440 cm' ), this is most often found at 179 mV.      

A peak assigned to CH2 deformation is also found at approximately 180 mV. Features 

corresponding to these effects can be determined in the tunnelling spectrum shown in 

figure 6.10. Reinforcing the assignment of in-plane deformation of the hydroxyl of the 

carboxylate group is a peak at 120 mV which is assigned to the out-of-plane  
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Figure 6.10. 

An inelastic electron tunnelling spectrum obtained by the author from a 

tunnel junction incorporating a Langmuir Blodgett film. The film was composed of a 

mixture of stearic acid and barium stearate. A modulation voltage of 2 mV peak to -

peak was applied to the junction and the lead top electrode was biased positively. 
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Figure 6.11 

Show for comparison are the fingerprint regions of the inelastic 

electron tunnelling, infra red and Raman spectra of stearic acid. The IET spectra was 

taken using a liquid-phase-doped junction of of aluminium - aluminium oxide - 

stearic acid - lead construction held at 4.2 K., other spectra were taken at room 

temperature. The spectra transcribed here were after Kiel et al. 

 
 

 195



 196

 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.12 

Reproduced here for comparison purposes is a inelastic electron 

tunnelling spectrum of a Langmuir Blodgett film of a mixed stearic acid - barium 

stearate film. The spectrum is after Ginnai et al. 
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deformation of this group. Various Raman modes can also be associated with some of 

e features. The strong structure at 90 and 109 mV can be assigned to a Raman CH2 

cking modes and 129 mV to Raman C - C stretch.  

Lastly the strong feature at approximately 38 mV is assigned to 

luminium phonons. 

Table 6.4. lists the comparisons between the IET spectra from a liquid 

hase doped junction and a junction produced with a Langmuir film as the dopant 

yer together with infra red data. It is important to take into account the temperature 

t which these techniques are applied when interpreting tunnelling spectra. Both infra 

d and Raman are taken at very much higher temperatures giving rise to changes in 

positions, widths and intensities of the bands. 

 

These results represent data from one of the very few inelastic electron 

tunnelling spectra obtained from junction incorporating a Langmuir Blodgett film 

layer. Comparison with the other work done in this department [5] confirms many of 

the conclusions drawn by Ginnai. 

The spectra obtained in the present work were similar to Ginnai's except the 

present spectra had a little more background noise but were cleaner at higher energies 

allowing resolution of the OH peak at approximately 450 mV - see figure 6.12. 

 
 
 
 

th

ro

a

p

la

a

re

6.12 Comparison with Previous Work 
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Comparison of peak assignments for liquid-phase an
 
Comparison of peak assignments for liquid-phase and L-B film doped IETS junctions. 
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Comparisons of peak data from T.Ginnai et al and this group. 
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Table 6.5 compares the peak positions obtained by Ginnai for IET of mixed 

tearic acid - barium stearate Langmuir Blodgett film with the results from the present 

group using an exactly similar material but a different substrate. 

The Raman modes characterising the vibrations of the carbon chain at 90, 109 

and 129 mV are represented in both spectra. Various CH2 modes can be ascribed to 

peaks in both spectra and the antisymmetric and symmetric COO-  bands can be 

determined from either spectra. One extra feature in the data from the present work is 

the resolving of the peak corresponding to surface OH stretch - this was masked by 

noise in the spectra obtained by Ginnai. 

6.13 Evidence for Tunnelling Through L-B Films 

There is a correlation between the spectra obtained with repeat runs on the same 

sample. It is however very much more difficult to produce a tunnel junction using a 

Langmuir Blodgett film than with liquid phase doping. The main problems were 

concerned with two effects. The first was that there was a very small proportion of 

junctions which had a junction resistance of less than a few tens of kilohms and 

secondly when the junctions did have a suitably low resistance, 100 -500 ohm, most 

of them had propensity to fail at a very low voltage. The vast majority of these 

failures tended to break down with the junction suddenly developing a very low 

sistance. In a few cases the opposite applied and junctions would break down with 

e junctions developing very high resistances, measured as infinite resistance on the 

instruments used to monitor this parameter. The majority of these cases appeared to 

have had large transient features appearing before failing . Some of the junctions 

exhibited these features during a run without failing and upon a re-run these features 

were nearly always reproducible. 

s
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It has been suggested that these features are attributable to traps in the oxide 

layer [20] or impurities picked up from the subphase or atmosphere [21]. It seems 

unlikely that the inclusion of impurities within the layer could be the cause because of 

the clea

 tin oxide as an insulating layer showed very 

low junction resistances - less than one ohm and tended to break down below 20 mV. 

The oxide in these junctions therefore plays a much less significant role in the 

tunnelling process. He concluded therefore that his studies on the role of the oxide 

n-room conditions prevailing during manufacture of the junctions. As Ginnai 

points out [5], for tin based junctions there is good correlation between I.R. and 

tunnelling spectra. The inclusion of an oxide layer in the completed junction 

complicates the issue. The data could been interpreted as a process whereby the 

electrons tunnel through the oxide and then via defects in the insulating layer to the 

top electrode. Junctions made with only

layer in IET junctions doped with a Langmuir Blodgett film did underline the fact that 

a tunnelling mechanism of charge transfer cannot be assumed simply on the 

observations indicated above and those undertaken by other workers [10,23]. he did 

finally conclude that electron tunnelling is the predominant conduction mechanism 

through Langmuir films. 

The oxide used in these experiments was alumina which produces a blank 

junction with a resistance of tens of ohms, this therefore is a different situation from 

tin which rules out the low junction resistance part of the argument. The rigorous 

procedures the present group have developed and adopted together with the 

environmental control also virtually eliminate contamination of the Langmuir 

Blodgett layer. 

The main evidence for tunnelling through the organic layer which  
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constit

6.14 Comments 

ons produced using LB films had a very high junction 

resistanc

bility as a consequence of the fabrication process [9]. Indeed many of 

the facto  nature. 

sing a Langmuir Blodgett film should fulfil many of the requirements for good 

reproducible tunnel junctions. 

utes the L-B film is provided by the observations of signals which can be 

attributed to inelastic interactions between the tunnelling electrons and the 

molecules of the organic film forming the insulating layer. Only a very small 

proportion of electrons undergo inelastic collisions - around 1% of the total number 

which constitute the tunnelling current. Features within the IET spectra which can 

be attributed to the energy losses produced by these rare events provide very good 

evidence for a tunnelling mechanism based upon electron tunnelling within the 

organic layer. 

Additional evidence is apparent in the strong correlation between IETS 

spectra and those produced by infra red and Raman techniques. These latter 

techniques have no oxide layer to complicate the issue and therefore further 

substantiate the proposal that the structure observed in IET spectra is indicative of 

electron tunnelling through the Langmuir Blodgett film incorporated in the junction. 

Despite all the preparations and precaution taken, the fact that the vast 

majority of tunnel juncti

e is both disturbing and interesting. 

The electrical properties of thin insulating films are very sensitive to the 

uniformity of their thickness and to their structural perfection. Defects to an extent 

as low as one part in 105 can modify results to a significant extent [10]. Studies on 

insulating thin films - metal oxides and vacuum deposited thin films - have suffered 

from irreproduci

rs which determine the conductivity of these films are extrinsic in

U
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The thickness of the insulating layer in a tunnel junction i.e. < 10 nm should 

be  

well catered for by using Langmuir Blodgett technique. The thickness of the 

insulating layer is determined by the length of the molecule and its apparent 

orientation on the substrate and so choice of molecule should predetermine the 

thickness for a coherent film. The coherence of the film is determined during the 

fabrication of the Langmuir film prior to transfer to the substrate and monitored 

during transfer. Thus by using a Langmuir Blodgett film to produce the insulating 

layer o

resistance of the junction falls dramatically to lie within a suitable range for IETS 

with our instrument namely 50 to 500 Ohms begs an explanation. 

that the insulating layer is a coherent, 

well or

f a tunnel junction the two important criteria of thickness and coherence should 

be well satisfied. But, by far the 

greatest proportion of tunnel junctions doped with LB films of stearic acid/ barium 

stearate have a measured d.c. resistance greater than 5000 Ohms. This together with 

the fact that when stearic acid is liquidphase-doped onto a similar substrate the 

The assumptions made about the structure of the insulating layer when a 

junction is liquid phase doped are identical to those made for LB films. When a 

junction is liquid-phase-doped it is assumed 

dered monolayer. Furthermore the monolayer is thought to be oriented such 

that the molecules within it are arranged in ordered manner with the hydrophillic End 

towards the oxide layer. These two assumptions cover coherence and thickness 

respectively and fulfil the basic requirements of a tunnel junction insulator. We will 

look at each requirement in turn in the light of our knowledge of Langmuir / 

Langmuir Blodgett films and liquid-phase-doped films. 
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6.14.1 Film Coherence 

Langmuir films are fabricated using a well controlled environment. Their 

structure and integrity is monitored and is well known through their isotherms. 

Transfer ratios were determined to ensure that a l : l ratio was achieved thus ensuring 

a defect and pin hole free layer, within experimental error. 

Liquid-phase-doped films are assumed to be coherent monolayers. Their 

coherence is implic hich are analogous 

to infra red and Raman spectra, because tunnelling is particularly sensitive to pinholes 

and defects. 

 
6.14.2 Film Thickness 

 

Langmuir Blodgett films have a known thickness - assuming that the length of 

it in their ability to produce tunnelling spectra w

the mo

ms is very much greater than 

the resistance of a junction liquid phased doped with an exactly similar molecule. 

lecule forming the film is known. Their orientation and therefore the thickness 

of the film is monitored and controlled during their transfer to the substrate. 

