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SUMMARY: 
This protocol describes the fabrication of a one-piece indium–tin–oxide (ITO)-based ion-sensitive field-effect transistor (ISFET), which can be constructed as a solution-gated FET sensor (e.g., pH sensor) using a short and simple process (approximately half a day). This one-piece ITO-ISFET can also be applied to biosensing.

ABSTRACT: 
A simple and rapid method to fabricate a solution-gated one-piece indium–tin–oxide (ITO)-based ion-sensitive field-effect transistor (ISFET) (ITO-ISFET) for biosensing is presented in this report. Although ITO is a conductive oxide, it exhibits semiconducting properties at a depletion layer thickness of approximately 20 nm or less, making it suitable as the channel of a pH-sensitive solution-gated ISFET. Specifically, by etching the middle part of a conductive ITO single thin film with an acidic solution to make it ultrathin, a one-piece ITO-ISFET with a semiconductive channel can be fabricated. The source, drain electrodes, and channel are fully integrated without any interfaces. The ITO channel surface is then soaked in sample solutions with a reference electrode, enabling it to function as a solution-gated ISFET. Thus, the one-piece ITO-ISFET can be fabricated simply and rapidly using only sputtering followed by etching through a photolithography technique, with the sample solution conveniently serving as the gate.

INTRODUCTION: 
A solution-gated ion-sensitive field-effect transistor (ISFET) was proposed for detecting ions in biological environments1. In this device, an electrolyte solution induces the interfacial potential between the solution and the gate insulator instead of a metal gate in a metal-oxide-semiconductor (MOS) transistor, even though it is essential to use a reference electrode in the solution. A gate insulator is mostly composed of oxide or nitride membranes such as Ta2O5, Al2O3, SiO2, and Si3N4; therefore, hydroxyl groups at the oxide or nitride surface in a solution reach the equilibrium state with hydrogen ions through protonation (−OH + H+ ⇄ −OH2+) and deprotonation (−OH ⇄ −O– + H+) because the change in pH is detected from the change in the surface charge on the basis of the principle of the field effect2,3 (Supplementary Figure 1). This is why the original ISFET sensor is still utilized as a pH sensor. Such ISFET sensors mostly have a silicon substrate, but various semiconducting materials have recently been applied to pH-sensitive ISFET sensors, which require the gate insulator or channel surface in contact with the electrolyte solution to be covered by functional groups such as hydroxy groups, carboxy groups, and amino groups4–9.

Such a solution-gated ISFET, whose gate insulator or channel surface is modified with biologically or chemically active receptors, has been applied to portable biosensors, which can be built into some electronic devices10–12. This biologically coupled gate (channel) FET, often called bio-FET, must realize quantitative and selective biosensing by detecting charges of biomolecules or ions included in body fluids. In addition, various low-dimensional materials have recently been utilized to enhance the sensitivity of bio-FETs, such as MoS2, WSe213,14, graphene15,16, and Si nanowires17,18. However, the complexity associated with the structure and fabrication processes has hindered the widespread usage of low-dimensional bio-FETs since they usually require disparate materials for the channel, source/drain electrodes, and gate-insulating film. 

Our previous work revealed that a one-piece sheet of indium tin oxide (ITO) can work as a two-dimensional (2D)-like bio-FET on the basis of the fact that ITO, which is a conductive oxide, becomes semiconductive when its thickness is as small as ∼20 nm19–22. By etching the middle part of a conductive ITO single thin film with an acidic solution to make it ultrathin, which enables the fabrication of the one-piece ITO with a semiconductive channel, the source and drain electrodes and channel without any interfaces can be fully integrated21,22. Then, the ITO channel surface is soaked in sample solutions with a reference electrode, thus functionalizing as a solution-gated ITO-ISFET. The solution-gated one-piece ITO-ISFET shows a steeper subthreshold slope (SS), which is mainly attributed to the direct contact of the ITO channel surface with a sample solution, compared to a conventional solution-gated silicon-based ISFET (Supplementary Figure 1B). This means that a relatively large electric double-layer capacitance at the ITO channel/solution interface acts as a dominant factor that determines SS19–22. Moreover, the solution-gated one-piece ITO-ISFET shows pH responsivity in accordance with a chemical thermodynamic relationship (i.e., Nernst equation)4,19,21. The ITO channel surface, which is in contact with an aqueous solution, conveniently has hydroxy groups that maintain an equilibrium state with hydrogen ions with positive charges, depending on pH, in the same manner as other oxide or nitride membranes2,3. Furthermore, by functionalizing the solution-gated one-piece  ITO-ISFET, it was possible to detect biomolecules such as viruses and DNA molecules20,22.

