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production of low-cost network field-effect 
transistors (FETs),[1] logic circuits,[2,3] and 
other electronic devices.[4–8] The polymer-
wrapping selection of semiconducting 
SWCNT was introduced by Nish et al. in 
2007,[9] and improved and expanded by 
many authors in the last years.[10–20] Poly-
fluorene,[18,21,22] poly thiophene[23–26] deriva-
tives, and many other polymers[27–32] are 
used to interact with the SWCNT walls.[33–36]  
However, the interaction of the polymer 
chains with the SWCNT is rather weak, 
resulting in the main advantage of this 
sorting method, namely the polymer wrap-
ping does not greatly alter the electronic 
properties of the nanotubes.[37–39] In the last 
years, this technique has become very pop-
ular as compared with other solution-based 
selection processes such as density gradient 
ultracentrifugation and gel chromatog-
raphy, in particular because of its simplicity, 
scalability, and high dispersion yield.[36,40,41]

The mechanism of the selection process of s-SWCNT, even 
if still under debate, can be described as following. First, the 
π–π interaction is driving the polymer backbone to the SWCNT 
walls, and the alkyl side chains wrap around the tube limiting 
its interaction with the solvent. Second, the selection mecha-
nism, as it has been speculated, arises from the screening of the 
s-SWCNT polarizability by wrapped poly mers.[12] The metallic-
SWCNT (m-SWCNT) species have roughly three orders of mag-
nitude larger polarizability as compared with the s-SWCNT.[42,43] 
It is, therefore, the large polarizability and the insufficient 
screening that lead to the rebundling of the m-SWCNT.[23] The 
significant weight difference between bundles and individual-
ized tubes is the last ingredient, which allows for the separation 
of the two species by means of ultracentrifugation.

Not only the polymer structure but also the chain confor-
mation in the solvent is an important factor to obtain high 
selectivity and high dispersion yield. Wang et al. investigated 
different organic solvents for the selection process bringing for-
ward the idea that a poor solvent for the polymer is necessary 
to reduce the polymer–solvent interaction and favor the interac-
tion with the SWCNT walls.[20] Toluene has been the most used 
solvent as it allows to obtain a good selection yield for semi-
conducting tubes with many different polymers.[11,13,18,24,44,45] 
Unfortunately, though, the shelf lifetime of s-SWCNT inks 
in toluene is severely limited by nanotube aggregation and 
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Polymer Wrapped s-SWCNT Inks

1. Introduction

In recent years, solution processable polymer-wrapped semi-
conducting single-walled carbon nanotubes (s-SWCNTs) have 
been intensively investigated due to their suitability for mass 
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twinning.[36] This is a big disadvantage for manufacturing of 
SWCNT-based devices on an industrial scale, using techniques 
such as inkjet-printing.[34,46,47]

In this work, we demonstrate the larger advantages of o-xylene 
over toluene as solvent for polymer-wrapped SWCNT. O-xylene 
is introduced as a solvent in the last step of the selection process, 
leaving the rest of the process unaffected. While the inks based 
on toluene strongly degrade after few months from their prepa-
ration, those in o-xylene maintain colloidal stability for longer 
than one year. This better colloidal stability has a big influence 
on the performance of fabricated devices. s-SWCNT field-effect 
transistors fabricated from o-xylene-based inks show an improve-
ment in both charge carrier mobility and on/off ratio, and, most 
importantly, offer a much-enhanced device reproducibility.

We therefore demonstrate a massive enhancement of the ink 
shelf lifetime and of the overall FET performance by merely 
substituting the applicator solvent, indicating the suitability of 
these inks for mass production.

2. Results and Discussion

Figure 1a describes the procedure used for the semiconducting 
SWCNT selection and enrichment process using the polymer 
P3DDT.[35] The HiPCo SWCNT and the polymer are first soni-
cated together, allowing the s-SWCNT to be individualized 
and wrapped by the polymer. During the first centrifugation 
step, bundles of m-SWCNT together with other carbon con-
taminants precipitate due to their weight. Upon completion 
of the centrifugation step, the supernatant, which contains the 
desired s-SWCNT wrapped by the polymer as well as the excess 
of free polymer, is extracted. In order to remove the excess 
polymer, a second centrifugation step is performed, which we 
refer to as the enrichment. At this point, the precipitated pellet 
contains the polymer-wrapped s-SWCNT while the excess pol-
ymer is in the supernatant. The pellet is therefore removed and  
re-dispersed either in toluene or in o-xylene, which we refer to 
in the following as applicator solvents.

