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An important contribution to the possibility of utilizing the SWNTs inks arose with the 
discovery that a second centrifugation step performed at a higher speed and for a longer 
time could force the wrapped s-SWNT to precipitate while keeping the free polymer 
chains in the supernatant.[69] The precipitated and highly pure s-SWNTs can then be re-
dispersed in a solvent, allowing adjustments of concentration and making the inks ready 
for different applications. The step-by-step phases of the sorting process discussed above is 
represented in Figure 1.5. After the inks are prepared, characterization is crucial before 
they can be used for the fabrication of electronic devices. 

 

Figure 1.5. a) Ultrasonication of the mixture of conjugated polymer and SWNT. b) First 
centrifugation to extract the supernatant composed by individualized s-SWNTs and polymer 
chains. c) Second centrifugation to extract and re-disperse the pellet of s-SWNTs wrapped with 
polymer chains (excess polymer is removed in the supernatant). 



Chapter 1 

                   15 
 

 Characterization of semiconducting Single-Walled Carbon 1.6
Nanotube inks 

Due to the quantum confinement of the SWNTs and the differences in the electronic 
properties of metallic and semiconducting species, optical characterization is an effective 
method to study s-SWNT samples. UV-vis absorption provides information about the 
species of s-SWNTs present in the sample. As a consequence of the van Hove 
singularities, each nanotube species exhibits an absorption peak at a specific wavelength, 
giving rise to a very precise fingerprint of their nature. The absorption transition will 
depend on the diameter and on the chirality of the tubes. Shifts in the absorption can also 
be detected depending on the environment, namely the nature of the solvent and the 
wrapping polymer.[70] For semiconducting tubes between 0.8-1.2 nm diameter, the first 
electronic transitions, E11, lie between 1000 nm and 1600 nm, and the second, E22, are 
between 600 nm and 900 nm. For metallic species, the first transitions M11 are between 
500 nm and 600 nm, which is indicated in Figure 1.6.  

 

Figure 1.6. Absorption spectra of a sample of SWNTs wrapped by a polyfluorene derivative.   

When the tubes are bundled, the interactions among them broaden their electronic 
transition, and it is difficult to differentiate between the different species. In contrast, when 
the tubes are individualized, each sharp peak in the absorption spectrum represents a 
distinct SWNT chirality. The absorption measurements also furnish information about the 
interaction between the polymer and the tubes. In the specific case of polythiophene 
derivatives, when the polymer is planarized as a consequence of the interaction with the 
SWNT, two peaks appear around 500 nm appears, which can be seen in Figure 1.7.[71]  
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Figure 1.7. Absorption spectra of s-SWNT selected by a polythiophene derivative. The two 
peaks around 500 nm indicate the crystallization of the polymer.  

Another optical technique that will be used in this thesis is photoluminescence (PL) 
spectroscopy. The photoluminescence intensity is extremely sensitive to the nature of the 
SWNTs, their bundling and the interaction with the wrapping polymer and the solvent. 
Time-resolved PL provides information about the decay pathways in the sample. When s-
SWNTs are not individualized the number of possible decays increases, and the PL 
lifetime becomes shorter.[72]  

The high stability and excellent charge carrier transport of SWNTs make them appealing 
for application in electronic devices, such as field effect transistors and solar cells. One of 
the ultimate tests for the purity of the solutions is the fabrication of field effect transistors. 
This technique will be amply used in the thesis. 

 Fabrication of field effect transistors using Single-Walled 1.7
Carbon Nanotubes 

The excellent charge transport properties along the axis of s-SWNTs is one of the main 
reasons that has stimulated scientists to find methods to sort semiconducting SWNTs. One 
important application foreseen for s-SWNTs is their use in field effect transistors (FETs). 
Twenty-six years after their discovery, SWNTs, owing to their dimensionality, are still 
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Figure 1.8. Schematic structure of a SWNT FET with SiO2 as a dielectric layer and a heavily 
doped Si as the gate contact. W is the width of the source and the drain, L is the distance 
between source and drain, VD is the drain voltage and VG is the gate voltage.  

FETs fabricated using s-SWNTs are intrinsically ambipolar, meaning that they can operate 
in hole and electron accumulation mode, depending on the applied gate bias. If the gate 
voltage is negative (VG < 0), the interface between the dielectric and the active channel 
will accumulate positive charges as shown in Figure 1.9a. 

When a voltage VD is applied, the positive charges in the active channel will flow from 
drain to source, creating a current IDS, which is depicted in figure 1.9b. This process is 
called p-channel operation of a FET. In the case of an n-channel operation of a FET the 
opposite occurs. When a VG > 0 is applied, there will be an accumulation of positive 
charges at the gate, and negative charges will be induced at the interface. 

 

Figure 1.9. Scheme of the operation of p-type FET. a) Charge accumulation in the active 
channel induced by a negative gate voltage. b) IDS current generated as consequence of the 
applied VD.  

While there are many examples of ambipolar devices fabricated with polymer wrapped 
SWNTs in the literature,[69,84,85] in practice, SWNT FETs often operate in a unipolar mode 
with a hole dominated transport. This is due to the modification of the SWNT DOS by the 
wrapped polymer, [71,79] the exposure to oxygen[86] and the location of the SWNTs valence 
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Figure 1.12. Performance map of SWNT FETs fabricated by CVD and solution-based 
processes. The orange circles indicated the works performed in the Loi group.[48,63,68,69,79,82,96,97] 

 Single-Walled Carbon Nanotubes in solar cells 1.8

Solar cells (SCs) are optoelectronic devices that are able to convert the light absorbed in a 
semiconductor. A solar cell comprises an active layer formed by one or more materials 
sandwiched between two metal electrodes. Commonly, electron and hole selective contact 
layers are inserted between the active layer and each electrode in order to increase the 
device performance.  

Under illumination, depending on the nature of the semiconductor, electrostatically bound 
electron-hole pairs (excitons) or free carriers are formed by absorption of a photon. Special 
interfaces are employed to split the exciton and/or to avoid free carrier recombination. 
Finally, electrons and holes are extracted by two electrodes with adequate work functions. 
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Chapter 5 reports the use of s-SWNT as an interlayer for PbS colloidal quantum dot 
(CQD) SC. PbS CQD SCs are stable when stored in dark under ambient conditions. 
However, all the figures of merit reduce drastically after exposure to air under 
illumination. The addition of a s-SWNT interlayer between the active layer and the anode 
improves the stability of the devices dramatically without harming the figure of merit of 
the device. The photoconversion efficiency, the open circuit voltage, the short-circuit 
current and the fill factor remains almost constant for more than 100 h under AM1.5 
illumination in ambient conditions.  

Finally, Chapter 6 contains a discussion on the feasibility of applying s-SWNT inks in the 
fabrication of flexible electronic devices with a perspective towards commercialization. 
Market opportunities for SWNT devices, challenges in the process of s-SWNT selection 
and the strengths of using SWNT inks for the fabrication of solution processable devices 
are discussed, focusing on the implementation of SWNTs in the current electronic device 
market.   
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 Selection of s-SWNTs using conjugated polymers with 2.2
different backbones 

HiPCO and SO SWNTs were dispersed in toluene using P12CPDTBT, whose structure is 
sketched in Figure 2.1a The SWNT:polymer ratio used to prepare the samples was 
optimized to obtain the maximum dispersion yield for a given amount of SWNTs. The 
ratio was 1:2 weight %, with 3 mg of SWNTs, 6 mg of polymer, and 15 ml of solvent. The 
procedure used for solution preparation was similar to the one reported by Bisri et al.,[33] as 
described in the methods section. After this first dispersion, an extra step developed in our 
group was performed, aiming to decrease the amount of free polymer in the solution.[33] 
This additional step consists of an extra centrifugation carried out at higher speed and for a 
longer time, which allows not only to eliminate excess free polymer but also to tune the 
nanotube concentration in the final suspension. We shall refer to the dispersions prepared 
with this last step as purified solutions. In this purification step, the concentrations of the 
dispersions were set in a way that the highest nanotube peak has an absorbance of 0.5.  

Figures 2.1b and 2.1c display the absorption spectra of the HiPCO:P12CPDTBT and 
SO:P12CPDTBT purified solutions, respectively. The peaks centered at 700 nm and 400 
nm correspond to absorption by the polymer chains, and since the solutions were purified 
these peaks are mostly due to polymers wrapping the SWNTs. The sharp peaks in the 
infrared region are the absorption transitions E11 from the different SWNT species. The 
peaks were assigned according to an empirical formula, as reported by Gomulya et al.[32] 
Note that in the case of SO tubes the E22 transitions are also visible in the spectral range 
between 900 and 1200 nm, while for the HiPCO sample these higher energy transitions 
overlap with the stronger polymer absorption and are not visible. Therefore, the band 
associated with polymer absorption in the HiPCO samples is apparently stronger than in 
the SO samples because of the superposition with the E22 HiPCO nanotubes transitions.  

In the absorption spectra, it is not possible to identify clearly if metallic tubes are present 
after the separation procedure with P12CPDTBT. Therefore, we fabricated field effect 
transistors using these dispersions to examine their electronic characteristics. This 
approach has been used previously to obtain information about the content of metallic 
SWNTs.[29,34] As mentioned earlier, dispersions were prepared in a way that the highest 
absorption peaks for both samples have an intensity of 0.5. Given the integrated area of the 
absorption shown in Figures 2.1b and 2.1c, we expect that these dispersions should have 
similar nanotube concentrations. 
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Figure 2.1. a) Chemical structure of P12CPDTBT. b) The absorption spectrum of the small 
diameter carbon nanotubes solution, HiPCO:P12CPDTBT, after removal of excess polymer. c) 
The absorption spectrum of the large diameter carbon nanotubes solution, SO:P12CPDTBT, 
after removal of excess polymer. The chiralities of the SWNTs present in the sample are 
determined using an empirical formula.[15]  

Figure 2.2a shows the output and transfer curves of a representative device fabricated with 
the HiPCO:P12CPDTBT solution. An on-off ratio of 2×107, with hole and electron 
mobilities of 2.1 cm2/V.s and 3.1 cm2/V.s, respectively, are shown. Figure 2.2b displays the 
FET characteristics of a device fabricated with the SO:P12CPDTBT solution, in which an 
on-off ratio of 3×102 and mobilities of 2.4 cm2/V.s for holes and 4.0 cm2/V.s for electrons 
are measured. The main difference between the samples fabricated with the HiPCO and the 
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SO tubes is the higher on-off ratio of the HiPCO-based FETs due to the lower off current. 
A higher off current is generally considered an indication of the presence of metallic 
species, especially in the case of SWNT network transistors with channel length above the 
average length of the SWNTs. This is an example where a few metallic tubes can degrade 
the off current without conferring metallic characteristics to the device. We, therefore, 
conclude that SO:P12CPDTBT dispersions contain traces of metallic tubes.  

We have demonstrated that yet another conjugated polymer can select s-SWNTs, with an 
efficiency that depends on the average nanotube diameter, but the underlying mechanism 
responsible for this difference is not obvious. To understand this differences, we compared 
dispersions of HiPCO and SO SWNT obtained with P3DDT and PF12. We started with 6 
mg polymer, 3 mg SWNT, and 15 ml toluene. This initial concentration maximizes the 
dispersion yield but not the purity of the samples.   

 

Figure 2.2. ID �± VD output characteristics, V G= 0V to -�������9�����ûVG = -10 V for VD �”�������9����VG= 0 V 
�W�R���������9�����ûVG = 10 V for   VD �•�������9�������W�R�S�����D�Q�G��ID �± VG transfer characteristics (bottom) of FETs 
fabricated with (a) HiPCO:P12CPDTBT solution and (b) SO:P12CPDTBT solution. 
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Our aim is to unravel the basic mechanisms involved in the selection process comparing 
the results of s-SWNT separated by different polymers with different chemical structures. 
The polymers (Figure 2.3a) were chosen for specific structural features which might affect 
their interactions with SWNTs. First, all three polymers have lateral dodecyl groups 
attached to the main chain but differ in geometry.The P3DDT has the lateral groups 
regioregularly attached to sp2 carbons such that the saturated carbon chain is nearly in the 
same plane of the aromatic ring, while PF12 and P12CPDTBT have them attached to a sp3 
carbon, such that the plane containing two dodecyl chains is perpendicular to the aromatic 
ring to which they are bound. The second difference concerns the presence of heteroatoms: 
PF12 is an all-carbon polymer while P3DDT has one heteroatom per aromatic ring and 
P12CPDTBT has several heteroatoms per monomer. The presence of heteroatoms in the 
conjugated backbone affects the electronic structure, as can be inferred from the position 
of the energy levels of each polymer reported by other authors: the HOMO (-4.9 eV) and 
the LUMO (-3.5 eV) of P12CPDTBT[30] are close to HOMO (-5.1 eV) and LUMO (-3.2 
eV) of P3DDT,[30] while PF12 has a wider bandgap with the HOMO at -5.8 eV and the 
LUMO at -2.2eV.[35] 

 

Figure 2.3. a) Chemical structures of the polymers used to disperse s-SWNTs. b) Absorption 
spectra of the polymer-wrapped HiPCO solutions. Color code: red curve for P3DDT, the black 
curve for P12CPDTBT, and orange curve for PF12.  
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The carbon nanotube sources differ in average diameter, being the small diameter (0.8-
1.2nm) HiPCO and the large diameter (1.2-1.5 nm) SO tubes, with corresponding 
bandgaps and wall curvatures that decrease as the diameter increases. Figure 2.3b shows 
the absorption spectra of the solutions obtained with HiPCO tubes and P12CPDTBT, 
P3DDT, or PF12, after the first step of the dispersion process, i.e., with excess polymer 
present in the solution. Because the same relative concentrations of polymer and SWNTs  
were used to prepare the samples, the intensity of the SWNT peaks in the absorption 
spectra is directly related to the number of individualized tubes and small bundles present 
in the supernatant, therefore to the dispersion yield.[14] The dispersion yield for 
HiPCO:P3DDT is 15%, while the one for SO:P3DDT is 21%. These values are calculated 
comparing the initial weight of the material and comparing it with the amount of material 
collected after the purification process. 

