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Abstract 

Surface-state electrons (SSE) on liquid helium form a nearly ideal two-dimensional Coulomb system 

(2-DES). In our work we focus on the investigation of the properties of electrons on the surface of 4He 

with different thickness between two segments. Various substrates (gold, silicon, and polymer) and 

several sensitive techniques for determining the SSE density and the transport behavior of the SSE 

system in confined and non-confined geometry have been used. In all techniques the helium film 

surface was charged by a small filament.  

 A first technique is the optical technique, which is surface plasmon resonance (SPR). The sensitivity 

of the SPR to the change of the dielectric constant of the medium, allowed us to determine the 

electron density on the helium film surface. In this technique we used metal samples; the main 

substrate of the sample is a glass prism in Kretschmann configuration, on the surface of the prism a 

gold layer was evaporated with thickness of about 43 nm. Although this technique is very sensitive 

and accurate, in principle due to problems with our system (high temperature, mechanical-

instability, quality of the samples) we did not manage to get concrete results. Nevertheless in 

previous work -from our group- with this technique had been investigated the properties of electrons 

on thin films with very high accuracy.   

Second technique is the electronic or recharging technique. The samples which were used in this 

technique were two electrode samples with gap of 0.1mm in between. Originally the two electrodes 

were metal (gold or copper), but one of them was covered by a dielectric film (PMMA, kapton or 

tesa). In this technique the system is a capacitor with capacitance of both helium film and the 

dielectric film. Through this technique we calculated the amount of charges that can be put on the 

surface film and compared with the experimental values. In addition we observed electron transport 

between the two electrodes when we applied a potential difference between them. Due to the same 

problem mentioned with SPR technique, we did not have great results with this technique. 

Third is the field effect transistor (He-FET. By using this technique we investigated characteristics of 

the SSE’s transport through a micro-fabricated channel, using direct current (DC) measurement. For 

this purpose we used suitable samples micro-fabricated on a silicon wafer. All the samples have 

source and drain regions separated by two gold gate electrodes with a narrow gap (channel) through 

which the electron transport takes place, but they had different shapes of the source area. 

First the electrons are pulsed on the source area, and then they cross the channel of the split gate 

towards the drain, and measured via pick-up electrode. We determined the transport of the SSE 

through channels of various dimensions and wide range of helium film thickness. The number of the 

transported charges was represented as a function of the gate voltage. In this technique we used two 

different methods: 

1. He-FET with continuous charging measurement. In this method the helium surface was 

continuously charged, while the gate was gradually opened (by applying a positive voltage), 

or pulsed for short time. By using this method we observed that the electrons transported 

through the channels in lanes or steps, the number of these lanes depends on the applied 

gate potential.   



 

2. He-FET with stored electrons. In this method the experiments of pulsed measurements were 

run. Through these experiments we determined the maximum electron density on the 

helium film. Beside that we did time resolved measurements and obtained the electron 

mobility for different samples.   

Beside these techniques we performed a simulation of colloidal particles transport through a micro 

channel. These particles were super Para-magnetic and interacted via a dipole induced by an external 

magnetic field. Our molecular dynamic simulation described the movement of the SSEs through the 

channel in the He-FET measurements. In the SSEs system, the electrons are governed by a Coulomb 

interaction, but also included the force caused by the electron’s image charge on the substrate. Thus 

the SSE has also a dipolar contribution. So the simulation showed a great similarity between the SSE 

and colloidal systems. From this simulation we obtained a qualitative picture for the electron density 

distribution in front of the barrier and their velocity distribution along the channel.   
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Chapter1 

Introduction 

Electrons in condensed matter in most cases form3-dimensional Fermi gases, like in metals and in 

bulk semiconductors. There are, however, also examples where the electrons are confined to two 

dimensions (2D). The most well-known 2D systems are inversion layers of the Metal-Oxide 

Semiconductor Field-Effect Transistor (MOSFET). Recently, mono-layers of certain solids, for instance 

graphene, have been investigated intensely [1] [2] [3]. In addition, 2D electron systems (2DES) can 

also be found on certain substrates like liquid helium or solid hydrogen at the substrate-gas interface. 

Electrons in MOSFETs and most other 2D systems have a relatively high density, where they form a 

degenerate Fermi gas. Below a certain electron density, the 2DES is expected to undergo a transition 

from a degenerate Fermi gas to a solid state, resulting from the Coulomb interaction between the 

electrons. This state is called a Wigner crystal [4]. 

When the electron density in a MOSFET is reduced, localization of the charge occurs due to 

imperfections of the system. As a result of this the Wigner crystal has never been achieved in such 

systems so far. Only when a magnetic field was applied, which favors the formation of a Wigner 

crystal, were experimental signals obtained that could be interpreted as signatures of Wigner 

crystallization [5].  Very clear proof of Wigner crystallization was found by Grimes and Adams, 

however, in the 2DES formed by surface state electrons (SSEs) on the surface of liquid helium [17]. 

Even beyond the question of Wigner crystallization, the 2DES on liquid helium is an interesting 

research field for answering many open questions regarding 2DES. The advantage of using liquid 

helium is that it is clean, as all impurities are frozen out at liquid helium temperatures. In addition to 

that, the surface is at a very well-defined temperature without gradients, because the substrate (in 

the case of 4He below 2.17K) is superfluid with a very high thermal conductivity. It has no spatial 

anisotropy or band structure and of course it has no crystal defects, like steps or grain boundaries, 

because it is a liquid. The motion of the electrons on the liquid surface is well understood and the 

mobility is determined by scattering with gas atoms above a temperature of about 1K and by 

scattering with quantized surface waves (ripplons) below 1 K. 

Due to the cleanliness of the liquid helium and the absence of defects, 2DES on this substrate can be 

investigated at rather low densities, starting essentially from zero [6] [7]. A limit is reached at higher 

densities because the electrostatic pressure of the 2DES on the helium surface allows the electrons 

leave the surface in macroscopic bubbles [8] [9] [10] [11] [12] [13] [14]. On bulk helium, this 

instability occurs at electron density of 2 ×109cm-2. In the case of thin helium films, the stability is 

increased by the van der Waals forces that come into play at small distances. It has been 

demonstrated that the electron density on the He films can be increased above 10 11cm-2.  

It was mentioned above that the 2DES on liquid helium can exist in the form of a Wigner crystal. Two 

transitions between the Fermi gas  and the Wigner solid have been observed on the helium films [15] 

[16]: At low electron density the kinetic energy of the electron is greater than the Coulomb repulsion 

between the electrons, and the thermal energy is also larger than the Fermi energy. The electrons 

therefore obey the Boltzmann distribution and form a classical 2D gas or fluid. 
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At a higher electron density, the average distance between the electrons decreases and the Coulomb 

energy becomes dominant. It becomes energetically favorable for the 2DES to arrange itself in a 

hexagonal lattice structure. This is comparable to the macroscopic symmetrical arrangement of 

polystyrene beads on the surface of water, which will also be introduced in this thesis. The phase 

transition to the Wigner crystal was described theoretically by Crandall and Williams in 1972 [15]. 

Experimental results were first reported by Grimes and Adams in 1979 [17], in a temperature range 

of 0.35 to 0.65 K and an electron density of 3X108 to 109cm-2. 

By increasing the electron density further, the average electron distance becomes smaller than the 

extension of the wave function of the individual electrons and the 2DES is subjected to Fermi 

statistics. This phase is called the degenerate Fermi gas and is dominated by quantum mechanical 

properties. Since this phase is formed by the melting of the Wigner crystal phase, the transition is 

also known as quantum melting.  

 Besides the investigation of the phase transitions of the 2DES on the helium surface, there was 

plenty of effort put into researching the 2DES transport and the electron mobility on the liquid 

helium surface.  In this thesis, the transport and the mobility of the 2DES in a confined geometry 

through micro fabricated channels or barriers is studied. The mobility of the electrons in the classical 

liquid phase is greater than in the Wigner crystal solid phase, but in channels additional effects may 

be arise due to the influence of the walls.  

In order to hold the 2DES on the helium surface, a positive potential is applied to the substrate. This 

potential is called the holding potential. A negative potential is applied to the electrode (guard) 

around the substrate to confine the 2DES. Thus all the results in this study were obtained in a system 

of a confined geometry.   

During this research, the 2DES was investigated by using different set-ups and different techniques. 

First it was investigated by an optical technique, which is surface plasmon resonance (SPR). In this 

technique, dielectric and metal samples were used. For this purpose an atomic force microscope 

(AFM) and ellipsometer were used in sample fabrication to check the quality of the samples. The SPR 

technique allows for the determination of the electron density via the helium film thickness. 

The second technique used was the electronic technique or recharging technique. In this method, 

the helium film is charged above a sample with two electrodes and a gap in between. One of these 

electrodes was covered by a dielectric film or layer. The aim of this technique was to observe the 

electron transport from the charged surface of the dielectrically covered electrode to a bare metal 

electrode. This transport is stimulated by applying a potential difference between the electrodes. The 

recharging technique allows study of the loss of electrons through the helium film. 

 The third technique makes use of a device that we call the Helium Field Effect Transistor (He-FET).  
By using this technique, the characteristics of the electron transport through a micro-fabricated 
channel between two electrodes were investigated using direct current (DC) measurements. Based 
on the results in previous studies [19][20][21][22], the goal of this work with the He-FET technique is 
to study the transport properties of the electrons through a systematically opened gate on short time 
scales. 
 
 The methodology and experimental set-ups used for the He-FET technique were designed as 
described in [23]. To further understand the electrons’ transport properties, a simulation of the 
transport of colloidal particles through a micro channel was applied to the surface state electrons 
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(SSEs) and the results gave a qualitative picture to the transport of SSEs through micro-fabricated 
channels.  
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Chapter 2 

Theory 

In this chapter, some physical aspects and behaviors of the electrons on liquid helium are reviewed. 

Knowing these behaviors is necessary to understand the results of the experimental work and in 

answering questions such like: Why do electrons form a 2DES on bulk helium? What is the influence 

of the substrate on the stability of the electrons on liquid helium? Are there any differences in the 

properties when the helium thickness is changed from bulk to film and then to a thin film? How does 

the phase of the electrons on helium change with a change in the electrons densities? To this end we 

will discuss the physics of SSEs on bulk helium in section 2.1, and the physics of SSEs on helium films 

in section 2.2. 

2.1 Surface State Electrons on Bulk Helium 

Electrons on liquid helium in quasi–infinite geometry form a nearly ideal 2D Coulomb system. In this 

system, electrons move on a macroscopic thick layer of liquid helium. The presence of the substrate 

under the thick helium layer creates an electric field and increases the capacitance of the system. 

2.1.1 Basic Facts of Liquid Helium  

At room temperature, helium is a light noble gas and exists in two stable isotopes; 4He and 3He. 
Helium has an electronic structure similar to many body systems with two electrons completely 
filling its K shell (1s2) and has a perfectly spherical shape with no permanent electric dipole moment. 
Helium has the smallest atomic polarizability of α = 0.1232cm3mol−1, a very weak diamagnetic 

susceptibility where = −1.9 × 10−6cm3mol−1, the smallest atomic radius of only 31pm, and the 
highest ionization energy of about 24.6eV [24]. 
The first liquefaction of helium was done in 1908 by the Dutch physicist Heike Kamerligh Onnes [25]. 
Helium can exist in a liquid state at a low temperature; this is due to the weak attraction between 
the helium atoms. The liquid states of both isotopes are colorless and their index of refraction is very 
close to unity.3He atoms have a nuclear spin of I = ½, meaning that they are fermions and obey 
Fermi-Dirac statistics.4He atoms are bosons with a nuclear spin of I = 0. Besides the two stable 
isotopes (3He, 4He), there are two unstable helium isotopes that have relatively long half-lives: 6He 
(T1/2 = 0.82s), and 8He (T1/2 = 0.12s) [24]. 
 

2.1.2 Atomic Interaction Force 
 
The force between the Helium atoms is the van der Waals force. This is due to the zero-point 
fluctuations present in the charge distribution, which result in fluctuating dipole moments. Although 
it has a perfect spherical shape, the associated electrical fields induce fluctuating dipole moments in 
neighboring atoms and lead to a force between the atoms. This force can be described using the van 

der Waals potential:  where r denotes the inter-atomic distance. This type of interaction 
leads to an energy reduction and thus to an attractive force. The strength of this force is given by the 
polarizability of the interacting atoms. Since the polarizability is small in helium atoms, the binding 

force is very weak. By adding a repulsive potential: , one can obtain the well-known 
Lennard–Jones potential [26]: 

.        (2.1) 
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is the depth of the potential well,  is the finite distance at which the inter-particle potential is 

zero and r is the distance between the particles. and are characteristic constants. For both 

helium isotopes, / , where kB is the Boltzmann constant, and . The 
potential energy is obtained by integrating over (2.1): 
 

     (2.2) 
 
The radial density function n(r) is defined as the difference between the potential energy of the 
liquid and solid helium. The ground-state energy (zero-point energy) of a particle with mass m is 
given by: 
 

,             (2.3) 
 

where ɦ is the Planck's constant h/2ᴫ, m is the electron mass, and V is the atomic volume. From this 
result, the zero-point energy for atoms with a small mass like helium is large and it increases with a 
decreasing molar volume Vm. 

 
 
 

Figure 2.1: Zero-point energy of 4He as a function of the molar volume along with the curves of the 
potential energy. The solid phase of 4He is stable at a molar volume of approximately 10 cm3mol−1. 

 
Figure 2.1 shows that the liquid phase is energetically more favorable for the helium, this is due to its 
small Vm at a low temperature (28cm3mol−1 at T = 0). According to equation 2.3, the interplay of the 
weak binding force and the large zero-point energy is responsible for the fact that helium is a 
permanent liquid with Vm more than 20 cm3mol−1, which means that it remains liquid under a 
saturated vapor pressure even for T → 0. These properties explain why both helium isotopes have 
the lowest boiling temperatures. Some properties of the two liquid helium isotopes are presented in 
table 2.1. 
 

Physical  properties 3He 4He 

boiling temperature at normal pressure 
Tb (K) 

3.19 4.21 

critical temperature Tc (K) 3.32 5.19 

critical pressure pc (bar) 1.16 2.29 
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density for T →  
 

0.076 0145 

density at boiling point  0.055 0.125 

Superfluid transition temperature 2.17 K 1 mK in zero magnetic field 
 
Table 2.1: Some important parameters of the

3
He and 

4
He [27] [28]. 

 

2.1.3 Bound States of the Electrons 

The majority of electrons in the conduction band of liquid 4He have a minimum energy,V0 (≈1eV), 

above the vacuum level. This energy is required to inject the electrons into the liquid. At the short-

range Hartree-Fockmodel, the electron-atom repulsion dominates the attractive polarization forces 

[29], so: 

.    (2.4) 

Outside the medium, the electron has an attractive image potential in the form of: 

  ,          (2.5) 

where e is the elementary charge, ϵ is the dielectric constant of the material, and x is the electron 

distance from the helium surface. The above expression is invalid when x is small than the inter 

atomic distance, d. Outside the helium and near its surface electrons are weakly attracted, due to the 

expulsion of the free electrons from inside the helium and their localized states are expected. 

Therefore the equation of motion that describes the behavior of the electrons becomes:  

 

 ,                   (2.6) 

where  and  are the parallel and perpendicular effective mass respectively.  

The potential energy of the electron takes the form of figure 2.2 below: 

 

Figure 2.2:  The model potential which is used for calculating the electronic surface band. 

The mathematical surface is located at x=0 
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             (2.7) 

The solution of 2.6 and 2.7 is given by: 

, 

Where  is an eigenvector and is a position vector and both are parallel to the surface 

and  is the perpendicular wave function. With the solution of eigen values, the energy is given 

by:   

 

As a result, we have two–dimensional bands parallel to the surface with minimum energy, which is 

determined by the solution of 2.7. For , the equation for  is defined by: 

.       (2.8) 

This is identical to the radial Schrödinger equation of the hydrogen atom. For the Coulomb potential 

with the nucleus of charge , and ,Q can be defined by [30]: 

 . 

 

An approximation solution of 2.8 can be found by letting  and  for the boundary 

condition . These conditions lead to the hydrogen atom solutions: 

 

where m is the free electron mass, equal to . 

The ground state for the helium liquid at a temperature of 1.0 K and expectation value of the 

position is approximately . 

2.1.4 Phase Diagram of the 2DES 

The phase diagram of 2DES is determined by the plasma parameter Γ, which is the ratio of potential 

energy  to the kinetic energy  of the SSE [31]: 

 (2.9) 
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  ,                    (2.10) 

                                                                                                  (2.11)         

The potential energy of the SSE is equal to the Coulomb potential so it depends on the average 

distance  between the electrons and on the electron density (n) of the two dimensional system. 

The kinetic energy is equal to the Fermi energy at a temperature much lower than Fermi 

temperature . 

 (2.12) 

 

 

Figure 2.3: The phase diagram of a free 2DES [32]. The transition from solid to liquid shows temperature 

dependency with  the hexatic area explains the melting process of the solid; it is determined by KTHNY 

theory. 

Three different phases of 2DES can be defined by the plasma parameter (figure 2.3) at a temperature 

much higher than Fermi temperature . The spacing between the SSEs is too large and their 

density   small. In this region, the Coulomb energy is less than the kinetic energy of the 

system so the phase of the SSE system is described by classical physics [33]. 

For the value of  the kinetic energy is dominant, however the repulsive Coulomb 

energy between SSEs cannot be neglected. It is still not sufficient for the system to form a solid 

lattice. 

 In the region where , the solid phase was predicted by Wigner [34]. The SSEs form a 

hexagonal lattice structure, the Wigner Crystal (WC). The melting of the WC returns the SSEs to the 
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classical electron gas via the classical liquid. The experimental  value for the WC transition was 

found to be  [35]. The hexatic phase is predicted by the KTHNY theory which explains the 

melting process of the WC to a classical liquid [36][37][38]. 

The phase transition at which the WC melts into a non-classical degenerate Fermi-gas takes place 

when . The density of SSEs in this phase is higher than the previous regions, thus this region 

of the phase diagram cannot be achieved on bulk helium because of the limitation of the electron 

density on bulk surface as we will discuss below. The kinetic energy of this phase is determined by 

the Fermi energy, , causing the electron density to be temperature independent where the Wigner 

crystal melts [39]. 

2.1.5 Stability of the Surface State Electrons on Bulk Helium 

In order to understand the physics of the SSEs, it is essential to investigate the stability of the 

electrons on helium surface. When put electrons on the helium surface this introduces surface 

deformations of the liquid helium, which lead to an instability of the electrons at certain conditions. 

Thus the maximum electron density that can be achieved on bulk helium is about 2.4 x 109cm-2. 

