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Single Electron Transistors for
Molecular Computer Readout

Matthew Filmer

Presenter
Presentation Notes
Traditional computers encode binary information in the state of a switch, such as a MOSFET or BJT. From these switches you can build logic gates to perform computations, as I’m sure you are all familiar. But, this isn’t the only way to build a computer. Today I’m going to talk about an alternative called Quantum Dot Cellular Automata or QCA. 
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Quantum Dot Cellular Automata (QCA)

[1] Snider, 1999

Presenter
Presentation Notes
In QCA, binary state is encoded in the position of individual electrons on a set of coupled quantum dots. Here is a schematic representation of a single QCA cell. It is simply four quantum dots arranged close together in a grid. Located on these dots is a total of two excess electrons.
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QCA States

0 State 1 State

[1] Snider, 1999

Presenter
Presentation Notes
The electrons are able to move freely within the cell. However, Coulombic forces will force the electrons into opposite corners of the cell. This leaves two available ground state configurations that we can call a zero and a one state. I have color coded them to hopefully make upcoming diagrams easier to understand. QCA cells can interact with each other when placed close together. This allows us to create useful circuits. However, within these circuits, electrons will still remain within their own cells.
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QCA Wires

[1] Snider, 1999

Fixed Charge Mobile Charge

Presenter
Presentation Notes
Here I have two examples of a QCA wire. The first cell in each wire has been modified to have only two quantum dots. This prevents the electrons from moving, and therefore holds the cell in either the zero or the one state. The electrons within each remaining cell will tunnel between the quantum dots in their own cell in order to reach the ground state. 
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QCA Wires

[1] Snider, 1999

Presenter
Presentation Notes
The ground state for a wire such as these is a sequence of cells that are all in the same state. This third wire is not in the ground state, and therefore should not normally occur. 
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QCA Inverter

[1] Snider, 1999

Presenter
Presentation Notes
By placing a cell offset from the wire, you can create an inverter.
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QCA Majority Gate

A B C Out
0 0 0 0
0 0 1 0
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 1
1 1 0 1
1 1 1 1

[1] Snider, 1999

Presenter
Presentation Notes
Besides the inverter, the most basic QCA logic gate is the Majority Gate, shown here. The majority gate has three inputs, and the output is whatever the majority of the inputs are. In this example, inputs A and B are zero, and input C is a one. The majority of the inputs are zero, therefore the output is zero. 
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QCA Majority Gate

A B C Out
0 0 0 0
0 0 1 0
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 1
1 1 0 1
1 1 1 1

AND

OR

Program

[1] Snider, 1999

Presenter
Presentation Notes
If you look at the top and bottom halves of this truth table, you might notice that it resembles something you have seen before. Using only inputs B and C you can make either an AND gate or an OR gate, with input A deciding which behavior you get. Since this device is symmetric, any of the inputs can be used as the program input. In QCA you can easily make basic logic gates using only a handful of QCA cells.
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Molecular Quantum Dot Cellular Automata

[2] Lent, 2002

Presenter
Presentation Notes
QCA doesn’t necessarily need to be done with metal quantum dots. A branch called molecular QCA uses a special type of molecule in place of a pair of quantum dots. This molecule is what is called a mixed-valence molecule. These molecules are unique in that they have a mobile electron that can occupy one of two or more locations within the molecule. This can serve as a pair of quantum dots. Combining two of these molecules, we can create a molecular QCA cell, which should behave in a similar manner to the previously discussed metal dot cells. A difficulty in using QCA is determining the result of a computation. How are you supposed to figure out on which quantum dot, or on which location within a molecule, a single electron is? My research is focused single electron devices that can be used for this purpose. 
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SET Structure

Tunnel junctions 10 nm
to

>1 mm

Metal leads
and island

Presenter
Presentation Notes
Now, lets talk about Single Electron Transistors. Here is a top down sketch of what a typical SET structure looks like. There are three metal leads, the source, drain, and gate. Bridging the gap between the source and drain, is a metal island. For an SET to work, the electron wavefunction must be localized on the island. To accomplish this, the island is joined to the source and drain through tunnel junctions.Many of you who are familiar with MOSFETS might be confused about this gate placement. I have measured SETs with gates as close as a few tens of nanometers to the island, and as far away as around 2 millimeters. If you wanted the strongest gate response, you would put the gate as close as possible. But for my measurements, I don’t usually care, and it can be beneficial to have gates a little farther away. Although 2 millimeters is a bit extreme and I usually stay under a few microns.
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SET Structure

Extra
Gates

Presenter
Presentation Notes
An SET isn’t restricted to a single gate. You can add additional gates which have a cumulative effect proportional to the capacitance of each gate to the island. I use SETs as charge detectors. The charge I’m measuring also acts as an additional gate.
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SET Structure
𝑉𝑉𝑑𝑑

