
Research
MEMS Sensors—Article

A MEMS Sensors Based on A Laterally Movable Gate Field-Effect
Transistor (LMGFET) with A Novel Decoupling Sandwich Structure

Wendi Gao a,b,c,d, Zhixia Qiao e, Xiangguang Han a,b, Xiaozhang Wang a,b, Adnan Shakoor f,g, Cunlang Liu a,
Dejiang Lu a,b,⇑, Ping Yang a,b, Libo Zhao a,b,⇑, Yonglu Wang a,b, Jiuhong Wang a,b, Zhuangde Jiang a,b,
Dong Sun a,g

a State Key Laboratory for Manufacturing Systems Engineering, International Joint Laboratory for Micro/Nano Manufacturing and Measurement Technologies, Overseas
Expertise Introduction Center for Micro/Nano Manufacturing and Nano Measurement Technologies Discipline Innovation, Xi’an Jiaotong University (Yantai) Research Institute
for Intelligent Sensing Technology and System, School of Mechanical Engineering, Xi’an Jiaotong University, Xi’an 710049, China
b Shandong Laboratory of Yantai Advanced Materials and Green Manufacturing, Yantai 265503, China
cBeijing Advanced Innovation Center for Intelligent Robots and Systems, Beijing Institute of Technology, Beijing 100081, China
d State Key Laboratory of Robotics and Systems, Harbin Institute of Technology, Harbin 150006, China
e Eleventh Research Institute, Sixth Academy of China Aerospace Science and Technology Co., Xi’an 710100, China
fDepartment of Control and Instrumentation Engineering, King Fahd University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia
gDepartment of Biomedical Engineering, City University of Hong Kong, Hong Kong 999077, China

a r t i c l e i n f o

Article history:
Received 3 September 2021
Revised 8 March 2022
Accepted 5 June 2022
Available online 13 August 2022

Keywords:
Force sensor
Laterally movable gate
Field-effect transistor
Photoresistive SU-8
Biomedical micromanipulation

a b s t r a c t

This paper presents the development of a novel micro force sensor based on a laterally movable gate
field-effect transistor (LMGFET). A precise electrical model is proposed for the performance evaluation
of small-scale LMGFET devices and exhibits improved accuracy in comparison with previous models. A
novel sandwich structure consisting of a gold cross-axis decoupling gate array layer and two soft pho-
toresistive SU-8 layers is utilized. With the proposed dual-differential sensing configuration, the output
current of the LMGFET lateral operation under vertical interference is largely eliminated, and the relative
output error of the proposed sensor decreases from 4.53% (traditional differential configuration) to 0.01%.
A practicable fabrication process is also developed and simulated for the proposed sensor. The proposed
LMGFET-based force sensor exhibits a sensitivity of 4.65 lA�nN�1, which is comparable with vertically
movable gate field-effect transistor (VMGFET) devices, but has an improved nonlinearity of 0.78% and
a larger measurement range of ±5.10 lN. These analyses provide a comprehensive design optimization
of the electrical and structural parameters of LMGFET devices and demonstrate the proposed sensor’s
excellent force-sensing potential for biomedical micromanipulation applications.

� 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Micro-electromechanical system (MEMS) micro force sensors
are efficient and necessary tools in many biomedical studies. Such
tools have been used to measure the Young’s modulus [1,2], viscos-
ity [3,4], and locomotion traction [5] in living cells or tissues in
order to study biological processes and biomedical reactions. Micro
force sensors can provide precise force feedback in micro-robotic
biomedical manipulations to improve the automation extent
[6,7] and the survival rate of biological objects [8,9]. Recent studies

have focused on the organelle or molecular level, thereby increas-
ing the demand for ultralow force sensing below the nanonewton
level. Current force-sensing devices are mainly based on sensing
principles, such as capacitive [10,11], piezoresistive [12,13], and
piezoelectric [14,15] principles. The movable gate field-effect tran-
sistor (MGFET) force sensor exhibits several advantages over its
competitors, such as a high sensitivity derived from the transistor
array design [16,17], convenient signal amplification, and modula-
tion with integrated circuits [18], thus making the on-chip mea-
surement of low-scale forces feasible. Compared with traditional
metal-oxide semiconductor field-effect transistors, MGFET devices
have a floating gate over the substrate channel area and can move
along three axes due to the air gap, as shown in Fig. 1. The current
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between the source and the drain electrodes reflects the applied
external loads. In terms of the gate moving direction, MGFET
devices are divided into two types: vertically MGFETs (VMGFETs)
and laterally MGFETs (LMGFETs). VMGFETs exhibit high sensitiv-
ity, while their movement range is limited by the small air gap
thickness. Their measurement linearity deteriorates with an
increase in gate vertical deformation. Unexpected rapidly
increased loads usually occur during biomedical measurements,
such as during membrane penetration in biological cell microinjec-
tions [19,20], when the force amplitude increases sharply and may
exceed the measurement range of a VMGFET device. In LMGFETs,
the gate moves laterally along the channel width, and the air gap
remains constant. The measurement range of LMGFETs is larger
than that of VMGFETs, and their output current changes linearly
during the measurement range. Therefore, a highly sensitive
LMGFET force sensor is more versatile than a VMGFET in biomed-
ical measurement.

Researchers have developed several MGFET devices on the basis
of these two types, such as VMGFET-based accelerometers [21,22],
differential amplifiers [23], and LMGFET-based displacement sen-
sors [24]. Existing studies have found that the measuring sensitiv-
ity can be improved by scaling down the transistor size. However,
the widely adopted long-channel model in Refs. [21–24], which
ignores many scale effects, is inaccurate for describing MGFET per-
formance, especially for devices with a small size. In our previous
work, we proposed an accurate electrical model for small-scale
VMGFET devices [25]. However, the movable gate of an LMGFET
device partially covers the channel area, leaving the other part
exposed. The operation behavior of LMGFET devices is relatively
more complex than that of VMGFET devices, such that the previous
VMGFET model is no longer applicable in LMGFET design. There-
fore, a new precise electrical model is essential for the performance
evaluation of small LMGFET devices. Moreover, the output current
of an MGFET changes as its gate moves laterally and vertically, and
loads from non-operation directions can produce considerable
interference of output signals.