This article describes a simple and rapid way to fabricate a solution-gated one-piece ITO-ISFET for biosensing. In particular, photolithography and etching processes for the fabrication are simply used, and then an electrolyte solution is added to the ITO channel surface with a reference electrode; that is, a sample solution serves as a solution gate electrode. Therefore, the solution-gated one-piece ITO-ISFET works as a pH sensor obtained by the fabrication process that takes only half a day.

PROTOCOL: 
The reagents and the equipment used in this study are listed in the Table of Materials.

1. Fabrication of one-piece ITO-ISFET (Figure 1A)

1.1. Patterning of OFPR-800 

1.1.1. Wash the glass substrate (12 mm × 26 mm) by sonication in acetone, methanol, and water for 5 min each. Then, dry the substrate with an N2 gas blower and subsequently bake it at 110 °C on a hot plate for longer than 5 min to dry the substrate completely. 

1.1.2. Spin-coat the glass substrate with an OFPR-800 layer at 500 rpm for 5 s and 3000 rpm for 30 s. Check for uniformity of coating.  

1.1.3. Prebake the substrate at 110 °C on a hot plate for 5 min. Then, cool the substrate to room temperature.

1.1.4. Put the photomask film on the photoresist-coated side of the substrate and fix it with tape (Supplementary Figure 2A).

1.1.5. Expose the substrate to UV (200 W) for 40 s in a photolithography machine. 

NOTE: Exposure time depends on the equipment used and is based on the required dose of photoresist. 

1.1.6. Take the substrate out of the photolithography machine and remove the photomask.

1.1.7. Develop the photoresist in NMD-3 for 1 min and ensure that the photoresist forms a sharp pattern. Then, wash the substrate by dipping it in water. 

1.1.8. Dry the substrate by blowing N2 gas. Then, post-bake the substrate on a hotplate at 110 °C for 5 min. 

1.2. Deposition of ITO

1.2.1. Fix the substrate on a substrate holder with tape and introduce it into the vacuum chamber of a sputtering machine.

1.2.2. Pump down the sputtering chamber below 10-3 Pa.

1.2.3. Deposit ITO (In2O3 90 wt% and SnO2 10 wt%) to a thickness of ~100 nm by radio frequency sputtering at 4 nm/min under Ar gas (0.2 Pa) without heating.

1.3. Patterning of  SU-8 (Figure 1B)

1.3.1. Lift off the photoresist by sonication in acetone, methanol, and water for 5 min each. Ensure that no small fragments of ITO remain on the substrates. If the contamination seems severe, wipe with a clean wiper and then clean the substrate by sonication again.

1.3.2. Blow the substrate with an N2 gas blower. Then, bake the substrate at 110 °C on a hot plate to completely dry the substrate.

1.3.3. Spin-coat the glass substrate with an SU-8 3005 layer at 500 rpm for 5 s and 6000 rpm for 30 s. Check for uniformity of coating.

1.3.4. Prebake the substrate at 95 °C on a hot plate and subsequently cool the substrate to room temperature.

1.3.5. Put the photomask film on the photoresist-coated substrate and fix it with tape (Supplementary Figure 2B).

1.3.6. Expose the substrate to UV (200 W) for 7 s. Then, take the substrate out of the photolithography machine and remove the photomask. 

1.3.7. Postbake the substrate at 65 °C for 2 min and 95 °C for 5 min.

1.3.8. Develop the photoresist in the SU-8 developer for 3 min under strong agitation. Then, wash the substrate in 2-propanol for 1 min. Ensure that the photoresist is fully developed.

