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The work function modulation of electrode materials is a crucial factor for achieving superior performance in transparent

and flexible device applications. In this work, aluminum-doped zinc-oxide nanoparticles (AZO NPs) with a low work

function were introduced in single-wall carbon nanotube (SWCNT) transparent electrodes to achieve an Ohmic contact

with an indium-oxide (In,03) active layer. These SWCNT-AZO NP hybrid electrodes exhibited a low contact resistance with

the solution-processed In,03 active layer, due to the low work function of the AZO NPs physisorbed on the SWCNTs. The

50 nm-thick SWCNT-AZO NP hybrid films showed a considerably low electrical low electrical resistance of 214.5 Q/sq, an

optical transmittance of 82.1% and a work function of 4.57 eV. By using these materials as the source and drain electrodes,

fully solution-processed In,0; thin film transistors (TFTs) were fabricated and they showed excellent device performance.
Furthermore, the fully solution-processed flexible In,03 TFTs with these SWCNT-AZO NP hybrid electrodes exhibited only a
2.02% decrease in a field effect mobility after 1000 repeated bending stress at a radius of curvature of 3 mm.

Introduction

Research on solution-processed transparent and flexible
metal-oxide thin film transistors (TFTs) has been motivated by
a variety of device applications, including displays, sensors,
solar cells, X-ray detectors, and wearable and imperceptible
These applications require materials with
superior properties such as flexibility, foldability, deformability,
stretchability, and full transparency.7'11 Specifically, these
properties are extremely important to realize flexible and
transparent electrodes in order to achieve good device
performance.12 Metal nanowires, metal nanomeshes, metal
nanotrough networks, graphene, carbon nanotubes (CNTs),
conducting polymer, and composite materials have been
widely for fabricating flexible and transparent
electrodes. In particular, single-wall carbon nanotubes
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have been considered an attractive material
their good conductivity, optical
transparency, mechanical strength, chemical inertness and
high oxidizing temperature.21'25 However, when the SWCNTs
have been used as an electrode material to fabricate metal-

(SWCNTSs)

because of electrical

oxide TFTs by solution processes, severe contact problems
have occurred at the junction between the electrodes and the
active Iayer.ze"28 In most cases, it is due to these SWCNT
electrodes have a high work function. Consequently, the
electrical performance of the solution-processed metal-oxide
TFT degraded. Recently, n-type doped transparent electrodes
composed of the SWCNTs and various materials such as alkali
metal, ammonia (NH3), hydrazine, poly(ethyleneimine) (PEIl)
and benzyl viologen (BV) have been proposed to solve this
problem. They have generated a large amount of interest and
several results have been reported.zg'36 Nevertheless, these
transparent electrodes have low stability under ambient
conditions and are not yet compatible in a solution-based
device fabrication process.37’38

Besides, oxide nanoparticles (NPs) are very interesting
additives to SWCNTs for fabricating flexible and transparent
electrodes since these NPs are responsible for the electrodes
range of work function, transparency and long-term stability.
Moreover, a SWCNT-NP solution can be deposited as a
uniform film simply by spin coating. By adding oxide NPs with a
low work function to the SWCNT electrodes, the work function
of the hybrid transparent electrodes can be reduced and an
Ohmic contact can be achieved. Accordingly, an efficient
carrier injection can be possible at the interface between the
hybrid transparent electrodes and the metal-oxide TFT.

J. Mater. Chem. C, 2015, 00, 1-3 | 1
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Fig. 1 (a) Schematic diagram of the experimental procedure for the SWCNT-AZO NP hybrid electrode TFT. FE-SEM images of the SWCNT-AZO hybrid films for different number of

AZO NP coatings; (b) none, (c) 1, (d) 3 and (e) 5 times.

Therefore, the hybrid transparent electrodes composed of NPs
with a lower work function should be studied to improve
device performance.

