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Abstract

:

This study proposes a bidirectional chemical sensor platform using ambipolar double-gate ion-sensitive field-effect transistors (ISFET) with microwave-assisted Ni-silicide Schottky-barrier (SB) source and drain (S/D) on a fully depleted silicon-on-insulator (FDSOI) substrate. The microwave-assisted Ni-silicide SB S/D offer bidirectional turn-on characteristics for both p- and n-type channel operations. The p- and n-type operations are characterized by high noise resistance as well as improved mobility and excellent drift performance, respectively. These features enable sensing regardless of the gate voltage polarity, thus contributing to the use of detection channels based on various target substances, such as cells, antigen-antibodies, DNA, and RNA. Additionally, the capacitive coupling effect existing between the top and bottom gates help achieve self-amplified pH sensitivity exceeding the Nernst limit of 59.14 mV/pH without any additional amplification circuitry. The ambipolar FET sensor performance was evaluated for bidirectional electrical characteristics, pH detection in the single-gate and double-gate modes, and reliability in continuous and repetitive operations. Considering the excellent characteristics confirmed through evaluation, the proposed ambipolar chemical sensor platform is expected to be applicable to various fields including biosensors. And through linkage with subsequent studies, various medical applications and precision detector operations for specific markers will be possible.
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1. Introduction


Owing to the frequent incidence of global pandemics, medical care is garnering extensive attention among researchers. Hence, sensors based on various detection technologies are being introduced, such as antibody-coated virus sensors, label-free electrochemical sensors, and field-effect transistor (FET)-based biosensors [1,2,3]. Biosensors have great potential for detecting disease markers and microorganisms in clinical diagnoses and point-of-care (PoC) detection, and have therefore been used for monitoring in biomedical, environmental, industrial, and agricultural applications. Among the different types of biosensing systems available, the FET-type biosensor is one of the most attractive electrical biosensors. Several FET-based biosensors have been developed to study the biomolecular interactions that drive biological responses of in vitro and in vivo systems [4,5]. Furthermore, ion-sensitive FETs (ISFETs) are the most common type of biosensors and are highly advantageous owing to their fast measurement capabilities, easy operation with a small amount of the sample, label-free sensing, low cost owing to CMOS process compatibility, and compact or portable instrumentation [6,7]. However, despite these advantages, ISFETs cannot be commercialized owing to their relatively low sensitivity because of the Nernst limitation (~59.14 mV/pH at room temperature) [6,8]. To overcome this issue, many studies have attempted to increase the sensitivities of ISFETs [9,10]. In particular, the double-gate (DG) sensing mode of ISFETs can amplify sensitivity through capacitive coupling considering the capacitances of the gate electrodes positioned above and below the thin-film channel without additional amplifying circuitry [11]. Meanwhile, the increase in series resistance and capacitance of the source/drain (S/D) junction of the ISFET due to miniaturization and integration of biomedical sensors can limit rapid biosignal responses, which are important for understanding S/D formation in early diagnosis and improved therapy in the future [12,13]. Typically, S/D formation is achieved via high-dose ion implantation and high-temperature activation annealing processes. However, this method is complicated and can cause defects owing to lattice damages caused by the implanted ions [14,15]. Conversely, the Schottky-barrier (SB) S/D using metal-based silicide has a simpler process compared to conventional impurity doping and can hence reduce the series resistance further [14]. Among the transition metal silicides, Ni-silicide exhibits a low resistance, low process temperature, low Si consumption, and significantly lower resistance degradation in a narrow line. Additionally, it can achieve ambipolar switching behaviors because it is a midgap metal that is used as in standard metal contacts for both n- and p-type MOSFETs [16,17]. The ambipolar switching characteristic has two operating regions that are turned on depending on the polarity of the gate bias, which is advantageous in many applications [18,19,20].