Toluene is the most common applicator solvent for polymer-
wrapped SWCNT inks and has been used with success in the 
last 10 years of research in the field.[13,19,20,35,45,48–50] Here we 
aim to investigate the stability of inks based on toluene and to 
compare their performance with inks using o-xylene as appli-
cator solvent.

Figure 1b shows the s-SWCNT inks in both solvents freshly 
prepared and after one year aging. For the one-year-old toluene-
based ink, small aggregates are visible as suspensions in the 
solution; this results in an overall lower optical density. Instead, 
the one-year-old o-xylene solution has the same appearance as 
the freshly made ink.

The variation that occurred in the solutions is quantified 
by absorption spectroscopy. Figure 2a shows the absorption 
spectra of the s-SWCNT ink in toluene as prepared and after 
one year from its preparation, almost half of the optical absorp-
tion is lost in one year. The overall intensity of the absorption is 
reduced because of the formation of aggregates, as the bundled 
SWCNTs do not contribute significantly (vide infra) to the S11 
transition. The aggregate formation could be attributed to the 
poor solubility of the polymer-wrapped s-SWCNT in toluene 

Adv. Electron. Mater. 2019, 5, 1900288

Figure 1. a) Schematic illustration showing the different steps in the 
selection process as initially described by Bisri et al.[53] First, the polymer is 
solubilized by stirring and sonication in toluene, then the pristine carbon 
nanotubes are added. After sonication, the mixture goes through two dif-
ferent centrifugation steps. Finally, the pellet is redispersed. In this study, 
pellets are redispersed into either toluene or o-xylene. b) The toluene- and 
o-xylene-based s-SWCNT inks when freshly prepared, and after aging for 
a period of one year. Agglomeration is clearly visible for the ink in toluene.
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and to the tendency of the P3DDT polymer side chains to inter-
twine between themselves.[20] We have reported earlier that the 
intertwining of the P3DDT side chains is responsible for the 
formation of s-SWNT twins in P3DDT-wrapped s-SWCNT.[36]

Besides the overal difference in intensity, the two absorp-
tion spectra in Figure 2a show another important difference. 
To highlight the difference in Figure 2b, the absorption spectra 
are reproduced normalized with respect to the peak at 450 nm. 
This peak is determined by the free polymer chain absorption 
(see also the reference spectra in orange in Figure 2b) and 
shows a blueshift with respect to the two features at 564 and 
604 nm, which are typical of the P3DDT aggregation around the 
carbon nanotube walls.[36] The relative increase of free polymer  

absorption in the one-year-old solution indicates unwrapping of 
a portion of the s-SWCNT, which in turn explains the loss of 
individualization. Therefore we can conclude that in the case 
of the toluene solution two main effects determine the limited 
shelf lifetime, namely, the unwrapping of the polymer and the 
formation of aggregates driven by the polymer alkyl chains.

As observed above, there is no variation in the appearance of 
the SWCNT dispersion in o-xylene even after storage for one 
year. By measuring the absorption spectra of the two s-SWCNT 
inks in o-xylene (Figure 2c), we evidence an increase of the 
overall sample absorption intensity in the aged sample, veri-
similarly determined by the increase in concentration due to 
the slow solvent evaporation from the ink in the storage unit. 
We can therefore state that the s-SWCNT ink in o-xylene fea-
tures a shelf life of at least one year, which is the time we have 
been monitoring its stability, which does not exclude a much 
longer shelf life.