In this report, we have investigated the work function
modulation of the SWCNT-aluminum-doped zinc-oxide (AZO)
NP hybrid electrodes and their application in solution-
processed flexible metal-oxide TFT. By using these electrodes,
the optical and electrical properties of the SWCNT electrodes
were improved and it is believed that the addition of AZO NPs
with a low work function reduced the work function of these
hybrid electrodes. These results imply that the SWCNT-AZO NP
hybrid electrodes can have a low energy barrier height via a
work function modulation and also can enhance the electrical
performance of fully solution-processed flexible In,O5; TFTs.

Experimental
Preparation and characterization of SWCNT-AZO NP hybrid film

AZO NPs (Sigma-Aldrich) with diameters less than 100 nm
were dispersed in deionized (DI) water to prepare a 0.1 wt.%
solution by ultrasonication for 2 h. Also, SWCNTs (SA-210,
Nano Solution Co. Ltd.) were dispersed in DI water by
ultrasonication for 1 h. To promote the dispersion of the
SWCNTs solution, sodium dodecyl sulfate (SDS) was added.
Prior to the deposition of the SWCNT-AZO NP hybrid film, the
Si0,/p**-Si substrate was cleaned with acetone, methanol and
DI water, respectively. The AZO NPs were deposited by spin
coating at 2000 rpm for 30 s and where then annealed at
110 °C for 5 min to remove the solvent. In order to control the
density of the AZO NPs with the SWCNTs, this coating process
was repeated 1, 3 and 5 times. Then, the SWCNT film was
deposited on the AZO NP layer by using a spray coating
method at 115 °C for a final film thickness of 50 nm. Finally,
these SWCNT- AZO NP hybrid films were rinsed with DI water
to remove the SDS.

The surface morphologies of the SWCNT and the SWCNT-AZO
NP hybrid films were investigated by a field-emission scanning
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electron microscopy (FESEM, S-5200, HITACHI). The optical
properties of the films were evaluated by an ultraviolet-visible
spectrophotometer (UV-vis-NIR, V-670, JASCO). The electrical
sheet resistances of the films were measured by a four-point
probe measurement system (CMT-SR1000N, AiT).

Device fabrication and characterization

The stepwise device fabrication process is depicted in Fig. 1 (a).
The metal-oxide TFT with the SWCNT-AZO NP hybrid
electrodes was fabricated by the following procedure: A 16
pm-thick polyimide (PI) film substrate was cleaned using
acetone, methanol and DI water, respectively. The Al,O;
barrier layer was deposited on the Pl substrate by an e-beam
evaporator and the film thicknesses were fixed at 20 nm. The
solution of the In,0; precursor was synthesized by a sol-gel
method using 0.1 M indium nitrate hydrate (In(NO3);*xH,0,
Sigma-Aldrich) in DI water. After the solution was vigorously
stirred for 24 h, this solution was filtered through a 0.2 um
polytetrafluoroethylene (PTFE) syringe filter. Then, this filtered
solution was spin-coated on the Al,05/Pl substrate at 3000
rpm for 20 s. The In,03 active layer with a thickness of 7 nm
was formed and annealed at 250 °C for 1.5 h. Following the
photo-lithography and lift-off process, the source and drain
electrodes of the SWCNT and SWCNT-AZO NP hybrid films
were deposited on the In,05/Al,05/PI substrate.”’

To synthesize the ionic liquid-blended polyvinylphenol (IL-
blended PVP) dielectric layer, a 15 wt.% PVP solution,
composed of polyvinylphenol (poly(4-vinylphenol), Sigma-
Aldrich), 4,4'-(hexafluoroisopropylidene diphthalic anhydride)
(HDA) and propylene glycol monomethyl ether acetate
(PGMEA), was stirred for 12 h. Then, this solution was mixed
with a few drops of 1l-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIM-TFSI), an ionic liquid.
After the solution was filtered through a 0.2 um PTFE syringe
filter, the filtrate was spin-coated on the SWCNT-AZO
NP/In,05/Al,05/Pl substrate at 2000 rpm for 30 s.
Subsequently, it was annealed at 70 °C for 12 h in a vacuum
oven. To ensure adequate film hardness, a post-annealing

