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Figure S1. Analyzing low-temperature measurements of I(Vg, Vsd). (top) Blue 
represents positive current, red represents negative current, white represent no 
current. (bottom panels) The energy level diagrams illustrate the alignment of 
electron energy levels in the source electrode, the CNT and the drain electrode. 
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Figure S2. Summary of the Coulomb blockade measurements and corresponding 
device labels. 
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Figure S3. Transport measurements of Device A to determine Eg = 12.5 ± 0.7 meV, 
ΔR = 5.1 kΩ . The source-drain electrode separation is L = 700 nm. a) I(Vsd,Vg) at T = 2 
K. b) R(Vg) at 300K c) dI/dVsd (Vsd,Vg) at T = 2 K. 
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Figure S4. Transport measurements of Device B to determine Eg = 29.1 ± 1.7 meV, 
ΔR = 12.1 kΩ . The source-drain electrode separation is L = 300 nm. Device B (300 nm 
section) is nominally the same CNT as Device E (700 nm section). a) I(Vsd,Vg) at T = 2 
K. b) R(Vg) at 300K for both sections of the CNT. c) dI/dVsd (Vsd,Vg) at T = 2 K on the p-
type side. d) dI/dVsd (Vsd,Vg) at T = 2 K on the n-type side. 
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Figure S5. Transport measurements of Device C to determine Eg = 55.3 ± 1.7 meV, 
ΔR = 30.0 kΩ . The source-drain electrode separation is L = 300 nm. Device C (300 nm 
section) is the same CNT as Device D (700 nm section).  a) I(Vsd,Vg) at T = 2 K. b) R(Vg) 
at 300K for both sections of the CNT. c) dI/dVsd (Vsd,Vg) at T = 2 K. 
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Figure S6. Transport measurements of Device D to determine Eg = 55.3 ± 1.7 meV, 
ΔR = 30.1 kΩ . The source-drain electrode separation is L = 700 nm. Device D (700 nm 
section) is the same CNT as Device C (300 nm section).   a) I(Vsd,Vg) at T = 2 K. b) R(Vg) 
at 300K for both sections of the CNT. c) dI/dVsd (Vsd,Vg) at T = 2 K on the p-type side. d) 
dI/dVsd (Vsd,Vg) at T = 2 K on the n-type side. 
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Figure S7. Transport measurements of Device E to determine Eg = 71.8 ± 6.2 meV, 
ΔR = 18.1 kΩ . The source-drain electrode separation is L = 700 nm. Device E (700 nm 
section) is the same CNT as Device B (300 nm section).  a) I(Vsd,Vg) at T = 2 K. b) R(Vg) 
at 300K for both sections of the CNT. c) dI/dVsd (Vsd,Vg) at T = 2 K on the p-type side. d) 
dI/dVsd (Vsd,Vg) at T = 2 K on the n-type side. 
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Figure S8. Transport measurements of Device F to determine Eg = 78.5 ± 2.0 meV, 
ΔR = 77.1 kΩ . The source-drain electrode separation is L = 300 nm. a) I(Vsd,Vg) at T = 2 
K. b) R(Vg) at 300K c) dI/dVsd (Vsd,Vg) at T = 2 K. 
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Fig. S9. Transport measurements of Device G to determine Eg = 78.6 ± 0.9 meV, ΔR 
= 65.5 kΩ . The source-drain electrode separation is L = 2000 nm. a) I(Vsd,Vg) at T = 2 K. 
b) R(Vg) at 300K c) dI/dVsd (Vsd,Vg) at T = 2 K on the p-type side. d) dI/dVsd (Vsd,Vg) at T 
= 2 K on the n-type side. 
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Fig. S10. Transport measurements of Device H to determine Eg = 112 ± 15 meV, ΔR 
= 57.6 kΩ . The source-drain electrode separation is L = 2000 nm. a) I(Vsd,Vg) at T = 2 K. 
b) R(Vg) at 300K c) dI/dVsd (Vsd,Vg) at T = 2 K. 
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Figure S11. Transport measurements of Device I to determine Eg = 132 ± 0.1 meV, 
ΔR = 87.1 kΩ . The source-drain electrode separation is L = 1500 nm. a) I(Vsd,Vg) at T = 
2 K. b) R(Vg) at 300K c) dI/dVsd (Vsd,Vg) at T = 2 K. 
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Figure S12. Transport measurements of Device J to determine Eg = 172 ± 5 meV, ΔR 
= 199 kΩ . The source-drain electrode separation is L = 2000 nm. a) I(Vsd,Vg) at T = 2 K. 
b) R(Vg) at 300K c) dI/dVsd (Vsd,Vg) at T = 2 K. 
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Figure S13. Determining Rc from room temperature R(Vg) measurements. a) Room 
temperature R(Vg). b) Log plot of R(Vg)-Rc demonstrating that R(Vg) exponentially 
approaches Rc for large negative Vg. 
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Figure S14. Log-log plot of isopropanol conductivity as a function of TBAF 
concentration. The gray line is a linear fit to the blue data point. The green dashed 
line is the residual conductivity of the pure isopropanol.  
 
