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rganic-based optoelectronic de-

vices, such as organic light emit-

ting diodes (OLEDs) and organic
thin film transistors (OTFTs), have been de-
veloped for flexible display units." Organic
photodiodes and phototransistors are fabri-
cated by using photosensitive
w-conjugated organic materials,>® and the
photovoltaic (PV) effects of these materials
have been also intensively studied and ap-
plied to inexpensive and renewable energy
sources.*®

Charge recombination and dissociation
in the p—n junctions of semiconductors
can provide various applications such as di-
ode lasers, LEDs, photodetectors, and PV
cells. With the rapid development of nano-
technology, nanoscale p—n junctions have
been investigated by using low-
dimensional nanostructures such as carbon
nanotubes (CNTs) and inorganic or organic
semiconducting nanowires (NWs).5~°
Huang and co-workers fabricated inte-
grated nanoscale field-effect transistor (FET)
arrays and logic gates using the crossed Si
NW p—n junctions and junction arrays.° Lee
and co-workers reported the PV effect of
an individual single-walled carbon nano-
tube p—n junction diode through electro-
static doping using a pair of split gate
electrodes.”® A single strand of coaxial Si
NW with p-type/intrinsic/n-type (PIN)
doped semiconductor structure has been
experimentally realized as a nanoscale elec-
tronic power source.’

Charge transport properties in coaxial-
type p—n junction NWs have recently been
studied by Lieber’s and other groups.~
Dissociated charges from photogenerated
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ABSTRACT We fabricate hybrid coaxial nanotubes (NTs) of multiwalled carbon nanotubes (MWCNTs) coated
with light-emitting poly(3-hexylthiophene) (P3HT). The p-type P3HT material with a thickness of ~20 nm is
electrochemically deposited onto the surface of the MWCNT. The formation of hybrid coaxial NTs of the P3HT/

MWCNT is confirmed by a transmission electron microscope, FT-IR, and Raman spectra. The optical and structural

properties of the hybrid NTs are characterized using ultraviolet and visible absorption, Raman, and

photoluminescence (PL) spectra where, it is shown that the PL intensity of the P3HT materials decreases after
the hybridization with the MWCNTSs. The current—voltage (/—V) characteristics of the outer P3HT single NT show
the semiconducting behavior, while ohmic behavior is observed for the inner single MWCNT. The /—V
characteristics of the hybrid junction between the outer P3HT NT and the inner MWCNT, for the hybrid single NT,

exhibit the characteristics of a diode (i.e., rectification), whose efficiency is clearly enhanced with light irradiation.

The rectification effect of the hybrid single NT has been analyzed in terms of charge tunneling models. The quasi-
photovoltaic effect is also observed at low bias for the P3HT/MWCNT hybrid single NT.

KEYWORDS: hybrid nanomaterial - multiwalled carbon nanotube - poly(3-

hexylthiophene) - rectification -

excitons in the coaxial p—n junction NWs
are separated in the radial direction of the
NW, which can be easily transported to elec-
trodes through an equipotential surface
formed along the axial direction in the
NW.>~"" Therefore, the charge transport in
coaxial p—n junction NWs can be improved,
compared with that of the serial type p—n
junction NWs.'2 In addition, the high aspect
ratio of the coaxial p—n junction NWs al-
lows a large junction area for effective opti-
cal absorption.'®'? The coaxial p—n junc-
tion NW is a promising nanostructure for
nanoscale optoelectronics in terms of
charge transport and efficient optical
absorption.®~ 12

CNTs have been studied in the fields of
fundamental nanoscience research and ap-
plications because of their excellent electri-
cal, thermal, and mechanical properties
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with well-defined nanostructures. CNTs can be a direct
path of charge transport to the electrode and can be
used as the electron acceptor (i.e., relative n-type char-
acteristics compared with p-type m-conjugated organic
materials) in organic-based optoelectronic devices.">" '
w-Conjugated light-emitting poly(3-hexylthiophene)
(P3HT) materials with a broad optical absorption band,
have a crystalline structure and can be soluble in com-
mon organic solvents, which contribute to their use as
active p-type material for organic-based optoelectron-
ics such as OLEDs, OTFTs, and organic photovoltaic
(OPV) cells.’®2° OPV cells using electrochemically de-
posited doped-P3HT film showed the fill factor (FF) of
~0.65 and power conversion efficiency of ~1%.?'

