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Photoinduced p- to n-type Switching in Thermoelectric
Polymer-Carbon Nanotube Composites

Bernhard Dorling, Jason D. Ryan, John D. Craddock, Andrea Sorrentino,
Ahmed El Basaty, Andrés Gomez, Miquel Garriga, Eva Pereiro, John E. Anthony,
Matthew C. Weisenberger, Alejandro R. Goni, Christian Miiller,* and

Mariano Campoy-Quiles*

A broad range of organic electronic applications rely on the
availability of both p- and n-type organic semiconductors, and
the possibility to deposit them as sequential layers or to form
spatial patterns. Examples include transport layers in diodes
(OLEDs, photovoltaics, etc.), the transistor technology that
underpins complementary logic and circuitry, as well as the
p- and n-legs of a thermoelectric generator. Typically, a judi-
cious selection of orthogonal solvents coupled with additive
patterning techniques, such as inkjet-printing, is employed
to provide patterned p- and n-regions in solution-processed
devices. If higher resolution is required (below =100 pm),
multistep lithographic methods are then compulsory. Here we
show that combining a p-type semiconducting polymer with
nitrogen doped n-type multiwalled carbon nanotubes (CNTs)
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results in composites whose majority carriers can be tuned by
varying the relative composition. More importantly, we demon-
strate UV photoinduced switching of an initially p-type com-
posite solution into an n-type material, and present a proof of
principle flexible thermoelectric generator with 15 double legs,
which was fabricated from solution using a single processing
step. Our results open the possibility of defining p- and n-type
semiconductor patterns through UV treatment applied during
solution deposition, with the potential to substantially simplify
device production.

The performance of organic semiconductor based technolo-
gies is increasing rapidly in areas such as photovoltaic cells2
and thermoelectric generators.>l One key advantage of this
class of materials is their amenability to solution processing,
and thus potential for roll-to-roll upscaling.”#l The fully low-
cost potential relies, however, on achieving realistic perfor-
mance while keeping the processing schemes simple, including
patterning of different materials.l>-11)

Organic thermoelectric generators offer the potential for
a cost-effective technology to harvest low temperature waste
heat.®1 While it is possible to build complete thermoelectric
modules from a single type of thermoelectric material (either
p- or n-type) and interconnect them with a regular conductor,
only half of the legs will actually generate a thermovoltage. A
more efficient device combines p- and complementary n-type
materials by electrically connecting them in series and ther-
mally in parallel in an alternating fashion. The fabrication
of such modules will surely benefit from simple fabrication
methods that allow patterning of regions of both types of mate-
rial within one substrate.

To benchmark thermoelectric materials, the dimension-
less figure of merit ZT = S*0T/x is typically used, where S is
the Seebeck coefficient (S > 0 for p-type and S < 0 for n-type
semiconductors), o the electrical conductivity, x the thermal
conductivity, and T the average absolute temperature. In
this context, polymers offer remarkably low x values, in the
range from 0.5 W m™' K down to 0.1 W m™! K! (cf. Bi,Te;
exhibits k¥ = 1.2 W m™' K7}, while other typical inorganic
semiconductors such as crystalline silicon have xk values
~100 W m™! K71).'213 Interestingly, the thermal conductivity
of bulk polymers as well as conjugated macromolecules can
be tuned by controlling molecular orientation.*1% In order
to increase the modest electrical conductivity of polymers, a
number of strategies have been proposed, including careful
doping 111721l making composites of polymers with conductive
fillers such as CNT5,12224 or fabricating multilayer composite
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structures.’! While these strategies have thus far worked rela-
tively well for p-type materials, examples of air-stable, solution
processable, n-type organic materials are scarce. For example,
extrinsic doping of an n-type polymer in vacuum has proven
to be inefficient due to large scale phase segregation.l! A more
direct, molecular design approach of the side chains of a small
molecule has shown potential,’! exhibiting good performance
inside a glovebox. Another promising n-type material are CN'T5,
which are intrinsically ambipolar when protected from air, and
have been shown to work as both p-type and n-type thermo-
electric materials.?>?°l Their doping level, and concomitant
Seebeck coefficient, can be tuned by doping electrically®? or
chemically with a variety of air-stable compounds.’!l Pure CNTs
exhibit, however, a high thermal conductivity®”l and are diffi-
cult to process from solution. Using CNTs as conductive fillers
within polymer matrices may result in synergies, such as a high
S and o, while keeping x low and allowing for easy processing.
In fact, it has been shown that van der Waals interactions can
result in the polymer wrapping itself along or around the CNTs,
which improves the processability of the CNTs.33l The effi-
ciency and selectivity to particular CNT chiralities depends on a
variety of factors, such as the type of polymer (determining the
specific - interactions), the molecular weight of the polymer,
and the length and type of side chains.?37]

