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1.  Introduction

The performance of MEMS devices is largely defined by 
the properties of the materials used for manufacturing. The 
reliable prediction of the behaviour of microfabricated struc-
tures therefore requires accurate characterisation methods. In 
this regard, particular interest is expressed by foundries and 
research groups for monitoring the development of stress 

in MEMS films during processing, as this can deteriorate 
device performance and reliability [1–3]. This work concen-
trates specifically on identifying wafer-scale variations of the 
residual stress in microfabricated films, as they can lead to 
non-uniform device performance and consequent yield losses 
[1]. Conventional wafer bow measurements used to calculate 
the film stress through Stoney’s equation  are inadequate to 
monitor wafer level distributions, as they only deliver a single 
average stress value. When non-uniformities are present in the 
properties of the film under investigation, such as thickness, 
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Abstract
The design of MEMS devices employing movable structures is crucially dependant on the 
mechanical behaviour of the deposited materials. It is therefore important to be able to fully 
characterize the micromachined films and predict with confidence the mechanical properties 
of patterned structures. This paper presents a characterization technique that enables the 
residual stress in MEMS films to be mapped at the wafer level by using microstructures 
released by surface micromachining. These dedicated MEMS test structures and the associated 
measurement techniques are used to extract localized information on the strain and Young’s 
modulus of the film under investigation. The residual stress is then determined by numerically 
coupling this data with a finite element analysis of the structure. This paper illustrates the 
measurement routine and demonstrates it with a case study using electrochemically deposited 
alloys of nickel and iron, particularly prone to develop high levels of residual stress. The 
results show that the technique enables wafer mapping of film non-uniformities and identifies 
wafer-to-wafer differences. A comparison between the results obtained from the mapping 
technique and conventional wafer bow measurements highlights the benefits of using a 
procedure tailored to films that are non-uniform, patterned and surface-micromachined, 
as opposed to simple standard stress extraction methods. The presented technique reveals 
detailed information that is generally unexplored when using conventional stress extraction 
methods such as wafer bow measurements.
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composition and density, Stoney’s formula needs complex 
corrections [4], and the wafer-scale calculated average stress 
value cannot be used as a reliable input for device design. In 
addition, stress distributions within patterned wafers can result 
in different bows along different scan diameters, thereby fur-
ther complicating the extraction/calculation of the stress.

This work presents a complete procedure that ena-
bles wafer-scale mapping of the residual stress of surface 
micromachined layers. This is achieved by employing test 
structures that probe over active areas of ~2 mm2 of depos-
ited layers by responding to the relief of the residual stress 
induced by the manufacturing process. These localised 
measurements enable the spatial distribution of residual 
stress in the film under investigation to be monitored in 
order to identify non-uniformities and the effect of pro-
cessing technology on variability. The extracted information 
can be used to support device design, tool qualification, and 
failure analysis.

The experimental demonstration of the technique pre-
sented in this work was conducted on electrochemically 
deposited (ECD) alloys of nickel and iron, which, due to 
their high magnetic permeability and low coercivity [5–7], 
are the main candidate materials for the microfabrication of 
integrated magnetic devices [8, 9]. ECD Ni–Fe alloys find 
application in the fabrication of MEMS devices with magn
etic actuation [10–18], which offers many advantages over 
other schemes for MEMS actuators [19, 20]. ECD Ni–Fe 
alloys can exhibit large variations, the properties depending 
on the chemistry of the bath and the electrical parameters 
used for the deposition, as well as other process conditions 
[21–23]. The ability to optimally characterize such films 
during development cycles is therefore essential when new 
devices are being prototyped, as the measured properties can 
significantly differ from reported values [24–26]. Despite 
the favourable magnetic properties, Ni–Fe microstructures 
show high sensitivity to failure mechanisms induced by 
the relief of residual stress [27–29], which can impede the 
transfer of the technology to full-scale production. Hence, 
techniques that enable wafer-level monitoring and control 
of residual stress are particularly desirable for both research 
and commercial organisations working with magnetic film 
technology.

2.  Strain test sensors

This work uses previously reported rotating MEMS sensors 
[30–34] to obtain quantitative and localized information on 
the strain exhibited by suspended structures. A large number 
of microfabricated test structures that monitor the relief of 
residual stress in MEMS films have been reported in the lit-
erature, as summarized by Elbrecht et al [35]. The general 
principle of operation is to build free-standing mechan-
ical structures where the relief of the residual stress can 
be visually detected. The strain sensor used for this work 
is a microstructure featuring a suspended pointer arm that 
is free to rotate when the film is subject to tensile or com-
pressive residual stress. This test structure was preferred to  
buckling-type devices as in-plane strains are easier to detect 
and quantify optically. Figure  1 illustrates a conceptual 
scheme of the rotating test structure.

