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Abstract 

 

 A membrane for the development of Na+ sodium ion sensitive field effect transistor (pNa-

ISFET) is described in this work. This membrane is based on a fluoropolysiloxane (FPSX) polymer 

modified by sodium ionophore. The advantages of using such polymer are several: it permits good 

adhesion properties on silicon-based layers, it is characterized by a lower resistivity and it is fully 

compatible with ink jet printing technique. Thus, FPSX membranes were developed in the frame of 

a pH-ChemFET / Ag/AgCl reference electrode industrial fabrication process. Studies involve the 

deposition of FPSX-based, sodium ion sensitive layers by ink jet printing, the integration and 

characterization of Ag/AgCl reference electrode, as well as the pNa measurement in solution. Thus, 

whatever the reference electrode used, FPSX-based pNa-ISFET microsensors show good detection 

properties with sensitivity around 57 mV/pNa, detection limit around 10-4 M, low pH interferences 

(7 mV/pH in the [9-12] basic range) and selectivity coefficient versus potassium K+ ion -3. Final 

application is done through analysis of real sweat samples. 
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1. Introduction 

 

 With a concentration value around 140 mmol/L, the sodium ion Na+ plays a main role in the 

blood ionic equilibrium: any concentration variation leads to hyponatraemia or to hypernatraemia, 

both known to be responsible for numerous health disorders (dizziness, numbness, headaches,…). 

Thus, the sodium ion detection was investigated for point of care applications. In order to do so, 

electrochemical detection/transduction principles seem to have the best potentialities. However, 

since the sodium ion is not electrochemically active, amperometry cannot be used and efforts were 

focused on potentiometry. As a result, potentiometric sensors such as ion-sensitive electrodes (ISE) 

or ion-sensitive field effect transistors (ISFET) were adapted to the sodium ion detection using 

varied ion-sensitive layers and associated integration processes.  

 These ion-sensitive layers, also called ISM (Ion-Sensitive Membranes), play a crucial role in 

an industrial mass fabrication process, whose aim is of course commercial. The choice of the 

integration method will depend about the ISM nature that can be organic (polymers) or inorganic 

(mainly silicon-based). For example, silicon nitride (Si3N4) was characterized by low detection 

sensitivity and selectivity [1]. Sodium aluminosilicate Na-AlSi3O8 or NAS glass were also studied, 

evidencing better sensitivity and selectivity according to the ion implantation process [2-3]. 

Unfortunately, if such process is compatible with mass fabrication at low cost, it was finally not 

convenient for silicon foundries since it requires implantation of sodium ions Na+ at low energy. 

Furthermore, the so-obtained inorganic materials did not show a sufficient selectivity toward 

potassium and hydronium/hydroxyde ions. 

 In order to develop specific ion-sensitive organic membranes, the use of Na+ ion ionophores 

and associated polymers offers also great performances, improved flexibility, and multiples 

integration ways. As the most used polymer matrix for microelectrodes [4], poly vinyl chloride 

(PVC) was adapted to ChemFET devices [5-8]. One of the simplest methods for deposit this kind of 
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polymer based, ion-sensitive membranes consists in drop coating. Using simple tools, this 

technique allows the quick deposition of ion-sensitive layers in order to study their detection 

properties (sensitivity, selectivity…). Nevertheless, since such process is not automated, it results in 

a weak reproducibility that prevent from any industrial functionalization process. 

 Anyway, integration at wafer level can be achieved by coupling photolithography methods 

with spin-coating deposition techniques, using photosensitive polymers such as polyurethane (PU) 

[9-10] or polysiloxane (PSX) [11]. Nevertheless, such process implies to waste the major part of the 

polymer with the specific and expensive ionophores. As a result, such integration process does not 

fit with a low cost fabrication strategy. In addition, this integration method prevents from realising 

ion-sensitive multi-layers and multi-ions analysis devices. To deal with these requirements, 

