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1 Electrode Passivation

Our devices utilize a 8% PMMA495 in anisole passivation to cover the gold elec-
trodes. This passivation layer is necessary to reduce parasitic Faradaic currents
resulting from electrochemical reactions likely between ions and impurities in the
gold electrodes [1]. To evaluate the effectiveness of this passivation layer we have
measured the Faradaic current between a Ag/AgCl and gold electrode as a function
of applied voltage for a for a non-passivated device and a device with a PMMA
passivation layer. As shown in Fig. 1(a) we see a clear decrease in the measured
Faradaic current when the device is passivated. Note, however, that we observe a
slight Faradaic current (averages to ~50pA at -600mV bias) even in the devices
passivated by PMMA [inset to Fig. 1(a)]. This is potentially due to degradation of
the PMMA from high electric field gradients when biasing in solution [2, 3]. Such
Faradaic current can not explain the current-voltage relation observed in the main
body of this work. Fig. 1(b) compares I-t traces measured on a passivated and
non passivated device at zero bias. The passivation layer also significantly reduces
capacitive noise resulting from coupling to the solution. The area of each gold elec-

trode is ~20 000 um? (all of which is covered by PMMA).

0
@) ’”~ 0.000
/ X
-25 ’ < 0.5
— / £ -0.025 —
< / - <
5 =50 ,I _0'050—600 0 600 5 0.0
e / V (mV) —
/ —
—75 / —— PMMA Passivation 05
// - = No Passivation
—-100 L . . , . . : ,
-600 —-300 0 300 600 0 1 2
V (mV) t (s)

Figure 1: (a) Parasitic Faradaic current measured between a gold electrode and a Ag/AgCl
electrode as a function of applied bias for a non-passivated and PMMA passivated device.
The inset shows a zoom of the measured current for a PMMA passivated device. (b) I-t
traces for a non passivated and PMMA passivated device measured on the gold electrode

at zero bias.



2 Liquid Gated Graphene Quantum Dot Exam-

ples

Figure 2 shows three more examples of the electron transport through a graphene

quantum dot controlled by an electrolyte gate.
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Figure 2: Examples of electron transport through a graphene quantum dot controlled by

an electrolyte gate.



3 Rate Equation

The rate equation was used to obtain a fit to the measured current [4]:
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where e is the electron charge, h is the reduced Plank’s constant, vg/p are the
electron transfer rates from the source/drain electrodes to the quantum dot and ys/p

are the electron transfer rates from the quantum dot to the source/drain electrodes.

The electron transfer rates at an electrode can be calculated by:
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Q2 is a factor to account for the spin degeneracy of a molecular energy level and
takes the value of 0 or 1 [5]. f(e) is the Fermi-Dirac distribution of electrons in the
electrodes which can be calculated from f(e) = (exp[(e —V)/kpT|+1)"! with V the
voltage applied to the electrode. k(e) is the rate constant for electron transfer from
the electrode to the quantum dot while k(e) is the rate constant from the quantum

dot to the electrode.

The rate constants are calculated by Marcus theory [6].
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I' is the electronic coupling between the electrode and the quantum dot, A is the
reorganization energy, kg is Boltzmann’s constant, T is the temperature, € is the

electron energy and p is the chemical potential of quantum dot.

The chemical potential of the quantum dot is calculated from the capacitances to

the source (Cys), drain (Cp) and gate (Cg) electrodes [7].

p=c—ACsVs+CpVp + CeVeg) (5)
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Where the ¢ is an offset determined by the ground state of the quantum dot and A

is a constant determined by the charging energy of the quantum dot.

Fits for the experimental data shown in the main body of this work were calculated

using these equations with A\, I'g, I'p, Cs, Cp, Cg,A and c the fitting parameters.



4 Field Sensitivity of GQD compared to a Graphene
Ribbon

Figure 3 shows the change in current for a 20mV change in Vg for a 500 nm wide
graphene ribbon and a GQD. The GQD is approximately 10x more sensitive to
change in the V. This partially explains the large charge noise observed in GQD
devices compared to 500nm wide graphene ribbons. Note that the exact values
for the percentage change in current will depend on the applied Vg for both device
geometries. This plot is simply designed to demonstrate the high sensitivity of GQD

devices to changes in the electric potential.
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Figure 3: Change in current for a 20 mV change in Vi for a 500 nm wide graphene ribbon
(left) and a graphene quantum dot (right). The dashed red line shows the fit to the

experimental data.



5 Numerical calculation of Transconductance

Figure 4 plots the |dI /dVg| as calculated from a numerical derivative of the measured
current as a function of Vg for Vgp=120mV. This plot also shows the measured rms
noise as a function of Vg for Vgp=120mV. Clearly, the measured rms noise does
not follow |dI/dVi| as calculated from the numerical derivative of our data. This

demonstrates that our results are not introduced as a artifact of the fitting process.
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Figure 4: Transcoducate as a function of Vg for Vogp=120mV as calculated from a nu-

merical derivative to the measured data (left axis). RMS nosie as a funciton of Vg for

vsd=120mV (right axis).



6 Noise on a Different Substrate

We measured devices on a different substrate to understand the effect of the sub-
strate on the measured noise. These devices were fabricated on top of a degenerately
n-doped Si wafer with 300 nm of thermally grown SiOs. A 3um wide gate electrode
was defined via photolithography and e-beam evaporation of 5nm Cr followed by
30nm of Au. A 10nm layer of HfO, was then deposited via atomic layer deposi-
tion. Finally, source-drain contacts were defined either side of the gate electrode
via photolithography and e-beam beam evaporation of 5nm Cr and 50nm Au. A
graphene quantum dot was fabricated at the center of the gate electrode via the

electroburning technique describe in the main body of the text.
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Figure 5: (a) Measured current as a function of Vg for Vgp=300mV. Measured current as
a function of Vgp for Vg=-4 V. The corresponding fits to the rate equation are shown by
the red dashed lines. (¢) Measured (blue) and simulated (orange) rms noise as a function

of Vg for Vep=300mV.

Figure 5(a) shows the measured current as a function Vg for Vep=300mV and
the corresponding fit to the rate equation. Figure 5(b) shows the measure current
as a function of Vgp for Vg=-4V and the corresponding fits to the rate equation.
Figure 5(c) shows the measured rms noise as a function of Vg for Vogp=300mV along
with the rms noise of the simulated traces. In these devices the capacitive noise is
much larger due to the close proximity of the Au electrode to the device. Hence a
constant rms noise of 0.22nA is added to the simulated noise level. Fluctuations
in Vsp and Vg take the same form as that described in the body of the paper,

however, here gate fluctuations were multiplied by a factor of 9.88. This factor was



calculated from the capacitances extracted from the fits to the rate equation and
accounts for the different lever arm of the liquid gated and local back gated devices.

The simulated and measured rms noise values match fairly well.
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