The thickness of liquid-phase-doped films has been measured by several 

methods which produce dimensions which correlate well with expected molecular 

dimensions. It is assumed that the dopant layer is orientated approximately 

perpendicular to the substrate surface to give an appropriate tunnelling thickness.  

The main difference between liquid phase doped and Langmuir blodgett 

films first reveals itself as a difference in the d.c. resistance of the completed 

junctions. As stated above the d.c. resistance of LB fil
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This difference could be attributable to one of two things or a combination of 

both. First the oxide layer in the LB film junctions could be thicker due to its 

e thus increasing a junctions resistance. Second the film 

layer in the liquid-phase-doped junction may not be as coherent as that in the LB film 

junctio

junction manufacture might point to oxide thickening as a factor. 

In order to test this possibly a number of experiments were carried out by the 

present group. These involved dipping bottom aluminum electrodes into a clean 

subpha

ime. The 

junctions

yer. 

Experim

immersion in the subphas

ns due to the dispersed nature of the molecules within the solvent prior to 

doping. 

 

6.14.3 Oxide Thickening. 

Turning our attention first to the thickening of the oxide. The fact that the 

aluminium oxide is ( by the mere nature of the LB film technique ) immersed into 

water during 

se (without a monolayer) at the same speed as that used for transferring the 

Langmuir film to the substrate. The electrodes were then stored in conditions similar 

to those used for storing Langmuir Blodgett doped films for a similar t

 were then either liquid phase doped in the normal way or used to produce 

blank junctions. 

Dipping the bottom electrode into the subphase and then placing it in a 

desiccator for 15 hours did result in an increase in the thickness of the oxide la

ents with blank junctions have shown that the resistance of the junction 

increases from between 1 to 20 Ohms for an undipped bottom electrode to to between 

50 and 500 Ohms for a dipped one. The finished junctions produced spectra which  
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were i

ly outlined for selecting junctions and these junctions produced spectra which 

were exactly similar to those produced by junctions produced using the 'normal' 

Assuming that LB films produce junctions in which the arrangement of the 

layer o

y 1.5K 

ohms. 

as and other defects in the organic layer. This picture appears to 

contrad

 a 

ottom electrode Ginnai produced evidence to show that conduction in single layer 

films was by direct tunnelling between metal electrodes. 

ndistinguishable from each other and from blank junctions which had been 

made in the usual way. 

Other junctions were completed by liquid phase doping the aluminium oxide 

after the treatment outlined above. These junctions exhibited junction resistances 

between 300 and 1.5K ohms. Suitable junctions were selected using the criteria 

previous

procedure outlined earlier in this thesis. 

f dopant molecules is not far removed from the arrangement of a layer 

produced by liquid phase doping. It would be expected therefore that a junction doped 

with an LB film should in the worst case have a junction resistance of roughl

This value is far below the many 10s of kilohms obtained in practice for LB 

film junctions. This leads us to suppose that oxide thickening is not responsible for the 

high junction resistance of junctions doped with LB films. 

The inevitable inclusion of an oxide layer within any completed IET junction 

complicates the picture of the tunnelling process. It is possible to describe the process 

as one which is dominated by electrons tunnelling through the oxide layer and then 

through thin are

ict the transfer ratio data which indicates a coherent layer but the errors in 

measuring the area of the transferred layer cannot rule out the possibility of small 

defects in the film. 

Other workers in the department have attempted to prove that the dominant 

charge transfer mechanism through LB films is electron tunnelling [5]. Using tin as

b
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A definitive test of tunnelling is to use at least one superconducting electrode 

and try to observe that only a small current flows for a bias eV less than the energy 

gap of

to the present junctions. But, the question of 

why so

 the electrode [22] - see chapter 2. This test has been applied to Langmuir 

Blodgett films by other workers [23] but their results also were suspect because of the 

presence of an oxide layer. 

The close correlation between the spectra obtained by this author and the 

previous group is strong evidence for quantum mechanical electron tunnelling in the 

Langmuir Blodgett films incorporated in

 many of the junctions produced using LB films have very high junction 

resistances and those which have been liquid-phase-doped do not, remains 

unanswered unless the integrity of the liquid phase and the L-B films are 

questionable. 

The answer may lie in the fact that many workers have produced IET spectra 

of polymers. R. R. Mallik [24] did work on a number of polymers producing spectra 

from materials of relatively high molecular weight.  
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A shor

PEG 

 6.13. 

t list follows to illustrate the range of materials he used: 

Polymer Molecular weight 

PVA 45,000 

PVOH 72,000 

PEOX 5x106 

370 

All of these materials are far too long to be oriented perpendicular to the oxide surface 

and still produce IET spectra. An answer to the enigma is maybe that the polymers are 

adsorbed onto the surface like a pile of spaghetti on a plate. In this configuration the  

polymer chain is adsorbed in a tail - train loop - tail pattern which would allow some 

of the polymer to be adsorbed via interactions between the train segments, as shown  

below in figure
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This model would give rise to a situation where portions of the polymer layer 

ing could take place through these thin 

 situation exists in liquid phase doped junctions 

ure of the doping procedure is conducive to the formation of 

t layer. This model can explain the success rate 

 

oduced by T.Ginnai were obtained from junctions dipped in a 

tank made at Leicester Polytechnic whereas the tank used in the series of experiment 

was a state-of -the-art instrument capable of producing fine quality LB films. These 

observations, whilst not degrading the quality work done by Ginnai, lead us to 

propose that the early films were more prone to imperfections than those produced in 

the Lauda trough and therefore produced more spectra by tunnelling via these 

imperfections. 

It may be possible to resolve the points on film coherence and thickness made 

above if the surfaces of LB and liquid-phase doped junctions could be mapped and 

compared by using (STM) or (AFM). Also modifications to the spectrometer to 

enable high resistance junctions to be catered for would enable spectra to be obtained 

from the at present unusable junctions. Data from these junctions might highlight the 

role of the oxide layer and or defects within the overlaying film. 

were thinner than others; significant tunnell

spots in the dopant layer. 

It is proposed that a similar

where the disordered nat

faults and thin spots in the dopan

achieved with liquid phase doping. The failure of LB films produced as a suitable 

dopant method can also be explained. If the Langmuir Blodgett films produced in this 

department are as coherent and uniform as the experiments seem to imply, it could be

that their perfect structure is the cause of our inability to produce IET spectra from 

them. 

The spectra pr
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6.14.4 

he potential energy barrier are critical factors in modifying 

the tun

Tunnelling Probability versus Junction Thickness 

 

The height and width of t

nelling processes. Starting with a simple rectangular barrier it can be shown 

that under conditions of small bias and low temperature it can be shown that the 

tunnel current density ( j ) is given by: 

 

 

 

Where the symbols have their usual meanings. 

 

Where the inverse decay length k is: 
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For a typical barrier height of 4 eV,  k = 1Ǻ-1 

Therefore there is a marked dependency on the width of the barrier. Inserting nominal 

values gives: 

 

As can be seen from the above calculations there is a very strong dependence of j 

upon s. J decreases by an order of magnitude if s is increased by just 1Ǻ. Therefore 

we can conclude that if there are defects or 'thin spots' within the Langmuir Blodgett 

film ( or indeed any film ) forming the dopant layer in an IETS junction they have a 

vitally important role to play in the tunnelling process. 
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CHAPTER 7 

A STUDY OF 2- HYDROXYETHYL METHACRYLATE 

7.1 Introduction 

The group of synthetic polymers termed hydrogels consist of a 

matrix of hydrophillic macromolecules which are cross-linked to form a three-

dimensional network. The hydrophillic nature of the gels means that they will 

imbibe water spontaneously until an equilibrium hydration is reached. This 

equilibrium will depend upon the density of the crosslinks and the number and 

nature of the sites. All hydrogels, except p-HEMA, are constructed from a matrix 

of water-soluble polymers. At equilibrium these gels can contain over 95% water 

and the water is assumed to spread spontaneously over the surface of hydrogels, 

assuming the surface is fully hydrated. 

Hydrogels have many applications in the field of prosthetics. For instance 

these materials are widely used in the fields of, surgical and dental implants, 

blood bags, tubing, syringes, etc. Most synthetics have properties which differ 

widely from the tissue with which they are interfaced or are replacing [1], the 

major difference is that except for bones, nails, and the outer layers of skin, 

mammalian tissues are highly aqueous, having water contents ranging up to 90% 

in blood plasma. 

The bio-compatibility of hydrogels lies in their ability to absorb, and 

retain within their structure, large quantities of water. The outermost layer of 

water is exposed on the surface of the polymer structure where it interfaces with 

the tissues surrounding the implant; thus a compatible surface is presented to the 

tissue [2].  
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These polymers are covalently or ionically cross-linked three dimensional 

networks which are generally hydrophillic [3,4]. They interact with aqueous 

solutions by swelling to some equilibrium volume. The networks can be 

relatively strong as in the case of the membranes used in dialysis machines or 

weak as in the case of implants which are inserted in a dehydrated state into and 

then swell to fill a body cavity. It can be said that generally the strength of the 

hydrogel becomes less as the water content increases [5]. The mechanical 

behaviour of the network is dependent on such variables as the nature of the 

cross-linker, the polymer network and its crystallinity; features which are beyond 

the scope of this work. Thus the bulk properties of synthetic hydrogels can be 

tailored to suit a particular application. Poly hydroxyethyl methacrylate             

(p-HEMA) is a very important and one of the most widely used biomedical 

polymers. The hydrogel studied in this work is Poly-2-hydroxyethyl 

methacrylate a version of p-HEMA which is tailored to have an end use as a 

contact lens material. 

