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We fabricated wire-type indium gallium zinc oxide (IGZO) thin-film transistors (TFTs) using a self-formed

. cracked template based on a lift-off process. The electrical characteristics of wire-type IGZO TFTs could
be controlled by changing the width and density of IGZO wires through varying the coating conditions

. of template solution or multi-stacking additional layers. The fabricated wire-type devices were applied

. to sensors after functionalizing the surface. The wire-type pH sensor showed a sensitivity of 45.4mV/

. pH, and this value was an improved sensitivity compared with that of the film-type device (27.6 mV/
pH). Similarly, when the wire-type device was used as a glucose sensor, it showed more variation in
electrical characteristics than the film-type device. The improved sensing properties resulted from the

. large surface area of the wire-type device compared with that of the film-type device. In addition, we

. fabricated wire-type IGZO TFTs on flexible substrates and confirmed that such structures were very

. resistant to mechanical stresses at a bending radius of 10 mm.

- Medical science and biotechnology seek to improve health and extend longevity"* Biosensors constitute a new

. paradigm in medical technology. Biosensors detect biological elements, affording prompt and accurate diagnoses

. atlow cost>*, Especially, field-effect transistor (FET)-based biosensors have been intensively investigated because

. they afford the advantages of direct transduction and high sensitivity at a low driving voltage>®.

: Meanwhile, in recent years, non-invasive biosensors are used to measure biomaterials in sweat, saliva, and

© tears instead of blood”. Such biosensors must be highly sensitive; the concentrations of biomaterials in sweat,
saliva, and tears are lower than in blood. Many studies employed low-dimensional nanomaterials such as quan-

* tum dots, carbon nanotubes (CNTs), graphene, and MoS, to improve biosensor sensitivity’~'2. However, fabrica-

: tion of such materials is expensive and it is difficult to fabricate uniform films.

: In this study, we fabricated indium gallium zinc oxide (IGZO) in a shape of networked nanowires to improve
the sensitivity. Oxide semiconductors have attracted considerable attention substitutes for silicon in various appli-
cations because of its low power consumption, high uniformity for large area fabrication, high transparency
in visible region, and diversity of deposition methods including solution process'*~'>. Although several studies

. have reported fabrication of IGZO wires, they employed complex processes, such as laser irradiation and pho-

. tolithography or the fabricated wires were hard to apply in thin-film transistor (TFT) applications'®~'°. Recently,

. TFTs using perforated IGZO films as active layers have been applied to sensing applications*. However, compli-
cated processes, such as reactive ion etching (RIE), were used to control the template formation; such methods
are expensive and difficult. The method that we develop here allows simple fabrication of networked nanowires
using a self-formed cracked template, and does not require complex processes, unlike previous studies. A cracked
template was readily formed by coating the substrate with a template solution followed by drying without any
additional treatment; we thus fabricated highly interconnected wire structures using this template. Such inter-
connected IGZO nanowires were used as the active layers of TFTs; the electrical characteristics of wire-type IGZO
TFTs were controlled by varying the width and density of the wires. These wire-type IGZO TFTs were used to
sense glucose solution and the sensitivity of wire- and film-type sensors were analyzed. Finally, wire-type IGZO
TFTs were fabricated on a flexible substrate and mechanical stability of them was investigated.
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Figure 1. (a) Schematic diagram of the fabrication of wire-type indium gallium zinc oxide (IGZO) thin-film
transistors (TFTs). (b) Surface scanning electron microscopy (SEM) image of the fabricated cracked template
prepared using colloidal silica. (¢) Surface and (d) tilted (=30°) SEM images of fabricated IGZO nanowires.

Results and Discussion

The fabrication process is shown in Fig. l1a. Networked IGZO nanowires may be formed by simply coating a sub-
strate with colloidal silica (template solution), drying it, depositing the IGZO film, and removing the template by
ultrasonication in water. A cracked template is easily formed by coating the substrate with colloidal silica followed
by drying as shown in Fig. 1b; no additional treatment is needed. Islands of cracked template were self-formed by
agglomeration of silica nanoparticles during solvent evaporation. A cross-sectional scanning electron microscopy
(SEM) image of the template after drying is shown in Figure Sla; the thickness of the layer was about 800 nm.
The islands consist of physically agglomerated silica nanoparticles that are readily removed by physical treat-
ment like ultrasonication. Figure S1b shows surface SEM images of the template before and after ultrasonication,
confirming that the template can be removed by ultrasonication. Thus, by depositing an IGZO layer onto the
cracked template and then removing the template, IGZO layers on island structures are removed together with
the template; only IGZO layers deposited on cracks remain. As a result, a random network of IGZO wires is fab-
ricated corresponding to cracks in the template (see Fig. 1¢). Figure 1d shows a tilted (~30°) SEM image of IGZO
nanowires on the Si wafer substrate.

