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rintable polymer semiconductors
P (PSCs) have attracted considerable at-
tention because of their potential ap-
plications in large-area, low-cost, flexible,
and printed optoelectronics.'™* How-
ever, the charge-carrier mobilities of PSC-
based devices fabricated by inkjet printing
are generally limited by hopping trans-
port (lower conductivity) between polymer
chains in disordered regions of such films.
Therefore, the use of complementary het-
erostructures based on organic and inorgan-
ic semiconductors has been suggested as a
potentially effective way to manipulate the
optoelectronic properties of printed devices,
as they may combine the desirable charac-
teristics of both materials.>~'° In particular,
single-walled carbon nanotubes (SWNTs)
have emerged as highly promising compo-
nents of electronic and energy devices be-
cause of their high intrinsic charge-carrier
mobility, high aspect ratio, and superior me-
chanical properties.'"~'® PSCs with SWNTs
compose a promising heterostructure and
were recently reported as a new platform for
the next generation of optoelectronic devices,
such as transistors,'®'” photovoltaics,'®%°
photodetectors,”’ memories,?> and sensors.>
Several groups have demonstrated that
thin film transistors (TFTs) and photo-
voltaics with a PSC/SWNT heterostructure
as the channel material have improved the
charge-carrier mobility and on-current.>*—28
However, all approaches had a turn-on vol-
tage (Von) shift from the charge transfer
between SWNTs and PSCs as well as a high
off-current (/o¢) because the pristine SWNTs
had both semiconducting (sc-SWNTs) and
metallic SWNTs (m-SWNTs). In a photovol-
taic device, m-SWNT behavior in PSCs was
discussed.?® Furthermore, functionalized
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Molecularly hybridized materials composed of polymer semiconductors (PSCs) and single-walled

carbon nanotubes (SWNTs) may provide a new way to exploit an advantageous combination of

semiconductors, which yields electrical properties that are not available in a single-component system.

We demonstrate for the first time high-performance inkjet-printed hybrid thin film transistors with an

electrically engineered heterostructure by using specially designed PSCs and semiconducting SWNTs
(sc-SWNTs) whose system achieved a high mobility of 0.23 am® V" s~", no V, shift, and a low off-
current. PSCs were designed by calculation of the density of states of the backbone structure, which

was related to charge transfer. The sc-SWNTs were prepared by a single cascade of the density-

induced separation method. We also revealed that the binding energy between PSCs and sc-SWNTs

was strongly affected by the side-chain length of PSCs, leading to the formation of a homogeneous

nanohybrid film. The understanding of electrostatic interactions in the heterostructure and

experimental results suggests criteria for the design of nanohybrid heterostructures.

KEYWORDS: polymer—carbon nanohybrid - printed transistors - electrostatic

interaction - density of state - binding energy

SWNTs and surfactants used for dispersion
to make homogeneous nanohybrids im-
pedes the molecular order and crystal struc-
ture of PSCs as well as the charge transfer
between PSCs and SWNTs under an elec-
trical bias, which has resulted in low-
performance devices.>*?%’ Although it was
reported that specially designed PSCs selec-
tively sorted sc-SWNTs**2% and the effect of
SWNT chirality on the electrostatic interac-
tion for the PSC/SWNT system®'*? has been
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Figure 1. Printed nanohybrid semiconductors and transistor devices. (a) Schematic diagram of a back-gated and bottom-
contact nanohybrid transistor built on well-dispersed PQTBTz-C12/SWNT ink using inkjet printing. Inset: Schematic picture of
the PQTBTz-C12-wrapped SWNT and the morphological features of the TFT device fabricated by inkjet printing (plan image
via FE-SEM and cross-sectional image via FE-TEM). (b) RBM regions in the Raman scattering spectra from the pristine [mixed
metallic (m) and semiconducting (sc)]-SWNTs and the sc-SWNT using two excitation energies (1.96 and 2.41 eV). sc-SWNTs
were prepared using a single cascade of the density-induced separation method. (c) Tapping-mode AFM height image of
nanohybrid films printed on ODTS-modified SiO, surfaces. The annealing process was conducted at 180 °C. The red arrows
show the sc-SWNTs dispersed in a PQTBTz-C12 matrix. (d) Transfer (Ips—Vgs) characteristics of nanohybrid TFTs fabricated
using the hybrid ink with pristine SWNTs (at 0.05 wt %) and the sc-SWNT (at 0.1 wt %) only. All samples were annealed at 180 °C

under N, after the inkjet process and drying.