7.2 Solution Polymerisation - General Protocol 

Polymers were produced by conventional free radical polymerisation. The 

polymerisation was carried out in a five necked, 500cm3 resin flask in a water 

bath at 65°C. This flask was equipped with an overhead stirrer, a condenser fitted 

with a drying tube, a thermometer, a pressure equalised dropping funnel and 

finally a nitrogen bleed. In a typical reaction 300 cm3 of methanol or ethanol 

were added to the flask. The temperature was raised to 65°C and the solvent 

degassed for 15 minutes. 30gms of the monomer HEMA and 1% initiator AZBN 
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were weighed out and dissolved in 100 cm' of the solvent. This mixture was then 

added dropwise to the flask and the resulting mixture refluxed for 12 hrs. under a 

blanket of nitrogen. The contents of the flask were then allowed to cool. If the 

polymer precipitated out it was redissolved before the solution was added 

dropwise to approximately 1 litre of diethyl ether which had been cooled with 

solid COz. The finely precipitated polymer was then filtered and after being 

washed three times with diethyl ether, dried in a vacuum over at 60°C. 

 All details of polymerisation supplied by Dr. H. Oxley and all the samples 

used in this IETS study of the hydrogel p-HEMA were kindly donated by 

Professor Brian Tygh, Dr. H. Oxley, and Dr. P. Corkhill, all of whom also 

provided invaluable assistance during a number of discussion sessions and 

subsequent communications. HEMA - 2 -Hdroxy ethylmethacrylate was supplied 

by Ubichem and AZBN azobisisobutyronitrile supplied by Aldrich.  Figure 7.1 is 

an illustration of one unit of poly 2-hydroxylethyl methacrylate ( p-HEMA ). 

 
 

 

 

 

 

Figure 7.1 

p-HEMA or Poly 2 - Hydroxy ethylmethacrylate  

Where R1 = CH3 and R2 = OCH2 CH2 OH and n = 9 
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7.3 Water in the Hydrogel p-HEMA 

The nature of water in hydrogels has been the subject of many studies      

[6 -15], and an hypothesis which infers a structure within liquid water has been 

proposed [12]. The model put forward is based upon the results obtained from a 

number of experiments which investigated some of the physical properties of 

water: calorimetry, bulk conductivity, NMR, dilatometry, dielectric relaxation, 

etc. Using the data provided by these techniques inferences were made 

concerning which macroscopic details of liquid water were reflected in any given 

microscopic property. 

There exists a consensus of opinion which believes that there is bulk of 

evidence which substantiates the hypothesis that entrapped water within 

hydrogels may be significantly different from bulk or normal water. It is 

hypothesized that hydrogels may contain three classes of water: X water (a free 

water-like phase), Y water (an interfacial water-like phase), and Z water (a 

bound water-like phase). The phase of the individual groups of water molecules 

is influenced by their proximity to the p-HEMA molecules forming the hydrogel. 

The water will consists of a fraction which is significantly affected by the 

polymer network (Z water - bound water), a fraction which is relatively 

unaffected by the polymer molecules (X water - free water), and an intermediate 

fraction ( Y water - interfacial water). 

7.4 Rationale of the Experiments 

In this chapter the results from two important studies of hydrogels will 

be presented. In the first part, the way in which water is incorporated into an  
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ultra-thin layer of p-HEMA will be investigated. This study is unique in that it 

follows the way in which an ultra-thin layer of hydrogel swells during the time 

water is infused into it. There have previously been many studies of the swelling 

behaviour of hydrogels but all of these earlier studies dealt with bulk samples - 

the author references a representative sample of reports [4,5,16-18]. 

In the second part of the chapter inelastic electron tunnelling 

spectroscopy (IETS) is used first to study p-HEMA and its parent monomer 

hydroxyethyl methacrylate ( HEMA ). IETS provides us with an insight into the 

way in which both the monomer and the polymer respectively adsorb onto an 

aluminium oxide surface. This study is the first IETS investigation of the way in 

which a coating of hydrogel one monolayer thick is adsorbed onto the surface of 

aluminum oxide. 

The remaining sections of this chapter outline the theory, the 

experimental procedures and conclusion drawn from the data collected during 

experiments conducted on the p-HEMA. 

7.5 Development of Experimental Procedures 

All of the work done previously on these important and interesting 

materials has been performed using bulk samples of the hydrogel in question. 

These samples are usually constructed as a cylinder, cube, or sheet of a few 

cubic centimetres volume. This group decided to investigate a much thinner and 

smaller sized sample. It was decided that the many important applications in 

which hydrogels are used as thin coatings warranted an investigation into both 

the swelling of very thin films of the material and the interfacial bonding. 
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In the conductance experiment the constant current was supplied by a 

Keithley constant current source and the potential monitored via a Keithley 

programmable Digital Voltmeter (DVM). These instruments were chosen 

because of the accuracy of the constant current source and the high input 

impedance of the DVM ( >1GΩ on any dc range ). The high input impedance 

ensures that any potential drop across the voltage probe leads is negligible in 

comparison with those across the junction. These instruments are also capable of 

being interfaced to a computer via an IEEE 488 serial line thus enabling the data 

logging to be completely under the control of a Phillips 286 computer. This 

facilitated rapid and accurate gathering of data from the conductance and time 

measurement. 

7 . 5 . 1  T h e  S w e l l i n g  o f  p-HEMA 

Measuring the dimensional change which occur as water infuses into a 

thin (effectively a monolayer) sample of p-HEMA presented some problems and 

required a novel monitoring technique. For the method we turned to some earlier 

work which was done in the department [19]. Mallik had done some work on the 

way in which water is adsorbed onto the aluminium oxide surface within an 

IETS junction. He introduced the water to the surface by infusing it through the 

lead top electrode of the tunnel junction. The technique was used to overcome 

the problems associated with the liquid phase doping of tunnel junctions when 

using certain volatile monomers and solvents e.g. Propan-2- ol, 2-methylpenton-

2- one and Phenol. 

It was decided that the method of infusion doping used in some earlier work by 

Mallik could serve our purpose if employed as outlined in the following text. By 
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Figure 7.2a 

A schematic representation of the growth of the first monolayer onto the 

surface of aluminium oxide as water is infused into the junction - after Mallik. 

The first layer consists of a monolayer of hydroxyls and it is assumed that this 

layer will be completed before the second monolayer is deposited on top of the 

hydroxyls. 

 

 

 

Figure 7.2b 
Illustrated here is a representation of the way in which the second 

monolayer is assumed to be deposited upon the completed hydroxyl layer. The 

dopant in the case of the present group's study is exclusively water. Again the 

simple theory proposes that this second layer is completed before the next and so 

on with each subsequent monolayer as they are deposited. 

 
 
 
 
 
 
These two figures represent an idealised view of monolayer growth onto an 
aluminium oxide surface, after Mallik. 
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using the technique of liquid-phase doping a monolayer of the hydrogel could be 

incorporated within an IETS junction - see chapter on junction construction for 

details. Once a lead top electrode had been evaporated over the top of the doped 

junction the physical dimensions of the junction would be fixed. Therefore, the 

conductance of the junction would be dependent mainly upon the thicknesses of 

the two insulating layers formed by the aluminium oxide and the monolayer of p-

HEMA respectively. If water was now allowed to infuse through the top 

electrode it would be taken up by the hydrogel. As a result of the inclusion of the 

water in the hydrogel the polymer would swell producing changes in the 

thickness of the insulating layer formed by it, and consequently changing the 

conductance of the junction. Therefore the conductance changes would mimic 

the swelling of the hydrogel and by monitoring the changes in conductance we 

concluded that we might make inferences about the way in which hydrogels 

swell as water is incorporated in them. 

7.5.2 Infusion Doping 

The technique of infusion doping which was first reported in 1977 by 

Jacklevic and Gaerttner [20,21] involves dopant molecules being introduced onto 

the Aluminium oxide surface of a completed Al-Alox-Pb tunnel junction by 

penetration of the lead counter electrode. Mallik [19] verified the effect by using 

the simple technique of applying vacuum grease to selected areas of the top 

electrode to preclude the ingress of the dopant to the selected areas. His work 

concluded that the dopant did indeed infuse through the lead of the top electrode 

and not through the edges of the Junctions. Illustrated in figures 7.2a and 7.2b  
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are schematic representations of monolayer growth as proposed by Mallik. The 

rate at which the infusion occurs is critically dependent upon two variables. 

These are the rate at which the deposition of the lead takes place and the 

thickness to which it is deposited [20-22]. Also investigated was the use of other 

top electrode materials since lead is generally unstable under infusion doping 

where water-rich vapours adsorb upon the metal and attack it. However, of the 

metals tried Ag, Cr, and Cu proved to be ineffective but there was some limited 

success with Sn and Au. For the work in this chapter lead is exclusively utilised 

as a counter electrode material. The diffusion rate and the thickness of the lead 

electrode were chosen to correspond to the optimum values of 300 nm thick of 

lead deposited at a rate of 1 nm s-1 obtained by Mallik.  

Contamination by formic acid is a problem which is often encountered in 

infusion doping experiments [22]. The close proximity of its boiling point,      

100.5°C, to that of water means that it is often a low level - ppm - impurity in 

water. Also the production of formic acid ( HCO2H ) through a catalytic reaction 

of the lead in the top electrode by atmospheric carbon dioxide and water is 

another source of contamination. This being so, an apparatus was built which 

allowed completed junctions to be sealed in it and the surrounding atmosphere 

purged with nitrogen gas to exclude CO2 thus preventing the reaction with the 

lead taking place a schematic of the apparatus is shown in Figure 7.3. The 

chamber also allows the changes in conductance which occur during the infusion 

process to be monitored accurately and the data collected via a computer link.

