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Abstract 
 
A model of mechanical behavior of microcantilever due to mismatch strain during deposition of MEMS structures is 

analytically derived and experimentally verified. First, a microcantilever, modeled as an Euler-Bernoulli beam, is 
subjected to deposition of another material and a linear ordinary differential equation which considers the through-
thickness variation of the mismatch strain is derived. Second, the deposition analysis is experimentally verified by 
electroplating of nickel onto an AFM cantilever beam. The deflection of the AFM cantilever is measured in-situ as a 
function of the deposited thin film thickness through the optical method of Atomic Force Microscopy and the mismatch 
strain with the through-thickness variation is determined from the experiment results. The usefulness of these equations 
is that they are indicative of the real time behavior of the structures, i.e. it predicts the deflection of the beam 
continuously during deposition process. 
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1. Introduction 

Micromachined multilayer cantilevers have been 
widely used in microelectronics, optical and structural 
components (Tien et al., 1996; Kiang et al., 1996). 
The mechanical response of multilayer cantilevers is 
affected by residual stresses, which are generated 
from the fabrication process such as physical or 
chemical vapor deposition, sputtering and electro-
plating. Due to the mismatch between the deposited 
film and the substrate, a residual stress is generated, 
which subsequently causes a deformation in the 
cantilever (Madow, 1993). Thus, residual stresses 
usually have deleterious effects in thin film 
processing, such as film buckling, warping, blistering, 

cracking, delamination and void formation.  
There have been a few attempts to develop useful 

applications of residual stresses in MEMS. This work 
dates to the Stoney formula (Stoney, 1909) for the 
curvature of thin films on a thick substrate. Freund 
(1996) proposed a theory that predicted the response 
of thin films to mismatch strain produced during the 
film growth. This was an improvement over the 
Stoney formula, as it eschewed the assumption that 
the deposited layer is very thin compared to the thin-
film substrate. Prinz et al. (2001) used residual 
stresses to make cylindrical nano structures. A 
laminate consisting of B doped Si, undoped Si, B 
doped Si, Ge, and B doped Si was deposited with no 
curvature. The undoped Si layer was etched away, 
allowing the upper three layers (b doped Si, Ge, B 
doped Si) to deform (or “roll up”) into cylinders with 
radii of curvature from 0.3 to 2 micrometers. How-
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ever, it is not suitable to predict the real time behavior 
of the structure during deposition process. In order 
not to use the trials and errors it is desirable to be able 
to predict the final shape of multilayer microcan-
tilevers due to the residual stresses, especially the 
intrinsic stress. An analysis has recently been per-
formed to study the mechanics of using residual stress 
changes and to predict the real time behavior of the 
structure during deposition process (Kim et al., 2006). 
However, they did not consider the through-thickness 
(out-of-plane) variation of the mismatch strain, which 
should be measured by experiment for more accurate 
prediction of the mismatch strain-induced beam 
deflection during deposition process.  

This research presents a model of mechanical 
behavior of microcantilever due to mismatch strain 
during deposition of MEMS structures. First, a mi-
crocantilever, modeled as an Euler-Bernoulli beam, is 
subjected to deposition of another material and a 
linear ordinary differential equation whose mismatch 
strain varies during deposition was derived as a 
function of the deposited layer thickness. Second, the 
deposition analysis is experimentally verified by 
electroplating of nickel onto an AFM cantilever beam. 
The deflection of the AFM cantilever is measured in-
situ as a function of the deposited thin film thickness 
through the optical method of AFM and the mismatch 
strain with the through-thickness variation is 
determined from the experiment results. 
 

2. Theoretical modeling 

The prismatic beam has constant length L , 
constant width b , and variable thickness h . The 
substrate with Young’s modulus of 1E  is designated 
as region 1 and has a constant thickness 1h . The 
deposited material with Young’s modulus of 2E  has 
a variable thickness 2h , and 1 2h h h= + . The sche-
matic of the microcantilever is shown in Fig. 1. Ma-
terial is then deposited on the surface 1( )y h h h= ≥ , 

 

 
Fig. 1. Schematic of the microcantilever. 

which causes the beam to bend, depending on the 
sign of the mismatch strain in the deposited material. 
Kim et al. (2006) derived the ordinary linear 
differential equation for the end-deflection { }hν  of 
the microcantilever as a function of the deposited 
layer thickness h  when the reference mismatch 
strain *ε  is constant and ex-pressed as 

 
* 2{ ; } { }3

{ }
dv L h g h L

dh f h
ε= −   (1) 
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and 1 2/E E E=  

 
The mismatch strain is due to growth processes or 

lattice mismatch between the deposited material and 
the deposited surface and the reference value *{ }yε  
of the mismatch strain is the mismatch strain that 
results from deposition on a strain-free substrate; for 
example, a flat substrate that is free of stress. *{ }yε  
at a given y  does not change in time, so 0* =εd . 
Considering the through-thickness variation of the 
mismatch strain during deposition, Eq. (1) can be 
modified as  