The deformations of the helium liquid introduce surface waves or ripplons into the system with two 

types of frequencies, low frequency which is a gravitational frequency and a high frequency which is 

a capillary frequency. The dispersion relation of the surface waves or ripplons with the wave number 

q can be written in the form of [40]:  

.                         (2.13) 

The first term on the left side of equation 2.13 is the gravitational term and the second term is the 

capillary term, g is acceleration due to gravity, σ = 3.3 x 10-4and is the surface tension of the helium 

liquid, ρ- = 145 kg/m3 (at T= 1K) is the liquid helium density, and ρ- = ρ+, where ρ+ is the helium vapor 

density above the surface [60]. When the ripplon frequency approaches zero,ω→0, the system 

becomes electro hydrodynamic (EHD) and the critical wave number qc can be obtained by:- 

,                                                      (2.14) 

where, a, is the length of the capillary, it is in order of millimeters. This equation describes typical 

ranges of the lateral static deformations, which produce an inhomogeneous density distribution of 

the charges on the bulk helium surface. This causes the electrons to accumulate in the energetically 

favorable wells. The surface pressure is increased by increasing the number of electrons in the well. 

At a certain SSEs critical density, nc, the system loses its stability and the SSEs move through the 

helium to the electrode (multi-electron bubbles). For the electron density, nc, with a wave-number, 

qc, and a vanishing ripplon frequency, ω, the dispersion relation of the ripplons for the charged 

surface is defined by [40]: 

   ,                                  (2.15)    

Where ns is the saturation density. Here the electric field is shielded completely above the helium 

surface by the SSEs image charges, and e is the elementary charge. Figure 2.4 shows the behavior of 

the electrons on the bulk helium surface. Electrons on the interface of liquid/vapor of 4He have an 

instability point a tqc with critical density, nc, of which is found by: 
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at T = 2.5 K.                         (2.16) 

 

 

Figure 2.4: Shows the dispersion relation of the ripplons measured with positive ions at the interface of a 

phase-separated 
3
He/

4
He mixture for different electric currents. At T = 0.665 K and Ec = 875V/cm, the system 

became unstable with nc = 4.8X10
8
cm

-2
. 

When the electron density is below 8% of nc and the applied external electric field exceeds the critical 

electric field Ec = 4πnce, the electrons rearrange in a hexagonal dimple lattice with a lattice constant 

of 2πa. [41]. 

2.2 Surface State Electrons on Helium Films 

In order to achieve a high electron density of up to approximately ≈ 1011/cm2, one has to use a thin 

helium film as a substrate for the SSEs because the film is additionally stabilized by van der Waals 

forces [42].   

The electron density on the helium film surface is limited by tunneling through the film to the 

substrate [43]. For the initial uncharged helium thickness, d0, on top of which no electrons are 

present and for which the substrate is positioned at distance x above the helium level with the 

system at a low temperature below the lambda point, the gravitational and van der Waals forces 

reach equilibrium [42]: 

,          (2.17) 

Where α is the van der Waals constant which depends on the film thickness, m is the electron mass, 

and g is the acceleration due to the gravity.  

2.2.1 The Influence of the Substrate and van der Waals Force 

The substrate under the helium film has a great influence on the potential distribution of the SSE. 

The charging helium film thickness, d0, is suppressed to d (figure 2.5) by the electrostatic pressure of 

the SSE on the helium film surface [43]. 
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Figure 2.5: Shows suppression of films with different initial film thickness with respect to the electron density 

on the helium film surface [44]. 

          (2.18) 

Figure 2.6 shows the stability of the electrons on the helium surface, for both metallic and non-

metallic substrate. The electrons with the non-metallic are more stable than with metallic substrate 

at the helium film thickness greater than 100 nm. when the electron density increases the helium 

film thickness decreased by the electrons electrostatic pressure when the helium film thickness 

become less than 0.1 nm, the density of electrons for both metallic and non-metallic substrate 

reaches 1012 cm-2. 

 

Figure 2.6: The maximum electron density on the helium film surface as a function of the helium film thickness. 

The graph shows both the metallic substrate (solid curve) and non-metallic substrate (dashed curve). [81].  
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Due to the presence of the image charge in the substrate, a SSE is bound more tightly to the helium 

surface in the case of a helium film, see figure 2.7.The effect of the stronger binding of the SSE on 

helium film is explained in [45]. The average distance  between the electrons and the helium 

surface varies; it is dependent on the substrate and film thickness. 

 

Figure 2.7: Shows the image charge inducing the attractive potential of the electrons on thin film [46]. 

 

Due to the higher dielectric constant of the substrate, εs, the van der Waals force effects the helium 

film surface and the dispersion of the ripplons of the SSEs is [47]: 

     (2.19) 

Where F(q,εs) is the parameter that adjusts for the pressure of the electron onto the surface with the 

existence of an additional image charge. This parameter depends on the conductivity of the 

substrate, for a metal F(q,εs)≈ coth (qd),whereas with a dielectric F(q,εs)≈ εs .The first part of 2.19 

reflects the stabilization due to the van der Waals attraction [48]. 

By considering the stability of the helium surface and the binding of the SSEs to the surface by the 

image charge, and with the help of equation 2.19, it was found that the electron density on the 

helium film should exceed1012cm-2.  

 

2.2.2 SSE Interaction 

The interaction of SSEs on the bulk surface is governed by the Coulomb (electron-electron) 

interaction, whereas in the case of the film, there is an additional charge which is the image charge. 

This charge causes a dipole interaction on the SSE system (see figure 2.5).  Therefore the potential of 

SSE on the thin film has a form [39] of: 

          (2.20) 
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Where    , y is the distance between electron and its image charge (see figure 2.7), it is 

equal = d+ <z˃. As the bulk d is much greater than r, the correction term disappears and the 

interaction is limited to the electron-electron interaction thus Vd(r) ∝ e2/r, neglecting the small image 

charge in the helium itself, which also gives rise to small dipole contribution. 

At d much less than r, d≪ r, the dielectric substrate, εs, has a high influence on the system, such that 

the potential in equation 2.20 can be considered as a reduction in the effective charge. For a metal 

substrate where δ approaches 1, δ →1, εs approaches infinity, εs→∞, and that has a high 

polarizability, the interaction shows a dipole behavior [46]: 

.                             (2.21) 

With consideration of the quantum nature of the SSE system, it is clear that the SSE interaction is 

changed and as a result, the phase of SSEs on helium film is different. 

 

2.2.3 Phase Diagram of SSE on Helium Film 

Figure 2.8, a, shows the phase diagram of SSEs on helium films with different thicknesses. For the 

metal substrate δ approaches 1, (δ→1), and εs approaches infinity (εs→∞), and the temperature goes 

to zero, T→0. The Coulomb interaction is screened and the system is governed by a dipolar 

interaction as mentioned before. By considering the Fermi energy in equation 2.11 with a small 

density ne≤ (ħ2/md2e2), the system returns to the liquid phase. 

In a non-metallic substrate see figure 2.9, SSE is less effected by the roughness of the substrate and 

the probability of losing the electron by tunneling through the helium film is reduced in comparison 

with the metallic substrate. The probability of achieving a high electron density and high stability of 

the helium film at a thin thickness is increased by using a dielectric substrate [42].  

 

 

Figure 2.8: Phase diagram of electrons on helium film above, a) Metallic substrate [18]. b) Dielectric substrate. 
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2.3 Mobility of the SSE 

The motion of a SSE on the helium surface can be described by that of a free particle, although it 

scatters on helium atoms. On the bulk helium, electron mobility shows temperature dependency. At 

low temperatures, Tlow<0.8K, the SSEs interact with bulk surface waves, and the mobility of the 

electrons is about 107cm2/ (V.s) see figure 2.9. At high temperatures Thigh=1.5k, the scattering of the 

SSE on the helium gas atoms reduces the electron mobility by two orders of magnitude and was 

found to be 105cm2/(V.s) [44]. 

 

 

Figure 2.9: a) Mobility of SSE on bulk at Tlow ≤0.8 K. It is influenced by surface wave (ripplon) interaction. For 
Thigh≥ 0.8 K, it scatters on the helium gas atoms [44].b) Mobility of SSE as a function of helium film thickness d 
at two different temperatures, triangles denote increasing d, while circles denote decreasing d. [52] 

 

The mobility of SSEs on the helium film is small when compared to the mobility of the SSEs on the 

bulk surface at the same pressure and temperature [52]. This decrease is due to scattering on the 

helium gas atoms and electron-ripplon coupling [49]. This polaronic effect causes an increase in the 

electronic effective mass on a very thin film of less than 200Å. Thus, the helium surface is deformed 

as a result of the strong electrostatic attraction of the helium surface [50, 51]. The mobility of the SSE 

in this region is sensitive to the substrate properties, for instance on the roughness or smoothness of 

the substrate surface [52], as well as its temperature. The theoretical investigations on the 

dependency of the electron on various roughnesses of substrates were done by Shikin [53]. He 

supposed that there are two types of electrons on the surface: binding electrons, or localized 
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electrons, and free electrons, which can move on the surface. The localization or self-trapping of SSEs 

was observed with trapping energy equivalents to a temperature of 8K [54].There is much literature 

about the mobility of SSEs on a helium surface in a dimple [55, 56], the dependency of the 

conductivity on the smoothness of the substrate [57], and mobility of the trapped electrons between 

the peaks of the lowest energy state (valleys) of a very thin helium film [58]. 

 

2.4 Surface Plasmon Resonance  

The existence of surface plasmons (SPs) was first predicted in 1957 by R.H. Ritchie [72]. In this 
subsection, the theoretical review of SPR is presented to help explain the results that were obtained 
with this technique. The excitation of SP by light is called surface plasmon resonance (SPR). Figure 
2.10shows SPR on a metallic substrate. 

 

Figure 2.10: SPR curves measured during the adsorption of a polyelectrolyte followed by the self-assembly of a 
clay mineral film on a thin gold sensor (with a thickness of about 38 nm). 

This phenomenon is the basis for many standard tools used for measuring adsorption of material on 
a planar metal surface (typically gold and silver) or onto the surface of metal nano-particles. Surface 

Plasmon polaritons (SPP), are electromagnetic waves that propagate along the surface of a metal-
dielectric or metal-vacuum interface. Since these waves are on the boundary of the metal and the 
external medium, their oscillations are very sensitive to any changes to this boundary, such as the 
adsorption of molecules on the metal surface. Due to the sensitivity of the plasmon to the dielectric 
change, it can detect the change in the adsorbed helium film thickness of less than 1Å on a 
nanosecond time scale [73].  

 

2.4.1Dispersion relation of SPR 

The electric field of a propagating electromagnetic wave can be expressed as: 

http://en.wikipedia.org/wiki/#cite_note-0
http://en.wikipedia.org/wiki/Polyelectrolyte
http://en.wikipedia.org/wiki/Clay
http://en.wikipedia.org/wiki/Adsorption
http://en.wikipedia.org/wiki/Nanoparticle
http://en.wikipedia.org/wiki/Polariton
http://en.wikipedia.org/wiki/Dielectric
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     (2.21) 

where k is the wave number and ω is the frequency of the wave. By solving Maxwell's equations for 
an electromagnetic wave at an interface between two materials with a relative dielectric functions, 
ε1 and ε2 see figure 2.11, and with the appropriate continuity relation the boundary conditions are 
[74][75]: 

,  (2.22) 

and                                                (2.23) 

where C is the speed of the light in a vacuum, and kx is the same value for both media at the 
interface for a surface wave.   

By solving these two equations, the dispersion relation of a wave propagating on the surface is given 
by: 

                (2.24) 

 

Figure 2.11: The coordinate system for two material interfaces. 

In the free electron model of an electron gas with neglected attenuation, the metallic dielectric 
function is given by [76]:  

,        (2.25) 

where the bulk plasma frequency in SI units is ,                  (2.26) 

and n is the electron density, e is the charge of the electron, m* is the effective mass of the electron 
and  is the permittivity of the free-space. The dispersion relation is plotted in figure 2.12.  

http://en.wikipedia.org/wiki/Maxwell%27s_equations
http://en.wikipedia.org/wiki/Electromagnetic_wave
http://en.wikipedia.org/wiki/Permitivity
http://en.wikipedia.org/wiki/#cite_note-Raether-1
http://en.wikipedia.org/wiki/#cite_note-Raether-1
http://en.wikipedia.org/wiki/Speed_of_light
http://en.wikipedia.org/wiki/Free_electron_model#Dielectric_function_of_the_electron_gas
http://en.wikipedia.org/wiki/#cite_note-3
http://en.wikipedia.org/wiki/Electron_charge
http://en.wikipedia.org/wiki/Effective_mass
http://en.wikipedia.org/wiki/Dispersion_(optics)
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Figure 2.12: Dispersion relation curve for the SPR. At low k, the surface plasmon curve (red) approaches the 
photon curve (blue).  
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Chapter 3 

Experimental Set-Up  

The core of the experimental setups was the 4He bath cryostats. The measurements were made on 
specially prepared samples that were placed in the cryostat. The structures of the cryostats, 
descriptions of their various components and the characteristics of the sample used are presented in 

this chapter. 

 

3.1 Cryostat 

In order to investigate SSEs on a helium surface, we used two different 4He bath cryostats; a small 

cryostat [59] and big cryostat [20] [21] [22]. Both consist of two glass reservoirs, known as dewars 

one inside the other (figure 3.1 and figure 3.2). Both dewars had vacuum isolation chambers where 

only a small amount of thermal exchange can occur between the reservoirs. As an initial step, the 

insulating vacuum is evacuated and then the outer dewar was filled with the liquid nitrogen (77.4K). 

The inner dewar (experimental part) was filled with liquid helium (4.2K) and cooled down further by 

evaporate cooling to the required experimental temperature. The temperature and pressure were 

crucial requirements for the helium to enter the super-fluid phase, which was in turn essential for 

the stability of the SSEs on the helium film.  

There were two different types of dewars or cells which could be used in the experimental set-up: 

closed cell and open cell. In this study, the open cell set-up type was used in all of the experiments 

(figure 3.1 and figure 3.2). The advantage of the open cell is that the helium film thickness could 

easily be adjusted by a maintained helium level. In the big cryostat, in which the He-FET experiments 

were run, a step-motor was connected to the setup via the inserter that held the experimental setup 

and contained the input leads. The step-motor was used to maintain the position of the experimental 

setup relative to the liquid helium level. In addition, a sensitive cylindrical capacitor was present to 

measure the helium level in the dewar. With these two devices the helium film thickness could be 

adjusted to within a few nm. The disadvantage of the open cell was that the helium level sank due to 

evaporation over time. One always had to pay close attention to maintain the stability of the helium 

film.  
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Figure 3.1: Schematic structure of the big cryostat. The outer dewar was filled with liquid nitrogen and the 

inner with 
4
He.  The inner diameter of the helium dewar was 150mm, the height was 1000mm, and the 

capacity was  about 17 liter. 
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Figure 3.2: Schematic structure of the small cryostat. A plexiglas window allows access the optical path. In the 

case of the recharging method, another insert was used, with one tube and without optical access.  

3.2 Electron Source 

In all the experiments, the electrons were thermally emitted by a small ultra-micro incandescent 
lamp with 1.5V/15mA. Its resistance in room temperature was about 14Ω. It consisted of a tungsten 
filament enclosed by a glass envelope. In order to use the filament as an electron source, the glass 
had to be removed. In addition to the electrons, the filament also emitted photons, which could 
affect the current signal (e.g. if the substrate for the SSEs was silicon, electron-hole pairs could be 
generated by the photons). To minimize the amount of heat input on the helium film, the filament 
was operated in pulses with a frequency of 4Hz (period of 250ms) and duration of 25ms. Previously 
[20] [21] the filament was driven with a function generator type HP33120A; under a high voltage the 
filament is destroyed and the experiment terminated. In this work, and as mentioned above, the 
filament was operated with voltage pulses, so in order to vary the potential of the filament indirectly, 
a circuit with a relay was added to the electronic setup to control the voltage applied to the filament 
[22] [59].We found that the potential difference between filament and sample had to be controlled 
carefully to avoid damaging of the filament. 
 
For the initial "ignition" (i.e. heating the filament so strongly that it starts to glow and emit electrons) 
of the filament, it was necessary to use a higher voltage than the operating voltage to burn away the 
helium film covering the tungsten wire. The ignition of the filament could be observed with naked 
eye (light was emitted) or by watching the shape of the signal on an oscilloscope, initially the 
potential between the filament’s leads was dropped, and when the filament’s resistance increases, 
filament was glowed and the voltage was increase see figure 3.3. 
The filament was fixed 1cm above the helium film facing the source area see figure3.15. Usually two 
filaments were installed with one as a spare, and only one filament was used during the experiment.  
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Figure 3.3: The upper signal was a filament signal (pink) obtained while applying a negative potential across the 
filament, while the lower signal (blue) was the signal of the charge on the electrode. The used amplifier had a 
convertor value of 100nA/ mV. The increase of the voltage at the end of the filament signal is observable, for a 
more detailed description see [20] [22]. 

 

3.3 Samples Holder 

As mentioned before, different setups with different sample holders were also used due to the 

different techniques in this study. To avoid confusion, the sample holders are described in this 

subsection with reference to the method used. 

3.3.1   SPR and Recharging Samples Holders 

In these techniques, different sample holders and inserters were used. The main elements of these 

holders were two tubes (one tube in early experimental setups), which contained the electrical wires 

inside. A metal plate was fixed at the end of the tubes. On the surface of this metal plate, the optical 

elements were arranged. Two types of setup configurations were used: First was the two 

dimensional configuration (figure 3.4, a) where all the optical elements were arranged on one side of 

the metal plate and the helium film was distributed homogenously on the surface of the electrode. 

The disadvantage of this configuration was that the prism was outside of the helium bath by only a 

few millimeters, resulting in interference of the laser beam between the surface of the prism and the 

helium gas. This was a source of noise in the measurement signal [59]. The second configuration was 

a three dimensional configuration (figure 3.4, b) where the optical elements were arranged on both 

sides of the metal plate. The advantage of this configuration over the two dimensional configuration 

was that the laser beam, which excited the SPR spectroscopy never penetrated the surface of the 

helium bath, therefore the signal contained less noise.  

Sides from the holder in figure 3.4 a, there were two other holders used with the recharging method. 

They are illustrated in figure 3.5 a (with one tube) and 3.5 b (with two tubes). 

 

 



 22 

 

 

 

Figure 3.4: a)Illustrative representaion of a two-dimensional set-up. All the optical elements are on same side 

of the plate. The red arrow represents the opical path. This setup was used for SPR spectroscopy  as well as the 

recharging measurements [59]. b)Image for the three dimenstional set-up. The photo detector was located in 

the back side [61]. 
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Figure 3.5:a) Sketch of the measuring cell which is used with the recharging method. The measuring cell was 

fixed at the bottom of the insert (as shown in figure 3.2: b). It consisted of three plates; two were made of 

plexiglass, the upper one was used as a holder for the filament, the middle held the substrate below the liquid 

helium film, and the bottom plate was made out of a copper sheet and was used as a base for the electronic 

cable connectors [62]. b) Experimental set-up which was used in the recharging method. The image shows 

some of them measures implemented for removing the electrons from the dielectric substrates [59].  

