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Accepted: 17 July 2015 Racently, growing interest in implantable bionics and biochemical sensors spurred the research
Published: 14 August 2015 : for developing non-conventional electronics with excellent device characteristics at low operation
: voltages and prolonged device stability under physiological conditions. Herein, we report high-
performance aqueous electrolyte-gated thin-film transistors using a sol-gel amorphous metal oxide
semiconductor and aqueous electrolyte dielectrics based on small ionic salts. The proper selection
of channel material (i.e., indium-gallium-zinc-oxide) and precautious passivation of non-channel
areas enabled the development of simple but highly stable metal oxide transistors manifested by
low operation voltages within 0.5V, high transconductance of ~1.0mS, large current on-off ratios
over 107, and fast inverter responses up to several hundred hertz without device degradation even
in physiologically-relevant ionic solutions. In conjunction with excellent transistor characteristics,
investigation of the electrochemical nature of the metal oxide-electrolyte interface may contribute to
the development of a viable bio-electronic platform directly interfacing with biological entities
in vivo.

. Sol-gel derived amorphous metal-oxide (MO,) semiconductors have been intensively studied for a
* variety of applications including displays!™, sensors>¢, memories”®, and photovoltaics®!! with a recent
. empbhasis on flexible transparent electronics'?-'%. In certain areas of device applications, this class of elec-
tronic materials can now compete with or outperform silicon due to their unique attributes, for instance,
low-temperature and solution processability'®'7, high optical transparency'*'®, and film uniformity?, in
addition to excellent electrical properties. Despite the in-depth understanding of material and device
properties, MO,-based electronic materials still have unexplored potential for unconventional device
applications such as in vivo biochemical sensors and implantable human-machine interfaces which
gradually gain technological as well as social interests'®->’. Nonetheless, water-stable high-performance
electronics employing aqueous salt environments has not been developed and charge transport at the
water-metal oxide interface mimicking physiological salt conditions in human body has not been sys-
tematically investigated yet.
Electrolyte-gated thin-film transistor (EGTFT) is a type of thin-film transistors in which various
forms of electrolyte-containing dielectrics are employed as a gate-insulating medium. The areal capaci-
tances of typical dielectric materials used in conventional TFTs are in the range of 0.005~0.5uF cm™2,
which are determined and thus limited by their thickness and dielectric constant®®. On the other hand,
. the electrolyte-based electrical double layers (EDLs) exhibit exceptionally large areal capacitance typically
. larger than 10 uF cm~2 with no virtual dependence on dielectric film thickness*-*. In a simplified model,
. an EDL is analogous to a conventional two parallel-plate capacitor where highly-dense surface charges on

solid electrode and oppositely-charged ions in liquid electrolyte are aligned at the phase interface with an
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angstrom-scale spacing®-?’. This feature underlines efficient carrier accumulation at the active channel
and low-voltage operation in a variety of EGTFTs*-.

Frisbie?”, Dasgupta®, Iwasa®, and Zaumseil® groups successfully demonstrated low-voltage MO,
EGTFTs using ionic liquids or polymeric electrolytes although some of these TFTs exhibit substantial
performance degradation during prolonged operation in ambient conditions. Despite the abovemen-
tioned potential of water-stable high-performance electronics, there have been very few studies on
MO, EGTFTs stably operating in aqueous salt solutions due to degradation in oxide material itself or
device®***, In parallel, a similar type of water-compatible TFTs or organic electrochemical transistors
(OECTs) employing organic semiconductors*'~** or conducting polymers®*-*" (e.g., PEDOT:PSS) have
been under intensive research for eventual applications in the biomedical system. However, typical
OECTs in aqueous ionic solutions exhibit several drawbacks including relatively small current on-off
ratios, high leakage currents, slow dynamic responses, and narrow operation voltage window which are
attributed to the distinct operation mechanism based on ion permeation and consequent electrochemical
reactions at the polymer-electrolyte interface®.

In this study, we report low-voltage EGTFTs using a sol-gel derived amorphous indium gallium
zinc oxide (IGZO) semiconductor and various aqueous solutions of common ionic salts. The DC and
frequency-dependent impedance characteristics of the resultant water-based EGTFT devices are compre-
hensively investigated, particularly focusing on the influence of various aqueous electrolyte conditions on
the charge accumulation at the water-metal oxide interface. With the proper passivation of non-channel
areas and judicious selection of electrolyte solution, the optimized structure of EGTFTs and their device
characteristics are discussed in the following from the perspective of potential usage under physiologi-
cally relevant ionic conditions for the future bionics application.

