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1. Manufacture of SWCNT films and characterization by Raman spectroscopy/SEM

Figure S1 Synthesis and IL-doping of SWCNT films.

Figure S2 Raman spectrum of a neat SWCNT film. The insets show magnified RBM and G peak areas.

Table S1. ID/IG ratios of the IL-doped SWCNT films as compared with the pristine material.
Sample code IL dopant ID/IG [-]

Neat SWCNT film - 0.01
A1 tetramethylammonium chloride 0.02
A2 tetramethylammonium iodide 0.01
A3 tetramethylammonium tetrafluoroborate 0.02
A4 tetramethylammonium trifluoromethansulfonate 0.02
A5 tetramethylammonium p-toluenosulfonate 0.01
B6 tetraethylammonium chloride 0.01
B7 tetraethylammonium iodide 0.01
B8 tetraethylammonium tetrafluoroborate 0.02
B9 tetraethylammonium trifluoromethasulfonate 0.01

B10 tetraethylammonium p-toluenosulfonate 0.02
C11 tetrabutylammonium chloride 0.01
C12 tetrabutylammonium iodide 0.01
C13 tetrabutylammonium tetrafluoroborate 0.01
C14 tetrabutylammonium trifluoromethanesulfonate 0.02
C15 tetrabutylammonium p-toluenesulfonate 0.02



Figure S3 High-resolution SEM micrograph SWCNT film doped with tetramethylammonium 
iodide (A2).

2. Modeling details
The calculations of structural and electronic properties of pristine and doped SWCNTs have been 

carried out in the framework of the spin-polarized density functional theory (DFT)[1,2] in the 

generalized gradient approximation (GGA) approach using Perdew-Burke-Ernzerhof (PBE) 

parameterization[3] as implemented in QuantumATK [4,5] and Siesta[6,7] numerical packages. 

Valence electrons were represented with double-ζ numerical basis (DZP) sets of orbitals localized 

on atoms, with polarization functions also included. The influence of the core electrons was 

accounted for using norm-conserving Troullier–Martins[8] nonlocal pseudopotentials cast in the 

Kleinman–Bylander[9] separable form. Long-range interactions between the halogens and the 

SWCNTs were included in the total bonding energy using the methodology proposed by Grimme 

[10]. [x] The Brillouin zone was sampled in a 3x3x7 Monkhorst and Pack scheme[11], while the 

density mesh cut-off for real-space integrals was set to 300 Ry. For the band structure and density 

of states calculations, the kinetic cut-off for real-space integrals was increased to 500 Ry. During all 

calculations, the self-consistent field (SCF) cycle was iterated until the density matrix by less than 

10−5 per iteration. Models presented in Fig. ST1 were optimized until a maximum force converged 

to lower than 0.004 eV/Å and the total energy changed by less than 10−5 eV. The simulations were 

performed using 3D periodic boundary conditions. 

The thermoelectric properties of the most stable systems were calculated employing DFT in 

combination with the non-equilibrium Green’s function method (NEGF) as implemented in 

QuantumATK[4,12–14]. The basis sets were reduced to single- ζ with polarization functions (SZP), 

while other parameters remain the same as during structural and electronic properties calculations. 

Pure and doped SWCNTs comprising the central scattering regions of device configurations were 

coupled to two semi-infinite silver electrodes, as shown in Fig. ST3, top panels. The interfaces 

between the Ag (001) surfaces and the SWCNT open ends were fully relaxed until a maximum 

force converged to lower than 0.01 eV/Å and the maximum stress changed by less than 0.1 GPa. 



The Brillouin zone of the two-probe system was sampled using a 1 × 1 × 100 Monkhorst–Pack 

scheme. The transmission spectra were calculated in the [−3,3] eV range within 601 points. 

The thermoelectric properties were calculated using linear response theory[15,16]. In this 

approximation, the Landauer–Büttiker formula for electrical current in the ballistic regime is 

expressed as the sum of two terms: 
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where U is a finite bias voltage, e is the electron charge, h is the Planck constant,  is the 𝑇(𝜀,𝑈)

energy-resolved transmission function, f(ε,μ,T) is the Fermi-Dirac electron distribution, μ is the 

electrochemical potential of the electrode, and T is the temperature of the electrode. ∆T and ∆µ are 

small changes. Chemical potential is expressed as: , where εF is the Fermi energy. The 𝜇= 𝜀𝐹± 𝑒𝑈 2

transmission function for electrons with energy ε incident in the central region of the device can be 

expressed by retarded Green’s function :𝐺̀(𝜀)