In this study, we report on the fabrication and the
photoresponsive electrical characteristics of the hybrid
coaxial nanotube (NT), consisting of a multiwalled car-
bon nanotube (MWCNT) coated with the light-emitting
P3HT material. The p-type P3HT material is directly de-
posited onto the MWCNT surface using an electro-
chemical polymerization method. Using electrical con-
tacts at four different positions on an isolated single
strand of P3HT/MWCNT hybrid NTs, the
current—voltage (/—V) characteristic curves have been
measured and analyzed. The /—V characteristics of the
hybrid junction between the P3HT NT and the MWCNT
in the hybrid single NT show the rectification behavior,
and this is enhanced by light irradiation, because of the
contribution of the photogenerated charges at the
junction interface. The quasi-photovoltaic effect is also
observed in the P3HT/MWCNT hybrid single NT.

RESULTS AND DISCUSSION

Fabrication of Coaxial-type P3HT/MWCNT Hybrid NTs and of a
Single NT Device. The doped Si substrate with the as-
grown MWCNTs synthesized through the thermal
chemical vapor deposition (CVD) method is attached
on the stainless steel working electrode, as shown in
Figure 1a. The P3HT layer with a thickness of ~20 nm
is directly deposited onto the surface of the MWCNTSs
using an electrochemical polymerization method. The
electrolyte for the electrochemical polymerization con-
sists of 3-hexylthiophene (3-HT) monomers, 1-butyl-3-
methylimidazolium hexafluorophosphate (BMIMPFy)
ionic liquid, and anhydrous acetonitrile (CH3CN) as the
solvent. For the polymerization of the 3-HT monomers,
a constant voltage of 4.3 V is applied for 90 s to obtain
uniform P3HT layer onto the MWCNT, and the mea-
sured current density between electodes is 1.6 mA/

m?2.22 It is difficult to obtain a thicker P3HT layer on the
MWCNT in the form of an isolated single hybrid NT, be-
cause of the narrow space between MWCNTs.

To study the /—V characteristics with and without
light illumination and the fabrication of the nanoscale
device using the single strand of P3BHT/MWCNT hybrid
NT, an E-beam lithography technique is employed for
electrical contacts of Au/Ti electrodes. To contact the
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Figure 1. (@) Schematic illustration of electrochemical depo-
sition of the P3HT onto the MWCNT surface. (b) Schematic
diagram of nanoscale device using a single strand of the
P3HT/MWCNT hybrid NT with four-probe Au/Ti electrodes
(top). Cross sectional view of nanoscale device using a single
strand of the P3BHT/MWCNT hybrid NT with four-probe Au/Ti
electrodes (bottom).

Au/Ti electrode on the MWCNT part, the P3HT layer
wrapping on the MWCNT is partially etched by using a
xylene (CgH4(CHs),) solution after development of the
E-beam resist exposed by E-beam lithography. Figure
1b shows a schematic illustration of the four-probe
electrodes on the P3HT/MWCNT hybrid single NT. In
the single strand of P3HT/MWCNT hybrid NT, two Au/Ti
electrodes are contacted on the outer P3HT single NT,
while another two Au/Ti electrodes are contacted on
the inner single MWCNT through the partial etching of
the P3HT. This configuration of electrodes is confirmed
by SEM images and their magnification image.