ChemFET devices have been developed while integrating biochemical-sensitive membranes by 

inkjet printing [12]. In the frame of chemical-sensitive membranes, two serious candidates are 

available. The first one is still polyvinyl chloride (PVC). However, this polymer suffers of adhesion 

problems on the ISFET dielectric gate, leading to low lifetimes and excessive drifts [13]. Moreover, 

because its use requires addition of plasticizers and because evaporation phenomena of its organic 

solvent (tetrahydrofuran THF) are quite important, the PVC matrix becomes rapidly too viscous to 

be deposited by ink jet printing techniques, preventing from developing a fully reproducible 

integration process. The other promising polymer is polysiloxane (PSX). In this case, since no 

plasticizer is required and even if tetrahydrofuran (THF) is used as solvent, evaporation phenomena 

are lowered, adhesion properties on silicon-based dielectrics are improved, and ink-jet deposition is 

conceivable [14, 15]. As a result, ion-sensitive, polysiloxane-based layers have shown good 

performances in terms of integration process and detection properties (sensibility, selectivity, 

response time, drift and lifetime) [16-19]. Nevertheless, the PSX polymer is still characterized by 

too high electrical resistivity to optimize fully detection properties. To tackle off this last 

bottleneck, the use of the fluoropolysiloxane (FPSX) polymers was finally proposed [20, 21]. 
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 This paper presents the industrial development of pNa-ISFET microsensors for the sodium 

ion concentration measurement in liquid phase. It focuses on the adaptation of pH-ChemFET (pH-

sensitive chemical field effect transistors) microsensors to the Na+ ion detection using 

fluoropolysiloxane (FPSX) polymer. Therefore, starting from a pH-ChemFET technology based on 

silicon-based microtechnologies and "Smart cards" techniques, it deals with the integration of 

Ag/AgCl reference electrodes for the liquid phase analysis, with the ink jet printing of FPSX-based 

ion-sensitive layers and with the study of the pNa-ISFET microsensors detection performances. 

 

2. Experimental 

 

2.1 Microsensors fabrication 

 

 P-well, N-channel, SiO2/Si3N4-gate, pH-sensitive chemical field effect transistors (pH-

ChemFET) were fabricated on 6-inch, (100)-oriented, N-type (500 .cm) silicon wafers in a silicon 

foundry in order to reach fully mass fabrication at low cost, reproducibility, and high fabrication 

yield (figure 1). This SiO2/Si3N4-pH-ChemFET technology was already studied in previous works 

evidencing quasi-Nernstian pH responses (sensitivity around 53 mV/pH), detection accuracy 

around 1 mV or 0.02 pH, maximal drift lower than 5 mV/day and lifetime higher than four months 

[12, 22]. Then, "Smart cards" techniques were used in order to reach automated, mass 

fabrication/packaging processes [12]. Two pH-ChemFET chips (size: 2.1 x 1.6 mm2) were 

packaged and connected on a specific printed circuit board (called "module" hereafter).  

 The sodium ion detection was investigated using a specific ion-sensitive layer based on 

fluoropolysiloxane (FPSX) polymer purchased from Dow Corning (730 RTV). The ion-sensitive 

mixture was made of 300 mg of FPSX centrifuged in 1.5 ml of tetrahydrofuran (to eliminate the 

binder that causes non-optimal functioning), 10 mg of sodium ionophores (4-tert-

butylcalix[4]arene-tetra-acetic acid tetraethyl ester), purchased from Sigma-Aldrich under the name 
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of sodium ionophore X), 5 mg of ionic additives (sodium tetrakis [3,5-bis(1,1,1,3,3,3-hexafluoro-2-

methoxy-2-propyl)phenyl]borate trihydrate, purchased from Sigma-Aldrich). This membrane 

solution was mixed in an ultrasonic bath (duration: 30 minutes) to insure homogeneity, and was 

deposited by means of a custom "drop on demand" ink jet prototype. Finally, the reticulation 

reaction was performed at ambient temperature thanks to atmospheric moisture (figure 2) [23]. 

