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ABSTRACT: Doping of small molecular donors or acceptors
on conjugated organic materials can be used to improve the
performance of organic electronics. Here we demonstrate
highly aligned poly(3-hexylthiophene) (P3HT) nanowires
(NWs) doped with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoqui-
nodimethane (F4-TCNQ) using electrohydrodynamic organic
NW printing. The transistor based on p-doped NWs had an
order of magnitude higher mobility than did the undoped NW
device. This significant improvement resulted from the
synergistic effects of p-type doping and thermal annealing on
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ne-dimensional organic semiconducting nanowires

(OSNWs) have excellent physical properties and
potential as building blocks for highly integrated nano-
electronics including transistors, light-emitting devices, energy
harvesting devices, and sensors."™” Until now, practical device
applications of OSNWs have been limited because of the lack of
reliable technique for individual control of nanowires (NWs).
Our previous reports suggested the possibility of large-scale
alignment and device applications of OSNWs using electro-
hydrodynamic organic nanowire printing (ONP) techni-
que.”™"* Printing and alignment of poly(3-hexylthiophene)
(P3HT) NWs and electronics applications including field-effect
transistors (FETs) and complementary inverters were success-
fully demonstrated. ONP can be a promising strategy for
applications in the field of organic nanoelectronics.

Until now, the aligned or unaligned polymer nanowires
showed low charge carrier mobility (~1 X 107> cm® V™' s71).
To enhance the carrier mobility of organic materials, there have
been several strategies including synthesis of new small
moleucules and polymers,'*™'¢ surface modification,'”"*
thermal annealing'” and molecular doping.”’~** Among them,
molecular doping approach using small molecular donors or
acceptors in conjugated organic materials is an effective way to
enhance the characteristics of organic FETs. Strong electron
acceptors can significantly enhance the bulk conductivity and
hole current of conjugated polymers and effectiveness of p-
doping increased in shallower highest occupied molecular
orbital (HOMO) level of the polymers.”” p-Doping and
thermal annealing can increase the crystalline ordering and
electrical characteristics in P3HT films.>>*° However, these
approaches are only applicable to the thin film geometry, which
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can easily form ordered domains during spin-casting process
and improve the crystalline ordering after thermal annealing
because of unconstrained polymer chain movement. In
contrast, it is hard to form ordered domains in NW geometry
with constrained dimension; in our previous report, printed
P3HT NWs showed extended chain morphology along the wire
axis, not the lamella structure.® Furthermore, collecting densely
aligned NWs enough to analyze the chain morphology has been
a tough issue. For these limitations, there were no studies on
investigating the effect of molecular doping and thermal
annealing to chain morphology and electrical characteristics
of OSNWs along the wire axis.

Here we report enhanced charge transport characteristics in
highly aligned P3HT NW FETs using two strategies: (i) p-type
doping and (ii) thermal annealing. 2,3,5,6-Tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4-TCNQ) was used as a p-type
dopant because of its strong electron affinity (lowest
unoccupied molecular orbital: 5.2 €V).”> When the p-type
semiconducting polymer, P3HT, was doped with the F4-
TCNQ, the charge carrier density in the P3HT increased due
to charge transfer from P3HT to F4-TCNQ. Thermal
annealing is an important process to activate the doping effect.
It induces change of microstructure of P3HT chains and
enhanced charge transport characteristics. Furthermore, unlike
conventional OSNWSs preparation methods, highly aligned
P3HT NWs were prepared using the ONP technique. Then we
analyzed the synergistic effect of doping and thermal annealing
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on the microstructure of P3HT chains using polarized
spectroscopy along the wire axis.

Figure la shows the schematic representation of ONP
process. The ONP system consists of a movable motorized

F4-TCNQ
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Figure 1. Aligned F4-TCNQ doped P3HT NW FET. (a) Schematic
representation of organic nanowire printing process. (b) Scanning
electron microscope images of highly aligned F4-TCNQ-doped P3HT
NW FET.

stage and a delivery nozzle mounted above it. By moving the
nozzle tip containing a polymer solution within 1 cm of a flat
ground collector and applying a high voltage of 1.5-2 kV, p-
doped P3HT NWs can be printed and aligned with desired
position and orientation.

The basic architecture of the device consists of a Si/SiO,
(100 nm) substrate, Ti (3 nm)/Au (30 nm) for source and
drain electrodes with interdigitated structure, and P3HT NWs.
First, the electrodes were deposited on the substrate, then
highly aligned p-doped P3HT NWs were fabricated with 0.1,
0.5, 1, 2 wt % ratios of F4-TCNQ_to P3HT. Ten strands of
highly aligned F4-TCNQ doped P3HT NWs with an average
diameter of 274.1 + 36.7 nm were successfully printed on the
device substrate (Figure 1b).

