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Bio-Based Transparent Conductive Film Consisting of
Polyethylene Furanoate and Silver Nanowires for Flexible

Optoelectronic Devices

Jeun-Yan Lam, Chien-Chung Shih, Wen-Ya Lee, Chu-Chen Chueh, Guang-Way Jang,
Cheng-Jyun Huang, Shih-Huang Tung,* and Wen-Chang Chen*

Exploiting biomass has raised great interest as an alternative to the fossil
resources for environmental protection. In this respect, polyethylene
furanoate (PEF), one of the bio-based polyesters, thus reveals a great
potential to replace the commonly used polyethylene terephthalate (PET)
on account of its better mechanical, gas barrier, and thermal properties.
Herein, a bio-based, flexible, conductive film is successfully developed by
coupling a PEF plastic substrate with silver nanowires (Ag NWs). Besides
the appealing advantage of renewable biomass, PEF also exhibits a good
transparency around 90% in the visible wavelength range, and its con-
stituent polar furan moiety is revealed to enable an intense interaction with
Ag NWs to largely enhance the adhesion of Ag NWs grown above, as exem-
plified by the superior bending and peeling durability than the currently
prevailing PET substrate. Finally, the efficiency of conductive PEF/Ag NWs
film in fabricating efficient flexible organic thin-film transistor and organic
photovoltaic (OPV) is demonstrated. The OPV device achieves a power
conversion efficiency of 6.7%, which is superior to the device based on
ITO/PEN device, manifesting the promising merit of the bio-based PEF for

1. Introduction

The recent development of consumer elec-
tronics has been focused on the exploita-
tion of flexible devices with transformative
properties. At this transition from rigid
devices to flexible apparatus, the explora-
tion of flexible materials for using as semi-
conducting components and substrates
is highly demanded. To this end, func-
tional polymers with well flexibility have
attracted wide research interests. Taking
the development of flexible substrate as
an example, versatile polymers, such as
polyimide, polycarbonate, polyethylene
naphthalate (PEN), and polyethylene tere-
phthalate (PET), have been utilized to fab-
ricate plastic substrates for manufacturing
flexible optoelectronic devices.l!' Among
which, PET, as the most commonly used
plastic substrate thus far, has been proven
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to offer decent mechanical/chemical

robustness, optical clarity and, moreover,

low-cost production, which have been suc-

cessfully used to realize high-performance
flexible optoelectronic devices.?!

Recently, in order to meet the goal of the sustainable devel-
opment of society, bio-based plastics have raised extensive
interest in replacing the conventional petrochemical-derived
products since large demand of fossil-based products might
beget several concerns, such as the depletion of fossil resources
and the environmental impact caused by immense volumes
of anthropogenic greenhouse gas emissions. In this regard,
using renewable and abundance bio-based feedstocks as the
raw material for the plastic substrates is certainly beneficial
for reducing fossil-derived CO, emissions and security of raw
material supply. Therefore, it is of great interest to develop effi-
cient bio-based plastic materials to substitute the petroleum-
sourced PET for device applications.

Besides using 100% bio-based feedstocks to synthesize
PET! an alternative approach is to change the petrochem-
ical building blocks of PET to produce novel 100% bio-based
polyester. For instance, a bio-based polymer, polyethylene
furandicarboxylate (PEF, the chemical structure is shown
in Figure 1), can be synthesized using monoethylene glycol
(MEG) and 2,5-furandicarboxylic acid (2,5-FDCA) that serves
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Figure 1. Schematic illustration and FT-IR spectra of the PEF substrate, PEF/Ag NWs conductive film, and Ag NWs.

as a green replacement for terephthalic acid.! Moreover,
both MEG and FDCA moieties can be produced by the most
abundantly available biomass components.P! Utilizing such
biomass components, which can be transformed from the
renewable bio-based feedstocks such as lignocellulosic and
agricultural biomass, are of notable significance for allevi-
ating the dependence on fossil energy resources. It is worth-
while to note that PEF has been shown to possess 11- and
2-fold permeability reduction of oxygen and moisture, respec-
tively, as compared to PET.[® Also, it possesses improved
mechanical properties and a higher glass transition tempera-
ture along with a lower melting point compared to PET. Pro-
vided these advantages, PEF reveals competent potential for
the applications in flexible electronics since it can enhance
the durability of the derived device against thermal annealing,
oxygen, and moisture.

