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ABSTRACT 

Molecular doping is a powerful tool to tune the thermoelectric (TE) properties of solution-

processed semiconductors. In this work, we prepared a binary composite and effectively dope both 

of its constituents, i.e., naphthalene diimide–bithiophene copolymers (PNDI2OD-T2) and single-

walled carbon nanotubes (SWCNTs) by a 1H-benzimidazole derivative (N-DMBI). The doped 

composites show an n-type character and an in-plane TE figure of merit (ZT) exceeding the values 

obtained with the doped polymers. The use of SWCNTs consistently results in a higher σ with a 

maximum value above 102 S/cm, resulting in the highest power factor of 18.1 μW/mK2 for the 

SWCNT loading of 45.5 wt. %. Furthermore, a SWCNT content up to 9 wt. % does not 

compromise the low thermal conductivity of the polymer matrices, leading to a ZT value of 0.0045. 

The n-type composites show good solution processability and relatively stable Seebeck 

coefficients upon air exposure for 8 months. 

INTRODUCTION 

Solution-processed semiconductors, including organic semiconductors (OSCs),1,2 

nanocarbons,3,4 inorganic nanocrystals, and their composites5,6 are promising alternatives to bulk 

inorganic semiconductors for thermoelectric (TE) applications, especially for large-area or 

wearable devices, due to their potential for low-cost processing on flexible substrates. At a given 

absolute temperature (T), the TE energy conversion efficiency can be evaluated by a dimensionless 

figure-of-merit, ZT = S2σT/κ, where S is the Seebeck coefficient, σ and κ are the electrical and 

thermal conductivity, respectively.7 To achieve maximum ZT, the three parameters need to be 
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balanced by fine-tuning the charge carrier density in a TE material. This is generally accomplished 

by introducing heterovalent impurities in bulk semiconductors.7 On the other hand, injecting 

carriers into thin-film thermoelectric components made of solution-processed semiconductors can 

be realized by using oxidizing or reducing agents, electrical gating, or electrochemical 

processes.8,9,10 This phenomenon enables ZT optimization pathways that were not previously 

possible in traditional TE materials.  

Recently, n-type doping of conjugated polymers with molecular reducing agents for TE 

applications has received significant attention.11 A complete TE generator requires complementary 

p- and n-type legs so it is required to develop high-ZT n-type polymers, similar to their p-type 

counterparts.12 In this regard, advances have been made in exploring solution-processed n-type 

molecular dopants, such as benzimidazole derivatives (e.g. [(4- 1, 3 dimethyl- 2, 3- dihydro- 1H- 

benzimidazole- 2- yl) phenyl] dimethylamine (N-DMBI) and its dimers),13 metallocene (Rh or Fe) 

dimers14 and tetrabutylammonium salts (TBAX, X− = F−, OH−).15 Also, various donor-acceptor 

(D-A) copolymers with high electron affinity (>4eV) have been employed to be host materials.11 

However, compared to p-type polymers which have achieved σ up to 103 S/cm and power factor 

(S2σ) more than 102 µW/mK2, much lesser success has been achieved with n-type doped D-A 

polymers.1,2 As the most successful examples, several halogen-substituted poly (p-phenylene 

vinylene) based copolymers show the maximum conductivities up to 14 S/cm and S2σ of 28 

µW/mK2, after doping with N-DMBI.14,16 Very recently, a pyrazine-flanked diketopyrrolopyrrole 

copolymer doped by N-DMBI shows σ of 8.4 S/cm.17 The rest of the D-A polymers still struggle 

to achieve values surpassing 1 S/cm. For example, the well-known n-type semiconducting polymer, 

Poly{[N,N′- bis( 2-octyldodecyl)- naphthalene- 1,4,5,8- bis( dicarboximide) - 2,6- diyl] - alt- 5,5′- 

( 2,2′-bithiophene)} (P(NDI2OD-T2))  has been doped with one of the above-mentioned dopants 

but cannot achieve σ higher than 10-2 S/cm.13,14 Moreover, most n-type doped polymers are only 

stable under inert atmospheres, which restricts their practical applications.11 

During the last few years, rapid progress has been also made in achieving n-type doping of 

