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Abstract - Electrostatically actuated polysilicon beams fabricated in the MUMPs process are 

studied, with an emphasis on the behavior when the beam is in contact with an underlying silicon 

nitride dielectric layer.  Detailed 2D electromechanical simulations, including the mechanical 

effects of stepups, stress-stiffening and contact, as well as the electrical effects of fringing fields 

and finite beam thickness, are performed.  Comparisons are made to quasi-2D and 3D simulations.  

Pull-in voltage and capacitance-voltage measurements together with 2D simulations are used to 

extract material properties.  The electromechanical system is used to monitor charge buildup in the 

nitride which is modeled by a charge trapping model.  Surface effects are included in the simulation 

using a compressible-contact-surface model.  Monte Carlo simulations reveal the limits of 

simulation accuracy due to the limited resolution of input parameters.  [128] 

Index terms – Electromechanical, contact, charge, surface, material properties, electrostatic 
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I. I NTRODUCTION  

Electrostatically actuated beams (Fig. 1a) are widely used and studied in the 

microelectromechanical systems (MEMS) community.  Such beams are used as switches [1] and 

resonators [2], [3], and for extracting material properties [4]-[6], [18].  One-dimensional (1D), 

quasi-two-dimensional (quasi-2D) and three-dimensional (3D) simulations of various accuracies 

and sophistication have been used to help understand and characterize these beams and devices [5]-

[9].  Currently, full 3D simulations consume substantial computing resources and time, making 

them infeasible for parameter extraction procedures which require the solutions of many variations 

of a given system about a nominal set of parameters.  This is especially significant near pull-in 

where convergence is not easily achieved through the relaxation coupling algorithm employed by 

most electrostatics-elastostatics simulators.  Thus, quasi-2D models (only one mechanical degree-

of-freedom per node) implemented in Matlab [5], [6], [8] which take advantage of the 

predominantly 2D behavior of these beams have been used.  However, the rather ad hoc correction 

factors required to account for compliant stepup boundary conditions are usually specific to the 

range of beam dimensions being studied.  In addition, contact algorithms are difficult to implement.  

Simulation results are presented here using a more detailed 2D mechanical model in AbaqusTM [11] 

which allows accurate simulation of the effects of stepups, finite deformation (large rotations and 

stress stiffening) and compressible or “softened” contact surfaces.  The effects of fringing fields 

and finite conductor thickness are included in the electrostatics model.  Results are compared for 

quasi-2D, 2D and 3D simulations of the simple case of an ideal fixed-fixed beam loaded 

electrostatically which can be solved by all three methods, at least up until pull-in. 

The behavior of the system is studied for the case when the beam is in contact with the 

dielectric that coats the bottom electrode — a mode of operation important to capacitive microwave 
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Residual stress in the system is quantified in terms of an expansion coefficient, α. The 

resultant biaxial residual stress in a uniformly deposited film due to this coefficient is 

 
υ

ασ
−

=
1

E
biaxial  (1) 

where E is Young’s modulus and  υ  is Poisson’s ratio. This allows the system to be ramped up 

gradually to the correct initial stress state before an electrostatic load is applied.  Incorporating a 

large residual stress as an initial condition in a single step can introduce error in simulations — 

underestimating the initial deflection or deforming the beam into an incorrect buckling mode.   

The plane stress elements of the beam enforce the assumption that all the stresses 

perpendicular to the plane of the beam shown in Fig. 3 relax when the beam is released i.e. when 

the sacrificial PSG layer is etched away.  To verify this stress-relaxation assumption, and to 

evaluate the effects of plate-like behavior, 3D pressure-loading simulations of fixed-fixed beams 

with initial biaxial stress  were performed.  For 30µm-wide beams, a Young’s Modulus correction 

factor of about +1.5% makes the 2D simulations using plane stress elements match 3D simulations 

using shell elements and brick elements to within 0.5%.  The match is especially good at the larger 

deformations encountered in the simulations described in this paper.  

C. Electrostatics Model 

It is assumed that the beam is made up of many horizontal-plate-to-ground-plane capacitors 

connected in parallel along the length of the beam.  This approximation is quite accurate for long, 

planar systems.  The force per unit length at position x along the underside of the beam is given by 
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 ( ) ( )
( )





 +=

b

xh
a

xh

wV
xF 2

2
0

2

ε
 (2) 

which includes the influence of fringing fields and finite beam thickness.  In (2), 0ε  is the 

permittivity of air, w is the width of the beam, V is the applied voltage, h(x) is the effective gap 

between the bottom of the beam and ground plane, and a = 1.006 and b = 31.6µm for a 30µm ×  

2µm beam.  The effective electrical gap is  

 ( ) ( )
r

g
xgxh

ε
1

0 +=   (3) 

where g0 is the air gap,  g1 is the thickness of the nitride and rε  is the relative permittivity of the 

nitride.   

Results shown in Fig. 4 using a 2D field solver RaphaelTM [13] reveal how much an ideal 

30µm-wide capacitor model with infinitely thin plates and no fringing fields underestimates the 

force and capacitance between an actual 30µm-wide beam cross-section and ground.  The error is 

very small once the electrical gap between the beam and ground plane is less than 0.1µm, which is 

the case when the beam is in contact with the dielectric.  In contrast, in 3D electrostatics 

computations using boundary elements, the accuracy of the solution degrades as the separation 

between the beam and ground plane decreases if the mesh density is kept constant.  The 2D 

simulated displacement profile of the beam as a function of voltage is converted to a capacitance-

voltage (CV) curve by summing up the parallel capacitances using the formula  

 ( ) ( )
( ) ( )

( ) 











++=

xh

d

d

xh

d

xh
c

xh

w
xC ln

220ε
  (4) 

for capacitance per unit length [5] where c = 1.004 and d = 75.4µm for a 30µm ×  2µm beam.   
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e 
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d
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o
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b
e
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 c
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m
p
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.  

T
h

e 
b
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m
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ou
n
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s 

m
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 1
4
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G

P
a 
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d
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n
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m
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e
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ia
xi

a
l s
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M
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. 
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 c
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u
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a
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n

d
 p
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n
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g 
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m
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ra
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T
h

e
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u
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h

e
 2

D
 A

b
a

q
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m
u
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o
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s 
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e
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o
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n
e
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in
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h

e
 d
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p
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 c
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n

d
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a
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n
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o
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ge

 c
u
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e 
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ig
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b
.  

T
h

e 
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m
p

u
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d
 p

u
ll-

in
 v

ol
ta

ge
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2
1
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V

. 
  

 I
t 
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p
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n
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 p
re
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n

t 
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 n
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n
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e
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r 
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r 
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b
a

q
u
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 c

h
e
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e
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n
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en
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a
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 n

e
a

r 
p

u
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 b

e
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u
se

 A
b

a
q

u
s 

w
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 a
b
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 t
h

e
 s

im
u

la
tio

n
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h
e

n
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e
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u

tio
n
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p

p
e
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 d
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g
e 

b
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e 

it 
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n
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n
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h

e 
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e

ct
 c

o
n
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ct
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o
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tio

n
. 

 C
on

ve
rg

en
ce
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tu

d
ie

s 
in

d
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at
e

 t
h
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ev
en
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 s

in
gl

e 
la

ye
r 
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 ju

st
 1

5
 r

ed
u

ce
d
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te

gr
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io
n
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u

ad
ra
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 p

la
n

e 
st
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le

m
en
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u
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en
t 

to
 

m
od

e
l  

on
e-

h
al

f 
of

 t
h

e 
b
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m

. 
 

T
h

e 
q

u
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2

D
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im
u

la
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h
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h
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s 
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e
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n
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u
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r 

b
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m
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q
u

at
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n
s 
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d
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u
d
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e 
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fe
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s 

o
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e
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tif
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n
in
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d
 p
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te
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 b
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[8
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 is
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h
tly
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o

re
 c

om
p
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n

t 
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an
 t

h
e 

A
b
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u

s 

m
od

e
l, 
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n
g
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 p

u
ll-

in
 v
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ge
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f 2
1

.6
V

.  
T

h
e 

q
u
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i-2

D
 r
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u

lts
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h
o

w
n
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s 

th
e 

d
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d
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n
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h
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h
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e 
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m

o
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n
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e
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y 
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e
 s
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n
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f t
h
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2

D
 A

b
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u
s 

si
m

u
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n

. 
 T

h
e 

en
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e 
b
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m

 w
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m

u
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d
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si

n
g 

4
5

0
 n
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w

ith
 o

n
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 t
h

e
 v

e
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ic
a

l d
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p
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ce
m

e
n

t 
d
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re
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o
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e
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o
m
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t 
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d
e.