Structural and Optical Properties. The formation and sur-
face morphology of the coaxial P3HT/MWCNT hybrid
NTs are investigated using HR-TEM and SEM images, as
shown in Figure 2. The MWCNTs have outer diameters
of 10—30 nm and a wall thickness of 2—8 nm, as shown
in Figure 2a. Figure 2b shows a HR-TEM image of the
P3HT/MWCNT hybrid NT. The total diameter of the hy-
brid NT is ~60 nm. The thickness of the P3HT layer de-
posited onto the MWCNT is ~20 = 10 nm with applied
bias of 4.3 V, and the formation of the coaxial-type NT
of MWCNTSs coated with P3HT materials is clearly
observed.

Figure 3a shows the Raman spectra of the P3HT
NTs, the MWCNTSs, and the P3HT/MWCNT hybrid NTs.
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Figure 2. (a) HR-TEM image of the MWCNTs. Inset: SEM im-
age of the MWNCTs. (b) HR-TEM image of the P3HT/MWCNT
hybrid NT. Inset: SEM image of the P3HT/MWCNT hybrid
NTs.

The P3HT NTs are separately synthesized without the
MWCNTSs through the same electrochemical method
(see the Experimental Section). For the P3HT NTs them-
selves, Raman characteristic peaks for the P3HT ma-
terial are observed at 1452.4 (+=4.0), 1378.9 (=1.1), and
1516.6 (+2.2) cm™, which correspond to the vibra-
tional mode by C,=Cj stretching of the thiophene ring,
the Cg—Cp' stretching of the thiophene ring, and the
C=Cp stretching modes of the thiophene ring, re-
spectively. Two Raman bands are observed at 1351.7
(+1.7) (D-band) and 1584.5 (+2.2) cm™' (G-band) for
the MWCNTSs.2* For the P3HT/MWCNT hybrid NTs, Ra-
man characteristic peaks corresponding to P3HT and
MWCNT materials are simultaneously observed at
1356.9 (£5.8), 1377.0, 1444.4 (+2.3), 1516.0, and 1587.8
(*£1.4) cm™~. We observe the slight shift to high wave-
number for the D- and G-bands after the hybridization.
The full width at half-maximum (fwhm) for the D- and
G-bands of the MWCNT is estimated to be ~52.2 and
~43.4 cm™', respectively (see Supporting Information).
However, the fwhm for the D- and G-bands of the P3HT/
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Figure 3. (a) Raman spectra for the P3HT NTs, MWCNTs, and
P3HT/MWCNT hybrid NTs. (b) Normalized UV—vis absorp-
tion spectra for the P3HT NTs, MWCNTs, and P3HT/MWCNT
hybrid NTs. Inset: PL spectra of the NTs. (c) FT-IR spectra for
the P3HT NTs, MWCNTs, and P3HT/MWCNT hybrid NTs.

MWCNT hybrid NTs is estimated to be ~66.1 and ~47.0
cm™ 1, respectively, implying the variation of vibration
modes of MWCNT due to the hybridization with the
P3HT materials. The similar results for the variation of
the fwhm of the D- and G-bands of the MWCNT hybrid-
ized with poly(L-lactide) material were reported
previously.2>2

Figure 3b shows normalized UV—vis absorption
spectra for the P3HT NTs, the MWCNTSs, and the P3HT/
MWCNT hybrid NTs. The UV—vis absorption character-
istic peak of the MWCNTs is detected at 275 nm.?” The
UV —vis absorption peak of the P3HT NTs is observed at
438 nm corresponding to the w—* transition of the re-
giorandom P3HT materials.”® For the P3HT/MWCNT hy-
brid NTs, the UV—vis absorption characteristic peaks,
due to the MWCNT and P3HT materials, are simulta-
neously observed at 275 and 427 nm, respectively. Af-
ter the hybridization of the MWCNTSs with the P3HT ma-
terial, the w—m* transition peak is shifted from 438 to
427 nm, and the line-width becomes broadened slightly
compared with that of the P3HT NTs.'%?° These might
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TABLE 1. Assignments of FT-IR Characteristic Peaks for the P3HT NTs, MWCNTSs, and P3HT/MWCNT Hybrid NTs

observation’