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Transmittance versus sheet resistance of (a) the SWCNT films as a function of
thickness and (b) the 50 nm-thick SWCNT-AZO NP hybrid films for different number of
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process was performed at 110 °C for 1 h. Finally, the top gate
electrode of the Ag NW film with a thickness of 100 nm was
deposited by spray coating through a shadow mask at 120 °c.®
The work functions of the In,0;, SWCNTs, AZO NPs and
SWCNT-AZO NPs were measured by a surface analyzer
photoelectron spectrometer (AC-2, Riken Keiki Co. Ltd). The
electrical properties of the TFTs with the SWCNT and the
SWCNT-AZO NP hybrid electrodes were measured by a
semiconductor parameter analyzer system (Agilent B1500A,
Agilent Technologies). Also, these devices were measured in
ambient conditions without any device encapsulation.

Results and discussion
In order to control the density of the AZO NPs with the SWCNT

film, the number of spin-coating of AZO NP solution was varied.

Fig. 1 (b)-(e) show the top-view FE-SEM images of the SWCNT-
AZO NP hybrid films for different number of AZO NP coatings.
Fig. 1 (b) clearly shows that the SWCNT film with the intrinsic
random networks was deposited. Increasing the number of
coatings considerably increased the effective contact area
between the SWCNTs and the AZO NPs, as shown in Fig. 1 (c)-
(e). This results in an increase in the effective conducting
pathways of the SWCNTs with the AZO NPs and the effective

This journal is © The Royal Society of Chemistry 2015

contact area of the AZO NPs with the In,0; active layer. The
surface morphology of the most uniform physisorbed
condition was obtained after spin coating the AZO NP 3 times,
as shown in Fig. 1 (d). However, further coatings

Table 1 Summarized work functions of the AZO NPs, SWCNTs, SWCNT-AZO NP hybrid
and In,0; layers.

Materials Work function (eV)
AZO NPs 4.32
SWCNTs 4.96
1 time of the AZO NP coating 4.79
SWCNT-AZO NP ) X
hvbrid 3 times of the AZO NP coating 4.57
v 5 times of the AZO NP coating 4.54
In,03 4.61

led to the aggregation of the AZO NPs, as shown in Fig. 1 (e).
Fig. 2 shows the transmittance and the sheet resistance of the
SWCNT and SWCNT-AZO NP hybrid films. For the SWCNT films
shown in Fig. 2 (a), as the film thickness increased from 25 to
250 nm, the sheet resistance decreased from 2289.8 to 121.86
Q/sq and the optical transmittance decreased from 94.45 to
52.18%, respectively. However, for the 50 nm-thick SWCNT-
AZO NP hybrid films, as the number of coatings increased, the
optical transmittances remained between 84.77 and 81.67%,
as shown in Fig. 2 (b). Moreover, the sheet resistance
decreased rapidly from 1086.6 to 214.5 Q/sq after 3 AZO NP
coatings. However, with a further increase in the number of
the AZO NP coatings, the sheet resistance increased gradually
due to the aggregation of the AZO NPs, which interfered with
smooth carrier movement.