3.3.2 He-FET Sample Holder 

The sample holder for the He-FET measurements consisted of several planes on which the sample 

components were fixed (figure 3.6). As mentioned above, the lateral holder contained all the 

electrical connections to be protected from mechanical stress. All the electrical connections to the 

sample were 50µm copper wires soldered to the base plate (more details in [20] [22]). 
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Figure 3.6: The inner experimental setup with the holder for He-FET measurements. In the front the cylindrical 

capacitor is seen, in the middle plate the sample is fixed, a collimator is fixed vertically at the middle of the 

sample above the gate electrodes to prevent the electrons going directly to the drain from the filament. The 

filaments were fixed below the upper plate. On the bottom plate or base plate, all the electrical contacts to the 

sample are arranged in such a way that the connections to the devices are easier [21]. 

 

3.4 Samples 

In this section, the samples are described in detail. Due to the different methods and techniques 

which were used in this study, samples are classified by the method in which they are used. 

3.4.1 Optical and Recharging Methods Samples 

For the optical method, the prisms with aKretschmann configuration were used (figure 3.7). The 

main requirement for these samples was that the optical surface be as clean and smooth as a brand 

new prism.  
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Figure3.7:Kretschmann configuration; the surface Plasmon propagates along the metal-dielectric 

interface. 

3.4.1.1 Sample Preparation 

To save resources, prisms which had been already used in previous experiments were recycled. In 

order to have the prism surface after recycling to be nearly as smooth as that of a new prism, the 

cleaning procedure which was essentially removal of the gold layer from the prism surface, must be 

done very carefully. 

 In the first purification step, the dust and dirt were removed with acetone; the prism was placed in 

acetone for approximately two hours and then rinsed with distilled water. In the second purification 

step, the inorganic substances were removed with ionic water; the prism was placed in the ionic 

water for ten minutes and then rinsed with distilled water to remove any residue left behind. After 

the cleaning process, the prism was dried with argon or nitrogen gas from a compressed gas cylinder. 

It should be noted that not all of the organic substances were dissolved by the acetone or by the 

ionic water, especially if the prism had a chromium layer, which was usually only a few nanometers 

thick. 

Finally, both recycled and brand new prisms had to be placed in an ultrasonic bath for two minutes 

to remove any remaining small dirt particles. Then they were dried with argon or nitrogen gas. After 

the cleaning process, new metal or dielectric layers could be evaporated onto these prisms. For 

example gold was evaporated as a main layer on the top a chromium layer which was evaporated as 

an electrical contact agent. 

In order to observe the transport of the SSE in the plane of the 2DES, most of the samples consisted 

of two equal metal electrodes separated by a thin, electrically insulating gap; the width of the gap 

was as narrow as possible. This gap was made by fixing a thin wire (with a diameter of 20 to 50µm) 

on the center of the glass prism surface before it was coated or thermally evaporated.  

The BalTec BAE 250 coating system was used for depositing the metal layer on the sample using 

vapor deposition (more details in [59]).  

Some samples were contained in a dielectric layer that was applied on top of the vapor-deposited 

metal. In this work, a thin PMMA layer was used. It was applied by using the spin coating process 
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[59]. The advantage of using the PMMA layer was that the effect of the metal substrate roughness 

could be reduced. 

Finally, the electrical contacts were applied to each electrode. This was simply copper wire with a 

diameter of 50µm. The wires were connected to the sample surface with silver paint. In order to 

prevent an outflow of the SSEs from the 2DES to the silver conductive paint, the points of contact are 

covered with a General Electric varnish (GE-Varnish). 

3.4.1.2 Layer Thickness Measurement 

The thickness of the dielectric layer and the roughness of the gold layer were measured with an AFM 

[59]. The thickness of the layer and the refractive index of the PMMA could also be determined with 

the ellipsometer technique [59].  

3.4.1.3 Properties of the Layers 

Samples with a metal substrate could theoretically achieve a very high electron density. However, 

experiments in this work show that the SSEs on the helium film that are supported by a metal 

substrate have a very short life- time within a range of less than one second. This was probably due 

to the roughness of the metal surfaces.  

From the previous experiments, the loss of the electrons horizontally over the side of the sample or 

vertically into the helium gas was very low, when the metal substrate was covered with a dielectric 

layer.  

For a comparison of the efficiency of the samples, metal samples without a dielectric layer were used 

in this study, in addition to substrates with a dielectric layer. 

 

3.4.1.4 Metallic Substrate 

The metallic surface was desirable; because one can reach high electron densities at relatively small 

holding voltages (1012 electrons / cm2 at a holding voltage of 1V) (see subsection 2.2.1). However, the 

problem with the metal substrates was that they had to be very smooth, otherwise the electrons 

were not stable on the helium film and leaked through to the metallic substrate (and the details of 

this process are not yet understood).  

Two types of metallic samples were used in this study. 

Gold Substrate 

a) For the application of SPR, the base of the sample was a BK7 prism with a refractive index of 

1.5. The metal layer was thermally evaporated onto the prism surface see figure 3.8. A 

chromium layer with a thickness of 3nm was used as an electrical contact agent between the 

glass and the gold layer. The thickness of the gold layer was chosen such that the resonance 

was as pronounced as possible, with a deep minimum. In the ideal case the reflected 

intensity at the minimum is zero, in practice it was a few percent of the incident intensity, for 

a 43 nm thick gold film. The thickness of the gold layer was calculated from the plasmon 

wave length and the refractive index of the prism. 
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Figure 3.8: a) Two different prisms with dimensions of 2X2 cm
2
, the left has a guard ring for confined geometry 

experiments. Both prisms   consist of a gold layer with a thickness of 43nm, and 3nm chromium below that. b) 

Illustrated representation of two electrode samples consisting of a 43nm gold layer, 3nm chromium layer with 

a gap of ~50µm. These layers were evaporated on the surface of a glass prism (Bk7).  

b) In the recharging experiments, the samples made from sheets of pure white glass of 

hydrolytic class1, with a dimension of 22x22mm (from Enzel-glasses) were used. Samples 

that were used in this method have a relatively smooth gold surface because they were 

made in a UHV system. The analysis of the samples surface is shown in figure 3.9. 

 

Figure 3.9: AFM images of gold surface deposited by vapor in UHV. The surface is smooth, it has height changes 
less than one nanometer [59]. 

Copper Substrate: The sample of a copper substrate was used with the recharging technique; it as prepared 

from two 10mm X 20mm copper sheets with thicknesses of 0.5mm. They were aligned beside each other with a 
gap of ~0.1mm between their closest edges see figure 3.10. The sheets were carefully polished to reduce the 
surface roughness, but of course the roughness was much bigger than for the evaporated films on glass. 
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Figure 3.10: Two copper-electrode sample with a thickness of about0.5mm and gap of about0.1mm. 

3.4.1.5DielectricSubstrates 
As mentioned before, the expected electron density in these samples is less than the density on the 

metal substrates with the same voltage. However, with the dielectric samples the low loss or the long 

life of the SSE was achievable so the SSE was stable.  

Some of the SSE on the helium film surface tunnel through the helium film and become trapped at 

the helium-dielectric interface. Some of these trapped electrons screen the potential on the surface 

of the helium film and prevented more electrons from accumulating on the film, and the electron 

density on the helium film surface becomes small. The method of removing these trapped charges 

from the dielectric layers is explained in chapter 5.  

The disadvantage of using dielectric layers with a thickness of more than 400nm was that the 

application of the SPR spectroscopy was impossible, because the SPR creates an electric field vertical 

to  the dielectric film, this field is called the evanescent wave because the amplitude of this wave 

decreases exponentially with increasing distance from the interface surface (or the dielectric 

thickness), decaying over a distance of about one light wave length ,the plasmon wave length λplasmon 

is equal 400nm. Thus the thickness of the dielectric layer should be less or equal the plasmon wave 

length, otherwise the plasmon would screened. 

 Kapton® Substrates: The Kapton foil used here had a thickness of 50µm and could be glued directly 

onto the metal substrate surface, which was gold or copper (figure 3.11, a).  During the experiments 

it was found that at low temperatures the adhesive surface of the kapton foil detached from the 

substrate. This caused a cavity between the Kapton foil and the metal substrate, and the SSEs 

tunneled (through this cavity) underneath the Kapton foil to the metal, causing their density to be 

reduced. With gold, this problem was solved by depositing gold directly on to the bottom of the 

polyimide foil. In addition to the kapton, there were other dielectric foils used in this work with 

copper substrate as a base, for instance tesa tape (figure 3.11, b). 
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Figure 3.11: a) Two copper-electrode samples with a thickness of 0.5mm and a gap of about 0.1mm in 

between. Kapton foil with a thickness of 50 µm was laid over one electrode crossing the gap to about 2 mm 

over the other electrode. b) Sketch of three electrode samples. The basic substrate was a copper sheet covered 

by Kapton on the left side and tesa tape on the right side. 

PMMA Substrates: Samples with PMMA substrates were used with the optical and recharging 

techniques. PMMA was spin coated on the surface of the BK7 glass prism for the optical technique 

and was coated over the surface of glass of hydrolytic class1 for the recharging technique (figure 

3.12). After the coating process it was found that there were some locations in the peripheral areas 

not covered by the PMMA. These areas had to be sealed with GE-Varnish before the experiment. The 

sample was connected electrically at the corners. The PMMA layer at the points of contact was 

removed with a scalpel. 

 

Figure 3.12: Two-electrode samples consisting of a gold layer of about 43nm thick, chromium layer with a 

thickness of about 3 nm and a gap of  about 50µm. Above these layers there was spin coated layer  of PMMA 

with a thickness of about 60nm. 

The surface of the sample was examined with an AFM before a PMMA layer was applied. Figure 3.13 

a shows the surface of the recycled prism, and figure 3.13 b shows the surface of the glass plate. The 

importance of this was to check the surface features as large structures effected the electron 

mobility or allowed electrons to tunnel through to the metal substrate. Figure 3.1 c shows that the 

sample edges are not covered by the PMMA layer. 
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Figure 3.13:a)Surface of the gold layer on are cycled prism. The particles have a height of up to 60nm.  These 

come from contaminations of the prism surface.  More carful cleaning could help. b) Surface of the gold layer 

on a glass plate.  It looks much better than 3.13a, but there are still considerable spikes where the electrons 

could break through the PMMA to the gold. c) The peripheral areas of the sample were not completely covered 

by the PMMA. This created obstructions as shown in figure 3.13: a). The height profile indicates that the 

thickness of the layer was about 40nm at the edge. The substrate was a recycled prism [59]. 

 The gold layer on the prism surface could be analyzed by the SPR via simulation of the plasmon 

resonance angle [60]. In this method, the intensity of the plasmon shift and the angle of the 

minimum SPR were calculated for different gold layers depths. A thin layer was shown in figure 3.14, 

a, and a thick gold layer is shown in figure 3.14 b. The signal of the plasmon curve shows a narrow 

width at the minimum region when a thick gold layer was used. 
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Fig 3.14: Simulation of plasmon with a prism a) with a 42nm gold layer and a 1.5nm chromium layer. b) 

With a 63nm gold layer and a 1.5nm chromium layer.  

The reflectance of the plasmon resonance with a thin gold layer of 42 nm was found to be zero, 

while in the case of a 64 nm thick gold layer itwas0.2 with sharper curve. 

3.4.2 He-FET Methods Samples 

The essential requirement for performing a He-FET study on helium was to have a sample with a 
confined geometry to keep the SSEs in the test area. All of the FET-samples which were used in this 
work were prepared by David Rees at the RIKEN Institute in Japan specifically for our study.  
 
The substrate was micro-fabricated on a silicon wafer. The silicon samples were used with 
evaporated gold electrodes on their surfaces. The vapor-deposited electrodes were divided on the 
surface of the substrate to different areas surrounded by a closed guard electrode, forming two free 
portions which were the source and drain, and two, gated electrodes with a micro gap (channel) 
which allowed electron transport to take place. 
All the samples were 1 mm thick, 2cm square doped silicon. The bottom of each sample had a natural 
oxide layer, and the upper surface was oxidized with a thickness of 500nm. This insulated the 
electrodes on the substrate. The gold electrodes on top of the sample were 150nm thick and were 
created with electron beam lithography, figure 3.15 a.  All of the samples as mentioned above 
consisted of a guard and two gated electrodes but the gated electrodes varied in shape. In the first 
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set of samples, the shape of the gated electrodes was triangular (figure 3.15 b) and in the second set 
they had a square shape, with strip in the middle (figure 3.15 c).  

 

 
 
 

 
 
 
Figure 3.15: Representation of the He-FET samples. a) Cross section of the sample. b) Top view of the first set of 
samples. c) Sketch of the top view of the second set of samples [21] [22]. 
 

In both sets, the gated electrodes were not in contact, but were separated by a few microns, forming 
a channel that allowed to electrons pass through. Also, the guard electrode in the area of the drain in 
both sets was not closed and it had space allowing the pick-up electrode to be inserted from above 
and pickup the charges from the drain area. 
The descriptions for each sample used in this work for the purpose of the He-FET are listed in table 
3.1.  
 

Sample ID Source layout Channel layout 

RC1 Triangular 100µm X10µm 

RC2 Triangular (non-doped silicon) 100 µm X 20µm 

RC3 rectangular 100 µm X10 µm 

RC4 Triangular (non-doped silicon) 2 µm X11 µm 

NC2 rectangular  Point contact 10 µm 

NC3 rectangular Point contact 10 µm 

PC7 rectangular 5mm X 10 µm 

PC9 Triangular 32 µm X 2 µm 

SC5 Triangular Structured 32 µm X 2 µm 

SC6 Triangular  Structured  32 µm X 2 µm 
 

Table 3.1: An overview of the samples used. The triangular or rectangular source layouts correspond to those 

shown in Figure 3.15.In our experiments an external illumination source was used for both doped and non-

doped samples.    
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3.4-2.1 Sample Connecting 

One of the advantages of the silicon substrate was the possibility to generate a potential gradient 

between the source and drain by applying a potential difference on the order of 1V/cm at the ends of 

the substrate1. Moreover, the potential applied to the electrodes formed a potential landscape for 

the electrons on the helium film [20] [21] [22]. As shown in figure 3.16, the gold electrodes were 

connected by using a copper wire (with a diameter of 50µm) and silver paint. For good electrical 

connection, the insulation layer around the wire at the points of contact had to be removed.  

 

Figure 3.16: Shows points of contact on the sample. The contacts between the leads and wires were done by 

using silver paint and fixed by a tape to prevent mechanical stress.  The pick-up electrode is shown on the right 

side of the image [22]. 

In the previous studies [20] [21], the ends of the samples were also connected by silver paint on the 

bottom side of the sample at the areas in which the oxide layer was removed mechanically. Due to 

the sensitivity of the samples, some of the samples were broken during the mechanical removal of 

the oxide layer. In this work, different ways were examined in order to improve and stabilize the 

substrate contacts. Instead of silver paint, the points of contact are soldered with liquid indium; 

because it turned out that liquid indium was more stable than the silver paint. 

In the DC measurement, aside from the vapor-deposited electrodes, the potential landscape over the 

substrate was an essential requirement for the electrons to transport from the source to the drain, 

and collected as a current at the pick-up. For this purpose, a copper plate was attached as a pick-up 

electrode over the guard at the side of the drain. The copper plate was connected by silver paint to a 

thin wire. 

To prevent the electrons going directly from the filament to the drain area, an additional copper 

plate (collimator) was fixed vertically above the gated electrodes (figure 3.15, a). The distance 

between the substrate and the collimator was about 1 to 1.5mm. 

3.5 Helium Level Stability 

As mentioned in chapter 2, a step-motor was fixed on the top of the big cryostat in order to adjust 

the level of the experimental set-up inside the cryostat. The level of the bulk helium was determined 

with a cylindrical capacitor (see figure 3.6). The capacitance of this capacitor depended on the 

dielectric constant of the medium. In the case that the capacitor was filled completely with helium, 

its capacitance was 

                                                           
1
 For normal metal this cannot work, because the resistance is very low.   
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,             (3.1) 

Where εr, H, r0, and ri are the dielectric constant of the medium, the height of the capacitor, radius of 

the outer and inner electrodes respectively. Due to the continuous pumping, the helium level, Z, 

dropped continuously, and it was determined by the following relation:     

,                     (3.2) 

Where C(z) experimental capacitance at the height Z, C(0) measuring capacitance of the helium gas, C 

measuring capacitance of a cylindrical completely filled with liquid helium [20] [22].  

There was a linear dependency between the capacitance of the medium at the capacitor region, and 

the helium level below the substrate [63][20][22]. The density of the helium gas was very low 

because the helium was continuously pumped during the experiment, so in the gas region the 

dielectric of the helium was nearly equal to the vacuum's dielectric,εr ≈ εvacuum = 1. 

The capacitor was directly attached to the sample holder as shown in Figure 3.6. A helium level 

relative to the substrate was roughly estimated by eye and the evaporation rate could be obtained in 

mm/s from a decreasing capacitance. In this study, the capacitance meter model hp 4278A was used 

in determining the capacitance of the capacitor. 

 

3.6 Measurements 

The major parts of the measurements were carried out in the big cryostat, with Thomas Lorenz. The 

details of the measurements are described in his diploma thesis [22]. The data acquisition and setup 

controlling was done through GPIB and the Elli program. Elli has a function memory, so the read out 

of the data of the devices could be stored as a CSV file with a maximum rate of one hertz. 

3.6.1 Temperature Measurement 

During the experiment the temperature was detected by LakeshoreGR-50-AA-0.05A with a 

germanium-resistive sensor. The resistance of this sensor was measured via a conducts recorded 

LTC-10 temperature controller. By using the temperature calibration table, the temperature value 

could be determined. The temperature in this work was ≈1.25-1.3K. 

3.6.2 Source and Drain Measurements 
 
 Keithly 617 electric meters were used for both electrodes (drain and source) with a constant voltage. 
The applied potentials to the source and drain allowed a holding field on the substrate and also 
created a potential difference between the electrodes. This technique was taken from the works of 
Doicescu [19] and Schmid [23]. In figure 3.17, an illustration of the electric circuit of the electrodes is 
shown; the output voltage with this device could be set to an accuracy of 0.05 to 100V. 
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Figure 3.17: Schematic arrangement of the applied potential and the current measurement [20]. 

The wires, which connected the electrodes to the electric meter, were shielded as were the cables 

connected on the base plate of the sample holder.  

3.6.3 Gate Measurement 

The gate electrodes in some measurements were also connected to a Keithley electrometer through 

an electronic box as a source and drain. With Keithly and Elli, the gate potential was stepped with a 

maximum rate of one step per second. In the measurements of electron transport, the gate was 

operated in pulse mode and opened for short periods. For this purpose the electrometer was 

replaced by an Agilent 33250 A function generator. By using the function generator, the gate could 

open with a pulse width in the range of a few nanoseconds.  

The gate connection caused a capacitive coupling to the pulses at the electric meter at the fixed 

voltage. The capacitive coupling was introduced by Ashari [20]. It essentially consisted of an RC 

circuit (figure 3.18). R is related to the resistor of the gate and C is the capacitance of the source.   

