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A B S T R A C T   

To understand the physio-pathological state of patients suffering from chronic diseases, scientists and clinicians 
need sensors to track chemical signals in real-time. However, the lack of stable, safe, and scalable biochemical 
sensing platforms capable of continuous operation in liquid environments imposes significant challenges in the 
timely diagnosis, intervention, and treatment of chronic conditions. This work reports a novel strategy for 
fabricating waterproof and flexible biochemical sensors with active electronic components, which feature a 
submicron encapsulation layer derived from monocrystalline Si nanomembranes with a high structural integrity 
due to the high formation temperature (>1000 ◦C). The ultrathin, yet dense and low-defect encapsulation en
ables continuous operation of field-effect transistors in biofluids for chemical sensing. The excellent stability in 
liquid environment and pH sensing performance of such transistors suggest their great potential as the foun
dation of waterproof and scalable biochemical sensors with active functionalities in the future. The un
derstandings, knowledge base, and demonstrations for pH sensing reported here set the stage for the next 
generation long-term biosensing with a broad applicability in biomedical research, food science, and advanced 
healthcare.   

1. Introduction 

Biofluids in human bodies contain a variety of chemical biomarkers 
that could reveal health and age-based conditions crucial to biomedical 
research and clinical medicine (Andreu-Perez et al., 2015; Arakawa 
et al., 2016; Gao et al., 2016; Kim et al., 2018a; Lee et al., 2018; Martín 
et al., 2017). In recent years, interests in label-free, sensitive, and se
lective detection of biochemical signals in biofluids (e.g., blood (Agoston 
et al., 2017; Ausländer et al., 2014; Lucisano et al., 2017), cerebrospinal 
fluid (Arvand and Ghodsi, 2014; Wang et al., 2015), sweat (Gao et al., 
2016; Koh et al., 2016; Rose et al., 2015), saliva (Arakawa et al., 2016; 
Malon et al., 2014), and tears (Iguchi et al., 2007; Kim et al., 2017)) have 
motivated continued research efforts in developing novel sensing stra
tegies and tools towards real-time, accurate, personalized, and contin
uous health monitoring outside of laboratory and hospital settings. In 
particular, the continuous monitoring of important diag
nostic/prognostic biomarkers using wearable and implantable bio
sensors can provide valuable evidence about disease progression. As an 
example, the chronic kidney disease (CKD) involves lasting and pro
gressive damages over time that can eventually result in kidney failure 

(Levey and Coresh, 2012). To this end, bio-integrated sensors can collect 
timely information about the health status of patients with CKD, such as 
pH value of (Pavuluri et al., 2019) and urea concentration in sweat 
(Huang et al., 2002; Keller et al., 2016; Zhang et al., 2019), and creat
inine concentration in serum (Pandya et al., 2016; Renda, 2017). The 
advent of continuous monitoring can create opportunities for data sci
ence and artificial intelligence to understand the pathway and impact of 
diseases at large scales. 

Among various emerging tools, sensors based on field-effect tran
sistors (FETs) have attracted considerable attentions due to the signal 
amplification capability, high sensitivity, fast response time, potential 
for miniaturization and multiplexing, and compatibility with scaled 
manufacturing processes such as complementary metal-oxide- 
semiconductor (CMOS) technologies (Chen et al., 2011; Janata, 1994; 
Kaisti, 2017; Lanuzza et al., 2015; Lee et al., 2009; Mao et al., 2017; Mu 
et al., 2014; Nguyen et al., 1992). In particular, electronics with arrayed 
pixel units derived from silicon substrates provide a realistic way for 
scaled integration of sensors with on-chip signal processing and multi
plexing capabilities (Wu et al., 2021). The use of sensor arrays in bio
sensing allows for real-time imaging of biomarker concentration and 
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flow with a high spatiotemperoal resolution (Asher et al., 2002). Despite 
the success in the development of FET chemical sensors with different 
semiconductor materials, device structures, and various functionaliza
tion layers, a common and critical challenge is the stability of sensors in 
liquid environments. Thin films (e.g., metals, ceramics, polymers) 
deposited at relatively low temperatures usually have a limited encap
sulation capability due a combination of extrinsic (e.g., grain bound
aries, pin-hole defects) and intrinsic properties (e.g., free volume) (Fang 
et al., 2016). As a result, water and ions in the target fluids can diffuse to 
the active regions, resulting in signal drifts or even catastrophic failures 
within a short time (Bae et al., 2013; Fang et al., 2016; Kim et al., 
2018b). However, continuous monitoring of blood pH during surgery 
requires an accuracy over a period of up to ~10 h (Elyasi et al., 2018). 
The issue is even more critical when it involves long-term biochemical 
sensing applications. 