Here, we set out to investigate if n-type organic composites
could be obtained by mixing a p-type conjugated polymer with
nitrogen doped n-type CNTs. We chose poly(3-hexylthiophene)
(P3HT) since it can show ambipolar transport®¥ and can wrap
around CNTs.B% A moderate regioregularity of RR > 90% was
selected in order to not limit the solubility of the polymer. Com-
posites of regular, unmodified CNTs and doped P3HT have
been shown to deliver power factors around 95 pW m~! K224
Here, composites with different stoichiometries were pre-
pared by dispersing nitrogen doped CNTs (hereafter referred
to simply as CNT) in o-dichlorobenzene (oDCB) and dissolving
P3HT in chloroform, followed by mixing, sonicating, and
drop-casting on flexible PET substrates (see the Experimental
Section for details). Scanning electron microscopy (SEM)
images of composites of P3HT and nitrogen doped multi-
walled CNTs with low CNT content, ¢, appear well dispersed,
while samples containing large fractions of CNTs exhibit
agglomeration (Figure 1a). In all cases we observe fibrillar struc-
tures, which are likely CNT bundles wrapped with polymer.
Moreover, atomic force microscopy (AFM) images reveal an
increase in surface roughness of the films with increasing CNT
content (Figure 1b). The low CNT content films clearly show
a fine fibrillar structure with an average bundle diameter of
55+ 15 nm, which is significantly smaller than for the high CNT
content samples with 90 + 30 nm (Figure 1a,b). We employed
transmission X-ray microscopy (TXM) to confirm that the CNTs
are distributed homogeneously all throughout the thickness of
the film, as well as on the surface (Figure 1c). TXM also reveals
the presence of iron-rich clusters in the sample, that is, residual
catalyst from the CNT synthesis.?%*) After acid cleaning of
the CNT batch, the content of iron was reduced from 37 to
20 wt%, as estimated by elemental analysis and this reduction
was confirmed by energy-dispersive X-ray spectroscopy. While
an accurate quantitative analysis is complicated, these values
can serve as an upper bound for iron content. Electrically, the
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composites consist of highly conductive, CNT-rich regions sur-
rounded by polymer-rich regions that exhibit circa four orders
of magnitude lower electrical conductivity (Figure 1d and
Figure S1, Supporting Information). The percentage of highly
electrically conducting areas increases with increasing CNT
content as expected, while the acid treatment results in similar
percentages but smaller domains. Histograms of current maps
(Figure S1, Supporting Information) suggest that the purity of
the domains is higher for acid-treated samples. Macroscopically,
drop cast films on PET substrates present an electrically perco-
lating behavior as a function of CNT content, with a percola-
tion threshold around c, = 3.5 wt% (Figure 2a), similar to ear-
lier results.l?l This threshold points to relatively well dispersed
carbon nanotubes, in agreement with the SEM, AFM, and
TXM data shown in Figure 1. The macroscopic o also increases
sharply, in this case by five orders of magnitude, when com-
paring the neat polymer and composites with CNT weight frac-
tions above percolation. Interestingly, the Seebeck coefficient
varies from that of the neat polymer (=1000 pV K7!)4 to that
of the CNTs (=—10 pV K™') and correlates well with the percola-
tion threshold observed for o (Figure 2b). Strikingly, at around
cs = 40 wt% CNT content, the Seebeck coefficient changes
sign. The corresponding power factor has two regimes, accord-
ingly, separated by a zero value. Simple modules can be fabri-
cated using these composites, with p-legs with ¢ = 20 wt%, and
n-legs with ¢ = 80 wt%. One example consisting of five pairs of
such legs is shown in Figure S2 (Supporting Information) and
delivers a thermovoltage of 170 uV K! which is close to the
sum of Seebeck coefficients of the constituting legs.