The FETs of undoped and F4-TCNQ doped P3HT NWs
showed typical behaviors of p-type organic FETs (Figure 2;
Figure S1). As the doping ratio of F4-TCNQ increased,
maximum on-current level and field-effect mobility (uppr) of
FETs increased (Figure 2a). The current increase occurred
because the number of charge carriers increases with the
concentration of F4-TCNQ.”® However, the improvement of
performance parameters by doping was not obvious before
thermal annealing. Before annealing, general characteristics of
doped P3HT NW FETs were lower than that of undoped
P3HT NW device. The electrical characteristics of doped
P3HT NW FETs were remarkably increased after annealing
(Figure 2b). After thermal annealing at 200 °C, the on-current
level and the pppy were surprisingly increased more than an
order of magnitude (maximum pggr = 9.78 X 107> cm® V!
s™') compared with those before annealing (Table 1). These
results were also consistent with the annealing temperature
dependency of electrical characteristics in doped NW FETs
(Figure 3 and Table 2). As the annealing temperature increased
with 100, 150, 200 °C in the 1 wt % F4-TCNQ_doped P3HT
NW FETs, the maximum on-current level and the pgpp of
doped NW FETs increased.
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Figure 2. Transfer characteristics (I, — V) of PBHT NW FET doped
with various concentrations of F4-TCNQ_ (a) before and (b) after
thermal annealing at 200 °C for 1 h. (c) pgpr of F4-TCNQ_ doped
P3HT NW FETs before (close square) and after (open circle)
annealing.

The origin of the electrical characteristics enhancement is not
related with either thermal annealing or F4-TCNQ doping
separately, because the electrical performance of (i) undoped/
annealed and (ii) doped/unannealed NW FETs were degraded
than that of pristine (undoped/unannealed) NW FETs (Figure
2). The former (undoped/annealed NW) might be influenced
by poly(ethylene oxide) (PEO) which was added to increase
the viscosity of printing solution, because the PEO shell directly
contacting the underlying gate dielectric can be diffused into
the P3HT core during thermal annealing and the diffused PEO
can scatter charge transport of the channel in a bottom-gate
device structure (Figure S2),° unlike our previous report in
which we used a top-gate device structure:’ PEO dewetted on
P3HT did not affect the charge transport significantly.
However, the doped NW FETs showed significantly increased
Hper after thermal annealing. It suggests that thermal annealing
can activate the doping effect of F4-TCNQ in P3HT NWs. The
thermal activation of doping effect on F4-TCNQ doped NWs
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Table 1. Device Characteristics of F4-TCNQ-Doped P3HT NW FETs with Various Doping Ratios

before annealing

after annealing

doping ratio (wt %) mobility (cm? V™! s7)
831 X 107™*

0.1 414 x 107*

0.5 4.89 x 107*

1 8.00 x 107*

2.5 9.11 x 107*

Ton/oft
5.50 x 10*
9.81 x 10°
1.09 x 10*
248 x 10*
3.01 x 10*

undoped

Van (V)

mobility (cm® V™! s7%)
3.34 x 107*
2.80 x 107*
249 x 1073
9.78 x 1073
517 X 1073

Vi (V)

329
13.11
14.55
14.83
18.34

Ton/of
2.76 x 10*
445 x 10°
5.35 x 10*
1.28 X 10°
3.40 x 10*

1.86
3.15
441
3.30
3.87
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Figure 3. (a) Transfer characteristics (I — V) of F4-TCNQ_ doped
(1 wt %) P3HT NW FET with various annealing temperatures. (b)
uppr (close square) and maximum on-currents (open circle) of F4-
TCNQ-doped P3HT NW FETs with different annealing temperatures.

Table 2. Device Characteristics of F4-TCNQ-Doped P3HT
NW FETs with Various Annealing Conditions

mobility
annealing temperature (°C) (em?> V7'sTh) Lo /off Vi (V)
RT 5.64 x 107 1.24 x 10* 3.30
100 133 X 1073 196 x 10 12.17
150 597 x 1073 898 x 10*  13.18
200 7.79 X 1073 112 X 10° 1483

resulted in better charge transfer interactions between P3HT
chains and F4-TCNQ molecules’>*” and better hole transport
in NWs. The reduced photoluminescence (PL) lifetime in 1 wt
% p-doped P3HT NWs (0.43 ns) compared with undoped
NWs (0.60 ns) supports the formation of charge transfer
complexes between P3HT and F4-TCNQ_(Figure $3).** The
diffused PEO into the P3HT core may also interrupt the charge
transport in doped NW after thermal annealing; however,
enhancement by the doping was more dominant than
degradation by the PEO diffusion with the doping ratios >0.5
wt %.