Therefore, in this study, we propose a bidirectional chemical sensor platform based on an ambipolar DG ISFET and a separated extended-gate (EG) structure. Considering that p-type MOSFETs have almost two orders of magnitude lower noise than n-type MOSFETs, p-type ISFETs are preferable for reducing noise. Conversely, n-type ISFETs exhibit higher mobility and improved drift performances [21,22]. The proposed ambipolar ISFET has a unique advantage: it can operate as a p-type device when high noise immunity is required and as an n-type device when improved mobility or drift performance is required. Furthermore, to achieve excellent ambipolar switching properties, Ni-silicide was formed using high-efficiency microwave irradiation (MWI) with a low thermal budget [23,24]. Thus, we successfully implemented a bidirectional chemical sensor platform capable of pH sensing for both positive and negative gate voltage (VG) polarities. Additionally, we used the EG structure to prevent direct contact between the gate dielectric of the ISFET and analytes to improve immunity to nonideal effects and the lifetime of the transducer. The transducer performance was further evaluated by measuring the transfer and output characteristics of the fabricated DG ambipolar ISFET. We also evaluated the pH sensitivity in the conventional single-gate (SG) and proposed DG sensing modes to amplify sensitivity by itself without needing additional amplification circuitry. The nonideal effects, such as hysteresis and drift, were evaluated to verify the sensor stability during repetitive and continuous operations. With its simple process and bidirectional operation, the proposed chemical sensor platform is expected to be a promising candidate for detecting specific markers in various applications.




2. Materials and Methods


2.1. Fabrication of the Ambipolar DG ISFET and EG Unit


The proposed ambipolar DG ISFETs were fabricated on a silicon-on-insulator (SOI) substrate comprising a 100-nm-thick p-type top Si layer doped with 1 × 1015 cm−3 and a 200-nm-thick buried oxide layer. After removing the surface contaminants of the SOI substrate through RCA cleaning, the upper Si layer was etched with 2.38 wt.% tetramethylammonium hydroxide (TMAH) solution to prepare a 60-nm-thick, fully depleted SOI substrate. The active area of a FET transducer of length (L) and width (W) 20 µm and 10 µm, respectively, was defined by photolithography and plasma reactive ion etching (RIE) using SF6 gas.



After depositing a 150-nm-thick Ni layer using an electron beam evaporator, Ni was selectively left in the S/D region through a lift-off process. Then, using a 600 W MWI source for 2 min in an N2 ambient, Ni-silicide, which is a key material for bipolar switching, was formed [25]. Unreacted Ni was removed using a sulfur peroxide mixture (SPM) for 10 min. As the top-gate insulator, a 70-nm-thick SiO2 layer was deposited using an RF magnetron sputtering system. A 150-nm-thick Al film was deposited with an e-beam evaporator, followed by photolithography and wet etching by H3PO4 to form a top-gate electrode. The buried oxide layer of the SOI substrate serves as the bottom-gate insulator of the FET. Additionally, a 150-nm-thick Al film was deposited on the backside of the SOI substrate to form the bottom-gate electrode. After the local opening of the S/D contact for the holes in the top gate-oxide layer, a forming gas (H2:N2 = 5%:95%) annealing was performed for 30 min at 450 °C to improve the electrical characteristics of the ISFET.



Meanwhile, a separate EG unit was prepared to prevent deterioration owing to direct contact between the buffer solution and gate insulator of the FET transducer, which was fabricated on a 1.5 × 3 cm2 glass substrate. A 300-nm-thick indium tin oxide (ITO) conductive layer and a 50-nm-thick SnO2 sensing film were sequentially deposited on the glass substrate using an RF magnetron sputtering system. This layer acts as a receptor for the surface potential change and transfers the applied potential change. After the formation of the sensing layer, polydimethylsiloxane (PDMS) reservoir was attached with silicone glue for injecting the pH buffer solution. Figure 1 shows the schematic of the ambipolar DG ISFET and EG unit.