𝑉𝑉𝑔𝑔𝐶𝐶𝑑𝑑
𝐺𝐺𝑑𝑑

𝐶𝐶𝑠𝑠
𝐺𝐺𝑠𝑠

𝐶𝐶𝑔𝑔

Presenter
Presentation Notes
When taking measurements of an individual SET, you typically ground the source, and manipulate both the drain and gate voltages. I have indicated the important parameters to model the behavior of an SET. There is the gate capacitance, and also the capacitance and conductance for the drain and source tunnel junctions. 
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SET Island Potential
𝑉𝑉𝑑𝑑

𝑉𝑉𝑔𝑔𝐶𝐶𝑑𝑑
𝐺𝐺𝑑𝑑

𝐶𝐶𝑠𝑠
𝐺𝐺𝑠𝑠

𝐶𝐶𝑔𝑔

𝐶𝐶Σ = 𝐶𝐶𝑠𝑠 + 𝐶𝐶𝑑𝑑 + 𝐶𝐶𝑔𝑔

Total island capacitance

~200 nm

∆𝑉𝑉𝑖𝑖 =
−𝑒𝑒
𝐶𝐶Σ

Electron charge

Change in island potential 
when an electron is added 
to the island

Presenter
Presentation Notes
Since electrons are quantized on the island, adding or removing an electron from the island changes the island potential by an amount inversely proportional to the total capacitance of the island. 
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𝑉𝑉𝑑𝑑

𝑉𝑉𝑔𝑔𝐶𝐶𝑑𝑑
𝐺𝐺𝑑𝑑

𝐶𝐶𝑠𝑠
𝐺𝐺𝑠𝑠

𝐶𝐶𝑔𝑔

SET Island Potential

~200 nm

∆𝑉𝑉𝑖𝑖 =
−𝑒𝑒
𝐶𝐶Σ

Presenter
Presentation Notes
On the left I have a plot showing the change in island voltage when an electron is added as a function of the island capacitance. As you can see, once we get into the femtofarad (10^-15), or attofarad (10^-18) ranges, it becomes an appreciable change. 
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SET Charging Energy

𝐸𝐸𝑐𝑐 =
𝑒𝑒2

2𝐶𝐶Σ

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐 =
1
2
𝐶𝐶𝑉𝑉2

Energy stored in a capacitor

Charging energy of an SET

∆𝑉𝑉𝑖𝑖 =
−𝑒𝑒
𝐶𝐶Σ

Presenter
Presentation Notes
From this, we can calculate the energy to add or remove an electron from the island. This is called the “Charging Energy”. I added charging energy to the graph. I have additionally indicated two important energy levels. First is 26 millielectronvolts, which is the thermal energy at room temperature. Single electron devices won’t be able to exhibit any of their characteristic behavior if electrons have enough thermal energy to move on or off the island without external help. Second, I have indicated 26 microelectronvolts. This is the thermal energy at 300 millikelvin, which is the base temperature of the cryostat I use to take measurements of my SETs. The plot indicates that an island capacitance of around 1 femtofarad or below is sufficient to keep the charging energy below the thermal energy at this temperature. If you wanted to make a room temperature SET, you would need to make a device with an island capacitance at or below around 1 attofarad. 
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SET Structure

Source DrainIsland

Gate ~2 μm

Presenter
Presentation Notes
Here is a micrograph of one of the first SETs I made. It is fabricated on a fused silica substrate, the source island and drain are made out of platinum, with an SiO2 tunnel barrier. The gate is not shown since it is about 2 microns away. 
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Charging Diagram at 0 K

𝑉𝑉𝑑𝑑

𝑉𝑉𝑔𝑔

Allowed island charge

Single allowed charge

Multiple allowed charges

Presenter
Presentation Notes
This is a sketch of the SET characteristic “Charging Diagram”, at 0 Kelvin. It is a plot of drain voltage on the vertical axis, and gate voltage on the horizontal axis. Within each diamond shaped region I have indicated the number of allowed excess electrons on the island. You can see that for those regions that lie along the horizontal axis, where Vd=0, there is only one allowed island charge state. This makes these regions somewhat unique.Charge cannot flow through an SET without moving electrons on and off the island, which is a change in island charge. But in these regions where only a single charge is allowed, you can’t gain or lose an electron, since it would put you in a disallowed charge state. Therefore, in these regions there is no current and are said to be in “Coulomb Blockade”. 
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Charging Diagram at 0 K