 

Figure 2.4. a) Steady-state photoluminescence spectra of HiPCO:P3DDT (red), 
HiPCO:P12CPDTBT (black), and HiPCO:PF12 (Orange). For clarity, the curves are shifted 
vertically with respect to each other. b) The decay time of the PL measured at 1200 nm for the 
SWNTs (8,6), the blue lines are bi-exponential fits of the experimental data. 
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As shown in Figure 2.3b, P3DDT is the best dispersant for HiPCO nanotubes as the 
absorption peak at 1300nm from P3DDT dispersion is about twice as high as the same 
peak from P12CPDTBT dispersion and more than three times the peak of the PF12:SWNT 
dispersion.  

Figure 2.4a shows the steady-state photoluminescence measurements of the 
semiconducting HiPCO tubes wrapped by P12CPDTBT, P3DDT, and PF12. In the case of 
HiPCO:P12CPDTBT, the broad peak at 900 nm indicates the presence of a residue of the 
polymer photoluminescence. For the three samples, the low energy peaks correspond to the 
main tube chiralities. Figure 2.4b shows the photoluminescence lifetime measured for the 
(8,6) tubes at 1200 nm. The three samples are well fitted with bi-exponential functions. 
Tubes wrapped by P12CPDTBT shows time decays of �W��= 6 ps and ���W��=40 ps, PF12  shows 
time decays of �W��= 6 ps and �W��= 38ps. Those time decays are longer than the time decays 
shown by the tubes wrapped with P3DDT, which are �W��= 3 ps and �W��=16 ps. This behavior 
could be attributed to charge/energy transfer due to the formation of twins of SWNTs in 
the HiPCO:P3DDT solution.[32] The higher organization of the P3DDT polymer chains on 
the walls of the tubes has been proposed previously as the reason for the twin 
formation.[21,36,37] Another possibility is that the electronic interaction of P3DDT with 
nanotubes is stronger than the interaction with the other two polymers, thus accentuating 
nonradiative relaxation pathways. 

The larger diameter SO tubes were also dispersed with the P12CPDTBT, P3DDT, and 
PF12. Figure 2.5a shows the dispersion yields of the SO:polymer solutions, the relative 
ratio between the SWNTs and the polymer was kept at 1:2 weight %. The dispersion yield 
of SO:P3DDT is 21%. That is three times lower than the dispersion yields of P12CPDTBT 
and PF12. 

The quality of the dispersions regarding metallic nanotubes content has also been 
evaluated using the FET performance analysis. Figure 2.5b shows the transfer curve of 
devices fabricated with the different SO:polymer solutions. The SO:P3DDT devices show 
10-9 A off-current, while the devices made with SWNTs wrapped with PF12 and 
P12CPDTBT show off current of about 10-6 A, which can be an indication of metallic 
species in these two dispersions. In the case of HiPCO tubes, P12CPDTBT, P3DDT, and 
PF12 dispersions show a low off current, indicating that these dispersions are either free of 
metallic nanotubes or that the concentration of metallic species is low enough that they do 
not degrade the off current. 



The power of polymer wrapping 

 

                                                                                                                                                                                                                                                                                                                                                                                       
42 

 

 

Figure 2.5. a) Absorption spectra of SO:polymer solutions. Color code: red curve for P3DDT, 
the black curve for P12CPDTBT, and orange curve for PF12.  b) ID�±VG transfer characteristics 
of FETs fabricated with SO:P3DDT, SO:P12CPDTBT, and SO:PF12 solutions.  

 Simulation of the interactions between SWNT and the 2.3
conjugated polymers 

In order to rationalize the results obtained with P12CPDTBT, P3DDT, and PF12, we 
carried out electronic structure calculations and obtained the wrapping geometry of model 
systems. The conformations and binding energies of these polymers adsorbed on typical 
small and large diameter nanotubes (8,6) and (12,10) have been studied by the Density 
Functional derived method DFTB3-D3 (see Methods section). By this method, electronic, 
electrostatic and dispersion interactions are described approximately as a Density 
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Functional method but at a lower computational cost. Helical wrapping geometries were 
assumed to maximize the number of polymer units interacting with the nanotube surface at 
the expense of some torsional energy necessary to distort the otherwise nearly planar 
polymer backbone. The energy gain due to polymer-nanotube interaction overcomes the 
torsional energy for the chosen nanotubes. 

 

Figure 2.6. Optimized polymer-nanotube geometries on (upper) nanotube (8,6) and (lower) 
nanotube (12,10), using the polymers: (a) P3DDT, (b) PF12, and (c) P12CPDTBT. The 
molecular structures shown below the hybrid systems are the polymer units used in the 
calculation of binding energies (BE) per polymer unit. Color code: cyan colored spheres 
represent nanotubes; for the polymers, atoms are represented by C=gray, H=white, S=yellow, 
N=blue. 

Figure 2.6 summarizes the resulting optimized geometries and polymer-nanotube binding 
energies. The energy values corresponding to the binding energy (BE) per polymer unit,  
are shown below the nanotube wrapped structures. These units were chosen so that each 
polymer unit contains the same number of alkyl tails per polymer unit. The polymer 
P3DDT, gives the best surface coverage and requires a smaller number of polymer chains 
to cover the nanotube wall. This is due to a favorable polymer geometry in which both 
alkyl tails from the corresponding unit attach to the nanotube, thereby holding the polymer 
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backbone onto the surface. The thiophene rings arrange over the surface with their centers 
either over the center of a hexagon or a carbon, as a result of the interactions usually 
attributed to �S-stacking. The polymer binding energies to the near armchair nanotubes are 
the largest among the studied polymers since both lateral alkyl chains interact with the 
nanotube wall and the torsional energies required to distort the backbone are only 0.1 eV 
per unit. However, differently from the other two polymers, no alkyl tails are pointing 
outwards, and other nanotubes or polymer chains can easily approach and bind forming 
dyads or small bundles.  

 

Figure 2.7. Polymer segments of the same length for (a) P3DDT, (b) PF-12, (c) P12CPDTBT, 
and (d) PCDTPT. The numbers below the bonds indicate the increase in polymer energy 
(kJ/mol) to rotate adjacent rings from the ground state value to the average dihedral angle 
obtained in the helical structures wrapping the nanotubes. The rectangles represent the rigid 
parts of the backbone that requires more energy to distort than the dihedral angles between 
the rectangles. 

The polyfluorene derivative PF12, in contrast to P3DDT, has the lowest binding energies 
to the near armchair nanotubes. The main differences are the torsional energies, which are 
0.37 eV/unit and 0.29 eV/unit, respectively, in the helices of (8,6) and (12,10) nanotubes, 
and the adsorption of only one of the alkyl tails per unit over the surface. Similar torsional 
energies were calculated for P12CPDTBT, which are 0.39 eV/unit and 0.22 eV/unit, 
respectively. Note that while there is an important difference between these polymers 
when interacting with (8,6) nanotube, the binding energies on (12,10) nanotube are almost 
the same (Figure 2.6). In order to make a proper comparison of the flexibility of these 
polymers, we display in Figure 2.7 the polymer segments having the same length and 
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indicate the energy required to change the dihedral angle between adjacent rings from the 
ground state value to the average dihedral angle obtained in the helical structures. We 
added the polymer poly[(4,4-bis(2-hexadecyl)cyclopenta[2,1-b:3,4-b0]dithiophene)-2,6-
diyl-alt-[1,2,5]-thiadiazolo[3,4-c]pyridine] (PCDTPT) to the analysis since, as discussed 
below, it is a poor dispersant of small diameter nanotubes but it is able to disperse large 
diameter nanotubes in yields comparable to those observed for P3DDT.  

P3DDT has five small rectangles and four bonds through which the rectangles can rotate, 
making it easy energetically to modify the polymer conformation into a helix. PF12 has the 
largest rectangles and only two bonds allowing rotation. To adopt a coiled conformation on 
a small diameter nanotube, the rectangles need to slightly curve, which adds to the 
torsional energy. P12CPDTBT and PCDTPT have alternating small and large rectangles 
and have three bonds allowing rotation. The latter polymer, however, has a strong 
electrostatic interaction between sulfur and nitrogen on neighboring rectangles, making 
this polymer the most difficult to distort. In the case of small diameter nanotubes, the most 
stable hybrid structure is made with P3DDT, followed by P12CPDTBT and PF12, which it 
is in correspondence with the dispersion yields shown in Figure 2.3. The PCDTPT 
polymer is difficult to distort, which result in low dispersion yield of HiPCO nanotubes 
(Figure 2.8). For large diameter nanotubes, P12CPDTBT and PF12 produce hybrid 
structures of approximately the same binding energy, in agreement with the experimentally 
observed similar dispersion yields shown in Figure 2.5. According to the absorbance 
values seen in Figure 2.3 and Figure 2.5, P3DDT disperses similar concentrations of small 
and large diameter nanotubes, even though the theoretical analysis predicts more stable 
structures formed with large diameter nanotubes.  

To investigate the influence of a bulkier and stiffer backbone on the dispersion yield of 
HiPCO and SO tubes, we performed experiments to select s-SWNTs with the polymer 
PCDTPT with hexadecyl alkyl chains. The chemical structure is shown in Figure 2.7d, and 
the dispersion yields are given in Figure 2.8b. Although the alkyl chains of PCDTPT are 
longer than the alkyls chains of the rest of polymers (vide supra) [15] used in this work, 
PCDTPT showed the same trend, namely a low dispersion yield for HiPCO tubes and a 
moderate dispersion yield for SO tubes. This is a consequence of its bulky and stiff 
backbone. 

The PCDTPT results support the hypothesis of helical wrapping of the polymers around 
nanotubes. P12CPDTBT and PCDTPT are very similar in structure but offer different 
dispersion yields. The most prominent feature that distinguishes these polymers is the 
backbone flexibility, which is meaningful only when the polymer bends and rolls into a 
coil. 
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Figure 2.8. a) Chemical structure of PCDTPT b) Absorption spectra of SO and HiPCO tubes 
dispersed with PCDTPT. 

 Conclusion 2.4

We have demonstrated the ability of P12CPDTBT to disperse SWNTs of different 
diameters. Our comparison of P12CPDTBT with P3DDT and PF12 has shown that for 
small diameter HiPCO tubes, the flexibility of the backbone impacts the dispersion yields. 
For larger diameter tubes (SO), the bulkier and less flexible backbones of P12CPDTBT 
and PF12 gave the best performance. We found that P3DDT interacts more strongly with 
nanotubes than PF12 and P12CPDTBT. The wrapping of metallic nanotubes from the 
larger diameter SO source seems to be a common feature of all polymer dispersions. 

We also showed that when we fabricated the FETs, the probability of finding metallic 
tubes in SO:polymer solutions is higher than in HiPCO:polymer solutions. For devices 
fabricated with large diameter tubes, SO:P3DDT solutions showed lower off current 
compared to SO:P12CPDTBT and SO:PF12. In the case of HiPCO:polymer solutions, the 
off currents of the devices prepared with the three polymers indicate a high quality of the 
solutions in terms of purity.                 
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Nanotubes were modeled as finite molecules with open ends and hydrogen saturation of 
the end bonds. Two s-SWNT were chosen, (8,6) (length 52 Å) and (12,10) (length 53 Å), 
for their high concentrations in the dispersions prepared in this work, representing small 
and large diameter species, respectively. The ground state geometries were optimized and 
frozen in the polymer-nanotube calculations. The polymers were built as oligomers of 
approximately the same length: 16 thiophenes for P3DDT, 8 fluorenes for PF12, and 6 (7) 
P12CPDTBT units. The ground state geometries were calculated. In each case, a helical 
polymer structure was built on the nanotube and allowed to relax with a frozen nanotube 
geometry. The converged helical geometry was used to compute the energy of the isolated 
helical oligomer. The torsional energy is the energy difference between the helical and 
ground state structures. The binding energy is calculated as BE= E(oligomer) + 
E(nanotube) - E(hybrid). 
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Figure 3.1 a) Chemical structure of N2200 (blue) and b) PE-N-73 (green). c) Absorption 
spectra of HiPCO-N2200 (blue) and HiPCO-PE-N-73 (green) solutions obtained after 2 hours 
of sonication (and before centrifugation). (Inset) Zoom of s-SWNT peaks. The dispersions are 
obtained using a 1:2 SWNT-polymer weight ratio concentration. 

Figure 3.2a shows the absorption spectra after centrifugation of the dispersion obtained 
with an SWNT-polymer weight ratio of 1:1. Despite both polymers having a similar 
molecular weight (see experimental section), PE-N-73 is easier to solubilize because of its 
chemical structure. N2200 has a higher tendency to aggregate than PE-N-73 at the same 
concentration. As a consequence, at a similar nominal concentration, there may be less 
N2200 free polymer chains available to interact with the carbon nanotube walls.  

Figure 3.2a shows that PE-N-73 gives a higher concentration (about three times) of s-
SWNT than N2200. This observation can be explained by the re-aggregation and 
precipitation (during the centrifugation process) of SWNTs wrapped by N2200. Figure 
3.2b shows the absorption spectra of the SWNT polymer-wrapped solutions obtained with 
a more extended solubilization process of the polymers. For the HiPCO:PE-N-73 sample, 
the nanotube peak intensity is about 20% higher than what was obtained using the short 
solubilization process (Figure 3.2a). While for HiPCO:N2200 the s-SWNTs peaks are 4 
times higher than the sample with the short solubilization process (Figure 3.2a). The 
overnight solubilization reduces the polymer aggregation, leading to more polymer 
covering the carbon nanotube surface as consequence of more individualized polymer 
chains in the solution. The higher surface coverage improved the individualization of the s-
SWNTs. 

