
 1

3D-integrated ultra-low volume passive 
microfluidics with Fully-Depleted Silicon-On-
Insulator Ion Sensitive Field Effect Transistors for 
Multi-parameter Wearable Sweat Analyzers 
‡Erick Garcia-Cordero1*, ‡Francesco Bellando1, Junrui Zhang1, Fabien Wildhaber2, Johan 
Longo2, Hoël Guérin2, Adrian. M. Ionescu1,2  

1Nanoelectronic Devices Laboratory, École Polytechnique Fédérale de Lausanne, Lausanne, 
1015, Switzerland 

2Xsensio SA, Innovation Park, Lausanne, 1015, Switzerland 

*corresponding authors: erick.garciacordero@epfl.ch, adrian.ionescu@epfl.ch 

KEYWORDS 

UTB FDSOI ribbon FET, ISFET, functionalized sensing, Ion Sensitive Membranes, low power, 
passive microfluidics, wearable sweat sensor. 

ABSTRACT  

Wearable systems could offer noninvasive and real-time solutions for monitoring of biomarkers 
in human sweat as an alternative to blood testing. Recent studies have demonstrated that the 
concentration of certain biomarkers in sweat can be directly correlated to their concentrations 
in blood, making sweat a trusted biofluid candidate for non-invasive diagnostics. We introduce a 
fully on-chip integrated wearable sweat sensing system to track biochemical information at the 
surface of the skin in real time. This system heterogeneously integrates, on a single silicon chip, 
state-of-the-art ultra-thin body (UTB) fully-depleted silicon-on-insulator (FD-SOI) ISFET 
sensors with a biocompatible microfluidic interface, to deliver a “Lab-on-skinTM” sensing 
platform. A full process for the fabrication of this system is proposed in this work and 
demonstrated by standard semiconductor fabrication procedures. The system is capable of 
collecting small volumes of sweat from the skin of a human, and posteriorly passively driving the 
biofluid, by capillary action, to a set of functionalized ISFETs for analysis of pH level and Na+ 
and K+ concentrations. Drop-casted Ion Sensing Membranes (ISM) on the different sets of 
sensors on the same substrate enables multi-parameter analysis on the same chip, with small and 
controlled cross-sensitivities, while a miniaturized Quasi-Reference Electrode (QRE) sets a 
stable analyte potential, avoiding the use of a cumbersome external Reference Electrode (RE). 
The progresses on Lab-on-SkinTM technology reported here can lead to autonomous wearable 
systems enabling real-time continuous monitoring of the sweat composition, with applications 
ranging from medicine to lifestyle behavioral engineering and sports. 
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Recently, sweat has been attracting a lot of attention as a possible analyte to monitor the health 
status of an individual. Sweat is easily accessible, does not require invasive analysis and contains 
hundreds of trackable biomarkers, for some of which the correlation with their concentration on 
blood is fully demonstrated.1-4 

Many publications have reported the employ of wearable devices for sweat analysis: recently 
Gao et al. have described the fabrication of a wristband containing a set on functionalized 
electrodes on a flexible PCB, capable of measuring the concentration of glucose, lactate, sodium 
and potassium, as well as the skin temperature.5 Another wristband, though based on ISFETs and 
not including functionalization, has been proposed by Nagata and Takey,6 while other groups7,8 
fabricated ion-sensing patches based on electrical or colorimetrical detection. 

All of these devices, however, exploit very large sensing areas, requiring sweat rates 
achievable only under intense activity conditions.9,10 Furthermore, no control over the sweat rate 
is provided, which prevents from retrieving reliable measurements in non-stable conditions. 
These issues have been tackled by some groups introducing a chemical-based stimulation for 
sweating, based on pilocarpine or carbachol.11-13 This strategy, however, can influence the 
properties of the secreted sweat14,15 adding a further level of complexity to the system. We 
propose, as a more reliable and user-friendly alternative, the use of a microfluidic interface to 
enhance the collection of sweat, requiring lower volumes of liquid to fill the system. Our ISFET 
device relies on sensing areas with sizes in the order of few µm2 and a microfluidic system which 
can be filled with less than 200 nl of sweat. The addition of a miniaturized QRE in the system 
allows having all the components needed for sensing on a chip smaller than 1cm2. The 
biomarkers chosen for this prototype, as stated, were sodium and potassium. The first is a useful 
marker to individuate hormonal changes which prelude ovulation,16 while the second can be used 
for diagnosing cystic fibrosis, as the ratio between the molar concentration of Cl- and K+ has 
recently been proposed as a more reliable diagnostic parameter compared to Cl- concentration 
alone.17 Sodium concentration can be used to estimate the sweat rate18 and an increase of the 
ratio between potassium and sodium concentration in sweat might be a symptom of kidney 
failures.19 