These IGZO nanowires were used as active layers when fabricating wire-type IGZO TFTs. Their electrical char-
acteristics were controlled by varying the speed of template solution spin-coating as shown in Fig. 2a. The electri-
cal characteristics of wire-type IGZO TFTs varied by the width and density of the IGZO nanowires. Figure 2d and
e show optical microscopy (OM) images of wire-type IGZO TFTs prepared using spin-coating speeds of 1,000
and 7,000 rpm, respectively. When the spin-coating speed was low, silica nanoparticles in the template solution
agglomerated with farther nanoparticles because the coated solution was thick?"*%. Therefore, the template had
larger islands and wider cracks compared with those of a template prepared using a high spin-coating speed. As a
result, these larger islands and wider cracks at low spin-coating speed resulted in sparser and wider IGZO wires.
Conversely, narrow and dense IGZO nanowires were fabricated when a high spin-coating speed was used. The
wire-type IGZO TFTs prepared using a low spin-coating speed were more conductive because the net IGZO area
is greater than that prepared using a high spin-coating speed. Similar results were found in previous studies**.
In addition, by stacking additional layers, the electrical characteristics of wire-type IGZO TFTs could be mod-
ified, as shown in Fig. 2b. OM images of TFTs featuring single- and triple-layered IGZO nanowires prepared at
a spin-coating speed of 7,000 rpm are shown in Fig. 2e and f. As the number of stacked layers increases, denser
and more interconnected wire structures are obtained. Thus, the on-current increased as the number of stacked
layers increased.

The field effect mobility (jigg) values of IGZO TFTs were calculated as described in the Methods session and
are summarized in Fig. 2¢. For accurate calculations, the ratio of width and length of the TFT channels should
be clearly identified. However, in wire-type IGZO TFTs, the IGZO wires are randomly distributed in the region
between the source and drain (S/D) electrodes; it is thus difficult to estimate net width and length of the channel.
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Figure 2. Transfer characteristics of wire-type IGZO TFTs prepared (a) using various spin-coating speeds for
template fabrication and (b) using various numbers of stacked layers. (c) The extracted field effect mobilities
of various wire-type IGZO TFTs. Optical microscopy (OM) images of single-layered wire-type IGZO TFTs
prepared at spin-coating speeds of (d) 1,000 rpm and (e) 7,000 rpm, and (f) a triple-layered wire-type IGZO
TFT prepared at a spin-coating speed of 7,000 rpm.

Therefore, for g calculations, we used the geometrical width and length of channel (the region between the S/D
electrodes). These were the maximum value of net width and the minimum value of net length, respectively; thus
yielding underestimations of ppz?. In other words, as the net area occupied by IGZO nanowires increases, the
extracted i increases because the differences between the geometrical and net width/length decrease. Therefore,
as the spin-coating speed decreases or the number of stacked layers increases, the net area covered by the IGZO
nanowires increases, resulting in higher extracted pigg. Device uniformity improves as the spin-coating speed
increases as shown in Fig. 2¢; this is why all IGZO nanowires for multi-layered structures and sensing applications
were fabricated at a spin-coating speed of 7,000 rpm. Meanwhile, degradation of the electrical characteristics of
conventional nanowire-based devices fabricated by deposition of pre-synthesized nanowires is inevitable problem
due to the existence of contact resistance at the junctions between the pre-synthesized nanowires?>?”. However,
the wire-type IGZO TFTs fabricated in the present study were little affected by contact resistance because each
wire-type IGZO layer was fabricated via one-step deposition of IGZO, minimizing the number of junctions.