A schematic of EGTFT using sol-gel indium-gallium-zinc-oxide (IGZO) and aqueous salt solutions
is illustrated in Fig. la with the actual photographic image (Fig. 1b). First, unlike typical sol-gel metal
oxide TFTs which are constructed in a bottom-gate top-contact configuration, a top-gate bottom-contact
configuration was adopted in this study so that the final device structure can support a liquid form
of gate dielectric material on top of channel layer and avoid the direct contact between source/drain
electrodes and electrolyte solution. Moreover, Au/Cr patterns and a gold-coated tungsten tapered tip
(shank diameter ~0.5mm) were used as source/drain contact to attain efficient charge injection from
oxide-free metal surface to semiconducting channel and gate electrode to minimize faradaic gate leakage
current via effective polarization at the metal-electrolyte interface, respectively. Subsequently, UV-curable
epoxy passivation layer was patterned on top of the IGZO channel in order to avoid electrical short
between source/drain lead lines and an aqueous salt solution as well as to define a reservoir well for
salt-containing liquid.

Figure 1c shows the representative transfer curves of IGZO EGTFTs operated in DI water and various
salt solutions. All the transfer curves exhibit typical n-type characteristics indicated by charge accumula-
tion at positive gate biases (V). DI water-gated TFTs show impressive device characteristics, i.e. opera-
tion voltages below 0.5V, current on-off ratios of 107, threshold voltage of 0.15V, and subthreshold swing
of 74mV dec™!, even without additional electrolyte in water. More remarkably, high transconductance
(AI,/AVy) above 0.5 mS and large on-current level in the order of 0.1 mA (Vg, V= 0.5V) verify efficient
field-effect current modulation and excellent current driving capability in this TFT structure, respectively.
Considering that there are no faradic peaks in cyclic voltammograms within the £0.5V (Figure S1),
the low off-state current and thus very high on-off current ratio benefit from the electrochemical inac-
tivity at the IGZO-water interface (vide infra) unlike OECT where ion penetration into the channel layer
plays an important role in channel current modulation®.

To investigate the effect of ionic species on aqueous EGTFT characteristics, aqueous solutions of
1.0M sodium chloride (NaCl), potassium chloride (KCI), and potassium bromide (KBr) were used for
gate electrolyte solutions. Note that Nat, K*, and Cl~ ions were selected because they are the most
abundant monovalent jons in human body fluid*® and all of the used inorganic salts are expected to be
fully dissociated in water. By switching the dielectric medium from DI water to aqueous ionic solutions,
the corresponding TFT transfer plots exhibit the improved figure-of-merits as revealed by enhanced
transconductances, close-to-zero threshold voltages, reduced subthreshold swings, and negligible hyster-
esis (Fig 1d-f, and S2). The extents of performance enhancement at the same salt concentration were very
similar to each other, which indicates that extra ions added into DI water contribute to more effective
charge accumulation at the channel regardless of the type of cation or anion. The origin of abnormal
off-state current behaviour in EGTFT employing aqueous KBr dielectric remains speculative and needs
to be further investigated. The operational stability of EGTFTs was examined by periodically applying
positive and negative gate biases (Vg=+0.3V [on] or —0.3V [off] when V,=0.5V and At=1s) over
1000 cycles. As shown in Fig. 1g, the recorded time-varying drain currents remained close to the initial
value, indicating that there was no significant oxide film dissolution or device performance degradation
for ~10°s, which corresponds to the minimum settle-down time required in the potential application for
sensing very small amount of biological analytes®.

Subsequently, the electrical characterization of IGZO-EGTFTs with different KCI concentrations was
performed to investigate the effects of small ion concentration on the transconductance (g,,) of the
devices. As shown in Fig. 2a,b, the on-state channel currents in transfer and output curves increased with
higher concentration of KCI solutions. Clearly-defined linear and saturation regimes in the output plots
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Figure 1. Electrolyte-gated IGZO thin film transistors (IGZO-EGTFTs) using various aqueous
dielectrics. (a) A schematic of aqueous salt EGTFT structure composed of a quartz substrate, source and
drain Au/Cr electrode patterns, an IGZO semiconducting layer, an SU-8 passivation well for electrical
isolation and solution reservoir containing pure water or salt solutions as dielectric media (from bottom to
top). (b) A photographic image of completed IGZO-EGTFT device arrays on a quartz substrate.