Based on pioneering studies (Fang et al., 2016), this work reports a 
materials strategy for building a class of waterproof and flexible 
biochemical sensors to address this issue. This strategy exploits a sub
micron thin-film biofluid barrier structure with islands of conductive Si 
nanomembranes (NMs) embedded in thermally grown SiO2 (t-SiO2) 
with intimate, chemically bonded interface formed during thermal 
oxidation at a temperature of above 1000 ◦C. A layer of metal oxide (e. 
g., Al2O3) serves as the sensing interface for the detection of protons in 
solution. In this design, the coupling between the sensing layer in con
tact with biofluids and encapsulated transistors enables the 
chemical-to-electrical signal transduction. The system converts a surface 
potential change caused by chemical adsorption into a modification in 
the charge transport behavior in the semiconductor channels. Charac
terizations of electrical properties, signal drift behavior, and pH sensing 
performance examine fundamental properties of this flexible potentio
metric sensing platform. The device concept, materials design, and 
integration strategy presented here provide a realistic pathway towards 
a variety of flexible, waterproof, and bio-integrated chemical sensors 
having on-chip signal amplification and multiplexing capabilities for 
detecting diagnostic/prognostic biomarkers, with broad applicability in 
next-generation advanced healthcare and other areas. 

2. Materials, device fabrication, and methods 

This section provides experimental details about materials, design, 
and fabrication procedures for the waterproof FETs and the character
ization of their electrical performances in pH sensing. 

2.1. Devices fabrication 

A step-by-step schematic illustration of fabrication procedures of the 
waterproof transistors appears in Fig. S1. The fabrication of device 
started with a silicon-on-insulator (SOI) substrate (Soitec). The wafer 
consisted of a top layer of lightly doped p-type Si (crystal orientation: 
(100)) with a doping concentration of 1015 cm−3 (resistivity: 8.5–11.5 Ω 
cm−1). Thermal oxidation of the device-grade Si on top formed a layer of 
SiO2 (~200 nm) as the diffusion mask. Photolithographic patterning 
followed by reactive ion etching (RIE) with CF4/O2 and buffered oxide 
etching (BOE) yielded opening on the diffusion mask, followed by 
thermal diffusion of boron (1000 ◦C) to form p++-Si in the exposed areas 
(concentration: ~1020 cm−3). Washing with hydrofluoric acid removed 
SiO2. Plasma enhanced chemical vapor deposition (PECVD) yielded 
another layer of SiO2 (~400 nm) as a second diffusion mask. Patterning, 
etching, and doping with phosphorus via thermal diffusion (1000 ◦C) or 
spin-on doping (P509; Filmtronics, Inc.) (900 ◦C) formed n++-Si (con
centration: ~1019 cm−3) as the backplane for n-type MOSFETs, followed 
by the removal of the second diffusion mask using hydrofluoric acid. 
Photolithographic patterning and etching out extra Si by RIE with SF6 
yielded Si islands on t-SiO2. Thermal oxidation at 1000 ◦C in a tube 
furnace followed by atomic layer deposition (ALD, Picosun SUNALE 
R–150B) at 80 ◦C produced a gate dielectric stack of SiO2 (~63 nm) and 

Al2O3 (~13 nm). Patterning, etching and metallization (10 nm Cr/200 
nm Au) using electron-beam evaporation finished the fabrication of the 
transistor. A coating layer of polyimide (PI 2545; HD Microsystems) 
(~2 μm) on the top side of the device encapsulated the transistor. A layer 
of Al2O3 deposited by ALD on PI served as an adhesion promoter for 
subsequent bonding process. A separate step prepared a sheet of Al2O3 
(~20 nm) coated Kapton film (~13 μm) laminated on a glass slide with 
polydimethylsiloxane (PDMS). A mechanical bonding process joined the 
PI side of the device and the Kapton film using a silicone adhesive (Kwik- 
Sil; World Precision Instruments). The removal of the backside Si handle 
wafer using inductive coupled plasma (ICP) RIE with SF6/O2 exposed 
the bottom surface of t-SiO2 on SOI followed by forming small openings 
by RIE and BOE in SiO2 aligned to p++-Si and terminal contact pads. ALD 
formed 20 nm Al2O3 at 150 ◦C on top of p++-Si as sensing layer. In the 
end, etching out Al2O3 on the contact pads with BOE completed the 
fabrication process. 

2.2. Thin-film dissolution rate test 

The study used phosphate buffered saline (PBS) solution (pH = 7.4) 
in plastic bottles at 37 ◦C to provide environment for the dissolution test 
of p++-Si, t-SiO2 and ALD-Al2O3. During each test, rinsing the samples 
followed by measuring the thickness of the thin films using reflectom
etry (Nanospec 3000 PH Thin Film Reflectometer) periodically deter
mined the dissolution rates of the NMs. 