To further investigate the quality and stability of the inks, 
steady-state and time-resolved photoluminescence (PL) spec-
troscopy are used. In Figure 3a, the steady-state PL spectra of 
the two freshly prepared samples are reported. The PL intensity 
of the four highest energy bandgap SWCNTs is substantially 
higher (50%), in the o-xylene-based samples with respect to 
the toluene one, at parity of concentration. As aggregation of 
SWCNT is generally responsible for energy transfer and nonra-
diative recombination, the increase of the PL intensity indicates 
a better individualization of the s-SWCNT in the o-xylene-based 
sample. It is interesting to note that the two lower bandgap 
tubes, namely, at 1373 and 1440 nm, show instead identical 
PL intensity for the two samples. In other words, the rela-
tive intensity between the higher energy peaks and the lower 
energy ones is smaller for the toluene-based solutions. This 
is an indication of the fact that energy transfer is occurring 
between larger bandgap SWCNT and smaller bandgap one 
in the case of toluene-based solutions, while in the case of 
o-xylene-based one this transfer is either less efficient or totally 
suppressed. In agreement with this observation, there is an 
improvement of the lifetime for both the short (t1) and long 
(t2) components of the PL decay of the SWCNT S11 transition 
at 1080 nm, as reported in Figure 3b. The components t1 and 
t2 are 3  and 19 ps for the toluene-based sample and, 12  and 
44 ps for the o-xylene one. This is a further strong evidence 
of the better individualization of the s-SWCNT o-xylene with 
respect to toluene.

The ultimate proof of the quality of the inks is obtained by 
using them for the fabrication of FETs. To this purpose, FETs 
were fabricated from both toluene-based and o-xylene-based 
inks that were freshly prepared or had been in storage for 
one year. It is important to note that inks were not sonicated 
prior to deposition. In fact, s-SWCNT aggregations can be par-
tially removed by mild sonication. In Figure 4a are reported 
the typical output characteristics obtained from FETs fabri-
cated with freshly prepared P3DDT-wrapped s-SWCNT inks in 
o-xylene (top) and toluene (bottom) with identical initial con-
centrations as determined from absorption. The devices show 
a pronounced p-type behavior with the sample deposited from 
o-xylene showing a factor two higher current with respect to 
the one from toluene. In this type of s-SWCNT network based 
transistors the current magnitude depends on the number of 
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Figure 2. Absorption spectra of a) toluene-based s-SWCNT inks fresh 
and one year old, black and red curves, respectively. b) Absorption spectra 
of s-SWCNT inks in toluene as in (a), in orange the spectra of the pristine 
P3DDT polymer solution. All spectra are normalized to the 450 nm peak. 
c) Absorption spectra of the s-SWCNT inks in o-xylene fresh and one-year-
old, black and red curves, respectively.
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tubes crossing the transistor channel, we argue that in the case 
of aged o-xylene-based inks a better distribution of s-SWCNT 
is obtained, forming a more extended percolation network. In 
Figure 5 are shown the typical transfer characteristics obtained 
from FETs fabricated with the two inks, the red curve for 
the o-xylene- and the black curve for the toluene-based one. 
The fresh solutions show very similar performances for the  
hole current and a small difference in the electron current. 
The toluene solution shows a higher off-current.

Devices fabricated from one-year-old solutions show the 
largest difference in performances. The toluene-based inks 
show a significant deterioration in performance for both hole- 
and electron-transport, as compared with devices fabricated 
from fresh inks, see output characteristics in Figure 4b. The 
hole Ion shows a reduction of one-and-a-half order of magni-
tude (see Figure 5). This also affects the hole mobility, which 
is reduced from 1.8 to 4.4 × 10−2 cm2 V−1 s−1. Additionally, the 

electron mobility decreases from 0.4 to 3.5 × 10−3 cm2 V−1 s−1. 
Moreover, the higher subthreshold swing (SS) (especially in 
the electron-side) indicates an increase in trap density, leading 
to noncomparable extracted threshold voltages Vth.[51] This 
increase of the SS may be explained by a higher interaction of 
the s-SWCNT network with the SiO2 surface due to the previ-
ously discussed unwrapping of the polymer chains.

In contrast, devices prepared using one-year-old o-xylene-
based inks show a similar Ion for both fresh and aged solutions 
(Figures 4b and 5). Moreover, mobilities obtained from these 
devices show surprisingly, that while the electron mobility 
decreases from 0.5 to 0.4 cm2 V−1 s−1, the hole mobility 
increases from 1.7 to 1.9 cm2 V−1 s−1 going from the fresh to 
the one-year-old solution.