positions (cm™~") assignments P3HT NTs MWCNTs P3HT/MWCNT NTs
721 methyl rock of hexyl group O O
825 Cg—H bending of thiophene ring O X O
867 (CH; terminal rocking O X O
980 (—S stretching O X O
1081 (—H in phase bending or =570~ O X O
1261 (—Cinter-ring bond stretch X X O
1273 (—Cstretching of the ,— G’ O X @]
1300 (==Cstretching O X O
1376 methyl (CH;) deformation (@) X @)
1392 symmetry and asymmetry bending of OH™ group methyl C—H in phase bending, O O O
localized modes for bipolarons
1460 symmetric ring stretching mode O X O
1510 asymmetric ring stretching mode O X O
1633 (==Cstretching mode O O O
1731 (==0 stretching mode X X O
2584 CH, out of phase mode O X O
2923 (CH; in phase mode (@) X O
2953 CH, asymmetry stretching mode O X O
3444 OH™ stretching mode O O O

%Key: (O) observed; (X) not observed.

originate from the formation of the dangling bonds be-
tween the P3HT and MWCNTs, which will be discussed
in the FT-IR results section. With the hybridization of
MWCNTs with the P3HT material, a new broad bipo-
laron band is observed at ~830 nm. This broad and
weak bipolaron band of the P3BHT/MWCNT hybrid NTs
implies the lightly doped states of the P3HT, which are
caused by the electron accepting characteristics due to
the MWCNTSs (i.e., creation of holes in the P3HT
layer).'*3%3! The PL spectra for the P3HT NTs, the
MWCNTSs, and the P3HT/MWCNT hybrid NTs are mea-
sured under the same experimental conditions, as
shown in the inset of Figure 3b. The PL intensity of the
P3HT NTs at 560 nm is relatively higher than that of the
P3HT/MWCNT hybrid NTs, while the PL is not observed
for the MWCNTs. The PL spectrum of the P3HT/MWCNT
hybrid NTs is quenched because of the charge transfer
effect (i.e., charge dissociation) between the MWCNT
and the P3HT materials.'3'

The quantum yields (®q's) for electrochemically
synthesized P3HT NTs with the treatment of HF and
NaOH solvent to remove the Al,O; template only are
measured to be 0.025 and 0.109, respectively (see Sup-
porting Information). The measured ®qy’s are relatively
higher than that of the doped P3HT materials, because
of the use of BMIMPF; ionic liquid providing high ionic
conductivities and enhanced lifetimes.32~34 |onic liquids
such as BMIMPF; in electrochemical deposition is a
new reaction media which can remarkably improve
physical and chemical properties of deposited material.
From the UV—vis absorption spectrum of the P3HT
NTs in Figure 3b, the bipolaron band due to the dop-
ing at ~830 nm is not observed, which supports the
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relative high ®qy and PL intensity of the electrochemi-
cally synthesized P3HT NTs studied here.