Another important aspect that needs to be considered for
the development of flexible electronics is the exploitation of
flexible conductive electrodes. It has been well documented
that the transparent indium tin oxide (ITO) electrode, which
is widely use in the rigid devices, can no longer be competent
on the flexible substrates due to its fragility under mechanical
stress.l?! Its brittle and unsatisfactory bendable nature necessi-
tates the exploration of alternative conductive materials for elec-
trodes.”l Hence, various kinds of materials, such as conducting
polymers,®l graphene,” carbon nanotubes,!” and metal
nanowires,'!1 have been exploited as the flexible, transparent
electrodes for fabricating low-cost and high-performance flex-
ible devices. As considering the production cost, transparency,
conductivity, and capability for mass production, Ag NWs have
attracted the most attention for fabricating flexible optoelec-
tronic devices nowadays.

In this Communication, we first describe a bio-based trans-
parent, conductive film by coupling a renewable PEF plastic
substrate and Ag NWs. Besides the advantage of renewable
biomass, we also manifest the polar furan moiety of PEF ena-
bles a more intense interaction with Ag NWs than the benzene
moiety of PET, which implants better adhesion of Ag NWs on a
plastic substrate. Finally, we demonstrate the efficacy of PEF/Ag
NWs conductive films in fabricating flexible thin-film transistor
(OTFT) and organic photovoltaic (OPV). This is the first report
of using renewable PEF as the substrate for efficient organic
electronic devices, to the best of our knowledge.
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2. Experimental Section
2.1. Fabrication and Characterization of PEF/Ag NW Film

All materials and chemicals were used as received unless stated
otherwise. Silicon wafers treated with a self-assembled layer
of n-octadecyltrichlorosilane (ODTS) were prepared by spin-
coating a solution of ODTS in trichloroethylene, followed by a
vapor treatment in ammonium hydroxide.'?l The PEF powders
were prepared by Industrial Technology Research Institute,
Taiwan, using the literature-reported methods. The PEF-based
substrate/film was prepared by casting the hexafluoroisopro-
panol solutions (10 mg mL™ of PEF) onto the ODTS-treated
silicon wafer, followed by annealing at 45 °C for 1 h.

Ag NWs as suspensions in isopropyl alcohol were pur-
chased from Zhejiang Kechuang Advanced Materials Co., LTD
(Zhejiang, P. R. China). The dispersion was further diluted
down to various concentrations (2-4 mg mL™). The Ag NWs
were spin-coated onto the PEF film, followed by proper thermal
treatment to complete the fabrication of PEF/Ag NW conduc-
tive films. The UV-vis transmission spectrum was recorded
using a Hitachi U-4100 UV-vis—NIR spectrophotometer in the
wavelength range of 300-800 nm. Optical images were taken
using an Olympus BX51 optical microscope system. The
resistance of the films was measured by the two-point probe
method using a digital sourcemeter (Keithley 2400). The IR
spectra were performed using Perkin-Elmer Spectrum Two
Fourier transform infrared (FT-IR) spectrometer.

2.2. Fabrication and Characterization of Flexible Organic
Field-Effect Transistors

Poly(selenophene-alt-3,6-dithophene-2-yl-2,5-bis-(2-octyldodecyl)-
2,5-dihydro-pyrrolo[3,4-cpyrrole-1,4-dione) (PSe-DPP) was synthe-
sized according to the methods reported in the literature.'®l The
poly(methyl methacrylate) (PMMA) solution was spin-coated onto
the prepared PEF/Ag NWs film to serve as the dielectric layer, fol-
lowed by proper thermal annealing at 120 °C for 1 h. Afterward,
the PSe-DPP active layer was deposited onto the PMMA layer
via spin-coating, followed by thermal annealing at 120 °C for
1 h. Finally, the source and the drain electrodes were thermally
deposited with Au to complete the FET fabrication, for which the
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channel length (L) and width (W) were 1000 and 50 pum, respec-
tively. The electrical performance of the device was recorded using
a Keithley 2634B semiconductor parameter analyzer.