Since ¢, << ¢, we argue that the majority of carriers for
¢ = 25 wt% of CNTs are holes, or, in other words, holes are
being transported through the CNTs, which is the electrically
more conductive part of the composite. A possible explana-
tion for this observation is that P3HT is effectively doping the
CNTs.*1#2] This hypothesis is supported by photolumines-
cence (PL) quenching experiments (Figure 2d), which indicate
that there is a strong photoinduced charge transfer between
P3HT and CNTs.3l The observed phenomenology regarding
the thermoelectric properties of the nanocomposites can be
well explained in terms of a simple band model,** which con-
siders the semiconducting CNTs as being co-doped. The donor
impurities correspond to the nitrogen atoms substitution-
ally incorporated during production of the CNTs, whereas the
P3HT wrapped around the nanotubes is assumed to effectively
act as an acceptor, injecting holes into the CNT valence band,
as was very recently shown for CNT composites with poly-
electrolytes.*] The actual position of the Fermi level in the
CNTs at a given temperature simply results from the difference
in effective donor- and acceptor-level densities by invoking
charge neutrality.l*l This determines the type of the majority
carriers in the system, and in turn, the sign of the Seebeck
coefficient as is explained in more detail in the discussion of
Figure S3 (Supporting Information). This interpretation in terms
of doping also explains why treatment of a 20 wt% P3HT/CNT
composite with a p-dopant like FeCl; further increases the elec-
trical conductivity (FeCl; dopes P3HT, which in turn dopes the
CNTs), while the same dopant has no significant effect on an
80 wt% composite due to pinning of the Fermi level, as shown
in Figure S4 (Supporting Information). Interestingly, samples
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Figure 1. Nanostructure of four representative CNT-P3HT nanocomposites (from top left to bottom right: 30 wt% CNTs, 80 wt% CNTs, 30 wt% acid-
treated CNTs, and 60s UV-treated 30 wt% CNTs). a) Scanning electron micrographs illustrating the sample surface. Varying amounts of CNT bundles
and P3HT matrix are visible in all samples. Additionally, the 80 wt% samples contain Fe-catalyst, and in the UV-treated samples, scrap-like features
are visible. b) AFM topography confirms that 80 wt% and UV-treated samples exhibit considerable roughness. c) False color transmission X-ray micro-
graph combining information on measurements at three distinct energies. Increased absorption due to nitrogen slightly above K (nitrogen) at 399 eV
is pictured in blue. Increased absorption above L,(iron) at 707 eV is represented in red. Variations due to sample thickness measured at 520 eV are
represented in green. d) Conductive AFM measurements corresponding to the topography in (b). The color scale is proportional to the logarithm of

the measured current. All scale bars are 2 pm.

based on acid-treated CNTs show a higher percolation threshold
while retaining the n-character throughout the investigated
composite fractions. We rationalize this behavior with a less
effective p-doping of CNTs by P3HT due to a smaller interac-
tion between components. This is supported by a less effective
PL quenching (Figure 2d) and by having purer domains
(cf. Figure S1, Supporting Information).

