


From this, we can see that adding the Cy30; would lead to an overall decrease in the total

capacitance.

Temperature and Sensitivity

2.6 Thermal effects on mobility:

Studies have found that at temperatures above room temperature (300K-500k) mobility
decreased with the increase in temperature, however, charge density was seen to
increase for back gated devices.[8] In other words, at an arbitrary gate voltage, we will

still see a drop in mobility.

This relationship between the charge carriers and the gate voltage is shown by,

N R LG EL) (2.19)

Mobility’s dependence on temperature and on charge carrier density because of this we
know the dominant scattering mechanism in our system is caused by phonon scattering.
The relationship between mobility, number of charge carriers and temperature is as
follows,

(N =———x« —! (2.20)

Where W, is 4650cm2/vs, Nref is 1.1X10%cm™ T, is 300K and a is 2.2 and Bis3
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Another paper looked at the temperature range 300K to 380K. It was shown that
increasing temperature or gate voltage would result in the Dirac point to shifting to
more negative voltages closer to zero. It was said that the Dirac point is linearly
dependent on temperature.[9] Current is related to the temperature by an increasing
monatomic relationship, meaning they will increase or decrease together. Thermally
activated charge carriers that exist at low-density regions in the graphene could be a
cause for this. In examining the finding of Feng it is seen that at lower voltage sweep
ranges, the expected current should be around 90uA to 100uA. At higher gate voltages
there is a smaller change in minimum current. This experiment used a back-gated
device, which allowed them to use a much large voltage sweep range, then we can do

with our top gated devices.
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3 Experimental Methods

Two experiments were done to look at how noise and temperature affected the top-

gated graphene device.

Interpreting Noise

First we looked into noise by examining impedance. To investigate impedance caused by
liquid-graphene interface we examine the dependence of the real and imaginary
portions of the impedance with frequency. We collect data by applying a gate voltage
set by a lock-in amplifier and alternating the frequency of the gate signal while
measuring the current going through the device. The operational amplifier then receives
the AC signal from the current, which can be broken down and used to calculate real

and imaginary impedance.

3.1 Setting up the probe station

A small drop of the aqueous solution is placed over the graphene, covering it
completely. It is important that the liquid is checked periodically so it does not
evaporate, leaving a salt residue on the device. Two different measurements are
needed. One measurement yields a graph of conductance versus gate voltage, which

makes up the graph in Figure 1.3. The other measurements allows us to collect data on
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current traveling through the liquid down through the graphene allowing us to look at
the frequency dependence of the impedance the metal to liquid interface. The two

different setups are seen in the following circuit diagrams,

Aqueous Solution

Silicon Oxide (300nm)

Silicon

()
&/

—
—

—
—r—

Figure 3.1 Setup one, circuits used to take measurements the current as it changes across
graphene due to a changing gate voltage.
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Aqueous Solution

Silicon Oxide (300nm)

Silicon

Lock-In Amp.

Figure 3..2 Set up two, the circuit used to measure the current as it goes through the liquid
graphene interface.

The first set up applies a DC gate voltage to the aqueous solution on top of the device
and measure the current as it changes across the graphene.
For the second set up a metal probe is placed in the liquid; this is where the gate voltage

is applied. A DC voltage is added to a small AC voltage to give the total liquid gate
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voltage. This total liquid gate voltage is applied to the probe in the aqueous solution.
After the gate voltage probe is securely in place, two additional probes are placed on
the metal contact pads. The source probe is connected to a pre- amplifier with a 25mV-
offset voltage and the drain probe collects the AC portion of the current. The measured
current is sent to a lock-in amplifier, which gets rid of the gate voltage and separates the

real and imaginary portions of the current, Iyand ly.

3.2 Lock-in Amplifier

A lock-in amplifier is used to measure AC signals. It measures the signals using a

technique called phase-sensitivity detection, which singles out the real and imaginary
components of a frequency [6]. The lock-in takes a signal and multiplies it to a reference
wave, (3.1)

Acos(wt + d)sig) * Bcos(wt + (,‘bref)

Which is,
(3.2)

%AB Cos (¢sig - ¢ref)
We end up with a sine wave with a phase shift. The new signal is set though a low pass
filter to get a constant value for the amplitude. The lock- in will output the real and
imaginary part of the current wave found by adding the two cosine functions together.

