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Abstract: This paper presents a novel hybrid microfluidic electronic sensing platform, featuring an
electronic sensor incorporated with a microfluidic structure for life science applications. This sensor
with a large sensing area of 0.7 mm2 is implemented through a foundry process called Open-Gate
Junction FET (OG-JFET). The proposed OG-JFET sensor with a back gate enables the charge by directly
introducing the biological and chemical samples on the top of the device. This paper puts forward
the design and implementation of a PDMS microfluidic structure integrated with an OG-JFET chip to
direct the samples toward the sensing site. At the same time, the sensor’s gain is controlled with a
back gate electrical voltage. Herein, we demonstrate and discuss the functionality and applicability of
the proposed sensing platform using a chemical solution with different pH values. Additionally, we
introduce a mathematical model to describe the charge sensitivity of the OG-JFET sensor. Based on
the results, the maximum value of transconductance gain of the sensor is ~1 mA/V at Vgs = 0, which
is decreased to ~0.42 mA/V at Vgs = 1, all in Vds = 5. Furthermore, the variation of the back-gate
voltage from 1.0 V to 0.0 V increases the sensitivity from ~40 mV/pH to ~55 mV/pH. As per the
experimental and simulation results and discussions in this paper, the proposed hybrid microfluidic
OG-JFET sensor is a reliable and high-precision measurement platform for various life science and
industrial applications.

Keywords: microfluidics; biosensor; ISFET; field-effect transistor; integrated biosensor; packaging;
sensor; electronics

1. Introduction

Electrochemical sensors are being used in various applications, such as the food
industry, pharmaceutical, oil and gas, environmental monitoring and biomedical engineer-
ing [1–4]. These sensors promise faster and more sensitive techniques for detecting diseases
and hazardous materials [5,6].

A well-established member of electrochemical sensors, the so-called ion-sensitive
field-effect transistor (ISFET) sensors have been utilized in different applications for
ion/charge detection in chemical solutions. The ISFETs range from carbonaceous FET
sensors (e.g., graphene, carbon nanotubes) to 2D materials (e.g., MoS2) [7–10]. Many ef-
forts have been made to develop ISFETs based on technologically flawless silicon-based
complementary metal-oxide semiconductors (CMOS) technology, resulting in different
sensing structures and topologies [4] offering high-yield productions. They have been
successfully verified to detect various diseases, such as malaria, influenza, hepatitis B virus,
COVID-19 disease and bacteria-based diseases [4,11]. Immobilizing the surface of ISFETs
with different biomolecules gives rise to biological FETs (BioFETs), which could be GEN
FET (DNA sensors), Cell FET (for cell analysis), Enzyme FET (for enzymatic reactions
analysis), etc. [12–14]. Additionally, as the ISFETs are sensitive to ions concentration in
liquids, they have also been used directly in pH measurements [4].

The above-mentioned miniaturized sensors need to be incorporated with microflu-
idics to direct the sample toward sensing sites and prevent the solution from reaching
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the rest of the platform. Microfluidics technology has been subject to intense research
in recent decades, aiming to miniaturize bioprocesses and bioanalyses toward enabling
lab-on-a-chip [15,16]. Microfluidics and nanofluidics provide other advantages, such as
extremely low reagent consumption, low cost, laminar flow operation, reducing exposure
risk to toxic materials, parallelization, portability and excellent versatility in design and
engineering [17,18]. Microfluidics integrated biosensors are used for parallel analysis of dif-
ferent biomarkers in human blood [19–24]. Additionally, the high-throughput integration
of fluidics and biosensors has resulted in the creation of commercialized products, such as
Ion Torrent’s genome machine and Illumina’s Miseq, in which integrated biosensing has
enabled parallelized analysis [25–27].

Today, many papers have reported the integration of microfluidics with electronic
sensors. Sensor-integrated microfluidic devices were reported for applications such as
DNA hybridization [28,29], polymerase chain reaction (PCR) on-chip [30,31], virus de-
tection [32,33], cancer detection [34,35], circulating tumor cells (CTC) analysis [36,37],
exosomes analysis [38,39], nucleic acids analysis [40,41], liquid biopsy-based assays for
cancer detection [42]. CMOS-based sensors integration with microfluidic is put forward for
cell analysis [43,44], chemical sensing [45], optical biosensing [46], ultraprecise micro pump-
ing [47], 2D nanomaterial detection [48], optofluidics biomedical devices [49]. For CMOS
sensors integration with microfluidic, the direct-write microfluidic fabrication process
(DWFP) was introduced as a comparatively new rapid technique for creating microfluidics
atop an electronic chip [50]. The same DWFP method was used for chemical sensing [51].
More advanced techniques were implemented to integrate continuous microfluidic with
capacitive CMOS sensor real-time cell analysis [45].

BioFET sensors have shown great potential in unique charge detection capabilities
for many applications [4,52]. They should be integrated with microfluidics for successful
prospects in point-of-care devices by taking advantage of unique microfluidics features.
Many attempts have been made to incorporate BioFETs with microfluidics so far. A
graphene FET integrated with microfluidic has been introduced for femtomolar detection
of chlorpyrifos [53]. Digital microfluidics was combined with a FET sensor for bioanalysis
in lab-on-a-chip [54]. In another work, to accelerate the process of biomarker detection, a
silicon nanowire-based FET structure was integrated with microfluidics for parallelization
of cardiac biomarker detection in human blood [55]. Graphene FET was implemented
in a planar microfluidic channel for ultrasensitive flow velocity sensing application [56].
Microfluidics enabled continuous flow measurement from an extended-gate FET structure
applicable for ion sensing [57]. Integrated BioFET with microfluidics was used for aerosol
particle detection in the air, promising such integration potentials for high-throughput
air quality measurements [58]. Microfluidics integrated CMOS sensor was used to detect
metabolite in blood in which PDMS was used to create multiple channels on the sensor [59].
The same packaging method was utilized to develop a novel COMS-microfluidics platform
for prostate cancer detection in blood that promises a rapid and cost-effective bedside
platform [60]. Elastomeric microfluidics was integrated with a semiconductor sensor with a
novel integration method that has negligible sensitivity to the strain from bending and flex-
ures, promising a novel packaging for wearable sensors [61,62]. BioFETs also showed good
sensing capabilities toward packaged graphene-based sensors [63]. Microfluidics integrated
floating-gate FET sensor was developed, which put forward continuous microfluidics to
detect proteins [64]. Organic FET sensors were also integrated with microfluidics, which
encompassed reference electrode in the packaged sensor [65]. Microfluidics was integrated
with polymeric organic FET for marine environmental detection with high stability [66].