discerned, the electrical interaction mechanism be-
tween the PSCs and SWNTs in high-performance TFTs
is not clearly understood. Therefore, it is crucial to
understand the electrostatic interactions via charge
transfer at the interface between the PSCs and SWNTs
as well as to make well-dispersed sc-SWNTs in a PSC
matrix for producing efficient, reliable nanohybrid
semiconductor TFTs.

Herein, we suggest for the first time design criteria
for PSC/SWNT nanohybrid semiconductors with an
electrically engineered heterostructure for high-
performance hybrid TFTs via inkjet printing. To understand
the electrical interaction by charge transfer at the interface
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between the PSCs and SWNTs, we compared two types of
printed TFTs, one with pristine (mixed m- and sc-) SWNTs
and the other with sc-SWNTs. Furthermore, in this work,
we used a new PSC, poly(didodecylquaterthiophene-alt-
didodecylbithiazole) (PQTBTz-C12), which was designed
to not only improve the molecular order of the polymer,
as demonstrated in a previous study, but also modulate
the interaction with the sc-SWNTs without charge transfer.
The sc-SWNT/PQTBTz-C12 nanohybrid system in this
study provides a robust V,, with a high sc-SWNT con-
centration in a PQTBTz-C12 matrix, which is crucial for
highly reliable printed TFTs. On the basis of our approach,
we achieved a 3-fold higher mobility of 0.23 cm?V ' s~
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compared with the pristine PQTBTz-C12. To further in-
vestigate the electrical interaction within the heterostruc-
ture, we determined the densities of states (DOS) and
binding energies (Egg) at the interface between the vari-
ous PSCs and sc-SWNTs to discern the roles played by
different PSC backbones and side-chain lengths. We were
able to successfully incorporate PSCs/sc-SWNTs into a
printed TFT, and we demonstrated that the heterostruc-
tures enhanced the mobility without a V,,, shift.

RESULTS AND DISCUSSION

Figure 1a shows an overview of the printed nano-
hybrid semiconductors and transistor devices based
on PQTBTz-C12 and the sc-SWNTs. We used the back-
gated and bottom-contact transistor geometry (see
Methods in Supporting Information for details). As
the host PSC, we used the electron donor—acceptor
PQTBTz-C12. Alkyl chain-substituted thiophene/thiazole
blocks along the polymer backbone were assumed
to increase the highest occupied molecular orbital
level given the electron-accepting nature of the 5,5'-
bithiazole units.>* They also play roles as a semicon-
ducting material and a dispersant, which could wrap
the sc-SWNTs, as reported in other studies.?* 3! To
decrease the strong interaction between the m-SWNTs
and PSCs, the m-SWNTs were removed from the pris-
tine SWNTs using a single cascade of the density-
induced separation method (Figure S1, Supporting
Information).>*3> The radial breathing mode (RBM)
for the Raman spectra of pristine SWNTs and sc-SWNTs
at excitation energies 1.96 and 2.41 eV indicates that
the m-SWNTs were clearly removed after separa-
tion (Figure 1b). This was also confirmed by the
UV—vis—nIR absorption spectra (Figure S2, Supporting
Information). To prepare the nanohybrid ink for the
channel material in the TFTs, the separated sc-SWNTs
and PQTBTz-C12 were formulated using a general
dispersion method without additional dispersant. As
shown in Figure 1c, an atomic force microscopy (AFM)
image of the film printed using nanohybrid ink demon-
strates that the sc-SWNTSs (red arrows) were individually
dispersed in the PQTBTz-C12 matrix. Figure 1d shows
the transfer characteristics (Ips—Vgs) of TFTs fabricated
by two types of printed nanohybrids, one with pristine
SWNTs at 0.05 wt % and the other with sc-SWNTs at
0.1 wt %. This indicates that SWNT chirality has a
tremendous effect on device performance, such as
Vons lofr, @and charge-carrier mobility («). TFTs with
PQTBTz-C12/pristine SWNTs (0.42 cm? V™' s™") have a
2-fold higher charge-carrier mobility compared with
PQTBTz-C12/sc-SWNTs (0.23 cm” V™' s™"); however,
Iot was increased by 2 orders of magnitude (107 '°A)
in the saturation mode (Vps = —40 V). More importantly,
for PQTBTz-C12 with pristine SWNTs, V,,,, was shifted in
the positive direction (35 V for the scan at Vps=—10V
and above 40V for the scan at Vps = —40 V). This shift is
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Figure 2. Interaction of SWNTs and PQTBTz-C12 in nano-
hybrids. (a) UV—vis absorption spectra of a PQTBTz-C12
solution at 0.1 wt % (in ortho-dichlorobenzene, ODCB) and a
hybrid solution (at a total 0.1 wt % in ODCB) with 10% (w/w)
sc-SWNTs to PQTBTz-C12. (b and c) Radial breathing modes
(RBMs) measured at an excitation energy of 633 nm (1.96 eV)
for the nanohybrid films with pristine- and sc-SWNTSs, respec-
tively. The arrows in (b) indicate a charge transfer between
PQTBTz-C12 and the SWNTs.