 𝑇(𝜀,𝑈) = 𝑇𝑟[𝐺̀(𝜀)Γ̀𝐿(𝜀,𝑈)𝐺̀(𝜀)
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where  is the broadening function for the left (right) electrode, Γ̀𝐿(𝑅)(𝜀,𝑈) = 𝑖(Σ̀𝐿(𝑅)(𝜀,𝑈) ‒ Σ̀𝐿(𝑅)(𝜀,𝑈)
† ) 2,

and  are the corresponding self-energies calculated in the iterative self-consistent approach. Σ̀𝐿(𝑅)(𝜀,𝑈)

Hence, the electrical conductance, G, and the Seebeck coefficient, S can be calculated as:
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and 

, respectively. The power factor per SWCNT is defined as 
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GS2 [17,18].

Thermoelectric properties of SWCNT films were calculated using a simple model of mixed 

SWCNT circuits adopted from Hayashi and colleagues[18]. The conductance and the Seebeck 

coefficient in the parallel model containing 90% metallic SWCNTs are defined as:

𝐺𝑓𝑖𝑙𝑚= 0.9𝐺𝑚+ 0.1𝐺𝑆

and 

,
𝑆𝑓𝑖𝑙𝑚=

0.9𝐺𝑚𝑆𝑚+ 0.1𝐺𝑆𝑆𝑆

0.9𝐺𝑚+ 0.1𝐺𝑆



where Gm(S) and Sm(S) are the conductance and Seebeck coefficients of metallic and semiconducting 

SWCNTs, as shown in Fig. T3 (b).

Table S2 DFT computed structural and energetic properties of fully optimized pristine and all IL-doped 
(12,12) and (20,0) SWCNTs shown in Fig. ST1. The nitrogen/sulfur-SWCNT distances are the smallest 
difference between the molecule nitrogen/sulfur distance from the SWCNT symmetry axis and the mean of 
the SWCNT radius. The coefficient of SWCNT radius variation, CV, is calculated as the ratio of the standard 
deviation to the mean of the SWCNT radius[19]. The adsorption energy per carbon atom, Eads/NC, is defined 
as the difference between the total energies of fully optimized systems containing functionalized SWCNT 
and IL molecule and the total energies of isolated SWCNT and IL molecule divided by the number of 
nanotube carbon atoms. The binding energy per atom, Ebind/N, is calculated as the difference between the total 
energies of fully optimized systems (pure or functionalized SWCNTs or IL molecules) and the sum of total 
atomic energies of the free atom of each type that are present in the systems, divided by the number of all 
atoms in the system. The most stable doped systems (of lower Eads/NC) are highlighted in green color.

SWCNT IL
IL orientation

(A=perpendicular;
B=parallel)

NIL-SWCNT 
distance [Å]

SIL-SWCNT 
distance [Å] CV Eads/NC [eV] Ebind/N [eV]

---- ---- ---- 0.0013 ---- -8.300
A 3.361 3.908 0.0045 -0.0081 -8.080A5 B 3.955 3.337 0.0041 -0.0070 -8.079
A 3.896 3.808 0.0021 -0.0081 -8.051B9 B 5.073 4.922 0.0022 -0.0041 -8.049
A 3.938 3.610 0.0064 -0.0070 -8.006

(12,12)

B10 B 3.814 3.171 0.0050 -0.0106 -8.008
---- ---- ---- 0.0002 ---- -8.297

A 4.494 3.370 0.0028 -0.0040 -8.054
A5

B 3.941 3.270 0.0018 -0.0059 -8.055
A 3.841 3.376 0.0043 -0.0052 -8.024

B9
B 3.779 3.399 0.0022 -0.0032 -8.023
A 3.911 3.227 0.0032 -0.0077 -7.977

(20,0)

B10
B 3.928 3.262 0.0049 -0.0053 -7.976

Table S3 DFT computed electronic properties of fully optimized pristine and chosen IL-doped (12,12) and 
(20,0) SWCNTs: Fermi levels (EF), the valence band maxima (VBM) and conduction band minima (CBM) 
with respect to the Fermi levels of fully optimized pristine (12,12) and (20,0) SWCNTs, energy band gaps 
(Egap), Hirshfeld charges of SWCNTs (qH

SWCNT), and oxygen impurity levels closest to the Fermi level of each 
system (EO). Charge transfer from IL molecule to SWCNT was calculated using Hirshfeld charge population 
analysis[20,21] on the fully optimized structures. The positive values indicate a deficiency of electrons in 
SWCNTs after IL doping. The most stable doped systems are highlighted in green color.