  

W
h
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h
e 

q
u
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D
 s

im
u

la
tio

n
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s 
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s 

th
e 

A
b
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u

s 
si

m
u
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n
, 

it 
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n
n

ot
 h

a
n

d
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 s
op

h
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tic
at

e
d
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n
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ct

 s
im

u
la

tio
n

s 
n

or
 m

o
d

e
l s

te
p

u
p

s 
ac

cu
ra

te
ly

. 
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T
h
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b
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m
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h
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lli
C

A
D

 c
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m
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n
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h
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 m
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lig
h
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n

 t
h
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A

b
a
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m
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el
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n
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a 

p
u

ll-
in
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o
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ge

 s
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e
w

h
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e 
b

et
w
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1
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n
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2
2

V
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h

e 
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n
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d
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h
 d
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r 
th

e 
m
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h

an
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a
l m

od
el
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te
lli

C
A

D
 is

 t
h

e 
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m
e 

a
s 
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at

 

u
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d
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e 

A
b

aq
u

s 
m

o
d

e
l. 

 T
h

e
 m
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h
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r 

el
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tr
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s 
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e
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n

d
er

si
d

e
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f t
h

e
 b
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m
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n

d
 o

n
 th

e 
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p
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 t

h
e 
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o

u
n

d
 p
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n

e 
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e
 m

an
u

al
ly

 r
e

fin
e

d
 t

o 
ob

ta
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h

e 
n
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es

sa
ry
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u
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. 

 T
h

e 
fin

al
 e

le
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ro
st
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ic

s 

m
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h
 c
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si

st
s 
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 t

ri
an

gu
la

r 
su

rf
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e
s 

w
ith

 e
d

ge
 le

n
gt

h
s 

o
f 5
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n
d

 7
.5µ

m
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n
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h
e 

b
ea

m
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n
d
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u
n
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p
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n
e 
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sp
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el
y.

  
T

h
e 

In
te

lli
C

A
D

 c
o

m
p

u
ta

tio
n

 c
o

n
su

m
es

 w
el

l o
ve

r 
tw

o 
o

rd
e
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 o

f m
a

gn
itu

d
e 

m
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e 
tim

e
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ab
ou

t 
3

0
 m

in
u

te
s 

p
er

 d
at

a 
p
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n

t 
on
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 S

U
N

 U
ltr
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p

ar
c 

2
 w

ith
 1

G
B

 m
em

o
ry

) 
th

an
 t

h
e 

A
b

a
q

u
s 
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m

u
la

tio
n

 e
sp

e
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a
lly

 n
e

a
r 

p
u

ll-
in

, 
w

ith
 m

o
st

 o
f 

th
e

 t
im

e
 s

p
e

n
t 

in
 t

h
e

 e
le

ct
ro

st
a

tic
s 
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tio
n

s.
  

V
er

y 
lit

tle
 o

u
t-
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-p
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n

e 
b
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d
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g 
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b
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ed
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co

n
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m
in

g
 t

h
at

 t
h

e 
p

ro
b

le
m
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 e
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en

tia
lly
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o
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im

e
n

si
o

n
a

l i
.e

. t
h

e
 b

e
a

m
 h

a
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ly
 d

e
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s 
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lo

n
g 

th
e

 d
ir
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n
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f t

h
e
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id
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f t
h

e
 b

e
a

m
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e
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e
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st
a
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e

s 
a
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n

g
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h
e
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id
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 c
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n

 b
e 
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m
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e
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e
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e
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a
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u
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g 
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a
t 

th
e

 b
e
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m
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h
a

t 

d
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e
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n
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ve

n
 t

h
o

u
g

h
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h
e

 f
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s 
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n
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n

d
 c
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d
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e
a
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e
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 b
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 c
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 f
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 t
h
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M
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 b
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d
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e 
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n
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p
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h
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n
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 b
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 d
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 b
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u
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d
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h
e 

ca
n
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 c
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w
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u
b
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T
h

e 
th
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kn
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f 
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e
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n
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 d
et

e
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t 
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n

g 
b

ea
m

 t
h
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b
u
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le

d
 d
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n

w
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d
s 
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d

 c
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ed
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e
 u

n
d

er
ly
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g 
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r.
  T

h
e 
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r 
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p

 w
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 d
et
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m

in
e

d
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b
tr
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g 
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 p
ol

ys
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n

 t
h
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kn

e
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o

m
 t

h
e 

h
e
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h
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 p
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n
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S

G
 s
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. 
 T

h
e 
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ec

tr
ic
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e
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e 
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h
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d
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 b
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w
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 d
et
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ap
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n
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re
m

en
t 

of
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 p
ol

ys
ili
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n
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ye

r 
(P

O
LY

0
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d
ep
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ite

d
 d

ir
e

ct
ly

 o
n

 th
e 

n
itr

id
e.

  T
h

e 
ca

p
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ita
n

ce
 d

id
 n

ot
 c

h
an

g
e 

as
 

th
e 

D
C

 b
ia

s 
w
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 s

w
ep

t 
fr

om
 -

3
5

V
 t

o 
3

5
V

, 
in

d
ic

at
in

g
 th
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 t

h
e 

p
ol
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a
b

ili
ty

 o
f t

h
e 

n
itr

id
e 

d
ie

le
ct

ri
c 

is
 in

d
ep

en
d

en
t 

o
f t

h
e 

ap
p

lie
d

 e
le

ct
ri

c 
fie

ld
, 

an
d

 t
h

at
 c

ar
ri

er
 d

ep
le

tio
n

 in
 t

h
e

 p
o

ly
si

lic
on

 is
 n

ot
 

si
g

n
ifi

ca
n

t.
  

T
h
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 n

itr
id

e 
th
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e
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 m
ea
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m
en

t 
n

eg
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s 

a
n

y 
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er
et
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 d

u
e

 t
o 

th
e
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h
in

g 
o

f 

p
ol
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co
n

 a
n

d
 P

S
G

 la
ye

rs
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6
].

  
 

T
ab

le
 1

 c
on

ta
in

s 
th

e
 p

a
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m
et

er
s 

th
at

 a
re

 u
se

d
 in

 a
ll 

si
m

u
la

tio
n

s 
th

at
 f

ol
lo

w
 u

n
le

ss
 n

ot
e

d
 

ot
h

er
w

is
e.

  B
ea

m
 w

id
th

s 
(a

ll 
3
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) 

a
n

d
 le

n
g

th
s 

a
re

 a
ss

u
m

e
d

 a
s 

d
ra

w
n

 s
in

ce
 li

n
e

w
id

th
 r

e
so

lu
tio

n
 is

 

b
et

te
r 

th
an
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.1µ

m
 [

1
5

].
  

P
er

fe
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o

n
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rm
a

l d
ep
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iti

on
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u
m

ed
, 

an
d

 P
oi

ss
on

’s
 r

a
tio

 is
 t

a
ke

n
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0
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3
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IV
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E
LE

C
T

R
IC

A
L 

M
E

A
S

U
R

E
M

E
N

T
S
 

A
. 

P
u

ll-
in

 V
o

lta
g

e
 M

e
a

su
re

m
e

n
ts

 

V
pi
’s

, 
p

u
ll-

in
 v

o
lta

ge
s 

at
 w

h
ic

h
 t

h
e 

ca
p

ac
ita

n
ce

s 
of

 t
h

e
 s

ys
te

m
s 

in
cr

ea
se

 a
b

ru
p

tly
, 

w
e

re
 

m
ea

su
re

d
 u

si
n

g 
an

 H
P

4
2

7
5

A
 c

ap
ac

ita
n

ce
 m

et
er

 w
ith

 D
C

 b
ia

s 
st

e
p

s 
of

 0
.1

V
 a

n
d

 a
 1

0
0

kH
z 

si
gn

al
 o

f 

5
0

m
V

rm
s.

  B
o

th
 p
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iti

ve
 a

n
d

 n
eg

at
iv

e 
b

ia
se

s 
w

e
re

 a
p

p
lie

d
 to

 a
cc

ou
n

t f
or

 fi
xe

d
 d

ie
le

ct
ri

c 
ch

a
rg

e 
a

s 

ex
p

la
in

ed
 fu

rt
h

er
 in

 S
ec

tio
n

 I
V

.B
. 

 T
h

e
 d

ie
 w

as
 in

 a
 G

el
-P

ak
T

M
 t

ra
y.

  M
e

as
u

re
d

 V p
i’s

 a
s 

a 
fu

n
ct

io
n

 

of
 b

e
a

m
 le

n
gt

h
 a

re
 p

lo
tt

e
d

 o
n

 a
 lo

g-
lo

g 
sc

a
le

 in
 F

ig
. 

6
. 

 T
h

e
se

 m
e

a
su

re
m

e
n

ts
 w

e
re

 c
on

fir
m

ed
 b

y 

u
si

n
g

 a
n

 H
P

4
1

5
5

A
 t

o
 s

ou
rc

e
 a

 c
on

st
a

n
t 

2
0

p
A

 c
u

rr
e

n
t 

a
n

d
 o

b
se

rv
in

g 
th

e
 v

ol
ta

g
e

 o
f 

th
e

 b
e

a
m

 

in
cr

e
a

se
 a

s 
a

 fu
n

ct
io

n
 o

f t
im

e
.  