2.3. Electrical performance characterization 

A four-point probe (Jandel MHP/RM3) measured the sheet resis
tance of the Si NMs after doping. The electrical characterization system 
for transistors consisted of a probe station and a semiconductor 
parameter analyzer (Keysight B1500A). A Ag/AgCl or a Pt wire served as 
the reference electrode. An EasyEXPERT software provided the user 
interface for measurement setup and execution to recording and anal
ysis. VDS used for the study was 100 mV. 

2.4. Stability test 

The stability study of the device included two test modes: (1) for the 
ion-sensitive FET (ISFET) mode, a reference electrode electrically biased 
the PBS solution for gating through the ultrathin encapsulation layer 
which protected the underlying electronics. The source and drain elec
trodes connected to the probe station through the terminal pads located 
away from the solution; and (2) for the metal-oxide-semiconductor FET 
(MOSFET) mode, the source, drain and gate electrodes all connected to 
the probe station through the metal pads while the active part of the 
device was exposed to PBS solution. In both test modes, VDS and VGS 
were continuously applied to the transistors throughout the time course 
of the study. For acceleration tests, a hot plate controlled the tempera
ture of the system at 75, 80, 85, 90, and 100 ◦C, and an electrochemical 
station measured the leakage current across the t-SiO2 layer. 

2.5. Enzymatic catalysis study 

The enzyme solutions were prepared by dissolving lyophilized ure
ase and penicillinase in PBS solution, respectively. Injecting enzyme 
solutions to the corresponding substrate solutions triggered the enzy
matic catalysis. A sensor recorded changes in pH value as a function of 
time. Conversion of the change in IDS into a shift in the threshold voltage 
(Vth) quantified the modulation in surface potential. A commercial pH 
meter (FiveEasy Benchtop F20 pH/mV Standard Kit) provided com
parison for the sensing results. For the evaluation of H+ concentration 
change, the initial pH values of solutions were determined by calibrating 
the systems using standard buffer solutions as references before the test. 
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2.6. Detection of sweat pH during exercise 

Informed written consent was obtained prior to the research. The 
study was performed in compliance with a protocol approved by the 
Institutional Review Board at The Ohio State University (study number: 
2020H0293). 

3. Results and discussion 

This section provides results of systematic studies on the materials 
and devices, including design principles, mechanical robustness, sta
bility and drift behavior in liquid environment, and performances in pH 
sensing. 

3.1. Design of MOSFET chemical sensors with monocrystalline Si-Derived 
encapsulation 

The fabrication begins with a SOI substrate having a top layer of 
device-grade monocrystalline Si and a buried t-SiO2 layer (thickness: <
1 μm). Doping, photolithographic patterning, and etching steps form 
isolated NMs of n++-Si (concentration: ~1019 cm−3, sheet resistance: 
~270 Ω sq−1) and p++-Si (concentration: ~1020 cm−3, sheet resistance: 
~50 Ω sq−1) on the t-SiO2 layer (Fig. 1A). Subsequent oxidation, 
deposition, etching, and metallization steps create n-type MOSFETs on 
the SOI substrate, with gate electrodes electrically connected to the 
patterned p++-Si regions (Fig. 1B). Spin-coating of a uniform layer of 
polyimide (PI) on the top side of the substrate encapsulates the elec
tronic system. Bonding the top layer of the device to a temporary 
handling substrate using a commercial adhesive followed by removing 
the backside Si handle wafer exposes the bottom surface of t-SiO2 as a 
barrier against biofluids (Fig. 1C and S2). Flipping the device and 
etching out small openings in SiO2 aligned to p++-Si and terminal con
tact pads establish conductive pathways to the sensing layers and the 
electrical characterization system (Fig. 1D). ALD forms an ultrathin 
layer of Al2O3 covering p++-Si for sensing (Fig. 1E). Finally, peeling off 
the device from the glass substrate completes the fabrication process and 
yields a flexible chemical sensor with a submicron, waterproof encap
sulation layer covering the entire active region of the device (Fig. 1F). 
Currently, the cost of such devices is relatively higher compared to that 
of conventional FETs, as the fabrication involves additional back- 
bonding and back-etching processes to transfer the encapsulation 
layers from rigid SOI to flexible substrates. However, reducing the cost is 
possible by further optimizing the processing control, improving the 
yield, and scaling manufacturing using CMOS technologies. Compared 
to other FETs, one advantage of the devices is that the encapsulation 
layers derived from monocrystalline Si possess a very low defect density 
due to the high formation temperature (>1000 ◦C) and the high struc
tural integrity of the growth template. Therefore, such devices can have 

a longer lifetime in liquid environment compared to conventional FETs 
(Fang et al., 2016), which provides a realistic pathway for continuous 
monitoring of biochemical processes using active electronics. It should 
be noted that based on the cleanroom environments and equipment 
available, the yield of working devices is ~30%, which is lower than that 
of conventional FETs. Key factors leading to failures in fabrication and 
possible solutions are discussed as follows: (1) the SOI wafer used for 
fabrication is thinner (~100–200 μm) than normal (~500 μm) in order 
to minimize the time needed for back-etching. This could lead to un
expected cracking of devices during the fabrication steps. Identifying a 
suitable balance between the back-etching time and robustness of SOI 
for handling could potentially address this issue; (2) opening windows 
on t-SiO2 using BOE may result in the cracking of the encapsulation layer 
due to the penetration of etchant through the unprotected edges of the 
system and defects on t-SiO2 propagated during the fabrication steps. 
This problem can be improved by decreasing the time used for wet 
etching, as well as optimizing the processing control during device 
fabrication. 