It is notable that threshold voltages (Vy,) of devices shifts
with increased doping ratios and annealing temperatures
(Figure S4 and Tables 1 and 2). The Vj is related to the
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gate voltage where the number of charge carriers are equal to
the number of surface trap states.”® The number of mobile
holes increases as a result of charge transfer complexes
formation between P3HT and F4-TCNQ, which fills traps
states and decreases the number, so it causes the shifts of Vi
and pipgr.”’ Vi, shift is more significant in the devices after
annealing than in the devices before annealing and with the
higher annealing temperatures, which also supports the thermal
activation of doping effect.

To verify the thermal activation of doping effect on F4-
TCNQ-doped NWs, we performed polarized PL and UV—vis
absorption spectroscopy analyses. The aligned NWs were
oriented perpendicular to the ground (V position), and two
polarizers in front of the exciting source light and detector were
rotated in vertical (V) and horizontal (H) directions. Doped
NWs both before and after annealing showed higher peak
intensity when the exciting light and detection were polarized
parallel to the wire axis (VVV) than when they were polarized
in other directions (Figure 4a and b), which indicate that the
backbone of P3HT was extended due to the strong electric field
during the printing process; these results are consistent with the
previously reported results.” To investigate the microstructure
of P3HT NWs after doping and thermal annealing, we
calculated fluorescence anlsotropy (r) of each NWs from the
results of polarized PL spectra as”

Iy — Gliyy

Ly + 2GLyyy (1)
G = Ly
Lyyn 2)

where Iy is the polarized PL intensity of when exciting light
and detection polarizers are oriented parallel to the wire axis,
Iyyy is the polarized PL intensity of when exciting light
polarizer is oriented parallel to the wire axis, and detection
polarizer is oriented perpendicular to the wire axis, Iyyy is the
polarized PL intensity of when exciting light polarizer is
oriented perpendicular to the wire axis, and detection polarizer
is oriented parallel to the wire axis, and Iy is the polarized PL
intensity of when exciting light and detection polarizers are
oriented perpendicular to the wire axis.

The undoped/unannealed NWs had r &~ 0.4 (Figure 4c and
refer to ref 8), which means that absorption dipoles and
emission dipoles are colinear, and the degree of chain alignment
along the wire axis is high.”” The doped NWs showed
decreased r to nearly zero, which indicates that emission dipoles
are randomly oriented. The randomly oriented emission
dipoles can be caused by aggregation of P3HT chains due to
strong charge-transfer interaction between F4-TCNQ and
P3HT, which is consistent with previous reports.”””” This
random orientation results in low charge transport character-
istics in the F4-TCNQ doped NW FETs. After thermal

DOI: 10.1021/acsami.5b05647
ACS Appl. Mater. Interfaces 2015, 7, 18909—18914


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05647/suppl_file/am5b05647_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05647/suppl_file/am5b05647_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b05647

ACS Applied Materials & Interfaces

(a)

1.0 VW —=—VVV
—_ I I —e—VVH
=' 0.8 exc det —a—VHV
N. - VHH
'

b L

= 0.6 VVH VHV

m > >

g 0.4r Ie>I<c det exc d£t VHH

- et
exc de

£ o2

-

o 0.0 .

Wavelength (nm)

1.0

(c) —A— Undoped

- 0.8 —m— Before Annealing
8 3 05 o after Annealing
e S o6l
g >
o < A v
o O 04 A
9 < o gw
O “6 ¥ J
3 @ " e 0 nSATIS
S0 2y Xl

Wavelength (nm)

— 1.0+ vov —a— VOV

3' I o VOH
- 0.8 exc det

&

Jos

2 lvov/lvon = 1.37

S o4 VOH

= I"t"‘—’

(e} exc det

w» 0.2

e}

<

400 500 600 700 800 900

Wavelength (nm)

(b)

65 700 750 800

750 800

PL Intensity (a.u.)

Wavelength (nm)

(d) 10k 550 nm 555 nm
—_ ! —m— Before Annealing
=' —O— After Annealing
> 0.8
©
N
o 06
g
© 04
2.0 \
o 02
4 -
g | P ) el
400 500 600 700 800 900
Wavelength (nm)
1.0+ VOV
o VOH

0.8+

0.6}
lvov/lvon = 4.33

Absorbance (a.u.)
'S

500 600 700 800 900
Wavelength (nm)

400

Figure 4. Polarized photoluminescence (PL) spectra of F4-TCNQ doped P3HT NWs (a) before and (b) after annealing (200 °C) with different
polarization directions: (i) exciting light and detection polarized parallel to the wire axis (VVV), (ii) exciting light polarized perpendicular to the wire
axis, and detection polarized parallel to the wire axis (VHV), (iii) exciting light polarized parallel to the wire axis, and detection polarized
perpendicular to the wire axis (VVH), and (iv) exciting light and detection polarized perpendicular to the wire axis (VHH). (c) Fluorescence
anisotropy of undoped and F4-TCNQ-doped P3HT NWs. (d) UV—vis absorption spectra of F4-TCNQ-doped P3HT NWs. Polarized UV—vis
absorption spectra of F4-TCNQ-doped P3HT NWs (e) before and (f) after annealing with unpolarized exciting light; detection is polarized parallel