A
t p

u
ll-

in
, t

h
e

 c
a

p
a

ci
ta

n
ce

 in
cr

e
a

se
s 

a
b

ru
p

tly
 a

n
d

 th
e

 v
ol

ta
g

e
 o

f t
h

e
 

b
e

a
m

 h
a

s 
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 d
e
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e

a
se

 m
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en
ta

ri
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 d
u

e
 to
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h

a
rg

e 
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n
se

rv
a

tio
n

.  
T

h
e

 c
on

st
a

n
t-

cu
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e
n

t m
e

a
su

re
m

e
n

ts
 

co
n

fir
m

 t
h
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 r

es
o

n
a

n
ce

 e
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ita
tio

n
 d

u
e 

to
 t

h
e 

A
C

 s
ig

n
a

l o
f t

h
e 

ca
p

a
ci

ta
n

ce
 m

et
er

, 
if 

oc
cu

ri
n

g
 a

t 
a

ll,
 

d
oe

s 
n

ot
 a

ffe
ct

 t
h

e 
m

ea
su

re
m

en
ts

, 
p

ro
b

ab
ly

 b
ec

au
se

 s
q

u
ee

ze
d

-f
ilm

 d
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p
in

g
 is

 s
ig

n
ifi

ca
n

t.
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p
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 t
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su
re

 o
f 

th
e 

re
la

tiv
e 

co
n

tr
ib

u
tio

n
s 

o
f s

tr
e

ss
 a

n
d

 b
en

d
in

g 
st

iff
n

e
ss

 to
 t

h
e 

ov
e

ra
ll 

st
iff

n
es

s 
o

f t
h

e 
b

ea
m

.  
S

e
m

i-

an
al

yt
ic

 e
xp

re
ss

io
n

s 
an

d
 n

u
m

er
ic

al
 e

xp
er

im
en

ts
 fo

r 
V

pi
 a

s 
a 

fu
n

ct
io

n
 o

f l
en

g
th

 o
f a

 fi
xe

d
-f

ix
ed

 

b
e

a
m

 s
h

o
w

 th
a

t t
h

e
 m

a
gn

itu
d

e
 o

f t
h

e
 s

lo
p

e
 s

h
ou

ld
 b

e 
2

 fo
r 

st
re

ss
-f

re
e 

b
e

a
m

s,
 le

ss
 th

a
n

 2
 fo

r 
b

e
a

m
s 

in
 t

en
si

o
n

 a
n

d
 la

rg
er

 t
h

an
 2

 fo
r 

b
ea

m
s 

in
 c

om
p

re
ss

io
n

. 
  

T
h

e 
m

o
re

 t
h

e 
sl

o
p

e 
d

ev
ia

te
s 

fr
o

m
 2

, 
th

e
 

la
rg

e
r 

th
e 

in
flu

en
ce

 o
f r

e
si

d
u

al
 s

tr
es

s 
o

n
 th

e
 b

ea
m

’s
 s

tif
fn

e
ss

.  
H

en
ce

, t
h

e 
sl

op
es

 a
t t

h
e 

lo
n

g
er

 b
e

am
 

le
n

g
th

s 
a

re
 la

rg
e

r 
fo

r 
th

e
se

 c
om

p
re

ss
iv

e
ly

-s
tr

e
ss

e
d

 b
e

a
m

s 
b

e
ca

u
se

 lo
n

ge
r 

b
e

a
m

s 
te

n
d

 t
o 

b
e 

m
or

e
 

h
ea

vi
ly

 in
flu

e
n

ce
d

 b
y 

re
si

d
u

a
l s

tr
es

s.
  

F
or

 t
h

es
e 

m
ea

su
re

m
en

ts
, 

th
e 

sl
op

e 
is

 2
.3

 a
t 

3
2

0
µ m

 w
h

er
ea

s 

th
e 

sl
op

e 
is

 3
.1

 a
t 

4
6

0µ m
. 

B
. 

C
a

p
a

ci
ta

n
ce

-V
o

lta
g

e
 (

C
V

) 
M

e
a

su
re

m
e

n
ts

 

T
yp

ic
al

 h
ig

h
-f

re
q

u
en

cy
 s

m
al

l-s
ig

n
al

 C
V

 m
ea

su
re

m
en

ts
, 

u
si

n
g 

a
n

 H
P

4
2

7
5

A
 c

ap
a

ci
ta

n
ce

 

m
et

er
, o

f a
 c

an
til

e
ve

r 
an

d
 a

 fi
xe

d
-f

ix
ed

 b
ea

m
 a

re
 s

h
ow

n
 in

 F
ig

s.
 7

a 
an

d
 7

b
 r

es
p

ec
tiv

el
y.

  T
h

e
 in

iti
al

 

(V
a

pp
lie

d =
 0

) 
ca

p
ac

ita
n

ce
 is

 s
u

b
tr

ac
te

d
 fr

om
 a

ll 
o

th
e

r 
m

ea
su

re
d

 c
a

p
ac

ita
n

ce
 v

al
u

es
. 

 T
h

er
e 

is
 a

 

p
la

te
a

u
 in

 t
h

e
 p

e
e

l-o
ff 

p
o

rt
io

n
 o

f t
h

e
 c

a
n

til
e

ve
r 

C
V

 c
u

rv
e

 w
h

e
re

 m
o

st
 o

f t
h

e
 c

an
til

e
ve

r 
b

e
a

m
 s

n
a

p
s 

of
f 

th
e

 n
itr

id
e 

su
rf

a
ce

 le
av

in
g

 o
n

ly
 t

h
e 

tip
 t

ou
ch

in
g 

as
 s

h
ow

n
 s

ch
em

at
ic

a
lly

 in
 F

ig
. 

7
a

. 
 T

h
is

 

p
h

en
om

en
on

 h
a

s 
b

ee
n

 v
er

ifi
ed

 in
 s

im
u

la
tio

n
s.

  
T

h
e 

sa
m

e 
d

ef
or

m
at

io
n

 m
od

e
 h

as
 b

ee
n

 o
b

se
rv

ed
 

d
u

ri
n

g
 p

u
ll-

in
 m

ea
su

re
m

en
ts

 b
u

t h
as

 n
o

t b
ee

n
 o

b
se

rv
ed

 in
 s

im
u

la
tio

n
s.

  E
le

ct
ro

st
at

ic
 fr

in
gi

n
g 

fie
ld

s,
 

fr
ic

tio
n

 a
n

d
 a

d
h

e
si

on
 a

t 
th

e
 t

ip
 o

f 
th

e 
ca

n
til

ev
e

r 
m

ay
 n

ot
 h

a
ve

 b
ee

n
 a

d
eq

u
a

te
ly

 m
o

d
e

le
d

. 
 I

n
 

ad
d

iti
on

, t
h

e 
n

on
lin

ea
r 

so
lv

er
 in

 A
b

aq
u

s 
m

ig
h

t h
av

e 
sk

ip
p

ed
 th

is
 e

q
u

ili
b

ri
u

m
 s

ol
u

tio
n

 a
n

d
 s

te
p

p
e

d
 

ri
g

h
t 

th
ro

u
gh

 to
 th

e 
lo

w
er

-e
n

er
g

y 
in

-c
o

n
ta

ct
 s

ol
u

tio
n

.  
D

u
e 

to
 th

is
 s

im
u

la
tio

n
 d

iff
ic

u
lty

, c
an

til
ev

e
rs

 

w
er

e 
n

ot
 u

se
d

 fo
r 

p
ar

a
m

et
e

r 
ex

tr
a

ct
io

n
. 

  

A
d

h
es

io
n

, 
w

h
ic

h
 h

ol
d

s 
th

e
 b

e
am

 d
o

w
n

 s
om

ew
h

at
 d

u
ri

n
g 

p
ee

l-o
ff,

 c
au

se
s 

th
e

 z
ip

-u
p

 a
n

d
 

p
ee

l-o
ff 

re
g

io
n

s 
of

 t
h

e
 C

V
 c

u
rv

e
s 

ab
ov

e
 V

pi
 n

ot
 t

o 
o

ve
rl

ap
 a

s 
th

ey
 w

o
u

ld
 o

th
er

w
is

e 
(c

om
p

ar
e 

th
e 
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re
gi

on
s 

V
>

V p
i i

n
 F

ig
s.

 2
a 

an
d

 7
b

).
  

T
ra

p
p

ed
 c

h
ar

g
e 

in
 t

h
e 

n
itr

id
e

 s
h

ift
s 

th
e 

m
ea

su
re

d
 V

pi
’s

 a
n

d
 

of
fs

et
s 

th
e 

C
V

 m
ea

su
re

m
en

ts
 a

lo
n

g 
th

e 
vo

lta
g

e 
ax

is
 a

s 
sh

ow
n

 in
 F

ig
. 

7
b

. 
 A

ss
u

m
in

g 
a

 s
h

ee
t 

o
f 

ch
ar

g
e 

in
 t

h
e 

n
itr

id
e

, 
th

e 
o

ffs
et

 v
ol

ta
g

e 
is

  

 
rf

o
ffs

e
t

z
V

ε
ερ 0

=
 

(5
) 

w
h

er
e 

f
ρ

 is
 t

h
e 

ar
ea

l c
h

ar
ge

 d
en

si
ty

, 
z 

is
 t

h
e 

d
is

ta
n

ce
 o

f t
h

e 
ch

ar
ge

 s
h

ee
t 

fr
o

m
 t

h
e 

si
lic

o
n

 n
itr

id
e-

si
lic

on
 s

u
b

st
ra

te
 in

te
rf

a
ce

 a
n

d
 

rε
 is

 th
e 

re
la

tiv
e

 p
er

m
itt

iv
ity

 o
f t

h
e 

n
itr

id
e.