2.2. Characterization of the Fabricated Ambipolar DG ISFET


We evaluated the electrical properties of the fabricated bidirectional chemical sensor platform using an Agilent 4156B precision semiconductor parameter analyzer. The device was placed in a dark box to exclude optical and electrical interferences from the external environment. For the pH response analysis, a commercial ceramic-plug junction-type Ag/AgCl electrode (Horiba 2080-06T) with an internal solution AgCl-saturated KCl electrolyte was used as the reference electrode. In this experiment, we defined a reference voltage (VREF) at the ID of 100 pA (read current, IR) to quantify the amount of transfer characteristics (VG–ID) curve shift depending on the pH value of the buffer solution. Furthermore, the hysteresis and drift effects were measured, which indicated reliability degradation from repetitive and continuous operations. The hysteresis width voltage (VH) was determined from the VREF difference between the initial and final pH states in the loop path of pH 7 → 4 → 7 → 10 → 7. Additionally, the drift effect monitored the modulation of VREF when the SnO2 sensing membrane was exposed to a pH 7 buffer solution for 10 h.




2.3. Signal Amplification of the Ambipolar DG ISFET


For an ISFET with a DG structure, the sensing operation can be performed in either the SG mode, which measures the pH (or biosignal) of the target analyte using the top-gate electrode (reference electrode), or the DG mode, which measures the signal of the target analyte with the bottom-gate electrode. In the SG sensing mode, the bottom-gate electrode is grounded, and VG is swept for the top-gate electrode. At this time, the EG unit and reference electrode are located at the top-gate electrode, as shown in Figure 2a. Therefore, the shift of the VG–ID curve is determined only by the surface potential of the sensing membrane. The modulation of VREF in the top-gate operation (  Δ  V  REF  T   ), which quantitatively represents the degree of VG–ID curve shift, can be expressed as


  Δ  V  R E F  T  = − Δ φ  



(1)







The pH sensitivity is limited to 59.14 mV/pH at room temperature owing to the site binding theory [8,26]. Therefore, the detection accuracy will be poor if the difference in concentrations is not significant. Similarly, in the DG sensing mode, the EG unit and reference electrode are connected to the top-gate electrode, and VG is swept for the bottom-gate electrode, as shown in Figure 2b. In this case, the pH sensitivity may exceed the sensitivity limit owing to the capacitive coupling effect between the top- and bottom-gate dielectric layers and is expressed as


  Δ  V  R E F  B  = −    C  t o x      C  b o x     Δ φ =    C  t o x      C  b o x     Δ  V  R E F  T   



(2)




where the modulation of VREF in the bottom-gate operation (  Δ  V  REF  B   ) is amplified by the capacitance ratio of the top to bottom gate dielectric layers [9,10,27]. Ctox and Cbox are the top- and bottom-gate dielectric capacitances, respectively.   Δ  V  REF  B    and   Δ  V  REF  T    are the reference voltage modulations of the top and bottom gates, respectively. In this study, considering that the top- and bottom-gate dielectrics are the same as SiO2, Equation (2) can be expressed according to the thickness ratio of the top- to bottom-gate dielectrics as


  Δ  V  R E F  B  = −    t  b o x      t  t o x     Δ  V  R E F  T   



(3)




where ttox and tbox are the thicknesses of the top- and bottom-gate dielectrics, respectively.