Knowing that impedance is,

(3.3)

—~ <
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We can substitute in the gate voltage of V and the real and imaginary portions of the

current to get,

(3.4)
ivI,

7=Vl ——
L+ 1,2

3.3 Data Collection

To collect data two separate programs are needed. The first is used to sweep a range of
voltages over the device and record the corresponding current. From the resulting
curve, we are able to calculate mobility on the device. Sweeping is used to test and see
what gate voltages will provide good readings with little current drift. The selected
voltages will be used as guides for setting the gate voltage when sweeping frequencies
in the next program. The second program manually sets the DC gate voltage and sweeps
a range of frequencies, recording the real and imaginary parts of the resultant current as

read by the operational amplifier.

Temperature and Sensitivity

3.4 Alterations to the Probe Station

The set up of a heating system used to raise the temperature of the graphene device is
described in this section. The circuit for the system can be seen in Figure 3.1 with some

slight alterations made from the basic set up to incorporate the temperature specific
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components. The modified temperature probe setup can be seen in Figure 3.3. To heat
up the graphene, a copper tube with an outer diameter of 0.5in is placed around the
device. To help prevent scratching and to create a watertight seal an O-ring is epoxied to
the base of the copper tube. The epoxy must be able to withstand high temperatures,
up to 100C, and be waterproof or the seal will break. Once the tube is in place over the
graphene a clamp is used to press the tube into the substrate to create the watertight
seal between the O-ring and the chip. A salt-water solution 20mM KH,PO4 with a PH of
7.0 fills the copper tube. A thermistor is placed far enough into the tube so the resistor

is submerged in the salt water.

The copper tube should be placed on and secured over the graphene first. After that,
the metal probes can be gently lowered on the pads. If done before there is a risk of
bumping that could cause scratching. The next step is to check the wiring, the copper
tube should be connected to the voltage source supplied produced by the lock in
amplifier and the probes should be connected to the preamplifier. The offset on of the
preamplifier should be 25mV. The thermistor should be connected to a multimeter set

to read resistance.
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thermistor

Voltage gate
wire

robe

Figure 3.3 Schematic of the copper tube placed onto the chip. The copper tube is placed over
the graphene device and heated .The green wire will provide the gate voltage.

3.5 Data Collection

After setting up the copper tube and probes the heating process can start. A soldering
iron is used to heat the copper tube. It is important to be careful with the placement of
the iron, it must not bump the probe or be directly next to the thermistor or the
temperature measurement will be inaccurate. Once heated, no more than 100°C, data
can start being collected. The thermistor is connected to a digital multimeter capable of
measuring its resistance. The output of the multimeter is sent to LabView to be
converted into a temperature measurement will read off a resistance that changes with
temperature thus giving an accurate way of determining the temperature of the water.
A program similar to that used to sweep frequencies records the current at that gate

voltage over time along with the temperature reading from the thermistor over time.
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4 Data and Analysis

Interpreting Noise

4.1 Before Buffer
Data was taken for multiple devices before and after applying the yttrium oxide, which
was used to see if we could reduce the resistance causing noise in the liquid to graphene

interface.
For one device we look at the basic current versus gate voltage graph and the

impendence versus frequency graph before adding yttrium oxide in order to establish

our baseline.

30



Current (uA)

7 4
6 -
5 -
4 4
T T T T L 1 T 1 1
0.6 0.4 0.2 0.0 0.2 0.4 0.6
Gate Voltage (v)

Figure 4.1 Current vs Vg curve of the graphene device.
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Figure 4.2 Frequency vs Z for the real and imaginary impedances. The real impendence (black)
represents our noise and is the resistor in our model. The imaginary impedance (red) is
representative of the capacitance of our system.

Form Figure 4.1 we see that slope of the cure is fairly symmetric with a Dirac point at around 0OV.
Figure 4.2 shows the real and imaginary impedance for a set gate voltage, the slopes are close to

one for both, but real impedance is lower down on the graph then imaginary impedance.
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4.2 After Buffer Application
After applying yttrium oxides we saw some changes. Figure 4.3 shows the current verse

gate voltage again,

11 1 1 1 1 1

10 - -

Current (uA)

06 04 02 00 02 04 06
Gate Voltage (v)

Figure 4.3 | vs Vg curve after yttrium oxide was applied. The slope decreased from the original
device.
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Some interesting changes can be seen in this graph. Note the addition of an extra hump
in the curve and the slope has changed to be less steep hinting at a lower mobility.
Observe that the curve seemed to shift down, a sign that the total resistance has

increased within the graphene itself.