Fig. 2A shows the side-view schematic illustration of an encapsulated 
electronic device. An exploded view highlighting key functional layers 
of the device appears in Fig. S3. An applied gate voltage modulates the 
charge carrier density in the semiconductor channel and thereby con
trols its conductance either through the top gate electrode (VTG) using a 
probe tip or through the liquid gate (VLG) using a reference electrode. 
For pH sensing in solution, reversible protonation and deprotonation 
occur and modify the surface potential. The following equation de
scribes the gate to source bias (VGS) of a FET sensor with a liquid gate 
(Garcia-Cordero et al., 2018): 

VGS = Vref − ψ0 + χsol −
φSi

q
−

Qt

Cox
+ 2φF (1)  

where Vref is the voltage applied to the reference electrode, ψ0 is the 
surface potential at the solution-sensor interface, χsol is the surface 
dipole potential of the solvent, φSi is the work function of the Si channel, 
q is the elementary charge, Qt is the sum of depletion layer charges in the 
semiconductor channel, accumulated charges in the dielectric layers, 
and the interface trap charges, Cox is the capacitance of dielectrics, and 
2φF is the surface potential at the channel and dielectrics interface in 
strong inversion. 

As illustrated in the equivalent circuit in Fig. 2B, the system contains 
capacitors in series connection between the source and liquid gate 
electrodes, which are the depletion region in the semiconductor channel 
(Cch), the top gate dielectrics (CTG), the metal oxide pH sensing layer 
(Csens), and the electric double layer (CStern and CGouy). Fig. 2C (left, 
middle) shows representative photographs of such waterproof sensors, 
with a total thickness of ~20 μm. Optical images of the n-type MOSFET 
and the p++-Si gate electrode with via opening on SiO2 appear in Fig. 2C 
(right). The effective channel length is ~19.2 μm (Supplementary Note 

Fig. 1. Materials, design, and fabrication pro
cedure for waterproof FET sensors with mono
lithically bonded SiO2 and Si as biofluid barriers 
for pH sensing. (A) Doping and patterning n++-Si 
and p++-Si NMs on a SOI substrate; (B) creating 
FETs with gate electrodes electrically connected 
to p++-Si; (C) coating the electronic system with 
PI, bonding to a temporary glass substrate, and 
removing the Si handle wafer by dry etching; (D) 
flipping the device and forming a via opening 
through t-SiO2 to expose p++-Si; (E) depositing a 
pH sensitive layer on top of p++-Si; (F) peeling 
off the device from the temporary handling glass 
to yield a flexible electronic system.   
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1). To avoid voltage division and signal attenuation, the gain (the ratio 
of Δ Vth to Δ ψ0) of the chemical sensor should be sufficiently large by 
properly designing the thickness of the sensing layer and the via opening 
size (Supplementary Note 2). Fig. 2D and S4 display the theoretical 
gain value as a function of the via opening size in devices with Al2O3 and 
HfO2 sensing interfaces, which are commonly used metal oxides for pH 
sensing (Rollo et al., 2020). Fig. 2E shows transfer curves of a transistor 
measured with VTG and VLG, respectively. The transistor shows a peak 
transconductance (gm) of 5.05 × 10−5 A V−1 (Fig. S5), an on/off ratio of 
~107, and a threshold voltage of ~0.4 V. The leakage current obtained 
with VLG is below 1 nA with no significant difference from the value 
recorded in the dry state (Fig. 2E, inset). Fig. 2F presents the output 
characteristics showing Ohmic contacts between the semiconductor and 
metals. 

Mechanical bending tests validate the flexibility of the encapsulated 
sensing platform. Fig. 3A shows the transfer characteristics of a test 
transistor before and after 400–1200 bending cycles with a bending 
radius of 8 mm. Fig. 3B displays the statistics regarding Vth of the 
MOSFET as a function of the bending cycle. The system maintains a 
stable electrical performance throughout the process with no obvious 
functional damages, suggesting a high mechanical stability and reli
ability. The excellent flexibility expands the application scenarios of 
such electronic devices, for example, as implantable biosensors with a 
minimal invasiveness needed to successfully interrogate dynamic, soft 
bio tissues. 