Despite the abovementioned successful experiments on integrated BioFETs with mi-
crofluidics at a laboratory scale, specific integration hindrances exist for FET-based lab-on-
a-chip for high-throughput integration. As is evident in the BioFETs structures, they need a
reference electrode in solution for their operation, which makes the microfluidic integration
and packaging extremely difficult [67,68]. One viable solution might be using the on-chip
reference electrodes. Still, it is reported that on-chip microfabricated electrodes are not
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as stable as Ag/AgCl bulky electrodes that are frequently used in BioFETs experiments
due to the inherent noise associated with downscaling of material [69]. An engineering
solution to avoid bulky reference electrodes is to design a back-gate structure to control
the channel conduction in BioFETs and use it for sensor characterization. Removing the
reference electrode on top and placing it on the back creates an open space for running a
microfluidic channel on the sensing area.

We introduce a simple 3D printed microfluidic integration scheme for a new semicon-
ductor biosensor called OG-JFET. The sensor is based on the open-gate junction field-effect
transistor, which works based on a back-gate structure that enables sensor operation with-
out a reference electrode in solution, such as bulky Ag/AgCl electrodes used in previous
sensors. This capability led us to use a simple method to integrate a microfluidic channel
on top of the sensor. The microfluidic was developed with PolyJET 3D printing technology,
which can deliver tiny samples onto the sensing area. Previous sensors used advanced
and complex microfabrication processes for creating the microfluidic part due to its small
fluidic size. Nevertheless, the large sensing area provided by our sensor and the back
gate allowed us to use 3D printing for creating higher minimum feature sizes as large as
2000 µm in microfluidics. Two molds were used to create 3D microfluidics for creating a
chamber on top of the sensing area, different from previous planar microfluidics used for
BioFET integration.

The PDMS fluidic cell fabrication process is introduced, which can be molded with
PolyJET 3D printing. Furthermore, the sensor (OG-JFET) sensing mechanism is detailed
with mathematical modeling and experimental evidence for showing the device’s function-
ality in delivering samples onto the sensor and performing charge detection in an aqueous
solution. The sensor provides a back gate, which makes the integration with microfluidic
easier. Furthermore, the sensor works at a low voltage (<0.2 V), essential in developing a
low-power hand-held electronic platform for industrial applications.

The organization of this paper is as follows: Section 2 explains the electronics sensor
(OG-JFET) mathematical modeling; Section 3 introduces the electrical and fluidic packaging
and sensor characterization; and Section 4 is dedicated to results and discussion, which is
followed by Section 6.

2. Electronic Sensor
2.1. Open-Gate Junction Field-Effect Transistor and Microfluidics

The current sensing platform is similar to the well-established JFET, with the subtle
difference that the top gate of a JFET is removed to open the space for introducing a
solution. Physically, the structure is based on a p-type JFET without the top n-type gate,
as we reported in our previous works [70–72]. Therefore, the structure only has a back
gate that can control the conduction channel. The sensor is provided through a standard
microfabrication process, which further helps to establish this sensor as a mass-producible
platform for industrial applications (for more information about fabrications, we invite
the reader to read Refs. [70–72]). The platform includes a PDMS channel integrated with
the OG-JFET sensor to deliver samples on the sensing area. A schematic of the integrated
microfluidic sensor platform is presented in Figure 1.

As shown in Figure 1, the OG-JFET sensor comes with a back gate that is not inside the
solution, which helps control the conduction in the channel and can be used as the same
reference electrode for voltage or current-based sensing characterization.

The sensor consists of a p-type channel epitaxially grown on a thick n-type layer with
doping levels of 5 × 1015/cm3 and 1 × 1018/cm3, respectively. The p-type layer thickness
is 1.6 µm ± 10% (resistivity of 3.0 Ohm cm ± 10%) on the n-type layer with a thickness of
450 µm with a resistivity of 0.006 to 0.02 Ohm cm. A source and drain with a width of 20 µm
are developed on the p-type channel covered with a thick stacked layer of SiO2-Si3N4. The
dielectric layers create an encapsulation layer for the drain and source metal layers to avoid
contact with the solution.
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Figure 1. Schematic of OG-JFET structure and the microfluidic chamber.

When the p-type channel is exposed to air or natural moisture, it is expected to have a
particular layer of native silicon dioxide on the silicon layer. The native silicon oxide grows
naturally when the silicon is open to the air. It is experimentally validated that a layer with
a thickness of up to 10 Å can be expected with an exposure of 80 days to solely air [73]. The
silicon dioxide provides hydroxyl groups on top of the silicon layer in the open-gate area,
which can participate in the chemical reactions with ions in the solution, leading to ion
complexation with SiO2 surface bonds that create a stacked layer of ions on the surface of
silicon [73]. The created ion layers generate a local electric field, which causes a detectable
change in the hole conduction inside the p-type layer. The sensor is tested in reverse bias
condition of p-n junction for biosensing.

2.2. Mathematical Modeling

For a better understanding of sensor operation, mathematical modeling is introduced
here, by which the sensing mechanism can be explained in much more detail. The OG-JFET
structure can be imagined as half of a p-type JFET (n+p JFET) structure in which the two
n-type gates are responsible for controlling the sensor. However, in OG-JFET, the top gate
is opened to solutions and biomaterials. The n+p JFET is called normally on device, which
means a voltage should be applied to the gate to close the channel; otherwise, the channel
is open, and hole current can be on even if Vg is zero. When a positive voltage is applied on
the back gate, the space charge pushes the region to close where the current in the channel
reaches zero. This condition is called pinched off state. The pinch-off voltage (Vp) for a n+p
JFET can be defined with the following equations:

Vp = Vp0 −Vbi (1)

Vbi = Vt ln (
NaNd

ni
2 ) (2)

VSD(sat) = Vp0 − (Vbi + VBG) (3)