We used the fabricated wire-type IGZO TFTs for sensing applications and compared the results with those of
film-type sensors. In the case of wire-type sensor, triple-layered devices fabricated with the spin-coating speed of
7,000 rpm was used. At first, to apply the IGZO TFTs for pH sensing, (3-aminopropyl)triethoxysilane (APTES)
solution was prepared to silanize the surface of IGZO TFTs. APTES reduces noise level of signal and improves
the sensitivity of the sensors?>*. The variation in surface charge state of the APTES-treated devices according to
the pH is illustrated in Fig. 3a. With many H* ions present, that is, in the low pH environment, the pH-sensitive
-NH, groups protonate to -NH, ", and the surface becomes a positive charge?>*°. On the contrary, in the high
pH environment (low H' ion concentration), the ~-OH group on the surface is deprotonated to —-O~, and the
surface becomes a negative charge. Variations in the surface charge caused by pH variations induce a modulation
of electrical characteristics of the devices. In this experiment, a liquid-gate sensing was conducted to measure the
electrical characteristics of the devices by defining the area that contacts with the solution using PDMS wells®!.
The electrical characteristics of the film- and wire-type IGZO TFTs exposed to various pH solutions are shown
in Fig. 3b,c. In both film- and wire-type devices, drain current increased with increasing pH. This result is due to
the surface charge of IGZO becoming positive by protonation of aminosilane groups in high pH environment,
and these charges act as positive gate bias?®*°. As shown in the inset of Fig. 3b,c, the sensitivities of the film- and
wire-type devices were 27.6 and 45.4 mV/pH, respectively. The wire-type sensors have larger surface area com-
pared with the film-type ones, and this large surface area resulted in superior sensing characteristics to the change
of pH?. Figure 3d,e shows the representative response characteristics of the film- and wire-type sensors at pH that
ranges of 9 to 5. Both film- and wire-type sensors showed linear characteristics with respect to the pH change®%,
and the variations in normalized current of the wire-type sensor were larger than those of the film-type one.

Additionally, a glucose sensor was prepared by immobilizing glucose oxidase after surface treatment with
glutaraldehyde, which is a linker for bonding glucose oxidase with aminosilane groups. Glucose solutions with
various concentrations were prepared by dissolving D-glucose in 1x phosphate buffered saline (PBS) and sensing
was performed in the same manner as the pH sensing using glucose solutions. When glucose is exposed to glu-
cose oxidase, an enzymatic oxidation reaction occurs as follows*>**:
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Figure 3. (a) Schematic illustration of changes in the surface charge state of APTES-treated IGZO thin-films
according to the variation of pH. Electrical characteristic with various pH solutions of (b) film-type and (c)
wire-type IGZO sensors. Insets in b and ¢ shows the value of gate voltage at the drain current of 500 nA under
various pH conditions. Real-time response of the drain current of (d) film-type and (e) wire-type IGZO sensors
for the variation of pHs from 9 to 5.
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Figure 4. Real-time response of the drain current of (a) film-type and (b) wire-type IGZO sensors for the
glucose solution with various concentrations.

glucose oxidase

D-glucose 4 O, + H,0 gluconate + H" + H,0,

The amount of generated H" ions is varied with the concentration of the glucose, and the variation of H* ion
concentration influences the pH of the solution®. These variations of pH resulted in the modulation of electrical
characteristics of sensors. Figure 4 shows the real-time detection of drain current with various concentration
of glucose solution. Same as the pH sensing results, the wire-type device exhibited more changes in electrical
characteristics, and such result was attributed to the large surface area of the wire-type sensors compared with
film-type ones. In addition, to validate the selectivity of the glucose sensor, an additional experiment was con-
ducted to verify whether the device characteristics were changed by Na* ion. Figure S3 shows the current change
of wire-type sensor according to the 1x PBS solution with various NaCl concentration. There is little change to
the current under 1x PBS solution with additional 10 mM NaCl, and good selectivity against the Na™ ions of the
fabricated sensor was verified.

Finally, we fabricated wire-type IGZO TFTs on a flexible substrate. A schematic diagram and the electrical
characteristics of flexible TFTs are shown in Fig. 5. The flexible TFTs exhibited stable electrical characteristics
even at a bending radius of 10 mm (see Fig. 5b). This result come from the more resistive characteristics of the
nanostructure under mechanical stresses than the conventional film structure due to the preventing the extension
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Figure 5. (a) Schematic diagram of wire-type IGZO TFTs on a flexible substrate. (b) Transfer characteristics of
flexible wire-type IGZO TFTs measured in the bending state at various radii and (c) photograph of flexible wire-
type IGZO TFTs.

of cracks*. Therefore, wire-type devices showed highly robust characteristics against the mechanical stress and

can be used in flexible applications.