 The main body and the lid of the chamber were constructed from very 

high grade stainless steel. The chamber enabled measurements to be made in real  

 223



 
 
 
 
 
 
 

 224



 
 

 

 

 

Figure 7.3 

An illustration of the chamber designed and constructed for infusing 

water into an IETS Junction. The design enabled measurement in real time to 

be made of the conductance changes which occurred during the time the 

infusion was takeing place. Interconnections to a computer allowed complete 

control of the monitoring and storage of the data collected. 
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Figure 7.4 

Illustrated in this diagram is an idealised representation of the 

way in which it is proposed that the first two layers of water are adsorbed onto 

the surface of poly 2 - hydroxyethylmethacrylate (p-HEMA). Indicated on the 

top diagram is the approximate thickness of the first layer of water adsorbed onto 

the polymer. The lower diagram shows a highly stylised two-dimensional 

representation of the way in which the subsequent layers of water are adsorbed in 

a tetrahedral structure. 
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time of the conductance changes which occurred during the infusion of water 

into an IETS junction doped with p-HEMA. The cable marked 'Interface to 

DVM and computer' served as an umbilical to provided the interface for the 

constant current source and the wires for the four point probe measurement. All 

facets of the monitoring and storage of data were controlled by an IBM 

compatible 286 computer. A constant current was applied to the junction and the 

conductance of the junction monitored as water was infused into the hydrogel. 

Any changes in conductance were considered to be indicative of changes in the 

thickness of the junctions insulating layer.  Illustrated in Figure 7.4  is an 

idealised picture of the way in which the first two layers of water are adsorbed 

onto p-HEMA. 

The experiments performed with the apparatus described above 

have provided some evidence of structure within the layers of water which were 

sequentially assimilated by the hydrogel within the IETS junction. These data 

further substantiate a consensus of opinion which proposes that when water is 

incorporated in p-HEMA it has an order imposed upon it by the polymer [23-26]. 

The first and most intimate layer being tightly bound to the polymer is the most 

structured and ice like in its characteristics. The following layers exhibit a degree 

of structure which diminishes with distance from the surface, until a 'normal' 

unstructured water is encountered in the main body of the incorporated water. 

7.6 Elastic Tunnelling at Low Bias During Infusion Doping 

Using a trapezoidal barrier model and the approximation of Wentzel-Kramers-

Brillouin (WKB), Brinkman, Dynes and Rowell [27] have shown that the 
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conductance of a tunnel junction at low bias is given by: 

 

 

 

Where: 

G is the conductance of the junction.  

Aj is the junction area. 

γ’  is a constant. 

ǺΦ (eV)  is the mean barrier height. 

S (Ǻ) is the thickness of the barrier.  

K is ≈ 1 for the units quoted. 

For the region of interest in the present work the pre-exponential factor is 

smoothly varying and can be considered to be approximately constant. Burnstein 

and Lunquist [28] expressed the junction conductance to a good approximation 

by: 

 

 

Mallik normalised the conductance to the conductance of the aluminium oxide 

and using this approximation he was able to interpret his data in terms of a 

sequential growth of monolayers water molecules, with the first layer adsorbed 

on the aluminum oxide and subsequent layers stacking on top of each other. This 

approximation will be taken as a starting point when modelling the swelling of 

thin layers of p-HEMA. 
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 The low-bias current versus voltage characteristic of a tunnel junction is 

linear up to around 100mV. There are slight deviations due to inelastic tunnelling 

events taking place but these are outside the experimental errors of this 

conductance study. Applying a small constant current to the junction at low bias 

and assuming that Φ1/2 was not so important as S changes in barrier thickness 

can be monitored via the approximately ohmic changes in junction potential.

 It is essential that the monitoring of these changes is done using a four-

point-probe technique. 

 

7. 7 Experimental Details 

A number of criteria were observed when preparing IET junctions for 

these experiments. The thickness and rate of depositing the lead electrode is 

thought to play an important role in the rate at which the infusion occurs        

[20-22,29], with the fastest infusion taking place in thin slowly evaporated films. 

Thin films give rise to a problem in that although they speed up the infusion time 

they are more likely to allow the transmission of contaminants into the junction. 

Thicker lead electrodes reduce the chances that any contaminants will reach the 

junction through the top electrode. However, if the lead is made too thick the 

time taken for the experiments to take place is prohibitively long. A compromise 

of a lead electrode thickness of 300nm was chosen; this gave a reasonable time 

for the infusion to take place and an adequate protection against the penetration 

of contaminants. 

The slides onto which the junctions were evaporated were prepared and 

cleaned using the procedures developed to provide IETS samples - see Chapter 3 

of this thesis.  
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Immediately after the top lead electrode had been evaporated the slide was 

mounted in a printed circuit board edge connector and transferred to the infusion 

chamber. The chamber was then sealed and then flushed with nitrogen. The 

chamber was interfaced via an IEEE link to the computer and logging started. 

After a few seconds the chamber was flushed with room air to purge the 

nitrogen. The dopant 'Millipore' water was introduced into the chamber via a 

septum - a self-sealing plug - using a clean hypodermic syringe and the resulting 

changes in junction conductance monitored, assuming Φ1/2 doesn't have much 

effect, using the techniques outlined previously in section 7.6. 

Measurements were made at low bias with Vb « Φ to ensure that the 

junction will remain on the approximately linear region of its I vs V 

characteristics. The measurement were made by passing a constant current of 1 

mA through the junction whilst monitoring the potential of the junction . 

The data were processed in a spreadsheet - Supercalc 5 - where the 

graphical analysis capabilities of the software were used to display the data in a 

visual form to aid interpretation and to print out hard copies of the graphs. 

7.8 Assumptions 

 

In order to interpret the results a number of assumptions must be made at 

the outset. A resume of these assumptions is as follows. 

• As the dopant is infused into the IET junction it will in general 

modify the nature of the potential barrier, which wall result in local 

variations in its height and width. These changes will result in a 
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decrease of the conductance of the junction - as a consequence of 

equations 7.1 and 7.2 . 

• The water molecules are assumed to infuse into the junction to form 

uniform and sequential monolayers on the dopant p-HEMA. These 

monolayers are also assumed to be formed sequentially in that one 

layer is assumed to be completely formed before initiation of the 

next. 

• The time for each monolayer to be adsorbed is constant and the layers 

are adsorbed in a uniform manner. The function is also assumed to be 

planar in its composition. This implies that the oxide surface formed 

during the manufacture of the IET junction is a smooth or smoothly 

undulating surface with no topographical defects - i.e. holes etc. 

Clearly these initial approximations are very broad; the time taken for a layer to 

be adsorbed will depend upon how the first and subsequent monolayers interact 

with each other. The initial layer will have adsorption sites on the polymer 

surface to adhere to, whereas subsequent layers will be presented with the 

surface of the previous monolayer which may not be so conducive to bonding as 

readily as the initial one. 

7.9. An Overview of the Results 

Show in figure 7.5 is a graph of conductance in siemens versus time for a 'blank' 

junction during the infusion of water through the top lead electrode. Shown for 

comparison in figure 7.6 is the graphical representation of a set of data taken by 

R.R. Mallik, during the infusion of water into an exactly similar junction.  
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Figure 7.5 

A reproduction of representative plot taken by this present group during 

the infusion of pure water into an aluminium - aluminium oxide - lead IET 

junction. The graph is shown for comparative purposes and is to be compared 

with the figure overleaf of a plot taken by a previous group with a similar 

junction configuration. 
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Figure 7.6 

A reproduction of a plot taken by a previous group during the infusion of 

water in to a blank (undoped) IET junction. The form of the graph is similar to 

the one illustrated in figure 7.5 and is shown for comparison only. 
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Figure 7.7 

The plot illustrated here is a representative sample of data taken during 

the infusion of water vapour into an aluminium - aluminium oxide - p-HEMA - 

lead IET junction. Comparison with figures 7.4 and 7.5 will highlight the 

inverted form of the graph. When the junction has been doped with the polymer, 

subsequent infusion of water results in an increasing gradient in the conductance 

versus time curve contrary to the decreasing gradient observed during the 

infusion of water into blank IET junctions. 
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Figure 7.7 is a representative graph of the data obtained from a series of 

experiments carried out by the present group on conductance changes in IET 

junctions doped with pHEMA during the infusion of water through the top lead 

electrode. A study of these graphs will show that the forms of graphs shown in 

figures 7.5 and figure 7.7 differs greatly. Graph 7.5 has a gradient which 

decreases as the infusion progresses - mimicking the results obtained by R. R. 

Mallik whereas the graph shown in figure 7.7 shows a trend which reveals itself 

as an increase, in a certain region, of the gradient of the graph as the infusion 

progresses, contrary to Mallik's results. Other regions of the graphs also show 

marked differences from Mallik's. These might be due to the way in which p-

HEMA swells after the initial layers of water have adsorbed into the polymer. 

Other workers using bulk samples have shown that as hydrogels absorb water the 

shape of the volume versus time curve takes on a sigmoidal shape [12]. The 

latter parts of the conductance versus time graphs taken by the author may reflect 

this behaviour. 

Mallik used his results to show that the water molecules infused through 

the top electrode of the junction to form an hydroxyl layer on the surface of the 

aluminium oxide coating the bottom electrode followed by a mono-layer of 

water. The subsequent mono-layers of water were then formed, one at a time, on 

top of each other. He produced an equation based on 7.2 above on which he 

modelled his results. Starting with the premise that the water molecules will 

infuse through the top electrode in that same way as suggested by Mallik gives a 

starting point for our interpretation of these results. Using the equation 

developed by Mallik - see equation 7.3 below - we will compare the conductance 

of the first layer, g1 with that of the second layer g2. 
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Where L is the thickness of the first layer and M is the thickness of the second 

and subsequent layers of water molecule - which are assumed constant; g1 (t) and 

g2 (t) are the conductances of the first and subsequent layers respectively where 

each layer is assumed to be deposited in the same time (t). The thickness (M) of 

the second and subsequent layers is taken to be 2Ǻ. The figure of 2Ǻ is chosen to 

be the approximate diameter of a water molecule in line with the models 

proposed by Eisenberg and Kauzmann [29]. For the gradient of the graphs to 

increase the ratio g1 (t) / g2 (t) must be greater than unity. Inserting values where 

L = M, L < M, and L > M respectively indicates that the thickness of the first 

layer is important in determining the slope. 

