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Figure S1. Raman radial breathing mode (RBM) spectra before (a) and after functionalization 

(b) with Co-Po. 

 

Figure S2. Raman radial breathing mode (RBM) spectra before (a) and after functionalization 

(b) with Co-Phc.  

 

 

Figure S3. The Raman mapping of an oxidized silicon substrate functionalized with Fe-Por. 
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Figure S4. The Raman mapping of an oxidized silicon substrate functionalized with Co-Por. 

 

Figure S5. The Raman mapping of an oxidized silicon substrate functionalized with Co-Phc. 

 

II. TEM analysis. 
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Figure S6. TEM observations of pristine SWNTs synthesized from 0.05 nm Ru layer 

at 850°C under atomic hydrogen (Hat). 
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Figure S7. TEM observations of SWNTs functionalized with Co-Por. (a) SWNTs synthesis 

from 0.05 nm Ru layer at 850°C under Hat. (b) HR-STEM-BF of Co-Por.  (c) STEM-HAADF 

image of functionalized SWNTs with Co-Por. (d) HR-STEM-HAADF image zoom of the 

area marked by the red dotted rectangle in (c) showing functionalized SWNTs.  
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Figure S8. TEM observations of SWNTs functionalized with Co-Phc. (a) HR-TEM image of 

functionalized SWNTs with Co- Phc. (b) HR-TEM image zoom of the area marked by the red 

dotted rectangle in (a) showing one functionalized SWNT. 

 

Figure S9. STEM-HAADF-EDS line scan analysis on individual functionalized SWNTs with 

Fe-Por: (a) STEM-HAADF micrograph of the chosen area for the analysis. (b) EDS-STEM 

line scan with the Nitrogen (in blue), Iron (in red) and Ruthenium (in black) concentrations 

recorded along the yellow arrow in (a).  
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Figure S10. STEM-HAADF-EDS line scan analysis on individual functionalized SWNTs 

with Co-Por: (a) STEM-HAADF micrograph of the chosen area for the analysis. (b) EDS-

STEM line scan with the Nitrogen (in blue), Cobalt (in green) and Ruthenium (in black) 

concentrations recorded along the yellow arrow in (a).  

 

 

 

 

Figure S11. EDS-STEM chemical analysis on individual functionalized SWNTs with Co-

Phc: (a) STEM-HAADF micrograph on the chosen area for the analysis. (b) EDS-STEM line 

scan with the Nitrogen (in blue), Cobalt (in green) and Ruthenium (in black) concentrations 

recorded along the yellow arrow in (a).  
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Figure S12. STEM-HAADF-EDS chemical mapping recorded on a larger area obtained by 

superimposing the elemental maps recorded for the carbon Kα = 0.27 eV -ionization edge 

(represented in red color), the silicon Kα = 1.94 eV ionization edge (represented in dark blue 

color), the iron Kα = 6.39 eV -ionization edge (represented in yellow color), the chlorine Kα 

= 2.62 eV -ionization edge (represented in orange color) and the oxygen Kα = 0.52 eV -

ionization edge (represented in green color) where the nitrogen signal is slightly visible (Kα = 

0.392 eV -ionization edge; blue color). 

 

III. Theoretical calculations. 

 

The SWNT (8,0) was modelled by a supercell of 5 × 5, with 160 atoms. All optimizations and 

electronic properties are performed using the PBE0 functional [1] and the 6-31G** basic set 

[2]. The PBE0 functional has been chosen to perform this work as it has been found suitable 

for the description of extended systems such as SWNTs, especially the band gap [3]. The 

long-range van der Waals interactions were considered for all calculations by using the 
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Grimme’s PBE0-D3 combined with Becke-Johnson damping D3(BJ) [4] which improves the 

description of the long-distance electronic correlations and hence, the interactions between the 

functionalizing molecules (phthalocyanine/porphyrin) and SWNT (8,0) surface. For the 

geometry optimizations and the evaluation of the Fermi energy, the 10 × 10 grid was applied 

to represent the Brillouin zone. A denser grid of 50 × 50 was used for the band structure.  

The SCF energy convergence was achieved using LEVSHIFT 10 1 and FMIXING 30. The 

truncation of the coulomb and exchange were controlled by five thresholds, 11,11,11,15 and 

30. (see CRYSTAL manual in Ref. [5] for exact details). In all the calculations, the SCF 

energy threshold value was set to 10
-7 

Hartree (default value), the number of alpha and beta 

electrons are defined by using the SPINLOCK keyword. 

The geometries of the complexes were fully optimized, the binding energies (Eb in kJ/mol) 

and minimal distance (dm in Å) are given in Table S1, according to the equation: 

 

 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔
𝐶𝑃 = 𝐸𝐴𝐵

𝑎𝑏 − (𝐸𝐴
𝑎 + 𝐸𝐵

𝑏) − (𝐸𝐴∗
𝑎𝑏 + 𝐸𝐵∗

𝑎𝑏) + (𝐸𝐴∗
𝑎 + 𝐸𝐵∗

𝑏 )          (1) 

 

where 𝐸𝐴𝐵
𝑎𝑏 is the energy of the complex 𝐴𝐵 at its equilibrium geometry using the total 

complex basis set, 𝑎𝑏; 𝐸𝐴
𝑎 is the energy of the isolated fragment 𝐴 at its equilibrium geometry 

(idem for 𝐵) using the fragment basis set, 𝑎. 