Figure 3c compares the FT-IR spectra of the P3HT
NTs, the MWCNTs, and the P3HT/MWCNT hybrid NTs.
The FT-IR characteristic peaks, corresponding to the
P3HT materials, are observed, as shown in Figure 3c.
For the P3HT/MWCNT hybrid NTs, the IR characteristic
peaks corresponding to the P3HT and the MWCNTSs ma-
terials are all observed, as listed in Table 1. The intensi-
ties of the peaks at 1460 and 1510 cm™" for the P3HT/
MWCNT hybrid NTs increase relatively in comparison
with those of the P3HT NTs. The intensity ratio (sym//asym)
of the symmetric ring stretch at 1460 cm ™! to the asym-
metric stretch at 1510 cm ™" indicates the w-conjugation
length in the P3HT main chains;?® the w-conjugation
length in the polymer main chains is found to be in-
versely proportional to the ratio of lyym/lasym. The lsym/
lasym for the P3HT NTs and the P3HT/MWCNT hybrid NTs
is estimated from the areas by integration of FT-IR peaks
at 1460 and 1510 cm ™ (see Supporting Information).
The estimated ratios of the lsym/l.sym are ~3.31 for the
P3HT NTs and ~9.34 for the P3HT/MWCNT hybrid NTs,
which indicate that the w-conjugation length of the
P3HT/MWCNT hybrid NTs is shorter than that of the
P3HT NTs. It is also observed that the CG=C stretch
mode at 1300 cm ™! considerably decreases, and the
C—C inter-ring bond stretch mode at 1261 cm™ " ap-
pears as a new characteristic for the P3HT/MWCNT hy-
brid NTs, as listed in Table 1. A new IR absorption peak
at 1731 cm™', corresponding to the C=0 stretch mode
such as dangling bonds, is observed after the hybridiza-
tion of the MWCNT with P3HT materials, which is usu-
ally observed for the functionalized CNTs.3>3¢ On the ba-
sis of the FT-IR results of the P3HT/MWCNT hybrid NTs,
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Figure 4. (a) SEM image of a single strand of the P3HT/
MWCNT hybrid NT with four-probe electrodes. Inset: magni-
fication of SEM image of a single strand of the P3HT/MWCNT
hybrid NT contacted with Au/Ti electrodes. (b) I-V charac-
teristic curves of a single strand of the P3HT NT (A), MWCNT
(D), and P3HT/MWCNT hybrid NT (®) measured in the dark
condition at room temperature. Top and bottom insets:
schematic illustrations of energy band diagrams with re-
verse biased and forward biased conditions, respectively.

the MWCNTs are functionalized during the electro-
chemical polymerization of the P3HT material, and the
w-conjugation length of the P3HT is reduced. From the
results of Raman, UV—vis absorption, PL, and FT-IR
spectra, the hybridization of the MWCNTSs coated with
the P3HT is confirmed.

Nanoscale /—V Characteristics in the Dark. Figure 4 shows
the /—V characteristic curves of a single strand of a NT
in the dark condition at room temperature (RT). The
SEM image and its magnification shown in Figure 4a
and its inset, respectively, indicate a single strand of the
P3HT/MWCNT hybrid NT with Au/Ti four-electrodes.
The |-V characteristic curve for the outer P3HT single
NT in the hybrid NT shows semiconducting behavior,
while an ohmic behavior is observed for the inner single
MWCNT, as shown in Figure 4b. From the slope of the
I=V curves for the MWCNT, the conductivity of the
single MWCNT is estimated to be 10*~10* S/cm. The
current level of the P3HT NT is much smaller than that
of the MWCNT, but slightly larger than that of the elec-
trochemically synthesized P3HT NW, which was re-
ported earlier.?2 Therefore, we found that chemical
treatments and E-beam lithography during the device
fabrication do not largely affect the electrical property
of the P3HT NT and the MWCNT.

When two electrodes are separately contacted on
the MWCNT and the P3HT NT parts, the /—V character-
istic curve of the single strand of P3HT/MWCNT hybrid
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NT shows a rectification behavior (i.e., nanorectifier)
due to the formation of the hybrid junction between
the MWCNT and the semiconducting P3HT NT. The in-
sets in Figure 4b show the energy band diagrams to ex-
plain this rectification behavior under the forward and
reversed bias conditions. The highest occupied molecu-
lar orbital (HOMO) and the lowest unoccupied molecu-
lar orbital (LUMO) of the P3HT material are 5.2 and 3.0
eV, respectively.?” The work functions of the oxidized
MWCNT and the Au electrode are 4.4 and 5.1 eV, respec-
tively.3® With a forward bias, the hole carriers are in-
jected from the Au electrode into the p-type P3HT NT
due to the low energy barrier (=0.1 eV). The injected
holes are easily transported to the MWCNT part by pass-
ing through the P3HT NT, as shown in the bottom in-
set of Figure 4b. With a reverse bias, the hole carriers are
injected from the MWCNT into the P3HT NT but it is
relatively difficult for the holes to overcome the high
energy barrier (=0.8 eV) between the P3HT NT and the
MWCNT at the low bias region (V| = 1 V). This gives rise
to the observed rectification behavior, which is due to
these energy barrier differences so that a single strand
of P3HT/MWCNT hybrid NT exhibits well-defined diode
characteristics in the coaxial-type p—n hybrid NT
structure.