SWCNTs for TE applications.3,18 Pristine CNTs show a p-type character when exposed to air, due 

to unintentional physisorbed O2 and H2O.19,20 Covalent functionalization of such chemically inert 

materials usually requires high temperature or harsh reaction condition.19,20 Newly developed n-

type doping methods use electron transfer from the reducing agents that are physisorbed on or 
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encapsulated within the CNT structures,3,18 employing similar working principle and processing 

technology as molecular doping of OSCs.8 In the extreme case, SWCNTs could be considered as 

long and fully conjugated polymers with electron affinities around 4eV (in the case of 

semiconducting SWCNT species),21,22,23 so most molecular dopants that dope n-type 

semiconducting polymers can also dope SWCNTs. Doped SWCNTs are promising n-type 

thermoelectric materials. For instance, in-situ CVD deposited CNT films doped by PEI show a 

peak S2σ of 1197 W/mK2 and κ value of 18 W/mK.24 Salt-Coordinated SWCNTs show the 

maximum S2σ of 230 W/mK2 and in-plane κ of 39± 12 W/mK.25 Networks of polymer-sorted 

semiconducting SWCNTs achieve S2σ of 730 W/mK2 after precisely n-type doping, and they 

show quite low κ = 1- 4 W/mK even after removing the polymers that are employed during the 

sorting process.26  

Synergistic combinations of conductive polymers and CNTs could result in electrically 

conductive but thermally insulating TE composites; meanwhile, those composites retain 

mechanical flexibility and solution-processability like the polymer matrices.1,3 However, this 

strategy is currently restricted to developing only p-type composites, due to a lack of both n-type 

conductive polymers and n-type SWCNTs. Although few polymer/CNT composites with negative 

S values have been reported, the employed polymers are non-conjugated, such as polypropylene 

and polyethyleneimine which limit the electrical transport through the composites.28,29 Otherwise, 

adding nitrogen-doped CNTs to p-type conductive polymer, P3HT also lead to negative S but S2σ 

less than 0.1 µW/mK2.30 Recently, novel n-type composites were prepared by mixing SWCNTs 

and a type of conjugated polyelectrolytes which serves as an n-type dopant for the CNTs.31 

In this work, we developed an n-type composite with TE properties of its two constituents, i.e., 

semiconducting copolymer and SWCNTs, being tuned by the same molecular doping process 

using N-DMBI. P(NDI2OD-T2) demonstrates very limited TE performance but the large 

conjugated plane of this copolymer facilitates the debundling of CNTs in dispersions, leading to a 

homogenous distribution of SWCNTs in their composites.32 The prepared n-type composites show 

a maximum ZT value of 0.0045, good solubility in chloroform, and air-stable Seebeck coefficient, 

thus being a promising material for solution-processed fabrication and practical applications. 
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RESULTS AND DISCUSSION 

Characterization of undoped P(NDI2OD-T2)/SWCNTs 

 

  

Figure 1 a) Chemical configuration of P(NDI2OD-T2) polymer. b) AFM height images of pure 

P(NDI2OD-T2) films and c) the P(NDI2OD-T2)/SWCNTs with 10wt. % of SWCNTs. d) Raman 

spectra of the samples with 0-100 wt. % of SWCNT loadings. Dashed lines are visual aids. 

Composite films made of P(NDI2OD-T2) and SWCNTs, hereinafter referred to as P(NDI2OD-

T2)/SWCNTs were prepared by drop-casting (details in the experimental section). The conjugated 

polymers (Figure 1a) are known to be good dispersants for SWCNTs,32 so all P(NDI2OD-

T2)/SWCNT hybrids (2mg/mL) were found to be well dispersed in chloroform, with no visible 

agglomerates being observed over a storage time of two weeks. This is much better than the case 

of SWCNTs which have solubility less than 20 µg/mL in organic solvents.  
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The morphology of the casted films of P(NDI2OD-T2) and P(NDI2OD-T2)/SWCNTs was 

characterized by atomic force microscopy (AFM). The neat polymer film shows a smooth surface 