3. Results and Discussion


3.1. Evaluation of the Ni-Silicide S/D Region for Ambipolar DG ISFET


Ni-silicide is a typical midgap metal used in both NMOS and PMOS FETs, which enables ambipolar switching operations. In this study, a Ni-silicide SB S/D was formed with a low thermal budget through high-efficiency energy transfer of microwaves to implement an ambipolar DG ISFET with excellent electrical characteristics. Furthermore, to determine the optimal Ni-silicide formation conditions by MWI, we evaluated the electrical properties and crystallinity of the Ni-silicide layer based on microwave power. Figure 3a shows the sheet resistance (Rs) of the Ni-silicide layer under various microwave power conditions measured using a four-point probe. The MWI process for Ni silicidation was performed in an N2 ambient for 2 min, and the Rs was measured before and after removing the unreacted Ni using an SPM. Before SPM etching, because of the remaining Ni layer, all samples exhibited low Rs. Conversely, in the absence of MWI, the unreacted Ni was completely eliminated after SPM etching, which resulted in high Rs. However, above 250 W, the Rs decreases significantly after treatment with SPM and Ni-silicide formation is realized, whereas at 500 W, the decrease in Rs is almost saturated. It is worth noting that 600 W of MWI exhibits the lowest Rs. Therefore, 600 W was determined as the optimal condition in terms of resistance, thermal budget, and power consumption. Figure 3b shows the crystallinity of the characterized Ni-silicide layer by X-ray diffraction (XRD) analysis. The XRD pattern of the as-deposited Ni film showed peaks at (111) and (200) corresponding to pure Ni crystals. Conversely, after the silicidation process, several other peaks were observed. At a low microwave power of 250 W, a Ni-silicide peak corresponding to (310) was observed, indicating silicide formation. Meanwhile, several strong peaks corresponding to (211), (220), (310), (221), and (301) appeared above 500 W. Accordingly, we verified that Si and Ni reacted to form high-quality Ni-silicide through MWI treatment exceeding 500 W [28,29]. From the above results, an MWI of 600 W, which provides the lowest Rs and good crystallinity, was used for the Ni-silicide SB S/D formation in the fabrication of the ambipolar DG ISFET. Figure 3c shows the characterization of Schottky contact of S/D. The characteristic evaluation was performed through Schottky diodes. In the case of as-deposited Ni film, the rectification characteristics of the diodes are hardly exhibited due to the low on-current and high leakage current due to interfacial defects between the Si and unreacted Ni layers. On the other hand, in the Ni silicide junction diodes in which the silicide reaction occurred by 600 W MWI process, clear rectification characteristics of high on-current and low leakage current were observed.




3.2. Electrical Characteristics of the Ambipolar DG ISFET with Ni-Silicide SB S/D


The electrical characteristics of the FET transducer play an essential role in the pH sensing operation; hence, we measured the transfer characteristic (VG–ID) curves during the top- and bottom-gate operations to verify these characteristics. Figure 4 shows the electrical characteristics of the proposed device. Figure 4a shows the VG–ID curves for the top- and bottom-gate operations in the p- and n-regions, respectively. The drain voltages were −50 mV and 50 mV for the p- and n-regions, respectively. It is seen that the fabricated device exhibits distinct ambipolar conduction behaviors for the top- and bottom-gate operations. Furthermore, changing the polarity of the gate bias can cause the FET to behave as a p-type or an n-type channel. Additionally, the top gate allows a larger drive current compared to the bottom gate considering that the top-gate oxide is thinner than the bottom-gate oxide. Figure 4b shows the output characteristics (VD–ID) curves for the top- and bottom-gate operations in the p- and n-regions, respectively. For both the top- and bottom-gate operations, the drain current (ID) exhibited a pinch-off characteristic that increased linearly in the low drain voltage (VD) region before gradually saturating in the high VD region. Based on these transfer and output characteristics, we can confirm that the ambipolar DG FET transducer with Ni-silicide SB S/D was well-formed by the 600 W MWI process.




3.3. pH Sensing Performance of the Ambipolar DG ISFET


Generally, pH sensitivity is determined by the changes in the surface potential (Δφ) per unit pH value, where φ is defined by the ion concentration in the pH buffer solution, given as [8,26]:


  φ = 2.303   k T  q  (   β  β + 1    )   p  H  p z c   − p H      



(4)




where k is the Boltzmann constant, T is the absolute temperature, q is the elementary charge, pHpzc is the pH value at the point of zero charge, and β is the chemical sensitivity of the gate dielectric. Figure 5 shows the VG–ID curves of the ambipolar DG ISFET for different pH buffer solutions. The pH values of the buffer solutions used for the measurements were 3.07, 4.08, 5.99, 6.95, 8.97, and 9.87. Figure 5a,b show the sensing properties of the p and n regions in the SG sensing mode, respectively. In both cases, as the pH of the buffer solution increased, the transfer characteristic curve shifted toward the positive VG direction. Figure 5c,d show the shift of the VG–ID curve in the DG sensing mode. In this case, despite the same sensing membrane, the shift of the transfer curve is larger than that in the SG sensing mode. This indicates that the pH sensitivity is highly dependent on the transducer performance and quality of the sensing membrane. Since the DG ISFET is capacitively coupled between the top- and bottom-gate electrodes, it can self-amplify the sensitivity according to Equation (3) without the need for any additional amplification circuitry.