3.2. Stability and drift behavior of the devices in liquid environment 

Systematic studies highlight the exceptional properties of the 

monolithic Si and SiO2 structure as the encapsulation for biochemical 
sensors. While lightly doped Si show relatively high dissolution rates 
ranging from 20 to 70 nm d−1 (37 ◦C, pH: 7.4–7.6) (Lee et al., 2017b; Li 
et al., 2019; Seidel et al., 1990), dopants can modify the band edge 
alignment at the interface between solution and Si, and thus can affect 
the hydrolysis rate of Si (Si + 4H2O → Si(OH)4 + 2H2) in a tunable 
manner: the addition of holes in the semiconductor through p-type 
doping shifts the Fermi level towards the valence band. Accordingly, the 
width of the space-charge layer on the silicon surface decreases, which 
promotes electrons infused into the conduction band during chemical 
oxidation (Si + 4 OH− → Si(OH)4 + 4e−) to recombine with holes in the 
valence band. This change at the solution-Si interface slows down the 
reduction of water (4H2O + 4e− → 4OH− + 2H2), and thus decreases the 
hydrolysis rate of Si (Fig. 4A). (Seidel et al., 1990) Fig. 4B and C shows 
the dissolution rate of key functional layers in the encapsulation stack, 
including Si, SiO2, and Al2O3, in PBS solution (pH = 7.4) at 37 ◦C. For 
p++-Si, the thickness decreases in a spatially uniform manner at a rate of 
~0.20 nm d−1. Experiments on SiO2 show a lower dissolution rate of 
~0.025 nm d−1 due to the higher activation energy of SiO2 (Fang et al., 
2016; Lee et al., 2017a), In contrast, Al2O3 shows a negligible change in 
thickness within the same time scale due to its insolubility in aqueous 
solution. However, Al2O3 gradually peels off from Si surfaces during the 
immersion test due to the less stable interface formed at low temperature 
(150 ◦C), leading to a nonuniformity of the surface. 

Accelerated tests under elevated temperatures characterize the 
encapsulation capability of t-SiO2 by measuring the leakage current 
across the interface as a function of time. As shown in Fig. 4D, a system 
with a layer of ~320 nm t-SiO2 initially shows a constant leakage cur
rent below 1 nA. During immersion in PBS, a sudden increase in the 

Fig. 2. Structure and electrical properties of the 
waterproof MOSFET. (A) Cross-section schematic 
illustration of a flexible electronic system high
lighting the monolithic encapsulation and key 
functional layers. (B) Circuit diagram of the pH 
sensor during operation in solution. (C) Repre
sentative photographs (left and middle) and op
tical images (right) of such devices. The blue 
square overlaid on the photograph in the middle 
shows the part that can stay in water. The scale 
bars (top to bottom, left to right) are 4 mm, 1.5 
mm, 200 μm, and 30 μm, respectively. (D) 
Theoretical gain value of a device with ALD- 
Al2O3 sensing layer as a function of via opening 
size. (E) Transfer characteristics of a device 
measured by biasing the gate metal (top gate) 
and biasing the solution (liquid gate), respec
tively, and the corresponding leakage current 
(inset). (F) Output characteristics of a represen
tative device. (For interpretation of the refer
ences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   

Fig. 3. Performance of the flexible, waterproof FET during bending tests. (A) Transfer characteristics of a test transistor before and after 400–1200 bending cycles 
(bending radius = 8 mm). (B) Threshold voltage of the transistor during bending tests. 
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leakage current corresponds to the failure of the encapsulation layer 
which results in the penetration of liquids to the other side of the NM. 
The encapsulation shows a lifetime of ~20, 9, 6, 3, and 2 days at 75, 80, 
85, 90 and 100 ◦C, respectively. Systems encapsulated with a double 
layer of 20 nm Al2O3 (top) and 320 nm t-SiO2 (bottom) show almost the 
same lifespan (Fig. 4E), suggesting that the t-SiO2 plays a dominant role 
in the encapsulation quality despite the Al2O3 of coating on top. Fitting 
the results according to the Arrhenius equation yields a reaction rate of 
~0.05 nm d−1 at 25 ◦C and ~0.26 nm d−1 at 37 ◦C (Fig. 4F, Supple
mentary Note 3). The results suggest that the ultrathin, monocrystalline 
Si derived nanomembrane can provide an excellent encapsulation 
capability for flexible biosensors. 