attributed to the extra hole charges in the channel that
were generated by a strong electrostatic interaction,
even though an external bias was not applied. Recent
studies have shown that the dominant presence of
either metallic or small band gap semiconducting tubes
might provide a sizable built-in potential at the inter-
face for the holes to drift away.>'*® Therefore, for a
mixed distribution of semiconducting and metallic
tubes, it is likely that the m-SWNTs have stronger inter-
actions with PQTBTz-C12 because of the stronger elec-
trostatic interaction due to the charge transfer, which
generates a V,,, shiftin the positive direction and a high
lof in hybrid TFTs even at low SWNT loading. With a
larger electron affinity than the PSCs, SWNTs serve as
electron traps that affect the total charge density in the
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Figure 3. Molecular simulation of a nanohybrid semiconductor with (7,5) sc-SWNT heterostructures and polymer semi-
conductors. (a) Calculated electronic energy levels of sc-SWNTs and PSCs. The insetimage shows (7,5) SWNT, P3HT with 6-mer
thiophene oligomer, and PQTBTz-C6 and PQTBTz-C12 with six five-membered rings. (b) The density of states was calcu-
lated using the DFT method. The optimized model structure of the (7,5) sc-CNT and PSCs and their densities of states.
(c) Longitudinal and radial schematic views of the nanohybrids with specific binding energies, depending on the PSC type.
The binding energies (Egg) were calculated using the minimized energy for each structure, Ege[(7,5) SWNT/PSC] = E[(7,5) SWNT/
PSC] — E[(7,5) SWNT] — E[PSC]. PSCs with a longer side chain interact more effectively with SWNTs.

ground state. Generally, the threshold voltage (V) for
TFTs is proportional to the sum of the initial carrier
density (ng) and initial trapped carrier density (n,) in the
active layer,?® as shown below.

gh(no + ny)

Vip = —
th Ci

qg is the charge, h is the semiconductor film thickness,
and G is the insulator capacitance per unit area. This
implies that the reduction of the initial trapped charges
via molecularly engineered PSCs and the separation of
the sc-SWNTs are crucial for reliability in nanohybrid
TFTs.

In nanohybrid ink, the dispersion of SWNTs has a
strong effect on the optical and electrical characteristics.>”
Figure 2 shows the intermolecular interaction between

KIM ET AL.

