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Supplementary Figure 1: Ion-polarity selective exposure. a Drain current plotted versus for a CNT FET exposed alternately to 
positive (yellow) and negative (blue) ions, and b ionization drift chamber cartoon diagram, illustrating the application of electric 
fields for ion polarity selection. 
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Supplementary Figure 2: Geometry of (8,0) single-walled CNT with N2
 adsorbate at the four adsorption sites investigated by 

this study. 
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Supplementary Figure 3: Energy dependent transmission coefficient. a Ion potential well, with bound conduction band states, b 

calculated transmission coefficient showing finite tunneling through the ion potential barrier, and c log plot of the transmission 

coefficient, showing a small resonant tunneling peaks at the bound conduction band state energies.  
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Supplementary Figure 4: Effect of tunneling on I-VG curve. The primary effect of tunneling through the ion potential is nearly 

indistinguishable from reduced potential depth/ion charge.  
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Supplementary Note 1. Ion-Polarity Effects 

 

In order to determine the effect of positive versus negative polarity ions on the electrical 

properties of the CNT,  an ionization drift chamber was constructed to apply electric fields to the 

ionized gas inside the chamber. Supplementary Fig. 1a shows drain current versus time during 

exposure to ionized nitrogen and oxygen gas with alternating electric field polarity in the 

chamber. Over 5 million data points are plotted in Supplementary Fig. 1a, in which thousands of 

switching events were observed. The circular dots in the plot represent hits from an automated 

switching event detection algorithm. When the field polarity was such that positive ions were 

driven towards the CNT, the switching events were frequent; when negative ions and electrons 

were driven towards the CNT, the switching events mostly ceased occuring. At the start of the 

experiment, ionized nitrogen gas was used, which is well approximated as a mix of positive ions 

and free electrons. After a later time, the chamber was purged with oxygen, which has a high 

electron affinity, resulting in a substantial negative ion population from electron capture by 

neutral oxygen molecules
1
. Almost no switching events were observed during exposure to either 

free electrons or negative oxygen ions. The increases and decreases in nominal drain current 

after polarity switches are thought to be caused by surface charging of exposed Si3N4 dielectric 

around the CNT FET. The electric field in the ionization chamber was adjusted to a value 

slightly above the saturation field strength, where all ionized charge created was collected at the 

electrode plate, minimizing ion recombination losses. This field strength was, however, well 

below the threshold for impact avalanche multiplication.  

 

 

Supplementary Note 2. DFT Binding Energy Calculations 

 

DFT calculations were performed to investigate the binding energies of neutral N2 and N2
+ at 4 

different surface sites (A, H, T and Z) based on earlier work by Dag et al. on the adsorption of O2 
on (8,0) single-walled CNTs2 (See Supplementary Fig. 2). Ion cores are represented by ultra-soft 
pseudopotentials (C.pbe-rrkjus.UPF, N.pbe-rrkjus.UPF) available from www.quantum-
espresso.org, and a plane-wave basis with kinetic energy cut-off of 280 eV are used to model 
the valence electrons. Test calculations of adsorbate binding energies performed with higher 
kinetic energy cut-off values showed that higher cut-off values did not significantly change the 
results. Semi-empirical van der Waals interactions were included in binding energy 
calculations3,4. DOS calculations was performed using the tetrahedra method5. 

The binding energies reported in the main body of the manuscript reflect the binding energies 

averaged over all four binding sites and the reported standard deviation reflects differences in 

binding energy at each adsorption site for both the neutral and ionized N2 adsorbate. The 

relatively weak binding energies reported here for neutral N2
 
adsorbate are consistent with the 

findings Dag et al. reported for neutral, ground state O2.  
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Supplementary Note 3. Gate Voltage Dependence Fitting Parameters 

 

The gate voltage dependence of the CNT while in the defected state (Fig. 7, main body) was 

repeatable, but due to the transient nature of the events it was necessary to plot several IV curves 

while the CNT was in the for the lower, degraded current state in order to cover the full gate 

voltage range. For the Landauer model calculation, the band gap was set to 0.8 eV
6,7

, and the 

gate capacitance used was 8 pF/m, chosen based on curve fitting of the pristine IV curve, and 

also from previously determined values for these devices
8
. The electron mean free path, gate 

capacitance,  , and contact resistance were adjusted until the theoretical model fit the pristine 

data curve. The resulting values for high energy electron mean free path, contact resistance, and 

  were 2.5 µm, 23 kΩ, and 50%, respectively. These values are in line with those previously 

reported in the literature
7,9,10

. In order to fit the defected nanotube IV curves taken during 

exposure to ionized gas, the ion potential and reduced gate efficiency were adjusted until the 

resulting curve fit the experimentally measured data. Other than these two parameters, the fitting 

of the defected data used the same values for electrical properties as with the pristine CNT fit. 

The details on implementation of the Landauer transport model are reported elsewhere
9,11

. 

 

 

Supplementary Note 4. Tunneling Transmission Coefficient Calculations 

 

Since the ion potential is relatively narrow, there is a substantial probability for carrier tunneling. 

In order to investigate this effect, energy dependent transmission coefficients through the ion 

potential barrier were calculated using the propagation matrix method
12

 with a hyperbolic band 

dispersion
13

, and the results of these calculations are shown in Supplementary Figs. 3 and 4. 

Supplementary Fig. 3a shows the ion potential with an ion charge      of 0.18 elementary 

charges, and Supplementary Fig. 3b shows the transmission coefficient calculated for the 

potential in Supplementary Fig. 3a, confirming that there is indeed substantial hole tunneling 

through the ion potential. Supplementary Fig. 3c shows the log of the transmission coefficient 

plotted versus energy, and shows small resonant tunneling peaks at the bound conduction band 

state energies. Supplementary Fig. 4 shows the I-VG curves calculated with the Landauer 

transport model using the transmission coefficient for the ion potential with and without 

tunneling, and gives insight into the effect of tunneling on the shape of the I-VG. The curves 

plotted in Supplementary Fig. 4 were calculated for transmission through the ion potential only, 

without regard for the behavior of the entire device as a whole. There is significant hole 

tunneling through the ion potential; however, the primary effect on the shape of the I-VG curve is 

simply to reduce the threshold voltage shift, which is nearly indistinguishable from a reduced 

adsorbed ion charge     , as shown in Supplementary Fig. 4. The effective ion charge      

required to fit the experimental data in the main body using the device level model without 

tunneling was +0.075 elementary charges, and factoring in tunneling gives an actual ion charge 

of      = +0.18 elementary charges.  
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