(c) Representative transfer curves of IGZO EGTFTs using various solutions at V, = +0.5 V. (Black, red,
green, and blue lines correspond to DI water, KCI, NaCl, and KBr salt solutions, respectively). Average values
of (d) maximum transconductance (defined as g,, =AI,/AV,), (e) threshold voltage, and (f) subthreshold
swings (S.S.); error bars denote standard deviations over 10 device measurements. (g) Drain current versus

time (log scales) plot obtained every 1s at +0.3V and —0.3V of alternating gate biases with +0.5V of a
constant drain voltage over 10° cycles.
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Figure 2. Electrical characteristics of IGZO-EGTFT at different salt concentrations. Representative

(a) transfer (at Vp=0.5V) and (b) output curves (at V;=0.5V) of IGZO-EGTFTs employing KCl solutions
with various concentrations (from 0 to 2.0M). (c) Statistical distributions of maximum transconductance
extracted from 50 different IGZO-EGTFT devices. Average values of (d) threshold voltage, and

(e) subthreshold swing; error bars denote standard deviations over 10 devices.

were observed with negligible parasitic leakage. The statistical analysis of maximum transconductance
shows that the enhancement of channel current became more prominent with the higher KCl concen-
tration in gate dielectric media (Fig. 2¢). In contrast, threshold voltage (V) and subthreshold swing
(S.S.) followed the different trend; once these metrics slightly decreased upon introducing ionic salts in
DI water dielectric, they remained almost invariant regardless of the actual ionic concentration increase
(Fig 2d,e).

To further investigate the correlation between device characteristics of aqueous IGZO EGTFTs and
electrochemical properties at the IGZO-water interface, we performed electrochemical impedance spec-
troscopy (EIS) on coplanar-type Au/electrolyte/Au and Au/electrolyte/IGZO/Au devices. Then, the exper-
imental results were analysed using an equivalent circuit model. As shown in Bode plot, the increased
ionic concentration pushed the capacitive plateau toward higher cut-off frequency by the reduced series
resistance (Rs) of bulk electrolyte solution (Fig. 3a). The concomitant shift of the real-axis intercept in
the Nyquist plot became more prominent with the increased ionic concentration for the same reason
(Fig. 3b). Furthermore, the absence of distinguishable circles as well as almost vertical straight lines in
Nyquist plots confirms that parallel resistance component (Rp) should be very high due to minimized
faradaic current or inefficient charge transfer reactions on the oxide surface. All the EIS measurements
indicate that these aqueous electrolyte devices are mainly dominated by the capacitive behaviour of EDL
while the bulk solution resistance is very small and the IGZO surface is electrochemically inert. Note that
such a simple phase angle behaviour close to —90 degrees over a large frequency range is in clear con-
trast to the ZnO EGTFTs using ionic liquids showing complicated frequency responses®*2. Accordingly,
the areal capacitance of EDL (Cgp;) at the Au-electrolyte and IGZO-electrolyte interfaces was calculated
directly from the imaginary component (Z”) in the measured EIS data (See Supplementary Information
for the detailed information, Figure S3 and S4). All the extracted metrics at different ion concentra-
tions and the electrical parameters of corresponding EGTFTs are listed in Table 1. Cyp; of the Au sur-
face increased up to 30uF cm~2 with higher ionic contribution, however, the extracted TFT mobilities
remained almost constant (~9cm?/Vs) regardless of ion type and concentration in aqueous dielectric
media. Interestingly, these mobility values are comparable to those of sol-gel MOx TFTs using different
solid dielectrics reported in the previous literature'?-'6, verifying that the aforementioned high transcon-
ductance in aqueous IGZO EGTFTs stems from the efficient charge carrier accumulation mediated by
the high EDL capacitance without damage in the semiconducting channel even in the presence of water
and small ionic species.