SWCNT IL
IL orientation

(A=perpendicular;
B=parallel)

EF [eV] VBM-
EF

pure [eV]
EF

pure -CBM 
[eV] Egap [eV] qH

SWCNT

[|e|] EO [eV]

---- ---- -3.941 0.000 0.000 0.000 --- ----
A -3.913 0.028 -0.028 0.000 0.084 -0.660A5 B -3.918 0.024 -0.024 0.000 0.107 -0.645

B9 A -3.948 -0.007 0.007 0.000 0.092 -0.684
(12,12)

B10 B -3.962 -0.021 0.021 0.000 0.147 -0.620
---- ---- -3.925 -0.233 -0.238 0.471 --- ----
A5 B -3.900 -0.205 -0.260 0.465 0.114 -0.760(20,0)
B9 A -3.908 -0.214 -0.252 0.466 0.087 -0.907



B10 A -3.904 -0.208 -0.255 0.462 0.138 -0.552

Figure S4 Atomistic cross-sectional and side views of fully optimized (a-c) (12,12) and (d-f) (20,0) 
SWCNTs interacting with (a,d) A5, B9 (b,e) and (c,f) B10. Supercells are marked by grey lines. C atoms are 
depicted in grey, while H, N, O, S, and F atoms are shown in white, blue, red, yellow, and green, 
respectively. The energetically preferable orientations of IL molecules are marked by a green tick.



Figure S5 Computed electronic properties of (20,0) SWCNTs doped with A5, B9 and B10 molecules. The 
fat band structures along Γ → Z of the Brillouin zone, together with the projected density of states on IL 
molecules (PDOS) and electronic inverse participation ratios (IPR), are plotted for the most stable systems. 
Only IPR values above 1/N, which correspond to the expected values for delocalized states, are shown. N is 
the total number of atoms in each supercell. The thickness of IPR bars is set to 0.15 eV.  The Fermi level (εF) 
of each system has been shifted to 0.



Figure S6 Comparison between DFT computed electronic properties of (12,12) SWCNT doped with A5 
molecule in perpendicular (A) and parallel (B) orientations. (a) The total and projected density of states 
(DOS) on A5 molecules. (b) The projected density of states on anion and cation. (c) The projected density of 
states on molecule C, molecule H, molecule N, molecule O, and molecule S. (d) The macroscopic averages 
of 1D projections of electron difference densities (Δne) on the z-axis (along SWCNT symmetry axis) for both 
orientations. The macroscopic average was taken in the range of [0.1, 0.9] of the primitive lattice vector 
along the z-direction. The DOS and Δne of energetically preferable perpendicular configuration are plotted 
using a thick line.



Figure S7 (a) Electrical conductivity, (b) Seebeck coefficient, and (c) PF at different temperatures for a 
pristine SWCNT film and SWCNT films after doping with A5, B9, and B10 molecules. Lines were added to 
guide the eye through a selected group of results. The electrical conductivity of all presented samples 
decreases with increasing temperature and is the highest for B9-doped samples. Seebeck coefficient of B9 
and B10 samples increases with increasing temperature and decreases in the case of undoped and A5-doped 
SWCNT films. Note that the Seebeck coefficient is negative only for A5-doped samples. PF of all doped 
samples (A5, B9, and B10) increases with increasing temperature, while for undoped SWCNT films, the 
trend is the opposite. The highest power factor is observed for B9-doped SWCNT films.



Figure S8 Computed thermoelectric properties of IL doped metallic (12,12) and semiconducting (20,0) 
SWCNTs coupled to Ag electrodes. Conductance (G), Seebeck coefficient (S), and PF per SWCNT (P) are 
plotted as a function of doping level (μ) for 30°C. Thermoelectric properties of pristine SWCNTs (grey lines) 
are shown as a reference.



Figure S9 Computed thermoelectric properties of IL-doped semiconducting (20,0) SWCNT sandwiched 
between Ag (001) layers. The relative changes in conductance, Seebeck coefficient, and PF per nanotube of 
(20,0) SWCNT functionalized with A5, B9, or B10 are plotted as a function of doping level (μ) for two 
different temperatures: 30 and 100°C.  The changes in G, S, and P are calculated with respect to the pristine 
device model of (20,0) SWCNT. Atomistic side views of the models used for transport calculations are 
presented at the top of the figure. The semi-infinite Ag electrodes are outlined in grey.



3. Determination of doping stability

Figure S10 PF values of SWCNT films doped with trifluoromethasulfonate (A2) and tetraethylammonium 
trifluoromethasulfonate (B9) measured over the course of 6 months.
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