Fully depleted ultra-thin body silicon on insulator nanoribbon ISFETs for sensing 
applications 

The development of metal oxide field-effect transistors (MOSFETs) eventually led to the study 
of the interface between oxides or metals and liquids which resulted in the development of the 
Ion Sensitive FET (ISFET). The ISFET was introduced in the 1970’s20 as an alternative to glass 
electrodes with aims to miniaturize sensing systems. The ISFET is similar to a planar metal 
oxide semiconductor field effect transistor (MOSFET) in many respects, the main difference 
being the gate electrode. The metallic gate of MOSFETs is absent in ISFETs, exposing directly 
the gate oxide to a liquid environment. The gate electrode is therefore replaced with a RE, and 
the potential at the silicon surface is a function of the RE bias and the influence of the ions or 
charged molecules inside a solution, as described by the following equation, in strong inversion. 

𝑉 𝐸 Ψ 𝜒 2𝜙      (1) 

Where VG is the gate to source bias, ERef is the bias applied through the RE or QRE, Ψ0 
accounts for the ionic content of the analyte, χsol represents the surface dipole potential of the 
analyte, 𝛷Si refers to the silicon workfunction, q is the elementary charge, Qox, QSS and QB are, 
respectively, the oxide, interface and depletion layer charges, Cox is the oxide capacitance and 
2𝛷F is the surface potential at the silicon-oxide interface in strong inversion. The effective bias 



 3

applied on the gate of the ISFET is therefore linearly influenced by the ion concentration in the 
Liquid Under Test (LUT). In case of weak inversion operation, the surface potential of Field 
Effect Transistor (FET) varies between 𝛷F and 2𝛷F and the drain current depends exponentially 
on the gate to source bias. For instance, for pH sensing in weak inversion operation (at gate 
voltages smaller than the threshold voltage),21 the following equation stands: 

 𝐼  𝐼 exp 𝑉 𝛾 2.3𝛼 𝑝𝐻                                                          (2) 

 
Where ID is the drain current of the ISFET, γ is a constant including the reference electrode 

potential, while the n-factor is the so-called slope factor of the ISFET including effects of the 
double layer and any other top passivation layer, if used. A functional operation of ISFETs in 
weak inversion operation offers ultra-low currents (below hundreds to tens of nA) and, therefore, 
low power consumption per sensor.22,23 

ISFET devices have become promising competitors with other sensing technologies as they 
allow integration with various interfacing electronic readouts being CMOS compatible. In 
addition, ISFETs provide the possibility of meeting the demand for multifunctional and scalable 
sensors with low fabrication costs. Furthermore, ISFET technology can be label-free, therefore 
there is no need to attach any label or probes to the analyte to improve the detection 
capabilities.24 This characteristic provides the advantage of better real-time detection with high 
specificity and detection sensitivity if compared to other label-free sensors. In literature it is 
reported that this kind of sensors provides mechanical durability and resistance to the 
environment, making them reliable over time.25 

 
RESULTS AND DISCUSSION 
 

In our microsystem, the n-type nanoribbon ISFETs  are built on an Ultra-Thin Body Fully-
Depleted Silicon-On-Insulator (UTB FD SOI) substrate, with a thin layer of Buried Oxide, (30 
nm Si on 20 nm BOx), which allows good electrostatic control by eliminating the parasitic 
capacitances and reducing the OFF-state current by preventing the formation of parasitic current 
paths. The fabrication process is schematically represented in Fig. 1a) and will be explained in 
details in the method section. The final chip, shown in Fig. 1b), features sides of 9.1 mm.  
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Figure 2. Transfer characteristics, ID-VG of a fabricated FET at VD = 100 mV. The gate leakage, 
IG, is negligible compared to the drain current over the full range of gate bias operation. 

A layer of Silver is deposited on the chip, visible in Fig. 1f), to allow the integration of the 
QREs; the silver is then chlorinated to obtain an Ag/AgCl reference electrode, protected by a 
PVC membrane to extend its lifetime. The procedure to fabricate a miniaturized Ag/AgCl QRE 
is explained in the methods section of this paper.   

 
Integration of ISFETs with a microfluidic interface for collection of low volumes of sweat  
The integration of a microfluidic interface with the ISFET devices is paramount as it could 

enable the collection of sweat even at low-sweat-rate conditions. So far, wearable sweat sensors 
are tested on people performing physical activities,5-13 we propose the use of a patterned 
microfluidic interface to reduce the required volumes of liquid needed to perform sweat analysis, 
and thus trigger sweat analysis even when a person is at rest. Sweat rates in different parts of the 
body have been previously categorized:10 considering a human arm, the average sweat rate under 
exercise conditions is in the range of 1.5 microliters/cm2/minute, while, when at rest, the average 
sweat rate decreases to 20 nanoliters/cm2/minute. The microfluidic interface we propose in this 
work has a total volume capacity of 170 nanoliters, this is achieved by fabricating microchannels 
with widths of 50 micrometers, and a thickness of 25 micrometers. The integration of such a 
microfluidic interface aims for the collection of sweat even at low sweat rate conditions, which 
poses a significant advantage compared to what is reported in the literature.  