In Equation (1), the Vp0 is the inherent pinch-off voltage, which depends on the struc-
ture and doping levels. The structure shown in Figure 1 can be simplified for mathematical
modeling, as shown in Figure 2.
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The Vsd (sat) represents the drain–source voltage, which leads to a pinch-off condition
at the drain region [65]. According to Figure 2, considering a differential element of the
channel in the x direction, we can develop the current–voltage relation by starting with
Ohm’s law and extending the equations based on the space charge effects in the channel.

dR =
ρdx
A(x)

(4)

ρ =
1

eµnNd
(5)

Equation (4) shows Ohm’s law that can be applied to the element of the device shown
in Figure 2. The A(x) is the surface perpendicular to the surface. Equation (2) shows the
resistivity formula of the device where e is the elemental charge, and µn is the mobility by
the assumption of neglecting minor carrier charge. Based on Figure 2, the cross-sectional
area is A(x) = [a− y1(x)− y2(x)]W where W is the channel width along the z direction
(not shown here). With the assumption of A(x), Equation (4) can be developed to reach (6)

ID1dx = eµnNdW[a− x1(y)− x2(y)]dV(x) (6)

The depletion width for space charge due to the back gate is

x2(y) =

[
2εs
[
V(x)−Vbi + Vgs

]
eNd

] 1
2

(7)

The depletion due to the effect of surface charge on the top gate can be modeled
as follows:

x1(y) =
Q

qNA
tox (8)

In Equation (8), the Q is the surface charge due to the effects of the aqueous solution,
tox is the thickness of the oxide layer, the NA is the doping level in the semiconductor, and
the q is the elemental charge. Due to the surface charge in the solution, a depletion of
space charge in the p-type layer occurs (see Figure 2). Equation (8) models that layer. This
layer is considered constant along the open-gate area surface, which generates a continual
depletion layer thickness in the semiconductor. Therefore, the output value of Equation (8)
is a constant value. By substituting Equations (7) and (8) into Equation (6) and integrating
over the length of the open-gate area of OG-JFET, the relation for drain–source current
Equation (11) can be developed with the following boundary conditions (at 0 and L):

w1
2 =

2εs

qNA

(
Vbi −Vgs

)
at Lc = 0 (9)
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w2
2 =

2εs

qNA

(
Vbi −Vgs + Vds

)
at Lc = L (10)

The resultant drain–source current relation is (9)

ID =
q2µNA

2τ3Z
εsL

{
VDS

Vpo
− 2

3

(
[(Vbi −VGS + VDS)]

3
2

Vpo
− [(Vbi −VGS)]

3
2

Vpo

)}
(11)

where τ = a− x1(y), with x1(y), which demonstrates the depletion effect due to surface
charge on the sensor. Equation (11) can be used to calculate gain (gm), which is as follows:

gm =
∂ID

∂Vgs
(12)

It is noteworthy to mention that Equation (11) is valid for the range of voltages
0 ≤

∣∣Vgs
∣∣ ≤ Vpo, 0 ≤ |Vds| ≤ Vds(sat).

The sensor structure affects the response of the sensor to change in the charges on the
surface (open-gate area). The sensor’s output is current, and it changes with the electric
field generated due to the charge on the sensor. The back gate can be used to modulate the
drain–source current. Therefore, the charge on top of the sensor can also be considered a
second gate that modulates the channel space charge. As there is a correlation between
back-gate voltage and current ( ∆I ∼ ∆Vg), therefore, the same can be applied to charge on
the sensor ( ∆I ∼ ∆C). The following relation can be used to correlate the sensor output to
the change in surface charge and the gain, which demonstrates the effect of structure.

dI
dC

=
dI

dVgs
×

dVgs

dC
(13)

In Equation (9), the dI
dVgs is the gain (gm) or transconductance based on the relation

(12). Therefore, the general relation can be simplified to Equation (10).

dI
dC

= gm ×
dVbg

dC
(14)

In Equations (13) and (14), the C is the charge sensing on the sensing region.

3. Microfluidics and Electrical Packaging

To prepare the sensor for applying chemical solution, a customized microfluidic was
developed that includes a channel running on top of the sensor that encompasses a chamber
on the sensing area (see Figure 3). Creating and integrating a microfluidic chip would be
extremely difficult if the BioFET worked based on a reference electrode (e.g., Ag/AgCl)
inside the solution. However, the OG-JFET structure offers a back gate, making microfluidic
integration easier. Developing a microfluidic helps to ensure that the sensor’s pads are not
in contact with the solution, as this creates noises in the sensor response and could even
damage the sensor.
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pads to a switch. The switch is connected to BNC connector.

3.1. Electrical Packaging

A spring-loaded connector was used on a PCB to connect the sensor to the semicon-
ductor analyzer (Keithley 4200A-SCS Parameter Analyzer, Tektronix, Beaverton, OR, USA).
On the PCB, the spring-loaded connectors were connected to a switch. The switch is used
to choose the drain of interest of the sensor. The PCB size is 100 mm × 80 mm, covering
a 3D printed structure. Four pillars on the 3D printed design were used to align the PCB
with the pads of the sensor. The pads’ area is 1.7 mm × 1.7 mm with 2 mm pitch. The BNC
connectors are placed on one side of the PCB. The connection between the PCB and the
semiconductor analyzer is established through SMU cables. Before fabricating the fixture, it
was modeled in CAD software (solid work) to ensure alignment. A closeup of the electrical
packaging is shown in Figure 3.

The die size is 10 mm× 10 mm, and there is a comparatively sizeable total sensing area
of 1 mm × 2 mm, contributing 0.7 mm2 of the whole die. The chip pad area is generously
large, allowing the spring-loaded connector in the electrical packaging scheme.

3.2. Microfluidic Packaging

The microfluidic channel was fabricated based on the PDMS replica molding method.
The mold was 3D printed using the PolyJet method; then, the PDMS was prepared with a
10:1 ratio and poured into the mold for curation. The size and dimensions for the designed
microfluidic channel based on the sensor sensing area constraints are shown in Figure 4. To
fabricate the microfluidic shown in Figure 4, two separate 2D microfluidics were fabricated.
Two parts were then adhered with UV curable glue (MMOBIEL UV LOCA TP-N1000,
Overijssel, Netherlands). The adhesion of a PDMS sheet and a microfluidic channel creates
a 3D structure placed on top of the sensor.
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Figure 4. The detailed size and dimensions of microfluidic chip designed to be integrated with
OG-JFET. Large sensing area allowed us to create the microfluidic with 3D printing.

