
 Eindhoven University of Technology

BACHELOR

Experiments and simulations on ratchets

van Nispen, P.J.L.

Award date:
2011

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/edf27aee-d250-4968-9ebe-acbca232b67e


 
 

Experiments and simulations on ratchets 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pim van Nispen 

Supervisor: Erik Roeling 

Martijn Kemerink 

   26-7-2011 

 



2 
 

Abstract  
A ratchet is a device that uses a repeated asymmetry to rectify random motion. In the 
experiments an organic field effect transistor is modified such that it has finger electrodes 
embedded in the gate dielectric. These electrodes influence the local potential and charge 
density in the channel above the electrode. The finger electrodes are placed in 
asymmetric pairs. A different sinusoidal signal is applied to the two sets of finger 
electrodes. 
The influence of several input parameters on the source-drain current of the ratchet is 
investigated. These parameters are the gate voltage, offset, amplitude, frequency and 
phase of the oscillation of the potential on the fingers. Measurements were performed 
varying two parameters independent of each other to discover combined effects of 
changing two parameters. 
 
A numerical drift-diffusion model named DriftKicker was used to simulate the workings 
of the ratchet. The model takes particle-particle interaction in to account. These 
simulations investigated the influence of the frequency, mobility,  size and temperature of 
the ratchet. Furthermore a current-offset-amplitude graph was simulated to compare to 
the measurements.  
 
For several of the experiments and simulations the qualitative properties of the flashing 
ratchet are used to give a qualitative interpretation of the results. However not all results 
correspond with expectations based on the flashing ratchet.  
 
Certain qualitative characteristics are found in both the experiments and the simulations. 
Due to differences between the experiment and model no quantitative comparisons were 
made. 
 
 
 
 
 
 
 
 
 
 
 
This report is based on preliminary measurements from 2009 and does not represent the 
most recent views and calculations.  
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1. Introduction 
1.1. Ratchets 

In this thesis ratchets are studied. A ratchet is a device which through asymmetry rectifies 
the random motion of particles. There is no net macroscopic force to move the particles. 
Even without the net macroscopic force some input is needed to keep the ratchet 
functioning. It has to be kept away from thermal equilibrium otherwise it would be a 
perpetuum mobile.   
 
Reimann(2002) states that there are several characteristics that a system needs to have in 
order to be a ratchet, these are:  
(I) A ratchet is spatially periodic and either invariant or periodic for a translation in 
time. 
(II) All forces and gradients have to vanish after averaging over time, space and 
statistical ensembles. There may not be a macroscopic driving force for the particle 
current.  
(III)  There may not be a symmetry that a priori prohibits a ratchet effect.  
(IV) The system needs to be out of thermal equilibrium, or it allows a perpetuum 
mobile. [1] 
Now the flashing ratchet shall be explained as a basic form of a ratchet. 

1.2. Flashing ratchet 
The flashing ratchet consists of a spatially  periodic asymmetric potential which can be 
switched on and off periodically.  
The flashing ratchet is shown schematically in Figure 1.  

A B

D C

 
Figure 1. A schematic drawing of the working of the ratchet. Step A shows the particles in their 
potential wells. Though the particles are indistinguishable, they are colored to better show the 
principle. In step B the potential is shut off and the different particles start to diffuse even across the 
location of the former barrier. In step C the potential is turned on again and the particles go to the 
well that is energetically nearest. Step D shows the effect of one cycle on the electrons. There is a net 
movement of the electrons.  
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If the potential is on (A), all the particles will be at the bottom of one of the potential 
wells. If the potential is switched off (B), the particles will begin to spread due to 
diffusion and to drift. The particles have no external reason to favor one direction over 
another and will start to spread equally in both directions.  
If the potential is turned back on again before the particles are distributed homogenously 
(C), more particles will have spread past the short edge of the saw tooth than the long 
edge. When the potential is switched on again, all the particles will be moved to the 
energetically nearest potential minimum (D). This does not have to be the spatially 
nearest minimum. Thus leading to a net particle flow.  
 
In Figure 1 D the result of this step is shown . On average the particles have moved to the 
right. This can be best seen by only considering the particles of a single color. For each 
color two particles moved one well to the right, while only one particle moved a well to 
the left.  
 
Despite the net charge transport the ratchet is not a perpetuum mobile. It takes a certain 
amount of energy to apply the potential, because the particles are given an increase in 
potential energy.  
When the potential is switched off again, the particles are closer to the bottoms of the 
wells. The potential energy of the particles at that moment is less than the potential 
energy just after switching the potential on. So less energy is returned than was delivered. 
Thus the net charge transport comes at the cost of energy in applying the potential. 
 
