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S1. Optical microscopy images of sensing electrode
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Figure S1. (a) Schematic illustration of Al2Os-deposited metal electrode (Cr/Au/AlOs
= 3 nm/100 nm/15 nm). (b, c) Sensing electrodes with reservoir produced using

silicone elastomer to contain test solution.
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S2. pH sensing characteristics of extended-gate FET with Al-Os layer
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Figure S2. (a) Drain current (Ip)-liquid-gate voltage (Vic) characteristics of Al:Os-

deposited extended-gate FET as a function of pH. (b) Threshold voltage of extended-

gate FET vs. pH.
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S3. Comparison between threshold voltage and oscillation frequency
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Figure S3. (a) Threshold voltage vs. pH and (b) oscillation frequency vs. pH,
measured on the same Al:Os sensing electrode under conditions of N=3, Vop =2V,

Vic=15V,and Ro=1 kQ.
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S4. Conversion of gate voltage to oscillation frequency
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Figure S4. (a) Frequency measurement setup. (b) Ve vs. Ven. (c) Ve vs. oscillation

frequency. (d) V¢ vs. oscillation frequency. Operating conditions were Vop = 3.3 V

and Rp=1 kQ.
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S5. PSpice simulations for investigating effects of circuit parameters on sensitivity
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Figure S5. (a) Circuit diagram for PSpice simulation and typical output waveform.
(b) Oscillation frequency vs. pH for different numbers of stages (N). (c) Dependence
of sensitivity on N. (d) Oscillation frequency vs. pH for different values of drain
resistance (Rp). (e) Dependence of sensitivity on Rp. (f) Oscillation frequency vs. pH

for different values of liquid-gate voltage (Vic). (g) Dependence of sensitivity on Vic.
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S6. Comparison between performances of oscilloscope and Arduino
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Figure S6. (a, b) Comparison of frequencies measured using oscilloscope
(EDUX1002A, Keysight) and Arduino board (Arduino UNO R3) for frequency
generated by function generator (33210A, Keysight). (c, d) Comparison of
frequencies measured using oscilloscope and Arduino board for frequency
generated by three-stage ring oscillator (CD4007UBE, Texas Instruments). (e, f)
Comparison of frequencies measured using oscilloscope and Arduino board

connected with Schmitt trigger (74LS14N, Sanken) for frequency generated by three-
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stage ring oscillator (CD4007UBE, Texas Instruments).
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S7. Arduino board-pin mapping
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Figure S7. (a) Schematic diagram of CD4007UBE for readout transistor. (b) Ring

oscillator arrangement using CD4007UBE. (c) Arduino Uno R3 pinout. (d) LCD

module (SZH-EK101, SMG) pinout. (e) Connection of readout transistor to 3.3-V

supply voltage. (f) Voltage divider circuit for applying liquid-gate voltage to

extended gate through reference electrode.
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S8. Arduino source codes for frequency measurement [S1]

#include <FreqCount.h>
#include <LiquidCrystal.h>  //include Arduino LCD library

// LCD module connections (RS, E, D4, D5, D6, D7)
LiquidCrystal Icd(2, 3, 4, 6, 7, 8);

void setup(void) {
// set up the LCD's number of columns and rows
led.begin(16, 2);
led.print("Frequency:");
// initialize freqCount library with time basis of 1000ms (1 second)
/] Arduino counts number of pulses during period of 1 second
FreqCount.begin(1000);

}
// main loop
void loop() {

if (FreqCount.available()) {
unsigned long count = FreqCount.read();

led.setCursor(0, 1);
led.print(count); // print frequency value in Hz
led.print(" Hz ");

}
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S9. Wireless signal transmission
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Figure S8. Schematic diagram for wireless sensor integration.
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