The work functions of the AZO NPs, SWCNTs and In,0; layer
were obtained as 4.32, 4.96 and 4.61 eV, respectively (Table 1).
Moreover, with increasing AZO NP coating times from 1
through 3 to 5, the work function of the SWCNT-AZO NP hybrid
layer decreased from 4.79 through 4.57 to 4.54 eV. One
interesting thing is that, although AZO NP coating times
increased from 3 to 5, the change of the work function was
very small (~0.03 eV). So, when considering that the surface
morphology of the most uniform physisorbed condition is
obtained after 3 AZO NP coatings (Fig. 1 (d)), the optimum AZO
NP coating times is determined to be 3 and this condition is
fixed for this research. Using these values, schematic energy
band diagrams at the junctions between the SWCNT
electrodes and the In,03 active layer and between the SWCNT-
AZO NP hybrid electrodes and the In,0; active layer were
induced, as shown in Fig. 3 (a). When the SWCNT electrodes
are brought into direct contact with the In,0; active layer, a
Schottky carrier injection barrier is formed with a barrier
height of 0.35 eV. In contrast, when the SWCNT-AZO NP hybrid
electrodes are brought into direct contact with the In,0; active
layer, an Ohmic contact is formed. The conventional SWCNTs
with the inert graphitic chemical structure suffer from
difficulties in work function modulation. However,
physisorption of the AZO NPs on SWCNTs leads to work
function modulation of the SWCNTs due to the low work
function of the AZO NPs. Thus, the work function of the

J. Mater. Chem. C, 2015, 00, 1-3 | 3



tnalof:Materials-Chentisti

PAPER
SWCNT-AZO NP hybrid film decreased to 4.57 eV, resulting in
an Ohmic contact.
(a) VL T v
qQPswents o 1203 q®@gwextazo NP hybrid qoho“
o, NS Vg e:/.,;_l‘ E
v e Ep Er
N Ev
SWCNTS D i\;g:;
In,0;4 bybr) In,04

Electrical properties of the contact resistance were evaluated
by using the transmission line method (TLM) and the following

R, (‘1050 cm)

Journal of Materials Chemistry C

. 40,41
equations:
S5 —u— SWCNT electrodes (c) St —m— SWCNT-AZO NP hybrid electodes I
30
4t
L —
25 E
20 | c3r
['2)
150 " 2,
— e i \.
10} T ©
1+ \-\
5)
L]
0 L ' L L ' 0 ' ' L )
5 10 15 20 25 5 10 15 20 25

Gate voltage (V) Gate voltage (V)

Fig. 3 (a) Schematic energy band diagrams at the junctions of the SWCNT electrodes/In,03 active layer and the SWCNT-AZO NP hybrid electrodes/In,0; active layer. Electrical
contact resistance of the TFTs with (b) the SWCNT and (c) the SWCNT-AZO NP hybrid electrodes as a function of gate voltage.

Ry =Vps +1Ips = RyL + Rep(=2Rgyp) (1)
Ly = Ry [ Reyy (2)
chf = WLzTRch = WRSZ‘/D / Ry, (3)
Re = RopLiW (4)

Where Ry, Re, L, Rsp and R are the total TFT ON resistance,
the channel resistance per unit channel length, the physical
channel length, the series resistance at the source/drain
contacts and the series resistance at the source or drain
contact, respectively. In addition, Ly and R4 are respectively
the effective transfer length and the effective contact
resistance. The TLM patterns were formed by coating SWCNT
electrodes or SWCNT-AZO NP hybrid electrodes, respectively,
on the structure of In,03/300 nm-thick SiO,/p**-Si. The channel
width was 400 pm and the channel lengths were controlled to
be 50, 100, 150, 200 and 250 um, respectively.

Fig. 3 (b) and (c) show the contact resistance as a function of
the gate voltage for the SWCNT electrodes and the SWCNT-
AZO hybrid electrodes on the In,03 active layer. As shown in
Fig. 3 (b), the contact resistance (Rc) of the TFT with the
SWCNT electrodes was changed from 3.09 to 1.02 MQ by
varying the gate voltages (Vgs) from 5 to 25 V in 5 V steps. For
the TFT with the SWCNT-AZO NP hybrid electrodes, the Rc was
changed from 430.6 to 50.6 kQ with the same Vgs conditions
as shown in Fig. 3 (c). The R¢ values of the TFTs with the
SWCNT and the SWCNT-AZO NP hybrid electrodes decreased
as Vgs increased. Most significantly, however, the R¢ values of
the TFTs with the SWCNT-AZO NP hybrid electrodes were one
order of magnitude lower than those of the TFTs with the
SWCNT electrodes. This result evidently implies that the
energy barrier height between the SWCNT-AZO hybrid
electrodes and the In,0; active layer was reduced compared to
that between the SWCNT electrodes and the In,03 layer.

