Charge and Thermoelectric Transport in
Polymer-Sorted Semiconducting Single-Walled
Carbon Nanotube Networks

Martin Statz,’ Severin Schneider,* Felix J. Berger,i Lianglun Lai I William A,
Wood, Mojtaba Abdi-Jalebi ¥ Simone Leingang,|| Hans-Jorg Himmel | Jana

Zaumseil *++

and Henning Sirringhaus*1

T Cavendish Laboratory, University of Cambridge, Cambridge CB3 0HE, UK
TInstitute for Physical Chemistry, Universitit Heidelberg, D-69120 Heidelberg, Germany
Y Cambridge Graphene Centre, University of Cambridge, Cambridge CB3 0FA, UK
§Institute for Materials Discovery, University College London, London WCIE 7JE, UK
| Institute for Inorganic Chemistry, Universitat Heidelberg, D-69120 Heidelberg, Germany
1 Centre for Advanced Materials, Universitit Heidelberg, D-69120 Heidelberg, Germany

E-mail: zaumseil@uni-heidelberg.de; hs220@cam.ac.uk

Abstract

Understanding the charge transport mechan-
isms in chirality-selected single-walled carbon
nanotube (SWCNT) networks and the influ-
ence of network parameters is essential for
further advances of their optoelectronic and
thermoelectric applications. Here, we report
on charge density and temperature-dependent
field-effect mobility and on-chip field-effect-
modulated Seebeck coefficient measurements of
polymer-sorted monochiral small diameter (6,5)
(0.76 nm) and mixed large diameter SWCNT
(1.17-1.55 nm) networks (plasma torch nano-
tubes, RN) with different network densities
and length distributions. All untreated net-
works display balanced ambipolar transport
and electron-hole symmetric Seebeck coeffi-
cients. We show that charge and thermoelectric
transport in SWCNT networks can be mod-
elled by the Boltzmann transport formalism,
incorporating transport in heterogeneous me-
dia and fluctuation-induced tunneling. Consid-
ering the diameter-dependent one-dimensional
density of states (DoS) of the SWCNTs com-
posing the network, we can simulate the charge

density and temperature-dependent Seebeck
coefficients. Our simulations suggest that scat-
tering in these networks cannot be described
as simple one-dimensional acoustic and op-
tical phonon scattering as for single SWCNTs.
Instead the relaxation time is inversely propor-
tional to energy (7 < (E — E¢)®, s = —1, E¢
being the energy of the first van Hove sin-
gularity), presumably pointing towards the
more two-dimensional character of scattering
events and the necessity to include scatter-
ing at SWCNT junctions. Finally, our ob-
servation of higher power factors in trap-free,
1,2,4,5-tetrakis(tetramethylguanidino)benzene
(ttmgb)-treated (6,5) networks than in the RN
networks, emphasizes the importance of chi-
rality selection to tune the width of the DoS.
In order to benefit from both higher intrinsic
mobilities and a large thermally accessible DoS,
we propose trap-free, narrow DoS distribution,
large diameter SWCNT networks for both elec-
tronic and thermoelectric applications.
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Semiconducting single-walled carbon nano-
tube (SWCNT) networks are excellent can-
didates for next generation electronic devices
due to their stability, flexibility, solution-
processability as well as high carrier mobilities
and Seebeck coefficients.'™ Recently, the abil-
ity to tune the diameter distribution in these
networks using selective dispersion with con-
jugated polymers and other separation meth-
ods has led to significant advances in elec-
tronic circuits and other applications.”® As
these highly selective sorting methods have
only emerged lately, a complete understanding
of the charge transport mechanisms in these
networks is urgently desired to further improve
device performance.!% Most existing transport
models for SWCNT networks were developed
before the advent of ultra-pure semiconduct-
ing networks without any metallic nanotubes.
Those studies have focused on explaining trans-
port in terms of fluctuation-induced tunneling,
variable-range hopping and percolation the-
ory. "% They mainly consider energetic dis-
order and sample heterogeneity effects, without
explicitly considering the diameter distribu-
tion composing the networks.!#!315 Neverthe-
less, studies on chirality-selected SWCNT net-
works have shown that the consideration of the
relative contribution of different chiralities to
charge transport is essential.?1®1® A random
resistor model of SWCN'T junctions, consider-
ing the density of states (DoS) of individual
SWCNTs but ignoring their resistance, and
hence neglecting any intra-nanotube contribu-
tions, has been able to explain many qualita-
tive features of the charge density dependence
of the field-effect mobilities of mixed chirality
SWCNT networks. This approach is rooted in
percolation theory with variable-range hopping
as a transport process and correctly predicts
how with increasing charge density the filling of
the first subband of the SWCN'Ts leads to a pro-
nounced charge density dependence of the mo-

bility in SWCONT networks.'®2° Furthermore,
it demonstrates how small bandgap, large diam-
eter SWCNTs dominate transport, particularly
in the low charge density regime, in mixed chi-
rality networks which has also been shown spec-
troscopically. 171821 However, we recently es-
tablished that contrary to the expectation from
this random resistor model, the temperature
dependence of the mobility of large diameter
mixed SWCNT (1.17-1.55 nm) networks, with
a larger energetic disorder due to the bandgap
distribution, is smaller than in monochiral (6,5)
SWCNT (0.76 nm) networks.? This raises the
question of potential phonon scattering-limited
intra-nanotube transport contributions leading
to the well-established dependence of carrier
mobility on diameter (< d?) and temperature
(o< T71).2%23 Hence, these findings necessitate
further investigations of the influence of net-
work parameters on the presumed transport
mechanisms.

To establish the transport mechanisms in
SWCNT networks with certain diameter dis-
tributions and to elucidate the influence of
network parameters on charge and thermoelec-
tric transport, we study the charge density
and temperature-dependent field-effect mobil-
ity and on-chip field-effect-modulated Seebeck
coefficient of polymer-sorted small diameter
(6,5) SWCNT (0.76 nm) networks as well as
large diameter mixed SWCNT (1.17-1.55 nm)
networks with different network densities and
length distributions. We also establish the im-
pact of trap states on transport by studying
(6,5) SWCNT networks that were treated with
1,2,4,5-tetrakis(tetramethylguanidino)benzene
(ttmgb), which leads to pure electron trans-
port.?* As the Seebeck coefficient is the en-
tropy transported by a charge carrier divided
by its charge, it provides detailed insights into
the transport energetics and mechanisms. 2?2
While the electrical conductivity has been
shown to be predominantly limited by the
highly resistive tunneling junctions, the See-
beck coefficient is expected to be much more
sensitive to the energetics within the SWCNTs
in the network, where most of the applied
temperature drops.'??” By using field-induced
charge density-modulated measurements of the



Seebeck coefficient we can eliminate the influ-
ence of the Coulombic interaction with coun-
terions that would be present if carriers were
introduced by molecular doping.?® These meas-
urements allow us to establish a direct rela-
tionship between the DoS of the SWCNT net-
works and their Seebeck coefficients. Consid-
ering the diameter-dependent one-dimensional
DoS of the network-composing SWCNTs from
tight-binding nearest-neighbour calculations
including trigonal warping effects,?%3" scaled
with the network density and length distri-
bution, as well as dipolar disorder-broadened
(Odipole = 5 meV, width of the Gaussian distri-
bution), we can simulate the measured charge
density and temperature-dependent electron-
hole symmetric Seebeck coefficients within the
Boltzmann transport formalism. As the trans-
port energetics are strongly affected by the
energy-dependent relaxation time, the Seebeck
coefficient offers further insights into the carrier
scattering mechanisms. Consequently, we can
establish whether scattering in these networks
can still be described as simple one-dimensional
acoustic and optical phonon scattering as for
single SWCN'Ts and discern the energy depend-
ence of the relaxation time.??3132 The improved
understanding of charge transport and energet-
ics in SWCNT networks and their dependence
on network parameters, allows us to provide
design guidelines for both electronic and ther-
moelectric applications.