Figure 6 shows the shift in the reference voltage (ΔVREF) for the p and n regions as a function of the pH value. Herein, VREF was determined at a constant read drain current (IR) of 100 pA. The SG-mode pH sensitivities of the ambipolar sensor were 58.8 and 58.7 mV/pH in the p and n regions, respectively. According to the site coupling theory, the ISFET exhibits a low sensitivity of 59.14 mV/pH, whereas the proposed ambipolar sensor exhibits a sensitivity close to the Nernst limit in the SG sensing mode. Conversely, in the DG sensing mode, the pH sensitivities increased by approximately 3 times compared to those in the SG sensing mode. The extracted pH sensitivities were 177.5 and 175.0 m V/pH for the p and n regions, respectively; this magnification is almost identical to the potential increase by the amplification factor, ttox/tbox, in Equation (3).




3.4. Reliability and Stability of the Ambipolar DG ISFET


As both the pH sensitivity and reliability of the fabricated ambipolar ISFETs must be ensured for repeated and continuous operations, we evaluated the hysteresis and drift effects to derive the reliability in the SG and DG sensing modes. Figure 7 shows the hysteresis width voltage (VH) measurements when the sensing membrane undergoes a gradual change in the pH buffer solution. The sensing membrane of the EG unit comprises hydroxy groups, which are capable of capturing or releasing hydrogen ions. Although the surface of the sensing membrane is capable of fast bonding to hydrogen ions, the bulk exhibits slower bonding. This results in the degradation of reliability during the repetitive operation, called the hysteresis effect [30,31,32]. Measurements were conducted for a total of 50 min at intervals of 2 min and 10 min per buffer solution. The VH values obtained in the pH loop of 7 → 4 → 7 → 10 → 7 were 5.8 mV and 4.2 mV for the p and n regions, respectively, for the SG sensing mode and 8.6 mV and 5.1 mV, respectively, for the DG sensing mode.



During continuous operation for a long period, a hydration layer is formed on the surface of the sensing film, which diffuses ions of the electrolyte into the sensing membrane to alter its properties [30,33]. This results in a drift phenomenon accompanied by significant noise, which is considered a critical obstacle. Figure 8 shows the drift effect measurement when the EG is immersed in a pH 7 buffer solution for 10 h. The drift rates were 23.0 and 14.1 mV/h in the p and n regions, respectively, for the SG sensing mode and 30.2 and 18.3 mV/h, respectively, for the DG sensing mode. Although the differences in the drift rates were insignificant, the n-type operation was better compared to the p-type operation. As in the case of the hysteresis voltage, the drift rates of the SG and DG modes were much smaller than the sensitivities. The ratios of drift rate to sensitivity were 39.12% and 24.02% in the SG mode and 17.01% and 10.46% in the DG mode, respectively. These results mean that changing from the SG to DG mode increases the sensitivity by 201.87% and 198.13% and drift rates by only 31.3% and 29.79%, respectively. This indicates that in both the p and n channels, the stability and reliability are higher in the DG mode than in the SG mode owing to high sensitivity.



Table 1 summarizes the pH sensing performances of the proposed ambipolar DG ISFETs. The fabricated device exhibits amplified sensitivity depending on the capacitance ratio of the top- to bottom-gate electrodes. Specifically, it is worth noting that the increase in nonideal behavior is significantly lower than the amplification of sensitivity, which indicates that the proposed bidirectional chemical sensor platform is capable of amplification with guaranteed reliability and stability, along with operating as a p-type device with good noise resistance or an n-type device with good mobility and drift performance.