A differential sensing configuration has usually been adopted to
attenuate the cross-axis coupling effect in MGFET devices [23,25].
However, this method is invalid for LMGFETs because the output
current changes significantly when the gate moves vertically. The
output change from lateral loads can be overwhelmed by vertical
disturbances, producing undesirable measurement errors. There-
fore, a novel decoupling movable structure and sensing configura-
tion is required to improve sensing accuracy. The measuring
sensitivity of MGFET devices can be further improved by lowering
the stiffness of movable structures. In existing MGFET devices,

movable structures are made of rigid materials, such as silicon
[21] and nickel [22,24] with large stiffness, such that the movable
structure can hardly deform. One feasible method to improve the
measuring sensitivity is to replace these stiff materials with other
flexible alternatives. However, this is difficult for LMGFET devices,
as they require high-aspect-ratio structures, and no such attempts
have been conducted before.

The main contributions of this work are as follows. First, a
separated channel-based electrical model is proposed to describe
the operation behavior of small LMGFET devices, and its improved
accuracy and capability for performance evaluation are demon-
strated. Second, the electrical and structural parameters of LMGFET
devices are fully analyzed to optimize the performance of ultralow
force-sensing applications. Third, a flexible sandwich structure is
proposed for the LMGFET micro force sensor, which consists of a
gold cross-axis decoupling gate array layer and two soft photore-
sistive SU-8 layers. The sensor utilizes a novel dual-differential
decoupling sensing configuration that exhibits excellent sensing
sensitivity and anti-interference capability. Finally, the proposed
LMGFET force sensor is simulated with a practicable fabrication
process. The proposed sensor breaks through the limitation
between the sensing accuracy and measurement range of MGFET
devices. Its measuring sensitivity is 4.65 lA�nN�1 for a large mea-
surement range of ±5.10 lN, and its nonlinearity is less than 0.78%.

The rest of this paper is organized as follows: Section 2 models
and analyzes the electrical behavior of the LMGFET. Section 3 illus-
trates the proposed LMGFET force sensor and describes the
mechanical model and sensing configuration. Section 4 presents
a practicable fabrication process for the proposed sensor. The the-
oretical model is then validated through simulation and experi-
mental results, followed by a discussion of the sensor
performance. Section 5 provides the conclusions.

2. Electrical modeling of the LMGFET

When the gate of an LMGFET moves laterally, the channel width
changes such that the LMGFET can be divided into two separated
parts—namely, a covered channel area with width Wchc and an
uncovered channel area with width Wchu (Wchu = Wch � Wchc)
(where Wch is the whole channel width). The two parts share some
common parameters, such as the channel length Lch, voltage differ-
ence between the gate and source electrode Vgs, and voltage differ-
ence between the drain and source electrode Vds. Due to the
difference in the gate modulation effect at different lateral posi-
tions, the electron conductance in each channel area differs signifi-
cantly. The whole channel exhibits several individual electrical
parameters, such as the gate capacitance C0

eff , carrier mobility
U0

eff , and channel current Ids. Thus, an investigation of the electrical
parameters in each part is necessary in order to understand the
operation principles of the LMGFET. Such an investigation is con-
ducted in this section.

2.1. Effective gate capacitance

The capacitance between the gate and the covered and uncov-
ered channel area changes when the gate moves laterally. Gate
capacitance is a parameter describing the capacitance over a unit
area. More specifically, the effective gate capacitance in the cov-
ered channel area C0

effc is the series capacitance of the air gap and
gate insulator, which can be expressed as follows:

C0
effc ¼

e0
e0T insu

einsu
þ Zair

¼ e0
Z0
effc

ð1Þ

where e0 = 8.854 � 10�14 F�cm�1 is the permittivity of air; einsu is
the permittivity of the insulator; Zair is the air gap thickness; Tinsu

Fig. 1. Sensing unit of the MGFET. Tinsu: insulator thickness; Lch: channel length;
Zair: air gap thickness; Wch: whole channel width.
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is the insulator thickness; and Z0
effc is the effective gate gap thick-

ness in the covered area. A previous study assumed that the effec-
tive gate capacitance in the uncovered channel area C0

effu is
constant during gate movement [24]; however, this assumption is
not in accordance with reality and can cause many artifacts in the
device performance estimation. In this study, we propose an accu-
rate variable expression of C0

effu based on the fringe parasitic effect
of the gate sidewall and bottom line [26,27]:

C 0
effu ¼

2e0
pWchu

ln
Z0
effcþT 0

gþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T 0
g
2þ2T 0

gZ
0
effc

q
Z0
effc

2
4

3
5þ ke0

pWchuLch
ln

pLch
Z0
effc

� �

¼ e0
Z0
effu

ð2Þ

where T 0
g ¼ Tge

pWchu �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tg

2 þ 2TgZ
0
effc

q
bZ0

effc

0
@

1
A

is the effective gate
thickness for the sidewall parasitic capacitance; Tg is the gate thick-
ness; k and b are fitting parameters; and Z0

effu is the effective gate
gap thickness in the uncovered area.

The effective gate capacitance of the two separated areas is
examined at different lateral and height positions and compared
with simulation results from the finite-elementmethod (FEM) soft-
ware Ansoft Maxwell. In this calculation, the whole channel width
Wch is 20 lm; the air gap thickness Zair is from0.1 to 0.5 lm; the gate
thickness Tg is 0.2 lm; the gate insulator is silicon nitride, and its
thickness Tinsu is 100 nm; and the channel length Lch is 5 lm. During
gate movement, most of the electric potential is concentrated in the
covered area, and a small amount is scattered on the boundary edge
because of the fringe parasitic effect. The effective gate capacitance
in the covered channel area C0

effc remains almost constant at full
width. As the covered area width Wchc approaches zero, the scat-
tered potential proportion increases, and C0

effc experiences a small
increase, as shown by the dots in Fig. 2. However, the relative error
of C0

effc between the model and the simulation results is less than
3.0% for a small Wchc of 1 lm in three different air gaps. The value
of the effective gate capacitance in the uncovered channel area
C0
effu is one order less than that of C0

effc. The gate capacitance in the
uncovered area mainly results from the scattered electric potential
in the gate sidewall and bottom line. The total electrical potential

remains constant, but the size of the uncovered area changes during
gatemovement.C0

effu exhibits an inversely proportional relationship
with width in the covered area Wchc. When Wchc is low, C0

effu

increases slowly because the change in Wchu is insignificant. How-
ever, the size of the uncovered area changes greatly as Wchc

approaches the whole channel width, resulting in a rapid increase
of C0

effu. The scattered electrical potential increases as the air gap Zair
decreases and then aggravates this phenomenon. The calculation of
C0
effu also shows an excellent coincidencewith the simulated results,

where the largest relative error is less than 3.5%.