Figure 3.2c shows the absorption spectra of the polymer-wrapped SWNTs when the 
polymer concentration is increased up to 1:2 weight of SWNT:polymer ratio. Here, the 
short solubilization procedure (sonication at 69 W for 10 minutes and heating at 60 oC for 
10 minutes) was used. At this concentration, the amount of polymer chains in solution 
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increase, therefore more SWNTs were wrapped  , enhancing the nanotube concentration in 
both samples. This result is in line with the observation that when a larger amount of 
polymer chains are available in solution, the SWNT-polymer interactions increases and 
thereby  increasing the SWNT concentration in the final solution. However, a further 
increase of the polymer concentration decreases the selectivity of s-SWNTs as previously 
demonstrated for polyfluorene.[31,32] 

 Influence of free polymer excess in the s-SWNT network 3.3

After demonstrating the effectiveness of both polymers to  sort semiconducting SWNTs, 
we investigated the role of the energy levels of the wrapping polymer on the charge 
transport properties of the corresponding nanotube networks. For this purpose, we 
fabricated field-effect transistors using the SWNT:polymer solutions with 1:2 weight. The 
nanotubes were deposited using blade coating on SiO2/Si substrate on which interdigitated 
gold electrodes were previously lithographically defined. The devices had a channel length 
of L=10 �Pm and a channel width of W = 10 mm. Recently, using blade coating with a 
similar device structure we have obtained partially aligned nanotube networks.[21] 
Moreover, we have demonstrated that the removal of the excess polymer present in the 
solution is necessary to obtain high performing field effect transistors.[16] To study the 
effect of the excess polymer on device performances, we fabricated field effect transistors 
with the pristine solutions using only one ultracentrifugation step and with super clean 
solutions by performing three ultracentrifugation steps (see experimental section). We 
investigated the influence of the polymers N2200 and PE-N-73 by analyzing the four main 
figure-of-merit (current on/off ratio, carrier mobility, current hysteresis, and charge 
injection) of the field effect transistors fabricated using the two different SWNT:polymer 
solutions. A different amount of excess polymer present in the solution will give an 
indications on the influence of the polymer energy levels in the transport of the s-SWNT 
network. 
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Figure 3.2 Absorption spectra of HiPCO: PE-N-73 and HiPCO-N2200 solutions after 
centrifugation. a) 1:1 polymer-SWNT weight ratio solubilized with sonication at 69 W for 10 
minutes and heating at 60 oC for 10 minutes. b) 1:1 polymer-SWNT weight ratio solubilized 
stirring overnight at 90 oC. c) 1:2 polymer-SWNT weight ratio solubilized with sonication at 69 
W for 10 minutes and heating at 60 oC. The chiralities of the SWNTs present in the sample are 
determined using an empirical equation.[29,30] 
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Figure 3.3. HiPCO:N2200 solutions (initial weight ratio = 1:2) after one-time 
ultracentrifugation (black curves) and three-times ultracentrifugation (red curves). a) Optical 
absorption of the two samples. (Inset) Full absorption spectra. b) FETs ID-VD output 
characteristics. c) FETs ID-VG transfer characteristics. The arrows indicate the sweep direction. 
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Figure 3.4.HiPco:PE-N-73 solutions (initial weight ratio = 1:1) after one ultracentrifugation 
(black) and three ultracentrifugations (red). a) Optical absorption of the two samples. (Inset) 
Full absorption spectra. b) ID-VD output characteristics. c) ID-VG transfer characteristics of the 
FETs. The arrows indicate the sweep direction. 
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Figure 3.4b shows the ID-VD output characteristics of the HiPCO:PE-N-73 devices 
fabricated with both the one time ultracentrifuged and the enriched (three 
ultracentrifugations) solution. The device fabricated with the one-time ultracentrifuged 
solution exhibit a very high saturation current in the p-channel region, working as hole-
dominated ambipolar transistors. The maximum current is of the same order of magnitude 
obtained with enriched HiPCO:N2200 samples. Interestingly, the HiPCO:PE-N-73 devices 
fabricated with the enriched solution exhibit a performance that is similar to the 
performance achieved with the pristine solution. 

Figure 3.4c shows the ID-VG transfer characteristics of the devices fabricated with 
HiPCO:PE-N-73 solutions with one ultracentrifugation step, and three ultracentrifugations. 
The FETs obtained from the pristine solutions exhibit ambipolar characteristics with a hole 
mobility of 7.7×10-2 cm2/V (on-off ratio ~106) and electron mobility of 5.5×10-3 cm2/Vs 
(on-off ratio ~105). 

The achieved hole mobility is similar to the one obtained for FETs fabricated with 
enriched HiPCO:N2200, while the electron mobility is one order of magnitude higher. 
Additional cleaning of the HiPCO:PE-N-73 solutions only leads to a small change on the 
FET characteristics with hole mobility ~ 10-2 cm2/Vs (on-off ratio ~ 106) and electron 
mobility of around 10-3 cm2/Vs (on-off ratio ~ 105). These results demonstrate that for the 
HiPCO:PE-N-73 sample, the concentration of residual polymer does not influence the 
charge carrier transport. It is noteworthy to mention that the performance of these devices 
in term of effective carrier mobility can be further increased by applying denser carbon 
nanotube network in the transistor channel, in a similar manner to what we have previously 
reported.  [12,16,21] A summary of the reported results on these devices are provided in Table 
3.1. 

Table 3.1. Summary of the device performance (best values) for different polymer wrapped 
SWNTs solutions. 

Solutions Hole ON/OFF 
ratio 

Electron 
ON/OFF ratio 

Hole mobility 
(cm2/Vs ) 

Electron 
mobility 
(cm2/Vs ) 

Ratio 
SWNT:  
polymer 

N2200 
1st 103 104 4.7×10-5 4.2×10-4 1:12 

3rd 106 105 8×10-2 7.1×10-4 1:2 

PE-N-
73 

1st 106 105 7.7×10-2 5.5×10-3 1:5 

3rd  106 105 2.7 x 10-2 9.1 x 10-4 1:1 
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The performance differences of FETs fabricated with HiPCO:PE-N-73 and HiPCO:N2200 
solutions can be rationalized by analyzing the electronic structure of the two polymers. 
Figure 3.5 shows the energy level alignment of different conjugated polymers and the (8,7) 
nanotube, which is one of the most represented nanotubes in the dispersions. The 
alignment between the HOMO levels of the PE-N-73 and the s-SWNT (8,7) appears more 
advantageous with respect to the one with N2200 and to the other two well know polymers 
for SWNT wrapping, namely PFO and P3DDT.[33-35] Therefore, the barrier for holes to 
travel from one s-SWNTs to another (with the polymer in between) in the network of 
HiPCO:PE-N-73 is lower than in the one of HiPCO:N2200.  

The results in Figure 3.3 and Figure 3.4, are in agreement with this energetic landscape. 
Thus, for FETs fabricated with HiPCO:N2200 the decrease of the free polymer present in 
the solution is fundamental to improve the performance of the devices. The reduction in 
the residual N2200 in the network improve the transport characteristics of the FETs. 
Instead, in the case of HiPCO:PE-N-73, there are no notable changes in the transistor 
performance observed when the amount of polymer is reduced. In fact, employing 
polymers with the energy levels well aligned with the energy levels of the s-SWNTs is 
beneficial for the fabrication of high-performing network FETs.   

 

Figure 3.5. Energy levels of different conjugated polymers compared with (8,7) nanotubes. The 
bandgap of PFO is 3.6 eV, with HOMO at -5.8 eV and LUMO at -2.2 eV.[34] P3DDT has a 
bandgap of 1.8 eV, with HOMO at -5.3 and LUMO at -3.5 eV.[35] 

 Conclusion 3.4

Here, we successfully demonstrated the use of two naphthalene diimide-based conjugated 
polymers (N2200, PE-N-73) as a new class of macromolecules capable to efficiently select 
semiconducting SWNTs. Between these two polymers, PE-N-73 performed better than 
N2200, as a smaller amount of polymer is required to obtain a high concentrated solution 
of individualized s-SWNTs.  
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Chapter 4  
 

Customizing the Polarity of 
Single-Walled Carbon Nanotube 

Field Effect Transistors using 
solution-based additives 

 

The control of the polarity in Semiconducting Single-Walled Carbon Nanotubes field effect 
transistors (s-SWNT FETs) is important to promote their application in the fabrication of 
logic devices. The methods to turn the intrinsically ambipolar s-SWNT FETS into unipolar 
devices that have been proposed until now, require extra fabrication steps that make the 
FET preparation longer and more complex. Here, we demonstrate that by starting from a 
highly purified ink of semiconducting single-walled carbon nanotubes sorted by a 
conjugated polymer, and mixing them with additives we are able to achieve unipolar 
charge transport. The three additives used are benzyl viologen (BV), 4-(2,3-Dihydro-1,3-
dimethyl-1H-benzimidazol-2-yl)-N,N-dimethylbenzenamine (N-DMBI), which give rise to 
n-type field effect transistors and 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane 
(F4-TCNQ) which give rise to p-type transistors. BV and N-DMBI transform the s-SWNTs 
transistors from ambipolar with mobility of 0.7 cm2/Vs to n-type with mobility up to 5 
cm2/Vs. F4-TCNQ transform the ambipolar transistors in p-type with mobility up 16 
cm2/Vs. 

 

 
 
 
 
 

 
 
 
 
 
 

This chapter is based on the article: 
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 Polarity control of s-SWNT field effect transistors  4.2

First, we prepared the well-characterized HiPCO:P3DDT inks, which have a high 
dispersion yield and show high purity of semiconducting tubes.[13,14] The inks were 
prepared using the procedure described in the experimental section and reported earlier by 
Gomulya et al.[14] 

 

Figure 4.1. a) Coplanar FET structure. b) Output curve of the reference HiPCO:P3DDT FET 
showing p-type dominated transport. c) Chemical structure of BV,  F4-TCNQ,  and N-DMBI. 

The output characteristics of the FETs fabricated with the pristine inks in a coplanar 
transistor structure composed by a SiO2 layer acting as gate dielectric, and Au as 
drain/source electrodes (Figure 4.1a) are reported in Figure 4.1b. Even though s-SWNTs 
are intrinsically ambipolar,[3,15] the P3DDT polymer acts as an electron acceptor [16] making 
the transport properties of the SWNT-polymer hybrids p-type dominated,[1] as it is visible 
in the output curve reported in Figure 4.1b. Even if the transport is p-type dominated 
reaching in these transistor an average mobility 2.4 ± 0.4 cm2/Vs, the n-transport is still 
present with a mobility of 0.7 ± 0.2 cm2/Vs. At this point, it is important to mention, that 
while we have demonstrated earlier that by using n-type polymers it is possible to fabricate 
n-type dominated SWNT FETs, also in those samples the electrical characteristics still 
display strong ambipolar character.[17]  

The fabrication of efficient complementary devices requires the availability of both p- and 
n-type field effect transistors, with minimal contribution of the from the charge carriers of 
opposite sign  in each of these devices We, therefore, selected a series of additives, with 
the aim to transform the ambipolar inks in n- and p-type ones. Two molecules that are 
known for improving the n-type transport, namely N-DMBI[18] and BV,[19] and a molecule 
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that is known for its p-type doping capacity as F4-TCNQ [20] were selected for this 
experiment. The chemical structures of the three molecules are depicted in Figure 4.1c.  

N-DMBI and F4-TCNQ were solubilized in o-xylene. While the neutral BV molecules 
were extracted using the method reported by Kim et al. and then solubilized in o-xylene.[19] 
Then the doped solutions were mixed singularly with the HiPCO:P3DDT ink and treated 
as described in the experimental section. 

 

Figure 4.2. Absorbance spectra normalized at the polymer absorption peak for solution 
containing BV and b) N-DMBI.  

As we are adding organic molecules to our colloidally stable ink of s-SWNTs, the first step 
is to investigate the absorption spectra of the new solutions When the n-type additives, N-
DMBI and BV are used, there is no effect on the absorption spectra of the SWNTs hybrid 
(Figure 4.2). A totally different situation arises when F4-TCNQ is added to the 
HiPCO:P3DDT dispersion. Figure 4.3a shows the absorption spectra of solutions 
containing increasing concentrations of F4-TCNQ. The sharp peaks presented by the 
reference sample in the infrared region correspond to the first excitonic absorption 
transition (S11) of the different individualized s-SWNTs chiralities in the sample. When F4-
TCNQ is added, the spectra show a strong loss of the oscillator strength of the S11 
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transition for all chiralities. Moreover, large variations are also evident in the high energy 
part of the spectra corresponding to the conjugated polymer absorption, which, in stark 
contrast to the SWNTs, gains in oscillator strength. It is interesting that in this spectral 
region the signature of the free polymer chains becomes evident upon the addition of F4-
TCNQ (vide infra).[14] 

 

Figure 4.3. a)  Absorption spectra of the reference ink HiPCO:P3DDT and the inks containing 
different concentrations of F4-TCNQ. b) Steady-state PL of the P3DDT present in the 
HiPCO:P3DDT ink with (red) and without (black) the presence of 0.18 mM F4-TCNQ. c) 
Time-resolved PL of the P3DDT present in the HiPCO:P3DDT ink with (red) and without 
(black) the presence of 0.18 mM F4-TCNQ and their corresponding exponential fits (white 
dashed). 
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Furthermore, steady-state and time-resolved (TR) photoluminescence (PL) measurements 
of the HiPCO:P3DDT inks with and without 0.18 mM F4-TCNQ were performed. The PL 
of the S11 s-SWNTs is completely quenched which indicates the opening of a very efficient 
non-radiative recombination channels when F4-TCNQ is present. This might be related 
with the formation of trions.[21] However, F4-TCNQ appears not only to interact with the 
carbon nanotubes, but also to disrupt the wrapping of the polymer and to interact directly 
with the polymer chains. As mentioned above, there is the appearance of a large absorption 
from P3DDT isolated chains upon addition of F4-TCNQ. This could indicate that the 
dopant is interfering with the interaction between the polymer and the SWNT. The PL 
intensity of the P3DDT present in the nanotube ink is reduced substantially (Figure 4.3b), 
and its decay mechanism from mono-exponential becomes bi-exponential (Figure 4.3c). 
These results indicate that the interaction of F4-TCNQ with the SWNTs is (partially) 
mediated by the polymer.  