In composites biased close to the transition from p- to
n-type by appropriately selecting the CNT content, small dif-
ferences in doping are expected to produce large differences in

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Seebeck coefficient. To confirm this, we selected n-type sam-
ples of as-synthesized 40 wt% CNTs, and 5 wt% acid-treated
CNTs. And indeed, the Seebeck coefficient can be changed to
a positive value by doping the composites with FeCl; (data not
shown).2*l The comparison between composites made from the
two CNT batches suggests that the thermoelectric behavior of
these composites strongly depends on the electronic proper-
ties of the matrix polymer as well as the specific interactions
between P3HT and CNTs. So next we attempted to verify this
hypothesis. Perhaps the simplest treatment is the application of

Adv. Mater. 2016, 28, 2782-2789
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Figure 2. Dependence of thermoelectric properties on CNT concentration for as-synthesized (blue filled circles) and acid-treated CNTs (red open
squares). a) o shows percolative behavior, increasing by several orders of magnitude upon addition of a few wt% of CNTs. At high CNT content, a dip
in ois observed for as-synthesized CNTs. The dashed line sketches the expected behavior for similar composites prepared from regular, undoped CNTs.
b) Correspondingly, S steadily decreases with increasing CNT concentration, and crosses over to negative values at ¢, = 40 wt% CNTs. For higher CNT
concentrations, S saturates at about =10 pV K™'. For the acid-treated CNTs, S is independent of the CNT concentration in the investigated range. The
inset shows the complete measured composition range. c) Resulting power factor S20. For as-synthesized CNTs, two regions are apparent, one below
¢s, where the composite has p-type properties, and another above c,, where the material is n-type. d) Averaged PL intensity between 675 and 725 nm,
for samples excited at 514 nm. The inset shows two representative spectra with ¢ = 0 wt% and ¢ = 80 wt%. Error bars indicate the standard deviation

across two batches of six samples each.

heat to promote (partial) detachment of the P3HT chains from
the CNT surface, thereby reducing polymer/CNT contact and
concomitant doping. Indeed, these composites exhibit thermo-
chromism in solution when heated. Upon increasing the tem-
perature, the composite solution turns from a characteristic
dark purple, indicative of n-stacked, crystalline P3HT, to the
bright orange coloration associated with well dissolved, isolated
P3HT. Unfortunately, this change is not preserved through the
transition to the dried film, as no changes of the thermoelectric
properties are observed. Conversely, a reference P3HT solution
does not show any thermochromism during preparation and
subsequent heating.

Another conceivable treatment that is easily implemented
is the irradiation of the solution by UV-light. Excitingly, this
treatment does confirm our hypothesis above. For samples that
were UV-irradiated while drying using a low pressure mercury
vapor lamp, the Seebeck coefficient continuously decreases
as a function of irradiation time for the investigated samples,
which contain 20 and 30 wt% CNTs (Figure 3a). For the 30 wt%
samples, S becomes negative after 60 s of UV-irradiation.
These results open the possibility to creating thermoelectric
generators with p- and n-legs from a single solution, as we will
show below.

Adv. Mater. 2016, 28, 2782-2789
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In order to understand the impact of UV-irradiation on the
thermoelectric properties, we next investigate its effect on the
structural and optical properties of the composites. Optical
microscopy indicates that long exposure times (2120 s) yield
visibly degraded samples (Figure S5, Supporting Informa-
tion). AFM also suggests an increase in surface roughness
(Figure 1Db), while SEM evidences the appearance of small
curled scraps (Figure 1la), that are electrically insulating
(Figure 1d and Figure S2, Supporting Information), which we
ascribe to degraded polymer. Raman scattering suggests that
UV-light has no negative effect on the CNTs (as measured by
the ratio of the D- and G-bands, Figure S6, Supporting Infor-
mation). Overall, long exposure times clearly degrade the sam-
ples and as a result, the macroscopic electrical conductivity also
slightly decreases (Figure S7, Supporting Information).