Results and Discussion

SWCNT Network Characterization. In
order to study the impact of the chirality dis-
tribution on charge and thermoelectric trans-
port in SWCNT networks, we selectively dis-
persed semiconducting SWCNTs from differ-
ent growth processes in toluene using polymer
wrapping with poly[(9,9-dioctylfluorenyl-2,7-
diyl)-alt-(6,6’)-(2,2’-bipyridine)]  (PFO-BPy,
molecular structure shown in Figure la).?33
While using CoMoCAT raw nanotube material
yielded an essentially monochiral dispersion of
(6,5) SWCNTs with a diameter of 0.76 nm
and bandgap of 1.27 eV, using plasma torch

grown SWCNTs resulted in a dispersion of a
broader chirality distribution of large diameter
(1.17-1.55 nm), small bandgap (0.70-0.88 eV)
SWCNTs (RN SWCNTs).?% The diameter and
bandgap range were determined from the Ei;
and Eg transitions in the UV-vis-NIR ab-
sorption spectra (Figure 1b). Via repeated
washing of the SWCNT filter cakes with tolu-
ene (80 °C, see Methods for further details)
the amount of residual wrapping polymer in
the SWCNTSs networks became negligible (Fig-
ure 1b-f). Furthermore, the SWCNT networks
were free of metallic nanotubes as evident from
Raman spectroscopy (see Supporting Infor-
mation Note 1). Both network density and
length distribution of the networks were de-
termined by atomic force microscopy (AFM)
images (Figure lc-f and Supporting Informa-
tion Note 2). The length distribution depends
on the raw material, the exfoliation method
used for the polymer wrapping process as well
as the re-dispersion method and conditions. 373
The monochiral (6,5) SWCNT networks have
slightly longer tubes (0.95 4+ 0.74 pm) than
the RN networks (0.57 £ 0.29 um). For a
study of the intrinsic charge and thermoelec-
tric transport properties of SWCNT networks
it is important to consider relatively high net-
work densities to reduce the impact of water or
hydroxyl groups on polar surfaces that cause
charge carrier trapping and hysteresis in tran-
sistor curves.3" 3% Therefore, the impact of the
network density on thermoelectric transport
was investigated well above the percolation
threshold and in the regime of mobility sat-
uration (approx. > 13 um™!) by choosing a
sparse network condition at the threshold of
this regime and a dense network condition with
at least twice the density.?® The AFM images
of the (6,5) and RN networks are shown in Fig-
ure lc-f and the extracted network parameters
are displayed in Table 1. To probe the effect
of small length variations we also investigated
dense RN networks with shorter tubes (RN-d-
st, obtained from 60 min of re-dispersion, see
Methods for further details). Since the (6,5)
networks showed a non-negligible trap density
even for high network densities (evident from
their stronger hysteresis in transistor transfer
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Figure 1. SWCNT network characterization and thermoelectric device architecture. The molecular structure of the wrapping polymer
PFO-BPy (a), the normalized absorption spectra of the (6,5) and RN dispersions (b), the AFM images of the (6,5) sparse (c), (6,5) dense
(d), RN sparse (e) and RN dense (f) networks as well as the bottom-contact top-gate field-effect transistor architecture with four-point-
probe (4pp) contacts and two on-chip heaters ((g), close-up of the active area in (h)) for the thermoelectric transport measurements are
shown. In panel (g) pads 1-4 denote the source of the FET structure and the hot resistance sensor, pads 5-8 are 4pp voltage probes and
pads 9-12 are the drain of the FET structure as well as the cold resistance sensor.

curves, larger onset voltages and stronger mod-
ulation of the Seebeck coefficient with charge
density, see next section for further details), we
also studied (6,5) sparse networks treated with
the strongly reducing ttmgb ((6,5)-s-ttmgb),
which blocks hole transport and removes re-
sidual water from the SWCNT network via
protonation of ttmgh.?*

To characterize the energetic disorder of the
combined DoS and compare it with the ther-
moelectric transport energetics, photothermal
deflection spectroscopy (PDS) measurements

of the (6,5) and RN networks were performed.
PDS is a sensitive absorption measurement
technique that detects heating due to non-
radiative relaxation of the absorbed light. Due
to its high sensitivity it is suitable for the
detection of sub-bandgap tail states and the
extraction of the Urbach energy F,, which
is the characteristic energy of the exponen-
tial absorption tail in solid state absorption
due to energetic disorder.*°#? In line with the
tight-binding nearest-neighbour calculations
and our thermoelectric transport measurements



Table 1. SWCNT Network Parameters

Network SA\X/eéa]\%%
Network Abbreviation| density ()
(um—1) length
(nm)
(6,5) sparse i
(Figure 1c) (6,5)-s
(6,5)

sparse, (6,5)-s- 12.6 £ 2.8

ttmgb— ttmgb 0.95+0.74

treated
(6,5) dense i
(Figure 1d) (6,5)-d 31.7£3.1
RN sparse,
long tubes RN-s-1t 19.242.5
(Figure le)
RN dense, 0.57 £ 0.29
long tubes RN-d-It 37.943.1
(Figure 1f)
RN dense, RN-d-st | 36.5+3.8 | 0.360.20
short tubes

we find a substantially smaller Urbach energy
of Ey (65 ~ 30 £ 3 meV for the (6,5) networks
compared to E, gy ~ 47 £ 5 meV for the RN
networks (see Supporting Information Note 3).
The larger energetic disorder of the bandtail
of the RN networks originates from the close
proximity in energy of the first van Hove sin-
gularities of representative chiralities ((16,2),
(10,9) and (12,7)).29:30:43