(Figure 1b), while wire-like structures with diameters in tens of nanometers are detected over the 

surface of P(NDI2OD-T2)/SWCNTs, which can be attributed to SWCNTs or SWCNT bundles 

wrapped by the polymers (Figure 1c). Raman measurements were performed (Figure 1d) for 

chemical identification of the compositions of P(NDI2OD-T2)/SWCNTs. Typical Raman 

spectrum of pristine P(NDI2OD-T2) polymer exhibits a pattern of triple bands in the region 1380-

1500 cm−1 from the vibration modes involving the bithiophene unit, T2.33 While four features 

within 1520-1720 cm-1 correspond to the NDI2OD units, which generally show a high Raman 

signal intensity under excitation of 532nm laser.33 For composites, the signature peaks of SWCNTs, 

radial breathing mode (RBM) peaks can be found in the low-frequency range 150-200cm-1 even 

when 1wt. % of SWCNTs were added. Meanwhile, a G band that splits into two components (G- 

and G+ peaks)  emerges at 1599 cm-1.34 The G band becomes very pronounced after 5 wt. % of 

SWCNT loading, so the signals from P(NDI2OD-T2) turn out to be relatively weak. The position 

of the G+ peak shifts from 1599 cm-1 for pure SWCNTs to 1594 cm-1 for the composite with 1wt. % 

of SWCNTs. Such a downshift of G+ peak is often observed for n-type doping of SWCNTs.20,35 

This suggests that the P(NDI2OD-T2) wrapping causes partially dedoping of the SWCNTs - 

moving the Fermi level of the pristine (O2/H2O doped) SWCNTs towards the charge neutrality 

point. The precise mechanism of this phenomenon is uncertain and it will be further investigated. 

Possibly, the polymers wrapped on SWCNTs could partially prohibit the physisorption of  H2O/O2 

on the SWCNT surface. 

Thermoelectric properties of undoped P(NDI2OD-T2)/SWCNTs 

The σ of polymer/SWCNT composites strongly depends on the percolation behavior of the 

SWCNTs. The control samples of undoped P(NDI2OD-T2) had a very low σ that cannot be 

measured with our setup, but adding 1wt.% of SWCNTs to the polymer led to a measurable σ 

value of around 10-5 S/cm (Figure 2a). This is in line with the fact that in polymeric composites 

the critical SWCNT concentration for percolation is usually below 1 wt.%.27,36 Between 1 and 10 

wt.%, the σ value of P(NDI2OD-T2)/SWCNTs rapidly increased by five orders of magnitude, and 

then the σ increases moderately at higher concentrations, reaching a value of 45 S/cm for 80wt.%. 

All composites demonstrated a σ lower than that of the control samples of pure SWCNTs because 
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the CNTs in the composites are wrapped with insulating polymers which act as a barrier to the 

tube-tube hopping. It is found that the following relation is obeyed above 1wt.% of SWCNT 

loading (see in Figure 2b). 

  ln𝜎 ∝ 𝑐−1/3                                                                                 (1) 

Where c is the concentration of SWCNTs. This correlation indicates that above the percolation 

threshold electrical transport is limited by tunnel junctions, and hence the conduction of electrons 

in the undoped composites is formed by quantum tunneling.27,36 We cannot measure the S values 

of the P(NDI2OD-T2)/SWCNTs between 1wt.% and 10wt.% of SWCNTs content, because the 

electrical conductivity (10-6 -10-2 S/cm) of those composites are lower than the measurement limit 

of our setup. After the percolation threshold (e.g., in the range of 1-10wt.%), the CNTs form long-

range conductive networks, dominating the charge carrier transport through the composites, so 

P(NDI2OD-T2)/SWCNT composites show p-type behavior. All the measurable P(NDI2OD-

T2)/SWCNTs show positive S values that are closed to the S of the pure SWCNTs (≈ 40 μV/K). 