The microfluidic channel was prepared according to the methods demonstrated in
Figure 5. According to our customized protocol of microfluidic fabrication, first, the molds
were washed with an ethanol solution to ensure no debris was in the mold. To further
improve the washing, the molds were put in the mixture of water and oil for 10 min at
50 ◦C. Afterward, the molds were washed to be prepared for PDMS injection. The PDMS
was prepared with a 10:1 ratio of the base polymer and curing agent, and then the polymer
was blended with a stirrer for 10 min at each try. After pouring the PDMS into the mold, it
was degassed in the vacuum chamber. The degassing was conducted for 20 min to remove
all the bubbles.

The PDMS chip was then placed inside the oven and baked for 5 min at 100 ◦C.
This condition yields a flexible PDMS structure; therefore, it is in excellent condition to
easily be peeled off from the thin mold. Other temperatures with a longer time (at lower
temperatures) result in a solid PDMS, making it hard to remove, and in most cases, it
breaks near the inlet or outlet. At the same time, these processes were tried for another
mold, which created a thin layer of PDMS (1 mm) to cover the channel (see Figure 5d).
After placing the channel on the PDMS sheet with UV curable glue, the bonding was
strengthened by applying UV light on both sides with a hand-held UV lamp (UV 365 nm
light) for 5 min. This helped to make a strong bonding for the PDMS–PDMS connection.
The mold that includes the channel geometry was placed on a uniform large PDMS sheet;
therefore, the issue of the cumbersome bonding process of PDMS–PDMS was avoided.
Subsequently, the whole microfluidic channel was cut out under the microscope to release
the structure shown in Figure 5f. After removing the structure, it was again heated and
immediately put on the chip.

Figure 6 shows the steps for making a back-gate contact connection using the con-
ductive copper tape. The copper conductive tape was soldered to a wire, which connects
the wire to a pin header on the PCB as the back-gate connection. It is noteworthy that, as
shown in Figure 6, the sensor comes with seven drains, and since they provide almost the
same results (transfer characteristics), we arbitrarily used one of them.

3.3. Sensor Characterization

The sensor was characterized in reverse bias mode by applying a positive voltage
to the back gate (see Figure 1) through a semiconductor analyzer (Keithley 4200A-SCS
Parameter Analyzer, Tektronix, Beaverton, OR, USA) by a stepwise voltage increment from
0 to 1 V with 0.1 steps. At the same time, the drain–source voltage was swept from 0 to 5 V
with 0.2 V increment. The p-n junction was maintained turned off in this mode, ensuring
zero current from the back gate into the p-type channel. A general view of the integrated
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sensor and microfluidic with the fixture is shown in Figure 7. The inlet tube was connected
to a syringe, and the solution was loaded. The fluid was maintained stationary inside the
channel to ensure the possible noises due to turbulence in the ions flow near the surface.
The setup was used for making contact with the sensor pads; therefore, the device could be
used without the need for huge probe station. The switch on the PCB made the OG-JFET
channel selection much easier. Therefore, when the fluid was in contact with the sensor, the
channels could be switched on and off to measure the fluid effects in that area.
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Figure 5. The processes led to the fabrication of a microfluidic channel on top of the sensor. (a): the
PDMS replica molding process undertaken to create the 3D microfluidic with two 2D PDMS; (1) first
the 3D printed mold was washed, (2) filling the mold with a 10:1 ration of pre-prepared PDMS (after
filling the mold, the PDMS and mold were put in the vacuum chamber for 20 mins for degassing),
(3) after degassing, the PDMS and mold were put in the oven and baked for 5 min at 100 C, (4) the
PDMS was peeled off from the mold, (5) at this point, a channel is put on a PDMS sheet, which has
already been prepared with another mold, (6) bonding the PDMS and chip. (b): the used channel
molds. (c) showing the peeled-off microfluidic structure. (d): the PDMS sheet shown in step 5.
(e) testing the fluidic connectors with water. (f) showing the adhesion of the PDMS channel on
the glass.
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Figure 6. Bonding process of the microfluidic channel on the chip. (a): A copper conductive tape was
utilized to create the back-gate connection on the glass slide. (b): the sensor was put on the sensor.
(c): after heating the microfluidic, it was aligned with the chip under a microscope. (d) filling the
gap underneath the microfluidic with UV curable glue and applying UV light to make the structure
strongly bonded.
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Figure 7. The experiment setup was used to test the OG-JFET sensor. (a): shows the CAD design
of the fixture used for connecting the sensor to the semiconductor analyzer. (b): the fabricated test
setup, consisting of PCB (BNC, switch), 3D printed support and microfluidic with its tubing. The
back gate was contacted from the back of the sensor to top on the PCB, where it was connected to
a BNC connector to the semiconductor analyzer. (c): shows the spring-loaded connectors used to
connect the OG-JFET pads to the PCB. On the PCB, there is a switch that enables the user to select the
specific channel on the OG-JFET sensor.

4. Results

The OG-JFET sensor was fabricated with a standard microfabrication technology (see
Figure S1 for more information). Here, the integration with a PDMS-based microfluidic
is detailed. The back-gated structure of the sensor allows running a microfluidic channel
atop the sensor in the sensing region. In this section, the results associated with the sensor
transistor response in both dry mode and when the sensor is exposed to solution in the
microfluidic channel are discussed. Furthermore, the results of mathematical modeling and
fluidic simulations are explained here.
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4.1. Sensor Response in Dry Condition

The sensor consists of a p-n junction, which can be imagined as similar to conventional
JFET with opened top gate. The top gate is devoted to sensing a solution or any kind of
biomaterials. The back gate can be used to control the conduction of the channel. The p-n
junction can be turned on or off based on the polarity of the voltages applied on the p-type
and n-type layers. If a positive voltage is applied to p-type and a negative to n-type (see
Figure 1), the sensor is forward biased, which allows the p-n junction to be opened. The
difference between the drain and gate voltage is more than a specific threshold voltage.
The calculated turn-on voltage for this p-n junction here is ≈0.67 V. However, when the
voltage difference between the drain and back gate reaches this number, the p-n junction
is opened, and huge current will be directed from the back gate to the drain, which is not
preferable for biosensing applications. For this reason, the sensor is suggested to be used
in the reverse-biased condition, as it allows controlling the channel with the back gate for
more efficient sensing of the surface charge and solution chemical potential. After being
integrated with microfluidics, the sensor was characterized when no solution was on it.
The Ids–Vds and Ids–Vgs curves of OG-JFET are demonstrated in Figure 8.
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Figure 8. The Ids–Vds and Ids–Vgs curves of OG-JFET. (a): Ids vs. drain–source voltage. (b): Ids vs.
back-gate voltage.