The signal drift behavior of the chemical sensor in the presence of a 
continuous bias stress is also of interest. Fig. 4G shows a zoom in view of 
transfer curves of a representative device fully immersed in PBS solution 
measured with a liquid gate in a dual sweep mode (full image in Fig. S6). 
The curves show an almost negligible hysteresis (~1 mV), indicative of a 
minimum number of trapped charges in the capacitive pathway. The 
linearity is attributed to the mathematical relationship between IDS and 
VGS according to the following equation for a transistor operating in the 
triode region (0< VDS < VGS - Vth) (Sze et al., 2021): 

IDS = μCox
w
L

(

VGS − Vth −
VDS

2

)

VDS (2)  

where μ is the mobility of the charge carriers, Cox is the capacitance of 
the dielectric layer(s), W and L are the width and length of the channel, 
respectively. The advantage of the linearity is that the value of gm is a 
constant which allows for the accurate prediction of pH changes despite 
the shift of the transfer curves. A higher slope value is desirable for 
achieving a larger signal output upon the same change in surface po
tential. This can be achieved by increasing W or decreasing L according 
to Equation (2). A set of transfer curves of the device scanned between 
intervals of a bias applied through the liquid gate appears in Fig. 4H (i.e., 
operation in ISFET mode). The key performance characteristics of the 
transistor remains constant upon the application of a static bias of 1 V. 
The liquid gate bias can serve as a driving force that impels the transport 

of ions through the encapsulation layer. (Song et al., 2019) The results 
here suggest that the encapsulation effectively retards the permeation of 
charged species into the active electronic components under the current 
experimental settings. 

The study also investigates the impact of the gate voltage applied 
through the terminal pad (i.e., operation in MOSFET mode). Fig. 4I 
shows IDS and IGS of a transistor operated in PBS under a fixed bias 
condition (VGS = 1.1 V, VDS = 0.1 V) over a period of 24 h. IGS remains 
well below 1 nA throughout the whole process (the occasional de
viations from the baselines may be associated with noises from the 
environment). After the initial stabilization with a relatively abrupt drift 
(~34 mV during the first hour), IDS shows a slow drift that corresponds 
to an increase in Vth of ~35 mV (i.e., ~1.5 mV h−1). Since there is no 
liquid gate bias applied across the encapsulation, the value here may 
represent the drift associated with intrinsic factors of the device (Jamasb 
et al., 1998). The transfer curves before and after the application of the 
static bias appear in Fig. S7, showing a permanent increase in Vth of ~30 
mV, in contrast to the total value of ~70 mV calculated using IDS drift in 
Fig. 4I. The results indicate that the drift during the operation in MOS
FET mode originates from more than one reason: the initial current 
settling is associated with changes in trap state occupancy induced by 
the gate bias, and electrical grounding such as gate voltage sweep can 
reverse this process by redistributing charges in these trap states (Noyce 
et al., 2019). The permanent, slower drift resulting in Vth increase, is 
likely due to irreversible changes caused by the sustained electrical bias, 
such as the migration of charged impurities trapped in the gate oxide of 
the transistor. Experiment with a higher bias stress (VGS = 2.5 V) shows 
qualitatively similar results with an abrupt initial drift followed by a 
slow drift (Fig. S8). For long-term applications, it is necessary to 
consider both drift modes (i.e., ISFET vs. MOSFET mode) for signal 
calibration to ensure a high sensing accuracy. 

3.3. Characterization of pH sensing performance 

Electrical characterization evaluates the response of the transistors 
with an Al2O3 sensing layer functionalized on the Si gate electrode to 

Fig. 4. Stability and drift behavior of the elec
tronic device in liquid environment. (A) Sche
matic illustration of energy band diagrams of the 
interface between solution and p-Si with 
different doping concentrations. (B, C) Change in 
thickness of p++-Si, t-SiO2, and ALD-Al2O3 as a 
function of immersion time in PBS. (D, E) 
Leakage test results for system encapsulated with 
~320 nm SiO2 without (D) and with (E) a coating 
layer of 20 nm Al2O3. (F) Extrapolation based on 
leakage test results according to the Arrhenius 
equation. (G) Transfer curves of a device 
measured in a dual-sweep mode with a liquid 
gate. (H) Transfer curves of a device operated in 
ISFET mode taken between intervals of static bias 
applied through a liquid gate (VGS = 1 V) for 1, 2 
and 3 h. (I) IDS and IGS of a test device operated in 
MOSFET mode in PBS solution over a period of 
24 h.   
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standard pH buffer solutions. Fig. 5A shows the transfer characteristics 
in linear scale in buffer solutions with pH values ranging from 4.0 to 9.0. 
Driven by the chemical equilibrium, an increased pH causes deproto
nation of the hydroxyl groups on Al2O3. The change in surface potential 
due to an increased number of negative charges results in a shift in Vth 
towards the positive direction according to Equation (1). Correspond
ing transfer curves in log scale appear in Fig. S9. Fig. 5B shows extracted 
Vth as a function of pH value, suggesting a sensitivity of 58.5 ± 3.9 mV 
pH−1. The theoretical maximum sensitivity can be calculated using the 
Nernst equation (i.e., the “Nernst limit”) (Supplementary Note 4) 
(Kaisti, 2017). The result suggests a superior property of the sensor 
design that combines Al2O3 as the pH sensitive interface and Si FET as 
the backplane signal transducer. Statistics of the sensitivity of seven 
different devices demonstrate only minor device-to-device variation 
(Fig. 5C), with an average of 53.0 mV pH−1 and a medium of 52.8 mV 
pH−1. Similarly, measuring IDS as a function of time shows responses to 
pH variations (Fig. 5D). The step of the height is close to the Nernst 
Limit, consistent with results extracted from the transfer curves. In 
contrast, a device with bare Si (i.e., without metal oxide coating) yields a 
sensitivity of 32.8 ± 2.9 mV pH−1, which is likely due to the response of 
native SiO2 on Si (Fig. S10). 