𝑉𝑉𝑑𝑑

𝑉𝑉𝑔𝑔

Coulomb Blockade Oscillations

Peaks in Conductance

Presenter
Presentation Notes
There is one more region of interest. Those regions that lie exactly between the Coulomb blockade diamonds. If we were to look at a plot just along the Vg axis for Vd=0 we obtain what are called “Coulomb Blockade Oscillations”.
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Coulomb Blockade Oscillations

Peak

Valley

𝑘𝑘𝑘𝑘 ≪ 𝐸𝐸𝑐𝑐
Best operation:

Presenter
Presentation Notes
The Coulomb blockade oscillations are shown here on the left and are periodic with gate voltage. Since SET behavior is related strongly to both the charging energy of the device, and the temperature of the measurement, these curves are for devices and temperatures normalized to kT/Ec. For a single SET, I could measure this family of curves by varying temperature. Alternatively, for a set of SETs with various charging energies, I could measure each of them at individually chosen temperatures in order to have all of their oscillations overlay onto a single one of these curves.On the right I show the peak and the valley differential conductance using the same kT/Ec normalization. As you can see in these plots, there aren’t any noticeable oscillations until kT is less than the charging energy. The oscillations proceed to get stronger as temperature is further reduced or charging energy is increased. These devices show the strongest behavior when kT is much less than Ec. This is one of the requirements previously mentioned. The thermal energy of an electron better be less than the energy to add or remove an electron from the island. You don’t want electrons to have enough energy to tunnel on or off the island just because of the temperature.



M. Filmer 20Single Electron Transistors 4/16/2019

Measurement Setup

Presenter
Presentation Notes
Since making the few square nanometer tunnel junctions needed to make room temperature SETs is quite difficult, I measure mine at 300 millikelvin. To do so, I glue my sample into a package, shown on the left, and wirebond to the particular devices I want. Then I use the Janis He3 cryostat shown on the right to cool it down. It takes about a day to get to base temperature. 
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Measured SET at 300 mK

Presenter
Presentation Notes
This is the charging diagram I measured for an SET I recently made. Here I am plotting conductance. The charging energy of this SET is around 3 milielectronvolts, which gives the nice crisp edges seen here. 
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Dolan Bridge Process

Presenter
Presentation Notes
To fabricate these I usually use what is called the “Dolan bridge” process. This is a two angle evaporation process with self-aligned island which makes fabricating high charging energy SETs easier than relying on lithographic alignment. This process creates a double image of the exposed pattern with an oxidation step in the middle to form the tunnel barrier.At the top a pattern is defined in a dual-layer resist stack that is completely undercut between nearby features. Aluminum is evaporated at an angle creating the first image offset under the resist. The aluminum is oxidized to form the desired thickness tunnel barrier, and aluminum is again evaporated, this time at a different angle, to create the second image. The excess aluminum is lifted off and the devices are ready for testing. An example design is shown on the left. Only the green pattern would be exposed, and the two images are created from the two evaporation steps. You can see that a number of extra features are created that are unavoidable, such as the extra source and drain leads and the shadow island. 
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Dolan Bridge Process

Presenter
Presentation Notes
Shown here is a micrograph of a device made with this process. This particular device has some additional features that I will be discussing in just a few more slides.
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SET Charge Detector

Presenter
Presentation Notes
If you want to use an SET as a charge detector, as I do, you bias the device on a point on one of the edges of its Coulomb blockade oscillations. Any change in charge in the area will act as an additional gate causing shifts along the horizontal axis. This apparent shift in Vg causes a change in the conductance of the SET. For optimal charge sensitivity, it is best to bias the device at the highest derivative point. Sensitivity can be increased further by using a device with a higher charging energy, which increases the maximum derivative as shown on the bottom, but it also reduces your operating window. The is true if measurements are done at a lower temperature.
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SET Charge Detector

Presenter
Presentation Notes
My objective is to use an SET as a charge detector to test electrons moving within a mixed-valence molecule to work as the readout for a molecular QCA circuit. But as a first step, I need to be able to detect electrons moving within a single molecule. In order to cause the electrons to move, I use an SET with two gates, as shown here. The two gates can create an electric field with causes the electron in the molecule to switch positions, which I can then detect with my SET.
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SET Charge Detector: Prototype Experiment

Presenter
Presentation Notes
Unfortunately, the molecules I need are not available off the shelf. I’m working with some chemists who are synthesizing one. They just recently believe they have a molecule for me to use. But while I was waiting, I was making devices with a metal “double dot” that should act in place of the molecule. This was visible in a previous micrograph. This structure is just two metal islands connected by a tunnel junction. Electrons can tunnel between the two and are quantized on individual dots. 
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Compensated SET Measurement Setup