Figure 9 demonstrates the conductance of OG-JFET for different drain–source voltages
when gate source is applied on the sensor. This curve clearly shows the effect of back
gate on the control of the channel conductance. According to Figure 9, the conductance
decreases when drain–source voltage is applied, narrowing the channel due to back-gate
space charge modulation. The channel conductance approaches zero at higher back-gate
voltages (=1 V).

The transconductance (gm) of the sensor is calculated based on the experimental
results (see Figure 10). The gm is depicted vs. back gate that shows the controllability of
gain with the back gate. Additionally, the result demonstrates that the gm linearly decreases
with increasing the back gate. The gain is calculated by taking the first derivative of the
Ids–Vgs curve shown in Figure 8b. The maximum gain of the sensor occurs at the Vgs = 0.
It is noteworthy that the Vds enhancement leads to higher gains. The gain estimates the
current enhancement in Equations (13) and (14), based on this result.
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4.2. Solution Tests in Microfluidic Channel

Simple wet tests were performed to demonstrate the fabricated microfluidics func-
tionality and the sensor’s integration. The sensor was tested with DI water and 0.9% NaCl
solution to show the sensor’s response to a change in the concentration of ions in the
solution. The concentration of ions in the NaCl solution was higher than the DI water,
and the sensor showed more current enhancement toward this change in solution (see
Figure 11).
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Figure 11. Preliminary test results of sensor with DI water and 0.9% NaCl solution injected in
microfluidic channel.

Additionally, for precise control over the sensor’s response to change in the surface
charge, a solution with different pH was prepared and tested in the microfluidic channel.
The fluid was injected into the channel with a syringe pump and then stopped to obtain
stationary fluid in the chamber. In our previous work, the change in Vgs with different
pH levels was reported to be 39.45 mV/pH, 42.62 mV/pH, 45.79 mV/pH, 48.96 mV/pH,
52.12 mV/pH and 55.29 mV/pH determined for different reference current measure-

ments [62]. These values can be considered as
dVbg
dC in Equations (13) and (14). The surface

charge can be correlated with the pH [62], therefore, we can use pH in this formula. To
calculate the above charge (=pH) sensitivities, the back gate electrode of OG-JFET was used,
which demonstrates the effectiveness of this sensor topology for measuring surface charge
variations without the need for bulky reference electrodes in the solution. Furthermore, the
back gate can be used to change the gain of the sensor for changing the current sensitivity.

The gain was calculated based on the experimental results using Equations (13) and (14),
and used in the calculation of the current sensitivity. Figure 12 shows the effect of back
gate on the sensing variation. The back gate in OG-JFET is an advantage in the packaging.
It allows easier integration of a microfluidic channel in continuous fluidic; furthermore,
it enables changing the working point of sensor and changing the current sensitivity to
surface charge.

4.3. Mathematical Modeling Results

To confirm the sensor’s transfer characteristics, the mathematical modeling of the
sensor is presented in this paper. The mathematical modeling was developed to estimate
the sensor response to variation in surface charge. Therefore, the surface charge effect was
approximated with a simple model that considered the space charge variation of the p-type
channel. The model is simple and cannot be used for general surface potential modeling on
the JFET.
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Figure 12. The effect of gain on the current sensitivity for different values of surface charges due to
pH variations. Sv is the voltage sensitivity of sensor with unit of mV/pH.

Equation (11) was solved for the gate-source voltage range of 0 to 1 for Vds values 2 V
and 5 V (see Figures 13 and 14). A comparison of the mathematical modeling results with
the experiment indicates the model was not accurate in predicting the experiment trend
for back-gate voltages higher than 0.7 V. After this voltage, the sensor response remained
constant, which was not in accordance with the experiments. The mathematical modeling
was discussed in previous work [74]; however, the limitations of the model were not
discussed for OG-JFET with transfer characteristics being shown. Figure 13 demonstrates
the point that the model was not helpful for high back-gate voltage. Therefore, the model
introduced in this work and also Ref. [74] can be used for the low back-gate (preferably
<0.7) and drain–source voltages (preferably <0.6). A comparison of the experimental result
of sensor transfer characteristics (see Figure 8) with model result (see Figure 13) indicates
that the non-idealities in fabrication processes, such as non-uniformity of doping levels,
uncertainties in controlling the channel length with implantation of source and drain, might
be responsible for the inconsistency between the model and the experiment.
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0.1 steps. The model can predict the sensors response in low values of drain–source voltages before
saturation. The back-gate voltage is also limited to the Vpo for good accuracy.
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Figure 14. Mathematical modeling result of Ids–Vgs response for Vds values of 2 V and 5 V.

Figure 15 shows the modeling result of the surface charge effects on the sensor response.
The experiments showed that the pH causes an increment in output current. Here, the
surface charge modeling was inspired by the work performed in Ref. [75] for NO2 detection
using a similar JFET structure. However, the charge density was determined using the
simulation modeling of pH equivalent surface charge we introduced in our previous
work [72]. Same as the experiment and multiphysics simulation, the mathematical model
shows current enhancement with an increase in pH (Figure 15).
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Figure 15. Mathematical modeling result of surface charge effects on the OG-JFET sensing area. The
increment in pH results in more negative surface charge.

4.4. Microfluidic Simulations

The microfluidic was designed to deliver the sample onto the sensing region of OG-
JFET. The fluidic transport inside the channel was analyzed with COMSOL Multiphysics
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software to gain insight into the fluid dynamics in the chamber atop the sensor and in
the channel. The analysis was performed to estimate the fluid velocity in the chamber for
different mass flow rates, which is helpful for future design of this kind.