Fig. 5E and F shows transfer curves and extracted Vth of a transistor 
with Al2O3 in response to NaCl solution (concentration: from 60 to 100 
mM). The transfer curves show a negative shift upon the increase in NaCl 
concentration with a sensitivity of −47.3 ± 1.1 mV dec−1, suggesting 
that the interface layer mainly interacts with cations instead of anions in 
the test environment. The observation can be explained by previous 
studies that hydroxyl groups on metal oxide can also respond to other 
ions in addition to protons (Wang et al., 2019). However, it should be 
noted that results here are different from an earlier report that metal 
oxide surface interacts with anions (Tarasov et al., 2012). The reason 
could be associated with the fact that multiple factors, such as the pH 
and ionic strength of the test solutions, may affect the surface states of 
metal oxide and determine the interaction mode with ions. Integration 
of ion-selective membranes on the gate electrode of the potentiometric 
sensors will allow for the capture and detection of ions with a high 
selectivity (Lahav et al., 2001; Lee and Cui, 2010; Mu et al., 2014; 
Schuett et al., 2016; Zayats et al., 2006). 

3.4. Application of the pH sensors in monitoring external biochemical 
processes 

The pH sensors are capable of real-time monitoring of biochemical 
reactions by quantifying minute changes in pH due to proton release/ 
uptake during enzymatic catalysis (Fig. 6A). Urea is a biomarker that can 

be found in a variety of biofluids including blood, sweat and urine. The 
concentration of urea can be used in diagnostic measure of renal, heart 
and/or liver diseases (Huang et al., 2002; Keller et al., 2016). The hy
drolysis of one urea molecule releases two ammonia and one carbon 
dioxide which then form ammonium and bicarbonate in solution, 
respectively. The net increase in OH− concentration results in a 
sequential increase in pH. Fig. 6B shows the real-time response of a pH 
sensor to this reaction using urea solutions with varied concentrations 
(from 0.5 to 40 mM in PBS solution) and 1 mL urease solution (Canavalia 
ensiformis; concentration: 90 U mL−1) pipetted into the system. The 
decrease in IDS during the reaction indicates an increased number of 
negative charges at the sensing interface. The signal amplitude posi
tively relates to the original concentration of urea. Measured changes in 
pH using the FET sensor and a commercial pH meter appear in Fig. 6C 
(Supplementary Note 5). The pH sensing platform allows for the 
investigation of enzyme kinetics. Fig. 6D shows the extracted changing 
speed of H+ and OH− (absolute value) during the initial states of these 
reactions (0–100 s). With a fixed amount of urease and an increasing 
concentration of urea, both the changing rates of H+ and OH− gradually 
increase. As these two values are positively related to the reaction speed, 
the results presented here are qualitatively consistent with the model 
described by the Michaelis–Menten equation (Kim et al., 2020). 

The use of the pH sensor also allows for the study on enzyme activity. 
An example using penicillin and penicillinase appears in Fig. 6E (Davies 
and Davies (2010); Lobanovska and Pilla, 2017). The hydrolysis of a 
penicillin G molecule yields a penicilloic acid which releases an extra 
proton. The concentration of penicillinase from Bacillus cereus (EC 
3.5.2.6; Sigma Aldrich) used in this study ranges from 0.2 U mL−1 to 200 
U mL−1.1 mL penicillinase solution is added into 20 mL penicillin G 
solution with a concentration of 30 mM, the value of which is much 
higher than the Km of penicillinase (60 μM) (Heckler and Day, 1983; 
Myers and Shaw, 1989) to ensure that all systems show a zero-order 
kinetics behavior with the reaction rate approaching the maximum 
value. Recording of IDS after the injection of penicillinase solutions 
shows a general trend of increase corresponding to a decrease in pH 
(Fig. 6E). Fig. 6F shows the comparison between calculated pH values 
and those obtained using a commercial pH meter. By assuming that the 
changing speed of H+ concentration in this reaction is proportional to 
the consumption rate of the substrate, the initial reaction rate (i.e., the 
maximum reaction rate with the corresponding enzyme concentration) 
represented by this value demonstrates a linear relationship with the 
concentration of penicillinase (Fig. 6G). The slope of the curve corre
sponds to the maximum amount of proton produced per unit concen
tration of penicillinase per second. 