 

Figure 3.18: RC circuit used for pulsing the gate [20]. 

3.6.4 Pick-up Measurement 
The essential measurement signal for the He-FET was the current signal at the pick-up electrode. This 
current is called the pick-up current. It is the charge of the transported electrons through the channel 
to the drain per unit of time. The meter device for the pick-up current was a Keithley 6517A 
electrometer with a built-in DC power supply; it has a high accuracy with typical noise amplitude of 
0.5pA. 
In the previous studies [20] [21], the software for storing the pick-up data was the Elli program with a 

maximum time resolution of one hertz. Thus the advantage of a relatively high temporal resolution 

of the electrometer was lost. The reduction in the temporal resolution of the current signal gave in 

correct results in the transport measurements, especially when recording a current that was 
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accumulated with a small pulse width. To exploit the full time resolution of the electrometer, new 

software was developed by Thomas Lorenz [22] to control the pick-up electrometer. The zero-error 

in the current measurements with the Elli software was in the range of 3pA, whereas the zero-error 

with the new software was adjusted to zero pA.  
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Chapter 4 

State of art 

In chapter 2, the physics of electrons on the helium film surface was presented. In chapter 3, the 

description of the technical aspects of the experimental setup was provided. Different techniques 

were applied in this study in order to have a clearer understanding of the properties of SSEs in 2DES. 

Several previous results that used these same techniques will be presented in the subsections of this 

chapter.  

4.1 SPR Technique Previous Results 

Measurements have shown a high stability of the 2DES on top of a thin 3He film supported by two 

segments gold substrate sample. The electron density could reach 2x1014m-2 (figure 4.1), as shown by 

Angrik et al [65]. They observed that the lifetime of the SSEs and their loss mechanism depend on the 

method used to charge the system. When charging the film laterally, a high stability can be obtained 

and transport of the SSEs through a gap is confirmed see figure 4.2. The electrons can be accelerated 

to move between the two electrodes of the sample by applying a potential difference between the 

electrodes see figure 4.3.  

 

Figure 4.1: The helium film starts at a thickness of about 170 Å, which decreases rapidly as it is burned away. 
The film quickly recovers to its initial thickness and is then charged, resulting in a depression. After charging is 
halted, the film slowly relaxes back to its initial thickness [65].        
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Figure 4.2: The rapid decay of electrons from the film surface when the filament is switched off can be seen. 
After a range of very large losses directly after the filament is turned off, the system exhibits linear behavior 
[65]. 
 

 

 

 
Figure 4.3: Electron density on each segment as a function of time [65]. 

 

The stability of the SSEs on He-gold film was in the range of hours.  This stability depended on how 
the electrons were placed on the helium surface. The two options are either by filament, which 
results in a short life time or from the side from another charged segment. The dependency of the 
stability of the SSEs on the type of charging process is not yet understood.  
 On the basis of these results, it was our goal to study the electrons on gold substrates in more detail. 
However, our results discussed in chapter5 do not exhibit the same long-term stability as by Angrik et 
al [65]. Thus we were unable to study electrons on gold substrates in as much detail as we would 
have liked. Nevertheless, the results of these measurements could serve as a basis for future 
investigations.  
 
 

 4.2 He-FET Technique Previous Results 

The first DC measurement using He-FET was done by I. Doicescu [66]. The He-FET method was used 

in measuring the transport of electrons through a channel as a function of the gate potential Vg, and 

the potential difference between the source and drain Vsd [19]. In some measurements, step-like 

features were observed in the I-V characteristics, where I was the pick-up current and Vg the gate 

voltage. Figure 4.4 shows an example of this step-like behavior. The steps become more pronounced 

at a higher gate voltages, Vg and smaller potential difference, Vsd. The origin of these steps was not 

completely clarified at that time and the reproducibility was not investigated in detail. 
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Figure 4.4: The SSE current Ip transported through the split-gate constriction as a function of gate 

Voltage, Vg at different potential differences, Vsd [19]. 

The step phenomenon was also observed by D. Rees [67] in alternating current (AC) measurements 

with sample of figure 3.16. He measured the transport of SSEs through a micro channel and saw that 

the SSE current was dependent the voltage of a tunable potential barrier see figure 4.5. 

 

Figure 4.5: The  conductance G measured while sweeping gate potential Vgt, In a)weak  step-like increases in G 

are observed above 0.4 V b) The occurrence of the steps, is seen clearly in the derivative dG/dVgt [82.]  

Besides this study, there was another investigation done by Ikegami et al. [68].They studied the 

properties of non-linear transport of the 2DES in the Wigner solid phase through micron-sized 

channels. They found that the resistivity of the electrons increases when lowering the temperature. 
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In addition, they observed at high excitation levels that the electrons decouple from the deformation 

of the surface in such a way that the mobility increases.  

4.2.1 Potential Distribution in He-FET Samples 

The samples which were used in the He-FET method were doped or non-doped silicon (Si) wafer 

substrates with a potential difference applied between the left and the right edge of the Si wafer 

(source and drain respectively), which dropped  linearly between these two contacts as shown in 

figure 4.6. 

The measurements show that the potential gradient of the doped silicon substrates is linear [20]. 

This is due to the resistance of highly doped silicon, which is in the order of mega ohms at low 

temperatures. This is different from the electrical conductivity of non-doped silicon semiconductor 

substrates which decreases at low temperatures. If the conductivity of the substrate is too low, the 

potential across the Si wafer is no longer well defined. In order to increase the conductivity of the 

non-doped sample at low temperature, illumination with an external light source was used to 

generate electron hole pairs on the silicon substrate, which leads to an increase in charge carriers 

(figure 4.6).  

 

Figure 4.6: Potential gradient of non-doped silicon substrate for different potentials applied between 

the source and drain at a low temperature whilst under illumination [20]. 

Figure 4.7 shows the 2D SSE potential landscape achieved by application of potential difference 

between source and drain, and applied voltage to the gate, and guard electrodes. This numerical 

calculation shown in figure 4.7 was carried out by D. Rees and gives a description with qualitative 

values of the potential distribution across the sample over the substrate in the plane of the 

electrode's surface [69]. The potential difference between the source and drain acts as a driving 

force for electron transport. 
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Figure 4.7: A numerical calculation of the potential distribution across the sample. The potential is calculated 

across the substrate in the plane of the electrode’s surfaces [69]. The calculation gives qualitative values 

because the sample’s dimensions in the calculation are greater than the dimensions of the experimental 

sample. The potential difference between left and right sample edge (source and drain) in the calculation is 1V, 

while the potential applied to the guard is -1.5V. 

Due to the design of the gate electrode in a discontinuous array, the potential barrier height Vb is not 

equal to the gate voltage Vg. However, there is a linear relation between the two potentials (figure 

4.8) [21]. 

 

Figure 4.8: A numerical calculation of the voltage potential across a 10µm wide channel at different barrier 
heights. [20]. 
 

As the figure 4.8 shows, the potential barrier in the center of the channel (y=0) was much lower than 

the potential applied to the gates. However, it was demonstrated in [20] that there is a linear 

relationship between Vg and the potential barrier Vb, so Vb= kVg, and the constant k depends on the 

helium level (film thickness) and the thickness of the substrate (silicon oxide layer). The value of this 

constant was found to be 0.0241 with the helium thickness of 50nm and silicon oxide layer of 500nm 

[20]. For thicker helium films, the value of the constant increases by 0-0.13 per 100nm. 

In the following section, a model developed to understand the distribution of the charge on the 

source is described [21]. The value of this charge can be controlled by the number of electrons 

emitted from the filament. 
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4.2.2 Charge Distribution on the Source 

Because electrons can be held on a helium film surface for a long duration of time, it is possible to 

store the electrons in the source region with a suitable potential applied across the substrate. A 

model was proposed to describe the distribution of the stored electrons [20]. 

The linear gradient in the holding potential of the substrate and the lateral mobility of the stored 

electrons causes a non-uniform distribution of electrons in the source area. The charges are 

distributed such that all the electrons have the same energy, which is effected by the holding 

potential and Coulomb repulsion between the electrons. This is illustrated in figure 4.9 by the 

position of the blue dots (representing the electrons). The maximum possible potential energy and 

the number of the electrons in the source are determined by the height of the barrier, Vb. When the 

source is not filled to saturation, the energy of the electrons is below the potential barrier of the gate 

(shown in red). As charges are added, the chemical potential of the electrons increases, until it 

reaches the height of the potential barrier. When even more charges are added, they flow over the 

barrier, which is known as overflow of electrons or spill over. 

 

Figure 4.9: The potential distribution along the sample. It drops linearly due to the potential difference 

between the source and drain. At Vg = 0 the electrons can pass the channel. At Vg ˃ 0 there is a barrier, Vb,, 

resulting in any electrons with an electrochemical potential less than eVb to be trapped in the source area. 

Figure 4.9 shows that the source can be filled by an additional potential difference along the 

substrate namely Vx, which disappears at a maximum distance between the electron and the gate. 

This potential is equal to the Vb at x=0 [21]:- 

   (4.1) 

where Vsd is the potential difference between the source and drain, and L is the length of the sample. 
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The source area can be considered a series of capacitors. The capacitance of the system per unit area 

is constant, but the charge density is not, because the potential of the substrate varies along the x-

direction. Thus the electron density, ne, as a function of x can be obtained by: 

,      (4.2) 

where Ne is the number of electrons, Q is the charge, A is the area of the capacitor plate, V is the 

applied voltage, and C is the total capacitance of the system. One source of the capacitance is the 

silicon dioxide layer, with dielectric constant ε1 and thickness d1. The other source is the capacitance 

of the helium film with dielectric constant ε2 and thickness d2. These series capacitors give a total 

capacitance given by: 

          (4.3) 

By inserting equations 4.3 and 4.1 into 4.2, the electron density ne as a function of x can be derived: 

     (4.4) 

                  (4.5) 

The total number of electrons, Nein the source as a function of the applied voltage can be 

determined by: 

  (4.6) 

Equation 4.6 is valid for a large number of electrons in the source area A of a rectangular shape. The 

amount of electrons in the source does not only depend on the voltage applied to and the geometry 

of the source, but also on how far the electrons are from the gate and the height of the barrier, Vb 

(see figure 4.9). 

The process of filling the gate can be done by starting with an empty source. A negative potential is 

applied to the gate.  The source is filled with the electrons until the conditions for spill-over are met . 

One recognizes this as a pick-up current starts to flow. The filament is then switched off and the gate 

is opened: a positive potential is applied to the gate such that a maximum pick-up current is 

observed. 

The total number of the electrons in the source can be found by adding all of the peaks of the 

transported charge shown in figure 4.10 and dividing the sum by the elementary charge. Instead of 

opening the gate completely, one can step the gate by applying a certain negative potential, and 

then increasing gradually the applied potential as a function of time and observing the pick-up 

current [20] (figure 4.10).  

At the barrier the density of the electrons is given by: 

  .                (4.7) 
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Equation 4.7 states that if the potential in the substrate at the position of the gate is equal to zero, 

the electron density in the region very close to the gate does not depend on the potential difference 

between the source and drain, or on the geometry of the sample. It depends only on the gate 

potential Vg and the thickness of the helium film. The electron density at the barrier for a system with 

a silicon dioxide layer with ε1 =3.9 and d1= 500nm and a helium film with ε2 = 1.059 and d2 = 

50nmwas calculated to be: 

.   (4.8) 

By knowing the electron density at the gate, ne (0), and the maximum distance between Vb and the 

point at which the electron density ne = 0, xmax (see figure 4.9), one can find the spatial dependence 

of the electron density: 

.   (4.9) 

The capacitor model allows a description of the density distribution and the number of electrons in 

the source. The electrons in the system can be categorized in one of three different ways:- mobile 

electrons, trapped electrons, electrons that are trapped by the roughness of the substrate, and 

tunneling electrons, electrons that tunnel through the helium film to the substrate.  In order to 

understand the electron distribution in the source, all these three types must be taken into account 

[69]. The main question is what drives the electrons to pass through the channel? In the previous 

study [20], the potential difference, Vsd, is defined as the electron driving force. The experiments 

show, however, that the Coulomb interaction between the electrons influences the mobility of the 

electrons through the channel [21]. To confirm this observation, a simulation was conducted. The 

results of this simulation will be presented later. 

 

 

Figure 4.10: a) This shows the pick-up current (black line) while the gate potential is ramped (blue 

line), as a function of time. b) The total number of electrons that can be stored on the source as a 

function of the gate potential from experiment (black hollow circles) and theory (red line) [69]. 
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4.3. Simulation of the Transported Particle through a Channel 

Rau et al. showed that there is a similarity between the motions of the electrons transported 

through a channel in a SSE system and the motion of confined colloidal particles in a narrow 

channel on a substrate and its interaction with a barrier [21]. The substrate, on which the 

colloid particles move, is tilted in order to drive the particles towards the barrier (similar to 

the potential gradient between the source and drain in an SSE system).  If the energy gained 

by the tilt is large enough, the barrier is surpassed by thermal activation as demonstrated 

byC. Kreuter [70]. In Kreutzer’s work, the influence of the barrier as well as the influence of 

the particles interaction (similar to the coulomb interaction in the SSE study), on the particle 

transport through such systems was studied. The transport of the interacting colloids inside 

the micro fluidic channel and crossing a single barrier inside the channel was showed via a 

simulation and experiments. The potential of the barrier can be characterized by considering 

the motion of the particles in front of the barrier. In addition, the transport across the barrier 

shows influence of the various forces scales originating from gravity, inter-particle 

interaction, and the interaction with the barrier (see figure 4.11).  

 

 

 

Figure 4.11: The particles inside the channel are ordered in three lanes without a barrier (top channel). 

The density along the channel wall is slightly higher; this effect is a result of the repulsive interaction. 

At the bottom channel with a single barrier, the particles along the channel are blocked by the higher 

part of the obstacle. Thus the transport of the particle is only possible through the center of the 

channel, and the particle density is increased in front (left of the red line) of the channel [70].  

 

Furthermore, it was demonstrated that the presence of additional particles in the channel 

and their interaction with a particle in front of the barrier has a pronounced influence on 

particle transport (figure 4.12). These results and the agreement between the simulation and 

the experiments demonstrate that this colloidal system serves as a good model for the 

classical transport processes on a micro and nano scale. 

 

Figure 4.12: Interaction between the particles increases the particle energy and thus the probability 

that they jump over the barrier. The particles are shifted upwards in the energetic landscape. If the 
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fluctuations are neglected, all the particles left in the reservoir are on the same energetic level. This 

causes decreases in the effective potential barrier, thus the particles nearby can overcome the barrier 

more easily [70]. This behavior is similar to the behavior of the SSE in figure 4.9, when the source 

contains enough electrons, further electrons spill over. 

In the field of colloidal systems, another study on an important aspect of the colloid diffusion 

in confined geometry was performed [71].  This study showed that the process of diffusion 

varies with changing external conditions of a system. When the density of these particles is 

changed, the diffusion is alternated between normal Fickian behavior and so called single-file 

diffusion. Fickian diffusion is described by the diffusion of particles from high concentration 

region to region of low concentration. As will be shown in the results chapter, this effect of 

ordering on the transport properties also plays a role in a system of electrons on liquid 

helium. 
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Chapter 5  

Results of SPR and Re-Charging 

In this chapter, the experimental methodology and the results, which were obtained by using the SPR 

and recharging techniques, are presented. As in the previous section, the results for each technique 

are presented separately. Both SPR and recharging experiments were conducted in the small cryostat 

(figure 3.2). 

Due to the problems with the experimental set-up, the results from these techniques do not reflect 

the best results one can obtain when using them. However, the methods used in this work and some 

results from these measurements are worth discussing and will be presented in this chapter.  

5.1 SPR Results 

With SPR, we were able to determine the helium film thickness on the metal substrate. The 
electrostatic pressure of the electrons on top of the helium film surface caused depressions in it. By 
measuring the charged film thickness (d), and the initial uncharged film thickness (d0), the electron 
density could be determined as shown earlier in section 2.2.1 by using equation 2.18: 

.         (2.18) 

Here ne is the electron density, ρ is the density of the liquid helium, g is the acceleration due to 
gravity, and x is the height of the sample above the bulk helium level. With this technique, one can 
investigate the different behaviors of the electrons; mobile electron movements on the helium film, 
non-mobile electrons behavior, and the break through electrons. 

5.1.1 Methodology of SPR Measurements 

As mentioned in section 3.3.1, different set-ups (see figure 3.4 a, b) were used for the SPR 
measurements. The set-up was mounted vertically in the experimental cell of a 4He small cryostat 
(figure 3.2), which allows optical access through a plexiglass window. A polarized light beam from a 
laser diode1was resonantly coupled into surface plasmons at a certain angle of incidence, and the 
reflected light was focused onto a photodiode inside the cryostat (figure 5.1). Helium films that are 
adsorbed on the gold substrate cause a shift in the SPR angle, which is dependent on the film’s 
thickness. The thickness of the films can be determined with a resolution of about 1Å. The 
experiments were conducted at a temperature range of 1.5 to 1.9K. 

In order to attain the different initial helium thicknesses, the height x between the sample and 
helium bulk surface was varied by immersing the sample holder. The electric field that was applied to 
the electrodes acted as a holding field and guided the electrons to the sample surface. The electrons 
were emitted by a small tungsten filament fixed in front of the sample (figure 5.2). 

The substrate contained a guard electrode (ring) around the substrate. This electrode was kept on at 
a slightly negative potential to confine the electrons on the helium film surface. The substrate was 
structured into two segments, which were separated by a gap of approximately 0.1mm. 
Measurements electrometers were connected to the gold films on the top of the prism. To measure 

                                                           
1
 Laser source was fixed outside the cryostat, it was directed in to the cryostat by using simple mirror.  
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the charge on the surface of the helium film, the plasmon shift was measured by using both an XY 
recorder and an oscilloscope. 

 

 

 

 

 

Figure 5.1: A schematic showing how SPR was used to determine the helium film thickness [59]. 
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Figure 5.2: A schematic illustration of a typical sample (two electrodes) during an experiment. It shows the 
helium film and the substrate with the three types of electrons: mobile electrons in 2 2DES (blue), which move 
on the helium film surface, localized electrons in a 2DES (green) or non-mobile electrons which are trapped by 
roughness of the substrate surface. Finally, electrons which have broken through the helium film and are 
localized at the surface of the solid substrate (purple).The narrow gap that separates the two electrodes 
enables the electron transport measurements (mobile electrons). The guard ring confines the electrons on the 
helium film surface. The filament acts as an electron source [59].  