According to the velocity profile shown in Figure 16, the velocity is higher in the
middle of the channel and almost zero near the walls, as the no-slip boundary condition is
applied to the channel simulation. When the fluid is approaching the chamber, suddenly,
flow velocity decreases, which leads to the transport of fluid partially into the chamber.
Therefore, a specific fraction of fluid will always be captured in the chamber in the continu-
ous operation mode of the microfluidic. Considering the sample homogeneity in the base
fluid, we can expect the same volume fraction of analyte of interest in the channel.
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The flow condition is demonstrated by observing the flow with velocity contours in
the middle plane of the microfluidic channel. As can be seen in Figure 17, when the flow
rate increases from a low value (10 mg/s) to high values (>350 mg/s), the flow starts to
become unstable around 50 mg/s and continuous to pass the chamber in the middle. At
high flow velocities, the volume fraction of the fluidic trapped in the chamber decreases, as
the flow gains high momentum to pass the chamber. For specific applications, such as the
cells under perfusion or analyte transportation on the sensing region (with this microfluidic
topology), this analysis helps choose the best range of flow rate in the channel.

The flow shear rate distribution is calculated to demonstrate the effect of flow on the
sensing region. Shear rate explains the impact of inlet flow on the flow shear stress in the
sensing region, which is good for quantifying flow effects on the bottom of the chamber. In
other words, the shear rate can be used to demonstrate the effect of change in inlet velocity
on the transport at the sensing region. Figure 18 shows the change in shear rate on the
centerline of the bottom plane of the chamber where the sensor is placed in the middle.

According to the results shown in Figure 18, the flow is not stable for all ranges of
inlet conditions. For instance, the flow around 50 mg/s yields wavy shear stress on the
surface, indicating turbulence in the flow, which is not a desirable condition for working a
biosensor in continuous mode. Therefore, according to the simulation, we suggest a flow
rate lower than 50 mg/s for operation of this sensor in this microfluidic channel. However,
to conduct pH tests, we conducted experiments in stationary conditions to avoid stream
current in the flow that affects pH sensitivity. The microfluidic analysis provides insights
for utilization of this sensor for biosensing applications, which needs the precise control of
the injection of an analyte on the sensing region with this chamber-included microfluidics.
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5. Discussion

Using 3D printed microfluidics, a simple method is introduced in the paper for
integration of a miniaturized fluidics part with a FET sensor for life science applications.
The methodology allows using two planar microfluidics to create a chamber on top of
the sensing area of the sensor. The introduced microfluidic system allows higher feature
sizes that make the fabrication feasible with 3D printing. Furthermore, the bonding is
achieved through UV curable glue, which makes the integration much easier. Additionally,
the design of microfluidics parts avoids the alignment issues mostly associated with small
microfluidics that has to be developed in the top area of chip. The microfluidics is testes
with simple fluids to show the functionality of sensor and the operation of introduced
packaging methodology. It is proved that using the thin microfluidics, as described in this
paper, it will be appropriate to be applied on the back-gate FET sensors that are becoming
popular due to their enhanced sensing properties. Microfluidics can be used for those
sensors to eradicate the need for bulky electrodes in the solution. The introduced packaging
method for the FET sensor can be used to create a platform for rapid testing of the solution
and avoid the cumbersome process associated with testing the sensor inside the probe
station cage that has limited space and is risky due to possible fluid leakages that are
detrimental to the expensive machine electronics. Furthermore, it is discussed how the
3D printing (PolyJet) can be recruited to rapidly build a testing fixture integrated with
microfluidics for testing a solution and other bioassays on a FET sensor. Additionally, both
theoretically and experimentally, it is proved that the back-gate structure can be used to
change the gain of the sensor, which enables more sensitivity (e.g., pH sensitivity). For
theoretical analysis, a mathematical modeling is introduced, which is useful for prediction
of the trends of sensor’s response and comparison with the sensors function. However,
more research should be conducted to improve the model and, in particular, the charge
modeling in the solution.

The FET sensor in this work is proved to be charge sensitive with a demonstration of
simple liquids and pH solutions. Based on the successful utilization of FET sensors in differ-
ent life science applications, we believe the charge-sensing capability of the current platform
could be extended to sensor other charged proteins and chemical reactions that lead to
enhancement of the solution’s charge density. Nevertheless, this sensor could be unutilized
with receptors for a specific analyte in the solution for other life science applications, since
the charge-sensing capability of the sensor enables those sensing mechanisms.

6. Conclusions

This research explains the integration of OG-JFET sensor to 3D printed PDMS-based
microfluidics for biosensing applications. The microfluidics can be easily fabricated with 3D
printed molds. The sensor’s large die size and sensing area (≈0.7 mm2) provide a large size,
allowing using high-aspect ratios for molding, which makes the PDMS fabrication easier,
without the need for complex methods, such as photolithography. The sensor comes with
a back-gate structure that enables easier integration with a microfluidic channel without
bulky reference electrode integration. Many efforts have been made in the fabrication
of miniaturized reference electrodes on the sensing dies, which makes their stability and
lifetime a severe matter of concern in integrated microfluidics biosensors. Nevertheless,
we have shown in this paper how PolyJET 3D printing technology can be used for the
fabrication of PDMS microfluidic molds for a back-gated sensor. The sensor is successfully
integrated and tested with a solution to demonstrate its functionality for solution charge
sensing, which is the aim of every BioFET sensor.

For this reason, DI water and 0.9% NaCl solution was tested in a microfluidic channel
to show the functionality of the integration. To be more precise in demonstrating the
effectiveness of back gate and its importance in the integrated sensor, the current sensitivity
of the sensor was analyzed, showing the effect of the sensor in controlling the operation
point of sensor. Furthermore, it was shown that the back gate can enhance the current
sensitivity by the inherent amplification potential that the back gate provides. Put simply,
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the back gate significantly eases integration by providing an open-gate area for running a
microfluidic channel. It can be used to take advantage of the sensor structure to enhance
the current sensitivity by changing the gain (gm). It was shown that the change of back gate
from 1 V to 0 V changed the gain from ~0.42 mA/V to ~1 mA/V in a constant Vds. It was
shown the physically controlled surface charge sensitivity of the sensing layer (here SiO2)
can be amplified by the sensor’s gain to change the current sensitivity. It was shown that
the change of the back gate from 1.0 to 0.0 can increase the sensitivity from ~40 mV/pH to
~55 mV/pH.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mi13030425/s1, Figure S1: The fabrication processes of OG-JFET.
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49. Măriuţa, D.; Colin, S.; Barrot-Lattes, C.; Le Calvé, S.; Korvink, J.G.; Baldas, L.; Brandner, J.J. Miniaturization of fluorescence
sensing in optofluidic devices. Microfluid. Nanofluidics 2020, 24, 65. [CrossRef]