A schematic of the fabrication process based on SU-8 photoresist, is shown in Fig. 3a). A first 
SU-8 passivation layer is deposited on top of the fabricated ISFETs to isolate the contact metal 
pads from the liquid flow and avoid any short-circuits. Afterwards, a second layer of SU-8 is 
deposited to pattern the passive microfluidic system. The SU-8 is a photosensitive resin with 
high mechanical resistance26 and a measured contact angle (CA) of 64.1°, shown in Fig. 3b), low 
enough to passively drive the sweat by capillary forces.  

As previously mentioned, this work aims to find a suitable interface that is compatible with 
human skin, therefore, biocompatibility of SU-8 becomes of the uttermost importance. Recent 
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It can be observed that, thanks to the low hysteresis of the devices (observed in fig 11a), equal 
levels of current are obtained for equal molar concentrations of salts, independently from the 
values of the previous measurements. The response time, up to 30 s, is clearly not due to the 
electronic properties of the sensor. We attributed it to the gradient-driven salt diffusion taking 
place inside the microfluidic channels and assumed it to be, in any case, absolutely compatible 
with the physiological variation rate of ion concentration in sweat. One might notice that the 
current levels are not coherent with the transfer characteristics shown in Fig.7a): this is because 
the ISMs have been removed and drop-casted again between the two measurements. 

 

Integration with wearable systems for sweat sensing 
 
The presented system can be potentially included in a wearable device, as it provides a full 

electrolyte sensing system with small form factor (0.79 cm2) and a biocompatible interface to 
human skin, able to passively collect and manipulate low volumes of sweat (~20 nL). The use of 
a patterned microfluidic interface to human skin aims to trigger sweat analysis even when a 
person is at rest, we are reporting a CMOS compatible microfluidic system that takes this 
parameter into consideration for the system. Furthermore, the use of nanoribbon ISFETs enables 
to operate the sensors with very low power consumption (20 nW per sensor). A successful 
functionalization of the ISFET devices for sodium and potassium sensing has been shown, with 
close-to-Nernstian response sensitivities. The integration of all these functions delivers a low 
power consumption platform that could trigger multi-analyte sensing in real time with ultra-low 
volumes of sweat.  
Table 1 summarizes the performances and capabilities of the introduced system in comparison 
with the state-of-the-art devices. All data presented in this table are reported as best achieved 
values. Although we do not report the most sensitive devices, we do report the use of low power 
consumption sensors for wearable sensing systems, which is critical to allow extended periods of 
autonomous operation of wearable systems. Table 1 reveals that in most of wearable sweat 
sensing systems, power consumption per sensor is not being reported. A key limitation of 
modern wearable systems is their dependency on batteries as power supply. Using low power 
consumption sensors can lead to longer autonomous operation times. Most of the sweat sensing 
systems presented in literature use Ion Sensitive Electrodes: while it is not established that 
ISFETs provide overall better performances in terms of sensitivity, they do provide a clear 
advantage in terms of power consumption.20 

Table 1 highlights another of the key advantages of the presented system. In literature, sweat 
sensing devices require subjects to be performing physical activity in order to produce large 
quantities of sweat. On-chip microfluidics such as the one presented in this work, could allow 
longer operation periods of the sweat sensing system and possibly enable sweat collection even 
when a person is at rest. This characteristic could allow non-interrupted sweat sensing analysis.  
Future works will include the use of other ion sensitive membranes to functionalize the 
nanoribbon ISFETs for detection of other electrolytes such as ammonia or calcium, as there are 
ionophores available in the market for this two electrolytes; other state-of-the-art wearable sweat 
sensors achieve sensing of other biomarkers such as glucose, lactate, chloride and alcohol as can 
be observed in Table 1.  
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TABLE 1. State-of-the-art of wearable sweat sensors  

 
Reference 

number 
K+ 

sensitivity 
Na+ 

sensitivity 
pH 

sensitivity 

Detection 
of other 

biomarkers 

Power 
consumption 

per sensor 

µfluidic 
interface 

Low sweat rate 
(~20nl/cm2/min) 

5 
61.3 

mV/dec 
64.2 

mV/dec 
No 

Glucose 
Lactate 
Temp. 

Not reported No No 

6 No No 
51.2  

mV/dec 
Temp. 