The observed /—V characteristics of the NTs, under
conditions of darkness, can be analyzed through differ-
ent charge transport mechanisms, as shown in Figure
5. Figure 5a shows a log—log plot of the /—V curves of
the P3HT single NT obtained from the electrical con-
tacts on the outer shell (i.e., the P3HT part) of the P3HT/
MWQCNT hybrid NT. Two different regimes are observed
for the charge transportation, namely that the current
increases linearly at low-biasing values (/ = V for |V| =
0.3 V) and the current increases quadratically at high-
biasing values (/ « V 2 for |V| = 0.3 V). In the ohmic re-
gion (|V| = 0.3 V) for the P3HT NT, the current is domi-
nated by thermally generated free carriers, and for |V| =
0.3 V the behavior of the current is | « V 2 representing
a space charge limited current (SCLC) model; this sug-
gests that the injected excess carriers from the elec-
trode are relatively large compared with the free carri-
ers of the P3HT NT.3940

The charge transport mechanism for p—n junction
structures can be explained using the Fowler-Nordheim
tunneling model; | « PPexp(—k/F), where F is the
electric-field strength, and « is the parameter depend-
ing on the barrier shape and height.*' Figure 5b shows
the /—V characteristic curves of the hybrid junction of
the P3HT/MWCNT NT, based on the Fowler—Nordheim
tunneling model [In(//V?) vs 1/V]. The I-V curves of the
P3HT/MWCNT hybrid NT are followed by the
Fowler—Nordheim tunneling model at high biasing val-
ues (1/]V] = 3 V™), (Figure 5b and its inset) which sug-
gests the charge tunneling through triangular barriers,
between the P3HT and the electrode for the forward
bias condition, and between the P3HT and the MWCNT
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Figure 5. (a) A log—log plot for the /I—V curve of the P3HT
NT. Inset: log—log plot for the /I—V curve of the MWCNT. (b)
I—-V characteristic curves of the P3HT/MWCNT hybrid NT
with forward bias (O) and reverse bias (W), based on the
Fowler—Nordheim tunneling model. Inset: magnification of
the I-V characteristic curve at high bias regime (1/|V| =5
V~). (c) Temperature dependence of the |-V characteristic
curves of the P3HT/MWCNT single NT at 228, 198, 109, and
50 K based on the Fowler—Nordheim tunneling model.

for the reverse bias situation. In the low bias state, the
direct tunneling behaviors* [In(//V ?) « In(1/V)] are ob-
served as shown in Figure 5b, because the applied bias
is too weak to overcome the barrier height, and the
thickness of the P3HT layer is relatively thin as ~20 nm.
The observed transition from the direct tunneling to
the Fowler—Nordheim tunnelling in Figure 5b has been
reported for the junction structure with a low and thin
energy barrier, such as in the case of a
metal—molecule —metal hybrid junction.*? With for-
ward biasing, holes are easily tunnelled through the
low energy barrier of 0.1 eV between the electrode and
the P3HT NT, but in the reverse bias case, holes must
be tunnelled through the high energy barrier of 0.8 eV
between the MWCNT and the P3HT NT. To confirm the
tunneling analysis, temperature dependence of the /—V
curves is measured for the P3HT/MWCNT single NT. Fig-
ure 5¢ shows the [—V characteristic curves of the P3HT/
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Figure 6. (a) Comparison of the /—V characteristic curves of
the P3HT/MWCNT hybrid NT with (@) and without (O) light
illumination. Inset: comparison of the normalized currents of
the P3HT/MWCNT hybrid NT (®) and the MWCNT (D) with
and without light illumination, as a function of time. (b) I-V
characteristic curves representing a quasi-photovoltaic ef-
fect with and without light illumination for a single strand
of the P3BHT/MWCNT hybrid NT. Inset: schematic illustration
of energy band diagram of the hybrid NT to explain quasi-
photovoltaic effect.