The on/off switching of the ratchet potential is time sensitive if a net transport is to occur. 
The particles need to have diffused across at least the short side, but there should not be a 
homogenous spread of particles. This comes from characteristic III of the ratchet. If the 
particle spread was homogenous before switching the ratchet potential on again, there is a 
symmetry in the charge density that prevents the ratchet effect. For continuous use this 
puts restrictions on the frequency with which the ratchet switches on and off.  
At high frequencies the particles are not fast enough to keep up with the changes in the 
potential landscape. A maximum in particle current will be found at an intermediate 
frequency.  
  

1.3. Organic field-effect transistor 
The ratchets used in the experiments are based on organic field-effect transistors 
(OFETs). Therefore it is important to shortly explain the principles behind the OFET. A 
schematic cross section of a transistor can be seen in Figure 2.This type of OFET has 
three contact points, the source, gate and drain. The gate will regulate the current between 
source and drain with a given source-drain bias. 
The source and drain are contacts to the channel, charge carriers can be injected in to the 
channel here. 



6 
 

Gate

Gate dielectric

Source Drain
Semiconductor

 
Figure 2. A schematic drawing of a transistor. Visible are the gate, source and drain contacts. The 
gate dielectric is an insulator. The channel material is a semiconductor, in the case of an OFET, it is 
an organic semiconductor. The material of the channel also determines the type of transistor. 
Depending on whether the material uses electrons or holes for transport, the transistor will either be 
a n-type transistor or a p-type transistor.  
 
The channel consists of a layer of semiconducting material. When a voltage is applied to 
the gate, charges are moved from the source and drain to the semiconductor channel to 
screen the gate. These charges form the accumulation layer. 
Through this accumulation layer charges can flow from the source to the drain through 
the channel.  

Vthreshold

Vgate (V)

Source-drain current (A)

 
Figure 3. A source-drain current as a function of Vgate graph for a p-type OFET. The current is 
shown for two different source-drain biases. Notable is the threshold voltage.  
 
Figure 3 shows a schematic graph for the dependence on the gate voltage for the source-
drain current for a p-type OFET. With a gate voltage above the threshold voltage, the 
channel is permanently depleted.  
Below the threshold voltage the source-drain current will increase rapidly until the gate 
voltage is below the drain voltage. With a gate voltage below the drain voltage the 
source-drain current reaches the linear regime with a near linear relation between source-
drain current and gate voltage. 
 
The mobility can be obtained by performing a gate sweep. The gate voltage is changed 
while the source-drain bias remains constant. Equation (1) gives the linear mobility for an 
OFET . [2] 
                        (1)  
Here L and W are the length and width of the channel and C0 is the capacity of the 
channel. 
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In the next section the idea of the ratchet will be combined with an OFET. This way an 
electronic ratchet can be made.  
 

1.4. Organic electronic ratchets 
The ratchets are created by modifying an organic field-effect transistor. Inside the gate 
dielectric interdigitated finger electrodes are placed as can be seen in Figure 4. Setting 
specific potentials on these fingers will create the periodic asymmetric potential.  
 

Gate

+ - + - + -

Source Drain
Channel

Asymmetric 
finger pair

V

ls

 
Figure 4. A schematic drawing of the ratchet. The difference between the ratchet and a transistor is 
the presence of the asymmetric finger pairs in the gate dielectric. On the red and blue electrodes a 
time dependent voltage can be applied to form a time dependent potential in the channel. 
 
Several device parameters influence the ratchet effect. l and s are the long and short 
distance between the finger electrodes. The ratio between the two combined with the 
applied potentials determines the shape of the asymmetric potential. The number of 
repeating finger pairs is another device parameter. For the experiments only one specific 
single ratchet is used. This ratchet is described in chapter 2 paragraph 1.  
 
Unlike in the case of the flashing ratchet, where the ratchet potential is periodically 
switched on and off, a sinusoidal signal is applied to the finger electrodes. The source and 
drain are kept at zero voltage, thus there is still no net potential difference between source 
and drain, which causes the current in a regular OFET.  
The potential for the two finger electrodes of each pair are shown in Figure 5. This signal 
averages out to a zero net driving force across the channel during one period.  
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Figure 5. A plot of the two sinusoidal signals on the finger electrodes. The plot is shown for a phase 
difference of 180 degrees. The offset is the average of the two fingers. The amplitude is the difference 
between maximum and minimum for one finger.  
 
These applied potentials lead to a number of input parameters. Considering it is an 
adapted OFET, three parameters are the source, drain and gate voltage. Although in the 
case of these experiments the source and drain are kept at zero voltage to ensure that 
there is no net macroscopic force between the source and drain. The gate voltage will 
regulate the average carrier density and hence the mobility in the channel. [2] 
 
The ratchet specific input parameters are the offset O, amplitude A, frequency f and phase 
φ. The offset, amplitude, frequency  and phase are parameters of the signal on the fingers 
as seen in Figure 5. The offset determines the average potential of the fingers. The 
amplitude is the difference between maximum and minimum of one finger. The 
frequency determines how often the cycle is repeated per second. As was stated earlier 
this will influence the functioning of the ratchet.  
The phase is the phase difference between two fingers of one pair. Normally this would 
be 180 degrees. Meaning that as one is at that the highest value the other would be at the 
lowest value resulting in respectively the highest and lowest value, or the saw tooth 
potential and in two equal values, the off-potential.  
 