 At first, deposition parameters (ejection pressure and duration) influences were studied by 

characterizing the topology of FPSX membranes deposited on borosilicate substrates. Then, 

optimized sodium-sensitive membranes were deposited on the pH-ChemFET sensitive area 

according to industrial specifications, keeping in mind process reproducibility. 

 So, the first SiO2/Si3N4 ChemFET chip was adapted to the sodium ion detection, leading to 

the realisation of the SiO2/Si3N4/FPSX Na+ ion-sensitive field effect transistor (pNa-ISFET) while 

the second chip was used as a pH-sensitive field effect transistor (pH-ChemFET). Finally, an 

Ag/AgCl gate reference electrode was integrated on the pNa-ISFET/pH-ChemFET detection 

module (figure 3). In order to do so, 5 mg of Ag/AgCl ink (90/10 Ag/AgCl ratio purchased from 

Gwent group) was dip coated on a specific contact located on the detection module, at equivalent 

distance from the two chips. This ink was finally stabilized by thermal annealing at 60°C for 30 

minutes. 

 

2.2 Electrochemical measurements 

 

 The electrochemical properties of the integrated "Ag/AgCl ink" gate reference electrode were 

first studied by potentiometry. Using a Metrohm Autolab PGSTAT 30 potentiometer and a 

commercial reference electrode (Metrohm Ag/AgCl glass double junction, with inner and outer 

compartment filled with KCl 3.5 M), Nernst potential at equilibrium were recorded in solutions 

consisting of a background electrolyte (CH3COOLi 0.1 M) with sodium chloride NaCl 
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concentrations ranging from 10-2 to 10-1 M. Thus, the chloride ion Cl- detection properties as well 

as the temporal stability were effectively studied. 

 Electrical measurements were performed while biasing the Ag/AgCl gate reference electrode 

and therefore the studied solution to the mass (VG = 0) and working with constant drain-source 

voltage VDS and drain-source current IDS (typically VDS = 2V and IDS = 0.1 mA) in order to work in 

saturation mode. A specific potentiometric ChemFET-meter electronic interface was used to 

monitor continuously the gate-source voltage VGS of both pNa-ISFET and pH-ChemFET 

microsensors. A specific data treatment were developed: an analog-to-digital convector sampled the 

output voltage useful signal at 1 Hz and a microprocessor was finally responsible for an average 

procedure every 5 seconds. This was introduced to improve the signal to noise ratio, leading finally 

to a measurement display with a 0.2 Hz sampling frequency. 

 First, standard pH titration curve using hydrochloric acid (HCl: 10-2 M) and tetra-methyl-

ammonium hydroxide (TMAH: 10-1 M) was performed to study the pNa-ISFET dependence to pH. 

Then, pNa measurements were performed in lithium acetate solutions (CH3COOLi 0.1 M) with 

various concentrations of sodium chloride NaCl (ranging from 10-5 to 100 M) and potassium 

chloride KCl (ranging from 5 x 10-3 to 100 M). Thus, pNa-ISFET analytical responses were 

analyzed and the potentiometric selectivity coefficient (logKNa+/K+) was found out according to the 

fixed interference (FIM) [24]. 

 

3. Results and discussion 

 

3.1 Integration of fluoropolysiloxane-based layers by ink jet printing 

 

 Ink jet printing techniques were studied for the deposition of 

fluoropolysiloxane/tetrahydrofuran (FPSX/THF) solutions. Whatever the ejection parameters, i.e. 

pressure P and time tejection, and after FPSX reticulation at ambient temperature and THF 



7 

evaporation, FPSX membranes were comparable to spherical segments (figure 4). Their main 

geometrical parameters, i.e. the upper and lower radii a and b as well as the height h, were 

determined as a function of injection time for an injection pressure P around 48.3 Pa, showing 

logically increasing values (table 1). Nevertheless and taking into account to measurement errors, it 

appeared that all the FPSX patterns are homothetic whatever the ejection time, i.e. that their a/b and 

h/b ratios are constant, estimated roughly around 0.4 and 0.015 respectively (P ≈ 48.3 Pa). 