5.1.2 Third Sound Measurement 

One of the interesting tools in determining the helium film thickness is the third sound. Third sound 
is the name used to describe oscillations of the helium film thickness that are caused by a local 
periodic heating in the audio frequency range. These oscillations propagate as a surface wave on the 
film. The amplitude of the oscillation of the thickness can be measured with the SPR method. Figure 
5.3 shows the methodology of this technique that was used in our experiment. The helium film 
thickness is given by [24]: 

,    (5.1) 

The equilibrium thickness d at height x from bulk helium is defined by:    

.             (2.17) 

                                                          ρ = ρn+ρs,          (5.2)             

where: ρ, ρn, and ρs are the total density of the liquid helium, the density of the normal liquid 

helium and the density of the superfluid helium, respectively. αis the Hamker constant and of 

this order 8X10-24 J,(this magnitude is determined by the dielectric properties of the dewar wall 

and helium atom ), S is the entropy, L is the latent heat of vaporization (90J/mol), V3 is the 

velocity of the third sound (= f3 λ), λ is the wave length, and T is the temperature. The ratio of the 

total liquid helium density to the super fluid part density was ρs/ρ = 0.5, TS/L ≈ 0.15 T ~ 1.6K. The 

dimension of the prism that was used in the experiment was 1.4x1cm, since we had standing 

wave, this value is equal half of the third sound wave length for this prism, so the resulting wave 
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length was calculated to be λ = 2.8cm. The relationship between the sample`s height above the 

bulk surface x and the third sound velocity is represented in figure 5.4.   

 

Figure 5.3:The methodology of measuring the helium film thickness by using the third sound velocity [59]. 

 

 

Figure 5.4: The relation between the third sound velocity and the height between the sample and bulk- 

helium, T= 1.25 K [77]. 

 

The frequency of third sound was 48 Hz, thus the velocity of the third sound was calculated to 

be1.15ms-1. . By using equation 5.1, the helium film thickness was calculated to be about 35 nm. Thus 

the sample`s height above the helium surface was expected to be 19mm. This value agrees with the 

theoretical value in figure 5.4. The measured height was 16mm, in good agreement with expectation.   

5.1.3 Helium Film Measurement Results 

In all the experiments, a filament was used as the electron source and was driven with a frequency of 
4 Hz. The oscillations in the output signals are due to these filament pulses. As mentioned before in 
the chapter 3, metallic samples were used in the SPR method. 

When the filament was switched on, it produced heat in addition to the electrons, all of which 
influenced the helium film surface. As a result, the helium film evaporated more quickly and its 
thickness decreased, as shown by J.Angrik et al. [64]. In their experiment, they burned the helium 
film away either by using an IR laser beam or by continuously powering the filament at high power, 
see figure 5.5. 
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Fig.5.5. Shows the helium film thickness d, measured at two different positions of the two sample segment. The 
red, hollow, v`s were taken on the upper segment and the filled black boxes on the lower segment at 1.7 K. The 
typical experimental procedure was the following: first the film was burned away (a). Then (b) the system is 
allowed to settle for several minutes and a film with the initial film thickness returned, before it was charged by 
pulsing the filament for some seconds (c). A positive voltage of +15 V was applied to the lower segment, while 
the upper was kept at a negative potential of -2 V. About two minutes after switching off the filament (d) a 
voltage of -20 V was applied to the lower segment and +20 V to the upper segment  to pull the electrons from 
the charged lower segment to the uncharged upper one [64]. 

 
 When the filament is switched off, the helium film recovered within 125 seconds. When the filament 
was switched on for a time longer than about a second, the helium film was burned away by the heat 
from the filament. When charging stopped, the film recovered. The recovery time depended on the 
initial helium film thickness. The optical set-up showed very high stability over long period of time 
when there was no film. The stability time was greater or equal 500 seconds, see figure 5.6. 

 

Figure 5.6:  Shows the stability of the optical set-up when there is no helium film. On the horizontal axis one 
square equal 25 s, the vertical axis represents plasmon signal with scale of one square equals 0.025 V. 

In order to determine the helium film thickness, the sample was initially held 300mm above the 
helium surface such that no film was able to build. The sample was then lowered towards the helium 
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surface in steps about 5mm until it was just 10mm above the surface. The filament continuously 
emitted electrons towards the sample surface during whole approach process. Figure (5.7)a shows 
stepping of the helium film thickness as a result of stepping the height of the sample. The helium film 
shows stability over 100 seconds. Figure (5.7)b shows calculated relation between the SPR shift and 
the helium film thickness, the reflectivity of the SPR is related nearly linearly  with the thickness of  
helium film below 100 nm. 

 

Figure 5.7: a) Shows the sensitivity of the SPR shift on the helium film thickness from no film to a thin film with 

thickness of 20 nm .b)Calculated dependency of the surface plasmon resonance shift on the helium film 

thickness. Thesubstrate is a multilayer system of BK7, chromium and 3nm 47nm gold (figure 3.8: b)). 

 

In some experiments, electrons had a life time of 20 seconds on the thick helium film ( ≥ 60 nm), 
which demonstrated that electrons could be trapped, see figure (5.8)a. With the thick helium film the 
heat from the filament had no great effect, while with the thin helium film (≤ 30nm) the heat greatly 
influenced helium film, such that electron`s lifetime on the film were reduced to 10 seconds. This is 
the one of the problems with some samples; see figure 5.8:b).  
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Figure 5.8: a) For this sample the lifetime of the electrons on the thick film (≥ 60 nm) was 20 seconds. This 
demonstrated trapping of the electrons. b) For this sample the life time of the electrons on the thin film (≤ 
30nm) surface is 10 seconds. Electrons cannot be saved. These results were taken by XY recorder: the 
horizontal scale was 10 s/box and vertical 0.05 V/box. 

The dependency of the helium film thickness on the number of electrons is shown in figure 5.8. The 
helium film was depressed by the electrostatic pressure of these electrons. In this measurement a 
potential with an alternating polarity was applied to the substrate. Figure (5.9) shows that, when a 
positive potential (+36 V) was applied to the substrate and then filament switched on, the helium 
film thickness decreased and the rate depended on the initial film thickness and the amount of the 
heat and electrons that were put onto the surface . When the filament was switched off, the helium 
film recovered again. By inverting the potential polarity (-36 V) that was applied to the electrode and 
switching on the filament, only heat and not the electrons could reach the film surface. In the figure 
(5.9)a the observed decreasing in the helium film thickness due to heat input is shown. When the 
filament was switched off, the film recovered. In order to isolate the effect of the electrons on the 
helium film surface, the procedure was repeated with positive potential applied (+36 V) to the 
substrate. The helium film thickness was reduced to the same scale as before. The difference in the 
helium film thicknesses came from the effect of the electrons on the helium film surface.  

 

 

Figure (5.9): The difference in thickness reflects surface charge. First signal (with positive applied potential to 
the substrate) reflects effect of both charge and heat input on the helium film surface. The second signal (a 
negative potential applied to the substrate) reflects only the effect of the heat input.  When a positive potential 
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was again applied to the substrate (in the third signal), the helium film thickness went back to the same level at 
that of the first signal. The difference in the helium film thicknesses reflects the charge effect on the helium 
film surface. This result was taken by XY recorder: the horizontal scale is 10 s/box and vertical 0.05 V/box. 

To confirm the charge effect on the helium surface, other experiments were run with different 
samples, see figure 5.10:a) and figure 5.10: b). 

In the first experiment, shown figure (5.10)a, initially, the filament was kept on while the applied 
potential to the substrate was changed. Then the applied potential was held steady and the filament 
was switched. The helium film decreased when a positive potential was applied to the substrate, and 
it recovered when a negative potential was applied to the substrate. This behavior reflects the charge 
effects. With this result the effect of the heat input is negligible. When the filament was switched 
and the applied potential was fixed, the film obviously decreased when the filament was on.   

In the second measurement figure 5.10:b), filament was kept on most of the time while the applied 
potential to the substrate was changed. The applied potential was double that from the first 
experiment. The same behavior was observed: with a positive potential the film thickness decreased 
as a result of the electrostatic pressure of the charge on the helium film surface. Again the effect of 
the heat input in this experiment was negligible. In both experiments the measurement started with 
a thick helium film (≥ 80 nm) and ended with no film. The decrease in helium film thickness with time 
was due to the evaporation rate of the helium liquid. 
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Figure 5.10: a) Reduction of the helium film thickness due to the electrostatic pressure of the SSE, during 
charging, as a function of time.  Initially the filament was kept on and the applied potential to the electrode 
was switched, then filament was switched while the applied potential was constant. The different potentials 
applied to the substrate are shown in the figure. b) Reduction of the helium film thickness as a result of the 
electrostatic pressure of the electrons on the helium film surface. In order to be sure about the procedure, the 
filament was switched off (once) during the experiment. These results were taken by XY recorder: the 
horizontal scale was 10 s/box and vertical 0.05 V/box. 

 

5.1.4 Conclusions 

 The life time of the electrons on the helium film surface was depended on the sample; it was 
determined to be 10 seconds for the thin helium film with thickness less than 30 nm, and 20 
seconds for a thick film more than 60 nm.  

 The helium film thickness was obtained by using the shift of the SPR angle. 

 Earlier experience with gold films evaporated in a similar way resulted in distinctly longer 
lifetimes of the electrons [65]. It is not clear why the recent films apparently had more 
defects or larger roughness resulting in the shorter lifetimes of the electrons on the film. 

  The roughness in the sample surfaces causes electron loss. Electrons tunnel through the film 
and were trapped on the substrate. 

 Although there were many results achieved by SPR techniques (see chapter 4), due to the 
deficiencies in the experiments, our results with this technique did not shed any light on the 
physical behavior of the 2DESs on the helium film surface. Some of these problems came 
from the optical path. For instance the plasmon was not centered in the field of the photo 
detector as a result of thermal effects. The stability of the set-up was not confirmed. The 
system was an open sample cell, therefore the helium level dropped in the course of the 
experimental run and was adjusted manually only occasionally. This instability caused 
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changes in the optical path. In addition, there were mechanical vibrations on the cryostat 
caused by the vibration of the pump unit. 

 As a solution to these problems, the pump unit, which was connected to the cryostat, was 
inserted into boxes filled with sand [59]. 

 Due to thermal transport, the lifetime of the film was very short, in order of a few seconds. 
To solve this problem, a thermal radiation shield was added inside the cryostat around the 
tube. The cell around the sample was closed by a plexiglass tube [59], but unfortunately 
there was no improvement. 

 During most of the measurements, the temperature of the helium bath was between 1.7 and 
1.9 K due to a defective pump. At such relatively high temperature, close to the lambda 
temperature, the superfluid density is low and the stability of the helium is therefore 
reduced. Unfortunately this was noted only close to the end of the experiments. A more 
powerful pump was then used to reach a temperature of 1.5 K. 
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5.2. Results of Re-Charging Technique 

In order to observe electron transport between two electrodes separated by a gap, a course of 

experiments were conducted using the recharging technique. The sample holders which were used 

for this technique are represented in figure 3.4 and figure 3.5.  

5.2.1 Method of the Re-Charging Technique 

The idea of this technique was explained in figure 5.11. The source of the electrons was a filament 

located 10-15mm above the sample substrate. These electrons were placed on the surface of the 

helium film (of thickness d), and formed a 2DES. The electrons on the helium film surface felt an 

attractive force towards the film surface that was caused by their image charges in the substrate 

(figure 2.6). These electrons were, however, prevented from penetrating the helium surface by an 

energy barrier of 1 eV [78]. 

The confinement of the SSEs on the helium film was achieved by adding a guard electrode with a 

negative potential. The number of the SSEs could be controlled through the voltage applied to the 

substrate. A high electron density could be achieved with a positive potential applied to the 

substrate below the film surface. At a certain critical electron density, an electro-hydrodynamic 

instability developed in the system on bulk helium or thick helium layers. Once this instability is 

reached, the SSEs drop into the bulk helium and form multi-electron bubbles [79].  In case of the film 

the loss of the electrons is affected by the roughness of the substrate surface and the substrate 

material type (metallic or dielectric) [80]. 

The goal was to force the electrons to travel from one electrode thereby crossing the gap to the 

other electrode by applying a potential difference between the electrodes. To detect the electron 

transport, a pick-up electrode is added to the sample on the top side of one electrode with a positive 

potential of more than 100V. A high positive ion source with a potential of more than 500V is used to 

neutralize the dielectric surface if necessary for instance when it has accumulated charge due to 

electrons that have tunneled through the helium film. 
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Figure 5.11: A sketch representation of the recharging technique. The parallel plate capacitor is arranged to 

confine the SSEs. A filament is fixed above the helium film surface [59].  

5.2.2Measuring Procedure 

The signal of the I/V (current and potential) convertor was recorded using a PC-DSO-2090 USB 

oscilloscope from Voltcraft. The data was recorded as single images or a sequence of images by using 

the software DSO-2090 USB (7.0.0.0). The time interval between the individual images is 200 to 

400ms.Amaximum number of 1000 images, or frames, could be recorded. The sequence images were 

stored in the rec-format, and the data was analyzed by a Lab-View program1. This program detected 

the peak in each frame that was caused by the charging current and recorded its amplitude. The 

cross talk (XT) signals between the filament and the electrodes were filtered by an appropriate 

setting [59]. The files were evaluated with a graphics program. Most of the image sequences were 

recorded and analyzed with the RecReader2. A disadvantage of this method is that the analysis is 

time-consuming and is done after the experiment. 

There was an alternative method for recording data. Although it was less accurate, it allowed us to 

monitor and simultaneously document the amount of charge live during the experiment. This 

method used a low pass filter placed between the I/V convertor and the oscilloscope [59].  

With resistance of 1MΩ and a capacitance of 10µFor 1mF, the signal of the current could be 

integrated physically and not digitally. The observed time with this process is longer than the 

constant time of the integrator. The time constant τ and the RC element can be determined from the 

product of the resistance and capacitance.  With a capacitance of C1 = 10 µF, the time constant 

was→τ1 = 10s, and for a capacitance of C2 = 1mF the resulting time constant was→τ2 = 1000s. 

 

                                                           
1
 This program was created by Thomas Lorenz  

2
 Prepared by Thomas Lorenz 
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5.2.3 Results with Metallic Substrate                                                                                                                    

As mentioned before in section 3.4, different types of samples were used for the recharging 

technique. In this subsection, the results of the measurement that used metallic substrate are 

reported.  

Gold Substrate: The number and the density of the electrons that remained on a helium film surface 

with a thickness of ≈20nm (figure 3.8, a), were calculated. 

By applying a positive or a negative driving potential to the filament (figure 5.12), the electrons were 

accelerated towards the helium film surface. The filament had two leads, one lead (A) of the filament 

was connected to a power supply which drove the potential between this lead and ground. In 

addition, a potential difference was applied between the two leads A and B of the filament in order 

to heat the filament to emit electrons. A typical value was 3 V for duration of 40 ms and a frequency 

of 4 Hz. The potential between A and B could be chosen such that B was positive or negative with 

respect to A.  In the case of positive potential, electrons were registered as a current pulse by the 

electrometer only after switching off the filament, because the electrons which were generated with 

the positive pulse remained at the filament during pulsing and when the filament voltage finally 

drops zero they go to the helium film.  The trapping of the electrons was solved by Ashari [20] by 

applying a negative potential to the filament. The electron number increased when a potential 

difference between filament and substrate was also applied. This will be explained in detail in 

chapter 6.  

Looking now at figure 5.12, the upper signal is the trace of the potential difference between A and B. 

Initially the filament was heated and the helium film surrounding the filament was burned away. 

Then the filament began to emit electrons. The signal of the electrons or the charge on the electrode 

is shown on the lower trace. With knowledge the amplification factor, one could calculate the 

amount of the charge on the substrate and thus the number of the electrons.  

 

Figure 5.12: a) The filament was driven by a potential of +3 volt. +45 volts is applied to the gold electrode. 

Initially the filament was heated and began to emit at a certain temperature. This is indicated by the sharp dip 

in the lower trace, which is the signal of the charge arrives to the electrode. The charge on the electrode 

appears at the same time of the electrons emitting by the filament. b): Applied +45 V to the gold electrode and 

-3 V as drive potential to the filament. The lower trace is the signal of the charge on the electrode. The amount 
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of charge in this case is less than in the previous case with a negative driving potential.  it is clear the amount of 

charge in case of the positive potential shown in figure  a), is more than in case of negative potential shown in 

figure b).
 

The charge on the helium surface did not saturate when a positive potential was applied to the gold 

substrate, see figure 5.13. 

 

Figure 5.13: Charges on a helium film of thickness about 100nm (a thick film), supported by a gold substrate. 

The filament was driven by -3 V (pink). The lower signal (blue) is the current as a function of time. The height of 

the current signal does not change with time, so the charges do not saturate. 

5.2.4 Results with Non-Metallic Substrate 

The main result of the previous section is that the electron density did not saturate on samples with 

gold and copper substrates. This can be interpreted as a loss of electrons through the helium film at 

high electron densities, because the helium film thinned and the electrons tunneled through weak 

spots of the helium film, e.g. particularly rough spots on the surface as already discussed in section 

5.1 on SPR. One could try to avoid this loss by using a dielectric layer on top of the bottom electrode, 

because then even through the electrons might break through locally at some rough spot, they 

would accumulate at this weak spot and therefore prevent other charges from breaking through at 

the same location. This was much different than the behavior of the electrons on samples with a 

metal substrate. The electrons that tunnel through the helium film flow through the electrode, away 

from the point where they tunnel through the film. The saturation of the charges depends on the 

thickness of the dielectric material. Initially, the electron density on the helium film surface was 

calculated for different dielectric materials (figure 5.14 and figure 5.15). 
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Figure 5.14: The calculated charge density that could be conserved on a helium film surface supported by a 

Kapton film with a thickness of 50 µm and dielectric constant εKapton of 3.4and tesa tape with thickness of 40 µm 

and dielectric constant εtesa of 2.39.  

 

Figure 5.15: The calculated charge density that can be held on helium film surface supported by 

polymethymetcarylate (PMMA) as a function of the applied potentials. The dielectric constant of the PMMA is 

PMMA= 2.6, with a thickness of 80 nm. 

Kapton Substrate: A positive potential was applied to the electrode covered by a kapton film that 

had a dielectric constant of equal 3.4 and a thickness of 50µm (see figure 3.11, a). Saturation of the 

charge on the helium film surface was observed (figure 5.16). The amount of charge and the 

saturation time were dependent on the electrode`s applied potential and the driving potential 

applied to the filament (figure 5.12). The filament played the role of the upper electrode of the 

capacitor, because electrons are pulled from the filament toward the bottom plate as long as there 

was a finite electric field between the filament and the helium film surface. Such a field existed as 

long as the helium film was not charged to saturation, which is defined as the disappearance of the 

field above the helium film. For this to occur the guard potential had to be high enough to repel 

electrons, otherwise the electrons would leak out over the side of the helium surface. 
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Figure 5.16: The signal on the Kapton substrate shows charge saturation, because the height of 

subsequent pulses decreases. In contrast to non-saturated charges in case of metallic substrate 

figure 5.13. 