 

 
 

Figure S15. Schematic of the probe needles used for liquid-gating experiments. 
The source and drain probe-needles are coated in parylene-c. 
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Figure S16. The potential measured in the fluid near the CNT, Vg,meas, versus the 
potential applied to the fluid, Vg,app. The addition of salt to the solution increases the 
slope but also introduces hysteresis.  
 
 
 
 

 
Figure S17. Faradaic leakage current measured from an electrode structure with 
no CNT. (left) Liquid gate applied via pure isopropanol. (right) Liquid gate applied 
via isopropanol with 3 mM TBAF. 
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Figure S18. Distinguishing Faradaic currents from current flowing through a 
CNT. (a) The source-drain current, Isd, is measured with Vsd = +50 mV (red curve) 
and Vsd = -50 mV (blue curve). When -0.55 V < Vg,meas < -0.3 V, the CNT is not 
conducting and the measured currents are due to Faradaic leakage. The electrolyte is 
isopropanol with 95 mM TBAF. (b) Subtracting the blue curve from the red curve, 
and dividing by 2, reveals the current flowing through the CNT when Vsd = 50 mV. 
  

 

 
Figure S19. CNT device measured at various of salt concentrations. When salt 
concentration is sufficiently large, I(Vg,meas) is independent of salt concentration. 
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Figure S20. Liquid-gate measurement of device 13 (top) and device 14 (bottom). 
The grey curves are measured in pure isopropanol. The red curves are measured with 
3 mM TBAF dissolved in isopropanol. The purple curves are log plots the data 
measured with 3 mM TBAF.  The subthreshold slope is noted. 
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C (mM) 0.001 0.3 3 10 25 95 
𝜆! (nm) 500 8.4 2.7 1.5 0.9 0.5 

 
Table S1. Debye screening lengths in IPA for monovalent salt. 

	
	
	
 

Material 𝜖 

Oxide 3.9 

Air 1 

Oil 3 

IPA 18 

Table S2. Relative permittivity of different dielectric materials of the device used 
in the self-consistent electrostatics simulations. 

	
	
	
	
	

 
Figure S21. Scheme of the device representing the 3 µm × 1.2 µm simulation 
domain. 
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Figure S12.  Electrostatic potential in the device with Air as the internal 
dielectric, at  𝑽𝒈𝒂𝒕𝒆 = −𝟓 V  (left) and  𝑽𝒈𝒂𝒕𝒆 = 𝟓 V  (right). The device structure 
is reported in Fig. 1 and the source and drain leads are at  𝑉!"#$%& = 0  and  𝑉!"#$% =
25 mV , respectively. 

 
 
 
 
 

 
Figure S23. Electrostatic potential  𝑽𝟎 𝒙   along the axis where the CNT will be 
placed. The environment is air. The five different  𝑉!"#$ values are indicated in the 
legend. 
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Figure S24. Self-consistent CNT bands of device #12 (see Table I of the main 
text) in Air (left graphs) and IPA (right graphs) with  𝑽𝒈𝒂𝒕𝒆 = −𝟓 V (top) and  
𝑽𝒈𝒂𝒕𝒆 = 𝟓 V (bottom). Here Fermi level is pinned at 𝑎 = 1

4  from 𝐸! and T= 300 
K. 

	

 
Figure S25. Enhancement of the transport gap, Eg/Eg,bare, as a function of the 
effective dielectric constant, ε eff, for a narrow gap and semiconducting CNTs 
with diameter a) D = 2 nm and b) D = 1 nm. Eg/Eg,bare depends on diameter for 
narrow-gap CNTs, but not semiconducting CNTs. Eg/Eg,bare are calculated with the 
same method described in Figure 1 of the main text.  
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Supplementary Note 1 - Coulomb blockade spectroscopy measurements 
At the (Vg, Vsd) coordinates labeled 1 in Figure S1, there is a net flow of electrons from 

filled states in the source electrode to empty states in the drain electrode via the first hole 

state in the CNT.  A similar situation occurs at higher Vg when current is transmitted 

through the first electron state (labeled as point 2). To find the transport band gap, Eg, we 

look for the (Vg, Vsd) coordinates at the peak of the largest diamond (point 3). The first 

electron state and the first hole state span the eVsd energy window and we have Eg = Vsd/e. 

We often make use of the straight edges of the Coulomb diamonds. If the maximum Vsd 

in the measurement range is less than Eg/e, point number 3 can be found by extrapolating 

the edges of the diamond. The gate coupling to the first hole state is sometimes different 

than the gate coupling to first electron state. In such cases the opposite edges of the 

diamond are not parallel.  