 
* 2{ ; } { }3 { }

{ }y h

dv L h g hy L
dh f h

ε
=

= −  (2) 

 
In order to numerically solve Eq. (2), the reference 

mismatch strain *{ }yε  at y h=  must be known. 
The reference mismatch strain will be determined by 
interpreting experimental results in terms of the 
relation between the cantilever curvature and the 
mismatch strain. The mismatch strain is simply 
expressed by  

 
*{ } { } { ; } { }m ry y y x y yε ε κ ε= + −  (3) 

 
where { ; }x yκ  is the curvature about the z axis 

and { }r yε  is the strain of the reference layer, 0y = . 
Freund (1996) proposed the connections between the 
cantilever curvature and the mismatch strain for the 
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homogeneous case 1 2( )E E= . Referring to the 
results of Freund (1996), the curvature and the 
reference strain are expressed in the term of the 
mismatch strain for the inhomogeneous case,  
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Substituting Eqs. (4) and (5) into Eq. (3) yields: 
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Therefore, the reference mismatch strain *{ }yε  

can be determined if the mismatch strain { }m yε  is 
obtained. This mismatch strain can be obtained 
through the experiment results.  

In the experiment, one would measure the end 
beam deflection { ; }L hν  of cantilever as a function 
of the deposited layer thickness h . The cantilever 
curvature is expressed by the second derivative of the 
deflection { ; }x hν . Assume the deposited layer is 
applied in a manner that is not a function of x , the 
curvature is expressed by 

 

2
2 { ; }{ } L hh

L
νκ =  (7) 

 
From Eq. (7), for each value of h , the curvature 

can be experimentally obtained from the end beam 
deflection. The through-thickness variation of the 
mismatch strain { }m yε  can be approximated as a 
polynomial function of y  and the unknown para-
meters of the polynomial function can be determined 
from Eq. (4). Finally the reference mismatch strain 

*{ }yε  can be determined from Eq. (6). 
 

3. Experimental description 

The goal of the experiment is to physically realize 
the device of Fig. 1 and to measure the reference 
mismatch strain for solving Eq. (2), which determined 
from the measurement of the deposited layer 
thickness and the end beam deflection. In order to 
measure the cantilever deflection as a function of the 
deposited layer thickness, a commercial AFM (Na-
noscope IIIA of Digital Instruments) is used. An 
insoluble nickel electroplating is selected as the 
deposition process. Experiment set-up consists of  
the AFM cantilever ( 3 416 /NSC Si N : MikroMasch), 
insoluble positive electrode (platinum wire, model 
CHI115: CH Instruments, Inc.), electrochemical fluid 
cell and power supply. An all-sulfate nickel solution is 
used to keep the consistent nickel concentration in  
the fluid cell during deposition process, which con-
sists of the nickel sulfate (225~400 g/l) and boric acid 
(30~45 g/l)(Schlesinger, 2000). The current is applied 
via a power supply between the AFM cantilever 
(working electrode) and the platinum wire (counter 
electrode). Fig. 2 shows the schematic drawing of the 
experiment set-up. Material is electro-plated onto the 
AFM cantilever, which produces residual stresses that 
deform the beam. The electro-plated AFM cantilever 
serves as the sensing can-tilever because its end 
deflection is measured on the top surface using an 
optical method of AFM. The cantilever deflection is 
monitored through a change in the slope of the 
cantilever at the position of the photodetector. The 
beams are supplied with a 10 nm silicon nitride 
passivation layer applied to both sides of the beams. A 
Cr/Au layer is then evaporated onto the tip surface of 
the deposition beam to provide electrical conductivity 
for subsequent electroplating of nickel. The current 
density for this plating is recommended to be limited 
in the range of 20~100 mA/cm2. The platinum 
counter electrode has the area of 7.85×10-2 cm2, 
therefore, the input current of the power supply is set 
to 4 mA, which makes the current density in the 
recommended range (J=51 mA/cm2). To avoid the 
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bending of the cantilever due to temperature change 
all experiments are kept at the room temperature. 

Thin layers of nickel are electroplated onto the tip 
surface of AFM cantilever and their thicknesses are 
measured using DEKTAK3, a commercial surface 
profile measuring system, at the center and two side 
edges of each AFM cantilever to check the thickness 
uniformity of the cantilever. Generally the surface 
profiler requires the presence of a groove or a step 
between the substrate and film surface such that the 
stylus is vertically displaced as it traverses the sample. 
Hence, the gold layer is initially coated on the portion 
of the AFM cantilever and the nickel is deposited 
only on the portion of the AFM cantilever during 
electroplating and makes a step between the plated 
and unplated layers. The Young’s modulus of 
electroplated nickel varies greatly depending on the 
processing conditions (Sharpe, 2002) and can be 
determined from the resonance method of AFM, by 
measuring the change of the resonant frequency due 
to the mass change of electroplated AFM cantilever.  