MWCNT single NT at different temperatures as 228,
198, 109, and 50 K. The current levels slightly decrease
with decreasing temperature. The measured /—V char-
acteristics at low temperatures show the similar transi-
tion from the direct tunneling to the Fowler—Nordheim
tunneling, as shown in Figure 5¢.® The rectification ef-
fect for the hybrid P3HT/MWCNT single NT can origi-
nate from the temperature independent tunneling
behavior.

Nanoscale Photoresponsive /—V Characteristics. Figure 6a
presents the photoresponsive /—V characteristics of
the P3HT/MWCNT hybrid single NT. Under light illumi-
nation (100 mW/cm?), the I—V characteristics of the
P3HT/MWCNT hybrid NT also show the rectification be-
havior. The current levels of the hybrid single NT are
clearly enhanced through the light irradiation as shown
in Figure 6a. The increased ratio of the current levels,
with and without the light illumination, is estimated to
be ~2.2at —1Vand ~1.8at 1V.The increase in the cur-
rent level of the P3HT/MWCNT hybrid NT through the il-
lumination is relatively higher than that of the MWCNT,
as shown in the inset of Figure 6a. When the light is in-
cident on the P3HT/MWCNT hybrid NT, the excitions
are created in the outer P3HT NT part, which are disso-
ciated to electrons and holes by the applied electric
field. The dissociated holes and electrons are trans-
ported along the p-type P3HT NT and the relative

www.acsnano.org



n-type MWCNT, respectively. These photogenerated
carriers and their transportation contribute to the en-
hancement of the current of the P3HT/MWCNT hybrid
NT under the light illumination case so that the photo-
enhanced nanoscale rectification effect is observed. As
shown in the inset of Figure 6a, the decay of photocur-
rent for the P3HT/MWCNT hybrid NT shows a slow re-
laxation (i.e., relatively long relaxation time), which is fit-
ted to a single exponential decay of the photocurrent
after turning-off the light (see Supporting Information).
The observed single exponential decay of the photocur-
rent suggests charging and discharging of a photoge-
neraterd single charge carrier through a single photoac-
tive trap.*4~*6 Therefore, the photocurrent of the P3HT/
MWCNT hybrid NT is caused by single photoactive traps
and single charge carriers at the interface. The use of
high crystalline organic semiconductors with low trap
density and thicker layer for the coaxial-type hybrid NT
can improve the switching speed of the photocurrent.*’
In the p—n junction, the excitons can be dissoci-
ated without applied electric field due to the local elec-
tric field formed at the junction interface. The differ-
ence in the work functions of the electrodes contacting
on p-type and n-type semiconductors can induce the
electric field across the p—n junction, which also con-
tributes to the dissociation of the excitons; this is the
photovoltaic effect. Figure 6b shows the quasi-
photovoltaic effect (i.e., the linear increase of the photo-
current with the applied biasing) measured in the
P3HT/MWCNT hybrid single NT. When the applied bias
is 0V, the excitons in the P3HT NT with light irradiation
are moved to the junction interface and are dissoci-
ated because of both the local electric field formed at
the junction interface and the electric field formed by
the tilted HOMO and LUMO energy levels due to the dif-
ference of the work functions of the Au and the MWCNT
materials, as shown in the inset (energy band diagram)
of Figure 6b. The dissociated electrons and holes are
transported along the MWCNT and the P3HT NT, re-
spectively. The formed equipotential surface in the axial
direction of the NTs can effectively assist the charge
transport of the dissociated charges.>'® The power (P)
conversion efficiency (n) of PV cells is given by m = FFI-
Vod/Pin,*® where the fill factor, FF is defined as FF = /a0
Vinax/IscVoc. In the experiments, the short circuit current
(Is0) is measured to be —0.67 nA, and the open circuit
voltage (V) is measured to be 2.44 mV. The /. and V
max @re the current and voltage for the maximum power
output, respectively, which can be obtained from dP/dV
= 0. The Inax and Vo of the P3HT/MWCNT hybrid NT
are estimated to be —0.40 nA and 0.99 mV, respectively,
and the FF of the P3HT/MWCNT hybrid NT is estimated
to be 0.24, when the P;, (input power) is 100 mW/cm?2.