However, only the study of the transport properties in field effect transistors can clarify if 
the molecules selected act as dopants for SWNTs. Figure 4.4a shows the output curves of 
two FETs, one prepared with the HiPCO:P3DDT ink mixed with 370 �PM N-DMBI (top), 
and the other prepared with the HiPCO:P3DDT ink mixed with 15 �PM BV (bottom). The 
output curves show that after adding N-DMBI and BV, the device polarity changed from 
p-type (Figure 4.1b) to n-type dominated for both devices. The electron mobility of the 
devices with N-DMBI and BV are 4.2 ± 0.7 cm2/Vs and 2.5 ± 0.4 cm2/Vs respectively, 
which are 6 and 4 times higher than the electron mobility of the reference device (0.7 ± 0.2 
cm2/Vs). For devices with the maximum additive concentration, it is not possible to 
calculate the hole mobility. However, for devices with 1.5 �PM BV and 37 �PM N-DMBI, 
the hole mobility is as low as 10-4 cm2/Vs, which is five orders of magnitude lower than 
the hole mobility of the reference device (2.4 ± 0.4 cm2/Vs). 

Figure 4.4b shows the transfer curves of the transistors prepared with HiPCO:P3DDT ink 
mixed with different concentrations of either N-DMBI (top) or BV (bottom). At increasing 
concentrations of N-DMBI as well as of BV, the plots exhibit a large variation of the 
threshold voltage (VTH) 
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Figure 4.4. a) Output curves of FETs prepared with HiPCO:P3DDT ink mixed with either 370 
�PM N-DMBI (top) or with 15 �PM BV (bottom). b) Transfer curves of FETs prepared with 
HiPCO:P3DDT with different concentrations of either N-DMBI (top) or BV (bottom). c) 
Mobility and VTH of FETs prepared with HiPCO:P3DDT ink with indicated concentrations of 
N-DMBI (top) or BV (bottom). For each doping concentration, eight devices were measured. 
The error bars show the standard deviation of the average. 

The VTH of the FETs containing BV decreases proportionally to the increase of the BV 
concentration, reaching the ideal VTH= 0 at a concentration of 15 �PM as shown in Figure 
4.4c (bottom). However, the mobility stays constant at low BV concentrations, and only 
when the concentration of BV increases above 0.15 �PM, the electron mobility starts to 
increase reaching values of 2.5 cm2/ Vs with the highest concentration investigated. In 
contrast, FETs fabricated with the addition of N-DMBI show a clear dependence of the 
mobility on the concentration of the added molecules (Figure 4.4c, top).[22] Moreover, the 
overall mobility values of the FETs using N-DMBI are higher than the mobility values 
obtained by adding BV. An electron mobility up to 4.2 cm2/ Vs with 0 V threshold is 
obtained with the maximum N-DMBI concentration (see Figure, 4.4c).  

F4-TCNQ has been used successfully to achieve p-doping in conjugated polymers.[23] We 
now investigated the use of F4-TCNQ to achieve pure p-type behavior in our carbon 
nanotube. Since our HiPCO:P3DDT reference FET (Figure 4.1b) is hole-dominated as 
well, we prepared another reference FET to put ourselves in the worst conditions. To this 
end we use poly(9,9-di-n-dodecylfluorenyl-2,7-diyl)(PF12) to select HiPCO tubes.[1,24] 
This reference ink in the coplanar structures gives rise to ambipolar characteristics, as 
shown in Figure 4.5. The ambipolar HiPCO:PF12 FET showed hole mobility of 2.7 ± 0.6 
cm2/Vs and  electron mobility of 1.3 ± 0.4 cm2/Vs. 
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Figure 4.5 Output characteristics of pristine HiPCO:PF12 FET in coplanar configuration.  

Figure 4.6a shows the output curves of the FETs that have been prepared with the 
HiPCO:P3DDT ink with the addition of 7,97 mM F4-TCNQ (top) and the HiPCO:PF12 ink 
to which 1.81 mM F4-TCNQ was added (bottom). As expected, the addition of F4-TCNQ 
resulte in hole dominated FETs, in both the HiPCO:PF12 (Figure 4.6a, bottom), and the 
HiPCO:P3DDT sample (Figure 4.6a, top). Upon increasing the F4-TCNQ concentration 
the transfer curves show a shift of the threshold voltage towards more positive values 
together with an increased hole current (Figure 4.6b). Both experimental facts are 
compatible with a variation of the hole density in the active channel of the FETs with an 
increased amount of F4-TCNQ. This is further confirmed by the increased hole mobility in 
these devices. FETs prepared with the HiPCO:P3DDT ink mixed with 7,97 mM F4-TCNQ 
showed hole mobility up to 6.0 ± 0.7 cm2/Vs while FETs prepared with the HiPCO:PF12 
ink mixed with 1,81 mM even showed hole mobility of 13.2 ± 2.9 cm2/Vs. 

It is interesting to note that the FETs prepared with the HiPCO:PF12 ink mixed with F4-
TCNQ show a larger increase of the mobility (practically double at the same additive 
concentration) than the one obtained with the HiPCO:P3DDT dopped inks. Considering 
that the HiPCO:PF12 and HiPCO:P3DDT reference FETs had similar mobility, and that 
the same HiPCO nanotubes are used to prepare the inks. The difference in mobility of the 
FETs containing F4-TCNQ is an indication of a different doping efficiency of the F4-
TCNQ for the two polymers used for the dispersion of the nanotubes. Therefore, we can 
conclude that the polymer is playing an essential role in the doping of our SWNT inks with 
F4-TCNQ.  
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Figure 4.6. Output curves of FETs prepared with the HiPCO:P3DDT ink mixed with 7,97 mM 
F4-TCNQ (top), and FETs prepared with HiPCO:PF12 ink mixed with 1.81 mM F4-TCNQ 
(bottom). b) Transfer curves of FETs prepared with HiPCO:P3DDT ink mixed with the 
indicated concentrations of  F4-TCNQ (top) and FETs prepared with HiPCO:PF12 ink mixed 
with the indicated concentrations of F4-TCNQ (bottom). c) Mobility and VTH of FETs prepared 
with HiPCO:P3DDT ink mixed with the indicated concentrations of F4-TCNQ (top) and of 
FETs prepared with HiPCO:PF12 ink mixed with indicated concentrations of F4-TCNQ 
(bottom). For each doping concentration, eight devices were measured. The error bars show 
the standard deviation of the average. 

So far our results show that adding additives to polymer-wrapped s-SWNT inks changes 
the polarity of the FETs mainly by shifting the VTH. While for the addition of F4-TCNQ 
and N-DMBI, there is a simultaneous increase of the mobility and variation of the 
threshold shift, samples fabricated with BV addition deviate from this trend and the 
mobility in this case increases only for the highest concentrations. 

 Study of the polarity change mechanism  4.3

At this point, it is very important to understand the mechanism involved in the change of 
polarity and the large mobility increase induced by the addition of the additive in the inks. 
We identify three possible causes that could induce the changes in the VTH; i) the presence 
of trap-limited charge transport,[25] ii) the variation of the density of majority carriers by 
chemical doping, or iii) changes in the energy level alignment between either side of the 
dielectric and the metal electrodes, namely, variations in the flat band potential (VFB).[26]  

Our strategy to uncover the mechanism of the VTH shift is to use a staggered transistor 
configuration using a hydroxyl-free dielectric. By avoiding in this way, the interface traps, 
which negatively affect the performance of the SWNT FETs,[27] the large hysteresis 
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present in the coplanar devices (Figure 4.7) should disappear in the staggered structures 
allowing to discard the trap limited charge transport as a cause of the VTH shifts.[26] In 
order to prepare the FETs in the staggered configuration, we used PMMA/AlxOx as a 
dielectric material and evaporated Au as top gate contact as shown in the schematic 
structure in Figure 4.8a. As expected, these devices (Figure 4.8b and 4.8c) show a large 
reduction of the hysteresis compared to the devices in the coplanar configuration (Figure 
4.7), showing the successful reduction of the trap density at the semiconductor-dielectric 
interface.  

 

Figure 4.7 Transfer characteristics of the 20µm channel SWNT FET in coplanar configuration. 
a) Pristine HiPCO:P3DDT and ink with 15 �PM BV with VD=5V. b) Pristine HiPCO:P3DDT 
and ink with 370 �PM N-DMBI with VD=5V. c) Pristine HiPCO:P3DDT and ink with 7,97 mM 
F4-TCNQ with VD=-5V. Dashed lines are backward scans.  
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The transfer curves of the HiPCO:P3DDT reference device, and the one of the 
HiPCO:P3DDT inks containing 15 �PM BV or 370 �PM N-DMBI are shown in Figure 4.8b. 
Also in this configuration, the transfer curves of the nanotubes doped with BV and N-
DMBI are shifting towards more negative values compared with the reference device, 
while devices containing 7,97 mM of F4-TCNQ are shifted towards more positive values 
with respect to the reference (Figure 4.8c). Even if the qualitative behavior appears similar, 
the voltage shift is much lower than reported earlier, a reason is also the different 
capacitance of the gate dielectric used in the staggered configuration.  

 

 

Figure 4.8. Staggered FET structure. b) Comparison of the transfer curves of the reference 
device fabricated with the HiPCO:P3DDT ink as active layer, and devices prepared with the 
inks that contain BV and N-DMBI. c) Comparison of the transfer curves of the reference 
device using HiPCO:P3DDT as active layer, and devices prepared with the ink containing F4-
TCNQ. The dashed lines are the backward scans, the difference between forward and 
backward scan, demonstrate the negligible hysteresis in this device configuration. 
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indication that the mechanism for the polarity modification is the variation of charge 
density in the active channel. Therefore, we propose that for this additive the change in 
polarity is caused by molecular doping of the active channel, as was also reported by other 
authors which have deposited N-DMBI as an extra layer on top of the s-SWNT active 
layer.[18,31]  

We, therefore, proceed to determine the contact resistance, Rc, and the mobility in 
staggered FETs fabricated with F4-TCNQ treated HiPCO:P3DDT. Interestingly, the 
presence of F4-TCNQ decreases the Rc for holes from 400 ohm·cm to 46 ohm·cm (at 
VG=6V), a much stronger reduction than in the case of N-DMBI and BV. It is also 
important to notice that at the same time the hole mobility for HiPCO:P3DDT FETs 
increases from 5.2 ± 0.5 cm2/Vs to 6.4 ± 0.5 cm2/Vs (Figure 4.10a and b). Moreover, a 
decrease in the VTH is observed as expected when the p-character of the FET is enhanced 
(Figure 4.10b).  

 

Figure 4.10. a) Contact resistance values for reference FETs and the devices containing F4-
TCNQ . b) Mobility and VTH for the reference HiPCO:P3DDT sample and the F4-TCNQ- 
containing FET. For each dopant, eight devices were measured, the error bars show the 
standard deviation of the average. 

The substantial reduction of Rc, along with the increase in the mobility and the shift in VTH 
suggests that both chemical doping and VFB modification occur in the F4-TCNQ-containing 
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FETs. However, it is very difficult to disentangle the two effects as the molecular doping 
can also decrease the contact resistance.  

The optical measurements show that  F4-TCNQ  molecules interact strongly with the s-
SWNTs. The doping mechanism seems to be mediated by the polymer that is wrapped 
around the SWNTs, since the increase in mobility depends on the type of conjugated 
polymer that is used.[16] That is, the mobility was found to increase by a factor five in the 
case of PF12 wrapped SWNTs and only by a factor of two when P3DDT wrapped SWNTs 
were employed (Figure 4.6).  

 Conclusion 4.4

We have successfully demonstrated the feasibility of changing the polarity of s-SWNT 
FETs by mixing BV, N-DMBI, and F4-TCNQ with the semiconducting SWNT ink 
obtained by polymer wrapping. The FETs containing BV and N-DMBI exhibit n-type 
dominated transport and the one with F4-TCNQ show enhanced p-character. This strategy 
allows to control the SWNT FET polarity without extra fabrication steps, but rather by 
directly modifying the nature of the ink. 

The results obtained with FETs in staggered configuration allowed to clarify the 
mechanism behind the change in polarity, by eliminating the surface trap contribution as a 
possible cause for the polarity changes. In the case of BV, the transistors display lower 
contact resistance without a concurrent increase in mobility, showing that the most 
probable mechanism is a modification of the Schottky barrier between the metal contact 
and the SWNT network. For FETs containing N-DMBI, the substantial increase in 
mobility and the threshold shift suggests the effective molecular doping of SWNT wrapped 
polymers. 