1.3.9. Dry the substrate by blowing N2 gas. 

1.4. Formation of semiconductive ITO channel by etching (Figure 1C)

1.4.1. Prepare 0.1 M hydrochloric acid (HCl). 

1.4.2. Connect the source and drain electrodes, as shown in Figure 1B, to a semiconductor parameter analyzer. 

1.4.3. Select Classic Test tab and then select I/V-t Sampling.

1.4.4. Set a sampling interval to 0.5 s.

1.4.5. Apply a voltage of 1 V between the source and drain electrodes and determine the initial current (IDS0). 

1.4.6. Place a drop of the prepared HCl solution (30 µL) onto the exposed ITO channel area. Ensure that the drop fully covers the channel area.

1.4.7. Monitor the change in conductivity by monitoring the current between the source and drain electrodes. Continue the etching until the current decreases to 10% of IDS0. 

1.4.8. Immediately rinse the ITO channel with deionized water to stop the etching as soon as the etching current ratio reaches 10% of IDS0 to control the ITO channel thickness (~10–20 nm). This is regarded as a one-piece transistor with no interfaces among the source, channel, and drain electrodes.

1.4.9. Gently blow N₂ gas to dry the one-piece transistor using an N₂ gas blower.

1.4.10. Store the devices in a vacuum desiccator until measurement.

2. Electrical measurements of one-piece ITO-ISFET 

2.1. Set up of the electrical measurement system

2.1.1. Connect the source and drain electrodes of the one-piece transistor to the semiconductor parameter analyzer via a test fixture. 

2.1.2. Place a silicone O-ring around the ITO channel surface as a well into which a sample is placed. 

2.1.3. Add 30 µL of phosphate buffer (PB, pH 7.41) or other standard pH buffer solutions (pHs 4.01, 6.86, 7.41, and 9.18) carefully into the silicone O-ring to ensure direct contact between the solution and the ITO channel surface. This solution serves as the gate electrolyte.

2.1.4. Insert an Ag/AgCl reference electrode in a saturated KCl solution, which is connected to the gate electrolyte by a salt bridge.

2.1.5. Connect the Ag/AgCl reference electrode to the semiconductor parameter analyzer, which works as the gate electrode.

2.1.6. Turn on the B1500A and start the EasyEXPART software, then open Workspace.

2.2. IDS–VGS transfer characteristics

2.2.1. Select Classic Test tab and then select I/V Sweep.

2.2.2. Connect the source electrode to the ground. 

2.2.3. Set the parameter to apply a constant drain voltage (VDS) of 1 V.

NOTE: The potential of each electrode should be -1 V – 1 V to avoid electrolysis of water.

2.2.4. Set the sweep range of gate voltages (VGS) to -0.8 V – +0.8 V and the sweep rate to approximately 50 mV/s. 

NOTE: The sweep rate can be controlled by setting the “number of steps” to 141 and the “delay” to 10 mV, and the “A/D converter” to HR ADC in the PLC mode (Factor: 2).

2.2.5. Set the number of iterations to 10 cycles, and use the data obtained from the last cycle for analysis. Simultaneously, the leak current between the source and gate electrodes (IGS) is obtained.

2.2.6. Start measurement.

NOTE: All measurement data is automatically saved in the “Results” tab.

2.3. IDS–VDS transfer characteristics 

2.3.1. Set VGS to change sequentially from 0 V to 0.8 V at 0.1 V intervals. 

2.3.2. Set VDS for each VGS to sweep from 0 V to 1 V at 0.01 V intervals.

2.3.3. Start measurement.

2.4. Follow-up steps

2.4.1. Remove the O-ring and rinse the channel surface with deionized water. Then, dry the one-piece ITO device by blowing N2 gas. 

2.4.2. Store the device in a vacuum desiccator. 

REPRESENTATIVE RESULTS: 
Figure 2A shows the change in current (IDS0) measured during etching. IDS0 remained almost constant around 800 s after the start of etching. With further etching, IDS0 began to decrease rapidly. This indicates that the thickness of the ITO film decreased, which was approaching the thickness of the depletion layer in the ITO film19; thereby, electrons as carriers began to be affected in the channel by the surface potential, and the conductivity decreased.