1.5. Outline 
 
In the next chapter the experimental set up used will be described. The dimensions of the 
ratchet used during the  experiment will be given. In chapter 2 the DriftKicker program 
and the model will also be described.  
The influence of several input parameters on the source-drain current of  the ratchet are 
investigated in Chapter 3.   
The results from the simulations are presented in Chapter 4. In this chapter the results 
will also be compared to the experiments.  
A summary is given in Chapter 5.  
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2. Experimental Setup 
In this chapter the materials and methods for the experiments and simulations are 
described. First the dimensions of the sample are described. Next the experimental set up 
and experimental method are described. Finally the drift-diffusion solver DriftKicker is 
introduced.  
 
 

2.1. Samples 
All measurements were done on a single device. The specifications of this device can be 
seen in Figure 5.  

Gate (Si)

+ - + - + -

Source Drain
Channel (Pentacene)

+ -

44
μm

8
μm

10
0 

nm
10

0 
nm

4 
μm

Gate dielectric (SiO)
1 

μm
1 

μm

 
Figure 6. A cross section of the device. The dimensions are shown in the figure.  
  
There are multiple devices on a silicon waver. All devices share a communal bottom gate. 
The source and drain are bottom contacts, which can be connected to through contact 
pads. Contact pads are also available for both finger electrodes.  
To insulate one device from the other devices on the same waver patterning is used. 
Around each device patterning with photo-resist is used, this ensures that the pentacene 
does not create leak currents to other devices.   
 
 

2.2. Methods 
The measurements are performed inside a probe station from Janis Research. The probe 
station consists of a vacuum vessel with several probe needles, these needles can be used 
to make contact with the contact pads on top of the sample. The sample is placed on a 
chuck. The temperature and bias of the chuck are controlled. The gate is in direct contact 
with the chuck.  
The pressure inside the vacuum vessel is approximately 10-6 mbar. The experiments are 
performed in vacuum to prevent water the influence of water. The experiments are 
performed in the dark to avoid the detoriation of the pentacene.  
 
Figure 6 shows a schematic drawing of the experimental set-up.  
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Figure 7. Schematic drawing of the experimental setup used in the experiments. The probe station is 
shown from the top, there are 6 needles which can be used to connect to contacts on the sample and 
the gate is . The Keithley 4200 is connected to the source, drain and gate through three SMU’s. The 
potential on the fingers is set by the function generator.  
 
The measurements on the probe station are performed using an Agilent function 
generator and a Keithley 4200.  
The voltage on the source, drain and gate is set by the Keithley 4200. The Keithley has 
three source measurement units (SMU’s) attached which set the voltage and measure the 
current. The current is integrated over 40 ms to ensure that multiple periods of the 
asymmetric fingers are averaged out.  
 
The Agilent 81150 function generator is attached through the probe needles to the contact 
pads for the finger electrodes. The form of the potential applied to the finger electrodes 
was shown in Figure 5 for a phase difference of 180 degrees.  
 
The current that goes to the asymmetric fingers is not measured. The fingers are 
electrically insulated from the rest of the device. If there are no leaks, the current going to 
the fingers is not relevant. The sum of the currents to gate, source and drain is taken to 
quantify leaks to the fingers and other devices on the sample. The sum current should be 
several orders of magnitude lower than the source-drain current for a proper device.  
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The measurements are automated using KULT, a programming tool for the Keithley 
4200. Using the program scripts can be made, which set the potential of both the SMU’s 
and the function generator and can read the currents of the SMU’s. In this way a series of 
single measurements can be performed in series.  
For a measurement the voltages are applied and a measuring cycle is started during which 
the current through the source, drain and gate current is integrated over time.  
 
Several parameters need to be chosen for a measurement. These are the gate voltage, the 
source and drain voltages, the offset of the fingers, the amplitude and frequency of the 
oscillation of the potential of the fingers and the phase difference between two fingers.  
 
All parameters can be changed independently of the others. The most common form of 
measurement used is that all but two parameters are chosen fixed, while the other two 
will be varied between two values, to form a two dimensional grid of measurement 
points. At each measurement point the gate, source and drain current are measured.  
A grid of current points can then be plotted in a contour plot to see the effects of both on 
the source-drain current.  
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2.3. DriftKicker 
 
Ratchets are also simulated to compare these results to the experiments. The simulations 
are performed using DriftKicker. DriftKicker is a Matlab program that solves the drift-
diffusion equation to simulate the behavior of electric devices.  
 