  T
o

 q
u

an
tif

y 
th

is
 c

h
ar

g
e,

 

V
pi
’s

 w
e

re
 m

e
a

su
re

d
 b

y 
a

p
p

ly
in

g
 b

ot
h

 p
os

iti
ve

 a
n

d
 n

eg
at

iv
e 

vo
lta

ge
s.

  
T

h
e

or
e

tic
a

lly
, 

th
e

 p
os

iti
ve

 

an
d

 n
eg

at
iv

e 
V pi

’s
 s

h
o

u
ld

 b
e 

of
 t

h
e 

sa
m

e
 m

a
gn

itu
d

e 
si

n
ce

 t
h

e 
e

le
ct

ro
st

at
ic

 f
or

ce
 is

 p
ro

p
o

rt
io

n
al

 t
o

 

th
e

 s
q

u
a

re
 o

f t
h

e
 a

p
p

lie
d

 v
o

lta
ge

.  
T

h
e

 m
e

a
su

re
d

 d
iff

e
re

n
ce

s 
b

et
w

e
e

n
 th

e
 m

ag
n

itu
d

e
s 

w
er

e 
le

ss
 th

a
n

 

0
.2

V
 a

fte
r 

al
lo

w
in

g 
m

or
e

 t
h

an
 5

 m
in

u
te

s 
b

et
w

ee
n

 m
ea

su
re

m
en

ts
. 

 T
h

e 
vo

lta
g

e 
of

fs
et

s 
ar

e 
on

e-
h

al
f 

of
 t

h
o

se
 d

iff
er

en
ce

s.
  

A
ss

u
m

in
g 

al
l t

h
e 

ch
ar

ge
 is

 o
n

 t
h

e 
to

p
 s

u
rf

ac
e

 o
f 

th
e 

n
itr

id
e,

 
f

ρ
 is

 le
ss

 t
h

an
 

1
010

 e
 c

m
-2
 w

h
er

e e
 is

 th
e 

ch
ar

ge
 o

f a
n

 e
le

ct
ro

n
.  

T
h

u
s,

 fi
xe

d
 c

h
ar

ge
 is

 n
ot

 a
 m

aj
o

r 
p

ro
b

le
m

:  
al

l t
h

e
 

V
pi
 a

n
d

 C
V

 m
e

as
u

re
m

en
ts

 c
an

 b
e 

ad
ju

st
ed

 b
y 

th
e 

m
ea

su
re

d
 fi

xe
d

 o
ffs

et
. 

M
o

b
ile

 c
h

a
rg

e,
 h

ow
ev

e
r,

 s
e

ri
o

u
sl

y 
d

is
to

rt
s 

th
e

 m
e

a
su

re
m

e
n

ts
. 

T
h

e
 m

ag
n

itu
d

e
s 

of
 V

pi
’s

 

m
e

a
su

re
d

 in
 q

u
ic

k 
su

cc
e

ss
io

n
 i.

e
. 

le
ss

 t
h

a
n

 1
 m

in
u

te
 b

e
tw

e
e

n
 m

e
a

su
re

m
e

n
ts

 a
re

 p
ro

gr
e

ss
iv

e
ly

 

lo
w

er
. 

 T
h

is
 in

d
ic

at
e

s 
th

at
 c

h
ar

ge
 o

f p
ol

ar
ity

 o
p

p
o

si
te

 t
o 

th
at

 o
f 

th
e 

vo
lta

g
e 

o
n

 t
h

e 
b

ea
m

 is
 b

ei
n

g 

ac
cu

m
u

la
te

d
 in

 th
e 

n
itr

id
e 

w
ith

 e
ac

h
 m

ea
su

re
m

en
t,

 h
en

ce
 r

e
q

u
ir

in
g 

le
ss

 v
ol

ta
ge

 to
 p

u
ll 

th
e

 b
ea

m
 in

. 
 

T
h

e 
fu

rt
h

er
 t

h
e 

ch
ar

g
e 

is
 a

w
ay

 f
ro

m
 t

h
e 

si
lic

on
 n

itr
id

e-
si

lic
on

 s
u

b
st

ra
te

 in
te

rf
ac

e
, 

th
e 

m
or

e
 

in
flu

en
ce

 it
 h

as
 a

s 
sh

o
w

n
 b

y 
E

q
. 

5
. 

In
 o

rd
er

 t
o 

av
o

id
 c

h
ar

g
e 

b
u

ild
u

p
, 

es
p

ec
ia

lly
 a

t 
h

ig
h

 v
o

lta
ge

s,
 a

n
d

 to
 a

vo
id

 a
d

h
es

io
n

 e
ffe

ct
s,

 

ca
p

ac
ita

n
ce

 m
ea

su
re

m
en

ts
 w

er
e 

m
ad

e 
q

u
ic

kl
y 

as
 t

h
e 

b
ea

m
s 

w
er

e 
zi

p
p

in
g 

u
p

 in
st

ea
d

 o
f w

h
en

 t
h

e 
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b
ea

m
s 

w
er

e 
p

e
el

in
g 

o
ff.

  I
t i

s 
as

su
m

ed
 th

at
 a

d
h

es
io

n
 is

 a
 v

er
y 

sh
or

t-
ra

n
ge

 fo
rc

e 
w

h
ic

h
 h

as
 n

o
 e

ffe
ct

 

u
n

til
 t

w
o 

su
rf

ac
es

 a
re

 in
 c

on
ta

ct
, 

an
d

 t
h

er
ef

or
e 

d
oe

s 
n

ot
 in

flu
en

ce
 t

h
e 

zi
p

p
in

g-
u

p
 p

ro
ce

ss
 w

h
er

e 

e
le

ct
ro

st
a

tic
 fo

rc
e

s 
d

o
m

in
a

te
. 

 W
h

ile
 h

o
ld

in
g

 t
h

e
 v

ol
ta

ge
 s

te
a

d
y 

a
t 

a
 v

a
lu

e
 w

e
ll 

b
el

o
w

 p
u

ll-
in

 b
u

t 

st
ill

 h
ig

h
 e

n
ou

g
h

 t
o 

h
ol

d
 t

h
e 

b
ea

m
 d

o
w

n
 o

n
ce

 t
h

e 
b

ea
m

 is
 in

 c
o

n
ta

ct
 w

ith
 t

h
e

 n
itr

id
e 

su
rf

a
ce

, 

co
n

ta
ct

 is
 in

d
u

ce
d

 b
y 

p
u

sh
in

g
 t

h
e 

b
ea

m
 d

ow
n

 w
ith

 a
 p

ro
b

e 
tip

. 
 T

h
e 

vo
lta

ge
 is

 t
h

en
 r

a
m

p
ed

 u
p

 

w
h

ile
 c

ap
ac

ita
n

ce
 is

 m
ea

su
re

d
. 

 T
h

is
 m

ea
su

re
m

en
t 

ta
ke

s 
a

b
o

u
t 

1
0

 s
ec

on
d

s;
 r

es
u

lts
 a

re
 s

h
ow

n
 in

 

F
ig

. 
1

0
 fo

r 
se

ve
ra

l b
ea

m
s.

 

C
. 

C
h

a
rg

e
 B

u
ild

u
p

 in
 S

ili
co

n
 N

itr
id

e
 

F
ig

. 
8

a 
sh

o
w

s 
th

e 
h

ig
h

-f
re

q
u

en
cy

 s
m

al
l-s

ig
n

al
 c

a
p

ac
ita

n
ce

s 
o

f 3
4

0
µ m

, 
3

8
0µ

m
 a

n
d

 4
2

0µ m
 

b
e

a
m

s 
in

 c
on

ta
ct

 w
ith

 t
h

e
 n

itr
id

e 
d

ie
le

ct
ri

c 
m

ea
su

re
d

 a
s 

fu
n

ct
io

n
s 

of
 t

im
e

 w
ith

 1
2

V
 a

p
p

lie
d

 

b
et

w
ee

n
 t

h
e 

b
ea

m
 a

n
d

 s
ili

co
n

 s
u

b
st

ra
te

. 
 T

h
e

 m
e

as
u

re
m

en
ts

 s
h

ow
n

 a
re

 t
h

os
e 

u
si

n
g 

1
0

0
kH

z 

5
0

m
V

rm
s 

se
n

si
n

g 
si

gn
a

ls
 b

u
t 

th
e 

m
ea

su
re

m
en

ts
 s

h
ow

 n
o

 d
ep

e
n

d
en

ce
 o

n
 s

ig
n

al
 a

m
p

lit
u

d
e 

o
r 

fr
e

q
u

en
cy

. 
 T

h
e

se
 m

ea
su

re
m

en
ts

 in
d

ic
at

e 
th

at
 c

h
ar

g
e 

b
u

ild
s 

u
p

 o
ve

r 
tim

e 
in

 t
h

e 
n

itr
id

e
 w

h
en

 t
h

e 

b
e

a
m

 is
 in

 c
on

ta
ct

 w
ith

 t
h

e
 n

itr
id

e
 s

u
rf

a
ce

. 
 T

h
e

 p
ol

a
ri

ty
 o

f 
th

e
 c

h
a

rg
e

 is
 o

p
p

o
si

te
 t

o 
th

a
t 

on
 t

h
e

 

b
ea

m
 t

h
u

s 
a

tt
ra

ct
in

g 
m

or
e

 o
f 

th
e

 b
e

am
 in

to
 c

o
n

ta
ct

 a
n

d
 in

cr
e

as
in

g 
th

e 
ca

p
a

ci
ta

n
ce

 o
f t

h
e 

sy
st

em
. 