Finally, the ISFET inverter is considered as a potential application of the proposed bipolar ISFET. However, there are some applications where analog details are not required, and simply determining whether the chemical concentration or pH is above or below a certain threshold is sufficient. In particular, for DNA sequencing where a “yes”/”no” answer to the pH change is sufficient, an ISFET inverter can determine whether a chain extension reaction has occurred [34,35]. Fabricating a typical ISFET inverter requires a CMOS process where n-type and p-type dopants are implanted and activated. This process is complex and time-consuming, resulting in high fabrication costs. However, the proposed ambipolar ISFET does not require doping of the n-type and p-type impurities and is easy to implement in a CMOS-like inverter with simple silicide formation. Therefore, the CMOS-like inverter based on the proposed ambipolar ISFET may be a promising candidate for DNA logic gates.





4. Conclusions


This study proposes a high-performance bidirectional chemical sensor platform based on ambipolar DG ISFETs with microwave-assisted Ni-silicide SB S/D and a separative EG unit. The proposed device exhibits ambipolar switching and excellent electrical characteristics as a transducer. Furthermore, the fabricated bipolar chemical sensor platform exhibits pH sensitivities of 58.8 and 58.7 mV/pH in the p- and n-regions, respectively, in the SG sensing mode compared to the theoretical limit of sensitivity at room temperature. Conversely, we achieved excellent pH sensitivities of 177.5 and 175.0 mV/pH in the p- and n-regions, respectively, in the DG sensing mode, which is approximately three times that achieved in the SG sensing mode, owing to the capacitive coupling effect between the top and bottom gates. The VH values were 5.8 mV and 4.2 mV in the p- and n-regions, respectively, in the SG sensing mode and 8.6 mV and 5.1 mV, respectively, in the DG sensing mode. Additionally, the drift rates were 23.0 mV/h and 14.1 mV/h in the p- and n-regions, respectively, in the SG sensing mode and 30.2 mV/h and 18.3 mV/h, respectively, in the DG sensing mode. Although the DG mode has larger VH and drift rates compared to the SG mode, the increase in nonideal effects was found to be relatively small compared to the sensitivity amplification ratio. Thus, the application of Ni-silicide S/D and DG structures enables bidirectional sensing operation of the p- and n-channels depending on the purpose of use while ensuring high sensitivity and stability. In addition to these advantages, the proposed bidirectional chemical sensor platform, which has a simple process and bidirectional operation capability, is expected to be applicable in various fields including biosensors. Furthermore, when subsequent study containing bio-selective elements is introduced, it will be possible to implement a biological event monitoring system that can detect regardless of the polarity of the target substance and secure high sensitivity.
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Figure 1. (a) Schematic and (b) microscopic image of ambipolar DG ISFET with Ni-silicide SB S/Ds on an SOI substrate. (c) Schematic and (d) photograph of the fabricated EG unit. 
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Figure 2. Simplified schematics of the DG ISFET sensor platform. 
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Figure 3. (a) Sheet resistance (Rs) and (b) XRD patterns of the microwave-assisted Ni-silicides formed under various MWI powers. (c) The characterization of Schottky contact of S/D. 






Figure 3. (a) Sheet resistance (Rs) and (b) XRD patterns of the microwave-assisted Ni-silicides formed under various MWI powers. (c) The characterization of Schottky contact of S/D.



[image: Chemosensors 10 00122 g003]







[image: Chemosensors 10 00122 g004 550] 





Figure 4. Transfer characteristic (VG–ID) curves of the bipolar DG ISFETs operated by the top- or bottom-gate voltages in the (a) p and n regions. (b) Output characteristic (VD–ID) curves of the bipolar DG ISFETs operated by the top- or bottom-gate voltages in the p and n regions, respectively. 
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Figure 5. Transfer characteristic (VG–ID) curves of the ambipolar DG ISFET for different pH buffer solutions. SG mode sensing in the (a) p region and (b) n region. DG mode sensing in the (c) p region and (d) n region. 
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Figure 6. Reference voltage shift (ΔVREF) in the (a) p- and (b) n-region operations as a function of the pH value. The symbols and lines represent the experimental data and linear fits, respectively. 
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Figure 7. Hysteresis effect of the ambipolar DG ISFET in the (a) p region and (b) n region for three different buffer solutions with pH values of 4, 7, and 10. The open and closed circles represent ΔVREF in the SG and DG sensing modes, respectively. 
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Figure 8. Drift effects of the ambipolar DG ISFET in the (a) p region and (b) n region when the sensing membrane is immersed in a pH 7 buffer for 10 h. ΔVREF was monitored in the SG and DG sensing modes. 
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Table 1. pH sensing performance of the fabricated bipolar DG ISFETs.
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Sensitivity (mV/pH)