the SWNTs and PQTBTz-C12 in the solution and in the
solid states of a nanohybrid. A PSC solution composed of a
0.1 wt % PQTBTz-C12 (in ortho-dichlorobenzene, ODCB)
and a nanohybrid solution (total 0.1 wt % PQTBTz-C12 in
ODCB) with 10% (w/w) sc-SWNTs to PQTBTz-C12 was
characterized using UV—vis—nIR absorption. A new peak
near 670 nm was generated by the PQTBTz-C12 and sc-
SWNT interaction, which is evidence for a well-dispersed
nanohybrid solution (Figure 2a). It has been established
that 7—a interactions between PSCs and SWNTs typically
result in a band shift or broadening of the absorption
peaks due to the change in the effective conjugation
length of the PSCs with SWNTs3® To further clarify the
interaction between the SWNTs and PQTBTz-C12 in the
solid state by filtration of nanohybrid ink, the radial
breathing modes in Raman scattering were characterized
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at an excitation energy of 1.96 eV (Renishaw, RM-1000
Invia, 633 nm, He—Ne laser, 1800 L/mm grating, 0.7 cm™!
resolution). To investigate the effect of SWNT chirality on
the intermolecular interactions, we prepared two types of
nanohybrid film using pristine SWNTs (Figure 2b) and sc-
SWNTs (Figure 2¢) in PQTBTz-C12. The peaks in the red
box originated from m-SWNT, and those in the blue box
originated from sc-SWNT. Surprisingly, for the nanohybrid
with pristine SWNTSs, the peaks assigned in £, are shifted
up by ~5—6 cm~' compared with the pristine SWNTs.
This shift can be ascribed to hardened and stiff C—C
bonds,>*~*? which might be evidence of a strong electro-
static interaction at the interface of the PQTBTz-C12
backbone and the m-SWNTs. However, the peaks in the
F®5, (Figure 2b and c) were shifted up by only 2 cm™'
(nota notable change). This implies that the m-SWNTs can
strongly withdraw an electron from the PQTBTz-C12 poly-
mer backbone, compared with sc-SWNTs, because of a
higher electron affinity, which leads to a charge transfer
even at the ground state. As a result, when designing elec-
trically engineered heterostructures at the ground state,
it is essential to incorporate sc-SWNTs with PSCs, which
can improve the reliability of TFT devices, as mentioned in
Figure 1d.