The equations used during the simulation are the drift-diffusion equation, the Poisson-
equation, continuity equation for charges and the Einstein-Schmulowski relation for the 
relation between drift and diffusion.  
 
The drift-diffusion equation gives the transport of particles due to drift and diffusion. 
 

      (2) 
 
The jp and p are the hole current and the hole density, q is the elementary charge. Dp is 
the diffusion constant.  
 
The charge transport through the device leads to changes in the hole density.  The 
continuity equation for charges relates the changes in local carrier density with the drift-
diffusion current.     
     

    (3) 
The Poisson equation relates the potential and the hole density.   
 

(4) 
 
The Einstein-Schmoluchowski relation is used to determine the relation between drift and 
diffusion. The use of this relation requires that the device is at local thermal equilibrium.  

         (5) 
The temperature T and mobility μ are assumed constant during the whole simulation.  
These formulas account for the holes, which are the majority carriers in the pentacene.  
 
Due to the presence of changing electric fields displacement currents are also present in 
the device. These are calculated but are not used. The average current through the device 
over one period is in the steady state equal to the average particle current crossing one 
contact. 
 
These equations are linearized for the grid of points of the simulation. This is achieved by 
interpreting a gradient in the case of the hole density as the difference in hole density 
between the two points divided by the grid size. 
The derivatives of time are linearized by the change during one time step divided by the 
length of the time step.  
Second derivatives are calculated by the difference between the first derivatives of  the 
left and right side of the grid points divided by the grid size. 
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The simulation consists of a grid of points on which the drift diffusion equations are 
solved. A part of the grid of points can be seen in Figure 8. 
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Figure 8. This shows the first part of the simulation grid.  The gate consists of a single line of grid 
points. There can be no charge transport between gate grid points and the potential is set for 
individual grid points to simulate the fingers. The gate dielectric is three grid points thick and does 
not contain charge carriers. The conducting channel does contain charges.  
 
The grid consists of several layers. One layer acts as the accumulation layer. There are 57 
points in the conducting channel.  The size of a cell in the x-direction is thus 500 nm. 
Between two finger electrodes are thus at least three other points.  
The bottom layer is one grid point thick and acts as the gate and fingers. The layers in 
between the gate and the channel act as the gate dielectric. Above the accumulation layer 
are layers representing the vacuum.  
 
For each point DriftKicker works by simulating the transfer of electrons and holes 
through the device. Between neighboring points of the channel there can be a flow of 
holes due to the different potential of two points and the different carrier concentrations 
at the two points.   
 
The potential of each point is determined by the carrier density and the potential at the 
gate and contacts. The potential of the gate is time dependent, for the fingers are 
incorporated in the gate.  
 
A simulation is a constant repeat of the steps: 

• moving the charges due to drift and diffusion,  
• calculating the new carrier densities, 
• changing the gate potential for the finger electrodes, 
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• calculating the new field throughout the device with the new hole density and 
gate potential. 
  

Two devices with different dimensions were used for the simulations. The long device 
has a length of 28000 nm. The short device has a length of 2800 nm. The ratio between 
the distance between two fingers in a pair and between two pairs is 1:4. For the long 
device l = 4 μm and s = 1 μm. For the short device l = 0.4 μm and s = 0.1 μm.  
 
After each simulation the average current over each cycle is calculated. The average 
current of the last cycle is used as the average current for the ratchet if the simulation has 
reached a steady state.  
The cycles during which steady state is not yet reached cannot be comparared to the 
experiments, because they contain the start up elements of a filled channel on which the 
fingers are switched on and start oscillating.   
The results of one simulation thus give the same result as a single experiment with all 
parameters fixed.  
Performing multiple simulations while varying one parameter will show a trend that can 
be compared to the experiments, for the reasons mentioned above no quantitative 
correspondence is expected.  
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3. Experimental Results 
In this chapter the experimental results will be described. The experimental set up and 
method have been described in chapter 2 paragraph 2. The used sample is described in 
chapter 2 paragraph 1.  With the experiments the influence of the input parameters, 
amplitude, offset, frequency, gate voltage and phase on the source-drain current is 
investigated.  
The source-drain current is visualized in contour plots to clearly show the trends in the 
source-drain current due to both the parameters.  
 
In Figure 9 a contour plot of the source-drain current as a function of the offset and the 
amplitude is shown.    

 
Figure 9. A source-drain current as function of offset and amplitude graph. The source-drain current 
represented  by the colors is shown for different offsets and amplitudes. The settings for the 
experiment are a frequency of 6 MHz, a gate voltage of -20 V and a phase of 180 degrees. The step 
size in offset and amplitude was 0.5 V.  
 