Exceptionally, when the SWCNT loading is below 25 wt.%, the S of P(NDI2OD-T2)/SWCNTs is 

higher than the pure SWCNTs. This may be related to the dedoping of SWCNTs as menthioned 

previously. The S value of an SWCNT network is sensitive to the Fermi level position relative to 

the one-dimensional singularities in the density of states of the SWCNTs as well as the chirality 

distributions of the SWCNTs. An experimental work shows that a slightly dedoping process 

improves the S of a type of SWCNTs that is similar to the one used here. 37 Also, the CNT-CNT 

junctions filled with polymers could work as energy filters. The high-energy carriers tunneling 

through the potential barrier more easily than the low-energy carriers, which increases the mean 

energy of the carriers and the S of the composites.38,39 The S2σ of P(NDI2OD-T2)/SWCNTs 

constantly increases as more SWCNTs were added, approaching a value of around 15 μW/mK2 

for 80 wt.% of SWCNT loading.  

 

 

https://www.nature.com/articles/nmat2531
https://www.nature.com/articles/nmat2531
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Figure 2 a) S, σ, and S2σ of  P(NDI2OD-T2)/SWCNTs as a function of SWCNT content. Dashed 

lines are visual aids. b) The plot of lnσ as a function of c-1/3 of P(NDI2OD-T2)/SWCNTs. the TE 

parameters are also provided in Table S1. 

Characterization of doped P(NDI2OD-T2)/SWCNTs 

In the last section, the addition of SWCNTs to P(NDI2OD-T2) leads to increased σ values but 

a p-type character. To further tune the TE performance of P(NDI2OD-T2)/SWCNTs, an extra 

molecular doping process is performed. Molecular doping of OSCs can be performed by sequential 

doping or solution doping process.11 The latter results in a more homogeneous distribution of 

dopants inside samples and have been selected in this work. The same set of P(NDI2OD-

T2)/SWCNT solutions as previously discussed, were further studied upon additions of N-DMBI 

dopants, followed by the drop-casting process. The amount of N-DMBI was optimized to be 1/9 

of the combined weight of P(NDI2OD-T2) and SWCNTs in every solution. Accordingly, the total 

content of P(NDI2OD-T2) and SWCNTs decreases to 90 wt. % in all doped samples. The 

composition of the doped P(NDI2OD-T2)/ SWCNTs are shown in Table S2. 

AFM reveals that the surfaces of N-DMBI doped films contain agglomerates that were not 

previously observed in the case of undoped P(NDI2OD-T2)/SWCNTs, showing that the 

morphology of the doped films without/with SWCNTs is qualitatively different. For doped 

P(NDIOD-T2), small agglomerates of approximately the same size are evenly distributed on the 

surface (Figure 3a, b), which has previously been attributed to the limited solubility of N-DMBI 

in P(NDIOD-T2) films.40 On the surface of the doped P(NDI2OD-T2)/SWCNTs, the dopant forms 
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agglomerates with large sizes (Figure 3c). Also, combining the results of AFM phase images, 

fewer dopant agglomerates are seen on to the surface of the films when SWCNTs were added, and 

most of the dopant agglomerates locate close to SWCNTs (Figures 3c, d). This might arise from 

a strong affinity between SWCNTs and N-DMBI.37 Optical and SEM images show a homogeneous 

distribution of SWCNTs in the polymer matrix (Figure S1). Grazing incidence X-ray diffraction 

reveals that the SWCNTs significantly disrupt the π-π packing between P(NDIOD-T2) (Figure 

S2). Ultraviolet photoelectron spectroscopy (UPS) was used to determine the energy levels of 

P(NDI2OD-T2)/SWCNTs after doping. The work function of P(NDI2OD-T2)/SWCNTs was 

measured to be 4.20 eV, and the valence band maxima/highest occupied molecular orbital (HOMO) 

was found to be at 1.5 eV relative to the Fermi level. Upon the addition of N-DMBI, the 

workfunction was found to reduce to 3.95 eV as seen from the shift in the secondary electron cut-

off (Figure 3e). Also, the valence band maxima/HOMO shifted by 0.2eV towards higher binding 

energy to 1.7 eV (Figure 3f). Importantly, this energy shift in the valence band maxima/HOMO 

edge implies that the addition of N-DMBI shifts the Fermi level of P(NDIOD-T2)/SWCNTs by 

0.2eV towards the conduction band, confirming n-type doping of the polymer-SWCNT composite. 