2.2. Threshold voltage

Threshold voltage is a crucial switch parameter modulating the
current channel between the source and drain electrodes. The
channel current exists only if the gate voltage is larger than the
threshold voltage for an accumulation-type MGFET. For a
depletion-type device, in which the channel current is originally
induced, a gate voltage approaching the threshold value can break
off the conducting channel. The covered and uncovered channel
areas have different threshold voltages, so they can have different
channel statuses during lateral and vertical gate movement. Con-
sidering the short and narrow channel effects, the threshold volt-
ages in the two areas are modeled separately, as follows:

V thc ¼ uMS þuB � FS
Z0
effc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffij2qNa=desiðuB � VbsÞj
p

e0
� Q 0

effZ
0
effc

e0
þ FNc uB � Vbsð Þ

ð3Þ

V thu ¼ uMS þuB � FS
Z0
effu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffij2qNa=desiðuB � VbsÞj
p

e0
� Q 0

effZ
0
effu

e0
þ FNu uB � Vbsð Þ

ð4Þ

where uMS is the work function difference between the gate and

channel; uB is the channel built-in voltage, which is
kBT
q

ln
Na

n2
i

� �

and � kBT
q

ln
Nd

n2
i

� �
for an N-channel device and a P-channel device,

respectively; Na/d is the net concentration of ionized acceptors in a
P-type substrate and donors in an N-type substrate, respectively;
q = 1.6 � 10�19 C is the magnitude of the electron or hole charge,
ni is the intrinsic doping concentration of silicon, kB is the
Boltzmann constant, and T is the thermodynamic temperature; esi
is the permittivity of silicon; Vbs is the voltage difference between
the source and substrate electrodes; Q 0

eff is the effective charge den-
sity of the channel, where the minus and plus signs are respectively
for N-channel and P-channel devices; and FS is the channel length
coefficient, which is expressed as follows:

FS ¼1�

Xj aþd0þd1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2esi uB�Vbsð Þj

qNa

q
Xj

þd2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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qNa

q
Xj

0
@

1
A

22
64

3
75

Lch

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2esi uB�Vbsð Þj

qNa

q
Xjþ
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qNa

q
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B@

1
CA

2
vuuuut �aXj

Lch
ð5Þ

where Xj is the depth of the PAN junctions in the source or the drain
electrode; and a, d0, d1, and d2 are model parameters. FNc and FNu are
the channel width coefficients in the covered and uncovered chan-
nel areas, respectively, and are expressed as follows:

FNc ¼ dpesiZ0
effc

4Wchce0
ð6Þ

Fig. 2. Relationship between the effective gate capacitances C0
effc and C0

effu, and the
channel width at different air gaps. Lines represent the calculated capacitance,
while scatters are the simulated results.
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FNu ¼ dpesiZ0
effu

4Wchue0
ð7Þ

where d is the channel width model factor. The positive sign before
the FS term is for an N-channel device while negative sign is for a P-
channel device. The sign before the Q 0

eff term is opposite compared
with that before the FS term, and the difference between the FS and
the Q 0

eff term can primarily determine the value of the threshold
voltage. For example, a large Q 0

eff term can result in a negative
threshold voltage for a depletion-type MGFET device with a P-
type substrate (Fig. 3).

Although the channel length coefficient FS remains constant, the
channel width coefficient changes during lateral and vertical gate
movements, especially for the uncovered channel area, whose
effective gate gap Z0

effu varies significantly at different positions.
Therefore, the threshold voltage will exhibit different characteris-
tics in the two channel areas and needs comprehensive analysis.
The effective charge density of the channel Q 0

eff and the substrate
concentration Na/d are studied first. A P-type substrate device is
adopted as an example, with the following parameters: The chan-
nel width Wch is 20 lm, the air gap Zair is 0.25 lm, the channel
length Lch is 5 lm, the P–N junction depth Xj is 0.5 lm, the intrinsic
doping concentration ni is 1.5 � 1010 cm�3, the implanted model
constant a = 0.04, d0 = 0.0631353, d1 = 0.8013292, d2 =
0.01110777, the work function voltage difference uMS = 3.83 V,
and the voltage difference between the substrate and the source
electrode Vbs = 0 V. The remaining parameters are the same as
those given in Section 2.1. The effect of the substrate acceptor con-
centration Na is investigated from Case_1 to Case_4 in Table 1,
where Na increases from 5 � 1014 to 5 � 1015 cm�3, while Q 0

eff is
kept low at 2.5 � 10�8 C�cm�2. For a small Na in Case_1, both parts
behave as depletion-type transistors, and the channel is initially
conductive because their energy band has been bent by dominant
electrons in the channel surface. To break off the conducting chan-
nel, a negative threshold voltage is required to attract holes in the
substrate. However, Vthc becomes positive while Vthu remains
negative when Na increases to 1.0 � 1015 cm�3; the covered part
becomes an accumulation-type transistor, and the uncovered part
remains a depletion type in Case_2. Because of its flat energy band,

the channel in the covered area is not conductive until the inver-
sion layer is formed, wherein holes gather in the channel surface
under electrical potential forces resulting from a positive threshold
voltage Vthc. This condition appears to be desirable for device
design, because the uncovered part with a nonlinear effective gate
capacitance can be eliminated. However, it results in poor device
performance, as only the covered part contributes to the output
current.

During LMGFET operation, Vthc decreases moderately and Vthu

increases sharply as Wchc increases, indicating that Vthu is more
susceptible to channel width modulation. More specifically, Vthu

changes from �0.817 V at a Wchc of 13 lm to 0.074 V at a Wchc

of 14 lm in Case_3. This condition can make the uncovered area
change from a depletion type to an accumulation type during
operation and should be avoided. When Na increases above
5 � 1015 cm�3, the two areas become accumulation types in
Case_4. The effect of the channel’s effective charge density Q 0

eff is
then investigated from Case_5 to Case_8, where Q 0

eff increases from
1 � 10�8 to 3 � 10�7 C�cm�2. In these cases, Na is kept at 5 � 1015

cm�3, a value that is commonly available using commercial silicon
wafers. For a low Q 0

eff of 1 � 10�8 C�cm�2 in Case_5, the covered
part behaves as an accumulation-type transistor, while the uncov-
ered part is a depletion type. Holes become dominant as Q 0

eff

Table 1
Threshold voltage of covered/uncovered channel area under different electrical
parameters.