In order to investigate the effects of the SWCNT-AZO NP
hybrid electrodes on the fully solution-processed flexible TFT,
TFTs with SWCNT and SWCNT-AZO NP hybrid electrodes were
prepared on 300 nm-thick SiO,/p™*-Si and Pl substrates,
respectively. Fig. 4 (a) shows a photograph of a top gate-type
TFT with a coplanar structure (the Ag NWY/IL-blended

4 | J. Mater. Chem. C, 2015, 00, 1-3

PVP/SWCNT-AZO NP hybrid/In,03/Al,03/Pl). The thicknesses of
the Ag NW, SWCNT-AZO NP hybrid, In,03, and IL-blended PVP
layers were 100, 50, 7 nm and 1 um, respectively. The channel
width and length were 1000 and 200 pum, respectively. Fig. 4
(b)-(d) show the transfer characteristics of the TFTs with the
SWCNT and the SWCNT-AZO NP hybrid electrodes. The
electrical properties of all devices are summarized in Table 2.
The SWCNT electrode TFT on the SiO,/p**-Si substrate showed
a sub-threshold slope (S.S) of 6.59 V/decade, a threshold
voltage (Vy,) of 3.02 V, a field-effect mobility (u.) of 2.65
cm?/V-s and an on/off current ratio (lon/1o5) Of 6.75 x 10% at a
V;p of 20 V. Meanwhile, the SWCNT-AZO NP hybrid electrode
TFT on the SiO,/p**-Si exhibited a S.S of 3.34 V/decade, a V,, of
1.92V, a y. of 5.14 cm?/V-s and an Iy,/ly of 8.15 x 10% at a V,,
of 20V (Fig. 4 (b)).

For comparison, the electrical characteristics of the TFTs with
the AZO NP electrodes and the SWCNT-AZO NP hybrid
electrodes as a function of the AZO NPs coating times are

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Electrical characteristics of the TFTs with the SWCNT electrodes and the SWCNT-AZO NP hybrid electrodes. (a) Optical image of the TFT with the SWCNT/AZO NP hybrid
electrodes on Pl substrate, (b) transfer characteristics with a Vp of 20 V on Si0,/p**-Si substrate, (c) transfer characteristics with a Vp of 1V on Pl substrate and (d) transfer
characteristics of the TFT with the SWCNT-AZO NP hybrid electrodes on Pl substrate after 1000 cycles of bending test at the radius of curvature of 3 mm.

Table 2 Summarized electrical properties of the TFT with the SWCNT electrodes and the SWCNT-AZO NP hybrid electrodes.

Sub-threshold slope | Threshold voltage Field-effect mobility On/off current
TFT Structure 2 .
(V/decade) (V) (cm”/V:s) ratio
SWCNT/In,05/Si0,/p"-Si 6.59 3.02 2.65 6.75 x 10°
SWCNT-AZO NP hybrid/In,05/5i0,/p"*-Si 3.34 1.92 5.14 8.15x 10°
Ag NW/IL- blended PVP/SWCNT/In,03/Al,05/PI 0.08 0.49 2.14 3.24x10°
Ag NW/IL- blended PVP/SWCNT-AZO NP hybrid/In,05/Al,05/PI
g NW/IL- blended PVP/ > e /In20/Al120:/ 0.05 0.75 5.44 3.71x 10°
(Before bending)
Ag NW/IL- blended PVP/SWCNT-AZO NP hybrid/In,05/Al,05/PI
g NW/IL- blended PVP/ i ybrid/in.05/AL20s/ 0.05 0.80 533 6.02 x 10°
(After 1000 bending cycles)