The total amount of charge that could be conserved until equilibrium reached was calculated. The 

analysis of the measurement was done by using RecReader program (section 5.2.2). Theoretically, 

the electron density above kapton substrate was 8x109ecm-2 (see figure5.14) for a potential of +18 V 

applied to the electrode. Experimentally the electron density with the Kapton substrate was found to 

be 5.5x109ecm-2, with electrode area of1 cm
2 (see figure 5.17). This value is in qualitative agreement 

with the theoretical calculation. While with the other sample, of which the in figure 5.16, the number 

of electrons in the first signal was found to be 7X109, in the second signal 2.34X109, in the third signal 

109 and the total number of electrons was 1.04 X1010 electrons.  

 

 

Figure 5.17:  A potential of +18V was applied to the electrode covered with the Kapton film. The helium film 

thickness was ≈ about 30nm. The area of the electrode was 1 cm
2
.The number of electrons accumulated on the 

helium film surface was 5.5X10
9
electrons. 
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Tesa Tape Substrate: The above procedure was repeated with a sample of that had a tesa tape 

substrate. Tesa tape has a thickness of 40 µm and a dielectric constant of 2.39(figure 3.11, b). 

Theoretically the electron density for this substrate with an applied potential of +36 V was calculated 

to be 7x109ecm-2with the electrode area of 0.5 cm
2(see figure 5.14).  Experimentally, using the 

described charging method, the electron density was determined to be ≈6.2 x109ecm-2(figure 5.18), 

again in agreement with expectation. 

 

Figure 5.18: The amount of charge that could accumulate on a helium film supported by tesa tape. A voltage of 

+36 V was applied to the electrode substrate. The area of the electrode was 0.5 cm
2
The helium film thickness d 

was ≈50nm. 

PMMA Layer Substrate The amount of charge on the helium film surface above a gold electrode with 

area of 1 cm2 covered by a PMMA layer (figure 3.12) was measured. The total amount of saturated 

electrons was found to be in order of 109 (5.19).The theoretical electron density of a helium film 

supported by an 80 nm thick PMMA layer was in order of 1012 ecm-2(figure 5.15). The experimental 

value was less than the expected value by tow order of magnitude, so one can conclude that the 

thickness of the PMMA layer given was not correct.  

 

Figure 5.19: The saturation of the charge on the helium film surface supported by a PMMA layer with 

a thickness of 80±20nm, with applied voltage of + 36 V.  
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5.2.5 Discharging Method 

After the charging procedure described in the previous chapter, one had to electrically discharge the 

helium surface or the dielectric surface, if the electrons had broken through the helium film, in order 

to perform a new measurement. The original goal to do this was to move the electrons which were 

on the helium film, by applying a positive voltage to an electrode next to the charged surface so that 

the electrons move across the film, this will be described in section 5.2.6. In order to be able to 

perform another measurement, the surface was artificially discharged by applying a high positive 

voltage between filament and ground potential. For an applied voltage of 800 V, the helium gas was 

ionized, and positive ions were pulled towards the dielectric surface and neutralized the immobile 

charge. Figure 5.20 shows the signal of the electron current before and after the discharging method. 

 

Figure 5.20: The current on the PMMA with an applied potential of +45V. a) This is only a small dip because the 

surface is already nearly fully charged to saturation.  b) The surface charge has been neutralized by positive 

ions, and now the electron pulse arriving at the surface is large. 

 

5.2.6 Transport Measurements 

In addition of measuring the amount of charge on the helium film supported by different types of 

substrates, the electron transport between two electrodes was also investigated for different 

samples under different parameters. These parameters included film thickness, potential applied to 

the electrodes, confinement geometry and potentials, and temperature.  

Transport on Copper Kapton Electrodes: Electron transport between the two electrodes of copper-
kapton (figure 3.11) was observed. In this experiment, a wire used as a pick-up was added on the top 
side of the kapton electrode. The main method was to apply a potential difference between the two 
electrodes. The right electrode (kapton) was set at a higher potential than the left electrode (copper). 
The right electrode was charged until saturation. Then the potential applied to the kapton was 
reduced to +36 V, while a high positive potential (+45 V) was applied to the copper electrode see 
figure (5.21) In addition, when +500 V was applied to the pick-up, a signal on the kapton electrode 
was observed. That meant the dielectric film was discharging via electron transport over the side and 
picked up at the pick-up electrode.  
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Figure 5.21: In this figure one can see a measurement where simultaneously the signal on the copper 

electrode and the kapton-covered electrode next to it are shown. a)For the copper electrode on can see  

the filament is heated relatively strong in comparison to the usual behavior as before for signal electrode 

(see figure 5.12 ),whereas for the kapton electrode b) one can see a different signal with positive and 

negative pulses. First charging with electrons (a negative pulse) and the motion of the electros away from 

the kapton takes place. The electrons then move towards the copper (positive pulse). A small indication of 

the positive pulse from the kapton was seen as a negative pulse on the copper electrode (towards the end 

of the pulse). In this measurement +45 V was applied to the copper electrode, while + 36 V was applied to 

the kapton-covered electrode. Signal was averaged 25 times and by applying an AC signal.  

One has to consider, though, that there can also be another interpretation of the signal shown in 

figure 5.21b, namely that the electrons take a route as shown in figure 5.22, without ever 

touching the helium film. Therefore more detailed measurements are necessary to clarify the 

situation. 

 

Figure 5.22: A sketch representation of the two electrodes; made of copper and kapton.  From Fig 5.21 it is 

clear that nearly all the electrons that are registered by the copper electrode go directly from the filament 

without contact with the helium/kapton electrode. This is obvious from the magnitude of the signal in 5.20a, 

compared to that in 5.21b.  

Transport on Kapton Copper Tesa ElectrodeSample: The sample here consists of three electrodes of 

kapton, tesa tape, and a copper electrode in between (figure 3.11:b)). In this experiment, some 
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electrons went directly to the metal under the kapton foil. This may be because the kapton foil, 

which was on one side covered with an adhesive film, was probably not firmly fixed on the copper 

surface at a low temperature (figure 5.23). 

 

 

Figure 5.23: a) An observed signal of the electrons slipping under the kapton to the copper underneath. This 

was probably where the kapton no longer stuck to the top of the copper surface. Slope 1 after switching off 

the filament was cause by the electrons that were landing near the kapton film. When the filament was 

switched off, the electrons moved with certain mobility to the copper below the kapton. Slope 2was from 

the electrons that were located between the filament and the electrodes after the filament switched off. 

This is only one possible interpretation, which also requires further experiments for confirmation. b) At the 

valley (negative part), the filament starts to emit electrons. During the hill period (positive part), the 

electrons are going to the (bare copper electrode). This figure shows similar behavior of the current in 

figure 5.21: b). 

 

Transport on PMMA Layer: In order to observe electron transport on the PMMA layer, a two 

electrode PMMA sample was prepared with a gap of 0.5mm in between. Then a pick-up method 

(side wire) was used for discharging the layer.  

The procedure of this experiment was to charge the right electrode, which was held at a high positive 

potential, while applying a negative potential to the left electrode. When the right electrode was 

saturated, the filament was switched off. A signal on the left electrode was observed when the 

polarity of the two electrodes was reversed. In order to repeat the measurement, the right electrode 

was discharged by the pick-up. 

In principle, it has been shown in earlier experiments by J. Engelhardt [62] that such experiments do 

work. In this work, the signals were not reproducible, therefore the investigations were stopped see 

figure (5.24). 
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Figure 5.24: This signal recorded by the RecReader program. The total number of electrons that were 

directed onto the right electrode is shown. The data in this figure indicate a gradual drop, which could 

be a first sign of saturation. The film thickness was about 20 nm. 

 

 

 

5.2.7 Conclusions 

 Saturation on the non-metallic substrate was observed, and the amount of charge 

that could be held on the dielectric material was calculated. 

 The saturation time of the charge on the PMMA was calculated. 

 Electron mobility on the helium film surface supported by two segments (metallic and 

non-metallic) sample was observed under certain conditions.  

 A discharging technique was used for removing the charge from the dielectric 

surfaces. 

 No saturation with the metallic substrates was observed, even on bulk helium or thick 

film. This may have been due to the losses of electrons and the high temperature. 

 In the future, the system can be improved by using a smooth sample surface, and 

performing the experiment in low temperature in range of 1.2 to 1.5 K, in order to 

have stable film. 

 In view of the problems with SPR and the recharging technique, we focused on the 

measurements with the He-FET, where these problems do not appear so dramatically 

(silicon has a better defined and smoother surface). 
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Chapter6 

 Results of the HE-FET  

In this chapter, the results of the regular measurement of electron transport on helium will be 

represented. Different samples were used, all of which had the same inner gate structure on the 

substrate. The geometry of the electrodes differed from sample to sample (table 3.1). These 

experiments were carried out in the large cryostat, shown in figure 3.1. 

6.1 The Usual Experiments 

The usual test carried out was a test of different electrodes used for the sample‘s electrical contact. In 

order to check the validity of the sample, the resistance between the source and drain had to be 

measured at room temperature before the sample was attached to the sample holder. The sample was 

then adjusted to sit parallel to the connecting plate. After testing the electrical leads of the cables, the 

sample was inserted into the cryostat and the system was closed. 

After insertion into the cryostat, the pumping process was started. In order to pre-cool the system, the 

outer dewar was filled with liquid nitrogen. Several hours after the transfer of the liquid nitrogen, the 

liquid helium was transferred to the inner dewar. By continuously pumping of the inner dewar, the 

temperature was reduced to the λ-point. This was required to perform the experiments.  

6.1.1 Helium Film Detection 

Before starting the measurements on electron transport, the pick-up current Ip was measured as a 

function of the helium film thickness. Ip was measured using a fast electrometer.  

The applied voltages were set to the different electrodes with values in table 6.1. After the filament 

emitted the electrons, they collected in the source region of the sample and flowed through the channel 

to the drain and were collected by the pick-up wire. The experiments were carried out under two 

different conditions. In most cases, the height difference between the sample and the dropping helium 

level was kept constant by means of the step motor and capacitor used to measure the helium level 

[20], [22]. In some cases, the position of the sample cell was held constant so that the height difference 

between the sample and the liquid helium level increased with time. This way the transition from thick 

to thin helium film could be studied.  

During the drop of the helium level, the pick-up current was recorded as a function of time. The pick-up 

current was analyzed with a lab-view program [22]. It decreased as the helium film dropped. On a very 

thin helium film, the pick-up current dropped to zero, as shown in figure 6.1.  This method was done 

with a continuous pulsed filament and an opened gate and was necessary to determine the helium 

transition point from the bulk to film. The level of this transition was determined by the capacitance 

value. 
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Physical parameter Symbols Applied value range 

Source voltage Vs 1 V 0-10V 

Drain voltage  Vd 2V 0-10V 

Gate voltage Vg 1.5V -10-10V 

Guard voltage Vgu -3V Not change 

Pick-up voltage Vp 10 10-20V 

Filament operating voltage Vfp 3V 2.5-3.5 

Filament offset Vfo 0 -2-0 

Filament frequency fF 4Hz Not change 

Filament duty Df 20% Not change 

temperature T passive 1.25-1.3 

 

Table 6.1: The values of the most important measurement parameters used in this work are shown. All the 

voltages are relative to the ground of the experiment.  

 

Figure (6.1) the variation of the pick-up current as the helium level drops (this procedure called pump-

run)is shown. This process corresponds to second case in which the position of the sample cell was held 

constant. a) On the first day and after the transition point at which the helium went from bulk to film, 

the current decreased rapidly to zero. b) On the second day the signal slowly dropped to zero. This was 

probably due to the contamination on the film by nano-particles, but the mechanism of this behavior 

had not understands yet. Ashari et al [20] had also observed that the measurement on the first day of an 

experimental run did not work properly. They found that only on the second day a signal from electron 

transport across the film could be observed. The zero in this figure was shifted by -3 pA. 

6.1.2 Charging the Helium Film Surface 

The electron density in the source was the main factor in defining the phases of the 2DES. The 

distribution and the total amount of charge in the source could be found from the model in section 

4.4.2. There are two essential requirements in measuring the SSEs on the helium surface. The first is to 

charge the helium film. The second is to measure the current of the transported electrons on the drain 

by the pick-up.  
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There are two methods of charging the helium film. The first method is to apply the electrons on the 

helium film quasi-continuously. In our case the filament was continuously pulsed with typically 4 pulses 

per second. During this process, the gate voltage was varied very slowly as a function of time. The 

second method is to store the electrons on the source. In this method, electrons were loaded on the 

source for a certain time tch while negative potentials were applied to the gates and guard.  The filament 

was switched off after the source was completely filled (until spillover). After a certain delay time td, the 

gate was opened with voltage, Vg large enough such that the electrons overcome the barrier voltage Vb 

which is related linearly with Vg, see section 4.4.2. The electrons that were carried from the source to 

the drain were detected as a current at the pick-up, Ip (see figure 6.2).  

 

Figure 6.2: The procedure for loading the source is depicted. The source was initially empty. The gate was closed 

and the source charged for a time of tch until a signal was observed on the pick-up, i.e. the spill-over signal in pink. 

Then the charging was stopped and we waited for a time td. The gate was then opened with a suitable voltage.  

The peak after time td (the brown signal) is the current of the transported charge from the source [20]. 

In order to determine the stability of the electrons in the source area, the source was charged while the gate was 

closed. Then after waiting for a certain time, called the delay time td the gate was opened and the number of 

electrons that reached the pick-up electrode was measured. The number of electrons was found to decrease with 

increasing delay time see figure (6.3). The typical relaxation times were in a range of minutes, but the details 

depended on the sample. The process of this varying electron loss from sample to sample is not understood.   
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Figure 6.3: The relation between the delay time and the number of electrons registered at the pick-up electrode. 

Two saturations of the electron number are observed, one with value of  1.7 X 10
9  

electron this exist at delay time 

of 45 second, and another saturation with zero electron at long time (infinity). Sample used: NC2. 

 The number of mobile electrons increased linearly with the charging time tch until a certain number of 

electrons was reached, which indicated saturation, as shown in (figure 6.4). 

 

Figure 6.4: The relation between the numbers of mobile electrons at the source, registered at the pick-up after 

opening the gate and the charging time, saving time was 10 seconds. Saturation occurred at about 100 seconds. 

Sample used: RC4 [20]. 

The saturation of the electrons on the helium film occurred because the number of electrons that could 

be stored in the helium film surface was limited by the applied potential to the substrate. 
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6.1.3 Influence of the Electron Source 

The number of electrons which were emitted via the thermionic emission from the filament mainly 

depended on the operating temperature of the filament. This temperature could be controlled by 

decreasing the operating voltage between the two leads of the filament. 

 As the operating voltage increased, the emission rate increased and the applied heat increased as 

mentioned before in chapter 5. Thus the number of free electrons increased see figure 6.5. 

 

Figure 6.5: Pick-up current transport as a function of the offset voltage of the filament with different 

temperatures. The gate was completely open in this case. Sample used: SC6.    

One lead of the filament was at the offset potential, the other lead was +3 V above that. The filament 

current was estimated with a resistor to be 15mA. The sample surface was held at 1.5mm below the 

bulk helium surface during the entire measurement run. The measurements were carried out with the 

settings shown in table 5.1. The changes in the temperature were achieved by varying the pressure 

inside the dewar. 

As observed, the pick-up current was not only affected by the filament offset, but also it was inversely 

affected by the temperature. A decrease in the filament emission could explain the decrease in current 

across helium film surface. 

An increase in the gas pressure lead to an increase in temperature and occurred via on of two 

mechanisms. First, an increase of the helium density decreased the mean free path of the electrons in 

the helium gas. Thus the electron mobility decreased.  Second, the current density (j) of the thermionic 

emission charge can be determined with the Richardson equation: 

, (6.1) 
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where A is the constant, T is the temperature of the material, W is the work function of the material, 

and k is the Boltzmann constant. Equation 6.1 shows that the emission current density (j) was highly 

dependent on the operating temperature of the filament (T). Thus with the larger efficiency of the heat 

transfer at a higher helium density, the temperature of the filament was lowered and the amount 

charge emitted was reduced by the same electrical power.  

 

6.2Helium-FET with Continuous Charging Measurements 

The method of the pump-run (section 6.1.1) shows that by continuously charging the helium surface, 

information about the transport could be obtained. The change in the helium film thickness had a great 

influence on the electron transport properties. 

Another possibility of influencing the electron transport properties on the helium surface was through 

variation of the gate potential. Increasing the negativity of the gate voltage had a twofold effect on 

electron transport. First, the potential barrier increased (section 4.4.2) and the potential at the region 

between the electrodes was enlarged. Second, the effective width of the channel narrowed. Changes in 

the pick-up current allowed detection of changes in the transport properties of the electrons. 

The advantage of the continuous charging method over the stored electrons method was that it was not 

necessary to store a large number of electrons in the source area, especially in experiments where 

electron containment on helium film surface failed. With the continuous charging method, one could 

still study the transport properties.  

 

6.2.1 Signal Characteristic 

The dependency of the electron transport properties on the gate potential could be demonstrated by 

recording the pick-up as a function of the gate potential. In order to observe this phenomenon, the gate 

voltage was gradually changed while recording the pick-up current. 

Gradual voltages changes were applied to the gate voltages with different helium thicknesses. Changes 

in the gate voltage could be achieved with one of two techniques. The first technique was to step the 

gate potential using the Eli program. With this technique, the difference between the helium level and 

the sample was held constant with the step motor while the filament was pulsed continuously. The 

potentials were set with the normal settings in table 6.1. Initially, the gate was completely closed. Then 

the gate voltage was gradually increased until the gate was completely opened (figure 6.6).   

A step-like pattern was observed in the pick-up current while stepping the gate potential. The height of 

these steps increased with an increasing gate voltage. The second technique to change the gate voltage 

was to apply the gate potential using a function generator. The advantage of using the function 

generator was that the artefacts on the current signal during switching did not occur.  
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Figure 6.6: The pick-up current during stepping of the gate potential is depicted. a) Stepping the gate potential 

from zero to 1.5V. b) The pick-up current as function of time, while the gate potential is ramping up and down 

from zero to 2Vwith rate of 60 mV per second. No symmetry in the current signal is observed when increasing and 

decreasing the gate potential. Sample used: NC2. 

In addition to the ramping the gate voltage method, the gate was opened by a periodically pulses. For 

the short pulse width (ns), a linear relation between the pick-up current and the gate potential was 

observed. When the pulse width increased up to about 500 ns, the gate was completely opened and a 

saturation of the pick-up current was observed at ≈80 pA (see figure 6.7). This meant at that pulse 

width, all the charges on the source were directly transported to the drain and detected as a pick-up 

current. 

 

 

Figure 6.7: The average of the pick-up current amplitudes as a function of the pulse width within of a) a period 1 

ms, and b) a period 100 ml.  Saturation was observed at ~500ns. Sample used: NC2. 

6.2.2 Results of Continuous Charging 

Many experiments were carried out in order to investigate the I/V characteristics, where was the pick-

up current Ip and V was the gate voltage, Vg. Different samples with different layouts were tested at a 

temperature of 1.2 K. These layouts included, channels like point contacts, short channels, long channel 
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and quasi-infinites channels. In these measurements, the function generator was used to apply voltage 

to the gate. It was operated with a period of 120 seconds. 