Case Na (cm�3) Q 0
eff (C�cm�2) Vthc (V)a Vthu (V)b

1 5 � 1014 2.5 � 10�8 � �
2 1 � 1015 2.5 � 10�8 + �
3 3 � 1015 2.5 � 10�8 + �/+
4 5 � 1015 2.5 � 10�8 + +
5 1 � 1015 1.0 � 10�8 + �
6 1 � 1015 5.0 � 10�8 � �
7 1 � 1015 1.0 � 10�7 � �
8 1 � 1015 3.0 � 10�7 � �

a ‘‘+” and ‘‘�” refer to accumulation and depletion types, respectively.
b ‘‘�/+” indicates that the device changes from a depletion to accumulation type.

Fig. 3. Relationship between the threshold voltages Vthc and Vthu, and electrical parameters at different width positions. (a) Net concentration of ionized acceptors in the
substrate Na; (b) effective channel charge density Q 0

eff . Symbol lines indicate the threshold voltage in the covered channel area Vthc, and dotted lines indicate the threshold
voltage in the covered channel area Vthu. Case_1–Case_4: Na increases from 5 � 1014 to 5 � 1015 cm�3, while Q 0

eff is kept low at 2.5 � 10�8 C�cm�2; Case_5–Case_8: Q 0
eff

increases from 1 � 10�8 to 3 � 10�7 C�cm�2, while Na is kept at 1 � 1015 cm�3.
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increases above 5 � 10�8 C�cm�2, allowing both areas to function
as depletion-type transistors.

The relationship between the threshold voltage Vth and the
geometry parameters Lch and Zair is shown in Fig. 4, where Na

and Q 0
eff are set at 1 � 1014 cm�3 and 2.5 � 10�7 C�cm�2, respec-

tively. Vthc has a strong negative correlation with the air gap Zair
as the effective gate height Z0

effc increases. However, Vthc rarely
changes for different channel lengths Lch. Vthu increases slowly
with an increase in channel length Lch, but decreases significantly
with an increase in the air gap Zair for the same reason as Vthc.
Therefore, the desired working types are achievable through
appropriate assignment of electrical and geometry parameters. A
nonzero gate voltage inducing a conducting channel in an
accumulation-type device can probably produce an electrostatic
force between the movable gate and substrate, resulting in unde-
sirable vertical interference during operation [28]. The channel of
a depletion-type device is conducted, although the potential differ-
ence is zero. Thus, electrostatic forces are eliminated. In other
words, a depletion type is strongly expected for LMGFET devices.
Therefore, the following design analysis is based on the norm that
an LMGFET is free from electrostatic forces with a fixed gate volt-
age of 0 V.

2.3. Output channel current

The surface current density in two channel areas differs from
each other. Thus, the current between the drain and source elec-
trode in each area should be calculated individually, and the total
output current should be their sum. By integrating the density of
the channel surface carriers between two electrodes [29], the out-
put current in the covered area Idsc and the output current in the
uncovered area Idsu are defined as follows:

Idsc ¼ Wchcl0
effcZ

0
effc

Lche0
Vgs � V thc � 1þ FBc

2
Vds

� �
Vds ð8Þ

Idsu ¼ Wchul0
effuZ

0
effu

Lche0
Vgs � V thu � 1þ FBu

2
Vds

� �
Vds ð9Þ

where FBc/u =
FS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qNaesi

p
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijuB � Vbs

p j þ FNc=u is a voltage modulation coeffi-

cient in the covered and uncovered areas; l0
effc and l0

effu are the
effective carrier mobilities in the covered and uncovered areas,
respectively, which can be expressed as follows:

l0
effc ¼

l0

1þ d

Z0
effc

ðVgs � V thcÞ þ l0

VmaxLch
Vds

ð10Þ

l0
effu ¼ l0

1þ d

Z0
effu

ðVgs � V thuÞ þ l0

VmaxLch
Vds

ð11Þ

where l0 is the surface mobility of the carriers at a low electric
field; d is the vertical potential field factor; and Vmax is the saturated
velocity of the carriers. Effective carrier mobility is mainly regulated

by the term
d

Z0
effu=c

ðVgs � V thu=cÞ, which accounts for the vertical

potential degrading effect, and by the term
l0

VmaxLch
Vds, which

describes the velocity limitation and lateral potential degrading
effect [30]. l0

effc and l0
effu change when the gate shifts to different

channel widths and heights. Ids approaches the value of the satu-
rated current Idsat when Vds increases to a saturated status.

As discussed in our previous work [25], the saturated voltage of
small-scale devices results from a saturated velocity. The saturated
voltages in the covered area Vdsatc and in the uncovered channel
area Vdsatu are expressed as follows:

Vdsatc ¼Vgs�V thc

1þFBc
þVmaxLch

l0
effc

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vgs�V thc

1þFBc

� �2

þ VmaxLch
l0

effc

� �2
s

ð12Þ

Vdsatu ¼Vgs�V thu

1þFB
þVmaxLch

l0
effu

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vgs�V thu

1þFBu

� �2

þ VmaxLch
l0

eff

� �2
s

ð13Þ

where Idsat is the maximum controllable output for LMGFET devices
and is directly affected by the threshold voltage applied at the drain
electrode. Fig. 5 illustrates the relationship between the threshold
voltage in the two areas and the electrical parameters (with accep-
tor concentration Na and effective channel charge density Q 0

eff ) and
geometrical parameters (with air gap Zair and channel length Lch).
Aside from the similar parameters in the last calculation, the volt-
age difference between the substrate and source electrode Vgs is
0 V, the carrier surface mobility l0 is 700 cm2�V�1�s�1 [31], and
the saturated velocity Vmax is 8 � 106 cm�s�1 [32]. The saturated
voltages of the two areas decrease with an increase in Na and
Q 0

eff ; they also decrease with a decrease in the corresponding chan-
nel width (Wchc/Wchu). More specifically, the decreasing amplitude
due to a small width becomes distinct with an increase in Na and
Q 0

eff . The green lines in Fig. 5(a) correspond to Case_2 in Table 1.
The covered channel area is currently broken off, so the saturated
voltage in the covered area is 0. The geometric parameters exhibit
an opposite influence to the electrical ones. Vdsatc increases with
an increase in Lch and Zair, as shown in Fig. 5(b). Vdsatu increases with
an increase in Lch and is insensitive to the change in the air gap Zair.
For a channel width Wchu of 10 lm, Vdsatu only changes by 0.18 V
when Zair changes from 0.1 to 0.5 lm.