 

Supplementary Note 2 – Liquid gate measurements 
For liquid gating measurements, CNT devices are immersed in an isopropanol (IPA) 

solution that contains dissolved ions (TBA+ and F-). The ion content of the IPA is 

checked by measuring the conductivity of the liquid. Figure S14 shows conductivity as a 

function of concentration, σ(C), for various TBAF concentrations. The residual 

conductivity of pure IPA is also shown (green dashed line). We estimate the residual 

concentration of dissolved ions in pure IPA to be < 0.001 mM. 

The ion content of the liquid controls the Debye screening length, 𝜆!. By reducing  

𝜆!, the Schottky barriers associated with the CNT-to-metal contacts become more 

transparent.3 We estimate 𝜆! using the relationship 

𝜆! =  
𝜖𝑘!𝑇
2𝑒!𝑁!𝐶

,                   (𝑆1) 

where 𝑁𝐴 is Avogadro’s number, C is the salt concentration in mol/m3, and 𝜖 is the 

dielectric constant of the liquid. Table 1 shows 𝜆! for various ion concentrations.  

Figure S16 shows the relationship between Vg,meas and Vg,app. The relationship is nearly 

linear at low salt concentration. At higher salt concentrations the coupling between Vg,app 
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and Vg,meas is improved, but hysteretic effects are also apparent. When determining Eg 

(Fig. S20), it is important to plot conductance vs. Vg,meas rather than conductance vs. Vg,app.  

To measure the Faradaic leakage current, we performed control experiments on an 

electrode structure that has no CNT. Figure S17 shows a typical Faradaic leakage current 

between the liquid gate and the electrode structure. 

When characterizing a CNT device, we use the following procedure to distinguish 

between current that passes through the CNT channel and Faradaic leakage currents. The 

device is first measured with Vsd = +50 mV (Fig. S18a, red curve), and then measured 

with Vsd = -50 mV (Fig. S18a, blue curve). By inverting the source-drain voltage, the 

current flowing through the CNT is reversed. However, the Faradaic current between the 

liquid gate and the grounded drain electrode is unchanged. Therefore, subtracting the blue 

curve from the red curve and dividing by 2 corresponds to the current flowing through 

the CNT (Fig. S18b).  

The conductivity of the CNT device increases with salt concentration because the 

Schottky barrier contacts become more transparent. Figure S19 shows measurements 

taken at variety of salt concentrations. Faradaic leakage current has been subtracted. In 

Fig. 19a, the shape of the I-Vg curve stops changing at 25 mM TBAF. In Fig. 19b, the 

shape of the I-Vg stops changing at 3 mM TBAF. When determining Eg, we increase salt 

concentration until the shape of the I-Vg curve stops changing.  

We performed liquid-gate measurements of Eg on three different CNT devices (see 

Table 2 of main text). Data from Device 13 and 14 are shown in Figure S21 (Device 12 is 

shown in the main text).  

 
Supplementary Note 3 - Numerical simulations 
  Device structure and electrostatics. 

The first step to model the band profile of the CNT FET device is the calculation 

of the electrostatic potential 𝑉 𝑥, 𝑧  generated on the CNT by the voltage applied to the 

source, the drain and the gate metallic leads, when a dielectric with permittivity 𝜖 is 

present. This is achieved by solving the corresponding 2D Laplace equation 

𝜕
𝜕𝑥

𝜖 𝑥, 𝑧
𝜕
𝜕𝑥

𝑉 𝑥, 𝑧 +
𝜕
𝜕𝑧

𝜖 𝑥, 𝑧
𝜕
𝜕𝑧

𝑉 𝑥, 𝑧 = 0 
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where 𝜖 𝑥, 𝑧  is the position-dependent relative permittivity of the material. Numerical 

values used in the simulations are reported in Table I. 

The numerical solution is performed via a finite difference scheme on the 3 µm × 

1.2 µm rectangular simulation domain shown in Fig. S21, where the device structure is 

also reported. The thickness of the gate in the z direction (growth direction) is 20 nm and 

the thickness of the source and drain is 60 nm. The gate oxide is 100 nm thick and the 

oxide layer below the source and drain leads is 700 nm plus the gate oxide, leading to a 

total distance of 800 nm between the gate and the source/drain leads. In the x direction, 

the source and drain are 500 nm wide, leading to a 2 µm gap between them, where the 2 

µm long CNT acts as the channel of the FET device. A rectangular grid of 1200×800 

points is used. The electric voltage of the metallic leads (in black in Fig. S21) are 

included by imposing Dirichlet boundary conditions on them, while Neumann conditions 

with zero normal derivative are imposed on the remaining boundaries. The linear system 

resulting from the finite difference discretization is solved numerically to obtain the 

electric potential distribution inside the domain. Finally, the potential 𝑉! 𝑥  along the 1D 

segment representing the CNT (red dashed line in Fig. S21) is extracted. 