shown in Fig. S1 and Table S1. In this work, the TFT with AZO
NP electrodes did not work because the sheet resistance of the
AZO NPs is too high. However, when changing the number of
the AZO NP coatings up to 5 times, the TFT with the SWCNT-
AZO NP hybrid electrodes coated 3 times exhibited the best
electrical properties.
When the Pl substrate was used with the SWCNT electrodes,
the TFT showed a S.S of 0.08 V/decade, a V, of 0.49 V, a p, of
2.14 cm®/V-s and an lon/lof OF 3.24 x 10% at Vp of 1 V. However,
the TFTs with the SWCNT-AZO NP hybrid electrodes exhibited
aS.S of 0.05 V/decade, a Vy, of 0.75 V, a . of 5.44 cm?/V-s and
an lgn/log of 3.71 x 10* at a Vp of 1V (Fig. 4 (c)). Regardless of
the substrate, the TFTs with the SWCNT-AZO NP hybrid
electrodes demonstrated much better electrical properties
than those with the SWCNT electrodes.

Also, this flexible device showed better electrical properties
when compared to our previous results in Table S2.
Fig. S2 shows the output characteristics of the TFTs with the
SWCNT and the SWCNT-AZO NP hybrid electrodes as the Vg
varied from 0 to 2 V in 0.4 V steps. The current-voltage

This journal is © The Royal Society of Chemistry 2015

characteristics of the TFTs with the SWCNT electrodes at low
source-drain voltages exhibit the non-linear behavior of a non-
Ohmic contact, as highlighted with a red circle in Fig. S2 (a).
However, the TFTs with the SWCNT-AZO NP hybrid electrodes
at low source-drain voltages show the linear output behavior
of an ideal Ohmic contact, as highlighted with a red circle in Fig.
S2 (b).42 It is due to AZO NPs have a lower work function than
that of the SWCNTSs. As a result, the smooth movement of the
carrier and the enhancement of device performance in the
TFTs with the SWCNT-AZO NP hybrid electrodes were possible.
Fig. 4 (d) shows the transfer characteristics of the fully
solution-processed TFTs with SWCNT-AZO NP hybrid
electrodes on a Pl substrate, after 1000 cycles of a bending
test with a radius of curvature of 3 mm. This TFT exhibited only
slight degradation in a field-effect mobility from 5.44 to 5.33
cmZ/V-s. Moreover, it is notable that this device was still
functional after 1000 cycles, suggesting stable reliability with
respect to the repeated bending stress (Table S3). These
results clearly demonstrate that the presence of the AZO NPs
induced the work function modulation through robust

J. Mater. Chem. C, 2015, 00, 1-3 | 5
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physisorption to the SWCNTs. Furthermore, the SWCNT-AZO
NP hybrid film can be used as flexible and transparent
electrodes for the high-performance solution-processed TFTs.

Conclusions

In summary, we reported that work function modulation of
the SWCNT-AZO NP hybrid electrodes was achieved by adding
AZO NPs to the SWCNTs. This is a result of the low work
function of AZO NPs relative to that of the SWCNTs.
Consequently, the energy barrier height and contact resistance
at the junction between the hybrid electrodes and the In,0;
active layer were reduced to form an Ohmic contact. When
these hybrid electrodes were used on fully solution-processed
TFTs with a structure of the Ag NW/IL-blended PVP/SWCNT-
AZO NP hybrid/In,03/Al,03/PI, a S.S of 0.05 V/decade, a Vy, of
0.75 V, a pe of 5.44 cm?/V-s and an lo./loe Of 3.71 x 10* were
obtained. Moreover, the field effect mobility of the device was
decreased by only 2.02% after a 1000 repeated bending stress.
Therefore, it is believed that these SWCNT-AZO NP hybrid
electrodes are an excellent electrode material candidate for
the high-performance, transparent and flexible devices
fabricated by full solution processes.
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Schematic diagram of the SWCNT-AZO NP hybrid electrode TFT and the optical image of the TFT

with the SWCNT/AZO NP hybrid electrodes on PI substrate.