The adopted saturated voltage is set to the lowest value during
the gate’s lateral movement to analyze the saturated current. The
current Ids is assumed to be constant if the applied voltage exceeds
the saturated value in each area. A large Q 0

eff or lower Na results in a
large Idsat in two areas due to the large absolute value of the thresh-
old voltages Vthc and Vthu. The saturated current is approximately
zero when only the uncovered channel works in this case, as
shown by the green lines of Fig. 6(a). The deformation sensitivity

Fig. 4. Relationship between the threshold voltage Vth and the geometry param-
eters Lch and Zair at different width positions.
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S is defined as the slope of the channel current curves and can be
used to evaluate the electrical performance of the device when
the gate moves laterally. The sensitivity S improves with an
increase in the channel length Lch. For an air gap Zair of 0.25 lm,
S increases from 13.144 to 17.140 lA�lm�1 when Lch decreases
from 10 to 2 lm. However, the device operation stability should
be considered, because a small device size can result in a large
potential field between the drain and source electrode and can
easily break down the device. The air gap Zair has a very large effect
on the channel current Ids and sensitivity S. For the device with a
channel width Wch of 10 lm and a channel length of 5 lm, the
channel current Ids increases from 1509.744 to 1796.400 lA when
Zair decreases from 0.5 to 0.1 lm. However, S decreases from
34.634 to 8.314 lA�lm�1 during this period, as shown in Fig.
6(b). This condition indicates that the output produced from unde-
sirable vertical movement can be several times greater the current
change from lateral movement. Therefore, a decoupling design is
required to eliminate the interference from vertical movement,
as discussed in the next section.

3. Sensor design and interconnection configuration

The proposed sensor utilizes an epoxy-type polymer photore-
sist, SU-8, as the structural material, which is an ideal material to
fabricate LMGFET devices for the following reasons: First, SU-8
has a relatively low elastic modulus of 4–5 GPa, high mechanical
strength, and stable chemical stability after ultraviolet (UV) expo-
sure [33,34]. Second, SU-8 is a negative thick-film photoresist and
can be used fabricate structures with a high aspect ratio [35]. These
features make SU-8 suitable to serve as the structural material of
laterally movable structures. Third, it is easy to uniformly deposit
SU-8 on the substrate by utilizing a spin-coater or spray-coater,
even for unleveled surfaces [36]. Finally, SU-8 can be easily pat-

terned by UV exposure and developed in a propylene glycol methyl
ether acetate solution, which is very much considerably more
operable than etching materials, such as metal and silicon. In this
research, an SU-8-based LMGFET force sensor with a movable
sandwich structure is proposed, as discussed in the following
section.

3.1. Movable structure design

The movable structure and the substrate are two main compo-
nents in the device, as shown in Fig. 7(a). The movable structure
contains a probe and a center mass supported by straight beams.
Fig. 7(b) shows the sandwich gate structure in which a gold gate
electrode layer is fully covered by two photoresistive SU-8 layers.
Gold is a common metal material in most labs and has been
demonstrated to have excellent adhesion to SU-8 [37]. The thick-
ness of the lower SU-8 structural layer should be small in order
to decrease the effective gate gap and effective capacitance. Two
series of gold gate arrays, S1 and S2, are set in the center mass with
an offset distance Doff. In each series, two gate arrays lie symmet-
rically about with respect to the lateral lines Line_1 and Line_2. The
gates in two series have the same width Wg and length Lg. The cor-
responding drain, source electrodes, and gate insulator layer are
positioned underneath the gate arrays. The channel region has
widthWch and length Lch and lies between the drain and the source
electrode. In the initial state, the gate covers half of the channel
width, as shown in Fig. 7(c).

When a lateral force FY is applied at the probe, the beams are
involved in bending deformation. The gate arrays in the center
mass move laterally and change the width of the channel area,
which is expressed as follows:

WFY ¼ FYL
3
b

48EIY
ð14Þ

Fig. 5. Relationship between the saturated voltages Vdsc and Vdsu, and the electrical parameters and geometry parameters at different width positions. (a) Doped
concentration of substrate Na with effective channel charge density Q 0

eff ; (b) channel length Lch and air gap Zair. Lch is 5 lm and Zair is 0.25 lm for (a), while Q 0
eff is 2.5 � 10�8

C�cm�2 and Na is 1 � 1015 cm�3 for (b).
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whereWFY is the structure deformation alongY-axis under FY; E is the

Young’smodulus of the structuralmaterials; IY =
WbT

3
b

12
is themoment

inertia of the beam vertical section; and Lb,Wb, and Tb are the length,
width, and thickness of the supporting beam, respectively. When a
vertical force FZ is applied, the structure experiences a vertical force
applied at mass center F 0

Z and a force-induced moment

MX ¼ FZðLp þ
1
2
LmÞ (where Lp is the probe length and Lm is the center

mass length), which involve a vertical translation ZF and a rotation
around theX-axis formass hX , as shown in Fig. 8; their expressions are

ZF ¼ FZL
3
b

48EIZ
ð15Þ

hX ¼ MXL
3
b

24EIZðLm � LbÞ ð16Þ

where IZ =
TbW

3
b

12
is the moment inertia of the beam horizontal sec-

tion. On this basis, a line with a distance of Doff exists away from the
mass center line and has zero vertical displacement. This line is
expressed as follows:

Doff ¼ Lm � Lb
2Lp þ Lm

ð17Þ

The vertical displacement of the gate series from force FZ is
expressed as follows:

Fig. 6. Relationship between the saturated channel currents Idsc and Idsu, and the electrical parameters and geometry parameters at different width positions. (a) Net
concentration of ionized acceptors in the substrate Na with effective channel charge density Q 0

eff ; (b) channel length Lch and air gap Zair. Lch is 5 lm and Zair is 0.25 lm for (a),
and Q 0

eff is 2.5 � 10�8 C�cm�2 and Na is 1 � 1015 cm�3 for (b).