In the case of F4-TCNQ an interplay between molecular doping and work function 
modification seems to occur. Interestingly different performances are obtain when the 
dopant is added to HiPCO:PF12 or HiPCO:P3DDT, demonstrating that the polymer 
wrapping the SWNT mediates the doping by F4-TCNQ. Absorption and 
photoluminescence spectroscopy show the strong interaction of F4-TCNQ with the carbon 
nanotubes based hybrids. 

 Experimental section 4.5

Polymer Synthesis: The homopolymer P3DDT and PF12 were synthesized as described 
previously [32,33] and the molecular weights were measured using gel permeation 
chromatography (GPC).  P3DDT was obtained after Soxhlet extraction with methanol, 
acetone, ethyl acetate and hexane. For the experiments reported herein, the hexane fraction 
with Mn = 19.200 g/mol and Mw = 22.300 g/mol was used. PF12 was purified by Soxhlet 
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extraction with methanol, acetone, ethyl acetate and dichloromethane. From the 
dichloromethane fraction a high molecular weight PF12 with Mn = 65.200 g/mol and Mw = 
116.000 g/mol was obtained. 

Preparation and characterization of semiconducting SWNT dispersion: HiPCO 
SWNTs (diameters between 0.8-1.2 nm) were purchased from Unidym Inc. The polymers 
were solubilized in toluene using a high power ultrasonicator (Misonix 3000) with cup 
horn bath (output power 69 W) for 10 minutes, followed by overnight stirring at 60 oC. 
Subsequently, SWNTs were added to form the SWNT:polymer dispersions with a weight 
ratio of 1:2 (3mg of SWNTs, 6mg of polymer, 15 ml of toluene).  These solutions were 
then sonicated for 2 h at 69 W and 16 oC.  

After ultrasonication, the dispersions were centrifuged at 30 000 rpm (109 000g) for 1 h in 
an ultracentrifuge (Beckman Coulter Optima XE-90; rotor: SW55Ti) to remove all the 
remaining bundles and heavy-weight impurities. After the centrifugation, the highest 
density components precipitate at the bottom of the centrifugation tube, while the low-
density components, including small bundles and individualized SWNTs wrapped by the 
polymer, and free polymer chains, remain in the upper part (the supernatant). 

One extra step of ultracentrifugation was implemented to decrease the amount of free 
polymer in solution (enrichment). For this purpose, the supernatant obtained after the first 
ultracentrifugation is centrifuged for 5 h at 55 000 rpm (367 000 g), where the 
individualized s-SWNTs precipitates to form a pellet, and the free polymer remains in the 
supernatant. Finally, the pellet is re-dispersed by sonication in the solvent of choice.  

Preparation of doped polymer-wrapped SWNTs: 51 mg of Benzyl viologen dichloride 
powder as received from Sigma Aldrich was dissolved in 4.5 mL of water and 9 mL of o-
xylene. Subsequently, 97 mg sodium borohydride was added to the solution as a catalytic 
reducing agent. The reaction was left overnight, after which the solution changed color 
from purple to bright yellow. Then, the BV product was mixed with the SWNT ink at the 
corresponding volume percentages. 4-(2,3-Dihydro-1,3-dimethyl-1H-benzimidazol-2-yl)-
N,N-dimethylbenzenamine (N-DMBI) from Sigma Aldrich was dissolved in the o-xylene 
by stirring at 80 oC. The solutions were mixed with the SWNT ink at the concentrations 
mentioned in the main text. The solutions were heated at 90 oC  for 3 minutes to form an 
aggregated state of N-DMBI.[34]Subsequently, the solutions were sonicated for 15 minutes 
at 78 W and the temperature was decreased gradually from 25 to 18 oC during the 
sonication. 

2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) from sigma Aldrich was 
dissolved in the SWNTs ink at the required concentrations. To assure the dopant 
interaction with the SWNTs, the solutions were sonicated for 15 minutes at 78 W and the 
temperature was decreased gradually from 25 to 18 oC during the sonication. 
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Enhancing Quantum Dot Solar 
Cells stability with Semiconducting 

Single-Walled Carbon Nanotubes 
interlayer 

 

Semiconducting Single-Walled Carbon Nanotubes (s-SWNT) are used as a protective layer 
between the active layer and the anode of lead sulfide colloidal quantum dot (PbS CQD) 
solar cells (SCs). The introduction of the carbon nanotubes increases the stability of the 
device, with 85% of the initial performance retained after 100-hour exposure to simulated 
solar light in ambient condition. This is in sharp contrast with the behavior of the device 
without s-SWNTs, for which the photoconversion efficiency, the open circuit voltage, the 
short-circuit current and the fill factor all experience a sharp decrease. Therefore, the 
inclusion of s-SWNT in CQDs solar cells does not affect the initial photoconversion 
efficiency of the devices (efficiency of 8.8%) and prevents their performance degradation 
under harsh conditions. 
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Here we report the performance of PbS CQD solar cells using semiconducting SWNTs as 
an interlayer towards the Au top anode. The power conversion efficiency (8.1 ± 0.6 %) 
remained unaffected compared to the devices without interlayer. The stability of both 
devices stored in dark and ambient condition was constant during the 78 days of the 
testing. Importantly, under more demanding conditions, such as solar illumination in 
ambient condition, the SCs with the s-SWNT interlayer are profoundly more stable, with 
minimal performance reduction (15%) after more than 100 h of testing. This is in sharp 
contrast with the behavior of the device without SWNTs, which degraded to 20% of the 
initial efficiency during the same time. 

 Results and discussion 5.2

The bilayer PbS CQDs SCs are prepared as reported previously by several groups.[14,26] 
The device structure is depicted in Figure 5.1a. A compact film of TiO2 is deposited as an 
electron transporting layer on top of a pre-patterned fluorine-doped tin oxide layer 
deposited on a glass substrate. The PbS CQD active layer is fabricated via layer by layer 
spin casting and is composed of two regions. In the first one, which is in contact with the 
TiO2 layer, PbS is treated with TBAI and the charge carrier transport is n-type 
dominated.[7,27,28] The second region is treated with EDT, which results in a p-type 
character.[7,29] The device structure is finished with the evaporation of the Au anode (see 
Figure 5.1a). 

This device structure gives rise to PbS CQDs SCs with power conversion efficiencies 
above 8.5%.[2,13,14,26] It has been proposed that the PbS-EDT layer act as an electron-
blocking/hole-extraction layer between the PbS-TBAI layer and the anode.[14] Moreover, 
that the different doping of the TBAI and the EDT layers controls the depletion width, 
which improves the charge carrier dissociation and allows for the implementation of 
thicker active layers that absorb more light.[15] The insufficient hole concentration in the 
EDT treated layer was in this context identified as a limiting factor in the device 
efficiency.[15,26]  

To obtain high-quality s-SWNT for the interlayer, we used the polymer wrapping 
technique to separate the semiconducting species from the metallic species in the initial 
SWNT sample. The s-SWNT inks were prepared using poly-(3-dodecylthiophene) 
(P3DDT) to select HiPCO (high-pressure CO method) nanotubes following the procedure 
described in the experimental section and reported earlier by Gomulya et al.[30].  

The resulting s-SWNT:polymer ink was used to prepare the device structure depicted in 
Figure 5.1b. The atomic force microscopy (AFM) measurements reported in Figure 5.2 
confirm the presence of the SWNTs on top of the active layer. Unfortunately, the s-SWNT 
network density cannot be determined from this measurements, as the active layer has a 
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more significant roughness than the average diameter of the carbon nanotubes (about 1 
nm).  

 

Figure 5.1. Device structure of the PbS CQD reference SC (a), and with a s-SWNT interlayer 
(b). (c) JV characteristics of SC devices with (black curve) and without (red curve) s-SWNTs 
under simulated AM1.5G solar illumination. The inset shows JV measurements of the same 
devices in the dark. (d) EQE spectra of the two type of devices. 

The JV characteristics of the best SCs with and without the s-SWNT under simulated 
AM1.5G solar illumination are reported in Figure 5.1c. The two device types exhibit 
similar performances with minor differences only in the JSC and in the fill factor. The 
figure of merit of the two devices are reported in Table 5.1.  

Table 5.1. Summary of best solar cell figures of merit. These measurements were performed 
after 12 days when the solar cells reached a stable value. 

Device Jsc [mA/cm2]  Voc [V] FF (%) PCE (%) 

With s-SWNT 26.2 0.56 0.61 8.92 

Without s-SWNT 26.7 0.56 0.59 8.82 
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Figure 5.2. Atomic force microscopy (AFM) micrographs (a) device without s-SWNTs, (b) 
device with s-SWNTs. 

The external quantum efficiency (EQE) spectra of the two devices are reported in Figure 
5.1d, also in this case the performance is virtually identical. We estimated that the 
thickness of the SWNTs interlayer is lower than 10 nm. Therefore, the light absorbed by 
the interlayer is negligible and their influence on the EQE is not detectable. 

As mentioned above, another important characteristic of SCs besides their efficiency is 
their stability under working conditions. We thus first examined the long-term stability of 
the two types of SCs when stored in ambient conditions and darkness. Figure 5.3 reports 
the figures of merit of the two devices measured in a N2-filled glove box for 78 days. After 
each measurement, the devices were stored back outside the glove box. The PCE of both 
devices increases within the first 12 days, from around 7% to almost 9%. This is mainly 
due to the increase in FF and VOC and can be attributed to a further p- doping in the active 
layer. After 12 days, both devices reach a stable PCE, JSC, and VOC. These results are 
consistent with previous reports where similar devices were studied.[14]  

However, more realistic device stability tests involve the constant exposure to solar light. 
We, therefore, studied the performance when exposed to concentrated illumination of 7 
times AM1.5G in a nitrogen atmosphere. Figure 5.4, reports the JV characteristics of the 
devices at time zero (initial conditions), after 20 h of continuous illumination, and after the 
devices had been stored in the dark for 4 days. The devices reached approximately 340 K 
during the prolonged illumination of the SCs. All the figures of merit are summarized in 
Table 5.2. 
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Figure 5.3. Device parameters over time of SCs with s-SWNT interlayer (black curve) and 
without interlayer (red curve). Both devices were stored in ambient conditions and in dark 
over a period of 78 days, and measured in N2-filled glove box. 

 

Table 5.2. Summary of solar cells figures of merit in different conditions, the 20 h illumination 
was performed under 7 times AM1.5G solar illumination. 

Device 
 

Jsc 
[mA/cm2]  

Voc 
[V] 

FF 
(%) 

PCE 
(%) 

With s-SWNT (1) initial conditions 26.3 0.58 0.59 8.83 

 
(2) 20 h illumination 23.77 0.512 0.47 5.74 

 
(3) Stored 4 days in dark  26.16 0.541 0.54 7.67 

Without s-SWNT (1) initial conditions 26.42 0.57 0.57 8.64 

 
(2) 20 h illumination 23.67 0.506 0.45 5.36 

 
(3) Stored 4 days in dark 25.8 0.526 0.53 7.16 

 

Both devices show a degradation of the main device parameters, namely VOC and JSC after 
20 h of illumination. Therefore, in a nitrogen atmosphere, the s-SWNT interlayer does not 
appear to have any beneficial effect on the SCs. Interestingly, the degradation is partially 
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reversible, and the SCs recover a large portion of their initial performance after a few days 
of storage in the dark.  

 

Figure 5.4. JV characteristics of the PbS CQD SCs (a) with and (b) without the s-SWNTs 
interlayer after extreme illumination in nitrogen. The devices were measured at three point in 
time: 1) initial JV curves, 2) after 20 h of illumination (7 times AM1.5), 3) after 20 h of 
illumination plus 4 days of storage in dark. The two inset show the dark JV characteristics. 

At this point, it is important to investigate our solar cells at AM1.5G constant illumination 
and in ambient conditions. Figure 5.5a reports the JV characteristics of the two solar cell 
types continuously illuminated with AM1.5G for 105 hours. The electrical parameters are 
shown in Figure 5.5b. 

The SCs without the s-SWNT layer showed a continuous degradation over a period of 
105h. This is evident from the JV curve gradually developing an s-shape. A closer look at 
the figures of merit shows that the JSC and the FF decrease immediately after the beginning 
of the illumination, while the VOC remains constant for the first 60 h. Consecutively, rapid 
degradation of the VOC results in 50% of the initial value after 105 h. The overall 
corruption of the figure of merits results in the decrease of the PCE of more than 75% after 
105 h.. We speculate that this is due to the chemical reaction of the active layer with 
oxygen and water. Degradation of PbS CQD SCs after illumination in air has also been 
observed previously, where the degradation is due to oxidation of the active material which 
drastically reduced the PCE of SCs that were photostable in N2 atmosphere. Those SCs 
were photostable in N2 atmosphere after the passivation of hydroxide species on the 
surface.[20] 
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Figure 5.5. Stability of the JV characteristics of PbS CQD SCs with (black curves) and without 
(red curves) s-SWNTs interlayer tested for 105 h under AM1.5G illumination in ambient 
conditions (a) the JV-curves at different times and (b) the figure of merit (PCE, FF, VOC and 
JSC) of the two devices at different testing times.  

Interestingly, the PbS CQD SCs with the s-SWNT interlayer show much better 
performance under prolonged illumination. The JV characteristics remain more stable, and 
the figures of merit decrease only marginally. In case of the PCE, it decreased by 15% 
after the 105 hours illumination. The results indicate that the presence of the s-SWNT 
interlayer successfully stabilized the PbS CQD SCs. We speculate, that the increased 
stability might be caused by the hydrophobicity of the carbon nanotube layer that prevents 
the interaction of water with the active layer.[23] Another possibility is that the presence of 
the chemically stable s-SWNT interlayer avoids the interaction of photo-generated 
electrons with molecular oxygen, which can be harmful for the stability of SCs.[31]  
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 Conclusion 5.3

In conclusion, we have demonstrated that PbS QD SCs including a thin layer of s-SWNT 
wrapped by P3DDT, can withstand harsher stability tests under constant solar illumination 
in ambient condition for more than 100 hours losing only 15% of their initial power 
conversion efficiency. The interlayer of SWNTs has an impressive role in protecting the 
active layer, which without SWNTs degrades after 100 hours of illumination losing about 
80% of the starting power conversion efficiency.  