As a proof of time-varying device application, the resistor-loaded inverter was electrically character-
ized. Fig. 4a shows output voltage (Voyr) of the given inverter in response to the input voltage (Vyy) at dif-
ferent KCl concentrations (Vpp=0.5V). The maximum voltage gain (dVqy/dVyy), 3.77 was measured at
Vx near 0.23V (Figure S5). Furthermore, the increased ionic strength enabled steeper voltage turn-down,
which is predominantly attributed to the enhanced current driving capability. On the other hand, the shift
in voltage transition point corresponds to that of the threshold voltage. Fig. 4b shows the representative
dynamic inverter responses to the 10-Hz square-wave input signal. The observed maximum operation
frequency was several hundred Hz while their operational stability remained up to 8hours (Figure S6
and S7). The rising edges of the Vyy curves show a clear spread of response dynamics and, therefore, the
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Figure 3. Electrochemical impedance analysis of IGZO/Electrolyte/Au structure. (a) Phase-frequency
plots for Au/salt-solution/IGZO/Au structures. The inset shows an equivalent circuit model composed of
series and parallel resistances and a capacitor. (b) Nyquist plots at high-frequency regime showing the real
(2) and imaginary (Z”) parts of impedance. The near-vertical straight lines indicate that there is almost
no faradaic reaction on oxide surface. The inset shows magnified Nyquist plots at low impedance region
indicating that series resistance or bulk solution resistance decreased with increased KCI concentration.

(c) An illustration of EDLs formed at IGZO and Au surface interfacing with an aqueous salt solution. The
negatively (positively) charged surface exhibits an inner Helmholtz plane (IHP) of compact water layer and
an outer Helmholtz plane (OHP) of diffusive hydrated cation (anions) layer.

signal delay parameter (7) was extracted at different ion concentrations. By using an exponential rising
model, the first positive half-period (¢ from 0 to 50 ms) was fitted into the equation (1).,

b P[‘i] (1)

where Vi is output voltage, Vpp is driving voltage, and 7 is characteristic time constant which corre-
sponds to the time required for Vyyr to reach 64% of Vpp The calculations presented in Fig. 4c con-
firm the validity of the exponential model by the linear behaviours from all data sets and therefore
each slope is unambiguously extracted and, in turn, converted to 7 as a function of KCI concentration
(Fig. 4d). With increasing salt concentration, characteristic time constant decreased, and, once the salt
concentration is above 1.0 M, this number was ultimately converged to <2ms. The faster response of
inverter at higher ionic concentration is in full agreement with the static transistor behaviour and EIS
results presented above. Since the IGZO channel performance is virtually invariant to the ionic concen-
tration in dielectric media, aqueous electrolytes are solely responsible for the dynamic response shown
in Fig. 4d. The increased ion concentration induces the reduction in solution resistance and the increase

Vour (t) = Vpp
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Dielectric Capacitance Lsar Vo O

Semiconductor medium [F/cm?] [em?V-1s7!] [v] [mS] Lon/off, Max
Water 14.63 10.15 0.15 0.519 4.5x% 10°

KClI (0.1M) 25.52 9.22 0.14 0.817 2.2 x 107

1GZO KClI (0.5M) 27.87 8.74 0.15 0.844 1.2 x 107
KClI (1.0M) 28.35 7.90 0.17 0.724 4.8 x 107

KCI (2.0M) 30.12 10.82 0.16 1.086 1.4 x 107

KCI (1.0M) 28.35 7.90 0.17 0.724 4.8 x 107

1GZO NaCl (1.0M) 28.46 8.15 0.19 0.705 8.9 x 107
KBr (1.0M) 26.01 8.15 0.17 0.700 2.7 x 10°

1GZO PBS 30.12 10.21 0.18 0.968 2.1 x 107

Table 1. A summary of electrical characteristics of IGZO EGTFTs under various aqueous dielectric
conditions. Field-effect mobilities were measured in a saturation regime [at V= 0.5V, W/L =200 pm/
20pum]. All data were averaged over 10 devices.

in interfacial capacitance (Fig. 3), and, thereby, enables faster charging/discharging in response to alter-
nating Vyy pulses, which suggests the dramatic decrease in time constant (1) in the presence of aqueous
electrolytes.