Conclusion

We successfully fabricated the wire-type IGZO TFTs using a cracked template based on a lift-off process. The
cracked template was readily formed by coating colloidal silica onto the substrate followed by drying; no addi-
tional treatment was required and the template was easily removed via ultrasonication. The width and density
of the wires which lead to the variation in electrical characteristics of wire-type IGZO TFTs were controlled by
modulating the spin-coating speed of the template solution or by stacking additional layers. Through surface
modification, the fabricated wire-type devices were applied to pH and glucose sensors. The wire-type sensors
showed higher sensitivity compared with the conventional film-type sensors in both pH and glucose sensing.
Since the surface area of wire-type sensor is larger than that of film-type sensor, the sensitivity improvement of
wire-type sensor was achieved. Wire-type TFTs were fabricated onto a flexible substrate using the same process;
the electrical characteristics were stable even when mechanical stress was applied. Our fabrication method can
be used not only to prepare ultrasensitive flexible sensors but also when interconnected wires are required; the
method is simple and cost-effective.

Methods

Device Fabrication. Two types of TFTs, rigid and flexible types were fabricated in this study. All TFTs
were of the bottom-gate bottom-contact structure. A heavily doped p-type Si wafer with a 120-nm-thick ther-
mal oxide layer was used as the substrate when fabricating rigid-type transistors. After cleaning the substrate, a
200-nm-thick indium tin oxide (ITO) layer (the S/D electrode) was deposited by radiofrequency (RF) magnetron
sputtering using a shadow mask. To make a hydrophilic surface, the substrate was irradiated with deep ultraviolet
(UV) light (185nm and 254 nm) and spin-coated with colloidal silica. After drying in air at room temperature
for 5 min, a 40-nm-thick IGZO layer was deposited via RF magnetron sputtering using a shadow mask. The tem-
plate was removed by ultrasonication in water. Residual water was blown off using nitrogen gas, and all devices
were annealed at 300 °C for 1h. The geometrical width and length of the TFT channel were 1,000 and 150 pum,
respectively.

For the fabrication of flexible type TFTs, a 20-um-thick polyimide (PI) film was formed on carrier glass and
SiN, and SiO, buffer layers deposited via plasma enhanced chemical vapor deposition (PECVD). A 60-nm-thick
Mo layer (the gate electrode) was deposited via RF magnetron sputtering and a 200-nm-thick SiO, layer (the gate
insulator) was fabricated via PECVD. Subsequent fabrication processes (S/D electrode deposition, active layer
formation, and annealing) were performed using the same methods as the fabrication of rigid TFTs.

Surface functionalization for glucose sensing. For surface silanization, fabricated IGZO TFTs were
immersed in an ethanol-based 5% APTES solution for 6 h and rinsed with ethanol. To conjugate a linker to the
amino groups of APTES, APTES-treated IGZO TFTs were soaked in a solution of 2.5% glutaraldehyde in 1x PBS
for 1h. After cleaning the samples using 1x PBS solution, immobilization of glucose oxidase on the surface of
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IGZO TFTs was conducted by dropping the glucose oxidase solution (10 mg of glucose oxidase in 1 mg of 1x PBS)
onto the IGZO TFTs. After 12h, finally, the samples were rinsed using 1x PBS solution.

Film and Device Characterization. Structural images were obtained using field-emission scanning elec-
tron microscopy (FE-SEM; JEOL-7800F) and OM (Olympus BX51). For FE-SEM, a thin Pt coating was applied to
all samples to enhance visibility of images. The electrical characteristics of the fabricated devices were measured
using an HP4156C semiconductor parameter analyzer in the dark at room temperature. g was calculated using
the following equation:

R

where C,,, L/'W, and G,,,, are the gate insulator capacitance per unit area, the ratio of length to width of the chan-
nel layer, and the maximum value of the gradient (G), which was calculated by differentiating the square root of
the I, by the gate voltage (V):

6= b

_6VG'