 

 

 

 

 

 

 

 

 

 

These few calculations show the critical dependence of the magnitude of the 

ratio of successive gradients of the conductance versus time graphs upon the 
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thickness of the first layer deposited. The part of the graph considered in this 

analysis covers the time period from zero to approximately one hour. Reducing 

the value of the thickness of the first layer to around 0.42Ǻ produces a ratio of 

1.76. which approximates to experimentally obtained ratio of successive 

gradients in the aforementioned section of graph - see Figure 7.6. This thickness 

of 0.42Ǻ is half the expected layer thickness of 1Ǻ for an hydroxyl layer and 

around 1/5 of the approximate 2 Ǻ thickness of a layer of water molecules as 

assumed above. 

The first layer of water adsorbed onto p-HEMA is hydrogen bonded to 

the hydroxyl groups and there would also be some bonding carboxyl groups and 

to oxygen. This first layer would be under the influence of the oxygen and 

hydroxyl groups and this influence leads to a tightly bound initial layer. The 

influence diminishes with distance from the polymer surface and so the water 

would be less tightly bound as we move in space from the polymer surface into 

the body of the material. Each of the layers could be considered to be 'thicker' 

than the previous one until at a large distance from the polymer surface the 

influence would tend to zero and the structure of the water would correspond to 

bulk water. 

7.10 Conclusions from Conductance Data 

The equipment designed and built by the author enables IETS junctions to be 

infusion doped with water (although other liquids could be used ) routinely and 

simply with a minimal risk of contamination. The provision of input and output 

taps allows the purging of the chamber with an inert gas such as dry nitrogen.  
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Flushing the chamber with an inert gas minimises formic acid contamination by 

excluding atmospheric carbon dioxide. 

Automatic collection and monitoring of the conductance data is achieved 

in situ by means of a Keithly digital multimeter which is interfaced to a 

computer. The program running the system is listed at the back of the thesis in an 

appendix. The changes in the conductance of a junction approximately follow 

changes in the thickness of the insulating barrier and therefore inferences 

appertaining to the mechanisms by which water is adsorbed into the polymer can 

be made via the changes in the junctions conductance. The data collected 

intimate that when water is incorporated within a hydrogel it has some limited 

structure. There is some evidence to suggest that the first layer of water adsorbed 

into the polymer is significantly thinner than subsequent layers. 

A simple model of sequential monolayer growth is proposed and used 

with success to suggest the thickness of each of the monolayers as they are 

adsorbed into pHEMA. The model, using reasonable assumptions, can be made 

to predict which are in fairly good agreement with the experimental data . 

The present group's experiments where IETS junctions were used to 

investigate the way in which water is incorporated into a hydrogel are the first of 

their kind. The swelling of these important polymers has been studied before 

by other groups but in all of those other studies data have been collected using 

bulk samples whereas this work has investigated the effect water has on a 

monolayer of the polymer. The preliminary results show evidence for suggesting 

that the water once adsorbed within the polymer has a limited structure imposed 

upon it by its proximity to the polymer with the initial monolayer of water being  
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thinner than the subsequent monolayers. It is suggested that the initial layer of 

water absorbed to the p-HEMA is hydrogen bonded to the hydroxyl groups and 

there would be some bonding carboxyl and to oxygen. 

Thus in the initial layer, the influence of the oxygen and / or hydroxyl 

groups in the polymer leads to a tightly bound initial layer. As the influence of 

the polymer diminishes through an increase of distance from its surface so the 

thickness of the subsequent layers would increase. This supports a consensus of 

opinion that water within polymers has a structured or layered form close to the 

polymer surface [23-26,31]. 

The shape of the graphs also suggest that after the first few layers of 

water have been adsorbed the shape of the curve deviates from the simple model 

proposed by the author. Although the swelling behaviour of the gel after the 

initial layers has not been investigated by this group an initial inspection of the 

data suggest that it follows a sigmoidal shape seen by others in work done on 

bulk samples [12]. 

7.11 An IETS Study of the Monomer and Polymer of  

 2-hydroxyethyl methacrylate 

Inelastic electron tunnelling spectroscopy in conjunction with other 

spectrographic techniques is a powerful tool for studying the nature of the 

interface between polymers and the surface of metals and oxides [19-32].

 Although it is impossible to resolve all of the vibrational modes of 

molecules having more than a hundred atoms or so using IETS [33], it is 

believed that IET spectra reflect the nature of the adsorption due to interactions  
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Figure 7.8 

Illustrated in this figure is a representation of the spaghetti tail - loop - train type 

of adsorption of high molecular weight polymers onto surfaces as proposed by 

Lal and Stepto [39]. 
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between reactive segments of the polymer and adsorption sites on the surface of 

the metal forming the bottom electrode of the junction [34]. 

Using the instrument and procedures developed in this department       

[35-38] an investigation into the adhesion of 2-hydroxyethyl methacrylate 

(HEMA) and poly 2-hydroxyethyl methacrylate (p-HEMA) adsorbed on 

aluminium oxide was conducted. As is the usual practice infrared spectra of bulk 

samples of the monomer and polymer were also taken to provide a comparison 

of peak positions. Calculations by Lal and Stepto [39] which describe the 

conformational nature of polymer adsorption took into account factors such as 

chain structure, polymer - surface, and polymer - solvent interactions. It was 

proposed that polymers were adsorbed in a tail - train - loop - tail configuration; 

rather like a pile of spaghetti tossed onto a plate see - figure 7.8. Adsorption of 

the material takes place along the 'train' segments and potential adsorption 

sites on the surface of the oxide. 

7.12 Experimental 

The tunnel junctions used in this set of experiments were exclusively of 

the type Al - AlOx -Dopant polymer - Pb, the layer of aluminium oxide was 

produced thermally in air at room temperature. Comprehensive descriptions of 

junction fabrication, quality assessment, and general manufacturing protocols are 

given in Chapter 3 of this thesis. 

Infra-red spectra - see Figures 7.9a and 7.9b - were obtained using a 

Nicolet spectrometer. All the solvents used in the preparation of the IETS 

samples were either Spectrograde or Analar quality. In order to ascertain whether  
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Figure 7.9 a 

Infrared spectrum taken from a sample of 2-hydroxyethyl 

methacrylate. Note the strong peak at 205.85 mV (1655 cm-1) which is assigned 

to the stretch mode of C = C , indicating an unpolymerised sample. 

Figure 7.9 b 

In this infrared spectrum of poly 2-hydroxylethyl methacrylate 

where the feature at 205 mV has been reduced down to a very small peak 

indicating that the sample of p-HEMA has been polymerised. 
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any solvent or solvent born contaminants remained adsorbed after liquid-phase 

doping of the junction the usual practice of testing several 'blank' junctions was 

followed. All these junctions had a low do resistance and the IET spectra 

produced were consistent with a clean oxide surface. 

 

7.13 Results and Discussion 

Both the monomer and the polymer produced strong, reproducible, IET 

spectra. Once the spectra had been obtained - see figures 7.10 and 7.11, the 

peak positions were taken from the plots using 'Digit' which is a digitizing 

routine developed by Dr. S. Reynolds [32] - see Tables 7.1 & 7.2. 

7.14 Comparison and Interpretation of IET Spectra. 

An initial comparison of the IET spectrum taken from the monomer 

and that taken from the polymer shows that they have a number differences the 

main ones occurring at around 200 - 250 mV and 60 - 100 mV. 

The main features and differences will be dealt with starting from the 

high frequency end of the spectra. Both spectra exhibit features around 450 to 

500 mV which correspond to the stretch modes of surface OH. The monomer 

shows a peak at 378 mV which is assigned to = CH2 stretch and there is a very 

noisy feature around 370 mV in the polymer spectrum. Both spectra shown 

strong peaks around 360 mV which are due to CH2 / CH3 vibrational modes. 

The peak in the monomer at 211 mV is assigned to the stretching mode of       

C = O.  
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Figure 7.10 

Reproduced in this figure is a representative sample of one of the first 

IET spectrum taken from a junction doped with a sample of the monomer          

2hydroxyethyl methacrylate. 
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Figure 7.11 

This illustration is of the spectrum taken from an IETS junction doped 

with the hydrogel poly 2-hydroxylethyl methacrylate. It is a representative 

sample of the spectra taken by the author in this first series of experiments 

using IETS to examine the adsorption of p-HEMA onto aluminium oxide. 
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A comparison with the region around 211 mV in the spectrum taken from the 

polymer reveals that the peak assigned to the C = O stretch has disappeared to be 

been replaced by two peaks at 178.29 mV and 198.33 mV. Peaks in IETS 

spectra at these positions are assigned to the symmetric and the antisymmetric 

stretching modes of the carboxylate anion COO- respectively. Hall and Hansma 

[40] proposed that carboxylic acids dissociate on the surface of the aluminium 

oxide after which they are chemisorbed by the formation of a bidentate bridging 

complex between the ion in the aluminium oxide surface and the carboxylate 

anions. These peaks present strong evidence that the R2 end group of the polymer 

must has been cleaved from the rest of the molecule leaving the carboxylate 

anion be adsorbed onto the aluminium oxide surface as a resonance stabilised  

bi-dentate bridging arrangement. 