O
rd

in
ar

ily
, 

th
e

 c
h

ar
ge

 s
to

re
d

 o
n

 t
h

e 
p

la
te

s 
o

f a
 c

ap
ac

ito
r 

is
 d

e
te

rm
in

ed
 b

y 
b

ot
h

 t
h

e 

ca
p

ac
ita

n
ce

 a
n

d
 v

o
lta

g
e 

ac
ro

ss
 t

h
at

 c
a

p
ac

ito
r.

  
F

or
 t

h
is

 c
o

n
ta

ct
-e

le
ct

ro
m

e
ch

a
n

ic
al

 c
ap

ac
ito

r,
 

h
ow

ev
er

, 
th

e
 h

ig
h

-f
re

q
u

en
cy

 s
m

al
l-s

ig
n

al
 c

a
p

ac
ita

n
ce

 h
as

 a
 o

n
e-

to
-o

n
e 

co
rr

es
p

o
n

d
en

ce
 t

o 
th

e 

ch
a

rg
e

 o
n

 th
e

 p
ol

ys
ili

co
n

 b
e

a
m

 w
h

ic
h

 in
 tu

rn
 d

ep
en

d
s 

on
 th

e
 c

h
a

rg
e 

o
n

 th
e

 s
ili

co
n

 s
u

b
st

ra
te

 s
u

rf
a

ce
 

an
d

 in
 t

h
e

 n
itr

id
e 

d
ie

le
ct

ri
c.

  
T

h
e 

sh
ap

e 
o

f t
h

e 
b

ea
m

, 
a

n
d

 t
h

u
s 

th
e

 c
ap

ac
ita

n
ce

 o
f t

h
e 

sy
st

em
, 

d
ep

e
n

d
s 

o
n

 t
h

e 
ch

a
rg

e
 o

n
 t

h
e 

p
ol

ys
ili

co
n

 b
ea

m
. 

 H
en

ce
, t

h
e 

ch
ar

ge
 o

n
 th

e 
p

ol
ys

ili
co

n
 b

e
am

 c
an

 b
e 

d
et

er
m

in
ed

 fr
o

m
 m

ea
su

re
m

en
ts

 o
f c

ap
ac

ita
n

ce
 a

lo
n

e 
re

ga
rd

le
ss

 o
f t

h
e 

ap
p

lie
d

 v
ol

ta
ge

. 
 I

t 
is

 

im
p

o
rt

an
t 

to
 n

ot
e 

th
a

t 
th

e 
p

ol
ys

ili
co

n
 c

h
ar

ge
 c

an
 c

h
an

g
e 

ev
en

 w
h

e
n

 t
h

e 
ap

p
lie

d
 v

o
lta

ge
 is

 h
e

ld
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co
n

st
a

n
t 

if 
ch

ar
g

e 
ac

cu
m

u
la

te
s 

in
 t

h
e 

d
ie

le
ct

ri
c.

  
K

n
o

w
in

g 
th

e 
ch

ar
ge

 o
n

 t
h

e 
p

ol
ys

ili
co

n
 b

ea
m

, 

ch
ar

g
e 

in
 t

h
e 

n
itr

id
e

 d
ie

le
ct

ri
c 

ca
n

 b
e 

d
et

er
m

in
ed

. 
 

U
si

n
g 

th
e 

m
ea

su
re

m
en

t t
e

ch
n

iq
u

e 
d

es
cr

ib
ed

 in
 th

e 
p

re
vi

ou
s 

se
ct

io
n

, t
h

e 
C

V
 m

ea
su

re
m

en
ts

 

ar
e 

as
su

m
e

d
 t

o 
b

e 
fr

ee
 fr

om
 t

h
e 

in
flu

en
ce

 o
f a

cc
u

m
u

la
te

d
 n

itr
id

e
 c

h
ar

g
e.

  
If 

d
ie

le
ct

ri
c 

ch
ar

g
e 

is
 

n
eg

le
ct

ed
, 

th
e

 c
h

ar
ge

 o
n

 t
h

e 
p

ol
ys

ili
co

n
 b

ea
m

 a
t 

an
y 

vo
lta

ge
 is

 s
im

p
ly

 t
h

e 
p

ro
d

u
ct

 o
f t

h
e 

ca
p

ac
ita

n
ce

 a
n

d
 a

p
p

lie
d

 v
ol

ta
ge

. 
 T

h
u

s 
b

ea
m

 c
h

ar
ge

 c
an

 b
e

 c
om

p
u

te
d

 a
s 

a 
fu

n
ct

io
n

 o
f v

ol
ta

ge
, a

n
d

 

th
en

 a
s 

a 
fu

n
ct

io
n

 o
f c

ap
ac

ita
n

ce
.  

T
h

e 
ch

ar
ge

-v
o

lta
ge

 r
el

at
io

n
sh

ip
 o

n
ly

 h
o

ld
s 

if 
d

ie
le

ct
ri

c 
ch

ar
g

e 
is

 

n
eg

lig
ib

le
. 

 A
ss

u
m

in
g 

th
is

 is
 t

ru
e,

 t
h

e 
re

su
lta

n
t 

ch
ar

ge
-c

ap
ac

ita
n

ce
 r

el
at

io
n

sh
ip

 c
an

 t
h

e
n

 b
e 

u
se

d
 

ev
en

 in
 t

h
e 

p
re

se
n

ce
 o

f d
ie

le
ct

ri
c 

ch
a

rg
e 

b
ec

au
se

 c
ap

ac
ita

n
ce

 is
 a

 u
n

iq
u

e
 fu

n
ct

io
n

 o
f b

ea
m

 c
h

ar
g

e.
  

T
h

e 
ca

p
ac

ita
n

ce
 m

ea
su

re
m

en
ts

 o
f  

F
ig

. 8
a 

ar
e 

co
n

ve
rt

e
d

 u
si

n
g 

th
is

 c
h

ar
g

e-
ca

p
ac

ita
n

ce
 r

el
a

tio
n

sh
ip

 

in
to

 th
e

 b
e

a
m

 c
h

a
rg

e
 d

a
ta

 s
h

o
w

n
 in

 F
ig

. 8
b

.  
T

h
e

 in
cr

e
a

se
 in

 b
e

a
m

 c
h

a
rg

e 
is

 d
ir

e
ct

ly
 p

ro
p

or
tio

n
al

 to
 

th
e 

b
u

ild
 u

p
 o

f c
h

ar
g

e 
in

 t
h

e 
n

itr
id

e 
d

ie
le

ct
ri

c.
  

  

T
h

is
 c

h
ar

ge
 b

u
ild

u
p

 is
 m

o
d

e
le

d
 b

y 
a 

ch
a

rg
e 

ge
n

er
a

tio
n

 e
q

u
at

io
n

  

 

 

 
 

  −
−

=
t

tt

kA
d

t

d
Q

0
e

xp
1

 
(6

) 

w
h

er
e k

 is
 a

 s
ca

lin
g

 p
ar

am
et

er
, 

A
 is

 th
e

 a
re

a
 o

f t
h

e
 b

e
a

m
 in

 c
o

n
ta

ct
 w

ith
 th

e
 d

ie
le

ct
ri

c,
 

t  i
s 

tim
e 

an
d

 

t 0
 is

 a
 t

im
e

 c
on

st
a

n
t.

  
T

h
is

 e
q

u
at

io
n

 d
es

cr
ib

es
 t

h
e

 c
h

a
rg

e 
tr

a
n

sf
e

r 
ra

te
 b

y 
d

ir
e

ct
 t

u
n

n
el

in
g

 b
e

tw
e

e
n

 

ei
th

er
 t

h
e 

co
n

d
u

ct
io

n
 o

r 
va

le
n

ce
 b

a
n

d
 in

 t
h

e 
si

lic
o

n
 s

u
b

st
ra

te
 a

n
d

 t
ra

p
 s

ta
te

s 
in

 t
h

e 
n

itr
id

e 
[1

6
].