 Experimental section 5.4

PbS CQD synthesis: Lead sulfide Colloidal quantum dots (PbS CQDs) capped with 
Oleate ligands were synthesized by the hot injection method.[31] As a Lead precursor 1.516 
g of Lead(II) acetate trihydrate (PbAc2·3H2O) were used. PbAc2·3H2O powder was 
dissolved in the mixture of 50 ml Octadecene (ODE) and 4.5 ml Oleic acid (OA). Then 
Lead precursor solution was dried for 2 hours under vacuum at 120 oC in a three-neck 
reaction flask, using a Schlenk line. As a Sulfur precursor Bis(trimethylsilyl)sulfide 
(TMS2S) was used, 0.420 ml of TMS2S were dissolved in 10 ml of ODE in the nitrogen-
filled glovebox. The reaction was carried out under the nitrogen atmosphere. The lead 
precursor solution was heated to 145 oC, and when the temperature reaches this point, the 
sulfur precursor solution was quickly injected to the lead precursor solution. At the end, 
the heating mantle was removed, and the reaction was quenched by cooling the reaction 
flask down to room temperature, using a cold water bath. To isolate the nanocrystals 
hexane and ethanol were added, followed by centrifugation. CQD were re-dispersed in 
hexane and precipitation by ethanol two more times (All of the washing steps were carried 
out in air). Finally, PbS CQDs were re-dispersed in hexane. Solutions concentrations were 
determined by the measurement of the absorption of diluted solutions at 400 nm, as well as 
by drying and weighing the small portion of the PbS CQD solution. For the following 
building of the devices the solution of PbS QDs with a first excitonic peak in absorption 
spectrum at 851 nm was used. Thus the band gap value is 1.46 eV, and the size of each 
nanocrystal is around 2.72 nm. 

Polymer Synthesis: The homopolymer P3DDT were synthesized as described previously 
[32] and the molecular weights were measured using gel permeation chromatography 
(GPC).  P3DDT was obtained after Soxhlet extraction with methanol, acetone, ethyl 
acetate and hexane. For the experiments reported herein, the hexane fraction with Mn = 
19.200 g/mol and Mw = 22.300 g/mol was used.  

Preparation and characterization of semiconducting SWNT dispersion: HiPCO 
SWNTs (diameters between 0.8-1.2 nm) were purchased from Unidym Inc. The polymers 
were solubilized in toluene using a high power ultrasonicator (Misonix 3000) with cup 
horn bath (output power 69 W) for 10 minutes, followed by overnight stirring at 60 oC. 
Subsequently, SWNTs were added to form the SWNT:polymer dispersions with a weight 
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 Introduction   6.1

The goal of this chapter is to illustrate how the results obtained in this thesis can be 
implemented in a practical way to address the challenge of expanding the use of electronic 
devices for the wellbeing in our society.  

The fast pace of technological developments and the heyday of the internet of things (IoT) 
create the opportunity of developing all kind of electronic devices to improve our life 
quality from different perspectives. For instance something trivial as your cellphone 
communicating to your coffee machine at what time your coffee has to be ready before 
going to work, or something important as your glucose sensor sending information to your 
hospital notifying them that you are in danger. 

The internet of things requires wireless communication between different objects, and for 
this purpose, each device needs to be uniquely identifiable. Besides, each device needs to 
be able to receive and communicate data. For that reason, sensors and smart labels are 
crucial for the development of IoT. Many of this objects also need to be light and flexible, 
meeting in this wat the flexible electronic field.    

The semiconducting carbon nanotube inks we have developed during my PhD have a 
remarkable purity, which allows the fabrication of high performing field effect transistors. 
In this chapter, I will discuss why and how s-SWNTs are appealing for the growing market 
of the internet of things and flexible smart labels. I will discuss the implementation of 
carbon nanotubes for the fabrication of RFID (radio frequency identification) labels as an 
example of a possible application in which carbon nanotube properties can enhance the 
performance of a commercial product.  

 Valorization 6.2

The first definition of valorization is the one refer to the increase in the value of capital 
assets through the application of value-forming labor in production.[1] However, in this 
chapter, valorization is not related to capital, and it is more about the impact created 
through the transfer of the acquired scientific knowledge. For the long-term application of 
the knowledge acquired during my PhD work, it is crucial to identify which current 
technological demands and needs can be satisfied with the SWNTs inks we have been 
optimizing and investigating.  

Patenting is likely the most efficient way to protect intellectual property, as it gives the 
freedom to transfer knowledge and implement that knowledge into final products. When a 
new invention is patented, novelty needs to be proven, and it also has to be shown that the 
information has not been disclosed before in any type of publication prior to the filing date 
of the patent. In the scientific activity, every project produces knowledge that can 
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potentially be patented. However, as we are amid several research groups investigating 
similar research topics worldwide, it is a challenge to prove the novelty of each result in 
the rapid flow of new publications.  

Because of the reasons mentioned above, I want to point out that even though patenting is 
the safest approach to protect intellectual property and commercialize a product, it can be 
cumbersome and other ways can be still explored.  

 The market needs 6.3

In the last years the fabrication of flexible electronic devices has attracted a large deal of 
attention, and as a market, it is forecast to grow exponentially in the coming decades. The 
market for flexible electronics is expected to reach over $87 billion by 2024.[2] It includes 
an extensive array of different fields and applications such as printed glucose sensors for 
diabetes patients, which is just one example of a billion euro market that is starting to 
grow, [3] and shows the potential of this technology in the health sector. In the coming 
years, low-cost, lightweight and low-energy consuming technology will be essential within 
the developments around the Internet of Things and Big Data. These developments have 
opened a whole new market for cheap and low consumption devices such as memories, 
sensors, logic circuits and tracking devices. 

In the market presented above, s-SWNT can be implemented in logic circuits and driving 
electronics for cameras and displays. However, considering the size and current state of 
development of the smart label market, I decided to focus this chapter on RFID (radio 
frequency identification) labels. These labels are used in large variety of applications such 
as vehicle and goods identification, and are also used in product and file management as 
well as in the textile and clothing industry. 

RFID is a form of wireless communication that uses radio waves to identify and track 
labels which are attached to objects. An RFID label has three main parts, namely a 
substrate that holds all components together, an antenna that receives or transmits a signal, 
and an integrated circuit (IC) that makes decisions and provides memory to store data.  

The challenge for the smart label market is to find cheaper materials to produce all 
components of the RFID at a large scale. At the same time, the new materials need to 
ensure high performance and the stability of the RFID label for the time of their use.  

 Why s-SWNTs? 6.4

Currently, the IC component of an RFID label is most of the time fabricated using silicon. 
Countless industrial facilities have been developed to process the silicon and increase its 
purity to prepare it for electronic devices. However, the purification of the material is 
lengthy and costly, and the technical requirements for the fabrication of silicon devices are 
high.  
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While silicon provides the reliability and scalability that we all know, it lacks the 
mechanical flexibility and the possibility to reduce further the manufacturing costs. The 
promise of printable electronics is that the scale-up can be performed in a similar fashion 
as printing newspapers. Examples of solution processable materials are conjugated 
polymers and small molecules. However, these printable semiconductors still display 
performance and stability far lower from the one of silicon.  

Semiconducting SWNTs are a solution processable material from which it is possible to 
fabricate highly performing and robust FETs. The high mechanical and thermal stability of 
SWNTs is a further advantage that opens a broader set of application respect to the ones of 
Silicon. 

 Description of the s-SWNT ink market 6.5

The company Nanointegris, founded by Mark Hersam, offers a s-SWNT ink (IsoSol-
S100® Polymer-Wrapped Nanotubes) with a shelf life of 6 months for a price of almost 
900$ per mg. Since 2014 they have a patent pending for specialized dialkyl homopolymer 
to be used for the separation of semiconducting single-walled carbon nanotubes. But, they 
were not the first group to publish about the polymer wrapping technique. The first 
publication on that topic was released in 2007 by Nish et al. where they showed an s-
SWNT selection process using a dialkyl fluorine homopolymer.[4]  

Considering also the high number of publications on the topic,of which many of them are 
authored by our research group, the chances for Nanointegris to obtain a patent for the 
IsoSol-S100® Polymer-Wrapped Nanotubes are significantly low, which opens the 
possibility of a free market.   

In a free market, the price/quality relation play a fundamental role. For Nanointegris the 
focus is research groups and the commercialization of small amounts of inks. In that 
context, they are successful, even though the price per mg is high considering the cost of 
the materials needed in the process of selecting the s-SWNTs. In an open market, our 
strength is the knowledge gained in the fabrication of electronic devices and the 
implementation of different inks with specific properties in electronic devices. Our target 
market would be the growing flexible electronics industry.  

 What is needed to use s-SWNTs for printable electronics? 6.6

Initially, we will need to build a working prototype that shows clearly the potential of s-
SWNT as building blocks for ICs which are the main component of RFID labels. A 
flexible device able to work at a frequency of 13,56 MHz and to handle bending will be the 
proof of concept. Similar prototypes have already been reported in the literature.[5] The 
working frequency of 13,56 MHz is used in RFID for pharmaceutical supply chain, 
libraries, protection of consumer goods among other applications.  
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After the potential of s-SWNT is proved, the first step to implement the use of s-SWNT 
inks for fabricating IC in the industry is to scale up the production of our inks to fulfill the 
volume requirements of industrial applications. 

During our projects, we produced quantities of inks according to our needs. The 
production of 10 ml in one day provided us with material to perform experiments for a 
couple of months. For industrial applications, the production needs to be upscaled from 
milliliters per day to liters per day. 

In our small-scale procedure, the main steps of the ink preparation are solubilization of the 
polymer, sonication of the polymer:SWNT complex, and centrifugation of the mixture of 
polymer and carbon nanotubes sample to separate the semiconducting SWNTs from the 
metallic SWNTs.  For the solubilization, we used a small hot plate that costs a couple of 
hundred euros. For the sonication, we used a high power ultrasonicator (Misonix 3000) 
with cup horn bath, and a PID controller to set the temperature. The cost of the sonication 
system is approximately 10k euros. Finally, for the centrifugation step, we used an 
ultracentrifuge (Beckman Coulter Optima XE-90; rotor: SW55Ti) which costs around 50k 
euros. 

The equipment described in the previous paragraph allows us to produce a maximum of 20 
ml each time we run the process, and the challenge is to provide liters of ink after one 
selection process. Considering that ultrasonic baths and ultracentrifuge systems are 
available in industrial scale, the cost of purchasing the equipment needed to produce higher 
quantities of the ink is the most significant barrier.  

From the scientific and technological point of view, the upscale will require the re-
optimization of the selection procedure for the new volumes. In particular, the second step 
of purification should be carefully considered, as this is the one that requires the fastest 
centrifugation. Depending on the polymer used on the application, the requirements on this 
last step could be eventually modified making the production less energy and labor 
intensive. 

 How to implemented carbon nanotubes in the production of 6.7
RFID labels? 

If we manage to fabricate, from our s-SWNT inks,  high performing devices that work at 
13,56 MHz, the next step is to find a strategical ally to further develop the implementation 
of the inks for the fabrication of RFIDs. 

What we need is to strategically find a company willing to invest in the scaling up and to 
use our inks in the fabrication process of ICs for RFID labels. Two kinds of companies 
would be potentially interested in our product. One option is a partnership with an IC 
manufacturer like NXP, and the second option is to look for an electronic printing 
company like AGFA. 
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If the strength of the company is the fabrication of ICs, this type of ally can offer a clear 
view of the market of RFID devices and also a strong network among companies that use 
smart labels as part of their products. In addition, experience in the manufacturing of ICs 
provides knowledge to identify the parameters that the ICs fabricated from s-SWNT need 
to fulfill. If the company has no experience working with solution processable materials, 
the design of the printing process to manufacture IC starting from inks will be the primary 
challenge of the partnership. 

A company with experience on electronic printing could also be interested in our inks. For 
such a company would be easy to determine which characteristics of the ink are essential 
to have a homogenous and successful printing process at industrial scale. For this 
partnership, less experience in the fabrication of ICs, implies that the main challenge 
would be to implement a fabrication process of IC starting from the printed s-SWNT.  

Even though both approaches present challenges, both are viable and open different 
possibilities to access the market. The main objective is to find an ally willing to put effort 
into the implementation of s-SWNT for the fabrication of electronic devices at industrial 
scale. 

The exciting properties of SWNTs combined with the potential of low cost and large-scale 
fabrication of IC for RFID labeling have the potential to influence the market of flexible 
electronics. 

 Conclusion 6.8

Semiconducting SWNT inks present a massive opportunity for flexible electronics industry 
and RFID for the internet of things. The first step to implement carbon nanotubes as part of 
flexible devices is to ensure the possibility of their commercialization without patent 
problems. After, an IC prototype needs to prove all the potential of the s-SWNT inks. For 
the use of the inks at industrial scale, there is a need to scale up the production of s-SWNT 
inks. Finally, the inks need to be implemented in the fabrication process at industrial scale 
of electronic components. 

The information provided on this thesis about the preparation of s-SWNT inks and the 
interaction of polymer and carbon nanotubes, provide knowledge to strive for the 
implementation of s-SWNT inks for the production of electronic devices at the industrial 
scale. The challenge is to find the right business partners that share common objectives and 
that complement our expertise.  