Electric and Thermoelectric Character-
ization at 300 K. Four-point-probe (4pp)
linear mobility (pupp), contact resistance (R.),
saturation mobility (ps.) as well as hole and
electron Seebeck coefficient (S, and S.) of
the six network conditions ((6,5)-s, (6,5)-d,
(6,5)-s-ttmgb, RN-s-1t, RN-d-It and RN-d-st)
were characterized depending on temperature
and charge density using a bottom-contact
top-gate field-effect transistor (FET) architec-
ture with 4pp voltage probes and two on-chip
heaters (channel width W = 1000 pm and
length L = 50 um, Figure 1g, h). The hy-
brid dielectric (60 nm high-x HfO, on top of
11 nm poly(methyl methacrylate) (PMMA))
facilitated reduced dipolar disorder and low-
voltage operation with low gate leakage cur-
rents (< 100 pA, Figure 2a, b).** Source and
drain electrodes were used as on-chip 4pp resist-
ance thermometers for the temperature calib-
ration of the Seebeck coefficient measurements
(pads 1-4 and 9-12 in Figure lg respectively,

see Supporting Information Note 4 for fur-
ther details).?042 All untreated networks show
balanced ambipolar transport characteristics
with low hysteresis (onset voltage (Vo) dif-
ference between forward and reverse sweep)
and onset voltages [Vo,| < 2 V at 300 K. The
onset voltages are the voltages for which the
drain-source current (Ig5) rises above the back-
ground noise and gate-leakage current level
extracted from the linear transfer curves (see
Supporting Information Note 5). The satura-
tion transfer curves were measured in the con-
dition Vgs = Vg — Voo to ensure a unipolar
saturation regime throughout the entire gate
voltage range (300 K measurements shown in
Figure 2a, b).%> In the high network density
regime (approx. > 13 um™1!) both electric and
thermoelectric transport are, within our meas-
urement error of 5-10%, independent of the
network density (compare RN-s-1t and RN-d-
It in Figure 2b, d) and small SWCNT length
variations (compare RN-d-1t and RN-d-st in
Figure 2b, d).* Thermoelectric transport is
electron-hole symmetric (S.| =~ Sp) as expec-
ted from the electron-hole symmetric DoS for
low energies in single SWCNTs (Figure 2¢, d).#
The charge density was obtained from capaci-
tance measurements on each device (see Sup-
porting Information Note 5), using the rela-
tionship n = % - (Vs — Von), with Cj being the
areal capacitance and h = 2 nm the assumed
height of the accumulation layer.*' Due to the
absence of any metallic SWCNTs and the only
moderately high charge densities, the mag-
nitude of the Seebeck coefficient of all networks
is several hundreds of % and decreases with
increasing charge density. Particularly at high
charge densities (n > 10" em™?), the Seebeck
coefficient of the monochiral (6,5)-s-ttmgb net-
works exceeds that of the mixed large diameter
RN networks. The differences in the satura-
tion transfer curves between the (6,5)-d and
(6,5)-s networks originate from different trap
state densities. Treatment with the electron-
donating and highly alkaline ttmgb blocks hole
transport and neutralizes electron trap states
via protonation of ttmgb (molecular structure
shown in inset of Figure 2a, see Supporting
Information Note 5).2* The reduced trap den-
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electron Seebeck coefficients (S}, and |Se|) versus charge density of the (6,5) dense ((6,5)-d), (6,5) sparse ((6,5)-s) and (6,5) sparse ttmgb-
treated ((6,5)-s-ttmgb) networks ((a) respectively (c)) as well as the long-tube RN dense (RN-d-lt), long-tube RN sparse (RN-s-1t) and
short-tube RN dense (RN-d-st) networks ((b) respectively (d) are shown (network parameters in Table 1). The red arrow in (a) indicates
the ttmgb treatment (molecular structure shown in inset of (a)). The red and orange dashed lines in (¢) and (d) display Heikes formula

with N =7-10'% cm™3 and N = 5-10'° c¢m

—3.46 The relative error in the Seebeck coefficient is 5 — 10% (except 20% for the (6,5)-s

network), while the error analysis was performed according to Statz et al.. 26

sity manifests itself through reduced hyster-
esis and onset voltage (Vou (65)se = 1.2 V
t0 Von, (6,5)-s-ttmgb, e 0.0 V) as well as a de-
crease of the slope of the absolute electron
Seebeck coefficient versus charge density (from
approx. 251 L for the (6,5)-s networks to ap-
prox. 185 2= for the (6,5)-s-ttmgb networks)
due to reduced Fermi-level pinning by trap
states.?® Heikes formula (S = & 1n (£2)) for
iso-energetic narrow-band conduction (N be-
ing the total thermally accessible DoS, kg the
Boltzmann constant and e the electron charge)

with N =7-10" ecm™3 and N =5-10* em ™3
is shown in Figure 2c, d.*® At low charge den-
sities Heikes formula describes the data well
suggesting that in this regime (n < N) the
SWCNT networks behave as low-disorder sys-
tems due to the sharp DoS around the first van
Hove singularity and the low dipolar disorder.
As a result configurational entropy governs the
Seebeck coefficient. However, for high charge
densities the Seebeck coefficient of the SWCNT
networks deviates from Heikes formula and the
dependence of the Seebeck coefficient on carrier



concentration becomes weaker. This also mani-
fests itself in the slope of the Seebeck coefficient
plotted versus the logarithm of carrier concen-
tration and calculated over the whole range of
data being slightly smaller than what is ex-
pected from Heikes formula (198 ). The
values are 185 2= for the (6,5)-s-ttmgb and
188 ﬁvec for the RN networks. The reduced car-
rier concentration dependence of the Seebeck
coefficient is a manifestation of Boltzmann sta-
tistics becoming insufficient due to the Fermi-
level (Er) approaching the state distribution
(n < N does not hold). In this regime a
narrow-band description is inappropriate and
the actual DoS of the networks needs to be con-
sidered (further details in section temperature-
dependent thermoelectric transport in SWCNT
networks).

Fluctuation-Induced Tunneling in
SWCNT Networks. Electrical transport is
thermally activated for all accessible charge
densities (approx. n < 2.2 - 10 em™3) for
both the (6,5)-s-ttmgb-treated and as previ-
ously reported for all untreated networks (Fig-
ure 3a, b).? Representative saturation elec-
tron mobilities (pe sat) of the (6,5)-s-ttmgb
and saturation hole mobilities (i sat) of the
RN-d-st networks are shown in Figure 3a, b.
4pp linear and saturation mobilities are in
good agreement (see Supporting Information
Note 5) and all show a distinct maximum
at 300 K within the charge density range of
n = 1-10% cm™ — 2 - 10 em™3 due to
progressive filling of the first subband of the
dipolar disorder-broadened one-dimensional
DoS of the SWCNT networks with increas-
ing charge density (Figure 3a, b).!¥2° Due to
the larger SWCNT diameters and the broader
DoS originating from the presence of multiple
chiralities in the RN networks, this filling ef-
fect occurs at lower charge densities than for
the (6,5) networks. The normalized satura-
tion mobilities u:ﬁ of the (6,5)-s-ttmgb
network, extracted for seven different over-
drive voltages Vo, = Vg — Vo (2 to 5V
in steps of 0.5 V) and hence charge densi-
ties (4.8 - 10" to 1.2 - 10 c¢m™, line-cuts
in Figure 3a) are plotted wversus the inverse

temperature in Figure 3c. Correspondingly,
the normalized saturation mobilities of the
RN-d-st network, extracted for six different
overdrive voltages (—2 to —4.5 V in steps of
—0.5 V) and hence charge densities (5.4 - 10'®
to 1.2 - 10" e¢m™3, line-cuts in Figure 3b), are
plotted wersus the inverse temperature in Fig-
ure 3d. Despite the smaller energetic disorder
experienced by carriers in the monochiral (6,5)
networks (temperature-dependent thermoelec-
tric transport data in the following section)
the charge density and temperature depend-
ence of the saturation mobility for a fixed
charge density (e.g. no = 1.2 - 10" c¢m™)
and most notably for comparable DoS filling
levels (e.g. ny = 1.2+ 10 em™3 for (6,5)-s-
ttmgb and hg = 9.5 - 10" em™2 for RN-d-st)
of the (6,5) networks is stronger than that of
the RN networks as previously observed (Fig-
ure 3¢, d).*” This observation is not expected
within a framework of a homogeneous medium
and disorder-based transport rooted in variable-
range or Miller-Abrahams hopping for which a
lower disorder inevitably leads to a smaller
charge density and temperature dependence of
the field-effect mobility. 26-48:49