The etching time was controlled to obtain IDS0, which is approximately 3%–90% of the initial IDS0; that is, the ITO channel thickness was changed by controlling the rate of decrease in IDS0. For all the devices, the transistor characteristics were measured in PB at room temperature. Among them, for instance, the solution-gated one-piece ITO-ISFET, which was obtained by controlling IDS0 to be 10% of the initial IDS0, that is, at the ITO channel thickness of 14 nm measured using a white light interferometer (Figure 2B), exhibited the good transistor properties of an n-type semiconductor (Figures 3A,C). In particular, this device exhibited a steep SS of about 80 mV/decade (inset of Figure 3A), which was close to the thermal limit of 60 mV/decade at 25 °C, and IGS was about 1/10000 of IDS even when the channel was in direct contact with the electrolyte solution (Figure 3B). This high IDS/IGS ratio indicates the potential applications of this device to the highly sensitive measurement of biomolecules in a subthreshold region, where IGS would be negligible. Thus, the devices fabricated in this study show high performance as solution-gated FETs and have potential biosensing applications. Moreover, Figure 4 shows the relationship between the on/off ratios and the channel thickness measured using a white light interferometer. As mentioned above, the ITO channel thickness was changed by controlling the rate of decrease in IDS0 such that IDS0 is in the range of approximately 3%–90% of the initial IDS0. As one of the semiconductive properties, the on/off ratios of VGS = -0.8 V–0.8 V were obtained when the film thickness was smaller than 20 nm. On the other hand, we tried to set the etching time of the ITO film (~100 nm) to that at which a channel of 14 nm thick was obtained, which corresponded to the thickness shown in Figure 3B. However, the time required to etch could not be precisely fixed because it may have depended on slight differences in various factors such as the initial thickness, the flow rate of the etchant, and the crystallinity of ITO films. Therefore, controlling the decrease rate in etching current (i.e., IDS0) should be the best way to control the etching time for the semiconductive channel. However, the optimization of the fabrication process is required for scaling up. 

In the future, experimental errors should be reduced by transitioning to a wafer-by-wafer process by controlling some parameters, such as sputtering time and etchant flow rate, as in semiconductor manufacturing. In addition, 20 sensors were fabricated in a batch with a decreased rate in etching, which was controlled to obtain IDS0, which was about 10% of the initial IDS0. Of these sensors, approximately 80% worked well as pH sensors and biosensors. The reason why the other sensors did not work well to obtain the data was mainly because of the etching process. In particular, the SU-8 resist was patterned before forming the channel by etching, but a part of the residual resist occasionally hindered the etching process, although such failures may also have been caused by our manual process.

Moreover, the ITO channel surface behaved as a pH-sensitive membrane, similarly to other oxide membranes. Figure 5A shows the IDS–VGS transfer characteristics measured on the basis of the change in pH using the one-piece ITO-ISFET immediately after etching. Indeed, VGS shifted at a constant IDS with the change in pH (~51 mV/pH). In addition, the one-piece ITO-ISFETs stored in deionized water for 5 days and 16 days showed relatively larger pH responses (~56–59 mV/pH) than the device used before wet storage, that is, the pH responsivity approached the ideal Nernstian response (59.2 mV/pH at 25 °C), as shown in Figure 5B. In other words, the pH sensitivity was maintained even in the wet storage for 16 days. This is probably because the density of the hydroxy group at the ITO channel surface that interacts with hydrogen ions in the equilibrium state increased during wet storage, which is in agreement with both X-ray photoelectron spectroscopy and Fourier transform infrared spectroscopy  measurements23. 

FIGURE LEGENDS: 

Figure 1: Formation of the ITO channel. (A) Patterning of conductive ITO thin film. (B) Patterning of channel and source/drain electrodes. (C) Formation of the semiconductive ITO channel by etching.