Fig. 7. Schematics of the proposed LMGFET force sensor. (a) Movable structure design; (b) movable sandwich structure containing a gold gate array layer and two
photoresistive SU-8 layers; (c) arrangement and dimension of the movable gate arrays. The coordinate axis direction in all 3D models is based on the principle that the
positive direction of the Z-axis is from the upper movable structure to the substrate, the positive direction of the Y-axis is from the sensor probe to the end of the movable
structure, and the positive direction of the X-axis is from the left side to the right side of the sensor. S1, S2: two series of gold gate arrays; Line_1, Line_2: lateral lines;Wg: gate
width; Lg: gate length; Doff: offset distance.
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ZFZ ¼
FZL

3
b

48EIz
� D

MXL
3
b

24EIzðLm � LbÞ ð18Þ

where ±D is the offset distance of the center lines between the gate
array and mass, the minus sign before the D refers to the upper gate
arrays in S2, and the plus sign refers to the downside gate arrays in
S2. The deformation ratio between the lateral and vertical forces
can be written as follows:

r ¼ 1
T2
b

W2
b

ð1� D
2Lp þ Lm
Lm � Lb

Þ
ð19Þ

A high r is achievable for structures whose thickness Tb is larger
than the width Wb. Line_2 should be set at this Doff position, and
the gate series S2 should be close to Line_2 in order to decrease
undesired vertical movement. The straight beams cannot suppress
or stretch. Thus, the structure rarely deforms along an X-axis force
FX. Therefore, the proposed movable structure will only be sensi-
tive to force along the Y-axis and will be free from interference
from other directions.

The proposed structure is simulated with ANSYS 15.0 to inves-
tigate its deformation behavior. The material and geometry param-
eters of the designed structure are given in Table 2. The geometry
is modeled solely with an SU-8 structural layer, and the thin gold
gate layer is ignored to reduce simulation complexity. In the
simulations, the Young’s modulus and Poisson’s ratio of the SU-8
photoresist is 4.4 GPa [38] and 0.22 [39], respectively. The end of
each beam is fixed, and a 1 nN force along the Y-/Z-axis is applied
to the sidewall of the probe tip. Fig. 9 illustrates the deformation of
gate series S2 under such forces. When a 1 nN lateral force is
applied, the corresponding deformation is 1.961 nm, which is con-
sistent with the theoretical value of 1.964 nm. Compared with the
lateral movement under a Y-axis force, lateral movement caused
by a Z-axis force is ignorable, as its value is approximately
0.00087 nm. The zero vertical deformation position Doff is
approximately 673 lm away from the mass center. The vertical
deformation of the gate series S1 is approximately 0.001 nm. The

deformation ratio r is 1964, demonstrating the low cross-axis cou-
pling effect in this structure.

3.2. Sensing configuration

Although the proposed structure rarely undergoes cross-axis
deformation, undesired vertical deformation will inevitably bring
interference to the channel current. Aside from the decoupling
movable structure design, a sensing configuration is required to
eliminate the cross-axis output coupling. A differential sensing
configuration is normally adopted to compensate for loads from
non-operation directions and for external disturbances, such as
temperature and humidity. However, this method is unsuitable
for LMGFET sensing because vertical movement of gate arrays dif-
ferent according to their position. In this research, a novel dual-
differential sensing configuration is proposed, in which the under-
lying channel region is not aligned with the gate arrays but is dis-
tributed anti-symmetrically about the center of Line_1 and Line_2,
as shown in Fig. 10. Each transistor series is separated into four
arrays: S1LU, S1LD, S1RU, and S1RD are for series S1, while S2LU,
S2LD, S2RU, and S2RD are for series S2. The interconnection configu-
rations of S1 and S2 are illustrated in Figs. 11(a) and (b), respec-
tively. S2 is for lateral force detection, and S1 is for vertical force
detection. This paper focuses on lateral force detection. Thus, the
following description is conducted with series S2. IdsL is the sum
of the current of two left transistor series S2LU and S2LD, and IdsR
is the sum of the current of two right transistor series S2RU, S2RD.
These expressions can be written as follows:

IdsL ¼ Ids1 Wchc þWFY ; Zair þ ZFZ

� �
þ Ids2 Wchc þWFY ; Zair � ZFZ

� � ð20Þ

IdsR ¼ Ids3 Wchc þWFY ; Zair þ ZFZ

� �
þ Ids4 Wchc þWFY ; Zair � ZFZ

� � ð21Þ

where Ids1, Ids2, Ids3, and Ids4 are the current of the transistor series
S2LU, S2LD, S2RU, S2RD, respectively.

Most vertical interferences are counteracted in Eqs. (20) and
(21). The final sensor output can be measured with the potential
difference between two circuit branches, Vout = R � (IdsL � IdsR)
(where R is the connected resistor in the readout circuit). The sens-
ing performance of the proposed dual-differential configuration is
illustrated in Fig. 12 and is compared with the normal differential
method, where the channel region is aligned with the gate array.
The difference between the initial output and that under the verti-
cal displacement is measured with relative errors for the two
methods, as shown in Figs. 12(a) and (b).

For a 1 nN force loaded in the sensor probe, the sandwich struc-
ture moves 1.961 nm laterally but 0.001 nm vertically. Therefore,
the vertical displacement is set from 0.001 to 3.000 nm in order
to investigate the sensing performance under vertical forces rang-
ing from 1 nN to 3 lN. The relative errors of the two methods are
negligible for a small vertical displacement of less than 0.03 nm.
Because of the rapid increased C0

effu, the relative error of the differ-
ential channel current increases until Wchc reaches 7.5 lm. The
relative error of the normal differential method at Vdsc reaches
4.53% for a 3 nm vertical displacement, and that of the proposed
method is less than 0.01%. When Wchc reaches 10 lm, the relative
errors solely resulting from the covered area exhibit a drop because
C0
effu disappears. Vdsu has a higher change rate than Vdsc because

C0
effu is more susceptible to air gap size than C0

effc; the relative errors
at Vdsu show an increase compared with those at Vdsc, as shown in
Fig. 12(b). The relative errors of the normal differential method at
Vdsu increase to 2.24% and 4.76% for vertical displacements of 0.03
and 3.00 nm, respectively, but the largest relative error of the pro-
posed configuration remains as low as 0.43%. Considering the

Fig. 8. Translation and rotation movements of a movable structure under vertical
forces. ZF, hX : vertical translation and rotation around the X-axis for mass,
respectively.

Table 2
Material and geometry parameters of the designed structure.