2.3. Fabrication and Characterization of Flexible
Organic Solar Cells

For solar cells, we employed a polymer semiconductor, poly[4,8-
bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b; 4,5-b"|dithiophene-
2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-
2-carboxylate-2-6-diyl)] (PTB7-Th), as an active layer mixed with
[6,6]-Phenyl-C71-butyric acid methyl ester (P,;BM) and modi-
fied an interlayer, poly [(9,9-bis(3’-(N,N-dimethylamino)propyl)-
2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN) to improve the
performance. The photovoltaic devices were fabricated with the
structure of PEF/Ag NWs/ZnO/PFN/PTB7-Th:PC;;BM/MoOs/
Ag. Zinc acetylacetonate hydrate precursor solution (20 mg mL™*
in ethanol) was spin-coated onto the PEF/Ag NWs substrate and
followed by thermal annealing at 130 °C for 5 min to form a
dense ZnO layer. Subsequently, a solution of 0.125 mg mL™! PEN
(consisting of 0.125 mg PFN and 0.125 puL acetic acid in 1 mL
methanol) was deposited onto the prepared ZnO film. The active
PTB7-Th:PC;;BM bulk-heterojunction layer was spin-coated onto
the PFN layer at the optimized rotation rate to get desired thick-
ness. Finally, MoO; and Ag electrodes were thermally evaporated
through shadow mask to complete the device fabrication.

For the current density—voltage (J-V) measurement, the
devices were characterized under illumination of a Newport
LCS-100 solar simulator with 1000 W m™2 intensity calibrated
with a silicon reference diode. The J-V characteristics were
recorded using a Keithley 2400 source meter. All devices were
measure under ambient atmosphere without encapsulation.
Reference ITO-based device was fabricated and characterized
using the similar procedures and conditions.

3. Results and Discussion

As mentioned, PEF can be synthesized from biomass com-
ponents and has shown an appealing feature as a promising
green replacement for PET. We herein explored its effective-
ness as a plastic substrate coupling with Ag NWs, the most
prevailing transparent, conductive materials used for devices to
date. Different to PET, the PEF comprises a polar furan moiety
and it thus can be inferred that a more intense interaction exist
at the PEF/Ag NWs interface than the PET/Ag NWs interface.
To scrutinize this plausible interaction, FT-IR spectra of pris-
tine PET, PEF, and Ag NWs and the bilayered samples (PEF/
Ag NWs and PET/Ag NWSs) are shown in Figure 1 and S1 (Sup-
porting Information), respectively. The characteristics of both PET
and PEF compounds are in a good agreement with the results
reported in the literature.'¥l Noteworthily, a broad band located
at ~1382 cm™ (Figure 1) referred to the furan ring of PEF" was
divide into two peaks in the PEF/Ag NWs sample. While the new
peak appeared at =1371 cm™! is not contributed from the char-
acteristics of pristine Ag NWs, it indicates certain interactions
existed between PEF and Ag NWs owing to the constituent polar
furan ring. Such plausible interaction could be attributed to the
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heteroatom-metal coordination-type bonding between the lone
pair electrons of the furan moiety and Ag NWs.['%]

As validating the enhanced interaction of Ag NWs on the
PEF plastic substrate, we next prepared flexible, conductive
electrode using different precursor concentration of Ag NWs
(2-4 mg mL™), and the authentic picture and corresponding
photomicrographs were shown in Figure S2, Supporting Infor-
mation. As expected, the resistance (140, 90, and 45 Q for the
2, 3, and 4 mg mL™' Ag NWs-based film, respectively) of the
prepared samples was decreased as increasing the precursor
concentration of Ag NWs (under same spin-coating rate).