EXPERIMENTAL SECTION

MWCNT Growth. MWCNTSs have been grown by a conventional
thermal CVD method and a 5 nm-thick Fe film is deposited on a
SiO, (200 nm)/n-Si substrate using an electron beam (E-beam)
evaporator under a pressure of 1076 Torr. The catalyst depos-
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The m of the P3HT/MWCNT hybrid single NT is esti-
mated to be ~0.42%. For the P3HT/MWCNT hybrid
single NT, the current increases linearly near V= 0V un-
der illumination, as shown in Figure 6b, giving the so-
called quasi-PV effect. This linear /—V characteristic near
V = 0V reduces the FF compared with that of conven-
tional OPV cells having a relatively higher . The linear
PV effect of the P3HT/MWCNT hybrid NT might origi-
nate from the thin thickness (~20 nm) of the P3HT NT
and the variation of the work function due to the oxida-
tion of the MWCNTSs. For the low reverse bias state, the
linear PV effect near V = 0V can be possible through di-
rect tunneling from the MWCNT to the P3HT NT due
to the thin thickness of the P3HT NT layer. This analysis
is supported by the direct tunneling mechanism in the
I—=V characteristic curve in low biasing conditions for
the hybrid NT in darkness (Figure 5b). From the FT-IR
spectra, it is observed that the MWCNT of the hybrid NT
is functionalized during the electrochemical polymeri-
zation of the P3HT materials, resulting in the increase of
the work function of the MWCNT.?' For the P3HT/
MWCNT hybrid NT, the difference of the work func-
tions for the functionalized MWCNT and the Au elec-
trode is reduced, and the flat band voltage and V. are
considerably decreased so that a linear PV effect is ob-
served in the low forward biased region. It is suggested
that, when the fullerene derivatives, such as [6,6]-
phenyl-Cg;-butyric acid methyl ester (PCBM), with
n-type characteristics are inserted between the MWCNT
and the P3HT NT, the typical /—V characteristic curves
of the OPV cells can be observable with high m.

CONCLUSION

Coaxial-type hybrid NTs consisting of the MWCNT
coated with light-emitting P3HT material have been
fabricated. The P3HT/MWCNT hybrid NTs have been
characterized through HR-TEM, Raman, UV —vis absorp-
tion, FT-IR, and PL experiments. The PL intensity of the
P3HT materials decreases after the hybridization with
the MWCNT due to the charge transfer effect. The I-V
characteristics show the semiconducting behavior for
the outer P3HT NT and an ohmic behavior for the in-
ner MWCNT. The /—V characteristics of the hybrid junc-
tion between the outer P3HT NT and the inner MWCNT
show a rectification behavior, whose efficiency is clearly
enhanced with light irradiation; that is, a photoen-
hanced nanoscale rectification effect. The rectification
effect has been analyzed through the combination of
the Fowler—Nordheim tunneling model and direct
charge tunneling model. The quasi-photovoltaic effect
in the single strand of the P3HT/MWCNT hybrid NT has
been observed.

ited substrates are loaded on a quartz boat and Ar (1000 sccm)
is allowed to flow into a quartz CVD reactor to prevent the oxi-
dation of the catalyst metal while raising the temperature. The
catalyst films are pretreated by H, gas with a flow rate of 30 sccm
for 5 min at 750 °C and then C,H, (30 sccm) and Ar (100 sccm)
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are allowed to flow into the quartz reactor for 10 min at the
same temperature. After growing the MWCNT, the reactor is
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