Considering a spherical segment, the FPSX patterns volume is finally given by: 

 

  (1) 

 

 Thus according to experimental values and calculations, ink jet printing technique allowed 

the controlled deposition of FPSX patterns with a wide range of thickness (from 7.5 to 17.5 m), 

deposition area (from 0.25 to 1 mm2 m) and volume (from 5 to 40 nL). 

 Since the addition of chemical species in small quantities (such as ionophores) into the 

FPSX/THF solution did not have any influence on the deposition properties, this technique was 

used for the integration of ion-sensitive layers for ISFET applications. However, according to 

technological specifications, the lower radius had to be lower than 500 micrometres. In order to 

further decrease this value, it was necessary to decrease the ejection pressure. Thus, ejection 

pressure and time were respectively fixed at 34.5 Pa and 1 ms, leading to the deposition of 

optimized FPSX-based Na+-sensitive membranes with the following characteristics: form: spherical 

segment, lower radius: 460 m, upper radius: 185 m, thickness: 6 m, deposition area: 0.66 mm2 

and volume: 2.7 nL (figure 5). 

 

3.2 Characterization of the integrated "Ag/AgCl ink" reference electrode 
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 In order to validate the integrated "Ag/AgCl ink" reference electrode, the chloride ion Cl- 

concentration measurement in liquid phase was studied by potentiometry while using a Methrohm 

Ag/AgCl glass double junction reference electrode. Typical analytical responses were obtained 

evidencing sensitivity around 55 ± 1 mV/pCl on the [0.01 M – 0.1 M] concentration range (figures 

6 and 7) [25, 26]. Then, its stability was studied in a 0.1 M NaCl solution (figure 8). After an initial 

increase around 2 mV during half an hour, the Ag/AgCl microelectrode potential at equilibrium 

was found to be quite stable around 0.100 V, evidencing a very low drift (around 1 V.s-1) during 

the following hours in agreement with literature [27]. 

 

3.3 Sodium ion Na+ detection 

 

 Before studying the Na+ ion detection and since the FPSX-based ion-sensitive layers was 

deposited on a pH-sensitive silicon nitride Si3N4 film, the pH influence on the pNa-ISFET detection 

properties was checked experimentally. This was realized thanks to a standard HCl/TMAH titration 

experiment using the pNa-ISFET/pH-ChemFET module (figure 9). As expected, the pH-ChemFET 

was able to monitor pH variations from 2 to 12, evidencing sensitivity around 52 mV/pH [12]. In 

parallel, the pNa-ISFET was characterized by a constant response in the [2-9] pH range (sensitivity: 

~0 mV/pH) and by a variation of 20mV in the [9-12] pH range (sensitivity: 7 mV/pH). This pH 

sensitivity for basic solutions (pH ≥ 9) was attributed to the presence of silanol groups in the 

fluoropolysiloxane matrix [28]. Such pH interference is relatively low compared to the sodium 

sensitivity (see hereafter) and can be neglected according to analysed solutions and applications. 

 Then, characterization studies were performed in solution of CH3COOLi (10-1 M) chosen as 

carrier with various concentrations of sodium chloride (from 10-5 to 10-1 M) and/or potassium 

chloride KCl (from 5 x 10-3 to 100 M) in order to determine respectively the pNa-ISFET sensitivity 

to the sodium ion Na+ as well as its selectivity to the potassium ion K+. Obtained analytical 

responses and calibration curves are shown in figures 10 and 11. It appears that the FPSX-based 



9 

pNa-ISFET is characterized by a linear response in the [10-4 – 100 M] concentration range 

(sensitivity estimated for eight different sensors: 57 ± 1 mV/pNa). According to the fixed 

interference method (FIM), the potentiometric selectivity coefficient log KNa+/K+ was estimated to -

3. Finally, response time, temporal drift and reproducibility of the FPSX-based pNa-ISFET were 

respectively estimated to 50 seconds and 0.3 mV/h. Such results are similar to (or even better than) 

others described in the literature (table 2) [5-8, 10, 16, 21,] and are fully compatible with the 

natraemia analysis in biological fluids [4]. 