50. Ghafar-Zadeh, E.; Sawan, M.; Therriault, D. A microfluidic packaging technique for lab-on-chip applications. IEEE Trans. Adv.
Packag. 2009, 32, 410–416. [CrossRef]

51. Ghafar-Zadeh, E.; Sawan, M.; Therriault, D. A 0.18-µm CMOS capacitive sensor Lab-on-Chip. Sens. Actuators A Phys. 2008, 141,
454–462. [CrossRef]

52. Leonardi, A.A.; Lo Faro, M.J.; Irrera, A. Biosensing platforms based on silicon nanostructures: A critical review. Anal. Chim. Acta
2021, 1160, 338393. [CrossRef] [PubMed]

53. Islam, S.; Shukla, S.; Bajpai, V.K.; Han, Y.-K.; Huh, Y.S.; Ghosh, A.; Gandhi, S. Microfluidic-based graphene field effect transistor
for femtomolar detection of chlorpyrifos. Sci. Rep. 2019, 9, 276. [CrossRef] [PubMed]

54. Choi, K.; Kim, J.Y.; Ahn, J.H.; Choi, J.M.; Im, M.; Choi, Y.K. Integration of field effect transistor-based biosensors with a digital
microfluidic device for a lab-on-a-chip application. Lab Chip 2012, 12, 1533–1539. [CrossRef] [PubMed]

55. Sinha, A.; Tai, T.-Y.; Li, K.-H.; Gopinathan, P.; Chung, Y.-D.; Sarangadharan, I.; Ma, H.-P.; Huang, P.-C.; Shiesh, S.-C.; Wang,
Y.-L.; et al. An integrated microfluidic system with field-effect-transistor sensor arrays for detecting multiple cardiovascular
biomarkers from clinical samples. Biosens. Bioelectron. 2018, 129, 155–163. [CrossRef] [PubMed]

56. He, R.X.; Lin, P.; Liu, Z.K.; Zhu, H.W.; Zhao, X.Z.; Chan, H.L.W.; Yan, F. Solution-gated graphene field effect transistors integrated
in microfluidic systems and used for flow velocity detection. Nano Lett. 2012, 12, 1404–1409. [CrossRef] [PubMed]

57. Lai, Y.H.; Lim, J.C.; Lee, Y.C.; Huang, J.J. Analysis of the biochemical reaction status by real-time monitoring molecular diffusion
behaviors using a transistor biosensor integrated with a microfluidic channel. ACS Omega 2021, 6, 11911–11917. [CrossRef]
[PubMed]

58. Shen, F.; Tan, M.; Wang, Z.; Yao, M.; Xu, Z.; Wu, Y.; Wang, J.; Guo, X.; Zhu, T. Integrating silicon nanowire field effect transistor,
microfluidics and air sampling techniques for real-time monitoring biological aerosols. Environ. Sci. Technol. 2011, 45, 7473–7480.
[CrossRef]

59. Annese, V.F.; Giagkoulovits, C.; Hu, C.; Al-Rawhani, M.A.; Grant, J.; Patil, S.B.; Cumming, D.R.S. Micromolar Metabolite
Measurement in an Electronically Multiplexed Format. IEEE Trans. Biomed. Eng. 2022. [CrossRef]

60. Annese, V.F.; Patil, S.B.; Hu, C.; Giagkoulovits, C.; Al-Rawhani, M.A.; Grant, J.; Macleod, M.; Clayton, D.J.; Heaney, L.M.; Daly, R.;
et al. A monolithic single-chip point-of-care platform for metabolomic prostate cancer detection. Microsyst. Nanoeng. 2021, 7, 21.
[CrossRef]

61. Muluneh, M.; Issadore, D. A multi-scale PDMS fabrication strategy to bridge the size mismatch between integrated circuits and
microfluidics. Lab Chip 2014, 14, 4552–4558. [CrossRef]

62. Zhang, B.; Dong, Q.; Korman, C.E.; Li, Z.; Zaghloul, M.E. Flexible packaging of solid-state integrated circuit chips with elastomeric
microfluidics. Sci. Rep. 2013, 3, 1098. [CrossRef]

63. Larisika, M.; Kotlowski, C.; Steininger, C.; Mastrogiacomo, R.; Pelosi, P.; Schütz, S.; Peteu, S.F.; Kleber, C.; Reiner-Rozman, C.;
Nowak, C.; et al. Electronic Olfactory Sensor Based on A. mellifera Odorant-Binding Protein 14 on a Reduced Graphene Oxide
Field-Effect Transistor. Angew. Chem. 2015, 54, 13245–13248. [CrossRef]

64. White, S.P.; Sreevatsan, S.; Frisbie, C.D.; Dorfman, K.D. Rapid, Selective, Label-Free Aptameric Capture and Detection of Ricin in
Potable Liquids Using a Printed Floating Gate Transistor. ACS Sens. 2016, 1, 1213–1216. [CrossRef]