Notable is the division in different areas by the white line. In area I the  combination of 
amplitude and offset leads to a source-drain current. This corresponds with the threshold 
voltage lying in area I in Figure 10. In area II the ratchet does not function. Area II 
corresponds with a threshold voltage lying in area II in Figure 10. The channel is 
permanently conducting above both fingers. The placement of the red line between area I 
and II explains the direction of -1 for the white line. Any decrease in offset has to be 
compensated by a larger amplitude to still reach temporary depletion.  
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Figure 10. The signal on the finger electrodes  for a phase difference of 180 degrees. The offset is the 
average of both the fingers. Depending on the threshold voltage relative to the offset in area I, II or 
III the ratchet can either function or not. The area’s correspond to Figure 9. Area III is not visible 
there. 
 
The current also decreases if the offset becomes too high regardless of the amplitude. In 
this case one of the fingers will deplete the channel continuously, preventing any 
transport from source to drain. This is comparable to a gate voltage above the threshold 
voltage blocking the channel continuously, this corresponds to the threshold voltage lying 
in area III in Figure 10.  
 
Figure 10 a shows a contour plot of the source-drain current as a function of the 
frequency and offset. Figure 10 b shows a plot of the source-drain current as a function of 
frequency. This is a cross section of Figure 10 a at the black line.  

 
Figure 11. (a) A contour plot of the source-drain current as a function of the frequency and offset 
graph. The other settings are a gate voltage of -20 V, an amplitude of 8 V and an phase of 180 
degrees. The steps in offset are 0.5 V and the steps in frequency are logarithmic with ten steps per 
decade. (b) A cross section of the contour plot at the offset of -4 Volt, indicated by the black line. The 
curve shows the drain current as a function of frequency.  
 
A clear maximum is found for a combination of offset and frequency. Another notable 
feature is the white line just short of zero offset. This is the line caused by the threshold 
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voltage. This line is independent of the frequency. In Figure 9 the line of the threshold 
voltage is not visible as the threshold was slightly above zero Volt.  This corresponds to 
area III in Figure 10. 
The threshold voltage has slightly shifted compared to the amplitude-offset graph. This 
could be due to charge trapping.  
 
The frequency strongly influences the current. The optimal frequency changes with the 
offset. The frequency-current shape can be explained with the earlier description of the 
working of the ratchet. At the low frequencies there will be no current. This is due to the 
complete spread out of the electrons during one cycle. The potential barriers are low long 
enough to have a large diffusion over both the long and short distance finger. This will 
lead to low net current.   
At higher frequencies the electrons will not be able to keep up with the changing electric 
fields. This leads to lowering of the currents. 
. 
For any constant frequency the picture is the same as the earlier graph for a constant 
amplitude. In both cases only the offset varies. This will lead to two identical cross 
sections. A cross section of the frequency versus offset graph can be seen in Figure 11b. 
This shows the frequency dependence of the current.  
 
 
Figure 11 is a contour plot of the source-drain current as a function of the frequency and 
the amplitude. The maximum source current for a given amplitude is indicated by the 
black line.  

 
Figure 12. An amplitude-frequency graph. This is a contour graph of the source current as a function 
of  the frequency and the amplitude. The black line indicates the maximum current for a given 
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amplitude. The stepsizes in the amplitude are 0.5 Volt, the frequency steps were logarithmic with ten 
steps per decade. The offset is -6 Volt, the gate voltage is -15 Volt and the phase is 180 degrees.  
 
 
There is no current for amplitudes lower than 4 Volt. For an amplitude below 4 Volt, 
there is no temporary depletion.   This point does not lie on the black line in Figure 9. But 
that is due to the frequency of the current-offset-amplitude measurement.  
 
The amplitude has only little influence on the optimal frequency. Considering the 
simplified on/off ratchet an explanation for this influence might be given for this low 
influence of the amplitude. The amplitude corresponds directly to the potential gradient 
in the on state. A higher amplitude leads to a faster transport of the electrons to the 
bottom of the potential well. This would lead to a higher optimal frequency for a larger 
amplitude, which does not correspond with the measurement..  
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Figure 13. A contour plot of the source current versus the frequency and the gate voltage. The 
maximum current for a given gate voltage is indicated by the black line.  Measurement settings: the 
offset is -6 Volt, the amplitude is 8 Volt and the phase is 180 degrees.  
 
In Figure 13 the contour plot of the source-drain current versus the gate voltage and 
frequency is shown. The maximum current for a given gate voltage is indicated by the 
black line. The optimal frequency is influenced by the gate voltage. The gate voltage 
determines the mobility and charge density in the channel.  
The higher mobility and charge density will lead to a more rapid diffusion of the holes. A 
higher charge density will lead to greater repelling forces between the holes. This will 
lead to a quicker spread of the holes over the barrier.  
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For this same reason the ratchet operation shifts to higher frequencies with increasing 
gate bias. The point at which the holes are spread homogenously is reached faster also. 
Which will lead to zero net displacement of holes during the cycle. Thus the frequencies 
at which there will still be no conduction will also increase. Thus shifting the entire figure  
up in frequency with increasing gate voltage.  
 