 Then, in order to fully characterize the sodium microsensors, pNa-ISFET microdevices were 

studied while using the integrated Ag/AgCl electrode on the detection module (rather than a 

commercial reference electrode as done previously). So, analytical responses and calibration curves 

still evidence typical linear variations with a sensitivity around 110 mV/decade (figure 12). Such 

high sensitivity is related to the use of sodium chloride (NaCl) based solution. It is roughly the sum 

between the pNa-ISFET sensitivity (55 mV/pNa, see below) and the Ag/AgCl microelectrode 

sensitivity to the chloride ion concentration [Cl-] (55 mV/pCl, see section 3.2). This shows that 

chloride ion Cl- has no effect on the pNa-ISFET detection properties but that measurement 

interferences will occur when using the pNa-ISFET – Ag/AgCl electrode detection module. Such 

interferences will have to be taken into account by considering that the chloride ion concentration 

[Cl-] is constant or linearly related to the sodium ion concentration [Na+] according to the studied 

biological fluid (see hereafter). 

 Finally, since the sodium and chloride ions concentration ratio [Na+]/[Cl-] is known to be 

constant in biological fluids such as plasma or sweat (results not shown), the pNa-ISFET was 

suitable for the monitoring of sodium ion concentration in sweat. Since the collection of sweat 

samples requires specific protocol to prevent any dilution or fouling phenomena, a "non-classical" 

analytical method was used. After a pre-calibration made with five different sodium chloride NaCl 

solutions with various (10, 25, 50, 75 and 100 mM), analysis was done thanks to the complete 

system by dropping off a small volume of real sweat on the pNa-ISFET sensitive surface. 
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According to the calibration curve (figure 13), the sweat sample [Na+] concentration was estimated 

around 38.5 ± 1 mM whereas a 37 ± 1 mM value was obtained while using standard potentiometric 

analysis performed by an external laboratory. Such result demonstrates the pNa-ISFET microsensor 

use for real sweat samples analysis with a correct measurement accuracy according to the pre-

calibration procedure. 

 

4. Conclusion 

 

 PNa-ISFET microsensors were developed using silicon-based microtechnologies. The 

industrial process involved the mass fabrication of pH-ChemFET transistors in silicon foundry, the 

deposition of fluoropolysiloxane-based, sodium ion Na+ sensitive membranes by ink-jet printing 

and the final packaging process with an integrated "Ag/AgCl ink" reference electrode. Thus, pNa-

ISFET microsensors were characterized by good detection properties (sensitivity: 57 mV/pNa, 

detection limit: 10-4 M, low pH interferences: 7 mV/pH in the basic range, selectivity versus K+ ion: 

10-3). Finally, analysis of real sweat samples was successfully performed. 

 This FPSX-based ISFET / "Ag/AgCl ink" reference electrode technology is ready-to-use for 

the natraemia analysis in biological fluids such as plasmatic water, dialysate and/or sweat. 

Nevertheless, research works have still to be continued. First, pCl influences on the pNa 

measurement have to be studied according to analysed fluids. Second, pH interferences have to be 

controlled by differential measurement while using the pNa-ISFET/pH-ChemFET module. Third, 

specifications in terms of biocompatibility and lifetime have to be reached according to 

applications. Finally, this ion detection technology has to be developed for the on-line monitoring 

of the sodium ion Na+, and extended to other ions such as potassium K+ and/or calcium Ca2+. Thus, 

it will be possible to analyse the physiological stress into sweat and/or the blood ionic equilibrium. 
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Tables and figures caption 

 

 

Table 1: FPSX patterns typical dimensions according to ejection time 

(ejection pressure P: 48.3 Pa) 

 

Table 2: Comparison of published pNa-ISFET performances  

 

Figure 1: schematic cross-section of the ChemFET device and 

mass fabrication of ChemFET chips (size: 2.1 x 1.6 mm2) in silicon foundry 

 

Figure 2: fluoropolysiloxane reticulation due to atmospheric moisture 

 