However, even though sc-SWNTs are used, the type
of PSC with the sc-SWNTs can have a tremendous
effect on charge transfer in the heterostructures. To
clarify this observation, we conducted a molecular sim-
ulation of the nanohybrids. A detailed atomic scheme
of the electronic structure at the heterojunction may
provide important insights into the existing experi-
mental observations, which are not fully understood in
detail. To further investigate the electrostatic interac-
tions of the heterostructure, first-principles calcula-
tions based on the density functional theory (DFT),
including van der Waals interactions,** " were em-
ployed to investigate the nanohybrids with hetero-
structures for (7,5) sc-SWNT and PSCs as well as assess
the effect of the PSC structure [(1) polymer backbone,
(2) side-chain length] on charge transfer and bind-
ing energy in the nanohybrid. For the sc-SWNT, a (7,5)
tube was used to represent the typical ~0.8 nm dia-
meter tube that dominantly existed in our experiment
(Figure S2, Supporting Information).*® For the PSCs,
poly(hexylquaterthiophene-alt-dihexylbithiazole)
(PQTBTz-C6) and PQTBTz-C12 were selected for an
examination of how nanohybrids with different poly-
mer structures affect the charge transfer and binding
energies between PSCs and sc-SWNTs compared with
poly-3-hexylthiophene (P3HT). The electronic energy
levels for these materials are shown in Figure 3a. The
highest occupied molecular orbital (HOMO)/lowest
unoccupied molecular orbital (LUMO) levels for a single
strand of semiconducting (7,5) SWNT and P3HT were
calculated to be —5.06/—3.90 eV and —4.38/—2.67 eV,
respectively, from the local vacuum level. The LUMO
level of (7,5) SWNT is lower than P3HT with a difference
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of 1.23 eV. The LUMO levels of PQTBTz-C6 (—2.97 eV)
and -C12 (—2.94 eV) are in close proximity to (7,5) SWNT
compared with P3HT because of the electron-accepting
thiazole moieties.*® The electronic structure of PQTBTz,
which has a band gap similar to P3HT, is precisely mod-
ulated to sc-SWNT after energy alignment with respect
to (7,5) SWNT, which leads to a lower built-in potential
compared with that of P3HT. Therefore, the electron
transfer from PQTBTz to (7,5) SWNT in the ground state is
expected to be reduced compared to P3HT, which re-
sults in an electrically stable heterostructure either with-
out hole charge generation or with a lower charge.
However, the SWNT Fermi level was suggested to be
blue-shifted compared with the contacting P3HT, which
behaves similar to a previous report.'®*' This shift results
in a large built-in potential; thus, this potential was
attributed to a ground-state charge transfer from the
P3HT backbone to the SWNT. To generate a change in
energy state for the (7,5) SWNT as a function of the type
of PSC, the density of states near the Fermi level for the
nanohybrids and their optimized model structures were
calculated using DFT, as shown in Figure 3b. For the (7,5)
SWNT/P3HT heterojunction, the transition energy E°;
was decreased to 0.78 eV (Figure 3b left) from 1.16 eV of
(7,5) SWNT (Figure S3, Supporting Information), which is
attributed to the change in the work function with
respect to charge transfer.* In the (7,5) SWNT/PQTBTz-
C6 and -C12 heterojunctions, however, the £°;; near 0.98
eV is relatively similar to (7,5) SWNT (Figure 3b middle
and right). Interestingly, there was small change in the
F*1; before and after energy alignment in the PQTBTz
backbone system irrespective of side-chain length. This
result implies that the PSC backbone structure primarily
influences DOS structure. Furthermore, the binding
energy between the (7,5) SWNT and PSCs, Egg [(7,5)
SWNT/PSC], strongly affects the dispersion of SWNTs
in PSCs, which was estimated using the total energy
difference between the bound and separated sys-
tems, Egel(7,5) SWNT/PSC] = E[(7,5) SWNT/PSC] —
E[(7,5) SWNT] — E[PSC], as shown in Figure 3c. In
this calculation, using semiempirical corrections, the
van der Waals force is the primary interaction.>® For
PQTBTz-C6 and P3HT with a hexyl group side chain, the
Egel(7,5) SWNT/PQTBTz-C6] of 1.04 eV is smaller than
the Egel(7,5) SWNT/P3HT] of 1.23 eV for the rigid back-
bone of PQTBTz-C6 (Figure 3c). However, as side-chain
length increases from a hexyl to dodecyl group, the
Egel(7,5) SWNT/PQTBTz-C12] increases by 1.73 eV,
which suggests that PSCs with a longer side chains
can more effectively interact with SWNTSs. On the basis
of these results, we can conclude that the PSC side chains
play a role in the formation of a well-defined nanohybrid
by facilitating effective SWNT binding without a change
in the DOS energy state. Therefore, these observations
indicate that the roles of the PSC backbone and side
chains can be divided in the heterostructures' electric
interactions. Using nanohybrids with optimized PSCs,
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printed nanohybrid semiconductors. (a) Transfer characteristics of nanohybrid TFTs composed of PQTBTZ-C12 and sc-SWNTs,
which show electrically stable heterostructures after incorporation of sc-SWNTs at 1 wt %. (b) Mobility and V,,, plot as a
function of sc-SWNT concentration. (c) 2D GIXD patterns for nanohybrid films that were inkjet printed onto ODTS-treated SiO,
substrates as a function of SWNT concentration. The data are plotted versus the scattering vector, g, and the crystallographic
assignments of the peaks are labeled. Most of the (h00) planes for the PQTBTz-C12 chains were oriented parallel to the gate
dielectric (in the edge-on orientation) irrespective of the sc-SWNT concentration. Two intense in-plane reflections appeared
vertically at a specific g, (>0), which were indexed to (003) and (010). The incident-beam angle was 0.3° to increase the
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the PQTBTz-C12 with an electrically stable energy state
and physically strong binding energy has the most ef-
fective heterostructure, which considers the DOS and
binding energy.

As already shown in Figure 1d, it is crucial to reduce
the initial trapped charges for electrically stable printed
hybrid TFTs. Even though we designed a PSC with
optimized charge transfer and binding energy with
respect to the sc-SWNTs, the effect of the sc-SWNT
concentration on the initial trapped charges and
charge-carrier mobilities (1) should also be considered.
Figure 4a shows the transfer characteristics (lps—Vgs) at
the drain voltage (Vp = —40 V) of the printed hybrid
TFTs with PQTBTz-C12 and various levels of sc-SWNTs,
which ranged from 0.05 to 5 wt %. The u were calcu-
lated in the saturation regime (Vps = —40 V). Nanohy-
brid TFTs show higher x (0.12—0.23 cm? V™' s )
than the pristine system (0.08 cm? V' s7),
except for PQTBTz-C12 with sc-SWNTs of 5 wt %
(0.05 cm? V™' s7). In particular, hybrid devices exhibit
the optimized characteristic for sc-SWNTs of 0.1 wt %,
which will be discussed later. Furthermore, Figure 4b
shows the relationship between V,,, and the concen-
tration of sc-SWNTs in hybrid TFTs. V,, is not changed
by adding sc-SWNTs of up to 1 wt %, which indicates