	
VH

(mV)

	
Drift Rate (mV/h)






	
p-region

	
SG mode

	
58.8

	
5.8

	
23.0




	
DG mode

	
177.5

	
8.6

	
30.2




	
n-region

	
SG mode

	
58.7

	
4.2

	
14.1




	
DG mode

	
175.0

	
5.1

	
18.3

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
(a)

(b)

p-region

Hysteresis voltage
G mode: 5.8 mV

0 1020 30
Time (min)

[

0 1020 30 40 50
Time (min)





media/file4.png
(a) SG mode operation

Ve Sweep

Top gate (TG)

A
\

(b) DG mode operation

Vi Sweep






nav.xhtml


  chemosensors-10-00122


  
    		
      chemosensors-10-00122
    


  




  





media/file16.png
0.3

0.2}
0.1}
= 0.0 -
0.1}

AV (V)

-0.2}

-0.3

(a)

- Drift rate
O SG mode: 23.0 mV/h

" @ DG mode: 30.2 mV/h

p-region

0.1 1
Time (h)

10

AV, (V)

0.3

0.2}
0.1}
0.0}
0.1}
02|

-0.3

(b)

" @ DG mode: 18.3 mV/h

n-region
- Drift rate
O SG mode: 14.1 mV/h

0.1 1

Time (h)

10






media/file2.png
(c)

pH buffer solution

'\
\

Reference electrode
(Ag/AgCl)

-——

>
PDMS reservoir
Sensing layer
(SnO,, 50 nm)

Conductive layer
(ITO, 300 nm)

----- = Glass substrate
(1.5 x 3 cm?)

(b)

«©

Top-gate
(AD

Source

: Drain
(Ni-silicide) ' (Ni-silicide)

(d)

PDMS reservoir
o .

N,






media/file5.jpg
e o Betore S
S nerse

oy e

Intensity (arb. unit)

Sheet Resistance (£/sq)

A 250 S0 o0 740 00
MW pawer (W)

* 26 (acgree)

Voltage

1\






media/file3.jpg
(a) SG mode operation (b) DG mode operation
Vg Sweep

Top gate (TG)
*

\






media/file1.jpg
(¢)

pH bufler solution

Reference electrode
(AgAgCh

PDMS reservoir

. Seusing layer
.(in 50 nm)

Conductive layer
(ITO, 300 nm)

==+ Glass substrate
(15 % 3em)

(d)

lass






media/file7.jpg
(b)

n-region -regi n-region
10°, — 7-5 15, I’”g“’"“ . i
i) 2 )
<) 3
£ £ 9
B H
Ew E Tor
s 2 5 — Bottom e
S 10y, Vesay | =
Bt P st Fotof, v, 0oy
Al ——Botomgate | ——Botiom gate a i steps)
el 108 6 -4-202 46 810 0 1 2
Gate voltage (V) voltage (V)






media/file10.png
107 -

” p-region SG mode
~ V,=-50 mV

~—

S

e Ig =100 pA pH value

= potofet B —3.07
3 —4.08
= —5.99
5 pH sweep —6.95
1 —38.97
- —9.87

10 -11 1 1 ] " .
-1.5 -10 -05 00 05 1.0 15
Top gate voltage (V)
C
109 (c)
= DG mode
~ pH value
= —3.07
w ——4.08
: 10 10 IIE____I_O_O_P:A___ B W W W N —5.99
= ——6.95
< pH sweep —8.97
A= : 987
2 p-region
V,=-50 V
n 10-11 D m b
-4 3 -2 -1 0 1

Bottom gate voltage (V)

Drain current (A)
= =

[y

o
j—t
[y

1

(S
=
&

Drain current (A)

(b)