Figure 2a compared the transmittance spectra of the PEF sub-
strate and its derived Ag NWs films. As shown, the bare PEF film
possessed high transmittance over 90 % across the wavelengths
of 390-750 nm, comparable to the property of the PET film.
Notably, the transmittance can still be maintained over 75 % in
the wavelength above 450 nm for the 4 mg mL~! Ag NWs-based
film (with a low resistance of 45 Q), revealing the potential to
serve as a flexible, transparent electrode.

To understand the mechanical property of the PEF/Ag NWs
film, the bending test was first carried out with a bending radius
of =5 mm and compared with the reference PET/Ag NWs film.
No significant resistance change is observed during the bending
process (Figure S3, Supporting Information). The variation of
resistance as a function of bending cycles was depicted in Figure
2b, where the resistance of the PEF/Ag NW film was only slightly
increased (<4%) after bending 500 cycles, in a striking contrast to
the case of PET/Ag NWs film. This result clearly manifests the
well flexibility of the PEF/Ag NWs film. Tape-peeling test was
next performed by a 3 M scotch tape with finger pressure to assess
the improved adhesion at the PEF/Ag NWs interface. As shown
in Figure 2c, the resistance of the PET/Ag NWs film was sig-
nificantly increased after a few peeling cycle, revealing the poor
adhesion of Ag NWs to the PET plastic substrate as is evident
from the apparent boundary shown in Figure S4a, Supporting
Information.'”] By contrast, the PEF/Ag NWs sample only
showed slightly increase in average resistance up to 10 peeling
cycles. The similar optical images of the PEF/Ag NWs film before
(Figure S2e, Supporting Information) and after (Figure S4b, Sup-
porting Information) 10 peeling cycles confirm the enhanced
adhesion of Ag NWs grown on PEF plastic substrate.

We next evaluate the practicability of the PEF/Ag NWs film
by fabricating flexible OTFT and OPV. Illustrated in Figure 3a,b
were the transfer and the output characteristics of a top-contact
bottom-gate OTFT using the PEF/Ag NWs film as the gate elec-
trode. In principle, in saturation region (Vps 2 V), the drain
current is linearly proportional to the square of the gate voltage.
Charge mobility (ug,) thus can be obtained by using the fol-
lowing equation[®
2

Tos =5 HaCi(Ve = Vi) M)
where Ipg is the drain current, W/L is the ration of channel
width to channel length, C; is the capacitance per unit area of
the dielectric layer (PMMA herein), V is the gate voltage, and
Vr is the threshold voltage. As shown, the fabricated OTFT
showed a stable characteristic and delivered a decent hole g,
of =0.04 cm? V~! s7! with a high on/off ratio of 3.2 x 10* and a
low Vy of =—4 V. Such result is comparable to the performance
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Figure 3. a) The transfer and b) output characteristics of a polymer FET
using the PEF/Ag NWs conductive film as the bottom gate electrode and
substrate (see insert). In (a), a constant Vy of —60 V is applied. c) The
J-V curves of the inverted organic solar cells using different bottom elec-
trodes, including glass/ITO, PEN/ITO, and PEF/Ag NWs substrates.

of OTFTs using same active material.'**19 This clearly demon-
strated that the efficacy of PEF/Ag NWs to serve as an efficient
gate electrode to fabricate flexible OTFTs.

Shown in Figure 3c were the J-V characteristics of the
studied OPVs using different bottom electrodes, including