 

C
h

ar
ge

 b
u

ild
u

p
 is

 a
ss

u
m

e
d

 t
o 

o
cc

u
r 

d
ir

e
ct

ly
 u

n
d

er
 t

h
e 

ar
ea

 o
f t

h
e 

b
e

am
 in

 c
on

ta
ct

 w
ith

 t
h

e 

d
ie

le
ct

ri
c 

w
h

ic
h

 is
 r

ou
gh

ly
 p

ro
p

o
rt

io
n

a
l t

o 
th

e 
sm

al
l-s

ig
n

al
 c

a
p

ac
ita

n
ce

. 
 T

h
e 

n
et

 c
h

a
rg

e 
is

 o
f 

p
ol

a
ri

ty
 o

p
p

os
ite

 to
 th

at
 o

f t
h

e
 p

o
ly

si
lic

on
 b

ea
m

 b
ec

au
se

 th
e 

p
o

te
n

tia
l b

ar
ri

er
 to

 tu
n

n
el

in
g

 is
 s

m
a

lle
r 

on
 t

h
e 

si
lic

on
 s

u
b

st
ra

te
-s

ili
co

n
 n

itr
id

e
 s

id
e 

co
m

p
ar

ed
 t

o 
th

e 
si

lic
on

 n
itr

id
e-

p
ol

ys
ili

co
n

 b
ea

m
 s

id
e 
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d
u

e 
to

 th
e 

fin
ite

 a
ir

 g
ap

 o
n

 th
e 

b
ea

m
 s

id
e 

ev
en

 a
fte

r 
co

n
ta

ct
.  

T
h

e 
ch

ar
gi

n
g 

ra
te

 d
ep

en
d

s 
on

 c
h

a
rg

in
g 

h
is

to
ry

, 
re

m
n

an
t 

ch
ar

g
e 

an
d

 a
p

p
lie

d
 e

le
ct

ri
c 

fie
ld

, 
an

d
 a

ls
o 

on
 m

a
te

ri
a

l p
ro

p
er

tie
s 

su
ch

 a
s 

st
o

ic
h

io
m

et
ry

 a
n

d
 in

te
rf

ac
e

 c
on

d
iti

on
s.

  
 T

h
e 

in
te

gr
a

tio
n

 c
o

n
st

a
n

t 
re

su
lti

n
g

 fr
o

m
 in

te
gr

at
in

g
 E

q
. 

6
 

q
u

an
tif

ie
s 

th
e 

in
iti

al
 c

h
a

rg
e 

in
cl

u
d

in
g

 t
h

e 
re

m
n

an
t 

ch
ar

g
e 

in
 t

h
e 

sy
st

em
 d

u
e

 to
 r

ep
e

at
ed

 p
ro

lo
n

g
ed

 

ap
p

lie
d

 e
le

ct
ri

c 
fie

ld
s.

  
It 

ca
n

n
ot

 b
e

 d
et

er
m

in
ed

 f
ro

m
 t

h
es

e 
m

ea
su

re
m

en
ts

 w
h

et
h

er
 t

h
e 

m
o

b
ile

 

sp
e

ci
e

s 
a

re
 e

le
ct

ro
n

s 
or

 h
o

le
s.

  
F

ig
. 

8
c 

sh
ow

s 
si

m
ila

r 
ch

a
rg

e 
b

u
ild

 u
p

 fo
r 

a
 3

4
0

µ m
 b

e
am

 a
t 

th
re

e 

d
iff

er
e

n
t 

co
n

st
an

t 
ap

p
lie

d
 v

ol
ta

ge
s.
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A
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R
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P

R
O

P
E

R
T

IE
S

 E
X

T
R

A
C

T
IO

N
 

A
. 

M
u

lti
p

le
-d

e
vi

ce
 E

xt
ra

ct
io

n
 (

fr
o

m
 s

e
ve

ra
l V pi’

s)
 

W
ith

 t
h

e 
ge

om
et

ri
ca

l m
ea

su
re

m
en

ts
 o

f T
ab

le
 I 

an
d

 V
pi
’s

, 
Y

o
u

n
g’

s 
m

od
u

lu
s 

(E
) 

an
d

 b
ia

xi
a

l 

re
si

d
u

al
 s

tr
es

s 
(σ b

ia
xi

a
l) 

ca
n

 b
e 

ex
tr

a
ct

ed
. 

 F
ig

. 
9

a 
sh

o
w

s 
co

n
to

u
rs

 o
f 

si
m

u
la

te
d

p
i

m
e

a
su

re
d

p
i

V
V

−
 in

 E
-σ

bi
a

xi
a

l 

sp
ac

e 
of

 a
 3

2
0µ m

 fi
xe

d
- 

fix
ed

 b
ea

m
. 

 A
ll 

si
m

u
la

tio
n

s 
u

si
n

g
 E

-
σ b

ia
xi

a
l p

ai
rs

 w
ith

in
 t

h
e 

n
ar

ro
w

es
t 

co
n

to
u

r 
(0

.1
V

) 
g

iv
e 

si
m

u
la

te
d

 p
u

ll-
in

 v
o

lta
ge

s 
w

ith
in

 0
.1

V
 o

f t
h

e 
m

ea
su

re
d

 v
al

u
e.

  
S

im
ila

r 

co
n

to
u

rs
 c

a
n

 b
e 

o
b

ta
in

e
d

 fo
r 

a
 b

e
a

m
 o

f a
 d

iff
e

re
n

t 
le

n
gt

h
 (

F
ig

. 
9

b
) 

a
n

d
 t

h
e

 r
e

g
io

n
 w

h
e

re
 t

h
e

 0
.1

V
 

co
n

to
u

rs
 o

f 
th

e
 t

w
o 

b
e

am
s 

ov
er

la
p

 is
 t

h
e 

re
gi

on
 in

 E
-

σ b
ia

xi
a

l s
p

ac
e

 w
h

ic
h

 g
iv

es
 t

h
e 

co
rr

ec
t 

va
lu

e 
of

 

V
pi
 fo

r 
b

ot
h

 b
ea

m
s.

  
B

y 
ov

e
rla

yi
n

g
 t

h
e 

co
n

to
u

rs
 fo

r 
3

2
0

µ m
 a

n
d

 4
6

0µ m
 b

e
am

s,
 a

n
d

 a
ss

u
m

in
g 

a
 

re
so

lu
tio

n
 in

 V
pi
 o

f 
±

0
.1

V
, 

w
e 

ob
ta

in
 t

h
e 

d
ar

ke
r 

sh
ad

ed
 r

e
gi

on
 in

 F
ig

. 
9

b
 w

h
ic

h
 g

iv
es

 E
 =

 

1
3

4
.8

±
2

.1
G

P
a 

a
n

d
 σ b

ia
xi

a
l =

 -
7

.6
±

0
.4

M
P

a.
  

T
h

e 
u

n
ce

rt
a

in
tie

s 
in

 E
 a

n
d

 
σ b

ia
xi

a
l i

n
cr

ea
se

 t
o 

4
.8

G
P

a 

an
d

 0
.8

M
P

a 
re

sp
ec

tiv
el

y 
as

 s
h

o
w

n
 b

y 
th

e
 li

gh
te

r 
sh

a
d

ed
 r

eg
io

n
 if

 th
e 

V
pi
 r

es
o

lu
tio

n
 is

 o
n

ly
 ±

0
.2

V
. 

 

T
h

e 
la

rg
e

r 
th

e 
d

iff
er

en
ce

 in
 b

e
am

 le
n

gt
h

s,
 th

e 
sm

al
le

r 
th

e 
u

n
ce

rt
ai

n
ty

 in
 e

xt
ra

ct
ed

 p
ar

am
et

er
s.

  T
h

e 

ex
tr

ac
te

d
 E

 is
 s

im
ila

r 
to

 w
h

at
 w

as
 o

b
ta

in
ed

 b
y 

S
h

ar
p

e 
e

t.
al

. 
[2

1
] 

b
u

t 
lo

w
er

 t
h

an
 t

h
at

 o
b

ta
in

ed
 b

y 

G
u

p
ta

 e
t.

al
. 

[6
],

 [
1

7
].
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B
. 

S
in

g
le

-d
e

vi
ce

 E
xt

ra
ct

io
n

 (
fr

o
m

 V pi 
a

n
d

 C
V

 c
u

rv
e

) 

T
h

e
 R

M
S

 d
iff

e
re

n
ce

 b
e

tw
e

e
n

 m
e

a
su

re
d

 a
n

d
 s

im
u

la
te

d
 c

on
ta

ct
 c

a
p

a
ci

ta
n

ce
s 

g
iv

e
s 

a
n

o
th

e
r 

se
t 

of
 c

o
n

to
u

rs
, 

sh
o

w
n

 in
 F

ig
. 

9
c,

 fo
r 

th
e 

3
2

0
µ m

 b
ea

m
. 

T
h

e
se

 c
on

to
u

rs
 a

re
 m

u
ch

 m
o

re
 s

en
si

tiv
e 

to
 

E
 s

in
ce

 th
e

 b
e

h
av

io
r 

of
 th

e
 b

e
a

m
 w

h
e

n
 in

 c
on

ta
ct

 w
ith

 th
e

 n
itr

id
e

 s
u

rf
a

ce
 is

 d
om

in
at

e
d

 b
y 

b
en

d
in

g,
 

p
ot

en
tia

lly
 g

iv
in

g
 b

et
te

r 
re

so
lu

tio
n

 in
 t

h
e

 e
xt

ra
ct

ed
 p

a
ra

m
et

er
s.