~900 nW 
(calculated) 

No No 

7 No 57 mV/dec No No Not reported Yes No 

8 No No 
N.A. 

colorimetric 

Lactate 
Chloride 
Glucose 

Not reported Yes No 

11 No No No Alcohol Not reported No No 

12 No No No Chloride Not reported No No 

13 No 
~49 

mV/dec 
No Chloride Not reported No No 

This 
work 

55 
mV/dec 

62 
mV/dec 

36 
mV/dec 

No ~20 nW Yes Yes 

 
CONCLUSIONS 

We presented a fully integrated device, embedding State-of-Art ISFETs, ISMs, miniaturized 
QRE and a low-volume passive microfluidics, for sweat-sensing applications. Device 
characterizations performed with an external flow-through RE have shown linear sensitivities of 
each group of sensors for their specific parameter of interest (pH, [Na+] and [K+]) and nearly-
Nernstian sensitivity has been observed for the concentration of both sodium and potassium, 
demonstrating the high sensitivity of the functionalized membranes employed. Real-time 
measurements have also been performed, showing stable and repeatable readings with response 
times fully compatible with the physiological variation rate of ion concentration in sweat. The 
characterization of the potassium-functionalized sensors has been repeated employing the QRE 
embedded in the chip, resulting in excellent and astoundingly linear sensitivity. Real-time 
measurements of potassium concentration have been performed in a time interval of twenty 
minutes, showing reasonable stability and independence on previous molar concentration values. 
These results show the high potential of the heterogeneous device integration we presented, 
marking a further step forward towards commercial sweat-based wearable diagnostic systems. 
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METHODS 
The ISFETs have been fabricated on a UTBSOI with a BOx thickness of just 20 nm. The 

fabrication process is depicted in Fig. 1a). The initial thickness of the silicon layer was 70 nm, 
thinned down to 30 nm with an oxidation-etching cycle, in order to improve the electrostatic 
control. Phosphorus implantation has been employed to define the S/D areas (5 keV energy, 7e14 
cm-2 dose), achieving a doping level of 2.2e19 cm-3, evaluated from resistance measurements in 
ad hoc prepared structures. The physical shape of the FETs has been defined via 
photolithography and an extremely selective HBr-based dry etching, in order to accurately stop 
on the ultra-thin BOx. 

A short dry oxidation step is performed before deposition, so that a thin pedestal oxide (5 nm 
according to the TEM images) is grown: this allows mitigating the charge-trapping issue at the 
interface between the ALD HfO2 gate dielectric and the Si channels.44 The gold gates and the 
silver reference electrodes are deposited by lift-off. 

Ultra-low IBE is employed to open holes in the dielectric layer above the S/D areas, after 
carefully evaluating the etch rate for each material involved, then AlSi 1% is deposited by lift-off 
to create the S/D contacts. 

The process performed to enable sensing on these devices is depicted in Fig. 3a. 
First of all, the SOI surface is passivated with a 3 µm layer of SU-8, employing 

photolithography to leave contact pads, sensing gates and reference electrodes accessible. The 
microfluidic channels are built on top of the passivation layer with a second SU-8 layer and 
photolithography. The QRE is then chlorinated in a FeCl3 solution and covered by a protective 
membrane, as reported by Emaminejad et al.45 The sodium-selective membrane was prepared by 
mixing Na ionophore X (1% weight, w/w), Na-TFPB (0.55% w/w), PVC (33% w/w), and DOS 
(65.45% w/w). 100 mg of the membrane cocktail was dissolved in 660 μl of tetrahydrofuran. The 
potassium-selective membrane cocktail was composed of valinomycin (2% w/w), NaTPB 
(0.5%), PVC (32.7% w/w), and DOS (64.7% w/w). 100 mg of the membrane cocktail was 
dissolved in 350 μl of cyclohexanone.46 Ion-selective membranes were then prepared by drop-
casting 10 μl of the Na+- selective membrane cocktail and 4 μl of the K+-selective membrane 
cocktail onto the respective groups of ISFETs. 

This setup is meant to exclude any non-ideality which is not coming from our sensors or 
sensing membranes, so that we can spot any issue with the fabricated device. Sensitivity 
measurements are carried out with pH buffers or ad hoc fabricated molar dilution of either NaCl 
or KCl. The analyte is inserted in the tubes via an 11 Elite Harvard apparatus syringe pump. 
Between two measurements, the channels are emptied but not cleaned, in order to avoid any 
favorable effect which wouldn’t be present in real conditions. 

The electrical measurements are performed with a cascade manual probe station (Cascade 
Microtech Inc., Summit 1200) and a precision semiconductor analyzer Agilent 4156A. 

For real-time measurements, when a continuous flow is needed, an eight positions manual 
valve selector (C25-3188) is employed, allowing switching from one analyte to the other without 
generating bubbles in the tubes. 
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