A summary of the FET performance distribution of devices 
fabricated with freshly prepared o-xylene and toluene inks is 
reported in Figure 6. It is evident from Figure 6a,b that the 
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Figure 4. a) Output characteristics of FETs fabricated using toluene and o-xylene s-SWCNT inks of freshly prepared solutions. b) Characteristics of 
devices fabricated with one-year aged toluene and o-xylene solutions.

Figure 3. a) Steady-state photoluminescence of the s-SWCNT inks in o-xylene (red) and toluene (black); b) time-resolved photoluminescence of the 
s-SWCNT peak at 1080 nm. The white dashed lines are the bi-exponential fit.
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variation in device characteristics for o-xylene-based inks is  
significantly lower than for toluene-based inks. The o-xylene 
inks show an average higher mobility (117% higher hole 

mobility than for toluene inks) and a peak on–off ratio of 1010, 
even if on average the on–off ratio does not show significant 
differences.

At this point, it is important to understand why FET devices 
deposited from o-xylene-based solutions are on average better 
performing than the ones based on toluene.

A direct effect of the improved individualization is a higher 
number of SWCNT-SWCNT junctions, which will increase the 
density of tubes on the surface and consequently improves the 
percolation pathway. The AFM microscopy images reported in 
Figure S1 (Supporting Information) seem to support this idea. 
In fact, the comparison between Figure S1a,b (Supporting 
Information), which shows the SWCNT network deposited on a 
SiO2 surface from the toluene- and o-xylene-based inks, respec-
tively, shows a lower degree of large bundles and crossing 
points for the last. From Figure S1c,d (Supporting Information) 
it is evident that the tendency to aggregate increases with time 
and that the network deposited from 12-months-old toluene 
ink results in large aggregates of SWCNT, while the SWCNT 
in o-xylene maintains a large degree of individualization even 
after a long time in solution.

Apart from the improved individualization of s-SWCNT, 
also the better wetting of the SiO2 surface obtained with the 
o-xylene-based inks can be the reason of a higher homogeneity 
and densities of the networks obtained. This could, in turn, 
explain the device reproducibility. This hypothesis is supported 
by contact angle measurements (Figure S2, Supporting Infor-
mation), showing a lower contact angle (9.5°) for o-xylene-based 
inks compared to the toluene one (12.4°). Alternatively, the dif-
ference in contact angle being so small, one could argue that 
the difference in boiling point and evaporation kinetics between 
the two solvents can also contribute to determine the difference 
between our s-SWCNT networks.

The main quality of the o-xylene-based inks is, therefore, the 
higher device reproducibility and the extremely long shelf life-
time. This has an enormous importance for commercial appli-
cations. Not only when considering large surface deposition 
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Figure 5. Transfer characteristics at VD = 5 V of FETs fabricated using 
toluene (black) and o-xylene (red) s-SWCNT inks; top panels: devices 
fabricated from freshly prepared solutions, bottom panels: devices fab-
ricated from one-year-old solutions. The reverse curves are displayed as 
dashed lines.

Figure 6. s-SWCNT FET performance distribution. a) Hole (circle) and electron (triangle) mobilities versus on/off ratio of devices fabricated with 
s-SWCNT inks in toluene (black) and o-xylene (red). b) Statistical representation of the same data as in (a), with on the left side the distribution for 
holes and the right side for electrons.
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techniques as blade coating but also for techniques as inkjet 
printing where solvents with a high boiling point as well as 
lower toxicity are required.

3. Conclusion

We demonstrated that merely substituting the applicator 
solvent in a colloidal dispersion of polymer-wrapped semi-
conducting-SWCNT results in an improvement in both shelf 
lifetime (longer than one year) and FET performance and 
reproducibility.

By substituting toluene with o-xylene, the chirality distribu-
tion in the dispersion remains unaffected. Moreover, a similar 
distribution of SWCNT is obtained when depositing the two 
inks. However, the better wetting allows for a more homo-
geneous distribution of SWCNT cast from o-xylene, which 
improves the percolation network for charge carriers. Con-
sequently, the average FET mobilities are improved over two 
folds for inks using o-xylene and the overall reproducibility is 
enhanced.

These results represent an important step toward the large-
scale technological utilization of s-SWCNT inks for electronic 
and optoelectronic applications.