So far, we demonstrated that aqueous IGZO EGTFTs support excellent charge transport effectively
modulated by both static and dynamic gate biases via EDL-mediated capacitive effect. To our knowledge,
these EGTFTs are located in the top rank of the figure-of-merit table (i.e., operation voltage, transcon-
ductance, current on-off ratio) in comparison with various types of EGTFTs using other types of gate
dielectric electrolyte (Table S1 and Figure S8). Compared with fully-dissociated pure ionic liquid, aque-
ous ionic solutions with 0.1-2.0 M concentration contain much smaller number of solvated ions (e.g.,
Naf, K, and CI7), however, they exhibit equivalent or higher EDL capacitance, possibly, due to the
smaller size and higher mobility of salt ions leading to more compact EDL formation. Furthermore,
the improved TFT performance compared with OECTs using the same type of aqueous salt solutions
as a dielectric medium is attributed to higher carrier mobilities of metal oxide semiconductor and the
absence of ion-mediated electrochemical reactions at the water-IGZO interface.

Finally, to examine the compatibility of aqueous IGZO EGTFTs with physiological salt and pH con-
ditions, a phosphate buffered saline (PBS) solution was employed for gate dielectric medium. PBS is an
isotonic buffer solution (pH ~7.4) where osmolality and ion concentrations (e.g., Na*, K*, CI', phosphate,
and etc.) were set to those inside human body, and, therefore, is conventionally used as a model solution
for various cell viability and protein handling experiments. Fig. 5a,b show representative transfer and
output curves of IGZO EGTFTs using PBS dielectric. These devices stably functioned under physiologi-
cally relevant jonic concentrations and exhibited very high transconductances (~1.0mS) and exception-
ally large on-off current ratios (>107) with small hysteresis (Table 1). This observation also supports
that both IGZO EGTFT device itself and operation in water were not significantly affected by isotonic
salt condition and phosphate ion existence, which is the most abundant anion in intracellular fluid of
human. Finally, the alternating gate bias test (Vo=-+0.3V [on] or —0.3V [off], V,=0.5V, At=15s)
and the statistical analysis of TFT characteristics confirm the prolonged (>10%s) operational stability
unlike thin silicon or other metal oxide devices which are slowly dissolved under similar aqueous salt
conditions (Fig. 5¢-f)324041,

In summary, we demonstrate very stable high-performance electrolyte-gated thin-film transistors using
sol-gel amorphous IGZO semiconductor and aqueous salt dielectrics (KCl, NaCl, KBr ions in water, and
PBS solution) showing sub-0.5V operation, high on-off current ratio, excellent transconductance, and
clear pinch-off behaviour. We expect that such an excellent electrical performance and long-term opera-
tional stability (up to 8hrs) of the aqueous IGZO EGTFTs may contribute to the development of future
human-friendly bio-electronics such as reusable/in-vivo biochemical sensors and implantable bionics.

Methods

Preparation of IGZO precursor solution. Indium nitrate hydrate (In(NOs);x(H,0)), gallium
nitrate hydrate (Ga(NO;);x(H,0)), and zinc acetate dehydrate (Zn(CH;COO),-2(H,0)) were purchased
from Sigma-Aldrich. All precursors were dissolved in a 2-methoxyethanol solvent with molar concentra-
tions of 0.085:0.0125:0.0275 for indium, gallium, and zinc precursors. The solution was vigorously stirred
for 12h at 75°C before use.

Preparation of ionic salt solutions. Distilled water was prepared by Water Purification System
(Human RO 280, DAIHAN) showing 3p.S/cm of resistivity and 7.3 of pH value. KCl, NaCl, and KBr
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Figure 4. Resistor-loaded EGTFT inverters operated under aqueous salt conditions. (a) Static behaviours
of resistor (50k(2) loaded IGZO EGTFT (W/L =200pm/20um) inverters with different aqueous KCl
concentrations (from 0.1 to 2.0 M) with Vp, set to 0.5V. (b) Dynamic output characteristics of EGTFT
inverters in response to the square wave input (10 Hz) depending on different salt concentrations.

(c) Semi-log plots of [-(Voyr/ Vpp—1)] versus time drawn as a validity proof of exponential rise behaviour.
(d) Extracted time constant as a function of KCI concentration. Represented data sets are labelled as follows;
black: D.I. water, red: 0.1 M, green: 0.5M, blue: 1.0 M, violet: 2.0 M of KCl solution.

powders were purchased from Sigma-Aldrich. Each ionic salt was dissolved in purified DI water and
stirred for 1h before use. PBS solution was purchased from Gibco-BRL (Gaithersburg, MD, USA).