Figure 3b shows the normalized absorption and PL intensi-
ties of four samples irradiated for 0, 60, 150, and 240 s. The
aforementioned degradation is here seen as an absorption
blueshift, due to a reduction in conjugation length of the
polymer. The PL quenching that we discussed before is, upon
UV irradiation, much less pronounced, demonstrating a lower
degree of charge transfer between degraded polymer chains
and CNTs, with the concomitant smaller degree of p-doping of

wileyonlinelibrary.com 2785
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Figure 3. Sample properties after UV-irradiation during deposition.
a) Seebeck coefficient versus UV treatment duration t for samples con-
taining 20 wt% CNTs (red open triangles) and 30 wt% CNTs (blue filled
circles). The lines serve as a guide to the eye. The error bars represent
the standard deviation. b) Normalized absorbance (dashed lines) and PL
spectra (solid lines) of 20 wt% CNT samples that have been irradiated for
different amounts of time.

the CNTs. Photodegradation of P3HT in thin films has indeed
been well studied.l*’*8] Photobleaching has been observed with
an additional blueshift of the absorption associated to an ozone
mediated decrease of the average length of 7-conjugation.*’]
In solution, on the other hand, the blueshift is not neces-
sarily caused by ozone, but simple UV irradiation in an oxygen
containing atmosphere is already sufficient.’” Both photo-
bleaching in the presence of singlet oxygen, and chain scission
have been observed, where the chain scission is induced by the
presence of FeCl; residue in the sample.P!

Figure 3b also shows that there are two clear regimes: For
short exposure times (<60 s), there is little degradation of the
polymer (no photobleaching, no absorption blueshift, high
degree of PL quenching) but a strong change in the electronic
properties, as observed by the change in Seebeck sign. Long
exposure times (>120 s) result in complete degradation of the
polymer with destructive effects on the electronic properties.
This kind of induction period during which properties at first
only change slowly, is a common observation during UV-deg-
radation of polymers.>? The Fourier transform infrared (FTIR)
spectra shown in Figure S8 (Supporting Information) back up
this observation, and provide evidence that the UV treatment
attacks both the carbon double bonds of the thiophene ring, as
well as the alkyl side chains, influencing the doping not only

wileyonlinelibrary.com
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by reducing conjugation, but also by impairing the CNT-P3HT
interaction.

There is, therefore, a reasonable processing window to
modify the thermoelectric properties of the composites by UV
irradiation before unwanted degradation occurs. In order to
illustrate the potential advantages of such a method, we have
realized a thermoelectric module fabricated from a single solu-
tion with p- and (UV-irradiated) n- legs. Figure 4 illustrates a
proof of concept thermoelectric module and some envisaged
applications that are implemented through a toroidal geom-
etry of the module. First a uniform wet layer of the composite
is deposited, and half of it is UV-irradiated during drying
(Figure 4a). In a second step, the individual legs are patterned
by appropriate cutting (Figure 4b). We connected p- and n-type
legs with silver paste in order to strengthen the bridge region.
(Note that these contacts are not strictly needed, since they
provide no increase in conductance for an in-plane current in
a layer of homogeneous thickness.) In a third step, the device
is folded into a spiral, and adjacent couples are connected
electrically in series by depositing contacts (Figure 4c). In the
last step, the ends of this spiral are joined to form a torus
(Figure 4d,e). Figure 4g shows one conceivable application as a
wristband. When one side of this module comprising 15 double
legs is attached to a glass filled with ice water, leaving the other
side at room temperature, it generates a voltage of 5 mV which
corresponds to 217.4 pV K1 in total or 14.5 pV K! per couple.
A plot of the output current and power versus voltage is given
in Figure S9 (Supporting Information). The module supplies
=2 nA at 5 mV Seebeck voltage. An alternative geometry
may allow connecting a larger number of legs to harvest, for
instance, waste heat from a pipe. For this, the spiral itself can
be wound into yet another spiral, as in Figure 4f.