  
B

y 
o

ve
rl

ay
in

g
 t

h
is

 s
et

 o
f c

on
to

u
rs

 

ov
er

 t
h

e 
V p

i c
o

n
to

u
rs

 o
f F

ig
. 

9
a 

to
 o

b
ta

in
 t

h
e

 s
h

ad
e

d
 r

eg
io

n
 in

 F
ig

. 
9

c,
 E

 a
n

d
 

σ b
ia

xi
a

l c
a

n
 b

e 

d
et

er
m

in
ed

 fr
o

m
 m

ea
su

re
m

en
ts

 o
f o

n
ly

 o
n

e 
d

ev
ic

e.
  

N
oi

se
 in

 t
h

e 
ca

p
ac

ita
n

ce
 m

ea
su

re
m

en
ts

 a
n

d
 

u
n

ce
rt

ai
n

tie
s 

in
 t

h
e 

th
ic

kn
es

s 
of

 t
h

e
 n

itr
id

e 
a

s 
ex

p
la

in
ed

 in
 t

h
e 

n
ex

t 
se

ct
io

n
 d

o
 n

ot
 c

u
rr

en
tly

 a
llo

w
 

a
cc

u
ra

te
 m

at
e

ri
a

l p
ro

p
e

rt
y 

e
xt

ra
ct

io
n

. 
  

It 
is

 e
xp

e
ct

e
d

 t
h

a
t 

su
b

st
itu

tin
g 

th
e

 n
itr

id
e 

w
ith

 a
 t

h
ic

ke
r 

ox
id

e
 la

ye
r 

w
ill

 a
llo

w
 m

or
e 

a
cc

u
ra

te
 c

a
p

a
ci

ta
n

ce
 m

e
a

su
re

m
e

n
ts

 s
in

ce
 d

ie
le

ct
ri

c 
ch

a
rg

in
g,

 s
u

rf
a

ce
 

ef
fe

ct
s 

an
d

 o
ve

re
tc

h
 w

ill
 b

e 
re

d
u

ce
d

. 

C
. 

S
u

rf
a

ce
 E

ff
e

ct
s 

o
n

 C
V

 M
e

a
su

re
m

e
n

ts
 

U
si

n
g 

th
e

 p
a

ra
m

e
te

rs
 e

xt
ra

ct
e

d
 in

 S
e

ct
io

n
 V

.A
.,

 t
h

e
 s

im
u

la
te

d
 p

u
ll-

in
 v

o
lta

ge
s 

of
 v

a
ri

o
u

s 

b
e

a
m

s 
fit

 t
h

e
 m

e
a

su
re

m
e

n
ts

 w
el

l a
s 

sh
ow

n
 in

 F
ig

. 
6

. 
 T

h
e

 s
im

u
la

te
d

 C
V

 c
u

rv
e

s 
d

o
 n

o
t 

fit
 t

h
e

 

m
ea

su
re

m
en

ts
 a

s 
cl

o
se

ly
, 

h
ow

ev
er

, 
as

 s
h

ow
n

 b
y 

th
e 

d
as

h
ed

 li
n

e
s 

in
 F

ig
. 

1
0

. 
 T

h
e

 s
im

u
la

te
d

 

ca
p

ac
ita

n
ce

s 
o

f t
h

e 
3

0
0µ m

 b
e

a
m

 a
re

 s
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h
tly
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w

e
r 

th
a

n
 t

h
a

t 
m

e
a

su
re

d
 w

h
e

re
a

s 
th

e
 s

im
u

la
te

d
 

va
lu

es
 o

f t
h

e 
4

6
0µ m

 b
e

a
m

 a
re

 m
u

ch
 h

ig
h

e
r.

  A
 s

in
g

le
 s

e
t o

f s
im

u
la

tio
n

 p
ar

a
m

e
te

rs
 (

th
e 

p
a

ra
m

e
te

rs
 

in
 T

ab
le

 I 
to

g
et

h
er

 w
ith

 Y
ou

n
g’

s 
m

o
d

u
lu

s 
an

d
 r

es
id
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 c
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 c
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h
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 b
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e

re
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 p
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 t
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 p
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 p
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 d
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b
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b
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 p
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 C
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 b

e
a

m
 in

 M
U

M
P

s 
2

5
 s

h
o

w
s 

th
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 c
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h
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n
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 t
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 b
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 d
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at

 s
p

a
ce

. 
 

In
te

rf
a

ce
 tr

ap
s 

at
 th
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d
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 m
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 b
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 d
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t m
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 b
eh

in
d

 th
is

 b
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 t
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 b
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b
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 b

e
am

 is
 s

h
or

te
n

ed
 to

 1
0

0
µ m

 o
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 b
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b
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 c
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 b
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 p
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 f
or

 u
se

rs
 o

f M
E

M
S

 s
im

u
la

tio
n

 t
oo

ls
, 

a
 M

on
te

 C
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 b
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 b
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p
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 d
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 d
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 d
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 b
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 m
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h
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h
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Fig. 1 (a) Plan view and profile of electrostatically actuated beam used in this study, fabricated 

in the MUMPs process of MCNC. 

 (b) Plan view of standard electrostatically actuated beam in compliance with MUMPs 

design rules.  The anchor etch is completely enclosed by polysilicon creating enclosure 

lips that result in indistinct beam lengths and three-dimensional behavior. 

Fig. 2 (a) Typical simulated and measured capacitance-voltage (CV) curves of a beam.  Initial 

capacitances (capacitances at zero applied voltage) are subtracted from subsequent 

capacitance values.  Regions are numbered corresponding to the curves in Fig. 2b. 

 (b) Schematic plot of the total energy of an electromechanical system as a function of 

the displacement of the “quarter point” on the beam, parameterized by applied voltage.  

The regions are numbered corresponding to Fig. 2a and show the equilibrium locations 

of the quarter point at pull-in, zip-up, peel-off and release. 

Fig. 3 Mesh of 2D Abaqus model.  Quadratic reduced-integration elements are used 

throughout.  Plane strain elements are used to model the stepup which is anchored to the 

nitride.  Plane stress elements, which enforce the assumption that out-of-plane stress is 



 
25

 

ze
ro

, a
re

 u
se

d
 to

 m
od

el
 th

e
 b

e
a

m
.  

E
le

ct
ro

st
a

tic
 fo

rc
e

s 
a

re
 a

p
p

lie
d

 to
 th

e
 u

n
d

e
rs

id
e

 o
f t

h
e

 

b
ea

m
. 

F
ig

. 
4

 
N

or
m

al
iz

e
d

 2
D

 c
ap

a
ci

ta
n

ce
 a

n
d

 e
le

ct
ro

st
at

ic
 f

or
ce

 o
f 

a 
3

0
µ m

-w
id

e 
b

ea
m

 c
ro

ss
-s

ec
tio

n
 

sh
ow

in
g 

th
e

 e
ffe

ct
s 

of
 fr

in
gi

n
g 

fie
ld

s 
a

n
d

 fi
n

ite
 b

e
a

m
 t

h
ic

kn
es

s.
  

S
im

u
la

tio
n

s 
w

e
re

 

p
er

fo
rm

ed
 in

 R
ap

h
a

elT
M

. 
 Id

ea
l a

n
al

yt
ic

 c
al

cu
la

tio
n

s 
n

eg
le

ct
 fr

in
g

in
g

 fi
el

d
s 

an
d

 a
ss

u
m

e 

in
fin

ite
ly

 t
h

in
 e

le
ct

ro
d

e
s.

 

F
ig

. 
5

 
(a

) 
C

om
p

ar
is

on
 o

f 
d

is
p

la
ce

m
en

t-
vo

lta
ge

 c
u

rv
es

 o
f a

 f
ix

ed
-f

ix
ed

 b
e

am
 g

en
er

a
te

d
 b

y 

q
u

as
i-

2
D

 (
M

a
tla

b
),

 2
D

 (
A

b
aq

u
s)

 a
n

d
 3

D
 (

In
te

lli
C

A
D

) 
si

m
u

la
to

rs
.  

T
h

e
 q

u
as

i-2
D

 c
u

rv
e,

 

al
m

o
st

 e
n

tir
el

y 
ov

e
rla

id
 b

y 
th

e
 2

D
 c

u
rv

e,
 s

to
p

s 
ju

st
 b

e
fo

re
 c

on
ta

ct
 o

cc
u

rs
. 

 
(b

) 
C

om
p

a
ri

so
n

 o
f C

V
 c

u
rv

e
s 

co
rr

e
sp

on
d

in
g 

to
 t

h
e

 d
is

p
la

ce
m

e
n

t-
vo

lta
ge

 c
u

rv
e

s 
of

 F
ig

. 

5
a 

ge
n

er
at

ed
 b

y 
q

u
as

i-2
D

, 
2

D
 a

n
d

 3
D

 s
im

u
la

to
rs

. 
 T

h
e 

ef
fe

ct
s 

o
f f

ri
n

gi
n

g
 fi

el
d

s 
an

d
 

fin
ite

 b
ea

m
 t

h
ic

kn
e

ss
 a

re
 in

cl
u

d
ed

. 