EGTFT device fabrication. TGBC TFTs and coplanar capacitors were fabricated on pre-cleaned
quartz substrates. Gold electrodes were patterned by the conventional photolithography, metal evapora-
tion, and lift-oft processes with the channel width and length defined as 200 and 20 pum, respectively. An
IGZO solution was filtered through a 0.2jum PTFE syringe filter and spun on Au-patterned substrates at
3500 rpm for 30s. After annealing on a hot plate at 350°C for 1h, the resultant oxide films were photo-
lithographically patterned for individual channel isolation. SU-8 photoresist (4 pm thick) was spin-coated
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Figure 5. Electrical characteristics of IGZO-EGTFTs operated in a PBS solution. (a) Representative
bidirectional sweep of transfer curves (red), square-root of channel current (blue), and gate leakage current
(gray) at Vp=+0.5V. (b) output curves at different gate biases (0 to +0.5V with a 0.1V step). (c) Drain
current versus time (log scales) measured at every 1s with alternating gate biases of +0.3 and —0.3V and a
constant drain bias of +0.5V of over 10° cycles. Statistical distributions of (d) maximum transconductance
(8momax)> () threshold voltage (V1) and (f) subthreshold swing (S.S.).

(5000 rpm, 40s), annealed, and patterned for passivation. Water or ionic salt solutions were added into
the devices while the gate-contact Au probe was immersed for device measurement.

Electrical characterisation. TFT characterization and EIS analysis were performed at room temper-
ature in ambient conditions with Keithley 4200 semiconductor parametric analyzer and potentiostats/
galvanostats (Autolab, Holland), respectively.

References
1. Kamiya, T. & Hosono, H. Material characteristics and applications of transparent amorphous oxide semiconductors. NPG Asia
Mater. 2, 15-22 (2010).
2. Park, J. S., Maeng, W.-]., Kim, H.-S. & Park, J.-S. Review of recent developments in amorphous oxide semiconductor thin-film
transistor devices. Thin Solid Films 520, 1679-1693 (2012).
3. Fortunato, E., Barquinha, P. & Martins, R. Oxide Semiconductor Thin-Film Transistors: A Review of Recent Advances. Adv.
Mater. 24, 2945-2986 (2012).
4. Nathan, A, Lee, S., Jeon, S. & Robertson, J. Amorphous Oxide Semiconductor TFTs for Displays and Imaging. J. Disp. Technol.
10, 917-927 (2014).
5. Jung, H. et al. Electrical responses of artificial DNA nanostructures on solution-processed In-Ga-Zn-O thin-film transistors with
multistacked active layers. ACS Appl. Mater. Interfaces 5, 98-102 (2013).
6. Liu, X. et al. Transparent, High-Performance Thin-Film Transistors with an InGaZnO/Aligned-SnO2-Nanowire Composite and
their Application in Photodetectors. Adv. Mater. 26, 7399-7404 (2014).
7. Kim, S., Moon, H., Gupta, D., Yoo, S. & Choi, Y.-K. Resistive Switching Characteristics of Sol-Gel Zinc Oxide Films for Flexible
Memory Applications. IEEE Trans. Electron Devices 56, 696-699 (2009).
8. Yang, J.-B. et al. Dual operation characteristics of resistance random access memory in indium-gallium-zinc-oxide thin film
transistors. Appl. Phys. Lett. 104, 153501 (2014).
9. Kim, J. Y. et al. New Architecture for High-Efficiency Polymer Photovoltaic Cells Using Solution-Based Titanium Oxide as an
Optical Spacer. Adv. Mater. 18, 572-576 (2006).
10. Jose, R., Thavasi, V. & Ramakrishna, S. Metal Oxides for Dye-Sensitized Solar Cells. . Am. Ceram. Soc. 92, 289-301 (2009).
. Sun, Y, Seo, J. H., Takacs, C. J., Seifter, J. & Heeger, A. J. Inverted Polymer Solar Cells Integrated with a Low-Temperature-
Annealed Sol-Gel-Derived ZnO Film as an Electron Transport Layer. Adv. Mater. 23, 1679-1683 (2011).
Kim, M.-G., Kanatzidis, M. G., Facchetti, A. & Marks, T. ]. Low-temperature fabrication of high-performance metal oxide thin-
film electronics via combustion processing. Nat. Mater. 10, 382-388 (2011).