Importantly, we have measured the bulk thermal conduc-
tivity of selected 1 mm thick samples and verify that x only
slightly increases from 0.29 W m™! K™ for neat P3HT to
0.55 W m™ K for a ¢ = 80 wt% composite (see Table 1 and
Table S1, Supporting Information). The nonoptimized ZT
values are then around 10 and 10~ for the p-type and n-type
composite, respectively. Despite being relatively low, these
values are similar to recently reported n-type organic materials
which exhibited power factors around 0.1-1 pW m™ K2 (cf.
0.01 pW m~! K2 for this work).>%l Since the presented method
is likely to be applicable to other materials systems, we expect
that significantly higher efficiencies can be reached by selecting
better performing materials like semiconducting single-walled
carbon nanotubes, and appropriate dopants,3! while keeping
processing complexity low by depositing a minimum number
of layers and selecting a suitable transformation step like the
UV-irradiation presented here, or other simple methods, like
vapor printing.”*

Besides performance, stability is also a key parameter since
most reported n-type organic materials are not stable in air. In
our case, all samples were prepared, measured and stored in
atmosphere. Figure S10 (Supporting Information) shows the
results of repeated electrical measurements carried out over
a period of up to 600 d. The negative Seebeck coefficient was
stable for all measured n-type samples, with no significant
changes observed after 240 d for any of the high CNT con-
tent and UV-treated samples. In the same amount of time, the

Adv. Mater. 2016, 28, 2782-2789
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Figure 4. Proposed fabrication and applications of a device geometry that plays on the advantages of the presented material. a) A large area is coated
from a single solution, and patterned by UV irradiation. b) If desired, additional contacts (on what will be the outer side) are deposited. c) The flexibility
of the PET substrate is employed to easily connect the couples electrically in series by depositing contacts at what will be the inner side of the torus.
d) The final toroidal device geometry. Possible application geometries in the form of €) a single torus, f) an extended spiral, and g) a wristband. The

width of a single leg of the pictured device is 5 mm.

electrical conductivity did not decrease by more than half of the
initial value and then remained stable for subsequent measure-
ments after 600 d.

In summary, we have shown that P3HT-CNT composites
can exhibit either a positive or negative Seebeck coefficient
depending on stoichiometry. Furthermore we have demonstrated
photoinduced switching of p-type to n-type composites, which
simplifies the fabrication of thermoelectric modules by requiring
only a single solution. This way, processing complexity can be
reduced by using large area coating instead of more complex
additive printing processes. Finally we have fabricated proof-of-
principle wearable thermoelectric modules using the developed
methods.

Table 1. Bulk thermal conductivity x of T mm thick PZHT/CNT samples.
For a summary of the complete measured data, including density
p, specific heat capacity C,, and thermal diffusivity o, see Table S1
(Supporting Information).

Thermal conductivity K [W m™ K]

Neat P3HT 0.29+£0.01
30 wt% CNTs 0.40 +£0.03
30 wt% acid-treated CNTs 0.49 +£0.02
80 wt% CNTs 0.55+0.04
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Experimental Section

Materials: Nitrogen doped multiwalled carbon nanotubes were
synthesized from a saturated solution of acetonitrile/ferrocene feedstock
by a chemical vapor deposition using a continuous process.%40:55-57]
CNTs contain approximately 7 wt% nitrogen, as determined by scanning
transmission electron microscopy/electron energy loss spectroscopy.
The CNTs typically contained residual iron from the catalyst used in
their formation. In order to minimize available iron, a sample of the
nanotubes was heated at reflux first in concentrated aqueous HCI
for 18 h, followed by extensive washing with water, and then heated
in refluxing acetic acid for 24 h, again followed by extensive washing
with water. Poly(3-hexylthiophene-2,5-diyl) (P3HT, M,, = 97 kg mol™,
M,,/M,, = 2.4, regioregularity >90%, Rieke Metals), oDCB (99% ReagentPlus)
and chloroform (>99.9% CHROMASOLV) were obtained from Sigma-
Aldrich. All materials were used as received.

Solution Preparation: CNTs were dispersed in oDCB at a concentration
of 1 g L™" and sonicated in ice water for 60 min (JP Selecta Ultrasons
50W). P3HT was dissolved in chloroform at a concentration of 20 g L! and
an appropriate amount was added in three steps to the CNT dispersion
to create a mixture with the desired CNT concentration. After each
addition, the mixture was sonicated an additional 30 min in ice water.
After a day, a precipitate of residual carbon and sedimented CNTs can be
observed, the remaining solution was stable for months.