Parameters Value

Young’s modulus of SU-8 photoresist 4.4 GPa
Poisson’s ratio of SU-8 photoresist 0.22
Thickness of lower SU-8 structure layer 0.5 lm
Thickness of upper SU-8 structure layer 49.5 lm
Air gap Zair 0.1 lm
Length of center mass Lm 2000 lm
Width of center mass Wm 1700 lm
Length of gate Lg 20 lm
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deformation behavior of the movable structure, a 3 nm vertical
deformation of the gate series S1 demands a vertical force of 3
lN. The gate series cannot deform at 3 nm because the mass end
face could touch the substrate under vertical forces below such a
value. Therefore, the cross-axis coupling effect is thoroughly
eliminated in the proposed dual-differential sensing configuration.

4. Model validation and sensor performance

4.1. Fabrication process

A simple but practicable fabrication is proposed for the pre-
sented LMGFET device, as shown in Fig. 13. A photoresist layer is
deposited and patterned to define the drain and source electrode
and its interconnections; the substrate is then ion-implanted to
form phosphorus-doped areas. Through another patterned pho-
toresistive layer, the channel area is defined and then doped with
phosphorus ions but using different implantation doses and

Fig. 9. Deformation of the movable structure under a 1 nN force. (a) Deformation of the gate series S1 under a force along the Y-axis; (b) deformation of the gate series S1
under a force along the Z-axis.

Fig. 10. The proposed dual-differential sensing configuration. S1LU, S1LD, S1RU, and
S1RD are transistor series for S1; S2LU, S2LD, S2RU, and S2RD are transistor series for
S2.

Fig. 11. Schematic of the proposed dual-differential configuration. (a) Interconnection of gate series S1; (b) interconnection of gate series S2. D: the common drain electrode;
S: the common source electrode; VDD: voltage applied at the common drain electrodes; Vss: voltage applied at the common source electrode; Vg: voltage applied at the
common gate electrodes. R: resistor; IdsU: the sum of the current of two left transistor series S2LU and S2RU; IdsD: the sum of the current of two left transistor series S2LD and
S2RD; IdsL: the sum of the current of two left transistor series S2LU and S2LD; IdsR: the sum of the current of two right transistor series S2RU, S2RD; Ids1–Ids4: the current of the
transistor series S2LU, S2LD, S2RU, S2RD, respectively.
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energies. The implanted ions are activated through rapid thermal
annealing. A gate insulation layer made of silicon nitride is depos-
ited and then patterned to expose contact holes for source/drain
interconnections. Subsequently, a sacrificial layer of silicon dioxide
is deposited and patterned to expose the structure anchors and
contact holes. A thin SU-8 structural layer is spun, exposed, and
developed to act as the lower layer of the sandwich structure. A
gold layer is then deposited and patterned to act as the gate arrays
and pads of the drain and source electrodes. The substrate metal
pad is formed through another gold layer deposited on the bottom
side of the chip. Another thick SU-8 layer is spun to seal the gate
array and is patterned for the upper sandwich structural layer.
The substrate is patterned with deep reactive ion etching to expose
the probe area. Finally, isotropic etching of the sacrificial silicon
dioxide layer is conducted to release the movable sandwich
structure.

The fabrication process is simulated using FEM Software Sen-
taurus 13.0; the adopted parameters are illustrated in Table 3
and the simulated LMGFET unit is shown in Fig. 14(a). The device

is modeled as a single transistor to simplify the computation com-
plexity, and the air gap and lower SU-8 structural layer are
replaced with an effective silicon dioxide layer T 0

SiO2
by using the

following expression:

T 0
SiO2

¼ eSiO2Zair

e0
þ eSiO2T low SU�8

eSU�8
ð22Þ

Fig. 12. Sensing performance of the proposed dual-differential configuration under different saturated voltages. (a) Channel current at saturated drain voltage Vdsc; (b)
channel current at saturated drain voltage Vdsu. Straight lines indicate the output current under 0 nm vertical displacement, scatters indicate the output under different
vertical displacements, and dashed lines with scatters represent the relative output error of the two sensing configurations.

Fig. 13. Flow chart of the proposed fabrication process.

Table 3
Parameters in fabrication simulation.

Parameters Value

Acceptor concentration of silicon substrate Na 1 � 1015 cm�3

Thickness of insulator silicon nitride Tinsu 100 nm
Thickness of gold gate Tg 0.2 lm
Thickness of effective silicon dioxide Tinsu 1 lm
Length of channel Lch 5 lm
Width of channel Wch 20 lm
Implanted depth of source/drain Xj 0.5 lm
Implanted depth of channel 0.15–0.30 lm

W. Gao, Z. Qiao, X. Han et al. Engineering 21 (2023) 61–74

70



where Tlow_SU-8 and eSU-8 are the thickness and permittivity of the
lower SU-8 layer, and eSiO2 is the permittivity of silicon dioxide.
The peak implanted ion concentration in the channel area is
1 � 1017 cm�2, which is achievable in the bath fabrication process
as discussed in our previous work [25]. The characteristic of how
the distribution of channel impurities influences the channel cur-
rent is investigated by setting different ion implantation depths
from 0.150 to 0.300 lm. Fig. 14(b) shows a cross-section view of
the activated implanted phosphorous distribution at an implanta-
tion depth of 0.275 lm. The inset shows the extracted concentra-
tion profile of active phosphorus in the channel region for the
device in Fig. 14(a). A rectangular approximation is modeled to
describe the concentration profile, as shown by the read dot-

ted line in Fig. 14(b). The effective channel charge density Q 0
eff is set

as the product of the peak phosphorus density and the effective
implantation depth. Table 4 lists the derived electrical parameters
at different implantation depths.

4.2. Electrical model validation

Four different electrodes are set in the gate, source, drain, and
substrate region and modeled as red grids to investigate the elec-
trical output behaviors, as shown in Fig. 14(a). A voltage of 0 is
applied to the gate, source, and substrate electrodes, because the
fabricated transistor is a depletion-type device. Fig. 15(a) shows
the channel output current Ids characteristics under different chan-

Fig. 14. Simulation of the proposed fabrication process. (a) 3D LMGFET unit in the simulation. (b) Implantation concentration in the simulated device; (upleft) extracted
implantation ion profile along the dotted line in the channel area. X0

eff : the effective implantation depth.

Fig. 15. Channel output current Ids characteristics under different implantation depths. (a) Relationship between channel current Ids and applied drain voltage Vds;
(b) saturated channel current Ids and the corresponding relative errors between the calculated and simulated results. Solid lines indicate the simulated channel current, while
dotted lines indicate the calculated channel current.

Table 4
Extracted parameters under different implantation depths.