A control experiment shows that the workfucntion of undoped and 10wt.% N-DMBI doped pure 

P(NDI2OD-T2) are 4.55 and 3.85 eV respectively. Meanwhile, the valence band maxima/HOMO 

of pure P(NDI2OD-T2)  is shifted from 1.28 to 1.74 eV after 10wt.% N-DMBI doping. UV-Vis-

NIR absorption spectra further confirm that doping of both P(NDI2OD-T2) and SWCNTs was 

achieved (Figure 3g). In the spectrum of undoped P(NDI2OD-T2)/SWCNTs, the two absorption 

features at 360 and 700nm are assigned to a π–π* transition peak and an intramolecular charge-

transfer (CT) transition peak of P(NDI2OD-T2), respectively. Upon doping, the intensity of the π–

π*and CT transition peaks decrease. Such absorption changes are also observed in the spectrum of 

10wt.% N-DMBI doped pure P(NDI2OD-T2) and are in line with and previous studies on 

P(NDI2OD-T2) doped with a benzimidazole dopant 41. At the long-wavelength end of the spectra, 

the two bands at ≈ 1100 and 1800 nm are attributed to the second and the first exciton (S22 and S11) 

absorption transitions in the semiconducting SWCNT species.3 For the doped sample, the 

bleaching of S22 and S11 bands is caused by increased electron density in the conduction band of 

semiconducting SWCNTs, which partially blocks the absorption transitions.10 The S33 peak ( ≈ 

500 nm) and M11 peak (≈ 750 nm) of SWCNTs are nearly undetectable in both spectra due to the 

low concentration of SWCNTs. 
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Figure 3 Height and phase images of a), b) N-DMBI doped P(NDI2OD-T2) and c), d) N-DMBI 

doped P(NDIOD-T2)/SWCNTs containing 9 wt. % SWCNTs, respectively. e) Secondary electron 

cutoff and f) valence band region of the UPS spectra and g) optical absorbance spectra of un-doped 

and 10wt.% N-DMBI doped pure P(NDI2OD-T2) polymer and those spectra of doped P(NDI2OD-

T2)/SWCNT composites containing 9 wt. % of SWCNTs. CNT-based films on ITO substrates and 

polymer films on gold substrates were used for the UPS measurements. 

Thermoelectric properties of doped P(NDI2OD-T2)/SWCNTs  

The effects of doping on the properties of both components of P(NDI2OD-T2)/SWCNTs were 

independently investigated (see Figure S3). With 8 - 12 wt. % of N-DMBI addition, P(NDI2OD-

T2) show the highest σ around 10-3 S/cm. In parallel, 8 - 10 wt. % of N-DMBI could efficiently 

convert pristine SWCNT films to n-type materials. This indicates that the N-DMBI is energetically 

favorable to inject electrons into SWCNTs or P(NDI2OD-T2). The addition of N-DMBI shifts the 

Fermi level of SWCNTs over the charge neutrality point towards the conduction band edge. It also 

improves the conductivity of  P(NDI2OD-T2) by increasing carrier concentration. So the 

concentration of N-DMBI is fixed to be 10 wt. % in every composite.  
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Figure 4 a) S, σ, and power factor, S2σ of N-DMBI doped P(NDI2OD-T2)/SWCNTs with different 

SWCNT content. b) Conductivity, σ of a representative P(NDI2OD-T2)/SWCNTs as a function 

of temperature. Dashed lines are visual aids. The error bars come from a variety of different 

samples. 

Table 1 TE parameters of  N-DMBI doped P(NDI2OD-T2)/SWCNTs 

CNT wt.% 0.9 4.5 9.0 22.5 49.5 72.0 90.0 

S  

(μV/K) 
-84±18 -53±2 -45±0 -35±4 -33±0 -32±1 -30±0 

σ  

(S/cm) 

(5.5±0.7) 

×10-2 
3.1±0.6 37.1±5.8 44.6±5.4 171.2±18 135.3±30.3 312.5±68.7 

S2σ 

(μW/mK2) 

(4.0±0.5) 

×10-2 
0.8±0.2 7.5±1.1 5.5±0.7 18.1±1.9 13.4±3.0 27.7±3.0 

With the established doping condition, the influence of SWCNT concentration on TE properties 

of the doped composites has been investigated. Irrespective of composition, doping dramatically 

improved the σ of all P(NDI2OD-T2)/SWCNTs (Figure 4a), which can be rationalized by the 

improved electrical conductance of both the polymer and the SWCNTs. The σ of the doped 

P(NDI2OD-T2)/SWCNTs is on the level of over 102 S/cm when SWCNT loading is > 45.5%. 