Considering that the long-term use of our inks in the industry is feasible, and the target 
market is broad. The recognition of the right business partner is the door to enter into the 
business of flexible electronics.   
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Summary 
 

Electronic and optoelectronic device technology has been developing at a rapid pace in the 
last decades, and the high demand for this technology requires an unceasing pursuit of new 
materials to produce efficient field effect transistors, solar cells and light-emitting diodes, 
among others. To make these devices suitable for different needs and applications, the new 
materials should have properties such as an outstanding charge transport, and a high 
chemical and mechanical stability.  

In the last years the desire of simplifying the production process by using solution 
processable materials also emerged. The use of inks in electronic and optoelectronic 
applications has allowed the fabrication of devices in the same fashion as printing 
newspapers. However, often these devices display properties far from the ones fabricated 
with traditional semiconductors. This is because there are very few semiconductors that 
display both solution processability and outstanding transport properties. 

Single-Walled Carbon Nanotubes (SWNTs) are a unique example of a material with 
remarkable charge transport properties, high chemical and mechanical stability, and 
solution processability. However, SWNTs are synthesized as a mixture of semiconducting 
and metallic species, making their application in electronic and optoelectronic devices 
challenging. It has been estimated that purities of semiconducting SWNTs (s-SWNTs) 
above 99,99% should be reached to produce technologically relevant inks. For this reason, 
different techniques have been developed to separate semiconducting from metallic tubes. 

In this thesis, I investigate the power of the polymer wrapping technique to sort s-SWNTs. 
While the technique is relatively well established, many questions are still to be answered. 
Among them are: i) what mechanism drives the sorting, ii) what is the nature of the 
interaction between the polymer chains and the SWNT, and iii) how to exploit the 
properties of the carbon nanotube-polymer hybrids for electronic and optoelectronic 
applications.  

To address the first question I have used in chapter 2 three different polymers with very 
different backbone flexibility to sort two types of SWNTs of different diameters. The 
comparison of the s-SWNT yields obtained with either P12CPDTBT, P3DDT or PF12 has 
shown that for small diameter HiPCO tubes, higher flexibility of the polymer backbone 
leads to higher dispersion yields. Instead for larger diameter tubes (SO), higher dispersion 
yields were obtained with the bulkier and less flexible backbones of P12CPDTBT and 
PF12.  

These results are rationalized by performing DFT calculations and analyzing the electronic 
and chemical structures of the carbon nanotube-polymer hybrids. The results show that for 
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small diameter tubes, the higher flexibility of the polymer allows a stronger binding energy 
with the SWNTs.The binding energy is less important for large diameter tubes, and the 
bulkier polymer showed higher dispersion yields as a consequence of the higher surface 
coverage of the SWNT walls. 

In chapter 3 I identified two naphthalene diimide-based conjugated polymers (N2200 and 
PE-N-73) as a new class of macromolecules capable of efficiently selecting s-SWNTs.  

Both these polymers have a narrow bandgap. However, the HOMO level of only PE-N-73 
is similar to the HOMO level of (8,7) s-SWNTs, which is one of the dominant species of 
nanotubes in the sample.  

The electron transport of field effect transistors fabricated with PE-N-73 and N2200 
wrapped SWNTs are comparable. In contrast, a substantial difference is observed in the 
hole transport when an excess of free polymer is present in the solution. The excess of 
N2200 is detrimental for the hole transport, while the improved alignment of the HOMO 
level of PE-N-73 with the HOMO level of the nanotubes leads to outstanding p-type 
characteristics, even with a large amount of residual polymer between the tubes.  

Not only high dispersion yields and the band alignment between the polymer and the 
carbon nanotubes are important for the application of the inks in electronics, but also the 
ability to control the polarity of the field effect transistors (FETs) fabricated with the s-
SWNT inks.  

In chapter 4, I showed that it is possible to achieve unipolar charge transport by mixing a 
highly purified ink of s-SWNTs with additives. Mixing s-SWNTs with benzyl viologen 
(BV) or with 4-(2,3-Dihydro-1,3-dimethyl-1H-benzimidazol-2-yl)-N,N-
dimethylbenzenamine (N-DMBI) gives rise to n-type field effect transistors, and mixing s-
SWNTs with 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) gives rise 
to p-type transistors. This direct modification of the nature of the ink forms a new strategy 
that allows control over the FET polarity without extra fabrication steps. 

We found that different mechanisms are causing this modification of the FET behavior. 
The BV additive modifies the Schottky barrier between the metal contact and the SWNT 
network, while N-DMBI increases the mobility of the FET by effective molecular doping. 
Interestingly, F4-TCNQ had an effect on both the work function and on the doping of the 
active material. 

Highly conductive inks are not only relevant for the fabrication of FETs but can also be 
used in solar cells. In chapter 5, I demonstrated that s-SWNTs can be used as a transport 
and protective layer between the active layer and the anode of lead sulfide colloidal 
quantum dot (PbS CQD) solar cells (SCs). PbS CQD SCs including a thin layer of s-
SWNTs wrapped with P3DDT can withstand harsh stability tests under constant solar 
illumination in ambient conditions for more than 100 hours, losing only 15% of their initial 
power conversion efficiency. Without the SWNTs interlayer the solar cell degrades more 
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than 80% of the starting power conversion efficiency after 100 hours of illumination. The 
interlayer of SWNTs therefore has an impressive role in protecting the active layer.  

This is a very important result as it increases the possibility of the application of polymer-
wrapped SWNTs inks in solar cells and it increases the chance of expanding SC usage for 
renewable energy.  

Finally, in chapter 6, I discuss how our results can be implemented in a practical way and I 
address the challenge of expanding the fruition of electronics technology in our society to 
enable the Internet of Things. Semiconducting SWNT inks present a massive opportunity 
for the Internet of Things, as they can enable low power consumption electronics which 
are simultaneously highly performing but also flexible and cheap. The first step is to 
ensure the scaling-up of s-SWNT inks. Finally, the inks need to be integrated in the 
fabrication process of different electronic components to produce smart labels.  

In conclusion, with this thesis, I contribute to a deeper understanding of the power of the 
polymer wrapping technique for the selection of semiconducting carbon nanotubes and I 
show a way to implement s-SWNT inks in the production of electronic devices at the 
industrial scale. 
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Samenvatting 
 

Elektronische en opto-elektronische technologie heeft zich de afgelopen decennia op een 
rap tempo ontwikkeld, en de grote vraag naar deze technologie vergt een constante 
inspanning om nieuwe materialen te ontdekken die nodig zijn voor de productie van onder 
andere efficiënte veldeffecttransistoren, zonnecellen en LEDs. Om deze apparaten geschikt 
te maken voor verschillende doelen en toepassingen, moeten de nieuwe materialen 
eigenschappen bezitten zoals een uitstekend ladingtransport, en een hoge chemische en 
mechanische stabiliteit.  

In de afgelopen jaren is er sterke behoefte aan de simplificatie van het productieproces. 
Het gebruik van inkten in elektronische en opto-elektronische toepassingen heeft het 
mogelijk gemaakt om apparaten te vervaardigen op dezelfde manier als het drukken van 
kranten. Echter hebben deze apparaten vaak niet dezelfde eigenschappen als apparaten die 
geproduceerd zijn met traditionele halfgeleiders. De oorzaak hiervan is dat er erg weinig 
halfgeleiders bestaan die zowel vanuit een oplossing te vervaardigen zijn als uitstekende 
ladingtransport eigenschappen hebben. 

Enkelwandige koolstofnanobuizen (SWNTs) zijn een uniek voorbeeld van een materiaal 
met uitzonderlijke ladingstransport eigenschappen, hoge chemische en mechanische 
stabiliteit en waarmee apparaten vanuit een oplossing gefabriceerd kunnen worden. 
SWNTs worden echter gesynthetiseerd als een mix van halfgeleidende en metallische 
soorten, waardoor de toepassing ervan in elektrische en opto-elektrische apparaten wordt 
bemoeilijkt. De zuiverheid van halfgeleidende SWNTs (s-SWNTs) dient hoger te zijn dan 
99,99% om inkten te kunnen produceren die technologisch relevant zijn. Hiertoe zijn 
verschillende technieken ontwikkeld om halfgeleidende nanobuizen van metallische 
nanobuizen te scheiden.  

In dit proefschrift onderzoek ik de kracht van de polymeer-verpakkings-techniek om s-
SWNTs te isoleren. Ondanks dat deze techniek relatief goed bekend is, blijven er nog veel 
vragen onbeantwoord, waaronder: i) wat is het mechanisme achter de selectiviteit; ii) wat 
is de aard van de interacties tussen de polymeerketens en de SWNTs, en iii) hoe kunnen 
we profiteren van de eigenschappen van deze koolstofnanobuis-polymeerhybriden voor 
elektronische en opto-elektronische toepassingen? 

Om de eerste vraag te beantwoorden heb ik in hoofdstuk 2 drie verschillende polymeren 
met erg verschillende flexibiliteit van de ruggengraat gebruikt om twee soorten SWNTs 
met verschillende diameters te isoleren. De vergelijking van de s-SWNTs opbrengsten 
verkregen met P12CPDTBT, P3DDT of PF12 heeft laten zien dat voor de HiPCO buizen 
met een kleine diameter, een grotere flexibiliteit van de polymeer-ruggengraat leidt tot het 
vergroten van de dispersie-opbrengst. Daarentegen, voor buizen met een grotere diameter 
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(SO) worden hogere dispersie-opbrengsten gehaald met de omvangrijkere en minder 
flexibele ruggengraten van P12CPDTBT en PF12. 

Deze resultaten zijn gerationaliseerd door het uitvoeren van DFT-berekeningen die inzicht 
geven in de elektronische en chemische structuren van de koolstofnanobuis-
polymeerhybriden. De resultaten laten zien dat voor de buizen met een kleine diameter, de 
grotere flexibiliteit van het polymeer een sterkere binding met de SWNTs oplevert. De 
bindingsenergie is minder van belang voor de buizen met een grotere diameter, en het 
omvangrijkere polymeer geeft een betere binding als gevolg van de grotere 
oppervlakbepakking van de SWNT-wanden.  

In hoofdstuk 3 heb ik twee naftaleendiimide gebaseerde geconjugeerde polymeren (N2200 
en PE-N-73) geïdentificeerd als een nieuwe klasse macromoleculen die in staat zijn om 
efficiënt s-SWNTs te selecteren. Beide polymeren hebben een kleine bandkloof. Het 
HOMO niveau van alleen PE-N-73 is echter vergelijkbaar met het HOMO niveau van (8,7) 
s-SWNTs, één van de dominante soorten nanobuizen in het monster. Het 
elektronentransport in veldeffecttransistoren vervaardigd vanuit PE-N-73 en N2200 
omwikkelde SWNTs zijn vergelijkbaar. Daarentegen wordt een aanzienlijk verschil 
waargenomen in het gatentransport wanneer een overmaat aan vrij polymeer in de 
oplossing aanwezig is. De overmaat aan N2200 is schadelijk voor het gatentransport, 
terwijl een verbeterde uitlijning van het HOMO niveau van PE-N-73 met het HOMO 
niveau van de nanobuizen leidt tot voortreffelijke p-type karakteristieken, zelfs in de 
aanwezigheid van een grote hoeveelheid resterend polymeer tussen de buizen. 

Niet alleen een hoge dispersie-opbrengst en de bandkloofuitlijning tussen het polymeer en 
de koolstofnanobuizen zijn belangrijk voor de applicatie van de inkten in elektronica, maar 
ook de mogelijkheid om de polariteit van de veldeffecttransistoren (FETs) die gefabriceerd 
zijn met de s-SWNT inkten te kunnen beïnvloeden. 

In hoofdstuk 4 heb ik aangetoond dat het mogelijk is om unipolair ladingstransport te 
verkrijgen door het mixen van een inkt met een hoge zuiverheidsgraad van s-SWNTs met 
additieven. Het mixen van s-SWNTs met benzyl viologen (BV) of met 4-(2,3-Dihydro-1,3-
dimethyl-1H-benzimidazol-2-yl)-N,N-dimethylbenzenamine (N-DMBI) resulteert in n-
type veldeffecttransistoren, en het mixen van s-SWNTs met 2,3,5,6-Tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4-TCNQ) resulteert in p-type transistoren. Deze directe 
modificatie van de aard van de inkt vormt een nieuwe strategie die controle mogelijk 
maakt over de FET-polariteit zonder extra fabricagestappen.  

We hebben ontdekt dat verschillende mechanismen deze modificatie van het FET gedrag 
veroorzaken. Het BV additief modificeert de Schottkybarrière tussen het metaalcontact en 
het SWNT-netwerk, terwijl N-DMBI de mobiliteit van de FET verhoogt door effectieve 
moleculaire dotering. Interessant is dat F4-TCNQ een effect had op zowel de werkfunctie 
als op de dotering van het actieve materiaal. 
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Hooggeleidende inkten zijn niet alleen relevant voor de fabricage van FETs maar kunnen 
ook gebruikt worden in zonnecellen. In hoofdstuk 5 heb ik aangetoond dat s-SWNTs 
gebruikt kunnen worden als transport- en beschermende laag tussen de actieve laag en de 
anode van loodsulfide colloïdale quantumdot (PbS CQD) zonnecellen (SCs). PbS CQD 
SCs met een dunne laag van P3DDT-omwikkelde s-SWNTs kunnen extreme 
stabiliteitstesten onder constante belichting ondergaan in atmosferische omgeving voor een 
duur van minstens 100 uur. Slechts 15% van de originele efficiëntie gaat verloren over 
deze tijdsspanne. Zonder de s-SWNT tussenlaag verliest de zonnecel meer dan 80% van de 
originele efficiëntie na 100 uur belichting. De tussenlaag van SWNTs speelt dus een 
indrukwekkende rol in het beschermen van de actieve laag.  