6.2.2.1 Short Channel 

The sample with a channel length of 32µm was used in this measurement and was held at a height ≈ 

0.1mm above the bulk helium. 

 

Figure 6.8: I/V characteristics recorded under a continuous charging. The initial applied voltages shown in table 6.1 

were used. Vsd was 1V. Sample used: SC5. 

From figure 6.8 we can observe that for the gate voltage below -7.5V, the current flow was completely 

blocked by the gate. At a lower applied voltage between -7and -6 V, the current almost scales linearly 

with the gate voltage. There was some hysteresis behaviour between the increasing and decreasing 

voltage signal [22]. 

A short drop in the current was observed in the voltage range between -3.5V and -3.0V. In order to 

confirm this observation, other samples were tested. However, this pattern was not replicated and 

therefore there may have been artefact.  

 

6.2.2.2 Quasi-Infinite Channel 

To investigate the I/V- characteristics of a quasi-infinite channel, a sample (PC7) with a channel length of 

5mm was used.  
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Due to no clear transition point in the previous pump-run (one day before this experiment), there was 

no specific value of the film thickness that we wanted to use. We simply had to pay close attention to 

the point that we had a current signal. We started by placing the substrate at the same level as the bulk 

helium surface (thick film). In this measurement, the voltage ramp was swept within a period of 100 

seconds.   

A decrease in the current was observed when the gate voltage was about -0.8V see figure 6.9. Generally 

with small applied potentials (less than -1.75 V) to the gate, there was no electron transport observed. 

After this region the pick-up current increases as a function of the applied gate potential. Above -1 V the 

current gradually decreased, because when the gate is opened with a large positive voltage, the 

electrons prefer to go to the gate electrode rather than the pick-up electrode, so there was no electron 

transport observed. 

 

Figure 6.9: RecordedI/V characteristics under a continuous charge. Initially the potentials were set with the values 

in table 6.1. Vd=4V. Vsd=3V. Sample used: PC7.  

 

Nevertheless, we were able to obtain some results at the higher negative gate voltages with increasing 

time resolution. Oscillations in the pick-up current signal increased with increasing gate voltage.  They 

can be attributed to the filament pulse operation.   

In addition, a change in the slope of the decreasing voltage curve was observed at ≈-1.4V and a saddle 

point at ≈-1.15V. Furthermore, the hysteresis in these measurements was considerable as they were in 

the previous measurements.   
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6.2.2.3 Point Contact 

To investigate the I /V- characteristics for the point contact channel, several experiments were run with 

the NC2 sample (table 3.1). In these measurements, in addition to the usual potential difference applied 

between the source and drain, an offset potential was applied to the filament (Vf0 = -1 V) (table 6.1). The 

gate voltage was ramped up and down with a triangular function for duration of 120 seconds. 

Experiments showed that at a low gate voltage, the pick-up current was completely suppressed, as in 

case of the long channel (figure 6.8). At a high gate voltage the pick-up current varied linearly with gate 

voltage with almost identical slopes of both increasing and decreasing gate voltage paths (figure 6.10 

and figure 6.11). 

 A sudden change or a difference in the pick-up current between ramping the gate voltage up and down 

was observed. This change was a hysteresis. In this subsection, results of two experiments of the point 

contact geometry (point contact a & point contact b) are presented. 

Point contact a: In this experiment the sample was held 0.1 mm above the surface of the bulk helium 

during the ramp. 

 

Figure 6.10: I/V characteristics recorded under a continuous charging. Vd=2V, Vsd=1V, sample Nc2 

Besides the hysteresis kind of oscillations in the data points were present on the region of the linear 

dependency for gate voltage < 5V. 

 

Point contact b: This experiment was run to confirm the I/V characteristics that was observed in the 

previous experiment (point contact a). The sample was held 0.5mm above the bulk helium surface 

during the ramp. 
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Although the experiment was run with the same sample, the results figure (6.11) showed some 

differences, but also some similarities to the previous experiment. These similarities were the following: 

 Again an overall linear behaviour was observed, for the pick-up current. This was up to 

80 pA. 

 Hysteresis in the pick-up current was observed when the gate voltage was ramped up 

and down. 

 Oscillations in the pick-up current were observed. These oscillations increased with an 

increase of the pick-up current. 

In figure 6.10 one sees: 

 For the high currents, saturation took place. 

 No sharp jump was seen at the onset of the pick-up current. 

 Very pronounced steps were also present. 
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Figure 6.11: I/V characteristics for point contact are shown. The applied potentials were set to Vd = 4 V, Vsd= 1V. 

The gate potential was swept a) from -200mV to 200mV, b) from -100mV to 100mV. 

 

6.2.3 Discussion  

a) Steps 

The measurements of the pick-up as a function of the applied gate voltage in figure 6.11 allowed us to 

investigate the properties of the electron transport through the channel in the gate area. Our results 

indicate that the electrons were transported through the channels in steps, and the number of these 

steps depends on the applied gate voltage, as will be shown below. In addition, our results confirm the 

earlier results of I. Doicescu [19] for 20µm channel length (figure 4.4). The Doicescu experiment shows 

that a low potential difference of 0.25 V applied between the source and drain show a step-like pattern 

in the pick-up as a function of the applied gate voltage. There was no confirmation if it was a real 

characteristic of the electron transport through the channel, or just an artefact due to the 

measurement, as their signal-to-noise ratio was lower than in the present experiment. As mentioned in 

section 4.2, the step-like pattern was also observed in D. Rees’s work [67] (figure 4.5), but it was not a 

sharp and pronounced step as in our results. In his experiment he applied ac-signals, and the results are 

confirmed as a real effect of the electron transport through the channel. So both the measurements as 

well as the results in this study show similar effects. 

The appearance of the steps in the I/V characteristics can be interpreted in terms of the formation of 

lanes of electrons, which form in the gate channel. By varying the gate voltage, not only was the height 



 80 

of the potential barrier changed (figure 4.8), but the effective channel width was also changed.The 

effective channel width also decreased in step-like manner, indicating the formation of lanes. 

For high negative gate voltages, the channel was completely blocked. As the gate voltage was decreased 

and electrons started to enter the channel, they formed a single lane, which corresponded to the first 

step. The subsequent filling of the channel with two, three and more parallel electron lanes was 

reflected in the second, third, and subsequent steps. 

Our interpretation is that: the step behavior is not an artefact of the I/V characteristics of the SSEs 

transported through the micro channel and this behaviour was independent of the method of the 

measurement (AC or DC) and   dimension of the channel, i.e. if it was point contact or short channel as 

in the work of Doicescu [19]. 

The absence of the step-like behavior of the pick-up current during  electron transport through the long 

channel, the quasi-finite channel, and point contact a, may have  been due to the continuous 

suppression in the current by the increasing potential barrier. The possibility of electron flow being 

hindered somewhere along the channel due to imperfections in the channel wall was much higher in the 

longer channels. If enough electrons collected at such a spot, the accumulated charge would act as a 

potential barrier, suppressing flow through the channel. The probability of this mechanism of blocking 

the current increased with increasing channel length. The electron distribution model from section 4.2.1 

explained the dependency of the potential barrier on the channel length [21]. 

b) Oscillations 

As the number of the electrons in the source was increased by emission from the filament, the 

amplitude of the oscillation increased (figure 6.11). The filament was operated with frequency of 4Hz 

(table 6.1). In between these oscillations are flat areas, as shown figure (6.12).In these time windows, no 

measurements were taken. 
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Figure 6.12: Close-up of different regions from figure 6.10. The gate potential was swept from -100mV 

to 100m V. In a) the gate voltage was increased, b) the gate was completely opened. 

c) Hysteresis 

Hysteresis was observed in the pick-up current of all presented results during the opening (increasing 

voltage) and closing (decreasing voltage) of the gate. It should be mentioned that the behavior of the 

hysteresis here was unlike the hysteresis common in other physical processes, like for example, first-

order phase transitions, or the magnetization of ferromagnetic material as shown in figure (6.13). 

 

Figure (6.13): typical hysteresis loop of ferromagnetic magnetization. 

The hysteresis in our results was shown figure (6.11). When the gate voltage is increased, the electron 

density increases, and with decreasing the gate voltage, the electron density stars from large value and 

then decreases to small value. This is the reason why coincided each other. 
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 When the gate was opened by increasing the gate voltage, the channel length was effectively increased 

and the pick-up current increased. When the gate potential was decreased, the current decreased. This 

caused shift between the two I/V curves in the plot of the current.  

 

Figure 6.14: The gate opening and closing trace are shown. The closing gate trace was shifted left by 0.024 V 

sample NC2. 

 

 

6.2.4 Conclusions 

The measurements of the continuous charging on He-FET showed quite interesting properties of 

electron transport. The key factor of the electrons transported through the channel was not only the 

applied voltage to gate electrodes, which changed the potential landscape in the gate area, but also the 

applied potential difference between the source and drain, which acted as the driving force on the 

electrons on the helium film. The number and density of electrons on the helium film surface above the 

source area was dependent on the voltage between the source and the filament (figure 6.5).  

The current flow was completely suppressed at a certain gate voltage. The high number of charge 

carriers increased the density of the electrons in the source area. An increase in the electron density 

promoted an enlargement of the given driving potential of the substrate as already mentioned early in 

section 4.2.2. When the gate was opened, all the electrons were transported through the channel. Only 

when the gate was closed with some negative gate voltage, would the electrons accumulate in the 

source. This raised the chemical potential of the electrons in the source until at sufficiently high density 

they eventually spilled over the barrier. In the case of a lower electron density, the current flow was 

suppressed at lower gate voltages, which meant that the potential gradient on the substrate was not 

sufficient to force the electrons through the gate. As part of the model was shown in section 4.2.1, the 

current in the range of one step shown in figure 6.10 could be only from a single lane of electrons 

through the gate.  
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Furthermore by tuning the pick-up current with the gate potential, one could determine exactly the 

number of electrons by fixing the applied gate voltage to a certain value.  

Step behavior reflected that the electrons were crossing the channel in lanes. The number of these lanes 

depended on the gate voltage. 
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6.3He-FET with Stored Electrons 

In the previous chapter continuous current measurements were presented in which the system was 

nearly stationary in time. This was achieved by keeping the source completely filled with electrons. 

In addition to continuous charging of the helium film, experiments of pulsed measurements were run. 

These experiments allowed time resolved measurements and gave information about the time flight of 

electrons through the channel.  

In this method electrons were stored in the source. By using the model in section 4.2.1, the electron 

distribution on the source area could be determined, and thus the barrier height, electron density, and 

total number of electrons in the source could be calculated with equations (4.4) and (4.6).These results 

were compared with the number of the transported electrons collected on the pick-up after opening the 

gate.  

As mentioned before, the source was charged until electron spill-over took place. In this way, for each 

data point of an experimental run, the number of electrons in the source before opening the gate was 

the same. The over-flow from the source could be deduced from the current through the pick-up 

electrode. The charging on the source was then terminated by switching off the filament. Then the gate 

was opened with a certain pulse and a signal in the pick-up current was observed, which reflected the 

amount of charge transported due to the first pulse. After opening the gate completely, a second signal 

in the pick-up was observed, which was the remaining charge transported by the second pulse. See 

figure (6.15). 

The potentials which were applied to the electrodes will be mentioned for each result. Different 

experiments with different samples (long channel, short channel and point contact) were used in these 

measurements.  

 

Figure 6.15: The pick-up current with a pulsing gate is plotted over time. This shows the procedure of the pulsed 

measurement.  
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The transport properties were dependent on the amount of charge that was transported by the pulse 

width and measured as the pick-up current. In order to make sure that the data were recorded under 

well-controlled conditions, it was useful in addition of measuring the amount of transported charge in 

one pulse, to determine the amount of remaining charge in the source by completely opening the gate. 

This was to make sure there were no electrons left. This was the procedure used to collect all of our 

data. 

6.3.1 Long Channel 

The experiments were performed and the raw data of the long channel measurements were collected 

by Ashari [20], but we re-analysed the raw data and using the model section 4.2.2 for calculating the 

number of the electrons.   

Figure 6.16shows the first and second transport measurements through the long channel. The gate was 

pulsed with a long pulse time of a few milliseconds. Although the result had a lot of scattering, but we 

used it to demonstrate the transport of the electrons through the long channel.  

 

 

Figure 6.16: The number of electrons collected for first (blue) and second (red) signals at the pick-up are shown. 

The measurement parameters were the following: Vd= 2V, Vsd= 1V, Vgu = -1.5 V Vp = 40V, temp. 1.3K and helium 

film thickness ≈50 nm, sample RC1. 

 

 

As the pulse width was increased, the amount of electrons which passed through the gate increased. At 

a pulse width of about 4ms, the amount electrons in the first signal saturated because all of the 

available electrons were then crossing the channel (figure 6.17).  
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Figure (6.17): The ratio of the number of electrons in the first signal to the total number of electrons as a function 

of the pulse width shows saturation observed at ≈4ms.Vsd =1. Sample: RC1 

 The experimental set-up can be described as a RC circuit(seefigure3.19) with relaxation time τ equal to 

the product of resistance of the gate, R and capacitance of the source, C. This solution assumes that the 

amount of charge in the capacitor was proportional to the voltage which drove the current across the 

channel. But in reality the situation was more complex.  

In this experiment the total number of the transported electrons was in order of 108, which was 

dependent on the gate opening time. From the model section 4.2.2,the density of electrons in front of 

the gate was found to be 1.9X109 cm-2.  

In addition to this experiment, there was another experiment run to investigate the behavior of 

electrons transported through the open gate with a pulse width range of microseconds(figure 6.18). 

 

 

Figure 6.18: The first and second signals of the electrons transported through the gate opened with pulse width in 

range of microsecond are shown. The experimental parameters were: Vd= 2V, Vsd= 1 V,Vp= 40V temp.= 1.3K  and 

helium film thickness = 50nm, sample: RC2.   
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The behavior of the first and second electron signal at the open gate with a pulse width of a millisecond 

shows that the first signal increased until saturation, while the second signal is decreased.  At the range 

of a nanosecond, the second signal electrons fluctuated around 2.5 X108electrons,whereas the first 

signal of the electrons increased linearly as a function of the pulse width. 

The total number of the first and second signal electrons was almost constant ≈3X108 electrons. At the 

range of the short pulse width, the total number showed fluctuations due to the noise of the second 

signal electrons in this range. 

The number of electrons of the first signal also increased linearly as a function of the pulse width in a 

small range of a few nanoseconds. However the saturation of the electrons was not observed because 

the opening time was short (<0.1 ms). This time was not sufficient to transport all the electrons. From 

the model, the density of electrons in this measurement was 9X108 cm-2, thus the experiment was run in 

classical liquid regime of the 2DES.  

6.3.2 Point contact 

The results presented in this section were from sample NC2 with a point contact of 10µm (second 

sample set figure3.15), where the holding potential was Vsd =- 1 V, and Vs=2V and Vd =3V. The sample 

was held at 1 ±0.2mm above the bulk helium surface. 

Systematic measurements of the transported charge with response to the pulse width were taken and 

studied for a range of pulse widths (1ms down to 100ns). Figure 6.19 shows the time elapse of the 

current of a single cycle. 

 

 

 

Figure (6.19): The pick-up current and gate voltages as function of time, while measuring electron 

transport through pulsed gate is shown. First the gate was opened by short pulse (14s), the number of 

transported electrons was determined by integrating over the current signal with respect to time. To 

check the remaining charge in the source the gate was opened with long pulse (22 to 27s) [22]. 

To reduce the uncertainty in the measurement, at least 3 data points were recorded for each pulse 

width and averaged to reduce the measurement uncertainty. In order to check the effect of drift, every 

10 minutes a data point with a pulse width of 1 ms was taken and compared with the previous ones. The 

results of the measurement are shown in figure (6.20). 
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Figure (6.20): a) the transport of the charge as a function of the pulsed gate voltage. The black signal is 

the charge transport with first pulse and red is the remaining charge that was transported after the 



 89 

second pulse, Vsd = 1V .b)The detailed of linear region of a) c) The first signal electrons in region of pulse 

width ≤ 1µs. Sample NC2. 

In figure (6.20a) a sudden decreasing in the total number of electrons (pulse1+pulse2) with pulse width 

˃ 10µs is observed. Since the region for the pulse width above 10 µs is not well understood, we 

concentrate here on the region tp<10 µs where the total number of electrons (pulse1+ pulse2) is nearly 

constant, as expected. 

Below 10µs the number of transported electron increased linearly with the pulse width (figure 6.20b). 

From this linearity the mobility of the electrons will be estimated later.  

 

 

 

6.3.3 Mobility of the SSEs 

6.3.3.1 Mobility of the SSEs through a long channel 

a) From the time flight measurement from the previous work of Ashari [20], the mobility of the 

electrons through long channels shown in figure 6.18, was determined. This was used to 

calculate the mobility of the SSEs on the helium film surface. For this purpose, the minimum 

pulse width tp(min) at which the electron signal was observed was  taken as the half of the transit 

time that electron took to arrive to cross the channel with a length L [20]. The mobility was 

calculated via the drift velocity of the electrons ve and the driving electric field E: 

 

                      (6.2) 

For the sample with length of 20 mm, channel length L of 100 to 200 µm and potential 

difference of1V, the mobility was determined to be 104 to 5X104cm2/Vs 

 

b) The current had a linear dependence on the pulse width below 5µs. Here an alternative solution 

for calculation the mobility  was to use  the linear dependence of the transported charge on the 

pulse width                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

[22]. 
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Figure (6.21): The number of transported electrons as a function of the pulse width is shown. This is from the 

region of small pulse widths shown in Figure6.17, Vsd =1V, sampleRC2 

Figure 6.21 shows the linear dependency of the number of transported electrons on the short pulse 

width. Due to this relation, the transferred charge q or the number of electrons N is directly 

proportional to the time of opening the gate tp assuming a constant current I 

.        (6.3) 

 

As consequence of the constant current I, the current density j is given by 

,      (6.4) 

where w is the width of the channel, and σ is the electrical conductivity. 