There is a weak shoulder at 201.4 mV in the spectrum of the monomer 

which is assigned to a C=C stretch mode. It was expected that there would be a 

strong feature in the spectrum at around 200 mV to indicate an unpolymerised 

sample. The infrared spectrum of the monomer shows a strong peak at 205 mV 

which indicates the presence of the double bond in the monomer see figure 7.10a 

and 7.10b. 

It is inferred from the weak peak in the IETS data that the dipole moment 

of the C = C is not orientated near to perpendicular with the oxide surface see 

explanation in Chapter 2 of this thesis. 

Both the monomer and the polymer show similar peaks in the region 

around 170 mV to 147 mV, these features as assigned to mixed CH and COH 

vibrations. Skeletal deformations of the polymer backbone is indicated by the  
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Table 7.1 

Listed in table 1 are the peak positions and assignments for the 

data taken from a representative IETS graph of the monomer HEMA. All peak 

positions are in mV and have been adjusted for the superconducting energy gap 

of lead. 
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Table 7.2 

Listed in table 7.2 are the peak positions and assignments for 

the data taken from a representative IETS graph of the monomer HEMA. All 

peak positions are in mV and have been adjusted for the superconducting 

energy gap of lead. 

 258



peak at 144.76 mV in the polymer spectrum. C - C stretch modes are 

evident in both of  the spectra at 140 mV. The peak at 125 mV in the spectrum of 

the monomer which does not appear in the polymer spectrum is assigned to an 

OH bend. Two features corresponding to CH, rock appear in both spectra at 

around 115 mV. There is a peak at 107.85 mV in the polymer spectrum which is 

assigned to a C-C stretch mode. At 80.72 mV in the spectrum of the monomer a 

peak appears which has been assigned to OH bend. There is a peak located at a 

similar position ( 78.09 mV ) in the polymer spectrum together with another at 

53.09mV. These two peaks are thought to reflect either COO- in plane and out of 

plane rock respectively or possibly librational modes of lattice water within the 

polymer. Librational modes are due to the rotational motions of water molecules 

restricted by the lattice of the polymer [43]. 

Hydrogels entrap water and the water is incorporated as lattice or 

coordinated water. Water trapped within organic salts also is incorporated as 

lattice or coordinated water and work by Fugita et al [41] and Gamo [42] 

highlighted a number of low frequency modes at around 75 to 95 mV which 

were assigned to the wagging, rocking, and twisting modes of water coordinated 

to a metal ion. The polymer spectrum shown above also features an extra peaks 

at 87.62 and 92.85 mV it is proposed that these peaks are due to vibrational 

modes of coordinated water within the hydrogel. 

7.15 Conclusion from IETS Data 

It is concluded that the polymer sample ( p-HEMA ) has the ester group labelled 

RZ in Figure 7.1 above cleaved by a reaction when it is adsorbed onto the 

aluminium oxide surface of the bottom IETS junction electrode. It is proposed  
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that the polymer is adsorbed onto the aluminium oxide via a resonance stabilised 

bidentate bridging complex formed by the carboxylate anion COO- and the 

surface. There is also some evidence of coordinated water entrapped within the 

polymer - in line with the result obtained from the conductivity data given above. 

The monomer shows little evidence of C = C modes in the spectrum and 

it is proposed that the monomer is adsorbed onto the aluminium oxide surface 

via mainly hydrogen bonding of hydroxyl and carboxyl groups, and with some 

bonding to oxygen. The lack of a strong C = C peak can be explained by 

assuming that the dipole moment of the C = C is oriented approximately parallel 

to the oxide surface thereby reducing the intensity if its peak in IETS. It is 

suggested that the apparent confliction arising from the fact that the R2 group is 

cleaved in the polymer and not in the monomer might be explained by 

conformational restrictions imposed by the rigidity of the monomer molecule. 
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CHAPTER 8 

 

A STUDY OF ZINC CHLORIDE IN  POLY(ETHYLENE GLYCOL) BY 

INELASTIC  ELECTRON TUNNELLING SPECTROSCOPY (IETS) 
 
 
8.0   Introduction 
 

 

 In this chapter  inelastic electron tunnelling spectroscopy  (IETS) [1-3]  has been 

used for the first time to compare the behaviour of  poly (ethylene glycol)  with  poly 

(ethylene glycol) containing zinc chloride adsorbed onto an aluminium oxide surface. 

 Poly (ethylene glycol) is a low molecular weight analogue of  poly (ethylene 

oxide)  the common parent polymer used  in polymeric  electrolytes,  see Figures 8.1a 

and  8.1b.  An understanding of the mechanisms  by which these materials adhere to a  

surface can provide a valuable insight into the electrode/electrolyte  processes which take 

place in thin film devices incorporating  ionic polymers.   

   A wide range of organic materials and polymers adsorbed on aluminium oxide 

[4-6] have been studied previously in this department and this work has provided a 

valuable  insight into the detailed mechanisms at a molecular level of the adhesive and 

other properties of ultra-thin layers.  Materials ranging from simple molecules to 

complex polymers have been studied [4-6].  IETS has also been used to investigate the 

incorporation of synthetic polymers into IET junctions [7,8].  These previous worker 

have shown that IETS,  used in conjunction with other spectroscopic techniques,  is a 

powerful tool for investigating the adsorption mechanisms of both small and large 

molecular weight molecules onto aluminum oxide.  

 

 

Dr. Mike Line
Stamp



 
 
 
Figures 1 a and 1 b are schematic drawings of poly (ethylene oxide) showing the 
spatial arrangement of the molecule. Not to scale) 
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Therefore when an insight into the adhesion of  PEG  onto a surface was required.  The 

features listed previously suggested that  IETS  would be a suitable ideal technique to be 

used in the investigation.   For  although the spectra obtained from IETS do not 

necessarily reflect the behaviour of the polymer as a whole - Walmsley and Nelson 

showed that it is impossible to resolve the vibrational modes of molecules with more than 

a hundred or so atoms [9].  The data  may be extrapolated to enable some adsorption 

mechanisms to be proposed as possible explanations for the way in which  the polymers 

are attached to the surface.  One view is that the polymer is adsorbed via interaction 

between specific segments of the polymer and active sites on the surface of the oxide 

[10]  - steric hinderance may have a role to play  in the way these interactions take place. 

  Another view put forward  is that the polymer lies on the surface like a pile of spaghetti 

 which has been randomly thrown there and is adsorbed in a tail - loop - tail manner [10] 

- see  Figure 8.2.   Which allows Adsorption to take place through interactions between 

the tail segments and adsorption sites on the oxide surface.  Therefore IETS can provide 

vibrational spectra  of  polymeric materials from which  the adsorption mechanisms of 

ultra thin layers of polymers can be inferred.  

 The IET spectra presented in this chapter are believed to reflect the way in which 

 the  two  polymers are adsorbed onto the surface of  the aluminium oxide.  This study 

extends the range of materials investigated by  Inelastic Electron Tunnelling 

Spectroscopy  to include an analogue of an  important polymeric electrolyte materials.  



 
 
 
 
Figure 8.2. 
An illustration of a proposed mechanism for the adsorption of a polymer onto the 
surface of the bottom electrode of a tunnel junction - after Lai and Stepto. the 
adsorption takes place through interactions between the train segments which are in 
intimate contact with the surface and active sites on the surface of the aluminium 
oxide. 
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8.1   Experimental Details 

 

 The preparation of the junctions used in this work followed well proven methods 

developed by workers in this university over a number of years [5]  Unwanted effects on 

peak positions and widths were avoided by use of  bottom electrodes of thickness of at 

least 300 nm in line with previous work [11].  These methods ensure that in each of the 

batches of junctions produced there is  a high proportion which are suitable for IETS.  

 The samples used were based on poly(ethylene glycol) of relative molar mass 

400 in this form the polymer being a liquid.  The solutions were produced by mixing 25g 

of anhydrous zinc chloride (BDH analar grade) with 100 cm3  of the poly (ethylene 

glycol).  The resulting mixture was then stirred for twenty four hours at room 

temperature.  For  IETS the solutions of both the PEG400 and PEG400 / ZnCl2 were diluted 

in the ratio of 1 part of PEG400  to 50 parts of ethanol (spectroscopy grade). This dilution 

was necessary in order to effect liquid phase doping of the oxidised aluminium forming 

the bottom electrode of the junction,  producing  junctions with d.c.  resistances of the 

order of fifty to three hundred ohms,  an ideal range for IETS. 

 After evaporating the top lead electrode each junction was assessed using a 

standardised procedure developed in this laboratory.  Suitable junctions were then 

immersed in liquid helium prior to scanning by the spectrometer. 
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PEG400 (mV ) PEG400 : ZnCl2 ( mV  ) Peak Assignment 

 37.03 Al oxide phonon 

 52.19  

68.35 68.44 Skeletal Twist  

79.83 80.16 Skeletal  Twist 

 89.38  

102.90 100.80  

113.50 111.60  

133.10 131.90  

141.20 140.50 C-O Stretch 

155.10 155.00 C-H2 Wag 

171.80 172.40 C-H Bend 

180.00 179.50 C-H Bend 

196.40 196.40  

212.30   

233.40   

270.40   

338.20 341.70 C-H Stretch 

354.20 358.30 C-H Stretch 

 439.80 O-H stretch 

   
 
Table 8.1  
 
 
Results and IETS peak assignments for poly (ethylene glycol ) uncoordinated and 
coordinated with zinc chloride 
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8.2   Instrumentation 

 

 The design, development, and resolving power of the  IET spectrometer  used in 

this work [12-15]   has been described in detail elsewhere in this thesis. 