Figure 3: fabrication of the pNa-ISFET/pH-ChemFET detection module 

with an integrated Ag/AgCl gate reference electrode  

 

Figure 4: geometrical properties of spherical segments 

 

Figure 5: profilometric characterization of FPSX-based droplets 

(ejection pressure P: 34.5 Pa , ejection time t: 1 ms) 

 

Figure 6: pCl analytical response of the integrated Ag/AgCl reference electrode 

 

Figure 7: calibration curves of the of the integrated Ag/AgCl reference electrode 

 



17 

Figure 8: Nernst potential temporal variations (in a 0.1 M NaCl solution) 

for the integrated Ag/AgCl reference electrode  

 

Figure 9: pH responses of the pNa-ISFET/pH-ChemFET module 

 

Figure 10: analytical response of the sodium ion Na+ concentration 

using an Ag/AgCl glass double junction reference electrode 

 

Figure 11: calibration curves of the pNa-ISFET 

using an Ag/AgCl glass double junction reference electrode 

 

Figure 12: analytical response and calibration curve (insert) of the pNa-ISFET 

using the integrated "Ag/AgCl ink" reference electrode 

 

Figure 13: analysis of real sweat samples using the pNa-ISFET microsensor 

 

 



18 

 

 

ejection time (ms) 1 2 3 4 5 6 7 8 9 10 

upper radius a (m) 220 270 280 325 360 375 400 405 435 475 

lower radius b (m) 575 665 730 775 840 900 965 1005 1055 1075 

height h (m) 7.5 9.9 11.2 11.6 12.8 14 15.1 15.6 16.7 17.2 

 

Table 1: FPSX patterns typical dimensions according to ejection time 

(ejection pressure P: 48.3 Pa) 
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ion-sensitive 

membrane 

PVC 

[5] 

PVC 

[6] 

PVC 

[7] 

PVC 

[8] 

PU 

[10] 

PSX 

[16] 

FPSX 

[21] 

FPSX 

(this work) 

sensitivity 

(mV/pNa) 

56-59 50 47-52 57 54-56 53-57 56 56-58 

detection 

limit (M) 

3 x 10-4 ~ 10-5 ~ 10-4 ~ 10-4 ~ 10-4 ~ 10-4 - ~ 10-4 

selectivity 

(log KNa+/K+) 

-1.3 -1.8 -1.7 -1.5 - -2.6 -2.3 -3 

response 

time (s) 

- 60 2 - - 50-60 - 50 

temporal 

drift (mV/h) 

- - - - 0.1 - - 0.3 

 

Table 2: Comparison of published pNa-ISFET performances  
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Figure 1: schematic cross-section of the ChemFET device and 

mass fabrication of ChemFET chips (size: 2.1 x 1.6 mm2) in silicon foundry 
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Figure 2: fluoropolysiloxane reticulation due to atmospheric moisture 
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Figure 3: fabrication of the pNa-ISFET/pH-ChemFET detection module 

with an integrated Ag/AgCl gate reference electrode  
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Figure 4: geometrical properties of spherical segments 
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Figure 5: profilometric characterization of FPSX-based droplets 

(ejection pressure P: 34.5 Pa , ejection time t: 1 ms) 
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Figure 6: pCl analytical response of the integrated Ag/AgCl reference electrode 
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Figure 7: pCl analytical response of the integrated Ag/AgCl reference electrode 
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Figure 8: Nernst potential temporal variations (in a 0.1 M NaCl solution) 

for the integrated Ag/AgCl reference electrode  
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Figure 9: pH responses of the pNa-ISFET/pH-ChemFET module 
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Figure 10: analytical response of the sodium ion Na+ concentration 

using an Ag/AgCl glass double junction reference electrode 
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Figure 11: calibration curves of the pNa-ISFET 

using an Ag/AgCl glass double junction reference electrode 
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Figure 12: analytical response and calibration curve (insert) of the pNa-ISFET 

using the integrated "Ag/AgCl ink" reference electrode 

 

 



32 

 

 

 

Figure 13: analysis of real sweat samples using the pNa-ISFET microsensor 
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