12.

SCIENTIFIC REPORTS | 5:13088 | DOI: 10.1038/srep13088 8



www.nature.com/scientificreports/

13. Banger, K. K. et al. Low-temperature, high-performance solution-processed metal oxide thin-film transistors formed by a ‘sol-gel
on chip’ process. Nat. Mater. 10, 45-50 (2011).

14. Kim, Y.-H. et al. Flexible metal-oxide devices made by room-temperature photochemical activation of sol-gel films. Nature 489,
128-132 (2012).

15. Rim, Y. S. et al. Simultaneous modification of pyrolysis and densification for low-temperature solution-processed flexible oxide
thin-film transistors. J. Mater. Chem. 22, 12491-12497 (2012).

16. Lin, Y.-H. et al. High-Performance ZnO Transistors Processed Via an Aqueous Carbon-Free Metal Oxide Precursor Route at
Temperatures Between 80-180 °C. Adv. Mater. 25, 4340-4346 (2013).

17. Klauk, H. Organic Electronics: Materials, Manufacturing, and Applications. Wiley-VCH (2006).

18. Hosono, H. Transparent Oxide Semiconductors: Fundamentals and Recent Progress, in Transparent Electronics: From Synthesis
to Applications (eds A. Facchetti & T. J. Marks), John Wiley & Sons, Ltd, Chichester, UK. (2010).

19. Kim, D.-H. et al. Dissolvable films of silk fibroin for ultrathin conformal bio-integrated electronics. Nat. Mater. 9, 511-517
(2010).

20. Kim, S. H. et al. Electrolyte-Gated Transistors for Organic and Printed Electronics. Adv. Mater. 25, 1822-1846 (2013).

21. Benfenati, V. et al. A transparent organic transistor structure for bidirectional stimulation and recording of primary neurons.
Nat. Mater. 12, 672-680 (2013).

22. Kergoat, L. et al. A Water-Gate Organic Field-Effect Transistor. Adv. Mater. 22, 2565-2569 (2010).

23. Cramer, T. et al. Water-gated organic field effect transistors—opportunities for biochemical sensing and extracellular signal
transduction. J. Mater. Chem. B 1, 3728-3741 (2013).

24. Cramer, T. et al. Organic ultra-thin film transistors with a liquid gate for extracellular stimulation and recording of electric
activity of stem cell-derived neuronal networks. Phys. Chem. Chem. Phys. 15, 3897-3905 (2013).

25. Khodagholy, D. et al. High transconductance organic electrochemical transistors. Nat. Commun. 4, 2133 (2013).

26. Khodagholy, D. et al. In vivo recordings of brain activity using organic transistors. Nat. Commun. 4, 1575-1579 (2013).

27. Yao, C,, Li, Q., Guo, J., Yan, E. & Hsing, I.-M. Rigid and Flexible Organic Electrochemical Transistor Arrays for Monitoring
Action Potentials from Electrogenic Cells. Adv. Healthc. Mater. 4, 528-533 (2014).

28. Livingston, J. D. Electronic Properties of Engineering Materials. John Wiley & Sons, New York, (1999).

29. Hong, K., Kim, S. H., Lee, K. H. & Frisbie, C. D. Printed, sub-2V ZnO Electrolyte Gated Transistors and Inverters on Plastic.
Adv. Mater. 25, 3413-3418 (2013).

30. Dasgupta, S., Kruk, R., Mechau, N. & Hahn, H. Inkjet Printed, High Mobility Inorganic-Oxide Field Effect Transistors Processed
at Room Temperature. ACS Nano 5, 9628-9638 (2011).

31. Yuan, H. et al. High-Density Carrier Accumulation in ZnO Field-Effect Transistors Gated by Electric Double Layers of Ionic
Liquids. Adv. Funct. Mater. 19, 1046-1053 (2009).

32. Thiemann, S., Sachnov, S., Porscha, S., Wasserscheid, P. & Zaumseil, ]. Ionic Liquids for Electrolyte-Gating of ZnO Field-Effect
Transistors. J. Phys. Chem. C 116, 13536-13544 (2012).