 

8.3   Comparison of IET Spectra 

 

 Figures 8.3 and 8.4 are examples of the reproducible IET spectra obtained from 

junction doped with  PEG400  (sample 1) and a solution of zinc chloride in  PEG400 

(sample 2).  The two spectra show a marked difference at around 450 mV. This feature 

which corresponds to an excitation of an OH stretch mode [16]  is prominent  in the 

spectrum of  zinc coordinated samples but is absent in the spectra of the uncoordinated 

samples.  There is also some difference to be seen in the two spectra in the range 180 mV 

to 250 mV.   The remaining  peaks are the same,  within the experimental error of  the 

work.  -   Table 1 lists the peak positions of the two spectra.   

 

8.4  The Adsorption of PEG on Alumina 

 

 Koubek  et al [17] in work carried out on the adsorption of aliphatic amines on 

alumina suggested that very strong adsorption occurs on aluminum ions in the surface via 

coordinated nitrogen - aluminium bonds. Chemically there are some similarities between 

 amine and hydroxyl end groups.  It is therefore proposed here that when the PEG  is 

incorporated in a tunnel junction it adheres to the oxide surface 
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Figure 8.3. 

 Shown in this figure is a representative sample of a  spectrum taken from a 

junction which was liquid phase doped with PEG 400 . 
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Figure 8.4 

 An illustration of the IET spectrum  obtained from junction doped with samples 

of PEG coordinated with zinc chloride.  An extra peak correspondingn to an OH mode is 

clearly seen at around 450 mV. 
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via coordinate oxygen - aluminium bonds as shown in figure 8.5.  Oxygens  in the 

polymer donate  two electrons to form a bond with an  aluminum  ion in the surface of  

oxide.     

 In the solvent sample there is free rotation of the end groups  and therefore these 

groups can be orientated with respect to the surface over a large range of positions.  

Some of these orientations will, of course, be conducive to the adsorption of the group 

onto the oxide.  But there are only two end  OH groups in each polymer molecule.  Some 

of these end groups  will be bonded to the oxide but their numbers  will be  small and so 

it is proposed that their effect will remain  unresolved in the spectra. 

 

8.5 The adsorption of PEG400  / ZnCl2  on Alumina. 

 

   An initial comparison of the spectra obtained from the two samples reveals  that 

there are very few differences. The spectra from sample 1 contains some features at 

around 200  to 280 mV which do not appear in the spectra of sample  2.  Whilst there  is 

an extra peak at 439.8 mV in the spectra from sample 2,  the rest of the two spectra are 

essentially the same.  

 Turning our attention to the peak at 450 mV, the presence of the peak at around 

450 mV, which is normally assigned to an OH stretch mode, would seem to indicate that 

there are more hydroxyl groups coupled with the surface of the oxide in the zinc 

coordinated sample than in the pure sample  This could come about in  two different 

ways.   

 Firstly if  many more of the end groups of the polymer  were presented to the 

surface in a manner conducive to bonding  their incorporation and  orientation would  
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bring about a peak at around 450 mV.  The incorporation of  zinc into the polymer might 

sterically hinder  the free rotation of the terminal groups of the polymer and this being so 

it would reduce the numbers of positions that the end groups could assume. The 

realignment of the molecule might  favour  hydrogen  bonding between the OH terminal 

groups and  hydroxyls on the oxides  surface - see Figure 8.6a.  Figure 8.6b illustrates a 

simplified schematic model by which PEG400 / ZnCl2  could be  adsorbed onto an 

aluminium oxide surface.  The coordination of zinc with the ether oxygens of the 

polymer leave only the hydroxyl end groups available for bonding to the surface.  Figure 

8.6b shows a more realistic view of the incorporation of the zinc which  also leads to the 

second, and more likely,  explanation of why there is an extra peak at about 450 mV in 

the spectra of  sample 2. 

 Secondly zinc chloride is highly hydroscopic and although 'dry' samples are 

purchased and packaged together with an inert gas to prevent hydration,  as soon as the 

packaging  is opened  water is absorbed onto the sample from the moist air in the lab.  

The  materials affinity with  water can be observed through the immediate change in the 

colour of  the sample when it is  first exposed  to the atmosphere, darkening within a few 

seconds of the exposure.  The incorporation of the water into the zinc would ensure that 

there were many more hydroxyl groups within the junction and therefore these groups 

could bond with the surface through hydrogen bonding with surface hydroxyls  - as 

illustrated in Figure 8.7. 

 

8.6 Infrared and Thermographic Analysis (TGA) Data 

 

 In order to quantify and compare the amount  of  water present in a fresh sample 

of zinc chloride with  that present in a sample  which had been opened, used to produce  
 
 
 
 
 
 



A Schematic of a Proposed Adsorption mechanism of a solution of Zinc Chloride 
In Poly ( ethylene glycol ) onto Aluminium Oxide. 
 
 

 
 
Figure 8.6a 
 
When a solution of zinc chloride in poly (ethylene glycol) is adsorbed onto aluminium 
oxide it could adhere to the surface via hydrogen bonding of the end groups. 

 277
 



 
Figure 8.6b 
 
A proposed mechanism for the asorption of zinc chloride onto aluminiumoxide. 
Asorption can occur through hydrogen bonding to an end group as in A and via 
hydrogen bonding with water which is bonded to the zinc as in B. 
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Figure 8.7. 
 
The diagram in this figure is a stylised represenataion of the hydrogen bonding of 
PEG400 / ZnCl to aluminium oxide. It is proposed that bonding takes place between 
the water incoporated in the zinc and the hydroxyls in the surface of the aluminium 
oxide. 
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samples for doping, and then stored in the laboratory for some time  infrared 

spectroscopy and thermographic analysis were performed on each of the samples.  

Figures 8.8 to 8.11 are reproductions of  representative samples of the graphs  produced 

by each of these techniques. 

 

8.6.1. Infrared Data. 

  

 Taking the infrared data first, Figures 8.8 and 8.9  are the spectra obtained from 

the fresh batch of zinc chloride and the used sample respectively.  The area of importance 

in this investigation  is between 2400 cm-1  and  3800 cm-1,   it is in this region that the 

peaks due to vibrations of the OH modes occur.  The peaks in this area of the spectrum 

will be indicative  of the amount of water  present in the sample.  Water in inorganic salts 

can be classified either as lattice or coordinated water,  although there is no definite 

borderline between the two [18].  Lattice water is water entrapped within the lattice of the 

metal and coordinated water is water coordinated with the surface of the material. 

 Figure 8.8  shows a strong feature in the spectrum at about 3600 cm-1 , this  

would  seem to indicate that  water  was present in the sample during the spectrographic 

analysis.   Turning our  attention to the  infrared spectrum taken from the used sample,  

Figure 8.9 we see that there is also a feature in the region under investigation.  Only this 

time the feature is much broader and more complex in form with much  more 

differentiation of the energy levels.  This displays clear evidence that the used sample 

contains much larger amounts of water compared from the new and unused sample. The 

rest of the spectra are very similar, with just some reduction in intensity of the weaker 

peaks. 

 From these data it can be inferred that a fresh sample of zinc chloride will contain 

significant amounts of water and it will continue to absorbe more water during  
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Figure 8.8 

 Reproduced in this figure is the infra red spectrum taken from a fresh batch of  

zinc chloride. The sample was opened and a sample placed in the i.r. spectrometer 

immediately. 
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Figure 8.9 

 

 The infra red spectrum taken from a used batch of zinc chloride is reproduced in 

this figure.  The sample was taken from a batch of zinc chloride which was in use within 

the laboratory. 
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its usage and storage.  It is not possible,  from these infrared data,  to quantify the 

amounts of water present - only a comparative assessment is possible. 

8.5.2. Thermographic Analysis 

 

 Graphs of the data  taken from the TGA are shown in Figures 8.10 and 8.11. 

TGA  involves heating  up a   sample to drive off  any of its volatile components,  in this 

study  it is water which  is being driven from the sample.  The amount of water being 

removed is monitored by continuously  weighing the sample throughout the period of the 

experiment.  The monitoring is done by passing a current through the weighing 

mechanism in such a way as to keep the balance in its initial position. The current 

required to keep the equipment balanced is measured - being proportional to the weight 

change.  Both samples  were  run over the temperature range 200C to 250 oC during a 

time period of 50 minutes. 
 Taking the results of the data gathered from the fresh sample of zinc chloride  

first see Figure 8.10.  The graph shown clearly that between 50oC and 100 oC water  was 

being driven from the material at a fast rate,  as shown by the steep gradient of the curve. 

 This initial weight loss was followed by a slower rate of weight loss  between  100 oC 

and  225 oC  as indicated by the shallow gradient in this region of the graph.  Finally 

there  was then a further sharp loss of water between the temperatures of 225 oC  and  

250 oC  - again indicated by the increased slope of  the graph.  Indicated on the graph are 

the percentage losses for the two steep regions,  an average slope  is taken for the 

intermediate region. The losses are: 

1. An initial loss of  1.302 %   which represents a loss of 1.037 mg. 

2. A second loss  of  1.166 %  representing a weight reduction of 0.929 mg. 

 As can be seen from Figure 8.11 which is a graph of  the thermographic data 

gathered from a run performed on the old sample of zinc chloride the weigh losses follow 
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a similar pattern to those of a fresh sample.  Only this time the ratios of the 

 two losses are different being : 

1 An initial loss of 1.188%  representing a weight loss of  0.779 mg. 

2. A second loss of  2.749%  representing a weight loss of  1.801 mg.  

 These two sets of results are brought together in Table 2. 

 

 Percentage Change Weight Loss / mg 

Temp / OC New sample Old sample New sample Old sample 

50 - 125 1.302% 1.188% 1.037 0.779 

125 - 250 1.166% 2.749% 0.929 1.801 

 

Table 8.2  
 
Results from thermographic analysis of new and old samples of zinc chloride of sample 
sizes of  65.537 mg and 79.652 mg respectively. 
 
