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We propose a simple analytical model of a metati@demiconductor field-effect transistor

(MOSFET) with a lateral resonant gate based on the cougkxiremechanical equations,

which are self-consistently solved in time. All ap@ densities according to the mechanical
oscillations are evaluated. The only input paramsetge the physical characteristics of the
device. No extra mathematical parameters are us@tithe experimental results. Theoretical
results are well in agreement with experimentahdat static and dynamic operation. Our
model is comprehensive and may be suitable foredgtromechanical device based on the

field effect transduction.
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Field effect transduction is certainly among theeol techniques used in micro
electromechanical systems (MEMS) [1]. However, #&dhrapidly been supplanted by
capacitive techniques that use simple MEMS techgieto It is commonly admitted that
capacitive detection with a low noise amplifier gxts ultra low noise. Today, these noise
levels are sufficiently low to reach the resolutimeeded for typical MEMS sensors such as
inertial sensors, or pressure sensors [2]. Now, SBEMano-Electro-Mechanical-Systems)
devices are actively investigated because of tpbysical properties resulting from ultra
miniature size elements [3]. Furthermore, theyroffee opportunity to integrate mechanical
structures and CMOS devices on the same die. NEdWW@ntages include ultra low power
consumption, potential high resonant frequency,tagt sensitivity to applied force, external
damping or additional mass [4] [5].

Here, we study a detection technique consistirg mano structure oscillating along
the channel of the MOSFET. The lateral resonarnt OSFET (LRG-MOSFET) and the
CMOS circuit can be fabricated on the same dieutnothin SOI technology and SON
(Silicon on Nothing) technology [6]. The same thager of single-crystal silicon is used for
both mechanical structures and advanced ICs. Ineb@nant gate MOSFET, the gate moved
along the channel width [7]. The drain current waen easily calculated by considering N
basic transistors placed in parallel along its Wwidthis paper is devoted to the modelling of
LRG-MOSFET. As the suspended gate moves along tiaanel length, the developed
approach in [7] is no longer usable and anothaxtrelmechanical model has to be developed.
A self-consistent model computing both mechanieaé gleflection and surface potential onto
the channel is therefore presented. The electmcalel is based on an explicit formulation of
the surface potential to determine all charge diessin the MOSFET. The fringe effect and
the mode shape of the beam are included in the atatipn of the electrostatic forces.

Theoretical results are finally compared with raatadmeasured on a device.
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The geometry of the component and the notations samved in the Figure
1
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Figure . Second Newton equation is applied in tadléan referential frame of the
substrate to the ensemble beam+MOSFET. The beassisned to follow Euler-Bernouilli
equation [8]. The equation is reduced to its nomedl lumped expansion on the first mode

through the Galerkin method, which consists inimgithe solution over an orthogonal modal

ba-se{)(n (X)} n=1,c0 :

21+ale+aszf+%zl=(FR—FL) (1)

The cubic termo; is the Duffing effect, Q is the quality factan, is the free resonance
frequency of the first mode; and F_ correspond to the electrostatic forces acting ashe
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side of the beam. Labels L and R are for left anghtr sides (see
Force between the driving electrode and Force between the oxide surface and
the vibrating gate the vibrating gate
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Figure). {x,(X)},.,.. follows the normalisation condition:
Le (2)
[ 65X, () (X = 5,
0
The electrostatic force densities are projectegyd) :
F =2 120 (gdx with v, =V, -, @)
L_7.0[621X1(X)XW| L= Vg " VE
1M, 0C : 3 4
Fa=s l V& aziR X2 (X)dx with Ve, =V, =V, . (2(X)) (4)

Vg, Ve, Voxide are respectively the gate voltage, the electralage and the voltage between
the surface of the oxide and the grou@j. and C, are the air gap capacitances per length

unit;

Cpa(x) = nfolsi_ (5)
== gt 2(x)

&, is the vacuum permittivityC,, is the fringe effect factor [9].
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F. is a bit more complex thaR, because the potential difference depends explioitlz(x)

throughVoxide Which depends on the capacitive brldq,7/1+ . The classical MOSFET

equations for each z-displacement are used toed€fjq. .