F
ig

. 
6

 
Lo

g-
lo

g 
p

lo
t 

o
f m

ea
su

re
d

 a
n

d
 s

im
u

la
te

d
 p

u
ll-

in
 v

ol
ta

g
es

 (
V

pi
’s

) 
of

 fi
xe

d
-f

ix
ed

 b
ea

m
s 

as
 

a 
fu

n
ct

io
n

 o
f b

ea
m

 le
n

g
th

. 
 T

h
e 

m
ag

n
itu

d
e

 o
f 

th
e 

sl
o

p
e 

at
 a

n
y 

p
o

in
t 

in
d

ic
a

te
s 

th
e 

in
flu

en
ce

 o
f r

es
id

u
al

 s
tr

es
s 

on
 th

e 
o

ve
ra

ll 
st

iff
n

e
ss

 o
f t

h
e 

b
ea

m
 –

 th
e 

la
rg

er
 th

e 
d

ev
ia

tio
n

 

fr
o

m
 2

, 
th

e
 s

tr
o

n
g

er
 t

h
e 

in
flu

en
ce

 o
f r

es
id

u
al

 s
tr

e
ss

. 

F
ig

. 
7

 
(a

) 
T

yp
ic

a
l m

ea
su

re
d

 c
ap

ac
ita

n
ce

-v
o

lta
ge

 c
u

rv
e

 o
f a

 c
an

til
e

ve
r.

  T
h

e 
p

la
te

au
 in

 th
e 

p
ee

l-

of
f 

re
g

io
n

 is
 w

h
e

re
 o

n
ly

 t
h

e
 t

ip
 o

f t
h

e
 c

an
til

e
ve

r 
to

u
ch

es
 t

h
e

 n
itr

id
e

 s
u

rf
a

ce
. 

 A
 s

im
ila

r 

d
ef

or
m

at
io

n
 m

o
d

e 
is

 o
b

se
rv

ed
 a

t 
p

u
ll-

in
, 

b
u

t 
on

ly
 fo

r 
a 

sm
al

l r
an

ge
 o

f v
o

lta
ge

s.
 

 
(b

) 
T

yp
ic

al
 m

ea
su

re
d

 c
a

p
ac

ita
n

ce
-v

o
lta

ge
 c

u
rv

e 
of

 a
 fi

xe
d

-f
ix

ed
 b

e
am

.  
T

h
e 

C
V

 c
u

rv
e

 is
 

of
fs

et
 fr

om
 t

h
e

 z
er

o-
vo

lta
ge

 a
xi

s-
of

-s
ym

m
et

ry
 d

u
e

 t
o 

d
ie

le
ct

ri
c 

ch
ar

ge
. 

 In
 t

h
e 

re
gi

on
 

 
26

 

b
ey

on
d

 p
u

ll-
in

 (
V

 >
 V

pi
),

 t
h

e 
m

ea
su

re
d

 c
u

rv
es

 d
o 

n
ot

 o
ve

rla
p

 b
ec

a
u

se
 a

d
h

es
io

n
 fo

rc
es

 

b
ec

om
e 

im
p

or
ta

n
t 

d
u

ri
n

g 
p

ee
l-o

ff.
 

F
ig

. 
8

 
(a

) 
M

e
a

su
re

d
 c

a
p

a
ci

ta
n

ce
s 

o
f t

h
re

e
 b

e
a

m
s 

a
s 

a
 f

u
n

ct
io

n
 o

f t
im

e
 a

t 
a

 c
on

st
a

n
t 

a
p

p
lie

d
 

vo
lta

ge
 o

f 1
2

V
. 

 B
ea

m
s 

ar
e 

in
 c

o
n

ta
ct

 w
ith

 n
itr

id
e 

su
rf

ac
e.

  
In

iti
al

 c
ap

ac
ita

n
ce

s 

(c
ap

ac
ita

n
ce

s 
at

 z
e

ro
 a

p
p

lie
d

 v
ol

ta
g

e)
 a

re
 s

u
b

tr
ac

te
d

 fr
o

m
 a

ll 
m

e
as

u
re

m
en

ts
. 

 
(b

) 
M

e
a

su
re

d
 a

n
d

 s
im

u
la

te
d

 c
h

a
rg

e
 o

n
 th

re
e

 p
o

ly
si

lic
o

n
 b

e
a

m
s 

a
s 

a
 fu

n
ct

io
n

 o
f t

im
e

 a
t a

 

co
n

st
a

n
t 

ap
p

lie
d

 v
ol

ta
g

e 
o

f 1
2

V
. 

 T
h

e 
m

ea
su

re
d

 c
h

ar
ge

 w
as

 c
o

m
p

u
te

d
 f

ro
m

 t
h

e 

ca
p

ac
ita

n
ce

 m
ea

su
re

m
en

ts
 o

f F
ig

. 8
a.

  E
q

. 6
 d

es
cr

ib
in

g 
ch

ar
g

e 
g

en
e

ra
tio

n
 w

as
 in

te
gr

at
ed

 

n
u

m
er

ic
al

ly
 t

o 
ob

ta
in

 t
h

e 
si

m
u

la
te

d
 c

u
rv

es
. 

 T
h

e 
co

n
st

an
ts

 o
f i

n
te

gr
at

io
n

 d
es

cr
ib

e 
th

e 

re
m

n
an

t 
ch

ar
ge

 in
 t

h
e 

sy
st

em
 a

t 
T

im
e 

=
 0

. 

 
(c

) 
M

ea
su

re
d

 a
n

d
 s

im
u

la
te

d
 c

h
ar

g
e 

on
 a

 3
4

0
µ m

 p
o

ly
si

lic
on

 b
e

am
 a

s 
a 

fu
n

ct
io

n
 o

f t
im

e 

at
 t

h
re

e 
co

n
st

an
t 

ap
p

lie
d

 v
ol

ta
ge

s.
  

T
h

e 
ra

te
 o

f c
h

ar
ge

 b
u

ild
u

p
 d

ep
en

d
s 

o
n

 a
p

p
lie

d
 

el
ec

tr
ic

 fi
el

d
 a

n
d

 c
h

ar
gi

n
g

 h
is

to
ry

. 

F
ig

. 
9

 
(a

) 
C

on
to

u
rs

 o
f d

iff
er

e
n

ce
 b

et
w

ee
n

 m
ea

su
re

d
 a

n
d

 s
im

u
la

te
d

 V
pi
’s

 o
f a

 3
2

0µ
m

 b
e

am
 in

 

Y
ou

n
g’

s 
m

od
u

lu
s 

(E
) 

–
 b

ia
xi

a
l c

om
p

re
ss

iv
e 

st
re

ss
 (

σ b
) 

sp
a

ce
. 

 A
ll 

si
m

u
la

tio
n

s 
u

si
n

g 
E

-

σ b
 p

ai
rs

 w
ith

in
 t

h
e 

0
.1

V
 c

on
to

u
r 

gi
ve

 p
u

ll-
in

 v
o

lta
ge

s 
w

ith
in

 0
.1

V
 o

f t
h

e 
m

ea
su

re
d

 

va
lu

e.
 

 
(b

) 
C

on
to

u
rs

 o
f d

iff
e

re
n

ce
 b

et
w

e
en

 m
ea

su
re

d
 a

n
d

 s
im

u
la

te
d

 V
pi
’s

 o
f a

 4
6

0µ
m

 b
e

am
. 

 

T
h

e 
lig

h
te

r 
an

d
 d

ar
ke

r 
sh

ad
ed

 a
re

a
s 

ar
e

 th
e

 r
eg

io
n

s 
in

 E
-

σ b
 s

p
ac

e 
th

a
t p

ro
d

u
ce

 s
im

u
la

te
d

 

V
pi
’s

 w
ith

in
 0

.2
 a

n
d

 0
.1

 V
 o

f 
th

e
 m

e
as

u
re

d
 v

al
u

es
 r

e
sp

ec
tiv

e
ly

 f
or

 b
ot

h
 t

h
e 

3
2

0
µ m

 a
n

d
 

4
6

0µ
m

 b
e

a
m

s.
 



 27 

 (c) Contours of RMS difference between measured and simulated contact capacitances 

of a 320µm beam.  The shaded region is the overlap between the 15fF RMS capacitance 

contour and the 0.1V Vpi contour indicating the region in E-σb space that matches both 

the measured pull-in voltage and CV characteristic. 

Fig. 10 Measured and simulated contact CV curves for three beams.  The dashed lines are the 

simulation results assuming that the contact surface between the polysilicon beam and 

nitride is rigid.  The solid lines are the simulation results assuming that the contact 

surface deforms with increasing applied voltage. 

Fig. 11 (a) Total capacitance of a 110µm× 260µm untethered (broken off) polysilicon plate as a 

function of voltage.  The effective electrical gap was then computed from the 

capacitance. The gap decreases with the increasing magnitude of the applied voltage.  

The curves are symmetric about a small offset voltage. 

 (b) Mechanical stiffness of the contact surface as a function of effective electrical gap, 

computed from Fig. 11a. 
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