 
 The water expelled between 50 and 125O  C is water which resided on the surface 

of the zinc chloride (surface water). Whereas the water expelled between the 

temperatures 125 to 250O C is water which was trapped within the crystal structure of the 

zinc chloride (crystal water). Using the mixing  ratios shown above each  milligram  

sample of the dopant solution will contain about 4%  or  0.04 mg  of  zinc chloride. 

 

 

 

 



 

 287
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.10. 
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Figure 8.10 

 

 Illustrated here is the result of a thermographic analysis taken on a fresh sample 

of zinc chloride.  The temperature range of the experiment was from room temperature 

up to 250  Co. 
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Figure 8.11. 
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Figure  8.11 

 Shown in this figure is the data taken from a thermographic analysis of a used 

sample of  zinc chloride - the sample was in regular use in the laboratory. 
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 Therefore each milligram of the dopant solution if it is made from a new sample 

of zinc chloride   will contain approximately  0.52 x 10-3 mg of surface water and 0.46 

x10-3 mg of crystal water giving a total of  0.98 x10-3  mg.   

 Whereas if the dopant solution is made up using 'old' zinc chloride it will  

contain approximately   0.48 x 10-3 mg of surface water and  1.0  x 10-3 mg of crystal 

water giving a total of  1.48 x10-3  mg.  It is obvious therefore that when  zinc chloride is 

incorporated into poly (ethylene glycol) into tunnel junctions it will  introduce very large 

amounts of water - parts per thousand - into the junctions.  This water would reveal itself 

as OH stretch modes in the IET spectra taken from junctions incorporating the polymer. 

 

8.7 Discussion and Conclusions 

 

 Examination of the IET spectra of  PEG400 solvent and PEG400    solution reveals 

that the major difference between  them occurs at around 450 meV.  At this position,  

peaks in the spectrum are assigned to the stretch vibrations of  surface hydroxyl groups.  

Other minor differences can be observed at about 220 - 280 meV.  

 It is proposed that the difference at around  450 meV  can be explained by the 

following models.  In the first scenario when the  PEG400   molecule is adsorbed onto the 

aluminium oxide surface the main mechanism is via coordinated oxygen -aluminium 

bonds with a  smaller contribution from hydrogen bonding  between the end OH groups 

and hydroxyls in the aluminium oxide surface due to the unrestricted rotation of the end 

groups.  The available orientations of  the end groups greatly favour positions which limit 

the formation of hydrogen bonds with the aluminium oxide surface. 
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 In the other scenario  where  PEG400  / ZnCl2  is incorporated in the IET junction it 

is  proposed that the large amounts of water brought in by the zinc form hydrogen bonds 

with hydroxyl groups in the oxide surface.  These bonds will give rise to the extra peak at 

approximately 450 meV in the spectrum of this material.  There will  exist a  probability 

that a  number of hydrogen bonds could be formed between the hydrogen in the end 

groups and the OH groups in the surface. This bonding would manifest itself as a very 

small  increase in the  intensity of the peak assigned to OH stretch  modes in the spectrum 

of the zinc coordinated sample.  

 The height of the 450 meV peak in the spectrum is smaller than might be  

expected  considering the amount of water present in the junction.  But there will be 

competition for sites on the oxide surface from the chlorine ions released from the zinc 

chloride during its coordination with the poly ( ethylene glycol). These ions will remain 

in the solution from which the junction is doped and therefore will compete with the 

polymer for bonding sites.  The chlorine will want to form a  bond with the lone pair 

electrons of the oxygen in the  Al2O3 surface to form a covalent bond.  This competition 

will restrict the number of the OH bonds which can be  formed  which  will  reduce the 

height of the 450 meV peak in the IET spectrum.  

  It is possible that there is a contribution to one or other regions of the spectrum  

from the interactions between the zinc-aluminium and chlorine-aluminium further studies 

utilizing other halides might elucidate these regions.    

  

 

 

Recent EXAFS results  for PEO / ZnBr2  electrolytes have shown that halide ions are 
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located immediately adjacent to Zn2+ [19]. 
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CHAPTER 9 
 

Conclusions 

 

9.1 Top-metal and Bias reversal Effects on IET OH Mode Energy 

 

It has been shown that the ration of width to thickness of the electrodes in IET 

tunnel junctions influences the apparent positions and breadth of spectral lines.  The 

effect can be difficult to avoid experimentally and can be significant even when using a 

four-point-probe measuring techniques.  The effect is a result of the finite resistance of 

the parts of the electrodes which form the junction area.  Building upon some earlier 

work done by Giaever a simple treatment was developed involving a minimum 

thickness of electrode which allows such effects to be routinely corrected. 

A programme of work on the peak shift of the 450 meV OH mode on reversing 

the applied bias revealed that the dependence on the nature of the top-metal electrode 

used was outside the resolution of the present experimental procedures, a result which 

substantiates the present theoretical thinking.  It is also shown that the relatively large 

and non-uniform barrier and image contributions to the resultant field can be treated by 

super position with the applied field and that the effect of the barrier and image 

contributions upon bias reversal is negligible.  This area of work has highlighted the 

subtle ways in which the tunnel junction environment remains benign in so far as the 

vibrating species are concerned. 
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9.1.2. IETS Using LB Films   

 

In this series of experiments the important and technologically demanding technique of 

Langmuir Blodgett (LB) film manufacture and deposition was used to incorporate a 

monolayer of dopant within a tunnel junction.  It was realised at the outset that using an 

LB film to dope an IET tunnel junction with a monolayer of material was going to be a 

very difficult assignment; this view was based upon the experiences of work done in the 

department by an earlier group.  The results using an LB film of mixed stearic 

acid/barium stearate to dope an IET junction resulted in some of the very few IET 

spectra produced by this novel technique.  The work also highlighted the very important 

part played in the tunnelling process by pin-holes, faults, and thin spots – an area in 

IETS to which very little attention seems to have been applied.    

 

9.1.3. The Swelling and Adsorption on Alumina of  p-HEMA 

 

Hydrogels, of which poly 2-hydroxyethyl methacrylate (p-HEMA) is a very 

important member being the only non soluble in water, have many commercial and 

industrial applications.  This study into the welling of a monolayer of p-HEMA is 

unique in that although the material has been extensively studies all of the other work 

has been done on what are effectively bulk samples.  The data gathered by this present 

group shows that once water is incorporated into a hydrogel it takes on a limited 

structure with the first layer being thinner than the second and all subsequent layers. 

The IETS results on the absorption of the hydrogel onto aluminium oxide 

suggest that the polymer has an ester group cleaved by a reaction with the surface to be 

adsorbed via a resonance stabilised bidentate bridging arrangement.  The HEMA 

monomer however is hydrogen bonded to the alumina surface and appears not to 
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undergo cleavage by the ester group.  It is proposed that the conformational restrictions 

within the monomer account for the different bonding mechanisms.  It is also suggested 

that the spectrum from the polymer shows some evidence of co-ordinated water within 

the polymer. 

 

9.1.4 An IETS Study of the Adsorption of a Polymeric Electrolyte onto Aluminium 

oxide  

 

The IET spectra of polyethylene glycol and polyethylene glycol coordinated 

with zinc chloride are the first to be produced.  The major difference between the major 

spectra of the two samples is the appearance of an extra peak at around 450 mV, a 

position which indicates the presence of OH vibrational modes.  It is proposed that the 

extra peak in the spectrum taken from the coordinated sample provides some evidence 

that the coordination of the zinc within the PEG imposes conformational restrictions 

upon the coordinated system.  These restrictions in the polymer result in it being 

presented to the oxide surface in a way which is conducive to hydrogen bonding of its 

end groups to surface hydroxyls which is revealed to the peak at 450 mV.  The 

uncoordinated sample has less restrictions imposed upon it and it adheres to the 

aluminium oxide surface via coordinated oxygen/aluminium bonds with very little 

bonding to the OH.  The previous suggestions do not lose sight of the fact that zinc is a 

very highly hydroscopic material and water bought into the sample by the zinc could 

also explain the differences between the two spectra. 
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Appendix I  
 

IETS Constant Curnent Bias and Modulation Circuitry 
 

 
 
A simplified diagram of the constant current bias and modulation circuitry used in 
IETS.The do bias current is supplied through the series combination Ra, Rb. The ohmic 
drop across Ra serves to permit accurate measurement of the bias current. Rb is adjusted 
so that the appropriate bias voltage may be obtained, usually a maximum of 0.5V. Rc is 
usually chosen to be more than IOORj as the generator proviucs about IV rms which 
must be dropped to about I mV rms across the junction. 
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Appendix 2 
 

The Lauda Film Balance Technical Details 
 
 

Film Pressure System 
 
  

Measuring Range 0-100 x 10-3N 
Sensitivity 0.1 x 10-3N 
Barrier Movement 25μm for 100 x 10-3N 
Barrier Length 11 x 10-2 m 
Thickness Of Teflon Bands 10μm 

 Sensitivity (Y Axis) 50mV cm-1 

 
 
Area Measuring System 
 
 

Maximum Measuring Area 0.1 m2 

Length Of Trough 0.7m 
Width Of Trough 0.15m 
Depth Of Trough 0.6 x 10-2m 
Volume Of Subphase 700mL 
Sensitivity (X Axis) 5 mV cm-1 
 

 
Measuring Speeds 0.9 x 10-2 to 6.5 x 10-2 N min-1 

 
 
Film Pressure 
 
 

Range Of Adjustment 0 – 100 x 10-3 N 
Accuracy Of Optimum Settings ± 0.1 x 10-3N 
Temperature Range 0 to 50o C 

 
 

Listed above are a range of selected technical details transcribed from the service 
manual. 
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