Gate Compensation

Presenter
Presentation Notes
While I can use my gates to move electrons within a molecule, or double dot, I must be careful to maintain my desired high sensitivity bias point on the Coulomb blockade oscillations, otherwise I might not be able to detect single electron tunneling.This is a schematic of the test setup I use to measure these devices. Instead of directly controlling each gate, I control Vg(Bias) and Vg(Comp). Vg(Bias) is applied to just one of the gates and is used to set the desired starting bias point on the Coulomb blockade oscillations. The second control voltage, Vg(Comp) goes directly to one gate, and is additionally amplified or attenuated, inverted, and is added to Vg(Bias) to control the other gate. The desired amount of gate compensation is selected by adjusting the gain. 
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00

SET Charge Detector: 5 mV Signal
Charge Measurement Charge Effect on Device

Presenter
Presentation Notes
To hopefully make it clear how this measurement works, here is a simulation I ran for a detected signal strength of 5 mV, relative to my gate. On the left is the measured signal, and on the right is a plot of a Coulomb blockade oscillation. The x axis labeled “Vg Effective” corresponds to the collective effect of all the gates nearby the device, including the double dot. As Vg(Comp) is varied between about plus and minus 0.25 V the compensation holds us at a fixed point on the oscillation shown on the right and we measure a constant conductance, as desired. In this voltage range, each of the dots has zero excess electrons. 
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−1+1

SET Charge Detector: 5 mV Signal

5 mV

Charge Measurement Charge Effect on Device

Presenter
Presentation Notes
As Vg(Comp) is increased past 0.25 V an electron tunnels between the dots bringing one to +1 and the other dot to -1. This causes a shift in Vg(Effective) of 5 mV which moves us along the curve on the right and brings us to a new measured conductance value. As Vg(Comp) is increased further, the measured conductance again stays constant at the new value.
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+1−1

SET Charge Detector: 5 mV Signal

5 mV

Charge Measurement Charge Effect on Device

Presenter
Presentation Notes
If Vg(Comp) is decreased past -0.25 V an electron tunnels the other way in the double dot and we again move along the conductance curve this time increasing the measured conductance. 
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SET Charge Detector: 5 mV Signal
Charge Measurement Charge Effect on Device

Presenter
Presentation Notes
This continues with electrons tunneling with a fixed period within the double dot and tracks points along the conductance curve. You might notice with these 5 points we have just about run out of space along a reasonably linear portion of this curve. This can be a problem, especially when trying to measure stronger signals.
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SET Charge Detector: 50 mV Signal

00

Charge Measurement Charge Effect on Device

Presenter
Presentation Notes
Here we have the same measurement but for a signal of 50 mV relative to the gate. It starts off on some point on the conductance curve just as before.
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SET Charge Detector: 50 mV Signal

50 mV

−1+1

Charge Measurement Charge Effect on Device

Presenter
Presentation Notes
But after an electron tunnels within the double dot, we have jumped to the other side of the peak and only measured a small change in conductance.
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SET Charge Detector: 50 mV Signal
Charge Measurement Charge Effect on Device

Presenter
Presentation Notes
This effect can be even worse if more electrons tunnel. In this case, the other three states result in measurements of nearly zero. We have lost all sensitivity. This clearly needs improvement.
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Compensated Measurement

Presenter
Presentation Notes
Here is a side by side comparison of the two signals I just showed in the middle and bottom plots. As well as an even weaker gate referenced 1 mV. You can see that depending on the strength of the signal, the sensitivity of the electrometer might need to be varied, or you might be limited in how many electron transitions you can measure. 
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Measuring a Double Dot

Presenter
Presentation Notes
Here is data from a real device I measured.On the right is a plot of the measured Coulomb blockade oscillations for an SET with metal double-dot. On the left is a plot showing three detected tunneling events. These jumps correspond to a large portion of the oscillation period. To determine the strength of the signal I looked more closely at a single jump, highlighted here in blue at 5 V. 
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Switching Analysis
Before

Transition
After

Transition

Presenter
Presentation Notes
I measured the same tunneling event for varying bias points on the oscillations. A few of those curves are shown here. This has the effect of moving the starting and ending points along the oscillations. I then extracted the starting and ending points for each curve by averaging the points in the shaded areas and made a plot of those values.
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Switching Analysis

∆𝑄𝑄𝐼𝐼
𝑒𝑒

= 41%

Before
Transition

After
Transition

Presenter
Presentation Notes
The result is two images of the Coulomb blockade oscillations with an offset corresponding to the strength of the signal. In this case, the tunneling event was causing a 95 mV shift in Vg(Bias). Since Vg(Bias) for this device has a period of 234 mV that corresponds to a change in island potential equivalent to adding 41% of an electron to the island. Detecting electrons moving within a molecule is expected to be more difficult, but this measurements shows I have a lot of sensitivity to spare.
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