First, the surface potentigh,(x B computed with an explicit model, which is

obtained by asymptotic simplifications of the inegiliequation for each operating regime [10]:

Vo Ve ~0) _  keT[ o (=08 ] KeT[ (000 ] a0 +2m)) @
1% q kT q kT kg T
= /—2q£Si£ONa , WhereC, :(tﬂ+ij_l
Ci2 on CR

Ci is the dielectric capacitance due to the oxideerdaynd the variable air gap.

— Qi st
VFB =0~ <~ C

= (. - @, ) is the flat band voltaged: andQss are respectively the charge

density in the gate oxide aride charge density at the interface oxide / silicéfx) is the

potential in the channel depending o 4, N,, & ks, T and ¢, are respectively the electron

charge, the doping level of the channel, the nedatielectric permittivity, the Boltzmann

constant, the temperature and the Fermi potential.

Once ¢, known, the charge densities in the MOSFET andMlXS capacitance can

be evaluated to determine oxide voltage and drairent:

F{ 2 (X)j |V Vi) )
kg T Vy = Ve

. ®
o) = 2510, = (C— e ]

Quep(X) =—JC, \/ s

sc
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WhereQ,.,(x ), Q,,(x)and Q,.(x ) are respectively the depletion charge densityirthersion

charge density and the charge density in the gt drain current is the sum of the inversion

charge density along the channel.

" 9)
Id = “Hess \% JQinv (V)dv

Mef IS the effective mobility of electron (N-MOSFET). F@ach operating point gY/Vqs), e
is approximated by the Mathiessen rule considetireg phonon interaction, the Coulomb

interaction and the surface scattering [11].

Finally, the model depends on the geometry and afsphysical parametersids,

Qi, QssandN,). The equations (1) to (8) have to be solved smisistently through a robust
iterative algorithm based on the Runge-Kutta foatiah.

To validate our theoretical model, we compare theuktion results with
measurements reported in [12]. Devices were falaucavith a technology based on 200mm
tools with a SON (Silicon on Nothing) approach [Fhis technology takes advantage of the
single-crystal silicon for the NEMS structure withausing SOI wafers. This technology is
compatible with a front-end CMOS process. The Figdirehows a SEM micrograph of a

typical device.

Let us consider a device (Figure 2) on which stateasurement were carried out.
The measured characteristics areg=16.1 um, w=490 nm, g=107 nm,yés= 9 um,
Wios=400 nm, §=2 nm, and = 5.13° at/cn? [12]. Figure 3 a) and h)ive respectively the
static characteristidg(Vy) andgm(Vg) with Ve=Vs=0. The theoretical results are superimposed
in each case. Notice that the bulk voltage (bodemtal) remains floating. To fit the model
with the experimental results, the doping leMgl and the charge density in the gate ox@le

are respectively fixed at 4.50at/cn? and 5.16° cm? since the charge densifs at the
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interface oxide / silicon is tuned. This parametgpahds on the technology (etching step and
oxide deposition) as well as the voltages. In tigeife 3 a), theory and measurement are well
in agreement. Threshold voltages are quite similaurad 2 V. Below the threshold, in the
accumulation regime, the experimental device ehibiquite strong leakage current from 0.1
pm tol.3pA. This current variation depends linearl\anatVy=0V. It may be attributed to a
photolithography misalignment when protecting clenrirom phosphorous implants
generating a 2.1 B short-circuit resistor. This process error can lo®treproduced by the
model and the resistance was added by hand inlglasélthe transistor. Fovys<=1.55V and
2.75V, the charge densifsis respectively fixed at tdcm? and 16° cm®. The charge traps
at the interface oxide / etched silicon may be gadlgl filled according to the surface potential,
which depends both ovgs andVys This additional charge induces a modificationtf flat
band voltage and the vertical electrical field legdto both threshold voltage variation and
slop variation. In the FigureFgure b), we observe a quite large dispersion of rava edtich
makes the comparison difficult. Anyway, the congglutvalues are in the good order of
magnitude. The maximum of transconductance, is adumS for V4=6.5V, Vy4s=2.75V)
leading to arlq current of about 3 pA. For this operating pojng was evaluated at 300 ém

IV.s.