References
1. de Rie, D. et al. An integrated expression atlas of miRNAs and their promoters in human and mouse. Nat. Biotechnol. 35, 872-878
(2017).
2. Kim, S. J. et al. Low-cost label-free electrical detection of artificial DNA nanostructures using solution-processed oxide thin-film
transistors. ACS Appl. Mater. Interfaces 5, 10715-10720 (2013).
3. Soper, S. A. et al. Point-of-care biosensor systems for cancer diagnostics/prognostics. Biosens. Bioelectron. 21, 1932-1942 (2006).
4. Chen, H. et al. Quasi-two-dimensional metal oxide semiconductors based ultrasensitive potentiometric biosensors. ACS Nano 11,
4710-4718 (2017).
5. Lai, S. et al. Ultralow voltage, OTFT-based sensor for label-free DNA detection. Adv. Mater. 25, 103-107 (2013).
6. Jung, J. et al. Approaches to label-free flexible DNA biosensors using low-temperature solution-processed InZnO thin-film
transistors. Biosens. Bioelectron. 55,99-105 (2014).
7. Gao, W. et al. Fully integrated wearable sensor arrays for multiplexed in situ perspiration analysis. Nature 529, 509-514 (2016).
8. Imani, S. et al. A wearable chemical-electrophysiological hybrid biosensing system for real-time health and fitness monitoring. Nat.
Commun. 7, 11650 (2016).
9. Zhu, G., Yang, K. & Zhang, C.-Y. A single quantum dot-based biosensor for telomerase assay. Chem. Commun. 51, 6808-6811
(2015).
10. Guo, X. Single-molecule electrical biosensors based on single-walled carbon nanotubes. Adv. Mater. 25, 3397-3408 (2013).
11. Cai, B. et al. Ultrasensitive label-free detection of PNA-DNA hybridization by reduced graphene oxide field-effect transistor
biosensor. ACS Nano 8, 2632-2638 (2014).
12. Sarkar, D. et al. MoS$, field-effect transistor for next-generation label-free biosensors. ACS Nano 8, 3992-4003 (2014).
13. Fortunato, E., Barquinha, P. & Martins, R. Oxide semiconductor thin-film transistors: a review of recent advances. Adv. Mater. 24,
2945-2986 (2012).
14. Kamiya, T. & Hosono, H. Material characteristics and applications of transparent amorphous oxide semiconductors. NPG Asia
Mater. 2, 15-22 (2010).
15. Sheng, J., Jeong, H.-J., Han, K.-L., Hong, T. & Park, J.-S. Review of recent advances in flexible oxide semiconductor thin-film
transistors. J. Inf. Disp. 18, 159-172 (2017).
16. Lin, H.-C. et al. Deep ultraviolet laser direct write for patterning sol-gel InGaZnO semiconducting micro/nanowires and improving
field-effect mobility. Sci. Rep. 5, 10490 (2015).
17. Guo, Y., Van Bilzen, B., Locquet, J. P. & Seo, J. W. Formation of crystalline InGaO;(ZnO), nanowires via the solid-phase diffusion
process using a solution-based precursor. Nanotechnology 26, 495601 (2015).
18. Lee, S., Shin, J. & Jang, J. Top interface engineering of flexible oxide thin-film transistors by splitting active layer. Adv. Funct. Mater.
27, 1604921 (2017).
19. Felizco, J. C., Uenuma, M., Senaha, D., Ishikawa, Y. & Uraoka, Y. Growth of InGaZnO nanowires via a Mo/Au catalyst from
amorphous thin film. Appl. Phys. Lett. 111, 033104 (2017).
20. Du, X,, Li, Y. & Herman, G. S. A field effect glucose sensor with a nanostructured amorphous In-Ga-Zn-O network. Nanoscale 8,
18469-18475 (2016).
21. Lee, W. P. & Routh, A. E. Why do drying films crack? Langmuir 20, 9885-9888 (2004).
22. Ngo, A.-T,, Richardi, ]. & Pileni, M. P. Crack patterns in superlattices made of maghemite nanocrystals. Phys. Chem. Chem. Phys. 15,
10666-10672 (2013).
23. Han, B. et al. Uniform self-forming metallic network as a high-performance transparent conductive electrode. Adv. Mater. 26,
873-877 (2014).
24. Kim, Y.-G,, Tak, Y. J., Park, S. P, Kim, H. J. & Kim, H. J. Structural engineering of metal-mesh structure applicable for transparent
electrodes fabricated by self-formable cracked template. Nanomaterials 7, 214 (2017).
25. Chae, S. H. et al. Transferred wrinkled Al,O; for highly stretchable and transparent graphene-carbon nanotube transistors. Nat.
Mater. 12, 403-409 (2013).
26. Ye, S., Rathmell, A. R,, Chen, Z., Stewart, I. E. & Wiley, B. ]. Metal nanowire networks: the next generation of transparent conductors.
Adv. Mater. 26, 6670-6687 (2014).
27. Song, R. et al. An ultra-long and low junction-resistance Ag transparent electrode by electrospun nanofibers. RSC Adv. 6,
91641-91648 (2016).
28. Cheng, Y. et al. Mechanism and optimization of pH sensing using SnO, nanobelt field effect transistors. Nano Lett. 8, 4179-4184
(2008).
29. Rim, Y. S. et al. Printable ultrathin metal oxide semiconductor-based conformal biosensors. ACS Nano 9, 12174-12181 (2015).
30. Cui, Y., Wei, Q., Park, H. & Lieber, C. M. Nanowire nanosensors for highly sensitive and selective detection of biological and
chemical species. Science 293, 1289-1292 (2001).
31. Kim, J. et al. Fabrication of high-performance ultrathin In,O; film field-effect transistors and biosensors using chemical lift-off
lithography. ACS Nano 9, 4572-4582 (2015).