We find that charge transport within semicon-
ducting SWCNT networks can be described by
the notions of transport in heterogeneous media
and fluctuation-induced tunneling.%!1:27:50,51
We extend these general notions and emphasize
that the heterogeneous medium for SWCNT
networks consists of two main segments, the
SWCNTs themselves with a Gaussian disorder-
broadened, one-dimensional DoS that depends
on the diameter distribution and the junctions
with a distribution of tunnel barrier heights
that depend on both the charge density, i.e.
the position of the Fermi-level, as well as the
diameter distribution of the constituting junc-
tions. Transport along the SWCN'Ts is ballistic
for short segments and even for long segments
(longer than the mean free path due to acoustic
phonon scattering) without SWCNT crossings,
mobilities of > 1000 C\‘/nz can be achieved.??23
While it has been shown that SWCNT cross-
ings can lead to substantial reductions of the
single SWCNT mobility, presumably due to
enhanced scattering at these crossings, the con-
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Figure 3. Fluctuation-induced tunneling (FIT) in SWCNT networks. The temperature and charge density-dependent electron saturation
mobility (te, sat) of the (6,5)-s-ttmgb network (a, ¢) and hole saturation mobility (pn,sat) of the RN-d-st network (b, d) are shown. The

Hsat
Hsat, 300 K

normalized saturation mobilities

at several charge densities (line-cuts in (a) and (b)), and the FIT fits using the mobility

analogue to eq 1 are shown in (c) and (d). The extracted characteristic energies Eg and Eg are presented in (e). Error bars display the

standard deviation of the fitting parameters.

ductivities of SWCNT segments will neverthe-
less be significantly larger than those of the
tunnel barrier segments (oswent > op).%%%
Within effective-medium theory the conductiv-
ity of each transport path (o;) in the percolat-
ing network (with Ny, number of transport
paths) can therefore be approximated with the
conductivity of a single junction along this
path for a peaked distribution of tunnel barrier
heights. 11545 Transport through these tunnel
barriers connecting two large conducting re-

gions occurs through thermal activation across
the tunnel barrier and fluctuation-induced tun-
neling, a thermally activated tunneling process
due to voltage fluctuations across the junction
capacitance caused by the random thermal mo-
tion of carriers (Johnson noise). Within this
framework and the approximations of a par-
allel plate capacitance for the junction capac-
itance, a parabolic barrier approximation and
the Wentzel-Kramers-Brillouin (WKB) approx-
imation, the conductivity of SWCNT networks



(o) can be written as:!!

7 % Ny - 7 = o0l Er) - exp (— 725285 ) (1)
w and TO(EF) —

Here Tg(Er) =

2-kp-e2
22?;]2}?(2)), while C' is the junction -capaci-

tance within the parallel plate approxima-
tion, Va(FEr) is the Fermi-level-dependent bar-
rier height of the tunnel barrier, kg is the
Boltzmann constant, e is the electron charge,

1
2:m-Vi(Er) \ 2
h2

X = is the Fermi-level-dependent
tunneling constant, m is the effective carrier

mass, w is the width of the tunneling junction
and £(0) = fol(u (1 —u))2du = % is a scaling
factor that originates from the Taylor expan-
sion of the transmission coefficient around the
Fermi-level within the WKB approximation
and depends on the parabolic shape of the tun-
nel barrier. oo(Fr) is a weakly temperature-
dependent conductivity pre-factor that takes
the number of conduction paths Ny, as well
as the initial and final DoS on each side of the
junction at the Fermi level (¢;(Er) and g¢(Er))
into account. Tg(FEr) characterizes the temper-
ature for which significant thermal excitation
across the tunnel barrier is likely to occur and
To(EF) is the temperature above which thermal
voltage fluctuations due to Johnson noise are
relevant. For temperatures 7' < To(Ep) the
expression becomes temperature-independent
(elastic tunneling). The fact that there has
not been any experimental evidence for an at-
tainable charge density regime for which the
conductivity in semiconducting SWCNT net-
works decreases with increasing temperature,
further supports the validity of eq 1.1° The di-
ameter dependence of the conductivity of the
semiconducting SWCNT network within this
framework is crucial. Firstly, the diameter
distribution influences the energetic landscape
(DoS) and thereby the position of the Fermi-
level for a given charge density and tempera-
ture. The diameter distribution also influences
the junction capacitance, since larger diameter
SWCN'Ts are expected to have larger contact
areas and therefore larger capacitances in the
parallel plate approximation. Furthermore,
smaller diameter tubes have been found to ex-

hibit higher contact resistances, which has been
attributed to higher tunnel barriers Vg (Er).

Due to the existence of tunnel barriers for
all charge densities, the temperature-activated
behaviour of the saturation mobilities (o =
G ‘Zgn ,usat(Vg/S) dVg'S) within the framework
of a heterogeneous medium and fluctuation-
induced tunneling is expected (eq 1). The
prefactor og(Er) accounts for the DoS filling
effect and the existence of a mobility maximum
caused by an eventual decrease of the initial
and final DoS at the Fermi-level on each side of
the junction (oo(Er) x g;(Ew), 9¢(Er))), which
outweighs the slight reduction in the tunnel bar-
rier height Vg(ER) in this charge density regime.
Considering the proportionalities Tp(Fr) o
C-(Va(Er))? and Ty(Er) < C-(V(Er))2-m™2,
the expected proportionality between junction
capacitance and diameter as well as the anti-
proportionality between tunnel barrier height
and diameter,% the stronger charge density
and temperature dependence of the saturation
mobility of the (6,5) compared to the RN net-
works (Figure 3a-d) may be rationalized, not as
a manifestation of different degrees of disorder,
but in terms of the dependence of the tunnel-
ing junctions between tubes on tube diameter:
The smaller diameter of the (6,5) SWCNTs is
expected to lead to both higher tunnel barri-
ers at any fixed charge density (ng) in the (6,5)
networks (V. 6,5 (Er(n0)) > Vi, rn(Er(no))) as
well as smaller SWCNT overlap areas resulting
in smaller junction capacitances compared to
the RN networks (Cg5 < Cgrn).”* The char-
acteristic energies of the saturation mobilities,
EB = ]{?BTB and E[) = ]{EBT(), of the <6,5>—S—
ttmgb and RN-d-st networks at various charge
densities were obtained from fits of the nor-
malized saturation mobilities .22t — with an

sat, 300

analogue to eq 1 (substituting o with gy, Fig-
ure 3e). While we find higher characteristic
barrier energies for the (6,5) compared to the
RN networks (Eg, (65 (Fr) > Eg rn(Er)) for
high charge densities (approx. n > 101 cm™3,
Figure 3e), the distinction in the lower charge
density regime is impeded by the high relative
errors in the extraction of the characteristic
energies. For the RN networks the character-