Figure 6.21 shows the regime where opening gate was so short that only a small fraction of the total 

charge of the electrons in the source was transported through the channel. It canbe assumed that the 

driving potential and the electron density at the channel entrance were nearly constant and therefore 

the transported charge should be proportional to the opening time of the gate. Thus the slope dN/dt 

and the current density, j, can be calculated through the current I = dq/dt, which flowed through the 

gate of width w 

.           (6.5) 

The current density, j of the electrons, which have conductivity σ, mobility µ, elementary charge e, and 

density in front of the gate of n0, can be taken to be 

.    (6.6) 

Thus the mobility of the SSE can found by  

.  (6.7) 

In figure 6.21 the slope is 4.5±0.3 X1012 electrons/s, which corresponds to 720 nA. From the distribution 

model 4.2.2, the electron density n0, in front of the gate is 3.3X1010 /cm2, (with k=0.26   [21]). From the 
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experiment shown in figure 6.20, the channel length was 100 µm, the driving potential Vsd = 1V, and the 

sample length 20mm.Thus the electric field E was 50 V/m. Using to these parameters, the mobility of 

the SSEs determined by this method was found to be 

.   (6.8) 

 

6.3.3.2 Mobility of the SSEs through a Point Contact 

a) The time flight measurement were also used to calculate the mobility of the SSEs through a 

point contact with width of 10 µm, shown in figure 6.20 a, figure 6.20 b shows that the 

minimum pulse width was 44±19 ns. From the experiment with Vsd= 1V, we found that E was 50 

V/m. Using these parameter values, the drift velocity of the electrons ve was 114  m/s. Thus the 

mobility of SSEs is found to be 

.  (6.9) 

This value is only a lower limit, because there was also a contribution to the delay of the 

electrons by the delayed response of the gate to the externally applied voltage. This was 

because the gate has to be charged via the wires of the cryostat, which had a finite resistance of 

about 30 ohms [22]. 

 

 

b) The current`s linear dependence is shown In figure 6.20 b. The slope of transported electrons 

through a point contact is 2.5 X1012 electrons/s, which corresponds to a current of 400nA. 

The experimental parameter values were, Vg(max) = 4.5, the electron density n0 was 4.5X109 

electrons /cm2 and the width of the channel was 10 µm. By using eq. (6.8), the mobility of SSEs 
is found to be  

.   (6.10) 

This value is an upper limit because the mutual repulsion of the electrons adds to the externally applied 

potential. This also pushes the electrons and was not taken in to account. 

6.3.4. Conclusions 

- One can use the He-FET as a transistor to switch the transported electrons through the channel, by 

means of voltage applied to the gate. 

- Switching can be quite fast; down to nano-seconds. 

- The number of transported electrons was proportional to the opening time of the gate, as long as the 

number of removed electrons was small compared to the total number of the electrons in the source. 

This meant that the current during the time that the gate was open was constant. In addition to this 
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linear behavior, there was an offset as a minimum time of opening the gate. This minimum time can be 

related to the time of flight through the channel.  

- The mobility of the electrons in the channel can be determined by observing current or from the time 

of flight measurements. These two strategies roughly agree.  

-The drift velocity of the electrons, which was calculated with the continuous charging method 

described in subsection 6.3.4, and the velocity of the electrons, from the linear fit method are of the 

same order of magnitude. 

- The difference in calculating the mobility from the previous work of Ashari [20] can possibly be 

explained by their assumption that the driving force is determined only by the potential difference, 

without considering the repulsive interaction between the electrons. For a better understanding to the 

transport of the electrons through a micro-channel, we ran a simulation and the results of this 

simulation will be discussed in the next chapter.  
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Chapter 7 

Simulation 

7.1 Simulation for Particles transport Through a Micro-channel 

As mentioned in section 4.3, we performed a simulation of colloidal particle transport through a micro 

channel. Our simulation was based on a simulation by C. Kreuter, which was in turn based a simulation 

designed by Peter Henseler for transport of colloids through micro-channels [84]. Our molecular 

dynamic simulation helps describe the movement of the SSEs through the channels in He-FET 

measurements. The simulation models a channel with a barrier that allows storage of the particles.  In 

contrast to the simulation done by C. Kreuter, the barrier can be switched off and the propagation of the 

stored particles is studied as they move down the channel.   

In the colloidal system, the particles were super-paramagnetic and interacted via a dipole force induced 

by an external magnetic field perpendicular to the plane of the system. In the SSE system, the electrons 

are governed by a Coulomb interaction, but also included the force caused by the electron`s image 

charge on the substrate (figure 2.6). Thus, the SSE has also had a dipolar contribution.  A comparison of 

these two systems, colloids and SSE, makes sense, although the details of the interaction are slightly 

different.  

In both systems, the movement of the particles through the channel starts after the barrier is switched 

off. The SSE movement can be described with the colloidal model which has a dipole magnetic 

interaction. The potential gradient of the substrate acts as the driving force for the SSE system similar to 

the tilting angle of the colloidal system. 

Figure 7.1 shows an experimental example of a colloidal system on a tilted substrate, where the right 

edge is lower than the left edge. At the right edge of the figure, there is a potential barrier. One can 

clearly see how the particle density varies on this tilted substrate under the influence of gravity. 

 

 

Figure 7.1: Super-magnetic colloids (σ = 4.55µm) on the tilted substrate, the length of the channel is in order of 

2300 µm [21]. 
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In experiments by Rau [21] (figure 7.2), it was found that for a low electron density (below ~5X109), the 

transit time of the electrons through the channel was constant. A pronounced decrease in transit time 

was observed when the electron density was increased to higher values. This was taken as a hint that 

the transport of electrons through the channel is driven by a) the external potential gradient due to the 

applied field, and b) the mutual repulsion between the electrons. Mutual repulsion is important when 

the electron density is high because the force is inversely proportional to the square of the distance 

between two electrons, 1/r2 whereas a pure Coulomb force for a dipole goes with 1/r4. The goal of the 

simulation was to show qualitatively how these contributions appear in the transport.  

 

 

Figure 7.2: The transit time of the electrons transported through a channel decreases with increasing electron 

density. A transit time of 10µs (red point) is observed in the experiment with an electron density of           

4.5.10
9
/cm

2
 [21]. 

Figure 7.3 shows a snapshot of the results of the simulation. In a) to d) the mutual repulsion of the 

particles play an important role, in e) the repulsion has little effect and the particles move mainly under 

the influence of the external potential. In the following sections, the trajectories, velocities and densities 

of the particles as a function of time are analysed in more detail. 
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Figure 7.3: A snapshot of the 12 particles transported through a channel with a length of 1820µm at different 

times. The plane is tilted to the right at an angle of 0.4 degrees. The position of the barrier is indicated by the 

yellow line. a) At time 249776 (6660.7 min), the channel is blocked by the barrier, the particles are at rest. b) at 

time 25042 (40067.2 min), the barrier is switched off, the particles start to move to the right. c) At time 25102 

(40163.2 min), the particles move further, their distance increases, and the particles in front start to merge into 

one lane instead of two. d) At time 25220 (40320 min) the Particles move to the right and expansion of the 

ensemble continues. e) At time 31619 (50590.4 min), after a long time, the particle ensemble forms only one lane, 

the distance between the particles is large, and they move with nearly constant velocity (steady state). In this 

region the barrier is no longer active, and the particle which moves off the right side reappears on the left side. 

 

7.2 Motion of the Particles 

In the colloidal system, the particles move under the influence of two forces. One force is the interaction 

of each particle with its neighbour (eqn. 7.1). The other force is the mechanical driving force from the tilt 

of the surface. The particles in this system have a magnetic interaction, Fmag which is given by: 

,                 (7.1) 

where µ0 is the permeability of free space, χeff is the magnetic suitability, Bext is the applied external 

magnetic field, and r is the distance between the particles. 

The mechanical driving force, Fmech, is given by: 
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,(7.2) 

where m is the mass of the particle, g is the acceleration due to gravity, and α is the surface tilt angle.  

As mentioned before, when the barrier is on, the interaction between the particles dictates the motion 

of the system (see figure 7.4, a). When the barrier is switched off, the particles start to move. The 

particles in front move faster than average because they are also pushed forward by the interaction with 

their neighbours. The particles at the back move slower than average because they are pushed back by 

their neighbours. When the barrier is completely switched off, the particles disperse (figure 7.4, b). The 

system is then governed by the mechanical driving force and reaches an equilibrium or steady state 

(figure 7.4, c). 
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Figure 7.4: The particles inside the micro-channel with length of 1380 µm (300 particle unit).The barrier is located 

at 460 µm (100 particle diameters) from the starting point of the channel, using the same conditions as figure 7.3.    

a) The barrier is on and all the particles are at rest. The lower particles (the last one)have thermal fluctuations 

higher than the lower (front) particles, because they are pushed back by all other particles. This is the same for 

SSEs; they form a solid in front of the barrier, and fluctuate little, whereas away from the barrier they are in gas 

state and fluctuate much more. b) The barrier is switched off and the particles start to move. c) The particles move 

further, the distance between them increases. d) The distance between the particles is large, they move with 

nearly constant velocity. 
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When the barrier is switched on, the particles are nearly at rest they still under go Browanian motion 

and their density profile is determined by the external potential gradient and by their mutual 

interaction.  When the barrier is switched off, the particles start to move, again under the influence of 

the external potential and the mutual repulsion. For the front particles, the repulsion is important in the 

beginning because as will be shown later, they move with a higher velocity than average. However after 

some time, all the particles move with the same velocity, determined by the external potential gradient.  

7.3 Density Distribution 

In addition to monitoring the motion of the system inside the channel, the density of the particles inside 

the channel is also investigated. This is done to gain an idea and qualitative picture of the density 

distribution of the SSEs, since there is no clear idea about how they are distributed inside the channel. 

Figure 7.5 shows the density profile of the particle ensemble at different times according to our 

simulation. Before the barrier is opened, the profile is rather sharp. When the barrier is switched off, the 

particle ensemble moves to the right, and the profile starts to spread out. At time 23391 (about 624 

minutes), the steady state is reached. 

 

Figure 7.5: A snapshot for each particle. The density of the particles has a high value before the barrier. But after 

the barrier, particles show great diffusion. The particles` positions are given in units of the particle diameter, which 

is equal to 4.55µm. 

Qualitatively, a process similar to that of the colloidal particles as shown in figure 7.5 should also hold 

true for the SSEs. Therefore, when the electron density is high, the front electrons should cross the 

channel rather quickly, because they are not only driven by the external potential gradient, but also by 

their mutual repulsion. 
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7.4 Velocity of the Particles 

Because the interaction between the particles are different before the barrier is removed than after the 

barrier is removed, the particles also have different velocities. When the barrier is turned off, their 

velocities initially jump and then decrease. 

 

Figure 7.6: A graph presenting the velocities of the particle at different time intervals. After the barrier is off, the 

velocity is reduced until the system reaches equilibrium.   

 

Figure 7.6 shows the front particles in the beginning move at a velocity that is nearly 5 times higher than 

the drift velocity in the steady state. If we apply this insight to the short channel of the SSE system 

(figure 6.21), we see that the repulsion between the electrons can indeed be important. However this is 

only a qualitative comparison. A quantitative comparison was not the goal of this simulation and would 

take much more effort.  

In the steady state, the driving force due to the external potential gradient and the Stokes' friction force 

are equal. Thus the velocity becomes: 

,          (7.3) 

where ηH2O is the water viscosity and R is the radius of the particles. The velocity of the particle with a 

tilt of 0.40 is calculated to be 0.112µm/s. It is in the same order of magnitude as the stimulated velocity 

(see figure 7.6). 
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7.5 Properties of the SSEs and the Colloidal System 

In order to define the similarity between the SSE system and the colloidal system, the properties of each 

system is reported in table 7.1. 

Physical properties SSE system Colloidal system 

Force ( N )  Electrical = 1.6X10-17  Gravitational = 4.8 X10-15 

Thermal energy ( J) (T=1k) = 1.4 X 10-23 (T=295k)= 4.13X10-21 

Velocity 100 m/s 0.112 µm 

Interaction ( N)  Coulomb (distance between 
electrons 200nm) = 5.76 X 10-15 

Magnetic (distance between 
20µm)= 4.2X10-14 

Energy per particle (J) Coulomb Potential= 1.15 X 10-21 Magnetic potential = 3.75 X10-20  
 

Table 7.1: A list of the SSE system and colloidal system properties.  

The ratio between the external force to the repulsive force (1.6 X 10-17/ 5.76 X 10-15) is 2X10-3, so the 

interaction between the electrons is the dominant force before the barrier is turned off. The ratio 

between the thermal energy and the interaction (1.4 X10-23 / 1.15 X 10-21) is 10-2, therefore the 

interaction energy between the particles is higher than the thermal energy. 

7.6 Conclusions 

- There is a great similarity between the SSE and colloidal systems. 

-  The simulation shows that the transport of the particles is governed by the interaction between the 

particles. However, after the barrier is removed, the mechanical driving force is dominant. 

- After all the particles cross the barrier, they settle into an equilibrium state and their motion becomes 

uniform. 

- From the simulation, one can gain insight into the transport of the electrons through channels, so far 

only qualitatively. For a more detailed comparison, more extensive simulation with more particles needs 

to be carried out.    
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Chapter 8 
Zusammenfassung 
 
 
Befinden sich Elektronen auf der Oberfläche eines Films aus flüssigem Helium, so bilden sich besondere  
Elektronenzustände aus, sodass sich die Elektronen wie ein ideales zweidimensionales Coulomb-System 
(2-DES) verhalten. 
 Diese Zustände werden im Englischen auch als surface-state electrons (SSE) bezeichnet. Die hier 
vorliegende Arbeit konzentriert sich auf die Untersuchung der Eigenschaften ebensolcher Zustände auf 
4He-Filmen mit variabler Dicke. Unter Verwendung unterschiedlicher Materialien (Gold, Silizium und 
Polymere) sowie verschiedener Untersuchungsmethoden wird die Elektronendichte sowie deren 
Transporteigenschaften in eingeschränkter und freier Geometrie analysiert. In allen Fällen lässt sich die 
Aufladung der Heliumoberfläche mit Hilfe eines Glühdrahts realisieren. 
 
Bei der ersten Untersuchungsmethode handelt es sich um die sogenannte Oberflächen-Plasmonen-
Resonanz (SPR), welche auf der Änderung der dielektrischen Konstante basiert, wodurch sich die 
Elektronendichte auf der Heliumoberfläche bestimmen lässt. In diesem Fall werden ausschließlich 
Proben mit einer Metalloberfläche verwendet. Beim Kernstück des Aufbaus handelt es sich um ein 
Glasprisma, auf dessen Oberfläche sich ein etwa 43 nm dicker Goldfilm befindet. Obwohl es sich bei der 
SPR-Methode um ein sehr sensibles und akkurates Messverfahren handelt, konnten aufgrund der 
auftretenden technischen Probleme (zu hohe Temperaturen, mechanische Instabilitäten sowie 
mangelnder Probenqualität) in diesem Fall leider keine eindeutigen Ergebnisse erhalten werden. 
Trotzdem liefert diese Methode, wie bereits durch vorhergegangene Arbeiten an unserem Lehrstuhl 
bestätigt, bei der Untersuchung von Elektronen auf dünnen Heliumfilmen eine hohe Genauigkeit. 
 
Die zweite Analysemethode ist die sogenannte Recharging-Technique. Alle hierbei verwendeten Proben 
beinhalten zwei Elektroden mit einem Abstand von 0,1 mm. Beide Elektroden bestehen aus Metall (Gold 
oder Kupfer), wobei eine der beiden zusätzlich mit einem dielektrischen Film (PMMA, Kapton oder Tesa-
Film) überzogen wurde. In diesem Fall verhält sich dasSystem wie ein Kondensator bezüglich des 
Heliumfilms sowie des dielektrischen Films. Mit Hilfe diese Systems wurde die Anzahl der Ladungen auf 
dem Heliumfilm bestimmt und mit experimentellen Werten verglichen. Zusätzlich wurde der Transport 
von Elektronen unter Einfluss einer Potenzialdifferenzzwischen den beiden Elektrodenuntersucht. 
Aufgrund der selben technischen Probleme wie bei der SPR-Technik, wurden auch hier keine 
eindeutigen Resultate erzielt. 
 Im letzten Fall handelt es sich um einen Helium-Feldeffekttransistor (He-FET). Dieser wurde benutzt um 
die charakteristischen Eigenschaften beim Transport von SSEs durch Mikrokanäle in eingeschränkter 
Geometrie zu untersuchen. Die verwendeten Probengeometrien im Mikrometerbereich befinden sich 
aufeinem Silizium-Wafer.  Bei Quelle (Source) und Senke (Drain) der Elektronen handelt es sich um 
separate Bereiche, die durch zwei Steuerelektroden (Gate) aus Gold von einander getrennt sind. 
Zwischen den Gate-Elektroden befindet sich ein schmaler Spalt, durch den die Elektronen wie durch 
einen Mikrokanal transportiert werden. Die Form des Potenzial kann dabei durch Variation der Gate-
Spannungvariiert werden. Alle Messungen werden unter Gleichspannung durchgeführt. Um die 
Messungen durchzuführen, wird die Source durch Pulse mit Elektronen gefüllt, welche aufgrund der 
Source-Drain-Spannung durch die beiden Gate-Elektroden zur Drain wandern. Mit Hilfe einer Pick-Up-
Elektrode lassen sich die Elektronen zuverlässig nachweisen. Das Transportverhalten der SSEs wurde 
anschließend unter Variation des Abstands der Gate-Elektroden sowie derDicke des Heliumfilms 
untersucht. Besonderes Augenmerk lag dabei auf der Anzahl der transportierten Ladungsträger in 
Abhängigkeit der Gate-Spannung.Die Untersuchung geschah dabei auf zwei unterschiedliche Arten: 
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1) He-FET mit kontinuierlicher Aufladung: Hierbei wird die Heliumoberfläche fortlaufendmit Elektronen 
aufgeladen, während das Gate sukzessive geöffnet (durch Anlegen einer positiven Spannung) oder für 
kurze Zeit gepulst wird. Bei dieser Methode lässt sich beim Transport der Elektron durch den Kanal die 
Ausbildung von charakteristischen Stufen beobachten. Die Anzahl der Stufen ist dabei vom angelegten 
Gate-Potenzial abhängig. 
2) He-FET mit gespeicherten Elektronen: Hier wird die Elektronenquelle gepulst betrieben. Dies 
ermöglicht zeit aufgelöste Messungen auf unterschiedlichen Substraten. In diesem Modus werden die 
größten Elektronendichten auf der Oberfläche des Helium-Films erreicht. 
 
Die Experimente wurden durch numerische Simulationen ergänzt. Mit Hilfe von Molekular-Dynamik-
Simulationen (MDS) lässt sich die Bewegung der SSEs durch den Kanal im He-FET-Experiment 
modellieren. Im SSE-System weerden die Eigenschaften der Elektronen durch die Coulomb-
Wechselwirkung dominiert. 
 Durch die Erzeugung von Bildladungen zwischen Elektron und Heliumoberfläche erhält die 
Wechselwirkung zwischen den Elektronen aber auch eine dipolaren Anteil. Aus diesem Grund werden 
die MDS durch numerische Simulationen kolloidaler Teilchen durch Mikrokanäle verglichen. Dabei 
handelt es sich um superparamagnetische Partikel, welche mit Hilfe eines durch externe Magnetfelder 
erzeugten magnetischen Dipols untereinander wechselwirken. Der Vergleich der beiden Ergebnisse zeigt 
eine gute Übereinstimmung zwischen den SSE und dem kolloidalen System. Anhand der Kolloide kann 
ein qualitatives Verständnisfür die Verteilung der Elektronendichte vor der geschlossenen Gate-
Elektrode sowie der Geschwindigkeitsverteilung der Elektronen entlang des Kanals erhalten werden. 
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