ESG mode

EpH sweep

n-region
Vp =50 mV

pH value
—3.07
—4.08
—35.99
—6.95
—8.97
—9.87

0 15 2.0

25 3.0 35 4.0

Top gate voltage (V)

(d)

pH sweep

DG mode

pH value
—3.07
—4.08
—35.99
—6.95
—8.97
—9.87

n-region
Vp=50mV

-1 0

1 2 3 4

Bottom gate voltage (V)





media/file12.png
AV oe (V)

1.5

1.2

0.9

0.6

0.3

0.0

(a)

p-region

- O SG mode: 58.8 mV/pH

+ @ DG mode: 177.5 mV/pH

- O, : 0.0071

- o :0.0019

- x 3.01

- _.0-©

[ 1 (] 1 (] Il{l B 1(?0 pAI
3 4 5 6 7 8 9 10

pH value

(b)

2F O SG mode: 58.7 mV/pH

n-region

+ @ DG mode: 175.0 mV/pH
- o2 0.0027

[ Opt 0.0011

L= 100 pAT

3 4 5 6 7 8 9 10

pH value






media/file9.jpg
Drain current (A)

Drain current (A)

Drain current (A)

n-region
Vo= S0my

(©)

Top gate voltage (V)

5 20 25 30 35 40
, To gate voltage (V)

Vo

p-region

pH sweep

50mv

current (A)

pH value
— 3
—yH
59|
Y
— 897,
=y

n-region
Yy = S0my

3 2 40

Bottom gate voltage (V)

"1 1 3 4
Bottom gate voltage (V)





media/file0.png





media/file14.png
[ Hysteresis voltage

(a)

--o-- SG mode: 5.8 mV

[ —— DG mode: 8.6 mV

p-region

0 10 20 30

40 50

Time (min)

[ Hysteresis voltage

(b)

n-region

[ --0-- SG mode: 4.2 mV

[ —— DG mode: 5.1 mV

0 10 20 30 40 50
Time (min)






media/file8.png
Drain current (A)

(a) (b)

s p-region n-region p-region n-region
10 3 <=—--=-- - - -> 15 [ [ —
F — A ™
, 4 < 10 T ey g
10 s | Pf—
[ - Sk Top gate _
E : L T
of <P —— Bottom gate P r——
10} . )
; —— Top gate
] 4 9 0 5 —— Bottom gate
10"fV,=-50mVY{{ #* V =50mV =
r —o— Top gate il : —o—Top gate E -10F |V, -V, [=0~10V
i Bottomgate  ;  —e-Bottomgate | Qo L A, | L,
-10 -8 -6 4 -2 0 2 4 6 8 10 -2 -1 0 1 2

Gate voltage (V) rain voltage (V





media/file11.jpg
AV (V)

15,

12

09]

0]

0]

(@) (b)
1s
[p-region n-region
PR — _ 12}'0 et symvipn
O DG modes 1775 S VIS Boma riomvin
T 2 o)
2 o)
> e
< 03

6 7 8 9

pH value






media/file6.png
Sheet Resistance (£2/sq)

(a)

—o— Before SPM
—o— After SPM

983.4

98.2

433 3.86 391 4.22

0 [14.48  6.62

4.23

3.76  3.89 4.19

N/A 250 500 600 750 1000
MW power (W)

Intensity (arb. unit)

220)

(210) 211)

(200) n

vagooo w |

M..M,W 750W
MW 500 W

e MWW |

111) (200)

(221)
(310

me
. 1 . 1 . : "

30 35 40 45 50 55

26 (degree)

Current (A)

(c)

10!
102}
103}
104F
10°F =~~~ ___
10} BN
\
a1 v = =-as-dep
10 \: o MWA 600 W
108 . :
-5.0 2.5 0.0 2.5
Voltage (V)

5.0





media/file15.jpg
(a) (b)
T 03, 5
region n-region
prree 02 -
2z ol
FR S ve—
T sy B
0.1
Drift rate < Drift rate
0 56 made: 230 mVh 02 0 5G mode: 141wV
DG made: 02 mVh gl DG 3y
or 1 10 ) 0.1 1 10
Time (h) Time (h)