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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typical ITO (glass or PEN/ITO/ ZnO/PEN/PTB7-Th:PC;;BM/
MoO;/Ag) and flexible Ag NWs (PEF/Ag NWs/ZnO/PFN/
PTB7-Th:PC;;BM/Mo00O;/Ag). As shown, the device using
PEF/Ag NWs film as the bottom electrode can show a best
power conversion efficiency (PCE) of up to 6.7% with an
open-circuit voltage (V) of 0.77 V, a short-circuit current
(Jso) of 15.40 mA cm™2, and a fill factor (FF) of 0.57, largely
surpassing the performance (PCE: 6.62%; V.o 0.69 V; [
15.95 mA cm™%; FF: 0.60) of the comment flexible OPV fab-
ricated on a PEN/ITO substrate. This enhanced PCE of the
flexible OPV validated the efficacy of PEF/Ag NWs to serve as
an efficient transparent electrode to fabricate flexible OPVs.
More detailed characterizations on device’s durability and
stability are under investigation. Notably, the shunt resist-
ance (Ry,) of the PEF/Ag NW-based flexible device is still
slightly lower than the value of the control rigid ITO device
(PCE: 7.73%; V,.: 0.77 V; Jo: 15.40 mA cm™%; FF: 0.65), which
might be resulted from the high porosity existed in the
Ag NWs.

4. Conclusions

In this work, we successfully developed a bio-based flexible,
conductive film using a renewable PEF plastic substrate and Ag
NWs. Besides the appealing advantage of renewable biomass,
PEF also exhibited a high transparency around 90% in the vis-
ible wavelength range (390-750 nm) and its constituent polar
furan moiety had an intense interaction with Ag NWs to largely
enhance the adhesion of Ag NWs. Thus, the resistance of the
PEF/Ag NW film was only slightly increased (<4%) after bending
500 cycles, in a striking contrast to the case of PET/Ag NWs film.
The fabricated PEF/Ag NWs conductive film was employed to
fabricate efficient flexible OTFT and OPV. The OPV device of
PEF/Ag NWs/ZnO/PFN/PTB7-Th:PC,;BM/Mo00O;/Ag achieved
the power conversion efficiency of 6.7%, which was superior to
the device based on ITO/PEN device, the promising merit of the
bio-based PEF for flexible electronic applications. These results
manifest the promising merit of the bio-based PEF to replace the
petrochemical-derived PET for flexible electronic applications.
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from the author.

Acknowledgements

This work was financially supported by the “Advanced Research Center
of Green Materials Science and Technology” from The Featured Area
Research Center Program within the framework of the Higher Education
Sprout Project by the Ministry of Education (107L9006), and the Ministry
of Science and Technology in Taiwan (MOST 107-3017-F-002-001). The
authors also appreciate the financial support from Industrial Technology
Research Institute (Hsinchu, Taiwan).

Conflict of Interest

The authors declare no conflict of interest.

Macromol. Rapid Commun. 2018, 39, 1800271

Rapid Communications
www.mrc-journal.de

Keywords

bio-based materials, conductive films, flexible electronic devices,
polyethylene furanoate (PEF), silver nanowires (AgNWs)

Received: April 6, 2018
Revised: May 2, 2018
Published online: May 30, 2018

1800271 (5 of 5)

[1] a) T. Yamaguchi, N. Tobe, D. Matsumoto, T. Nagai, H. Arakawa,
Sol. Energy Mater. Sol. Cells 2010, 94, 812; b) J.-I. Park, . H. Heo,
S.-H. Park, K. I. Hong, H. G. Jeong, S. H. Im, H.-K. Kim, J. Power
Sources 2017, 341, 340; c) A. R. Rathmell, B. J. Wiley, Adv. Mater.
2011, 23, 4798.

[2] V. Zardetto, T. M. Brown, A. Reale, A. D. Carlo, J. Polym. Sci., Part B:
Polym. Phys. 2011, 49, 638.

[3] Y. Akanuma, S. E. M. Selke, R. Auras, Int. J. Life Cycle Assess. 2014,
19, 1238.

[4] a) E. ). Beckman, Nature 2016, 531, 180; b) G. Z. Papageorgiou,
D. G. Papageorgiou, Z. Terzopoulou, D. N. Bikiaris, Eur. Polym. J.
2016, 83, 202.