4. Experimental Section
Polymer Synthesis: The homopolymer P3DDT was synthesized via 

the GRIM method and the molecular weight was measured using gel 
permeation chromatography (GPC).[52] The polymer was obtained after 
the Soxhlet extraction with methanol, acetone, ethyl acetate, and hexane. 
For the herein reported experiments the narrowly distributed hexane 
fraction with Mn/Mw 19 200/22 300 g mol−1 (polydispersity index 
PDI: 1.16) was used.

Preparation and Characterization of s-SWCNT Dispersion: HiPCo 
SWCNT (0.8–1.2 nm) were purchased from Unidym Inc. First the 
polymer was solubilized in toluene, subsequently SWCNT was added 
to form the SWCNT:polymer dispersion at a weight ratio of 1:2 (3 mg 
of SWCNT, 6 mg of polymer, 15 mL of toluene), the solution was then 
sonicated in a cup-horn for 2 h at 78 W. After ultrasonication, the 
dispersion was centrifuged at 30 000 rpm (109 000 g) for 1 h in an 
ultracentrifuge (Beckman Coulter Optima XE-90; rotor: SW55Ti). After 
the centrifugation, the highest density components precipitated at the 
bottom of the centrifugation tube, while the low-density components, 
including small bundles and individualized SWCNTs wrapped by 
the polymer, and free polymer chains, remained in the upper part as 
supernatant. One extra step of ultracentrifugation was implemented 
to decrease the amount of excess polymer in solution (enrichment).[53] 
In this step the supernatant obtained after the first ultracentrifugation 
was centrifuged for 5 h at 55 000 rpm (367 000 g). At this point, the 
individualized s-SWCNTs precipitated to form a pellet, and the free 
polymer remained in the supernatant. Finally, the pellet was taken away 
and re-dispersed by sonication in o-xylene or in toluene.

Optical Characterization of the s-SWNT Dispersion: Optical 
measurements were performed to check the concentration of 
semiconducting carbon nanotubes selected by the polymer and to 
monitor the colloidal stability of the ink over time. Absorption spectra 
were recorded with a UV–vis–NIR spectrophotometer (Shimadzu 
UV-3600).

For the PL measurements the samples were excited at ≈800 nm by 
the fundamental mode of a mode-locked Ti:Sapphire laser (Mira 900, 
Coherent). A variable neutral density filter was used to adjust the laser 
excitation power on the sample. The PL decays were recorded with an 

NIR sensitive Hamamatsu streak camera working in synchroscan mode 
(time resolution ≈2 ps). The steady-state PL spectra were measured with 
an InGaAs Andor inline detector, and corrected for the spectral response 
of the setup using a calibrated light source.

Fitting and Data Analysis for Optical Measurements: Steady-state 
spectra were fitted with Gaussian functions (the average goodness-of-fit 
was determined by the chi-squared (χ2) test). Lifetimes were fitted using 
exponential functions such as I = ∑i Ai exp(−t/τi). When only one lifetime 
was reported, the best fit could be achieved with a monoexponential 
function; otherwise a bi-exponential function was used.

FET Transistor Fabrication and Electrical Characterization: Field-effect 
transistors were fabricated on silicon substrates with on top a thermally 
grown SiO2 dielectric layer (230 nm thickness). Source and drain bottom 
electrodes (10 nm ITO/30 nm Au) were lithographically patterned 
forming an interdigitated channel. The different s-SWCNT dispersions 
tested were deposited in a nitrogen-filled glove box by blade coating 
(Zehntner ZAA 2300 Automatic film applicator coater). The deposition 
procedure was repeated two times to achieve a sufficiently high 
s-SWCNT coverage density. After deposition, the samples were annealed 
at 160 °C for 60 min to evaporate the remaining solvent.

Electrical measurements were performed using a probe station 
placed in a nitrogen-filled glove box at room temperature under dark 
conditions. The probe station is connected to an Agilent E5262A 
Semiconductor Parameter Analyzer. The reported charge carrier 
mobilities were extracted from the IDS–VG transfer characteristics in the 
linear regime at VD = ±5 V. The gate capacitance was corrected from 
the parallel plate capacitance taking into account the linear density of 
the s-SWCNT network and quantum capacitance of the s-SWCNT as 
described by Cao et al.[54]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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