33. Naim, A. A. & Grell, M. Electron transporting water-gated thin film transistors. Appl. Phys. Lett. 101, 141603 (2012).

34. Singh, M. et al. Bio-sorbable, liquid electrolyte gated thin-film transistor based on a solution-processed zinc oxide layer. Faraday
Discuss 174, 383-398 (2014).

35. Toney, M. E et al. Voltage-dependent ordering of water molecules at an electrode-electrolyte interface. Nature 368, 444-446 (1994).

36. Ataka, K., Yotsuyanagi, T. & Osawa, M. Potential-Dependent Reorientation of Water Molecules at an Electrode/Electrolyte
Interface Studied by Surface-Enhanced Infrared Absorption Spectroscopy. J. Phys. Chem. 100, 1066410672 (1996).

37. Velasco-Velez, ].-]. et al. The structure of interfacial water on gold electrodes studied by x-ray absorption spectroscopy. Science
346, 831-834 (2014).

38. Forbes, G. B. & Lewis, A. M. Total sodium, potassium and chloride in adult man. J. Clin. Invest. 35, 596-600 (1956).

39. Arlett, J. L., Myers, E. B. & Roukes, M. L. Comparative advantages of mechanical biosensors. Nat. Nanotechnol. 6, 203-215
(2011).

40. Hwang, S.-W. et al. A Physically Transient Form of Silicon Electronics. Science 337, 1640-1644 (2012).

41. Kang, S.-K. et al. Dissolution Behaviors and Applications of Silicon Oxides and Nitrides in Transient Electronics. Adv. Funct.
Mater. 24, 4427-4434 (2014).

Acknowledgements

This research was supported by Basic Science Research Program through the National Research Foundation
of Korea (NRF) funded by the Ministry of Science, ICT & Future Planning (NRF-2013R1A1A1076103),
and also by the Center for Advanced Soft-Electronics funded by the Ministry of Science, ICT and Future
Planning as Global Frontier Project (2011-0031639), South Korea.

Author Contributions

M.-H.Y. planned and supervised the project, S.P. designed and performed the overall experiments. S.L.,
W.-J.L. and S.K. assisted experiments. C.-H.K. and ].-H.J. gave conceptual advice on the experiments
and discussions. I. Lee and B.-G.Lee gave advice on dynamic inverter response measurements. M.-H.Y.,
S.P. and C.-H.K. analysed and interpreted the data and prepared the manuscript. All of the authors
participated in discussions throughout the project.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Park, S. et al. Sub-0.5 V Highly Stable Aqueous Salt Gated Metal Oxide
Electronics. Sci. Rep. 5, 13088; doi: 10.1038/srep13088 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

CEE i mages or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:13088 | DOI: 10.1038/srep13088 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Sub-0.5 V Highly Stable Aqueous Salt Gated Metal Oxide Electronics

	Methods

	Preparation of IGZO precursor solution. 
	Preparation of ionic salt solutions. 
	EGTFT device fabrication. 
	Electrical characterisation. 

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Electrolyte-gated IGZO thin film transistors (IGZO-EGTFTs) using various aqueous dielectrics.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Electrical characteristics of IGZO-EGTFT at different salt concentrations.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Electrochemical impedance analysis of IGZO/Electrolyte/Au structure.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Resistor-loaded EGTFT inverters operated under aqueous salt conditions.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Electrical characteristics of IGZO-EGTFTs operated in a PBS solution.
	﻿Table 1﻿﻿. ﻿  A summary of electrical characteristics of IGZO EGTFTs under various aqueous dielectric conditions.



 
    
       
          application/pdf
          
             
                Sub-0.5 V Highly Stable Aqueous Salt Gated Metal Oxide Electronics
            
         
          
             
                srep ,  (2015). doi:10.1038/srep13088
            
         
          
             
                Sungjun Park
                SeYeong Lee
                Chang-Hyun Kim
                Ilseop Lee
                Won-June Lee
                Sohee Kim
                Byung-Geun Lee
                Jae-Hyung Jang
                Myung-Han Yoon
            
         
          doi:10.1038/srep13088
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep13088
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep13088
            
         
      
       
          
          
          
             
                doi:10.1038/srep13088
            
         
          
             
                srep ,  (2015). doi:10.1038/srep13088
            
         
          
          
      
       
       
          True
      
   