Implantation depth (lm) X0
eff (lm) Q 0

eff (C�cm�2) Vdsatc (V) Vdsatu (V)

0.150 0.0791 1.266 � 10�7 7.127 10.658
0.200 0.1073 1.717 � 10�7 9.585 13.767
0.250 0.1367 2.187 � 10�7 11.978 16.812
0.275 0.1509 2.414 � 10�7 13.094 18.234
0.300 0.1661 2.658 � 10�7 14.270 19.737
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nel implantation profiles when the applied drain voltage Vds

increases from 0 to 20.5 V. When the implantation depth is
0.15 lm, the theoretical dotted line agrees well with the solid
simulated line throughout the whole voltage range. The difference
between the theoretical and simulated lines increases as the
implantation depth increases. More specifically, the calculated cur-
rent is smaller than that of the simulation for a low drain voltage,
indicating that the proposed model is conservative in the non-
saturation region. This characteristic is associated with the errors
from the implantation approximation. However, the saturation
region exhibiting the maximum controllable measuring sensitivity
is the focus of this research, in which the theoretical calculation
and simulations are in excellent accordance for all implantation
depths. The calculated channel current is compared with the
simulated one at the saturated voltages Vdsc and Vdsu; their relative
errors are all less than 2% and are shown in Fig. 15(b).

The theoretical model is validated using the experimental data
from Ref. [24] and is compared with the literature-adopted model,
which assumes a constant effective gate capacitance in the uncov-
ered channel area C0

effu and utilizes a regulation parameter for esti-
mating the modulation effects. The experimental parameters
extracted from Ref. [24] are listed in Table 5. In this study, the
effective gate capacitance in the uncovered channel area C0

effu is
constant and derived from the covered width Wchc of 18 lm. In
fact, C0

effu should increase with the increase in Wchc, as discussed
in Section 2. Fig. 16 provides a comparison of the calculated chan-
nel current from the proposed model and the model in Ref. [24].
The two models show similar accuracy for 18 lm Wchc. The pro-
posed model presents a close estimation for the outputs under
the covered channel widths Wchc of 0 and 60 lm. The largest rela-
tive error of the proposed model is 1.51% for a Wchc of 0 and 2.63%
for a Wchc of 60 lm. However, those of the improved model are
6.64% and 5.84%, respectively. Therefore, the proposed model is
more accurate than the previous model for LMGFET performance
analysis.

4.3. Discussion of sensor performance

For sensor performance evaluation, the output channel current
of the proposed sensor is obtained at different gate positions.
Fig. 17 presents the saturated channel currents Idsatc and Idsatu of
the simulations and calculation for an implantation depth of
0.275 lm. The saturated voltages Vdsatc and Vdsatu are set to 10.2
and 12.1 V, respectively, which are the lowest values during sensor
operation. The relative error between the theoretical and simu-
lated saturated currents is 3.88% and 5.64% at 0 lm Wchc. The mis-
match under the condition of a small covered channel width
mainly results from the estimation error of the capacitance expres-
sion (Eq. (2)). The relative error becomes less than 3.80% for
Wchc > 1 lm. The sensitivity of the proposed device is 8.39 and
9.12 lA�nN�1 for the saturated voltages Vdsatc and Vdsatu, respec-
tively. Due to the low stiffness of the SU-8 movable structure,
the force sensitivity of the proposed LMGFET sensor is 4.65
lA�nN�1, which is lower than that of our previous VMGFET device,

which had a value of 12.53 lA�nN�1 [25]. Nevertheless, it is much
higher than those of previous VMGFET devices with values of 3.24
[22] and 0.05 lA�nN�1 [23], and higher than that of a reported
LMGFET device with a value of 0.01 lA�nN�1 [24]. The nonlinearity
experiences a slight fluctuation because the transistor in either the
covered channel area or the uncovered area disappears when the

Table 5
Experimental parameters of the fabricated LMGFET device [24].

Parameters Value

Length of channel Lch 30 lm
Total channel width Wch = Wchc + Wchu 60 lm
Studied covered channel width Wchc 0, 18, 60 lm
Gate oxide thickness Tinsu 27 nm
Acceptors concentration of silicon substrate Na 1 � 1015 cm�3

Effective channel charge density Q 0
eff 2.37 � 10�7 C�cm�2

Work function difference uMS �0.30 V
Effective gate oxide capacitance in covered area C0

effc 1.55 � 10–8 F�cm�2

Fig. 16. Theoretical calculation and experimental measurement of channel current
Ids. (a) Gate fully uncovers the channel area, Wchc = 0 lm; (b) gate partially covers
the channel area,Wchc = 18 lm; (c) gate fully covers the channel area,Wchc = 60 lm.
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channel is fully covered or exposed. The nonlinearity approaches
0.19% and 0.78% for a Wchc ranging from 2.5 to 17.5 lm and from
1 to 19 lm, respectively, which is much less than that of existing
MGFET devices. The measurement range of the proposed sensor
is ±5.10 lN, which is relatively less than that of the LMGFET device
in Ref. [24] but much larger than those of VMGFET devices
[22,23,25].

To evaluate the overall sensing performance, the product of the
sensitivity, linearity, and measurement range is calculated as a
merit factor, as shown in Table 6 [22–25]. The proposed sensor
exhibits the largest merit factor of 47.07 mA among existing
MGFET devices, indicating that a delicate tradeoff has been made
between high sensing accuracy and a large measurement range
for the proposed sensor. All these characteristics make the pro-
posed sensor a suitable choice for the measurement of ultralow
forces below the nano-newton level, especially for biomedical
applications requiring a large measurement range, such as cell
deformation squeezing and cellular membrane penetration.

5. Conclusions

In this paper, an LMGFET micro force sensor was proposed and
comprehensively analyzed. The electrical behavior of the small
LMGFET unit was theoretically modeled into two individual parts
and tested with simulations and experimental data. The proposed
sensor exhibited improved accuracy and capability for device per-
formance evaluation before mass fabrication. A novel sandwich
structure containing a gold gate array layer and two covered SU-
8 photoresist layers was developed by decoupling multiple gate
arrays and using a dual-differential sensing configuration. The out-
put current under cross-axis loadings was considerably sup-
pressed. The electrical and structural parameters of LMGFET
devices were fully analyzed in order to optimize the sensor perfor-

mance, and a practicable fabrication process was developed and
simulated. The proposed sensor exhibits considerably high sensi-
tivity, linearity, and a large measurement range, making it a versa-
tile sensing tool for biomedical micromanipulation tasks.
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