(Table 1). The σ of the doped P(NDI2OD-T2)/SWCNTs was measured in the temperature range 

300 - 400 K (Figure 4b). The conductivity of all the composites increases with increasing 
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temperature, and the change in conductivity is decreased as the SWCNT concentration is increased. 

We found the conductivity as a function of temperature obeys the Arrhenius law: 

𝑙𝑛𝜎 = 𝜎1exp[−(
𝜀1

𝐾𝐵𝑇
)]                                                         (2) 

where σ1 is a temperature-independent constant, KB is the Boltzmann constant and ε1 corresponds 

to the thermal activation energy.  The ε1 for all doped composites were calculated by linear fitting 

the data of lnσ vs. T-1 (ε1  data in Table S3; Temperature-dependent σ and S data in Figure S4). 

The ε1 value gradually decreases from 118 meV for 0.9wt.% of SWCNT loading to 11 meV for 72 

wt.%, because the amount of the polymers between CNTs is reduced. Upon doping, the S of 

P(NDI2OD-T2) is not measured because the σ is still lower than the measurement limit of our 

setup. The rest of the doped samples show negative S values. As 0.9 - 9 wt.% of SWCNTs were 

gradually added to P(NDI2OD-T2), the absolute value of S decreases from 84 to 52 μV/K. With 

more than 20 wt. % SWCNTs, the S of doped P(NDI2OD-T2)/SWCNTs reach a constant value of 

about -30 μV/K which appears to be equivalent to the value of doped SWCNTs. A varied carrier 

concentration may affect the S values. Each composite could have a different doping level 

depending on the content of SWCNTs, although the same percentage (10wt.%) of N-DMBI were 

added. Or the varied S values can be a result of the energy filtering effect as discussed for the 

undoped composites. Thanks to the high σ, the maximum S2σ of the doped P(NDI2OD-

T2)/SWCNTs reaches 18.1 μW/mK2
 for the SWCNT concentration of 45.5wt.%. Meanwhile, the 

control samples containing only doped SWCNTs have S2σ of 27.7 μW/mK2. Using the same 

SWCNTs and processing method, we performed N-DMBI doping on composites of a “traditional” 

p-type polymer, P3HT and SWCNTs but achieved inferior electrical conductivity and low doping 

efficiency (Figure S5). This control experiment suggests that the thermoelectric properties of the 

N-DMBI doped CNT/polymer composites strongly depend on specific interactions between matrix 

polymers and CNTs as well as the electronic properties of the matrix polymer. In this work, the 

matrix polymer, although being successfully n-type doped makes a limited contribution to the σ 

and S components of ZT, due to the low σ of P(NDI2OD-T2). Whereas n-type D-A copolymers, 

including several NDI-based copolymers have shown peak σ values that are 1- 

3 orders of magnitude higher than that of P(NDI2OD-T2).11 Additionally, SWCNT networks with 

a similar doping level but a different chirality distribution have a much higher S value comparing 

with the SWCNTs in this work.26 So carefully selecting n-type copolymer and SWCNTs should 
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further improve the S2σ of this material system. Finally, the power factor of the composites can be 

optimized by fine-tuning the doping level.  

Thermal conductivity of doped P(NDI2OD-T2)/SWCNTs 

   

Figure 5 Temperature-dependent in-plane thermal conductivity, κ of N-DMBI doped P(NDI2OD-

T2)/SWCNTs with increased SWCNT loadings. The error bars come from the internal uncertainty 

of the setup (10 %). The κ value of an undoped P(NDI2OD-T2) film is extracted from an 

experimental work for comparison.  

Compared to SWCNTs, one of the advantages of CNT composites with regards to TE 

applications is their low κ. Temperature-dependent in-plane thermal conductivity of N-DMBI 

doped P(NDI2OD-T2)/SWCNTs was measured using a chip-based 3-ω technique (Figure 5). 