𝐸𝐴∗
𝑎𝑏 is the energy of the fragment 𝐴 at the equilibrium geometry in the complex 𝐴𝐵  using the 

total complex basis set, 𝑎𝑏 with 𝐵 "ghost" massless atom (idem for 𝐵) ; 𝐸𝐴∗
𝑎  is the energy of 

the fragment 𝐴 at the equilibrium geometry in the complex 𝐴𝐵 (idem for 𝐵) using the 

fragment basis set, 𝑎. 

 

Table S1. The binding energies (Eb in kJ/mol) and minimal distances between Co and a C 

atom of the SWNT (dm in Å) at the PBE0-D3/6-31G** levels of theory using CRYSTAL 

using equation (1)  

System Eb (kJ/mol)                 dm (Å) 

SWNT (8,0)_Co-Phc                   -124.69 3.02 

SWNT (8,0)_Co-Por                     -125.74 3.27 
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Table S2. The net electron transfer (∆q) from Mulliken analysis at PBE0-D3/6-31G**levels 

of theory using CRYSTAL 

System A_B q(A) (e) q(B) (e) q(A)+q(B)

SWNT (8,0)_Co-Phc -0,0571221 0,0571226 5E-07 

SWNT (8,0)_Co-Por -0.0495356 0.0495362 6E-07 

 

IV. Fabrication of the FET devices. 

All the electronic devices procedures were homemade and the corresponding work has 

been previously published [6-7].  

 

Figure S13. Ids vs Vg characteristics for CNTFET before (red curve) and after (black curve) 

breakdown process.  
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Figure S14. Scanning electron microscope (SEM) image showing a top view of an 

interdigited device consisting of a large number of SWNTs grown from Ru catalyst with the 

presence of some aggregates of Fe-Por. 

 

 Figure S15. Number of devices and corresponding ∆Vth(V) values. 
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Figure S16. Ids vs Vg characteristics for a) CNTFET (black) and the same CNTFET 

modified with Co-Por (red). Vds = 2V.  
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Figure S17. Ids vs Vg characteristics for a) CNTFET (black) and the same CNTFET 

modified with Co-Phc (red). Vds = 2V.  

Mobility calculation:  

The total capacitance, CT, of a CNTFET based on a single SWNT is the series combination of 

a geometrical capacitance, CG, and of a quantum capacitance (or density of state capacitance), CQ, 

originating from the extra energy needed when adding carriers above the Fermi level of the conducting 

SWNT [8]. This quantum capacitance can be approximated by:     

        

F

Q
v

e
C



24
            Eq.1          

Where e is the elementary charge and vF is the Fermi velocity of carriers (vF = 8x10
7
 cm/s and CQ ~ 

4x10
-12

F/cm [9]). 

The geometrical capacitance corresponding to a metallic wire on a metal plane is given by: 

L
dtLn

C
OX

G
)/4(

2 0
                        

 Eq.2  

where ε = 3.9 for SiO2, tox is the oxide thickness and d and L are respectively the diameter and length 

of the nanotube [10].  For a dielectric thickness of 100 nm and a nanotube diameter of 1.5 nm, CG ~ 

3.88x10
-13

 F/cm,  i.e., less than 10% of CQ.  Because the 2 capacitors are in series, it turns out that CT ~ 
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CG, meaning that the effect of the quantum capacitance can be neglected.  When an array of SWNTs is 

considered, the geometrical capacitance (per unit area) to be taken into account is more complex (ref. 

4):                                                                                 


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0

0
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        Eq.3 

where Λ0 represents the average distance between SWNTs on the surface. From this expression, we 

can see that when the SWNT array is sparse (few SWNT/unit length), Λ0 tends to be large and sinh 

(2πtox/Λ0) ~ 2πtox/Λ0.   The geometrical capacitance of the array, CGA, is therefore the product of the 

capacitance of an isolated SWNT (CG above), multiplied by the number of tubes (1/Λ0). 

On the other hand, when the tube density is high, sinh(2πtox/Λ0) ~ (1/2)exp(2πtox/Λ0), so that CGA 

approaches the value of a planar capacitor (per unit area) 

ox

p
t

C 0
            Eq.4 

Note that this approximation underestimates the carrier mobility values.    

Once the coupling capacitance C determined (depending on the SWNT density), the carrier mobility 

(when the CNT-FET is operated in the linear region) may be evaluated as: 

   
DV

G

D

D dV

dI

WCV

L
)(           Eq.5                                     

where L and W are respectively the length and width of the transistor and VD is the (constant) drain 

voltage and dID/dVG is taken in the subthreshold region. 

 Subthreshold Region 

Subthreshold swing shows how sharply the drain current drops with the gate potential, or in terms of a 

device performance, it means how sharply the transistor is turned off. Subthreshold swing is a 

reciprocal value of subthreshold slope. For a MOSFET, it can be calculated as: 

 

))()(10(ln
ln
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itDOX
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      Eq.6 

 

where COX, CD, and Cit are the oxide, the depletion layer, and the interface trap capacitance per area 

respectively [11]. In case of a Schottky source-drain transistor, the reader can consider the appropriate 

capacitances, such as a Schottky contact capacitance, etc. instead of those given in Equation 6. 

Subthreshold swing is usually expressed in mV/dec (decade). 

The theoretical limit of S is: 

decmV
q

kT
/60))(10(ln 

 
 

at room temperature. Typically up-to-date MOSFETs used in processors and in memory devices have 

S decmV /10080 . 
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