The beam deflection can not be measured directly 
as a function of the deposited layer thickness during 
electroplating. Instead, the nickel plating rate is 
measured for the given experimental parameters by 
plating in a series of steps and using the profilometer 
to measure the nickel thickness after each step. Then 
the deflection of the deposition beam is measured as a 
function of time. Since both the deflection and the 
deposition thickness are known functions of time, it is 
possible to express the beam deflection as a function 
of the deposited film thickness. The deflections can 
then be converted into curvatures using Eq. (7).  
 

 
Fig. 2. Schematic drawing of experimental set-up. 

Finally, the reference mismatch strain as a function of 
the out-of-plane coordinate ( )y  is calculated using 
Eq. (6). 
 

4. Results and discussion 

Five different samples of AFM cantilevers were 
chosen for plating and sample cantilever was loaded 
in the electrochemical cell of AFM each by each and 
thin layers of Ni were electroplated onto the surface 
of the sample cantilever during the five fifteen second 
plating steps. After each plating step, we measured 
the plating thickness of each sample cantilever using 
a surface profiler at three different positions (center 
and two side edges of the groove). The variations of 
the measured plating thicknesses were less than 4.3 %. 
Fig. 3 gives the total plated nickel thickness of each 
cantilever during plating step. The total thickness of 
plated nickel was increased as increasing the plating 
time. The plating rate of each cantilever should be 
identical but they were different, which might come 
from the errors of the thickness measurement and the 
allowed plating time to each cantilever. Obviously the 
plating time is not the pertinent parameter for the 
analysis because the measured resonant frequency 
and Young’s modulus are highly dependent of the 
plating thickness. Therefore, the difference of the 
plating thickness of sample cantilevers with equal 
plating duration is meaningless. 

Young’s modulus of the electroplated Ni was deter-
mined by using the measured resonant frequencies 
and the plated Ni thickness of each cantilever at the 
end of each plating step. Fig. 4 presents the evolution 
of Young’s modulus of the electroplated Ni films with 
the plated nickel thickness. The measured values of 
Young’s modulus of each cantilever ranged from 
148.04 GPa to 159.90 GPa. The total average Young’s 

 

 
Fig. 3. Total plated nickel thickness of each cantilever during 
plating step. 
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modulus of electroplated Ni film is 155.36 GPa with 
the maximum standard deviation of 3.47. These 
values are smaller than that of the bulk Ni (207 Gpa) 
but relatively closed to those values for thin Ni films 
(Sharpe, 2002).  

The end deflections of each cantilever at the end of 
each plating step are shown in Fig. 5. Amount of 
deflection of each cantilever was different due to the 
difference of AFM sample cantilever stiffness. The 
rate of deflection with plating time of each cantilever 
was decreasing, which agrees with other experimental 
results (Wang, 2005).  

In order to determine the reference mismatch strain, 
the beam deflections were determined as a function of 
plating thickness, and then converted into curvatures 
using Eq. (7). Finally, the reference mismatch strain 
as a function of the out-of-plane coordinate was 
calculated for five beams, and the average response is 
shown in Fig. 6. This analytical result indicates that 
the reference mismatch strain is decreasing in the out- 
of plane direction, which is similar to the other experi- 

 

 
Fig. 4. Evolution of Young’s modulus of electroplated Ni thin 
films. 

 

 
Fig. 5. End deflections of each cantilever at the end of each 
plating step. 

ment results (Wang, 2005). 
The end deflection of the cantilever was analyti-

cally solved by using Eq. (2) and the calculated refer-
ence mismatch strain. Fig. 7 shows the comparison of 
the beam deflection during deposition when the 
reference mismatch strain is and is not a function of 
the out of plane location. The solid line indicates the 
model results when the reference mismatch strain 
does not vary through the thickness. These results 
differ greatly from the real case in which the refer-
ence mismatch strain varies. 
 

5. Conclusions 

In this paper, a model of mechanical behavior of 
microcantilever due to mismatch strain during depo-
sition of MEMS structures was investigated. A linear 
ordinary differential equation whose mismatch strain 
varies during deposition was derived as a function of 
the deposited layer thickness. Because the mismatch 
strain highly depends on the deposition materials and 
 

 
Fig. 6. Calculated reference mismatch strain vs out-of-plane 
location. 

 

 
Fig. 7. Comparison of the beam deflection during deposition 
when the reference mismatch strain is and is not a function of 
the out-of plane location. 
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the processes, the equation can only be solved after 
the mismatch strain is determined through the 
experiment, by measuring the deposited layer 
thickness and the cantilever curvature. It is the only 
drawback of this approach. However, current MEMS 
companies have high quality facilities and fabrication 
recipe, therefore, the database of the mismatch strain 
during diverse deposition materials and processes 
enables predict the real time behavior of the structures 
Deposition analysis is experimentally verified by 
electroplating of nickel onto an AFM cantilever beam. 
Electroplated Ni is selected for the plating material 
because it has become a commonly used material as 
mechanical structures in MEMS and its plating 
solution are well defined. AFM cantilever beam was 
working as a sensing cantilever, which did not require 
the microfabricated sensing cantilever and additional 
experiment setup to measure the beam deflection. The 
measured deflection rate and the determined reference 
mismatch strain well agree with other experiment 
results. 
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