Individual SWCNTs have κ > 1000 W/mK, but it is known that polymer wrapping could strongly 

hinder thermal transport between SWCNTs by phonon-scattering.42 So the κ value is low (0.5±0.05 

W/mK) for the doped P(NDI2OD-T2)/SWCNTs, which contains 9wt. % of SWCNTs. The κ 

remains at a relatively low level (≈ 1 W/mK) for the sample containing 22.5 wt. % of SWCNTs. 

In comparison, a κ value of 0.27 W/mK was reported in an undoped P(NDI2OD-T2) film.43 

Whereas, when SWCNTs constitute the main part (49.5wt. %) of the doped composite, the κ 

significantly increased to 6.9±0.7 W/mK. Such a high κ value has been recently reported for D-A 

polymer/CNT composites.32 All the doped P(NDI2OD-T2)/SWCNTs show stable κ over the 

temperature range of 25-118 oC. As a result, the highest ZT300K of the doped P(NDI2OD-

T2)/SWCNTs is (4.5± 0.6) × 10-3, obtained for 9 wt. % of SWCNT loading (κ= 0.5 W/mK). In 



13 
 

contrast,  P(NDI2OD-T2) with optimized N-DMBI doping have ZT300K in the order of 10-5.13,14 

Meanwhile, we estimate the ZT300K of 10wt.% N-DMBI doped SWCNTs in this work is (1.2± 0.3) 

×10-3 by using the κ = 6.9  W/mK.  

Stability of N-DMBI doping  

The doped sample is kept in an ambient environment and the longevity of the n-type behavior 

was studied. The doped samples containing 5-90% of SWCNTs show relatively stable S values 

under air exposure for 240 days (Figure 6a). The σ values of the samples have been decreased by 

60-90% during the same period. The doped SWCNT/P(NDIOD-T2) containing 9wt.% of 

SWCNTs show the highest ZT in this work but have lost ≈70% of σ after the first 3 days of air 

exposure (Figure 6b). It seems that the stability of the σ increased as the SWCNT content is 

increased, and the doped SWCNT-only films have the most stable σ. A recent theoretical 

calculation shows that benzimidazole derivative molecules, like N-DMBI, can tightly cover the 

surface of SWCNTs so the CNTs would less interact with molecular oxygen.37  

 

Figure 6 a) Seebeck coefficient and b) electrical conductivity of doped P(NDIOD-

T2)/SWCNTs after air exposure. 

CONCLUSIONS 

In summary, we have demonstrated that the molecular doping of composite films of 

P(NDI2OD-T2) copolymer and SWCNTs could offer n-type thermoelectric performance. Adding 

SWCNTs to P(NDI2OD-T2) results in increased σ but a p-type character. The addition of 10 wt. % 
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of N-DMBI results in an upward shift of the Fermi level of P(NDI2OD-T2)/SWCNTs, attributed 

to the n-type doping. UV-Vis-NIR absorption spectra further confirm that n-type doping of both 

P(NDI2OD-T2) and SWCNTs was achieved by the same doping process. The σ measurements 

indicate tunneling conductance in un-doped and doped P(NDI2OD-T2)/SWCNTs. The doped 

P(NDI2OD-T2)/SWCNTs show negative Seebeck coefficients and the highest S2σ of 18.1 μW 

m K2
  for the SWCNT content of 45.5 wt.%. Besides, the in-plane thermal conductivity of the 

composite films with 9 wt.% of SWCNTs remains relatively low (≈ 0.5 W/mK) compared with 

that of the polymer on its own. The maximum ZT300K of the n-type P(NDI2OD-T2) /SWCNTs is 

(4.5± 0.6) × 10-3. This, together with good solution-processability and a relatively stable Seebeck 

coefficient, indicates the potential of this material system for large-area fabrication of practical TE 

devices. The TE properties of such composites can be further improved in the future, by careful 

selection of the type of SWCNTs and copolymers, and precise doping.  