istic energy of significant voltage fluctuations
is larger (Eo rn(Er) > Eo, 6,5 (Er), Figure 3e).
This may reflect a smaller carrier effective mass
and larger junction capacitance induced by
the larger diameter of the RN tubes. Our ex-
perimental findings also confirm the expected
slightly weaker charge density and Fermi-level
dependence of Fg(Fr) of the (6,5) networks
due to its narrower DoS (Figure 3e). We note
that our assumption of a weakly temperature-
dependent Fermi-level for the extraction of the
characteristic energies can be justified by the
observation of a temperature-independent See-
beck coefficient of the two networks within the
temperature range of 150 K to 300 K and a
weak temperature dependence below 150 K
(within the measurement error of 5-10%) due
to the sharp DoS distribution of the networks
(see following section).
Temperature-Dependent Thermoelectric
Transport in SWCNT Networks. Based
on the established independence of the See-
beck coefficient on network density and small
SWCNT tube length variations in the high net-
work density regime (approx. > 13 um™!)
as well as its electron-hole symmetry (Fig-
ure 2c¢, d), we focus our temperature-dependent
thermoelectric transport analysis on the abso-
lute electron Seebeck coefficient (S.|) of the
representative (6,5)-s-ttmgb and RN-d-st net-
works (Figure 4). The full temperature de-
pendence of the hole and absolute electron
Seebeck coefficient of the six network condi-
tions is presented in Supporting Information
Note 6. The Seebeck coefficients of the (6,5)-s-
ttmgb and dense RN networks are temperature-
independent between 150 K and 300 K but show
an increasing temperature dependence for lower
temperatures (within the measurement error
of 5-10%, Figure 4b, d). The Seebeck coeffi-
cients of all untreated (6,5) SWCNT networks
and the sparse RN networks show a stronger
and more gradual temperature dependence as
well as a stronger charge density dependence
due to higher trap densities and the resulting
Fermi-level pinning (Figure 2c, Figure 4b, d
and Supporting Information Note 6).%5

We find that thermoelectric transport in semi-
conducting SWCNT networks can be modelled

10

within the notions of transport in heterogene-
ous media and Boltzmann transport formal-
ism.'62" The relative orientation of transport
path segments (SWCNTs and tunnel barriers)
with respect to the temperature gradient has
to be considered for the evaluation of the See-
beck coefficient. Kaiser pointed out that the
tunnel barriers are likely to impact the thermal
transport less than the electrical transport. %27
Furthermore, in the percolating dense network
density regime considered here, most tunnel
barriers will be orthogonal to the temperature
gradient and hence their contribution to the
Seebeck coefficient is negligible. Therefore, the
Seebeck coefficient of the SWCNT networks
(S) can be approximated as:

ATswcNTs ~
S = SN - SB ~ SSWONTSs

(2)
with ATSWCNT and SSWCNTS being the temper—
ature drop across the SWCNTs and their See-
beck coefficient, while ATy and Sg are the tem-
perature drop across the tunnel barriers and
their Seebeck coefficient, respectively. Con-
sequently, we consider the Seebeck coefficient of
the SWCN'T networks to be dominated by the
contributions to the Seebeck coefficient from
the SWCNTs rather than the SWCNT junc-
tions. In the presence of strong disorder po-
tentials, e.g. when the charge density is in-
troduced wvia nitrogen-substitution of carbon
atoms in the SWCNTs, the contribution to
the Seebeck coefficient by the SWCNTs has
been proposed to be described by the Kubo
rather than the Boltzmann transport formal-
ism and by employing thermal Green’s function
formalism within a self-consistent ¢-matrix ap-
proximation.®® However, such strong disorder
potentials are not present in our field-effect-
modulated measurements of pristine SWCNT
networks. Therefore, Boltzmann transport for-
malism is employed for the description of the
Seebeck coefficient of the SWCNT networks. 16
For the DoS of the SWCNT network (g(£))
we consider the convolution of the superpo-
sition of the DoS of the individual chirali-
ties of the network (g. ;(E)), weighted accord-
ing to their relative fraction in the network
(w;) and scaled according to the network den-

) ATy
SSWCONTs + A7
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Figure 4. Temperature-dependent thermoelectric transport in SWCNT networks. The dipolar disorder-broadened (dgipole = 5 meV)
DosS of the (6,5) (a) and RN (c) networks from tight-binding nearest-neighbour calculations including trigonal warping effects,29:30 scaled
according to the network density and length distribution (Table 1) as well as the charge density and temperature-dependent absolute
electron Seebeck coefficient (Se|) of the (6,5)-s-ttmgb (b) and RN-d-st (d) networks are shown. The blue dashed lines in panel (a) and
(c) are the DoS parameterizations (Table 2) used for the BTE simulations of the Seebeck coefficients in panel (b) and (d). The vertical
dotted blue lines in panel (a) and (c) indicate the transition energies from the disorder-based to the SWCNT-based parameterization.
The relative error in the Seebeck coefficient is 5 — 10%, while the error analysis was performed according to Statz et al..2®

sity and length distribution (Table 1), with a  be expressed as:
normalized Gaussian dipolar disorder distribu-

tion (gupar(B) = exp(—gg-)). For goi(E)  9(B) = Nowowrs piiimesiitimar (%)
we consider reported tight-binding nearest- _ )
neighbour (TBNN) calculations including tri- where Nswents = pswonts « Ningle, swonT 1
gonal warping effects.?%30 Given our charge Fhe total first subband DoS of th:/\SWCNTS
density regime (n < 2.2 -10' ¢m™3) and tem- in the network, pswonts = 0 - 7% is the

volumetric SWCNT density (interrelation as-

perature range of 50 K to 300 K (low energies), ) i :
sumes uniform random orientation of SWCNTs,

it is sufficient to consider the first subband of X . I8
the TBNN DoS of each chirality (further sup- See Sgpportmg Information Note 7)_’ Ath
ported by the electrical data in Figure 3a, b). the linear threshold network density for

Therefore, the DoS of the SWCNT network can Whic_h the S‘eebeck coefficient becomes ap-
proximately independent of network density
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(~ 13 um™),% [ and d are the average
SWCNT length and diameter of the SWCNTs
in the network respectively, [ is a constant
factor considering bundling of SWCNTs and
Nsingle,SWCNT = fzz wj - gc,z(E)dE is the av-
erage total DoS per single SWCNT.