http://doi.org/10.1016/j.bios.2020.112943
http://www.ncbi.nlm.nih.gov/pubmed/33421762
http://doi.org/10.1016/j.talanta.2020.121462
http://www.ncbi.nlm.nih.gov/pubmed/33076082
http://doi.org/10.1002/biot.201200386
http://www.ncbi.nlm.nih.gov/pubmed/24019250
http://doi.org/10.1039/c3lc50437a
http://www.ncbi.nlm.nih.gov/pubmed/23939616
http://doi.org/10.3390/mi12030270
http://www.ncbi.nlm.nih.gov/pubmed/33800809
http://doi.org/10.1109/TBME.2018.2866830
http://www.ncbi.nlm.nih.gov/pubmed/30139044
http://doi.org/10.1016/j.bios.2015.11.027
http://www.ncbi.nlm.nih.gov/pubmed/26599482
http://doi.org/10.1038/s41598-019-51464-7
http://www.ncbi.nlm.nih.gov/pubmed/31616031
http://doi.org/10.1038/srep42120
http://www.ncbi.nlm.nih.gov/pubmed/28186118
http://doi.org/10.1007/s10404-020-02371-1
http://doi.org/10.1109/TADVP.2008.920655
http://doi.org/10.1016/j.sna.2007.10.007
http://doi.org/10.1016/j.aca.2021.338393
http://www.ncbi.nlm.nih.gov/pubmed/33894957
http://doi.org/10.1038/s41598-018-36746-w
http://www.ncbi.nlm.nih.gov/pubmed/30670750
http://doi.org/10.1039/c2lc21203j
http://www.ncbi.nlm.nih.gov/pubmed/22402581
http://doi.org/10.1016/j.bios.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30703568
http://doi.org/10.1021/nl2040805
http://www.ncbi.nlm.nih.gov/pubmed/22324366
http://doi.org/10.1021/acsomega.1c00222
http://www.ncbi.nlm.nih.gov/pubmed/34056345
http://doi.org/10.1021/es1043547
http://doi.org/10.1109/TBME.2022.3147855
http://doi.org/10.1038/s41378-021-00243-4
http://doi.org/10.1039/C4LC00869C
http://doi.org/10.1038/srep01098
http://doi.org/10.1002/ange.201505712
http://doi.org/10.1021/acssensors.6b00481


Micromachines 2022, 13, 425 23 of 23

65. Berto, M.; Casalini, S.; Di Lauro, M.; Marasso, S.L.; Cocuzza, M.; Perrone, D.; Pinti, M.; Cossarizza, A.; Pirri, C.F.; Simon, D.T.; et al.
Biorecognition in Organic Field Effect Transistors Biosensors: The Role of the Density of States of the Organic Semiconductor.
Anal. Chem. 2016, 88, 12330–12338. [CrossRef] [PubMed]

66. Knopfmacher, O.; Hammock, M.L.; Appleton, A.L.; Schwartz, G.; Mei, J.; Lei, T.; Pei, J.; Bao, Z. Highly stable organic polymer
field-effect transistor sensor for selective detection in the marine environment. Nat. Commun. 2014, 5, 2954. [CrossRef] [PubMed]

67. Papamatthaiou, S.; Zupancic, U.; Kalha, C.; Regoutz, A.; Estrela, P.; Moschou, D. Ultra stable, inkjet-printed pseudo reference
electrodes for lab-on-chip integrated electrochemical biosensors. Sci. Rep. 2020, 10, 1–10. [CrossRef] [PubMed]

68. Shinwari, M.W.; Zhitomirsky, D.; Deen, I.; Selvaganapathy, P.R.; Deen, M.J.; Landheer, D. Microfabricated reference electrodes
and their biosensing applications. Sensors 2010, 10, 1679–1715. [CrossRef] [PubMed]

69. Zhou, J.; Ren, K.; Zheng, Y.; Su, J.; Zhao, Y.; Ryan, D.; Wu, H. Fabrication of a microfluidic Ag/AgCl reference electrode and its
application for portable and disposable electrochemical microchips. Electrophoresis 2010, 31, 3083–3089. [CrossRef] [PubMed]

70. Panahi, A.; Tabrizi, H.O.; Mangannavar, P.; Chebotarev, O.; Fung, A.; Ghafar-Zadeh, E. Open-Gate Junction Field Effect Transistor
(OG-JFET) for Life Science Applications: Design, Implementation and Characterization. IEEE Sens. J. 2021, 21, 26503–26514.
[CrossRef]

71. Panahi, A.; Sadighbayan, D.; Ghafar-Zadeh, E. Electronic Sensing Platform (ESP) Based on Open-Gate Junction Field-Effect
Transistor (OG-JFET) for Life Science Applications: Design, Modeling and Experimental Results. Sensors 2021, 21, 7491. [CrossRef]
[PubMed]

72. Panahi, A.; Tabrizi, H.O.; Mangannavar, P.; Chebotarev, O.; Fung, A.; Ghafar-Zadeh, E. A New Foundry-Based Open-Gate
Junction Field-Effect Transistor (OG-JFET) as Electronic Sensing Platform (ESP) for Life Science Applications. In Proceedings of
the 2021 IEEE Sensor Conference, Sydney, Australia, 31 October–3 November 2021; pp. 1–4. [CrossRef]

73. Morita, M.; Ohmi, T.; Hasegawa, E.; Kawakami, M.; Ohwada, M. Growth of native oxide on a silicon surface. J. Appl. Phys. 1990,
68, 1272–1281. [CrossRef]

74. Adinolfi, V.; Sargent, E.H. Photovoltage field-effect transistors. Nature 2017, 542, 324–327. [CrossRef] [PubMed]
75. Barillaro, G.; Lazzerini, G.M.; Strambini, L.M. Modeling of porous silicon junction field effect transistor gas sensors: Insight into

NO2 interaction. Appl. Phys. Lett. 2010, 96, 16. [CrossRef]

http://doi.org/10.1021/acs.analchem.6b03522
http://www.ncbi.nlm.nih.gov/pubmed/28193067
http://doi.org/10.1038/ncomms3954
http://www.ncbi.nlm.nih.gov/pubmed/24389531
http://doi.org/10.1038/s41598-020-74340-1
http://www.ncbi.nlm.nih.gov/pubmed/33051556
http://doi.org/10.3390/s100301679
http://www.ncbi.nlm.nih.gov/pubmed/22294894
http://doi.org/10.1002/elps.201000113
http://www.ncbi.nlm.nih.gov/pubmed/20803753
http://doi.org/10.1109/JSEN.2021.3121339
http://doi.org/10.3390/s21227491
http://www.ncbi.nlm.nih.gov/pubmed/34833566
http://doi.org/10.1109/SENSORS47087.2021.9639830
http://doi.org/10.1063/1.347181
http://doi.org/10.1038/nature21050
http://www.ncbi.nlm.nih.gov/pubmed/28178236
http://doi.org/10.1063/1.3391620

	Introduction 
	Electronic Sensor 
	Open-Gate Junction Field-Effect Transistor and Microfluidics 
	Mathematical Modeling 

	Microfluidics and Electrical Packaging 
	Electrical Packaging 
	Microfluidic Packaging 
	Sensor Characterization 

	Results 
	Sensor Response in Dry Condition 
	Solution Tests in Microfluidic Channel 
	Mathematical Modeling Results 
	Microfluidic Simulations 

	Discussion 
	Conclusions 
	References