Figure 2: Monitoring of the etching process and post-etching ITO thickness measurement. (A) Change in current during etching. (B) Thickness of the ITO device measured using a white light interferometer after etching (10% of IDS0).

Figure 3: Electrical characteristics of the device with etching terminated at 10% of IDS0. (A) IDS–VGS transfer characteristic with semilogarithmic inset. (B) IDS–VDS transfer characteristic. (C) IGS–VGS transfer characteristic.

Figure 4. Ratio of On/Off state IDS and channel conductivity at different channel thicknesses. Ratio of IDS at the on state (VGS = 0.8 V) to that at the off state (VGS = –0.8 V), and channel conductivity measured at various channel thicknesses (VGS = 0.8 V).

Figure 5: pH sensitivity of one-piece ITO-FET. (A) IDS–VGS transfer characteristics after etching, which were measured in buffer solutions at pHs 4.01, 6.86, 7.41, and 9.18. The inset shows the calibration curve for pH sensitivity, which was evaluated as the change in VGS at a constant IDS of 10 μA. (B) Trend of pH sensitivity of one-piece ITO-ISFETs on days 0 (50.1 mV ± 1.6 mV, n = 8), 5 (58.3 mV ± 2.9 mV, n = 7), and 16 (55.1 mV ± 12 mV, n = 3) (wet storage). Error bars represent the standard error determined from the number of experiments. The figure is reused from Nishimura et al.23.

Supplementary Figure 1: Fundamental electrical properties of a conventional solution-gated silicon-based ion-sensitive field-effect transistor. Fundamental electrical properties of a conventional silicon-based ion-sensitive field-effect transistor (ISFET). Ta2O5/SiO2 film was used as the gate insulator, which was directly contacted with electrolyte solutions. (A) IDS–VGS transfer curve (VDS = 1 V) in the phosphate buffer solution (pH 7.41). The electrical measurement was performed at VDS = 1 V in the phosphate buffer solution (pH 7.41). (B) IDS–VGS transfer curve with logarithmic scale for IDS shown in (A). (C) Real-time monitoring of interfacial potential between electrolyte solution and gate insulator measured using a source-follower circuit. pH was varied from 4.01 to 9.18. (D) Calibration curve for pH sensitivity based on the data obtained in (C).

Supplementary Figure 2: Design of photomasks. (A) A photomask used for patterning glass substrates before ITO deposition. (B) A photomask used for exposing only a channel region (width (W) of 340 μm and length (L) of 30 μm) and source/drain (S/D) ends.

DISCUSSION: 
According to the above protocol, the one-piece ITO-ISFET can be fabricated as a solution-gated FET sensor (e.g., pH sensor) through a short and simple process (approximately half a day). ITO exhibits semiconducting properties at a depletion layer thickness of approximately 20 nm or less, making it suitable as the channel of a pH-sensitive solution-gated ISFET.

By etching the middle part of a conductive ITO single thin film with an acidic solution to make it ultrathin, a one-piece ITO-ISFET with a semiconductive channel can be fabricated, wherein the source, drain electrodes, and channel are fully integrated without any interfaces. The ITO channel surface is then soaked in sample solutions with a reference electrode, enabling it to function as a solution-gated ISFET.

However, the etching time cannot be precisely fixed, as it may depend on slight variations in factors such as the initial thickness, the flow rate of the etchant, and the crystallinity of ITO films. Therefore, controlling the rate of decrease in etching current is considered the most effective method for determining the appropriate etching time for the semiconductive channel.

The resulting one-piece ITO-ISFET lacks interfaces among the source, channel, and drain electrodes, which may otherwise degrade sensor performance. Sample solutions, such as biological fluids, when combined with a reference electrode, can act as the gate electrode in the transistor structure. A relatively large electric double-layer capacitance at the ITO channel/solution interface significantly influences SS, while the hydroxy groups present on the ITO channel surface in solution render it highly responsive to pH, similar to other oxide membranes.

Additionally, the steep SS in the one-piece ITO-ISFET enables highly sensitive detection of biomolecules such as DNA²². Thus, the one-piece ITO-ISFET, fabricated via a simple and rapid method, is applicable to various biosensing applications.
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