Sample Preparation: 1.5 mL of solution was drop-cast onto PET substrates
and left to evaporate. Some samples were irradiated with 50 mW cm™
of UV-light directly after deposition in a Jelight UVO-Cleaner 42.

Electrical Characterization: The Seebeck coefficient was measured at
300 K and ambient atmosphere with an SB1000 instrument equipped with

wileyonlinelibrary.com

2787

MLLWI DI

35UBD1T SUOWILLIOD 9AIRR1D) 3|gedljdde ay) Aq pausenoB ae SajoLe YO ‘8sn JO SajnJ J0j AiqiT aulluQ AB|IAA UO (SUOIHIPUOD-pUE-SLLR)/WIOD A | 1M Afeiq | pUI|UO//SdNY) SUORIPUOD pue SWB | 83 38S “[2202/0T/E2] Uo Ariqiauljuo A8(im ‘ABojouyos | JO Asiealun seweyD A T2



2
o
<
S
=
5
=
=
o
1%/

2788  wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

a K2000 temperature controller from MMR Technologies using a thermal
load of about 1-2 K and a constantan wire as an internal reference. For
each composition, six 5 X 1 mm? small samples from two independently
prepared films were measured; each measurement was repeated ten
times. Samples were contacted with silver paste from Agar Scientific.

The electrical conductivity measurements were performed on
separate samples from the same batch. Four silver paste contacts were
placed in the corners of the T cm x 1 cm samples. Conductivity was
measured with an Ecopia HMS-5000 Hall measurement system, using
the van der Pauw method.F®l

Bulk Thermal Conductivity: Samples for thermal conductivity
measurements were prepared by (1) solidifying material from
combined 1 g L™! CNTs in oDCB and 20 g L™! P3HT in CHCl; solutions,
(2) compacting material at ambient temperature and a pressure of
18.5 kN cm to form two identical round pellets with a diameter of
13 mm and thickness of T mm, and (3) hot-pressing pellets at 150 °C at a
pressure of less than 7.4 kN cm™. The density was estimated by measuring
the volume and weight of the pellets. The heat capacity and thermal
diffusivity were measured at ambient temperature with a TPS 2500 S
Thermal Constants Analyser from Hot Disk AB using an isotropic model.

Physical Characterization: Sample thickness was measured using a
KLA Tencor MicroXAM-100 optical surface profilometer for samples with
50 wt% CNTs and below. Samples with higher CNT concentration were
measured using a KLA Tencor P16+ profilometer. The sample thickness
ranged between 15 and 0.8 pm, depending on the total solution
concentration. For high CNT wt% composites, the samples contained
a significant amount of voids, and consequently the total amount of
material is overestimated and o underestimated accordingly.

Optical Characterization: Transmission spectra of samples were
measured using a GES-5E ellipsometer from Sopralab. Raman
and photoluminescence spectra were measured in backscattering
configuration with a LabRam HR800 spectrometer (Horiba Jobin Yvon)
coupled with a confocal Olympus microscope, using 514 and 633 nm
excitation wavelengths. Raman imaging was performed using a Witec
alpha300 R confocal equipment (532 nm excitation). FTIR spectra were
measured using a Perkin—Elmer Spectrum One spectrometer coupled to
a universal attenuated total reflectance accessory.

Optical micrographs were taken using an Olympus BX51 optical
microscope and a DP20 microscope digital camera.

Structural ~ Characterization: Scanning electron microscopy was
conducted using a FEI Quanta 200 FEG. AFM and current sensing
AFM were measured using an Agilent 5500LS instrument with a Rocky
Mountain Nanotechnology solid platinum tip. TXM was conducted at
the MISTRAL beamline at the ALBA synchrotron.’%¢0 For this, samples
were drop-cast onto copper grids.

Supporting Information

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