 
The mobility for the device was obtained from its transistor characteristics. This was 
done by using a gate sweep. The interdigitated fingers were kept at half the gate voltage 
to reduce their effect on the carrier density in the channel.  

 

 
Figure 14. The gate sweep of the ratchet with the fingers at half the gate voltage. There is a very large 
threshold shift compared to the other measurements, which can be caused by the repeated gate 
sweeps at lower gate voltages. 
 
The gate sweep measurement shows a different threshold voltage compared to the other 
measurements. This is caused by gate bias stress and the order in which the experiments 
are performed.  
The great jumps in the linear mobility in Figure 14 are caused by the calculation method. 
The linear mobility is calculated using equation (1). The linearized version uses the 
difference in the current between two measurement points, especially at the low currents 
this leads to large jumps due to small measurements errors. The Keithley 4200 also 
produces inaccuracies due to the ranging at the low currents.  
The gate sweep shows that at a certain threshold voltage the mobility greatly increases 
and then slowly declines. A similar pattern is seen in the optimal frequency for different 
gate voltages, which also greatly increases at the threshold voltage, but slowly increases 
instead of decreases after the threshold voltage.  
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Figure 15. A contour plot of the drain current as a function of the frequency and the phase. The 
maximum and minimum are indicated in the plot by a black dot. Notable is the current inversion due 
to the phase change. Measurement settings: the offset is -6 Volt, the amplitude is 8 Volt and the gate 
voltage is -20 Volt. The steps in frequency are logarithmic with ten steps per decade. The steps in the 
phase are 15 degrees. 
 
Figure 14 shows a contour plot of the drain current as a function of frequency and phase. 
In the previous simulation the phase was fixed at 180 degrees. This is far from an optimal 
phase and coincides with the area of current reversions.   
 
Another notable feature is that changing the phase of the applied potential a current 
reversal occurs. This is a characteristic of ratchets, changing certain parameters will 
induce a current reversal. 
The optimal frequency is not the same for the positive and negative current. The 
frequency is not expected to be same, the device is not inverted on a symmetry axis, but 
being driven by a different applied potential. 
Neither is the phase difference between the two peaks 180 degrees, which might be 
expected due to the symmetry of the device. Changing the phase 180 degrees does not 
invert a symmetry on the driving potential even though the device is symmetrical in the 
placement of the fingers. Changing the phase 180 degrees changes the shape of the 
driving potential, for instance the maximum potential difference between two fingers in a 
pair lowers. This can be seen in Figure 17 
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Figure 16. The blue and green lines show the potential on the finger electrodes with a phase of 180 
degrees. The blue and red lines show the potential on the finger electrodes for a phase of 0 degrees. 
Changing the phase 180 degrees changes the form of the applied potential but does not reverse 
symmetry. 
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4. Simulations 
 
Several characteristics of ratchets were investigated using simulations. These focus 
mostly on the influence of the frequency on the source drain current. The influence of 
mobility, temperature and size on the working frequencies and source-drain current are 
also investigated.  
The parameters that are not varied at a simulation have standard values. These standard 
values can be found in appendix A. 
In Figure 15 the frequency dependence is shown for a typical ratchet. A similar current 
versus frequency graph for an experiment can be seen in Figure 10 b.  
The graphs are not quantitatively comparable. The peaks occur at different frequencies 
and differ a factor of 50. Looking at Figure 13 the linear mobility in the ratchet is 
approximately 5e-9 m2/Vs at a gate voltage of 20 V, the used mobility in the simulation is 
5e-5 m2/Vs. This is the cause of at least part of the numerical differences. 

1E7 1E8 1E9
1E-7

1E-6

 

 

Cu
rre

nt
 (A

)

Frequency (Hz)

 µ=5e-5 m2/Vs

 
Figure 17. A current versus frequency graph. The current is dependent on the frequency. There is a 
peak at 100 MHz. Input:  mobility: 5,5 e-5 m2/Vs, long device.  
  
Figure 18 shows the frequency versus current graph for simulations with different 
mobilities. For the simulations the mobility is fixed for the entire device. In the 
experiments the mobility is dependent on the local carrier density. This is not 
homogenous nor constant throughout the device, due to the oscillating potential of the 
fingers. This does lead to differences between the experiments and simulations.  
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Figure 18. The frequency dependence of the current for different mobility’s is shown in (a). The 
mobility influences the behavior of the ratchet.  Not only the expected increase in current due to 
increased mobility but also shifting of the optimal frequency.  
The current/mobility versus frequency/mobility graphs for several mobility’s. The graphs show a 
strong overlap.  
 