SCIENTIFICREPORTS | (2018) 8:5546 | DOI:10.1038/s41598-018-23892-4 6



www.nature.com/scientificreports/

32. Yamanaka, S. A. et al. Enzymatic activity of glucose oxidase encapsulated in transparent glass by the sol-gel method. Chem. Mat. 4,
495-497 (1992).

33. Luo, X.-L., Xu, J.-J., Zhao, W. & Chen, H.-Y. Glucose biosensor based on ENFET doped with SiO, nanoparticles. Sens. Actuator
B-Chem. 97, 249-255 (2004).

34. Caras, S. D, Petelenz, D. & Janata, J. pH-based enzyme potentiometric sensors. Part 2. Glucose-sensitive field effect transistor. Anal.
Chem. 57,1920-1923 (1985).

35. Lee, S., Jeong, D., Mativenga, M. & Jang, J. Highly robust bendable oxide thin-film transistors on polyimide substrates via mesh and
strip patterning of device layers. Adv. Funct. Mater. 27, 1700437 (2017).

36. Wu, H. et al. Electrospun metal nanofiber webs as high-performance transparent electrode. Nano Lett. 10, 4242-4248 (2010).

37. Kim, K. et al. Nanomaterial-based stretchable and transparent electrodes. J. Inf. Disp. 17, 131-141 (2016).

Acknowledgements
This work was supported by the National Research Foundation of Korea(NRF) grant funded by the Korea
government(MSIT) (No. 2017R1A2B3008719).

Author Contributions

Yeong-gyu Kim and Young Jun Tak designed the research; Yeong-gyu Kim and Hee Jun Kim conducted
experiments; Yeong-gyu Kim analyzed the results and wrote the manuscript; Young Jun Tak, Won-Gi Kim, and
Hyukjoon Yoo provided conceptual advice. The project was guided by Hyun Jae Kim. All authors reviewed the
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-23892-4.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

" | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:5546 | DOI:10.1038/s41598-018-23892-4 7


http://dx.doi.org/10.1038/s41598-018-23892-4
http://creativecommons.org/licenses/by/4.0/

	Facile fabrication of wire-type indium gallium zinc oxide thin-film transistors applicable to ultrasensitive flexible senso ...
	Results and Discussion

	Conclusion

	Methods

	Device Fabrication. 
	Surface functionalization for glucose sensing. 
	Film and Device Characterization. 

	Acknowledgements

	Figure 1 (a) Schematic diagram of the fabrication of wire-type indium gallium zinc oxide (IGZO) thin-film transistors (TFTs).
	Figure 2 Transfer characteristics of wire-type IGZO TFTs prepared (a) using various spin-coating speeds for template fabrication and (b) using various numbers of stacked layers.
	Figure 3 (a) Schematic illustration of changes in the surface charge state of APTES-treated IGZO thin-films according to the variation of pH.
	Figure 4 Real-time response of the drain current of (a) film-type and (b) wire-type IGZO sensors for the glucose solution with various concentrations.
	Figure 5 (a) Schematic diagram of wire-type IGZO TFTs on a flexible substrate.