KIM ET AL.

that extra hole charges via charge transfer from
PQTBTz-C12 to sc-SWNTs were not generated. No
distinguishable hysteresis was shown for all TFT devices
(Figure S9, Supporting Information). This result is in
contrast to other reports,®**” which show a significant
Von change even with SWNTs of 0.5 wt %. In brief, we
can explain the charge-transporting mechanism under
gate and drain bias as follows: The hole charges in-
jected from the source electrode (Au) can move into the
PQTBTz-C12 matrix. After that, hole charges are trans-
ferred to sc-SWNTs via hopping. At this moment, the
energy level (HOMO) of polymer semiconductors is
crucial for desired charge transfer. On the basis of
Figure 3a, showing the energy diagram, the HOMO
levels of PQTBTz-C6 (—4.61 eV) and -C12 (—4.57 eV) are
in close proximity to the valence band (—5.06 eV) of sc-
SWNT compared to P3HT (—4.38 eV). Therefore, the
hole transfer from PQTBTz to sc-SWNT under gate and
drain bias can be expected to be more efficient com-
pared to P3HT. The hole charges reaching the interface
of sc-SWNTs and PQTBTz-C12 can move to the PQTBTz-
C12 matrix without barrier and finally reach the other
electrode (drain). For PQTBTz-C12 with sc-SWNTs of
5 wt %, V,, was dramatically shifted in the positive
direction (25.5 V), which might be attributed to trapped
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hole charges at the grain boundary that are generated
by a macrophase separation of PQTBTz-C12 and sc-
SWNTs (Figure S4, Supporting Information). Also, in
order to confirm the trend of V,,, shift, we prepared
hybrid TFT devices based on printed films with sc-
SWNTs of 7 or 10 wt %. However, we could not address
hybrid ink in the patterned channel region due to the
strong charging effect of inks. This result implies that
inducing a hybrid film with well-dispersed sc-SWNTs,
which leads to an optimal blended ratio of sc-SWNTs, is
required to avoid trapped charges in electrically en-
gineered heterostructures.

To demonstrate the mechanism for enhanced hy-
brid TFT performance, we confirmed the effect on the
crystalline microstructure (including molecular orien-
tation and crystallinity) and optical behavior for the
PQTBTz-C12/sc-SWNTs nanohybrids as a function of sc-
SWNT concentration. To discern these effects, we used
two-dimensional (2D) grazing incidence angle X-ray
diffraction (GIXD), high-resolution X-ray diffraction,
and UV—vis absorption spectroscopy, respectively. In
Figure 4c, intense (h00) crystal reflections with higher
order peaks, which could be used as a criterion for
stacking due to the alkyl side chains along the g-axis,
were found along the Debye rings in the g, (out-of-
plane) positions that satisfy Bragg's law. This result
suggests that most of the (h00) planes in the PQTBTz-
C12 chains were oriented parallel to the gate dielectric
(in the edge-on orientation), irrespective of the level of
sc-SWNTs, which coincides with high-resolution X-ray
patterns (Figure S5, Supporting Information). Surpris-
ingly, even with the inkjet-printed system, two intense
rod-shaped in-plane reflections appeared vertically ata
specific g, (>0), which were indexed to (003) and (010),
indicating that the printed films consisted of multi-
stacked layers preferentially oriented normal to the
substrate in the lateral direction (Figure 4c). This result
implies that hybrid films with sc-SWNTs of 0.1 and
0.5 wt % exhibit a more distinct rod of the (010) peak than
the pristine film (Figure S6, Supporting Information),
which is attributed to enhanced w—mx stacking of
PQTBTz-C12 chains by SWNTs. This enhancement
of m—amx stacking by mediating the crystallization
of PQTBTz-C12 chains on the SWNT surface enables
higher electrical performance for hybrid TFTs.'®
Furthermore, the UV—vis absorption behavior of the
nanohybrid film is similar to 2D GIXD (Figure S7,
Supporting Information). The intensity of the 599 nm