Within the independent electron and relaxation
time approximation the Seebeck coefficient can
be derived from Boltzmann transport equation
(BTE) and expressed as: 62557

S

(E-Ep), _ 1 [f(E—EF)g(E)dE] (4)
eT T [o(E)dE

where o(F) is the energy-dependent conductiv-
ity function in the expression for the conductiv-
ity:

o= /U(E)dE = /a’(E) (02(;])) dE

_ / ¢20(E)r(E)v(E)g(E) (_a,;(;)) dE

(5)

with f(F) representing the Fermi-Dirac distri-
bution function, g(E) the DoS, v(E) the carrier
velocity and 7(FE) the carrier relaxation time.
Equation 4 emphasizes the physical meaning of
the Seebeck coefficient as the entropy transpor-
ted by a carrier divided by its charge and illus-
trates that each charge carrier contributes to
the transported energy according to its excess
energy with respect to the Fermi-level (£ — EF),
weighted by the relative contribution of the
conduction channel @ to the total conduc-
tivity.2>26 With the same reasoning as for the
DoS we can express the conductivity function
without the occupancy factors of the SWCNT
network (o'(E)) as

(6)

with aé’i(E) = vcyi(E)zchi(E)gcyi(E). The car-
rier velocity within each SWCNT is determined
by its dispersion relation v, ;(E) = + (8—E> o

0'(E) = gaipole(E) ® 35 wi - 0 ;(E)

n \ ok
ge.:(E)71.%® For the carrier relaxation time we
investigate one-dimensional acoustic and op-
tical phonon scattering 7. ;(F) o ge (E)™
which is dominant in single SWCN'Ts as well as
a more general power law relationship 7. ;(F)
(E — Ec )%, with E¢ ; being the first van Hove
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singularity of the i-th chirality in the network
and s the scattering parameter characterizing
the type of scattering.2231:32,59

In order to simulate the Seebeck coefficient of
the SWCN'T networks using BTE, we param-
eterize both the TBNN DoS (eq 3) shown in
Figure 4a, c for the (6,5) and RN networks as
well as the conductivity function without oc-
cupancy factors (o/(E), see Supporting Infor-
mation Note 7). The absolute energy scale in
Figure 4a, c is based on the TBNN calculations
as well as the redox potentials of the SWCN'Ts
(Ery, (6,5) = —4.55 eV for the (6,5) networks and
we assume Fp, gy ~ —4.45 eV for all chiralities
in the RN network).*3% For the RN network
DoS we estimate a plausible chirality assign-
ment based on an analysis of the absorption
peaks (warg) = 0.04, w2 = 0.28, waog) =
0.2, Wai2,7y = 0.12, W13 = 0.22, wWo0,8) =
0.14, see Supporting Information Note 7). The
network DoS is parameterized (Figure 4a, c)
with a disorder-dominated DoS for low energies
(E < Firans, Firans being the transition energy,
Figure 4a, c)

2
ge(E) = 55 - exp (—%) (7)

with N¢ being the total DoS, d¢ the width and
E¢ the center of the low energy DoS parame-
terization. For high energies (Fians < F < Eeo,
with E., being the cut-off energy of the param-
eterization) the network DoS is parameterized
with a one-dimensional SWCNT DoS

gHE(E) - N ‘E-F‘EF()H

HE ° ) 2
\/(|E+‘EF0|D *(’EC,HEHEFOH)

with Nygg characterizing the magnitude of the
DoS and Ec ug the energy of the first van Hove
singularity of the high energy DoS parameter-
ization. The parameters used for the param-
eterization of the TBNN network DoS that is
employed for the Seebeck coefficient simulations
in Figure 4b, d (solid lines) are summarized in
Table 2. The only parameters in the BTE sim-
ulations of the Seebeck coefficients of the (6,5)-
s-ttmgb and RN-d-st networks (Figure 4b, d)
that are not a direct consequence of the net-
work parameters and the TBNN DoS of the



Table 2. Tight-Binding Nearest-Neighbour DoS Parameterization for Simulation of Seebeck Coefficients in SWCNT

Networks.
Total DoS First van
of the first . . M
subband of Total DoS Width of Center of Transition Magnitude Hove Cut-off
Network the of the low the low the low ene of the high singularity ene
ener o ener o ener, 0 ener o of the hi
wor SWONT gy DoS gy DoS gy DoS (E“ rgy) gy DoS | of the high (“Erg)y
network (Ne) (0¢) (Ec) (Nug) energy DoS °
(NswcNTs) (Erte)
(6,5)-s- 1020 o 1019 1020
ttmgb 2.94 _1;9 4.66 _12 8.1 meV —4.003 eV —3.998 eV 3'08_03 10_1 —4.005 eV —3.467 eV
(Figure 4a) cm cm cm ™ eV
_d- . 1020 1019 1020
(Fffglfe Ztc) 15C?n_1§ 44C?n_12 16.2 meV —4.120 eV —4.112 eV 3;316_036\1/0_1 —4.126 eV —3.826 eV

SWCNTs, are the width of the disorder dis-
tribution (dgipole = 5 meV) and the scattering
parameter s = —1, which are identical for the
two networks, as well as the bundling factor
p that accounts for bundling of SWCNTs in
the network (85 ~ 2.9 and fry = 4.3). In
Supporting Information Note 7 we show that
one-dimensional acoustic and optical phonon
scattering with 7. ;(F) o g (F)~! cannot ex-
plain the charge density and temperature de-
pendence of the Seebeck coefficient. This form
of scattering would give too much weight to
the high energy conduction channels, resulting
in a strongly temperature-dependent thermally
accessible DoS, which would lead to a much
stronger temperature dependence of the See-
beck coefficient between 100 K and 300 K
than observed experimentally (see Figure 4b
and Supporting Information Note 7). Instead
we find that a good fit of the temperature-
dependent Seebeck coefficient requires the scat-
tering parameter s to be approximately —1.

Our BTE simulations based on the dipolar
disorder-broadened TBNN DoS allow insights
into the microscopic transport mechanisms as
well as the origins of the charge density and
temperature dependence of the Seebeck coeffi-
cients of the SWCNT networks. The magnitude
of the Seebeck coefficient primarily depends on
the magnitude and sharpness of the DoS within
the energy window f(E) - [1 — f(E)] which de-
termines the states participating in transport.
Since the (6,5) SWCNTs have more states in
the vicinity of the first van Hove singularity
than the large diameter SWCNTs present in
the RN networks, the low energy DoS of the
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(6,5) networks, which dominates transport in
our charge density regime, is higher than that
of the RN networks (Nc 65 > N rn, see
Table 2). The latter is the dominant factor for
the observed higher Seebeck coefficients (Fig-
ure 4b, d). As expected from the mono-chirality
of the (6,5) network and in agreement with our
PDS measurements (£, 65 ~ 30 £3 meV and
E, ry ~ 4745 meV), the low energy (6,5) DoS
is effectively much sharper than that of the RN
networks (dc (65 ~ 8.1 meV versus dc,grn ~
16.2 meV). This in turn leads to the weaker
temperature dependence of the Seebeck coeffi-
cient of the (6,5) compared to the RN networks
(Figure 4b, d). In addition, the sharper DoS
in combination with the energy dependence of
the relaxation time (7. ;(E) o« (E — Ec.)°,
—1), leads to a stronger charge density
dependence of the Seebeck coefficient in the
(6,5) networks at lower temperatures, because
the dominant transport energies are pinned en-
ergetically closer to the van Hove singularity
(Figure 4b, d). The energy dependence of the
relaxation time with s = —1 is different from
that of individual SWCNTs. This is likely to re-
flect energy-dependent relaxation processes as-
sociated with the tube junctions or it might be
a manifestation that the effective dimensional-
ity of the SWCNT networks is not one-, but
two-dimensional. We note that the energy de-
pendence of the relaxation time due to acoustic
phonon scattering in graphene is also charac-
terized by s = —1.5562 This observation may
warrant a detailed theoretical study that takes
into account an appropriate deformation poten-
tial and scattering at the SWCNT junctions.