[5] a) S. Thiyagarajan, W. Vogelzang, R. J. I. Knoop, A. E. Frissen,
J. van Haveren, D. S. van Es, Green Chem. 2014, 16, 1957;
b) I. Delidovic h, P. J. C. Hausoul, L. Deng, R. Pfitzenreuter,
M. Rose, R. Palkovits, Chem. Rev. 2016, 116, 1540.

[6] a) S. K. Burgess, O. Karvan, J. R. Johnson, R. M. Kriegel,
W. J. Koros, Polymer 2014, 55, 4748; b) A. F. Sousa, C. Vilela,
A. C. Fonseca, M. Matos, C. S. R. Freire, G.-]. M. Gruter,
J. F. ). Coelho, A. ). D. Silvestre, Polym. Chem. 2015, 6, 5961;
c) L. Mialon, R. Vanderhenst, A. G. Pemba, S. A. Miller, Macromol.
Rapid Commun. 2011, 32, 1386; d) A. Llevot, E. Grau, S. Carlotti,
S. Grelier, H. Cramail, Macromol. Rapid Commun. 2016, 37, 9.

[7] ).-Y. Lam, ).-Y. Chen, P.-C. Tsai, Y.-T. Hsieh, C.-C. Chueh, S.-H. Tung,
W.-C. Chen, RSC Adv. 2017, 7, 54361.

[8] a) A. Elschner, W. Lovenich, MRS Bull. 2011, 36, 794;
b) M. Vosgueritchian, D. ). Lipomi, Z. Bao, Adv. Funct. Mater. 2012,
22, 421.

[9] a) L. Wen, F. Li, H.-M. Cheng, Adv. Mater. 2016, 28, 4306; b) T.-H. Han,
H. Kim, S.-). Kwon, T.-W. Lee, Mater. Sci. Eng., R 2017, 118, 1.

[10] a) R. H. Baughman, A. A. Zakhidov, W. A. de Heer, Science 2002,
297, 787; b) H. Ago, K. Petritsch, M. S. P. Shaffer, A. H. Windle,
R. H. Friend, Adv. Mater. 1999, 11, 1281.

[11] a) C.-C. Shih, C.-Y. Chung, J.-Y. Lam, H.-C. Wu, Y. Morimitsu,
H. Matsuno, K. Tanaka, W.-C. Chen, Chem. Commun. 2016,
52, 13463; b) D.-S. Leem, A. Edwards, M. Faist, |. Nelson,
D. D. C. Bradley, ). C. de Mello, Adv. Mater. 2011, 23, 4371.

[12] Y. Ito, A. A. Virkar, S. Mannsfeld, ). H. Oh, M. Toney, ). Locklin,
Z. Bao, J. Am. Chem. Soc. 2009, 131, 9396.

[13] a) H.-W. Lin, W.-Y. Lee, W.-C. Chen, J. Mater. Chem. 2012, 22, 2120;
b) T. Lei, J.-H. Dou, ). Pei, Adv. Mater. 2012, 24, 6457.

[14] a) S. K. Burgess, J. E. Leisen, B. E. Kraftschik, C. R. Mubarak,
R. M. Kriegel, W. J. Koros, Macromolecules 2014, 47, 1383;
b) G. Wang, M. Jiang, Q. Zhang, R. Wang, G. Zhou, RSC Adv. 2017,
7,13798.

[15] D. L. Pavia, G. M. Lampman, G. S. Kriz, J. A. Vyvyan, Introduction to
Spectroscopy, 5th ed., Cengage Learning, USA 2015, p. A-3.

[16] T. lliescua, F. D. Irimieb, M. Bolboacac, Cs. Paiszb, W. Kiefer, Vib.
Spectrosc. 2002, 29, 251.

[17] L. Hu, H. S. Kim, J.-Y. Lee, P. Peumans, Y. Cui, ACS Nano 2010, 4,
2955.

[18] J. Zaumseil, H. Sirringhaus, Chem. Rev. 2007, 107, 1296.

[19] C. Lu, W.-Y. Lee, C.-C. Shih, M.-Y. Wen, W.-C. Chen, ACS Appl. Mater.
Interfaces 2017, 9, 25522.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