(VOV) and perpendicular (VOH) to the wire axis.

annealing, r was increased compared with the doped/
unannealed NWs because the electrostatic interaction between
F4-TCNQ_ and P3HT chains was weakened by thermal
movement, and because the aggregated P3HT chains were
extended. Therefore, the enhanced electrical characteristics of
F4-TCNQ doped NW FET after annealing results from the
extended P3HT chain orientation and charge transfer between
P3HT and F4-TCNQ_ molecules.

This result was confirmed using polarized UV—vis absorption
spectroscopy. As the P3HT NWs were doped, their UV—vis
absorption spectra were blue-shifted in comparison to the
spectrum of undoped NWs (Figure 4d and refer to ref 8),
which is associated with the aggregation of P3HT chains due to
the strong interaction between P3HT and F4-TCNQ
molecules.”*" After thermal annealing, intensity of shoulder
at about 600 nm decreased compared with before annealing,
which is related to decreased crystallinity and extended chains
of P3HT.® Despite the lower crystallinity, charge transport in
the NW FETs can be enhanced because the P3HT chains are
extended along the wire axis. In polarized UV—vis absorption
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spectra, peak intensity ratio (Iyoy/Iyoy) was increased from
1.37 to 4.33 by thermal annealing of NWs (Figure 4e, f); this
indicates an increase in absorption dipole anisotropy and
confirms the results of fluorescence anisotropy change in the
polarized PL spectra.

Finally, we can summarize the synergistic effect of p-type
doping and thermal annealing on F4-TCNQ-doped P3HT NW
in a schematic illustration (Figure S): The thermal activation of
F4-TCNQ doping effect is correlated with the microstructure
of P3HT chains in the NWs. In undoped NWs, P3HT chains
are extended along the wire axis by the strong electric field
during ONP.® After F4-TCNQ_doping, these chains aggregate
as a result of strong electrostatic interaction between F4-
TCNQ molecules and P3HT chains. The P3HT chains with
random orientation in NWs before annealing can be more
directional along the wire axis after annealing because of
thermal movement of P3HT chains and the rigidity of the F4-
TCNQ_ molecular structure, resulting in enhanced charge
transport. However, this synergistic effect of doping and
thermal annealing is only possible at small amount of F4-
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Figure 5. Schematic illustration of the microstructure change of P3HT
chain in NW with thermal annealing: undoped NW before annealing
(top), and doped NW before (center) and after (bottom) annealing.

TCNQ_doping (0.5—1 wt %). When the doping ratio of F4-
TCNQ_ exceeds 2.5 wt %, the high number of charge-transfer
complexes between F4-TCNQ molecules and P3HT cause an
increment of the rigidity of the P3HT backbone, which hinders
the thermal movement of the P3HT chains and degrades the
device electrical characteristics.”**’

In conclusion, we demonstrated the highly aligned P3HT
NW FETs doped with F4-TCNQ_molecules using practical
NW printing technique, ONP, and investigated the synergistic
effect of doping and thermal annealing on P3HT NWs.
Thermal annealing activates the effect of molecular doping, and
the device characteristics improved as the annealing temper-
ature increased. After annealing at 200 °C, the P3HT NW FET
doped with 1 wt % F4-TCNQ showed pigpr of ~1 X 107 cm?
V! s7, which was an order of magnitude higher than those of
undoped or unannealed NW devices (~1 X 10™* cm? V™! s71).
The activation of the doping effect by thermal annealing is
correlated with the microstructure of the P3HT chain. F4-
TCNQ molecules induce the aggregation of P3HT chains after
doping due to strong electrostatic interaction between P3HT
chain and F4-TCNQ molecules. The P3HT chains in NWs
with random orientation before annealing can be more aligned
along the wire axis by the thermal movement of P3HT chains
after annealing, thereby resulting in improved charge transport
in the NWs. These results can provide a promising strategy to

apply highly integrated OSNWs to practical nanoelectronic
applications.
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P3HT, poly(3-hexylthiophene)

NW, nanowire

F4-TCNQ, 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodime-
thane

OSNW, organic semiconducting nanowire

ONP, electrohydrodynamic organic nanowire printing
FET, field-effect transistor

HOMO, highest occupied molecular orbital

Hpgr, field-effect mobility

PEO, poly(ethylene oxide)

PL, photoluminescence
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