EXPERIMENTAL SECTION

Separation and Purification of the SWNTs. As-prepared HiPco
(purchased from Unidym) SWNTSs were used for functionalization
and separation. The SWNTs were dispersed in an H,O solution

with a 2% (w/v) sodium cholate surfactant (bile salts, Sigma-
Aldrich) and sonicated (Sonics, Ultrasonic Processor: VCX-750),
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shoulder peak due to m—m stacking was increased
when the sc-SWNTs were incorporated at 1 wt %; how-
ever, above 5 wt %, the intensity decreased (Figure S8,
Supporting Information), which might be attributed to
less ordering by macrophase separation, as shown in
Figure S4 (Supporting Information). Hybrids with sc-
SWNTs at 5 and 10 wt % have a blue-shifted absorption
due to distortion of the PQTBTz-C12 backbones. In
particular, the hybrid with sc-SWNTSs of 10 wt % displays
a strong blue-shifted absorption of 5 wt % due to
aggregation as well as distortion of the polymer back-
bones, which might lead to more trap sites of charges.
This result indicates that it is crucial to reduce the
initial trapped charges using a homogeneous hetero-
structure for electrically reliable printed hybrid TFTs.
Therefore, a well-dispersed sc-SWNT hybrid film can
enhance the w—m stacking of PQTBTz-C12 due to
surface-induced crystallization at the SWNT wall sur-
faces, which leads to a high 4 and no V,, shift in
hybrid TFTs.

CONCLUSION

We have developed general criteria to control the y,
Von, and g device properties in nanohybrid TFTs
using an electrically engineered PSC and SWNT hetero-
structure. The m-SWNT had strong interactions with
the PSCs, which resulted in a charge transfer and is
attributed to a shifted V,, and increased I, The
sc-SWNT/PQTBTz-C12 nanohybrid system has the
advantages of a robust V,, even though sc-SWNT
concentration increases in the PQTBTz-C12 matrix,
which is crucial for high-quality TFTs. The species
of SWNTs and homogeneity are key factors in con-
trolling the V,, and I¢. Thus, printed TFTs with well-
dispersed sc-SWNTs at 0.1 wt % in PQTBTz-C12 show
three times higher « (0.23 cm? V™' s7') than PSCs
(0.08 cm? V™' s7") only. We also monitored the
density of states and binding energies between the
(7,5) sc-SWNT and diverse PSCs using first-principles
calculations that were based on DFT. DOS was related to
charge transfer and influenced by the PSC backbone
structure, and the Ege for the dispersion of SWNTSs in PSCs
was controlled by the side-chain length and did not affect
the DOS. These results suggest criteria for the design of
nanohybrid heterostructures. We believe that our ap-
proach will enable nanohybrid heterostructures to be
utilized not only in printed TFTs but also in many
practical optoelectronic devices.

which was followed by ultracentrifugation (Beckman-Coulter,
Ultracentrifuge: Optima L-100 XP) to remove SWNT bundles and
other impurities. The resulting solution contained individually
suspended SWNTs at a final concentration of 0.005% (w/v).
A 4-nitrobenzene diazonium salt was used as a reagent to attach
4-nitrophenyl chemical handles onto m-SWNTs for separation,
and the reaction was performed at 45 °C and pH 5.5, similar to a
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previously reported method.>* The separation of sc-SWNTs from
m-SWNTs by density was performed using a density gradient
method as reported previously®® (see Supporting Information 51
for a more detailed separation mechanism). A density gradient
was created using the nonionic medium iodixanol (OptiPrep, 60%
(w/v) iodixanol, Sigma-Aldrich). The concentration of the initial
gradient was adjusted to 30% (w/v) at 7 mL and was positioned at
the top of a 60% (w/v) 3 mL stop-layer solution. The rest of the
tube was filled with functionalized SWNT solutions of 5 mL. The
sample was then centrifuged for 12 h at 22 °C and 32000 rpm
using a swinging-bucket rotor (Beckman Coulter, SW 32.1 Ti). The
surfactant concentration was maintained at 2% (w/v) throughout
the tube. The SWNT samples were fractionated at every 300 ulL
after centrifugation using a fraction recovery system (Beckman
Coulter) and characterized by UV—vis—nIR absorption (Perkin-
Elmer, Lambda750 UV—vis spectrometer) and Raman spectros-
copy (Kaiser Raman RXN1 analyzer).