S =



Implications for SWCNT Network FETs
and Thermoelectics. Based on our electrical
transport data (Figure 3 and inset of Figure 5),
two important, general guidelines for SWCNT
network FETSs are evident in our measurements.
Firstly, even SWOCNT networks with ambi-
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Figure 5. Thermoelectric performance at 300 K. The charge

density-dependent electron power factors (oe - S2) and conductiv-
ities (inset) of the (6,5)-s, (6,5)-s-ttmgb and RN-d-st networks are
shown. The monochiral (6,5)-s-ttmgb networks strongly outper-
form the broad diameter distribution RN networks due to their
higher Seebeck coefficients (Figure 2c, d), emphasizing both the
importance of trap state minimization as well as chirality selection
to narrow and increase the thermally accessible DoS.

polar transport character and moderate hyster-
esis can still exhibit significant amount of trap
states ((6,5) networks, Figure 2a). Minimizing
this trap state density by treatments such as the
ttmgb-treatment used here is essential for fur-
ther performance optimization of FETs based
on SWCNT networks.?* Secondly, large diame-
ter (1.2-1.6 nm) SWCNT networks show higher
carrier mobilites at comparable trap densities
probably due to lower tunnel barriers. Chira-
lity selection towards monochiral networks en-
ables enhanced mobilities due to reduced en-
ergetic disorder wia a narrower thermally ac-
cessible D0S.%"* The upper diameter limit is
given by the on/off current ratio requirements
of the electronic application. Consequently,
we suggest trap density-minimized monochiral
SWCNTs of large diameter in the range of
1.2-1.6 nm, such as the recently demonstrated
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(14,6) networks, for high on/off current ratio,
high-mobility SWCNT network FETs. 4763

The conversion efficiency of waste heat to elec-
tricity by thermoelectric materials is governed
by the figure of merit 27" = P—If T = "TSQ - T,
with the power factor PF = o - S?, o the elec-
trical conductivity, S the Seebeck coefficient,
x the thermal conductivity and T the temper-
ature.®! Highly doped SWCNT networks have
displayed ambipolar power factors in excess of
500 rﬂé and are therefore promising candid-
ates for next generation flexible thermoelec-
tric generators.%® For further improvements in
device performance the optimal chirality distri-
bution of the SWCNT networks needs to be es-
tablished.*% We therefore present the charge
density-dependent electron power factors (o -
S2) of the (6,5)-s, (6,5)-s-ttmgb and RN-d-st
networks at 300 K in Figure 5. Despite the sig-
nificantly lower conductivities of the (6,5) net-
works (inset of Figure 5), the power factors of
the (6,5) networks exceed those of the RN net-
works, particularly for high charge densities rel-
evant for applications. The power factors of
the trap-free ttmgb-treated (6,5) networks ex-
ceed those of the RN networks for almost all in-
vestigated charge densities. As revealed by our
BTE simulations, this is caused by the higher
Seebeck coefficients primarily due to the larger
DoS of the (6,5) SWCNTs in the vicinity of the
first van Hove singularity (Nc, 65 > Nc,rx, see
Table 2). For practical applications the charge
density needs to be tuned to higher levels on
the order of several times 10%° c¢cm™3, allow-
ing the Fermi-level to be in the vicinity of the
second van Hove singularity. 20:6>%6 This will be
the optimal Fermi-level position, as it allows
for both high conductivities as well as a large
thermally accessible DoS within the transport
window f(E)-[1—f(F)] leading to high Seebeck
coefficients. In terms of the Seebeck coefficient
multiple chiralities in the network are accept-
able if the effective width of the network DoS
around the second van Hove singularities is still
narrower than the transport window (~ 4kgT),
as it would allow for a comparable thermally
accessible DoS (with only slightly reduced See-
beck coefficient due to the Fermi-level being
closer to the van Hove singularity). Neverthe-




less, given that the conductivities of monochiral
networks are expected to be higher, as well as
the fact that molecular doping introduces addi-
tional energetic disorder, monochiral networks
are still preferable. Our simulations also indi-
cate that the effect of smaller diameter tubes
having a larger thermally accessible DoS in the
vicinity of the van Hove singularities will still
prevail, meaning that the optimal diameter for
SWCNT network based thermoelectric devices
will likely be smaller than that for FETSs, where
the reduced Seebeck coefficient of larger diam-
eter tubes is no constraint. The precise op-
timal diameter can only be predicted once more
data on trap-free monochiral networks is avail-
able. Therefore, in order to benefit from both
lower tunnel barriers and higher conductivities,
as well as high Seebeck coefficients, we propose
to investigate a series of moderately large (1.0-
1.4 nm) monochiral networks, such as the re-
cently demonstrated (14,6) networks. %3

Conclusions

In summary, we have shown that charge and
thermoelectric transport in polymer-sorted
SWCNT networks with certain diameters and
different network densities as well as length dis-
tributions, can be modelled by the Boltzmann
transport formalism, incorporating transport in
heterogeneous media and fluctuation-induced
tunneling. We directly relate the charge density
and temperature dependence of the Seebeck
coefficient in these networks to their dipolar
disorder-broadened and network parameter-
scaled TBNN DoS. Furthermore, our BTE
simulations of the Seebeck coefficients point
towards a more two-dimensional character of
carrier scattering and the necessity to consider
scattering at SWCNT junctions as the relaxa-
tion time is found to be anti-proportional to the
energy in these SWCNT networks, as opposed
to simple one-dimensional acoustic and optical
phonon scattering found in single SWCNTs.
Based on our fundamental insights on charge
and thermoelectric transport, we propose nar-
row DoS distribution (ideally monochiral),
large diameter SWCNT networks, that enable
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a large thermally accessible DoS leading to
high Seebeck coefficients as well as low tunnel
barriers and high conductivities for both elec-
tronic and thermoelectric applications. While
for electronic applications the on /off current ra-
tio poses an upper limit for the SWCNT diam-
eter (1.2-1.6 nm), the additional requirement
of high Seebeck coefficients in thermoelectric
devices is likely to be a stronger constraint on
the SWCNT diameter (1.0-1.4 nm).

Methods

Preparation of SWCNT Dispersions. As
described previously, semiconducting SWCN'Ts
were selected from CoMoCAT (CHASM Ad-
vanced Materials Inc., SG65i-L58, diameter
0.7-1.0 nm) and plasma torch (Raymor Indus-
tries Inc., RN-220, diameter 0.9-1.5 nm, batch
RNB739-220-A329) raw material by polymer
wrapping in toluene (analytical grade, VWR
Chemicals) using poly[(9,9-dioctylfluorenyl-
2,7-diyl)-alt-(6,6")-(2,2’-bipyridine)] (PFO-
BPy, American Dye Source Inc., ADS153UV,
My 40 kgmol™1).3547 (6,5) SWCNT dis-
persions were prepared by adding CoMoCAT
(0.38 gL.™1) raw material to a solution of PFO-
BPy (0.5gL™") in toluene, and shear-force-
mixing (Silverson L2/Air, 10230 rpm) for 72 h
at 20 °C with two subsequent centrifugation
steps at 60000 g (Beckman Coulter Avanti J-
26XP) for 45 min. The supernatant containing
the wrapped (6,5) SWCNTs was collected after
each step. Mixed SWCNTs were selected by
adding plasma torch raw material (1.5 gL™!)
to a PFO-BPy/toluene solution (0.5 gL.™!) and
bath sonication for 60 min at 20 °C followed
by centrifugation as described above. All dis-
persions were passed through PTFE membrane
filters (Merck Millipore, JVWP, 0.1 pum pore
size) and the resulting (6,5) and mixed SWCNT
filter cakes were washed with toluene (80 °C,
three times). The filter cake was redispersed
in pure toluene (1 ml) by bath sonication for
30 min at 20 °C.