Dit is een erg belangrijk resultaat omdat het de mogelijkheid van het toepassen van 
polymeer-omwikkelde SWNTs inkten in SCs vergroot en het de kans vergroot dat het SC 
gebruik voor hernieuwbare energie wordt uitgebreid. 

Uiteindelijk bespreek ik in hoofdstuk 6 hoe onze resultaten op een praktische manier 
geïmplementeerd kunnen worden, en bespreek ik de uitdaging om de bloei van 
elektronische technologie in onze samenleving uit te breiden om het Internet der Dingen 
mogelijk te maken. Halfgeleidende SWNT inkten vormen een enorme kans voor het 
Internet der Dingen, omdat ze elektronica met een laag energieverbruik mogelijk maken 
die tegelijkertijd zeer goed presteert, maar ook flexibel en goedkoop is. De eerste stap is 
het zeker stellen van het opschalen van s-SWNT inkten. Ten slotte moeten de inkten 
worden geïntegreerd in het fabricageproces van verschillende elektronische componenten 
om slimme labels te produceren. 

Ter samenvatting, met dit proefschrift draag ik bij aan een beter begrip van de kracht van 
de polymeer-verpakkingstechniek voor de selectie van halfgeleidende koolstofnanobuizen 
en laat ik een manier zien om s-SWNT inkten in de productie van elektronische apparaten 
op een industriële schaal te implementeren. 

  



The power of polymer wrapping 

 

                                                                                                                                                                                                                                                                                                                                                                                       
118 

 

 

  



Acknowledgements 
 

It was a bit more than seven years ago when I visited Groningen for the first time. With the 
date for my defence coming closer and closer, an exciting journey of personal and 
professional developments is coming to an end, next to the end of my time in Groningen. 
This whole journey has been enjoyable and productive thanks to many good people that I 
have had the luck to run into during my entire life. 

My PhD thesis is the result of the work of many people that have been helping and 
supporting me, professionally and personally, and I would try to thank some of them. I 
apologize in advance if for any reason I forget to mention someone, it would not mean that 
I do not appreciate the input from that person. It would just mean that sometimes, I am 
clumsy in that way.  

I would like to start expressing my gratitude to my promotor and supervisor, Prof. Maria 
Antonietta Loi. Maria, I enormously appreciate all of your support and guidance during the 
last five years, which includes my master and PhD project. I feel like despite how busy you 
were, you always took the time to help me and you always do your best to make my life 
and the lives of my colleagues easier. I think your skills as a researcher are extensive, but 
beyond that what I admire the most are your skills as leader and manager. I cannot imagine 
how big the challenge is to handle many PhD candidates with many different ambitions 
and different personalities. I guess the key is to be a bit of a therapist and it is something 
you understand very well. I have learned a lot from you, and I feel honored and grateful for 
being part of the POE group. 

I also want to thank my co-promotor Prof. Kees Hummelen for letting me be part of the 
FOM focus group. I really appreciate your flexibility and desire to help me anytime you 
had the chance. I also want to thank you for checking my samenvatting.    

I sincerely want to thank Prof. Petra Rudolf, Prof. Enzo Menna and Prof. Yong-Young 
Noh for taking time from their busy schedule to evaluate this thesis, approve it and give 
me the corresponding feedback.  

Petra, besides thanking you for being part of my reading committee, I also want to thank 
you for being my student advisor during the first year of the Top Master. I feel very 
thankful and lucky to have had a student advisor with such kindness. Your willingness to 
help me made my whole experience in Groningen much easier. There are many things you 
have done for me, and it would be difficult to list all of them, but I especially remember 
when you and Valerio joined me to visit a house that I wanted to rent because as a master 
student I could not sign a rental agreement. 



The power of polymer wrapping 

 

                                                                                                                                                                                                                                                                                                                                                                                       
120 

 

From the professional point of view, I want to thank Dr. Sybille Allard and Prof. Ullrich 
Scherf for providing as many conjugated polymers as we needed during the whole project. 
Prof. Maria Cristina dos Santos for the interesting discussions and all the simulations she 
performed for us. Dr. Mario Caironi for all device experiments performed in his group 
which were an important input for our research. Dr Peter Nirmalraj for the nice STM 
images of our samples. Finally, I want to thanks Prof. Antonio Facchetti for providing us 
materials from his company Flexterra (former Polyera). 

I want to thank Renate for the administrative help, you always made my life easier when I 
needed to go through a troublesome administrative process. Jan Peter, as PhD coordinator 
you always tried to help me and you were always open to talk; those were things I really 
appreciated. Teo thank you for your technical support and organizational skills, fish Friday 
is a huge asset for the group. Arjen, I want to thank you for all the technical support, and 
besides that I want to thank you for your fantastic personality. You make the lunchtime 
highly entertaining; your party mood is something I would never forget, besides that your 
openness to discuss any topic is remarkable and a quality that I appreciate sincerely. 

I would also like to say thanks to all of my colleagues, the current and the former ones. I 
think a huge part of a successful PhD experience is to have a nice boss and nice colleagues. 
I always felt comfortable sharing time with all of you, and I always felt like I could count 
on you whenever necessary.  

I would like to start addressing the CNT team. When I arrived at the group for my master 
project, Widi was my daily supervisor. I want to thank you for your patience, your 
openness to share knowledge and our discussions. Even more important than that, I very 
much appreciate your supportive attitude and peacefulness. 

At the same time, Vlad was working as part of the group. After some time his help became 
crucial for my project. I cannot recall how many devices you prepared for me. In the 
process of working together, he also turned into a terrific friend. Vlad, you are a really 
easy-going guy, and you were always in for my crazy ideas, even when I felt like having a 
shot downtown at 23:00 on a Monday evening. I also enjoyed your visit to Colombia very 
much, and I was pleased my family could meet you. I know I can always count on you and 
I hope you know that you can always rely on me.  

After a while, Wytse joined the CNT team. I knew you are a really kind person, and after 
interacting more often with you I realized that you are always there to help everyone who 
might need you and you do it with great pleasure. Wytse, many thanks for all your help all 
the time! It would be a bit too long to enumerate all the situations, but I want you to know 
that I have them present in my mind. Just to mention one, thanks for translating the 
summary of this thesis from English to Dutch.  

In the last stage of my PhD, Ervin joined the group as a master student. I did not imagine 
how invaluable his help would be to finish my PhD smoothly. Your hard work, 
knowledge, friendliness, and willingness to help, made our time working together 



 

                   121 
 

extremely pleasant for me. I was delighted to write the speech for your master graduation, 
where I could share with you my thoughts a bit more in detail. 

The last months, two new master students joined the CNT group. Sietske and Hilbert, it 
has been great to have you around. Both of you are very nice people, and it is delightful to 
see how well you fit into the dynamics of the POE.  

Now going from the small CNT group to the big POE group, I want to thank all the former 
colleagues. Their presence was extremely valuable to keep a nice atmosphere during the 
working days. Marianna, Satria, Insan, Lai-Hung, Luna, Solmaz, Davide, Irene, Bauke 
thank you for making the POE an enjoyable place and hope you are doing great in all your 
current projects.   

From the current group, I want to thank everyone, and I want you to know that from each 
of you I received something nice during our interactions. 

I want to start with Andrea, even though officially you are not part of the group. Your 
visits and great personality make me feel that you were an extra professor of the POE. I 
always enjoy your presence and your nice way to communicate with everyone. 

Dima, thank you for helping me keep the chemical lab neat and for sharing your 
knowledge with me. Besides, I enjoyed your random facts every time. It was a pleasure to 
be your office mate.  

Natasha, thank you for all your help on the solar cell project, you cannot imagine how 
valuable everything you did was to help me finish this thesis. I always greatly appreciate 
your caring attitude and your desire to help. 

Sampson, you always make me laugh inside when you call me Mr. President and our talks 
were always entertaining. Thank you for drinking beer with me and not minding it too 
much when I offered you alcohol. The calmness you always transmit is great for the POE 
group and for our social interactions! 

Herman, since you arrived you look like a really kind and easy-going person, your 
personality makes the interaction with you really easy and pleasant. Thank you for trying 
to help me every time I needed it, I appreciate it greatly. Thanks a lot for proofreading 
parts of this thesis. 

Musty, talking to you about life is always interesting, I think our point of views are quite 
similar, and it is always enjoyable to discuss with someone that thinks alike. I appreciate 
your unique personal style and thanks for sharing your knowledge about perfume with me.  

Shuyan, your discipline and hardworking spirit are remarkable. Besides that, you were 
always very kind to me which I always appreciated. It is really nice that now your kid is 
living in Groningen, and it was cool I had the chance to meet him. 









 

                   125 
 

First, I want to thank the Plutolaan family for the support during the first year in 
Groningen. Kvestan, Christine, Pawel, Anna, Marius, Orkhan, Jintao, Bieke, Eline, 
Mathiue, Flo.  

We had so many good times together at the Plutolaan, and the reunions were also always 
lots of fun! Flo, thank you for always keeping in contact, it is something I appreciate 
enormously!  

After Plutolaan, I moved to the Colombian mansion with Gloria and Johana. Thank you for 
being my older sisters, for having a lot of patience with me and thanks for all the fantastic 
moments we shared together. Gloria, thanks for always keeping in contact and I am happy 
you visited my family in Colombia. Also thanks to you, we formed the cherry sunrise, 
Luke, Daniel, Marius, Bart, it was great to share time with all of you guys. 

Special thanks to Annika and Daniela, you are amazing friends, and I always feel your 
unconditional support! I am delighted that even after a few years and each of us living in 
different countries, we always find ways to meet. I want you to know that your friendship 
means a lot to me and I hope we will keep it alive forever!    

Among my housemates, I also need to consider Stefany, your periods as a homeless 
allowed us to build a strong friendship. It has been amazing to see your development and I 
am really happy to count you among my friends. Thanks for always being in for my crazy 
ideas and try to listen to my advice now and then. Keep in mind you can always count on 
me! 

The new member of the Colombian mansion 2.0 was Lionel. It has been really nice to 
share this journey with you. As a housemate you were always relaxed and tried to keep a 
comfortable environment at home. It has been a pleasure to see how you have grown as a 
father and to hear how well Eduardo is doing. 

Maryam, you were the first housemate that moved in without being my friend first. Within 
a couple of weeks you turned into a close friend, and after few months you were already a 
friend for life! I greatly enjoyed our time living together, and I want you to know that I 
always feel your support and I hope you feel mine. It was great to see how your 
relationship with Andres developed and how you two turned into parents. Elena is 
wonderful! Andres, thank you for your friendship, for all the fun soccer matches and for 
suggesting Maryam as a possible housemate. To both of you, thanks a lot for all the 
amazing moments. 

I also want to thank my last housemates before moving in with Esméé. Laura and Ailine, 
many thanks for being my friends and for all the memorable moments we shared living 
together. I think our different personalities complemented really well. Mi chino, thank you 
for all the nice conversations, your advice and for following my crazy ideas. Laura, thank 
you for your patience and flexibility, thank you for all the conversations about life and for 
all the pieces of advice. 
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Besides my housemates, I met lots of nice people during my time in Groningen and I 
would like to mention all of them, because they also turned this experience into an 
awesome one. Everyone in one way or another helped to make my time in Groningen more 
pleasant and interesting. I know I am going to forget many names but I am going to try to 
include as many as I can. 

I want to mention the people I met thanks to ESN, for many years they were a crucial part 
of my social life. Thanks to the Cazzo family. Ilaria, Valeria, Gosia, Ane, Maria, Bart, 
Catello, Kristine, it was amazing to have the chance to meet you and I will always 
remember all the fun memories we made together. Rosa, Renata, I am really happy we are 
still in touch and I want to thank you for keeping me as a part of your life.  

I also want to mention the Colombian crew, the ones that already left and the ones that are 
still in Groningen. It was always great fun every time we had the chance to meet. Thanks 
to Gaby and Jens, Fifi and Niels, Viviana (Molano), Liliana, Andres (Negro) and Maria, 
Mitch and Mayra, Jose, Javier (Villamil), Diego, Ana Cristina, David, Alejo, Javier 
(Gutierrez), Andres (Holguin), Luisa, Ana Maria, Yea, Christian, Gonzalo and Derly. It 
was a pleasure to share the Groningen experience with all of you and sorry if I forgot any 
name. 

I want also to thank the friends of diverse nationalities I met in different ways. Larisa, 
Paul, Daniela, Karine, Gayane, Bauke, Thijs, Kieu, Alex, Insa, Linda, Ilian, Nestor, 
Veselina, Adrian, Nghi, Coty. Thank you for, in one way or another, making me part of 
your lives at some point. 

Yoga and Meditation were an important part of my life in Groningen and helped me during 
my PhD experience. At this moment I want to thanks Suzy for taking me to the Zen boat! 
Besides that, thank you for all the nice conversations and for sharing your charming 
personality with the POE group. It was always great to share time with you!  

At the Zen boat I met Daphne. Thank you for all the tasty dinners before meditation, our 
Tuesday routine help me to be disciplined and go to mediation more often. I always liked 
our conversations about life! 

I want to thank all the monks from Zen river Groningen for their guidance and I especially 
want to thank Helma. Your guided mediation and one to one talks were extremely fruitful 
for me and helped me to get to know myself much better, thanks so much for that! 

Some of my friends in Groningen, joined me at some point to the meditation both. Bianca, 
Vania, Elsa, thank you for trusting me and sharing that experience with me. I appreciate 
enormously your friendship and I hope we will keep contact! 

I also want to thank Maxi for her Yoga guidance. Your compassionate and lively spirit 
always made my time in the yoga studio super pleasant. 