 
Both the currents and the increase in optimal frequency are linear with the increased 
mobility. In Figure 18b the currents and the frequency are divided by the mobility. This 
leads to overlapping graphs for two mobilities and a overlap on large parts for the third 
graph, even though the mobilities vary greatly.  
 
The same device with different mobilities shows the same form of behavior. The 
increased mobility leads to a equally large increase in the optimal frequencies. If the 
particles can move ten times as fast, using a frequency 10 times higher results in equal 
charge displacement per cycle.  
 
The linear relation between the mobility, frequency and the current mean that the same 
amount of charges is moved during one oscillation. The higher frequency with the same 
amount of charges moved per cycle accounts for the entire increase in the current.  
 
After the influence of the mobility on the source-drain current of the ratchet is 
investigated, the effects of the size of the ratchet are investigated. Considering that the 
mobility had a linear effect on the current the size of the device should have at least a 
equally great influence.  

 
Figure 18 shows the source-drain current versus frequency graph for two devices of 
different length scales. In the shorter device all dimensions in the direction of the current 
flow are a factor 10 smaller. Thus this does not include the width of the channel and the 
channel thickness.  
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Figure 19. The current versus frequency for two devices of different size. The size of the device 
influences the current. Decreasing the distances in the device leads to higher fields between fingers if 
the amplitude has been kept constant. Input: mobility 5e-6 m2/Vs. 
 
Important to note is that the shorter device has not only shorter distances between fingers 
and a shorter channel to travel, but shortening the device also increases the field between 
two fingers. The amplitudes remain the same for both devices.   
 
The peak has shifted two decades in frequency with a decrease of the size with one 
decade. The smaller device has smaller distances by one decade, the electric field 
between two fingers also increases by one decade. The combination of these two would 
lead to a higher optimal frequency of two decades if the optimal frequency linearly 
increases with increasing amplitude.  
 
Unlike the case of changing mobilities here there is no linear relation between the optimal 
frequency and the maximal current. There occurs no two decade increase in the maximal 
current, this means that per cycle less charge is transported. This is expected, because the 
smaller device will contain less particles to move. But a decade increase might be 
expected with the same efficiencies.   
 
Notable is the current at the higher frequencies of the smaller device. It remains fairly 
constant instead of decreasing like in the case of the larger devices. The cause is not 
known, but happens at all simulations of the smaller device, as can be seen in Figure 20.  
 
In Figure 19 the temperature dependence for several different temperatures in a long 
device are shown. The temperature has no effect on the source drain current through the 
device.  
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Figure 20. The frequency versus current graph for several different temperatures. The temperature 
has no noticeable effect on the current in the large device. Input: mobility 5e-6 m2/Vs.  
 
Important to note is that unlike in physical materials, in the simulation the mobility is 
independent of the temperature. Thus the mobility is a fixed value. The temperature only 
influences the random energy of the particles. This is taken in account by the diffusion 
constant. 
In a shorter device the temperature might have more influence. The distances that have to 
be diffused over are much shorter and thus easier to diffuse over, while the drift term 
remains equally strong. This is shown in Figure 20. 
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Figure 21. Simulations of the smaller ratchet at different temperatures. Differences occur at lower 
frequencies, below 5 MHz.  
 
The graphs overlap for frequencies higher than 5 MHz. At lower frequencies there is a 
difference between the different temperatures.  
The higher currents occur in this region at the higher temperatures, this would imply that 
the ratchet at these frequencies profits from the Brownian movement of particles.   
At the frequencies above one GHz there is a constant current. This is the same as the 
short device in Figure 18.  
 
A complete offset-amplitude graph was also simulated. This was done by simulating 
ratchets at different offsets and amplitudes to fill a grid of points, this can be seen in 
Figure 21.  
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Figure 22. A contour plot of the current as function of the offset and amplitude graph. The three 
areas are again visible. The line separating area I and II does not have the expected direction.  The 
three parallel lines are have a slope of -1, the line separating area I and II does not.  
 