Preparation of the Hybrid ink. Poly(didodecylquaterthiophene-
alt-didodecylbithiazole), PQTBTz-C12 (molecular weight, MW:
22 kDa), was synthesized as previously reported.>® In a typical
dispersion experiment, 0.1 mg of as-separated sc-SWNTs and
10 mg of PQTBTz-C12 were suspended in 10 mL of ortho-dichloro-
benzene (purchased from Aldrich). The mixture was sonicated in a
bath-type sonicator (Bandelin Electronic GMBH & Co. KG, Sonorex
Super: RK106) for 10 h. To control the level of sc-SWNTs in the
hybrid ink, the mixture solution was diluted without centrifugation
into a PQTBTz-C12 solution with an alternative composition.

Computer Modeling. The first-principles calculations based on
the density functional theory were performed using the VASP
code to estimate the binding energies of the sc-CNT and
polymers.**~*7 Supercells that included 244 carbon atom sites
were used for the (7,5) sc-CNT. The cell length was 3.34 nm. The
polymers were modeled with the 6-mer oligomers. The P3HT
was modeled using 6-mer thiophenes, and the PQTBTz was
modeled with the two thiazole units and four thiophene units.
The plane-wave cutoff energy was 400 eV, and the gamma point
calculations were performed. The exchange—correlation inter-
actions between electrons were described using the general-
ized gradient approximation, and the projector-augmented
wave potentials were used to describe ion—electron inter-
actions.”’ We used the conjugate gradient method for geome-
try optimization, and the optimization procedure was truncated
when the residual forces for the relaxed atoms were less than
0.03 eV/A.

The binding energies were calculated using the total en-
ergy differences between the bound and separated systems,
Ege(AB) = E(AB) — E(A) — E(B). For this calculation using the
DFT-D2 method with semiempirical corrections, the van der
Waals interaction was shown to be the primary interaction.”’

Characterization of the Films. To confirm the nanomorphology
and crystalline microstructure, the PQTBTz-C12 and hybrid thin
films with SWNTs were ink-printed from 0.2 wt % solutions in
ortho-dichlorobenzene on ODTS-treated SiO, substrates and
annealed at 180 °C for 1 h under N,. An atomic force microscope
(Dimension V, Veeco Co.) operating in the tapping mode with a
carbon nanotube cantilever was used to characterize the
surface morphologies of the samples. High-resolution field-
emission transmission electron microscopy (HR-TEM, JEM 2100F,
JEOL) with a 120 kV accelerating voltage was used to character-
ize nanohybrid film thickness in the TFT device. Raman spec-
troscopy (Renishaw, RM-1000 Invia, 514 nm, Ar+ ion laser,
2400 L/mm grating, 0.7 cm™' resolution) was used to classify
m-SWNTs and sc-SWNTSs. The grazing-incidence X-ray diffraction
and high-resolution X-ray diffraction measurements were per-
formed at the 4C2 and 10C1 beamline (wavelength ~1.54 A)in
the Pohang Accelerator Laboratory. The UV—vis measurements
were performed using a UV—vis—near IR spectrophotometer
(Varian, Cary-5000).

Fabrication of the Thin Film Transistor. We used the back-gated
and bottom-contact transistor geometry with 3-mercaptopro-
pyl triethoxysilane/Au (8 A/70 nm) source (S)/drain (D) contacts
and a SiO, (300 nm) gate dielectric that was modified with
octadecyltrichlorosilane (ODTS). The hybrid thin films with
PQTBTz-C12/SWNTs were inkjet printed from a 0.2 wt % solution
in ortho-dichlorobenzene on ODTS-treated SiO, substrates and
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annealed at 180 °C for 1 h under N,. The standard channel
length and width were 12 and 120 um, respectively. A Keithley
4200-SCS semiconductor parameter analyzer was used to con-
duct all of the measurements for the current—voltage charac-
teristics under ambient condition and N,.
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