Let us consider a device on which dynamic resonameee observed. The measured
characteristics ared=10 pm, w=165 nm, g=120 nmybs= 6.8 um, Wios=400 nm, §=2 nm,
and N= 5.10° at/cn? [12]. RF characterizations were performed usimgemsurement bench
with a vectorial network analyser Agilent 8753E (V)\th measure the;Hparameter (ratio of
the transmitted power over the incident power @ ltigarithmic scale). The values of the bias
voltages applied on the component were extracteeh fthe static characteristi¢g(V,) and
la(Vas). Electrode voltag¥,., gate voltagd/y and drain voltag®ys were respectively =10V,

Vg=4.6V, Vys=3V. The input power on the electrode was fixeddatdBm (ac- voltage around
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4.5 mV RMS over 5@). Pressure was fixed at 4@ orr — The quality factor Q was evaluated
to ~700 that seems to be a typical value for sugbrating beam. Our AC-simulation is based
on the model presented in precedent section camsgidiie experimental operating point. The
total noise floor of the measurement chain loadithl the component is calculated to know the
theoretical background level of the,$arameter. This noise results from three mainenois
sources (uncorrelated noise assumption): the wingehanical noise of the beam, the thermal
noise current of the MOSFET and the VNA noise. Thehaeical noise is computed using
theoretical characteristics of the beam. The ebsdtrinoise is computed from the
transconductanagy, and the source gate capacita@gewith our electrical modefm,, Cys and

Herr are respectively evaluated at 200 nS, 0.2 fF @tdchf/V.s. The VNA noise is known
through an open loop calibration without device 88-30ANHz). Theoretical results and
measurements are shown in the Figure 4. The modadlisn agreement with the experiment
despite the only use of physical parameters. Taerétical resonance frequency is quite close
to the experimental frequency. The difference betwtbe theoretical level and the measured
level is only of 1 dB higher. The background showithie Figure 4 is only due to the VNA. A
low distortion of the experimental resonance peakich is not anticipated by the model, is

also visible. Its origin is not yet explained.

We detailed a unified electromechanical model fafR&-MOSFET only based on
physical assumptions. No any extra mathematicarpaters to fit the behavior of the device
are thus required. For static study, theory seembet quite well in agreement with the
measurement. The visible dispersion might be a pootrol at the bulk potential because the
body of the MOSFET was kept floating. Other reasomdd be a strong surface density of
charge traps and a strong roughness of the ineesificon/oxide inducing a large instability of

the measurements. Next generation of componentgsoigress to improve the field effect and
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the responsivity to the beam movement. Thus, tpeaga the channel length are scaled down.
A bulk pad is added to avoid any body effect. The gaduction implies to take into account
the Casimir force [13] that may have an impacirat gap. This force is already included in
the model. Compared with other models, our modelase comprehensive since it computes
the charges densities in the channel accordinigetartechanical oscillations. It may finally be

suitable for any electromechanical components basedfield effect transduction.
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Figure 1: Schematic of the LRG-MOSFETF-and Fr are the electrostatic forces on each

side of the vibrating gate ke andLyos are respectively the electrode length and theraian

length —g is the air gap siis the thickness of the top layen-s the gate width.
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Figure 3: Static characteristics of the LRG-MOSFETa)}-ld(Vg) — b) Transconduction

Im(VQ).
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Figure 4: Measured;Sparameter and;gcomputed with our electromechanical model
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