The graph shows the typical form of the contour plot of the source drain current as a 
function of the offset and the amplitude. Qualitatively Figure 21 is comparable to Figure 
9. The same areas can be seen. An important difference is slower decline at the edges of 
area I. The constant mobility might be a factor in the slow decline, in the experiments the 
offset and amplitude also influence the mobility in parts of the channel instead of only the 
carrier density. Thus temporary depletion can be more easily achieved, with a very low 
local carrier density above the fingers.  
Another important difference is that the line between area I and area II does not have a 
slope of -1. The reason for this is not known, but may have to do with the slower decline 
of the source-drain current at the edges of area I.  
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5. Summary  
A ratchet is created by modifying an organic field-effect transistor (OFET). Finger 
electrodes are placed inside the gate dielectric, which can be used to alter the hole density 
locally and time dependent.  The finger electrodes occur in repeated pairs, with each 
finger electrode of the pair having a different sinusoidal potential.   
The influence of several input parameters on the source-drain current of these ratchets is 
investigated. These parameters are the gate voltage, offset, amplitude, frequency and 
phase of the oscillation of the potential on the fingers. Comparisons to the simple flashing 
ratchet are used to tentatively explain the trends shown in the measurements. The triangle 
formed area in the current-offset-amplitude graph in which the ratchet provides a current 
coincides with areas of temporary depletion of the channel above one finger, while not 
permanently depleting above the other finger. Permanently depleting the channel above 
one or both fingers due to the offset of the finger compared to the threshold voltage of the 
channel leads to zero current. 
The optimal frequency decreases for higher amplitudes in the current-frequency-
amplitude. This is not expected, rather an increase in optimal frequency is expected, due 
to greater driving forces between the areas above different fingers. 
The current-gate voltage-frequency graph shows the expected shape, comparable to the 
mobility as a function of the gate voltage. A higher gate voltage leads to higher mobilities 
and thus to higher optimal frequencies for a given gate voltage. 
The current-phase-frequency graph shows a current reversals for changing the phase. It 
should be noted that this current reversal is not nicely symmetrical. Furthermore it is 
noteworthy that the phase of 180° used in the earlier experiments is far from optimal.  
 
A numerical drift-diffusion model named DriftKicker was used to simulate the behavior 
of ratchets. DriftKicker consists of a grid of points with a potential and charge density, 
which are changed in repeating steps of solving linearized differential equations. 
These simulations investigated the influence of the frequency, mobility,  size and 
temperature of the ratchet.  
The current-frequency graph shows the expected shape of a single peak for a symmetrical 
ratchet.   
The effects of the mobility on the workings of the ratchet are clear in the simulation. It is 
a direct scaling factor in both the optimal frequency and the current. This is due to the 
constant mobility in the simulation, there is no accounting for the local density.  
The size of the device is a greater scaling factor than the mobility. It increases the electric 
field between two finger electrodes, while lowering the distance to travel, leading to a 2 
decades increase in optimal frequency for a decade decrease in size.  
The decade larger current can be explained by a two decades higher frequency, leading to 
more cycles per second, while the size decrease lowers the total amount of charges in the 
device by one decade. The average current is the total current displaced in one cycle 
times the frequency. The smaller device has the same charge density, however there is 
less total charge above one repetition of the finger electrodes.  
At high frequencies the current in the shorter device becomes constant. The reason for the 
constant current is unknown. The constant current at ever higher frequencies would mean 
that the charge transported per cycle would decrease exactly linear with a higher 
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frequency, which seems very unlikely. It may be an artifact of the short distances and 
high frequencies leading to an instability in the simulation. Although no better results 
were found using smaller time steps.  
The effects of temperature on the ratchet are only visible at the smaller length scale. With 
a smaller distance to travel the chance of holes crossing the boundary on thermal energy 
increases. Apparently drift is dominant at the larger length scale, with the boundaries too 
hard to cross on thermal energy, the particle-particle interaction and the potential 
differences become more dominant. It is important to consider that the temperature does 
not influence the mobility as it would in an experiment, because the mobility is kept 
constant.  
 
Furthermore a current-offset-amplitude graph was simulated to compare to the 
measurements. The distinguishing features of the experiments are also found in the 
simulation. The shape of the area for which a source-drain current occurs is in both a 
triangle. There is a threshold voltage above which the current decreases. There are also 
differences, in the experiment the divide between generating and not generating a current 
is much steeper, this may have to do with the carrier density dependent mobility. Whether 
or not there is an almost complete depletion of the channel, the mobility for those charges 
still present does not change in the simulations. 
 
In conclusion, some of the experiments can be given a handwaving explanation on the 
basis of the flashing ratchet, while other results are not understood. The experiments 
share some characteristics with the experiments on a qualitative level, but for a true 
comparison there are still effects missing. Making the mobility density dependent would 
be a good first step. 
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Appendix 
Appendix A 
Settings for the DriftKicker program, unless specifically mentioned otherwise. 
Setting Value 
DriftKicker version DriftKicker II 3.0 
Hole mobility 2.7e-7 m2/Vs 
Electron mobility 2e-14 m2/Vs 
Relative permittivity gate dielectric 3 
Relative permittivity vacuum 1 
Injection barrier (electrons, holes, source 
and drain) 

0,1 eV 

Amplitude  8 V 
Offset -10 V 
Injection Model Boltzmann model 
Traps Disabled 
Gate voltage -10 V 
Source-drain bias 0 V 
Thickness gate dielectric 100 nm 
Device length (Long device) 28000 nm 
Long distance (Long device) 4000 nm 
Short distance (Long device) 1000 nm 
Device length (Short device) 2800 nm 
Long distance (Short device) 400 nm 
Short distance (Short device) 100 nm 
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