In looking at the changes in impedance after the application of yttrium we see some

unexpected results.
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Figure 4.4 F vs Z for the real and imaginary impedances. Relating the impedances before yttrium
oxide at -250mV and after at -200mV. The new real impendence (green) lies almost on top of
the old (black)

It is important to note that the imaginary impendence, Z, has not changed much; there
is only a slight increase. The real impedance does not act as expected. From 2.17, we
expect to see a decrease in Z, after applying the yttrium oxide that would tell use that
the noise had decreased, however, we see an increase in impedance up until around

200 HZ.

To better interpret what is happening in our system we used equations 2.14 and 2.15 to

calculate the resistance and capacitance.
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Figure 4.5 Graph of Resistance before (black) and after (green) yttrium oxide was applied.

The resistance after the yttrium was applied seems to have decreased slightly until
around 200Hz and then increased. Ideally we would have seen a more dramatic change

after application as well.
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Figure 4.6 Graph of Capacitance before (Red) and after (pink) yttrium oxide was applied.
Showing a drop in capacitance after the application of yttrium.

The capacitance did act as expected decreasing after the addition of the yttrium oxide.
Although our data doses not show that we were able to reduce noise by adding a buffer
layer we did see that the addition of the buffer only changed the capacitance slightly
meaning this if we saw better resistance changes we would not be effecting the overall

sensitivity of the device that much.

37



Temperature Sensitivity

4.3 Current and Temperature Relationship

We saw little change in current as it relates to temperature. The range of temperatures
examined was not as large as we had initially desired due to design flaws in the
experiment and this could have been why we did not see change. Figure 4.7

demonstrates the lack of change in current as the liquid cooled down.
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Figure 4.7 This graph shows the change in current and temperature over time. The gate voltage
for this data run was at -.3V.
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We would expect to see some change in the slope of the current as temperature
changes, but we see a fairly steady average current. There is a lot of noise in our signal,
which is expected at higher temperatures. In comparing different trials we still see a

constant current.
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Figure 4.8 Graphs of several different tiles set at . -.3V showing how current changes over
temperature while the device is allowed to cool down.
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Although many trials were preformed we were not able to see notable change in our
current as temperature changed. We had hoped that as temperature increased current
would decrease, thus mobility would be decreasing. A wider data sample could have

allowed us to see if there was a spot where we did see better results.
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5 Conclusion

By adding yttrium oxide over the graphene we hoped that it acts as a buffer some of the
resistance leaking in our circuit. We did not see any change in the real impedance,
unfortunately. There were some interesting things that happened that we could
speculate on. From the current vs. gate voltage curve, we did see an increase in
resistance and a double hump. That double hump could have been caused by
inconsistencies in the application of the buffer. If only part of the device was covered
some parts of the current would flow as it normally would across the graphene while
other parts would have to go through the yttrium. This idea of inconsistent application

could also explain the way the real impedance had a frequency transition at 200Hz.

Another possibility that could explain why noise increase after the yttrium oxide was
applied is that the assumptions that we would not have dangling bonds failed and we
did have them, which would increase scattering sites.

Possible ways to more forward would be to look at the covered devices with an AFM or
TEM to study the coverage. We could also look into different materials that might work

better.

In regards to the temperature, we were not able to see an effete on mobility. Through
the prose of running our experiment, we ran into many problems that could have

caused inaccurate results. The major difficulty we encountered was the set up of the
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copper tube. Because we had to use a clamp to create a seal with the device there was
an increase chance of damaging the fragile leads connecting the graphene to the
measuring pads. We did see broken leads in one of our devices rendering that device
useless. The reason we chose the set up we did was so it could be removed and applied
to other devices. If we had a more permanent set up we would have avoided the
problem of damaging our devices from pressure and scratching, but we would have had
problems cleaning the electrolyte solution off the device because if the solution
evaporates the salt residue will damage the device. If our sample had not broken we
might have been able to look at a wider temperature range, but from the data gathered

we do not see any differences.

In summary, the two lines of research | investigated did not turn out as desired but did
lead to questions in project design that could be improved upon. The questions of noise
and temperature effect on a liquid gated device are still important to be studied, but

require an alternative method than the one we chose.
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