Dopant Synthesis.
1,2,4,5-Tetrakis(tetramethylguanidino)benzene
(ttmgb) was synthesized and purified as de-



scribed previously and the colourless crystals
were subsequently stored in dry nitrogen.%7:68
Solutions of ttmgb in anhydrous toluene were
prepared directly prior to use.

Device Preparation. The device architec-
ture, a bottom-contact top-gate field-effect
transistor structure with four-point-voltage
probes and two on-chip heaters is shown in
Figure 1g. The electrode design was patterned
on AF 32 eco glass (Schott AG) by standard
photolithography in combination with electron-
beam evaporation of titanium (3 nm) and gold
(12 nm) with subsequent lift-off in N-methyl-
2-pyrrolidone (HPLC grade, Sigma). SWCNT
dispersions were spin-coated at 2000 rpm for
30 s and annealed at 100 °C (three times).
After thorough rinsing with tetrahydrofuran
and isopropyl alcohol to remove residual ex-
cess polymer, the films were patterned with
standard photolithography and oxygen plasma
etching.  The substrates were annealed at
300 °C for 30 min in dry nitrogen; ttmgb
(2.5gL™") was applied to selected samples by
dip-coating in a solution in anhydrous toluene
for 20 min and subsequent annealing at 150 °C
for 30 min. Spin-coating of PMMA (syndi-
otactic poly(methyl methacrylate), Polymer
Source, My = 315kgmol™t, 6gL™') in n-
butyl acetate at 4000 rpm for 60 s and atomic
layer deposition of HfO, (Ultratech Savan-
nah S100) at 100 °C with water as the oxygen
source and tetrakis(dimethylamino)hafnium
(Strem Chemicals Inc.) as the precursor formed
the hybrid dielectric (PMMA (11 nm), HfO,
(60 nm)).** The devices were completed by
thermal evaporation of silver gate electrodes
(30 nm).

SWCNT Network Characterization. Ab-
sorption spectra of the SWCNT dispersions
were obtained with a Cary 6000i absorption
spectrometer (Varian Inc.). Raman spectra of
the deposited SWCNT networks were recorded
with a Renishaw plc inVia Reflex confocal Ra-
man microscope with a 50x objective (Leica,
NA = 0.75). Maps consisting of approximately
1600 spectra over an area of 100 x 100 pm?
were collected in StreamLine mode with three
different lasers (532 nm, 633 nm and 785 nm).
For each sample, the spectra were averaged
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and baseline-corrected. Atomic force micros-
copy images were collected using a Bruker
corp. Dimension Icon atomic force microscope
in ScanAsyst mode. Photothermal deflection
spectroscopy (PDS) measurements were per-
formed with a custom setup similar to the one
presented by Jackson and coworkers. 45 Apart
from using Heraeus Spectrosil 2000 substrates,
the SWCNT networks were prepared as for the
thermoelectric devices. The samples were held
in a hermetically sealed Suprasil quartz cuvette
(Hellma GmbH & Co. KG) filled with an inert
liquid (3M Fluorinert Electronic Liquid FC-72),
excited with a modulated monochromated light
beam produced by a 100 W Xenon arc lamp
(Osram GmbH) and a CVI Digikrom DK240
monochromator and probed with a 670 nm
fibre-coupled diode laser (iFLEX2000, Qiop-
tiq Ltd.). The beam deflections were measured
using a quadrant photodiode and a lock-in
amplifier (Stanford Research Systems SR830).
The data and extracted Urbach energies are
presented in Supporting Information Note 3.

SWCNT Device Characterization. Tran-
sistor transfer and output, sensor resistance
calibration and thermal voltage measurements
were performed under vacuum (< 107% mbar)
in a six-probe closed-cycle cryogenic probe
station (Lake Shore Cryotronics Inc., CRX-
4K) with two Keithley 2612B Dual Channel
SourceMeters and one Keithley 6430 Sub-
Femtoamp Remote SourceMeter including Re-
mote PreAmp. While the principle of the sensor
resistance calibration and thermal voltage
measurements is the same as in our previ-
ous studies,?6*? we have further improved the
unidirectionality of the temperature gradient
and the accuracy of the on-chip resistive ther-
mometers. The details of the measurement
configuration are presented in Supporting In-
formation Note 4. The device capacitance
was determined using an impedance spectro-
meter (ModuLab XM MTS System, Solartron
Analytical). Measurements were conducted at
1.0 kHz, and the maximum capacitance C,
was extracted in the on-state (Vs = £5 V, for
electron and hole transport respectively). Con-
sequently, the areal capacitance C; = —u

W'Lpattern
(Lpattern = 90 um being the entire length of the



SWCNT patterned area) was obtained. We de-
termined both four-point-probe linear (p4p,p) as
well as saturation mobilities (psat). The four-
point-probe linear mobilities and contact re-
sistances were obtained at Vgs = —0.1 V (apart
from Vys = +0.1 V for the n-type (6,5)-s-ttmgb
device) using two 5 um wide voltage probes lo-
cated at Lpy = 12.5 um and Lpy = 37.5 pum in
the 50 um long channel.®"%7 The saturation
transfer curves were measured in the condi-
tion Vi = Vg — Vou (with Vi, being the onset
voltage) to ensure a unipolar saturation regime
throughout the entire gate voltage range.*> The
onset voltages (Vonn and Vo, o) were extracted
from the linear transfer curves as the voltages
for which the source-drain current rises above
the background noise and gate-leakage current
level for hole and electron transport respec-
tively. The charge densities were obtained as

& (Vas — Von), assuming the height of the

n = =1 .
h
accumulation layer to be h = 2 nm.*!

Associated Content

Supporting Information

The Supporting Information is available free of
charge on the ACS Publications website at DOI:
Raman spectra of the deposited (6,5) and RN
network; atomic force microscopy images used
to determine the SWCNT length distribution;
photothermal deflection spectroscopy measure-
ments of (6,5) and RN networks; detailed out-
line of on-chip Seebeck coefficient measure-
ments; onset-voltage (V5,) extraction from lin-
ear transfer curves; capacitance measurements
and device parameter overview; linear and sat-
uration transfer curves of (6,5)-s-ttmgb net-
work; comparison of 4pp linear and saturation
mobilities; temperature and charge density-
dependent Seebeck coefficients of all six net-
works; determination of the RN network com-
position based on the Eqy peak of the absorption
spectrum; parameterization of o'(E) for (6,5)-
s-ttmgb and RN-d-st networks; BTE simula-
tions of the Seebeck coefficient considering one-
dimensional acoustic and optical phonon scat-
tering; relationship of areal and linear SWCNT
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