As an example, Fig. S22 reports the potential profile induced on the device area by two 

gate voltage setups, namely  𝑉!"#$ = −5 V  (left) and  𝑉!"#$ = 5 V  (right), with  

𝑉!"#$%& = 0  and  𝑉!"#$% = 25 mV  in both cases.  

Figure S24 shows  𝑉! 𝑥   for the two cases of Fig. 2, together with  𝑉!"#$ = −3 V ,  

𝑉!"#$ = 0 V  and  𝑉!"#$ = 3 V , in air.  

Self-consistent charge and potential of wide-gap CNTs. 

The charge density profile along the CNT is computed by means of a self-consistent 

cycle, with the CNT considered as a quasi-1D semiconducting system, where transverse 

excitations are neglected due to the strong confinement. The computed behavior of the 

band profiles against the gate voltage and other device parameters (e.g. its geometry, 

effective dielectric permittivity and Fermi level pinning) is instrumental to the 

rationalization of the conductance characteristics of the CNT devices.  

The CNT transport gap  𝐸!"# = 𝐸! − 𝐸!  is taken from the experimental estimation, 

as described in the main text, and the Fermi level µ of the unbiased system is set within 
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the gap, at the source and drain leads. By inspecting the asymmetric current vs  𝑉!"#$  

characteristic of the device (see Fig. 2d of the main text) it is clear that µ is closer to 𝐸! 

than to 𝐸!.4  Thus, we set 𝜇 = 𝐸! + 𝑎𝐸!"#  with 𝑎 < 0.5 . Specifically, 𝑎 varies from 1 3 

to 1 10  in different simulations. In each simulation, Fermi level is pinned at a fixed 

value throughout the self-consistent cycle. 

The electrostatic potential 𝑉! 𝑥  is then added to the conduction band and valence 

band energies along the CNT, leading to  𝐸!! 𝑥 = 𝐸! − 𝑒𝑉! 𝑥   and  𝐸!! 𝑥 = 𝐸! −

𝑒𝑉! 𝑥  . Since the source-drain voltage bias is included in 𝑉! 𝑥  ,the Fermi level of the 

drain must be shifted to  𝜇 − 𝑒𝑉!"#$% , while the Fermi level of the source is µ since  

𝑉!"#$%& = 0 . Within the self-consistent procedure, the electron and hole densities are 

obtained as5 

𝑛! 𝑥 = 2
𝑚!
∗𝑘!𝑇
2𝜋ℏ! ℱ

!!!

𝜇 + 𝐸!! 𝑥 + 𝑒𝑉 𝑥
𝑘!𝑇

 

𝑛! 𝑥 = 2
𝑚!
∗𝑘!𝑇
2𝜋ℏ! ℱ

!!!

𝜇 − 𝐸!! 𝑥 − 𝑒𝑉 𝑥
𝑘!𝑇

 

where T is the temperature,  ℱ!!!
  is the complete Fermi-Dirac integral of order − !

!
, and  

𝑉 𝑥  is the self-consistent interaction potential of the carriers on the CNT: in the first 

iteration it is set to zero or to a best-guess function. The effective mass 𝑚!
∗  (𝑚!

∗ ) of 

electrons (holes) in the semiconducting CNT is obtained from the RPA approach 

described in Ref. 6 (with the inclusion of the effect due to tube curvature, as parametrized 

in Ref. 7) by considering the experimental value of 𝐸!"#. We note however, that, contrary 

to the effective dielectric permittivity, its variation is small and does not affect 

substantially our results. 

From the charge distributions  𝑛! 𝑥   and  𝑛! 𝑥  , the interaction potential is obtained 

via a simple Coulomb integration, where the integral is performed along the CNT and an 

effective permittivity for the CNT carriers in a given the dielectric environment is used. 

The latter is obtained from the approach described in Ref. 6 and Ref. 7, as the effective 

masses. A dumping factor is included to avoid the divergence of the kernel and accounts 

for the finite transverse extension of the CNT phenomenologically. Its value is kept fixed 
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to γ = R/4, where R is the CNT radius. The solution of the set of equations is iterated 

until the relative change in both the electron and hole densities is less than 10−5 in any 

point of the CNT. 

Figure S24 shows an example of self-consistent conduction band and valence band 

resulting from the simulations of device #12 of Table I of the main text. Simulations 

parameters are given in the caption. Note that a similar result, only for air, is shown in 

Fig. 2b of the main text, where Fermi level was pinned at  𝑎 = 1
10𝐸!"#  from 𝐸! and 

𝑉!"#$ = 3 V. Schottky barriers at the contacts suppress n-type (𝑉!"#$ > 0) conductance 

for both dielectrics. 
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