Finally, this sensing platform can detect cumulative changes in pH 

Fig. 5. Evaluation of pH sensing performance of 
the electronic device. (A) Linear scale transfer 
characteristics of a pH sensor with 20 nm Al2O3 
in response to buffer solutions with pH values 
ranging from 4.0 to 9.0. (B) pH sensitivity of the 
representative device in Fig. 5A. (C) Histogram of 
sensitivity measured from 7 different devices 
with an Al2O3 sensing layer. (D) pH measure
ment results as a function of time. (E) Transfer 
curves of a test device in response to solutions 
with different concentrations of Na+ (60–100 
mM). (F) Extracted threshold voltage of the de
vice in Fig. 5E.   
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value in complex system caused by multiple chemical reactions relevant 
to food quality and health status monitoring. Fig. 6H and S11A show the 
change in pH value of a cup of milk during a 72-h spoilage process at 
room temperature (25 ◦C). Spoilage happens at a storage temperature 
high enough for the growth of fermentative bacteria. The fermentation 
produces multiple acids, such as acetic and propionic acids (Erkmen and 
Bozoglu, 2016). The result shows a decrease in pH value of approxi
mately 0.9 after 24 h, 1.8 after 48 h, and 2.1 after 72 h, respectively. 
Minor discrepancies with values obtained using the commercial pH 
meter could be associated with non-specific interactions discussed in the 
preceding section. Similarly, the sensor can monitor sweat pH repre
senting changes in physiological processes. Fig. 6I, S11B and S11C show 
examples of sweat pH tracking during exercise where the sweat becomes 
more acidic over time. The observation here could be associated with the 
following reasons: during exercise, the body metabolism becomes more 
active, resulting in the production of an increased amount of CO2 and H+

due to enhanced respiration. Moreover, an anaerobic metabolism occurs 
when the lung can not supply enough O2 as demanded by the muscle for 
energy. The production of adenosine triphosphate through energy 
pathways in the absence of O2 yields lactic acid. These physiological 
processes lead to an increased acidity in sweat (Coyle et al., 2010). 

4. Conclusions 

In summary, the results presented in this study describe a materials 
strategy and integration scheme that exploit submicron Si derived NMs 
as a waterproof encapsulation for potentiometric biochemical sensors. 
Systematic studies reveal that this ultrathin, yet dense and stable 
structure enables high-fidelity and continuous operation of transistors in 
biofluids under bias stress with a minimum level of hysteresis (~1 mV) 
and leakage current (<1 nA). The coupling between the backplane 
transistors and functional layers provides the electronic devices with a 
capability of potentiometric sensing. Studies on signal drfit behavior in 
solution suggest that two drift modes (ISFET vs. MOSFET) should be 
considered, and the drift contains a reversible and an irreversible part. 
The study demonstrates a sensing platform with a near-Nernstian 

sensitivity for pH sensing with metal oxide as the sensing layer. Dem
onstrations of multiple applications suggest the broad applicability of 
this platform in analytical chemistry, food quality monitoring, and 
healthcare. In addition to the potentiometric sensing described in this 
work, designing other types of waterproof Si electronics (e.g., Si optical 
sensors) is also possible by following this integration scheme using 
CMOS technologies (Xu, 2021). Although the current work focuses on 
sensor development and pH sensing, such a device can potentially find 
applications in monitoring bio-related processes via the integration of 
bio-recognition elements (e.g., antibodies, aptamers, enzymes, and 
molecularly imprinted polymers). Examples include but are not limited 
to biomedical devices with biocompatibility, bioconformality, and bio
stability for applications in closed-loop neuromodulation and neuro
science research. Furthermore, beyond the sensing capability, 
integrating bio-components on the side of the waterproof electronic 
systems in contact with biofluids can enable interactions with the bio
logical system. Immediate opportunities are development of flexible and 
waterproof CMOS-based chemical sensor arrays with active functional
ities for real-time imaging of biomarker concentration and flow with a 
high spatiotemperoal resolution. 
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Fig. 6. (A) Schematic illustration showing 
monitoring of biochemical reactions via an 
“enzymatic amplification” effect. (B) Current 
signals (normalized according to gm) of the ure
a−urease reaction with the substrate concentra
tion ranging from 1 to 40 mM. (C) Extracted 
changes in pH value based on results in Fig. 6B, 
and results measured using a commercial pH 
meter. (D) The changing speed of [H+] and 
[OH−] during the initial stage of the reaction as a 
function of urea concentration. (E) Current sig
nals (normalized according to gm) of the 
penicillin-penicillinase reaction with the enzyme 
concentration ranging from 0.2 to 200 U mL−1. 
(F) Extracted changes in pH value based on re
sults in Fig. 6E, and results measured using a 
commercial pH meter. (G) Maximum reaction 
rates represented by the changing speed of [H+] 
as a function of penicillinase concentration. (H) 
Results of the milk spoilage test. (I) Results of 
sweat pH monitoring during a 60 min exercise 
session.   
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