EXPERIMENTAL SECTION 

Materials and sample preparations 

Poly{[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-

(2,2′-bithiophene)}(P(NDI2OD-T2)) were purchased from one materials, Inc. 4-(2,3-Dihydro-1,3-

dimethyl-1H-benzimidazole-2-yl)-N,N-dimethylbenzenamine (N-DMBI) and chloroform were 

purchased from Sigma Aldrich. Single-walled carbon nanotubes (P2-SWCNT, carbonaceous 

purity > 90%, more structural information in Figure S6) were ordered from carbon solutions, Inc. 

SWCNTs and P(NDI2OD-T2) at a weight ratio of 4:1 were dispersed in chloroform by a tip 

sonication (Qsonica Q125) for 10 min in 80% amplitude. This prepared dispersion was further 

mixed with P(NDI2OD-T2) in chloroform to obtain the desired SWCNT/P(NDI2OD-T2) ratios 

and then was shortly sonicated again for a good homogeneity. Control samples of pure SWCNTs 

were also prepared by the casting of a suspension of SWCNTs in chloroform. For n-type doping, 

10 mg/mL of N-DMBI in chloroform solution was added to the SWCNT/P(NDI2OD-T2) solutions. 

Thin-film samples were prepared by drop-casting of the corresponding solutions on glass slides 

followed by an annealing process at 120 oC for 8h (details in Figure S7). For UV-Vis-NIR 

measurements, a film of P(NDI2OD-T2) or P(NDI2OD-T2)/SWCNT with 10wt.% of N-DMBI 

addition was measured without an annealing process. Those samples represent the undoped 
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composites because N-DMBI needs to be thermally activated by a post-annealing process to offer 

the n-type doping ability. The same sample was measured again after annealing at 120oC for 2 

hours. So the undoped and doped P(NDI2OD-T2)/SWCNT films have the same thickness and 

composition.   

Structural and spectral characterizations 

The thickness of the films was measured with a mechanical profilometer (Tencor). Atomic force 

microscope (AFM) images were acquired using a Dimension Icon Scanning Probe Microscope. 

Raman spectra measured under 532nm excitation laser were performed with a confocal Raman 

system that is integrated on the AFM microscope. 

Ultraviolet photoelectron spectroscopy (UPS) measurements were performed in an ultrahigh 

vacuum chamber (base pressure in the order of 10-10 mbar), using He I line (excitation energy of 

21.22 eV), and a Sphera II EAC 125 7-channeltron electron analyzer calibrated with the Fermi 

edge of clean polycrystalline silver. The spectra of electrons emitted from the sample were 

recorded at a pass energy of 10 eV, with an external bias of -10 eV. The polymer-SWCNT samples 

(with and without dopant) were measured by depositing thin composite films on clean ITO surface. 

Neat polymer films (with and without dopant) were measured on Au-coated (100nm) silicon 

substrates to prevent sample charging. The work function of the samples was determined from the 

secondary electron cut-off of the UPS spectra, as described elsewhere.44 The UV-Vis spectra of 

thin films on top of glass slides were obtained using a Cary 6000 spectrometer using the two-beam 

mode with a bare glass slide placed on the reference channel for background corrections. 

Electrical and thermal characterizations 

Seebeck coefficient and σ measurements were performed with a commercial Netzsch setup 

(SBA 458 Nemesis) under helium atmosphere. σ smaller than 0.05 S/cm was measured in nitrogen 

with a Keithley 4200 semiconductor Analyzer connected to a probe station, using a two-wire 

configuration. Silver electrodes were prepared on two ends of the samples by casting silver paste 

to get good electrical contacts between the probes and samples. Thermal conductivity was 

measured by a Linseis thin film analyzer under vacuum. Thin films were deposited on patterned 

chips provided by Linseis.  
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SUPPORTING INFORMATION 

Figures of micromorphology, GIXRD patterns, Temperature-dependent σ and S of doped 

P(NDI2OD-T2)/SWCNTs; TE properties of doped P(NDI2OD-T2), SWCNTs and 

P3HT/SWCNTs; Structural information of SWCNTs; Sample thickness measurements. Tables of 

sample compositions; TE parameters of P(NDI2OD-T2)/SWCNTs; Activation energies for 

conduction in doped composites. 
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