In this design the structures are fabricated by first depositing 
the layer being characterized on a sacrificial layer. The structure 
comprises of three elements: two parallel expansion arms and 
a transversal pointer arm, as shown in figure 1. The two expan-
sion arms are anchored to the substrate at one end, while the 
other end is attached to the pointer arm with an offset. The struc-
ture, shown in figure 1, is patterned and the sacrificial layer is 
then removed to release and suspend the expansion and pointer 
arms, while the bigger anchor pads are still well attached to the 
substrate. Once released, the suspended beams, being no longer 
bound to the substrate, are free to contract or expand to relieve 
any residual stress. The extension or contraction of the expan-
sion arms is converted into rotation of the pointer arm through 
the offset joint, generating a clockwise displacement in the case 
of tensile residual stress or a counter clockwise displacement in 
the case of compressive residual stress.

The rotation of the pointer arm is therefore a measure of 
the strain ε in the expansion arms, defined as

Figure 1.  3D diagram of the pointer arm microstructure used to 
characterize the stress in surface micromachined films.

Figure 2.  (a) Layout of the strain test structure with dimensions 
(top) and (b) magnification of the joint section (bottom).

J. Micromech. Microeng. 26 (2016) 095013
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ε =
∆L

L
,

0
� (1)

where ΔL is the change in length of the arm and L0 is the 
original design length. The rotation of the arm can be opti-
cally measured to give an indication of the strain exhibited as 
a response to the relief of residual stress. Strain ε is related to 
stress σ via the relationship

σ
ε

=E ,� (2)

where E is the Young’s modulus, giving an indication of the 
stiffness of the material. The key design point associated with 
this structure is to determine the optimal offset for the expan-
sion arms joint.

2.1.  Design and dimensioning

Figure 2 illustrates the generic layout of the microstruc-
tures, with the relevant dimensions highlighted. Finite 
element numerical analysis was employed to investigate the 
sensitivity of the sensor to residual stress as a function of 
the expansion arm offset ΔY and to assist in the sizing of 
devices.

The structural mechanics module of the ANSYS simulation 
environment was used to model the behaviour of the test struc-
tures when tensile stress is relieved through the suspended 
arms. This is a key calibration step in the method as the stress 
distribution throughout the structures is complex and difficult 

to model analytically. The finite element model calculates the 
deflection of the beams when free to relieve tensile residual 
stress, accounting for stress-induced stiffening effects.

Previous calculations of this type have been published that 
use thermal expansion to induce the strain [36]. However, in 
this study, a purely mechanical approach has been used, with 
strain calculated in response to the relief of stress. The sen-
sitivity of the rotation to a given mechanical stress input has 
been determined as a function of the ratio between the expan-
sion arm offset and beam width (ΔY/W ), while keeping the 
expansion arm width W constant (8 μm) and using an average 
bulk nickel value for the Young’s modulus E  =  200 GPa. 
Figure 3 summarizes the simulation procedure implemented 
in the finite element analysis environment.

The simulation loop is used to generate a series of geom-
etries and solve the corresponding fields for mechanical 
deformation. The geometric offset parameter ΔY is increased 
in steps of 0.25 μm, the structures redrawn accordingly, then 
residual stress is applied as a simulation input. The displace-
ment field resulting from the relief of the applied stress is 
calculated and the rotation angle of the pointer arm extracted 
as sensor output.

The loop detailed in figure  3 was implemented with a 
scripting code that automatically solves all the defined finite 
element problems, generating a table of the calculated rotation 
angles corresponding to different mechanical stress inputs and 
for the specified ΔY/W variations. The resulting relationship 
of the pointer arm rotation as a function of arm offset for dif-
ferent levels of film stress are presented in figure 4.

Figure 3.  Simulation loop for the design of the strain sensors.

Figure 4.  Pointer arm rotation as a function of the offset to width 
ratio ΔY/W for various residual stress values, W  =  8 μm, and 
E  =  200 GPa. Not all the curves simulated are shown.

Figure 5.  Optimal offset to width ratio ΔY/W to achieve maximum 
rotation for various residual stress values and E  =  200 GPa.
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This reveals the presence of peaks of maximum sensitivity, 
where the rotation response to a given value of residual stress 
is the largest. This is expected as ΔY/W is swept from zero, 
where the expansion arms are aligned and mutually counter-
acting, to higher values, where large offsets start to reduce 
the conversion of the linear deformation of the expansion into 
pointer arm rotation. The joint part in the centre of the sensor 
constitutes a mechanical load to the deformation of the expan-
sion arms. This load is higher when the offset between the arms 
is small, in which case the stress is relieved partly by linear 
strain (producing the desired pointer arm rotation) and partly by 

a sideways deflection of the expansion arms. Conversely, if the 
offset between the arms is larger, the mechanical load is lower 
and the expansion arms encounter less resistance to expan-
sion/contraction. In this case, for a given strain, the farther the 
expansion arms are spaced apart, the lower is the angle recorded 
by the pointer arm. The non-linear response curve in figure 4 is 
therefore explained by the superposition of these two regimes: 
(1) a high mechanical load part for low offset to width ratios, 
where the stress relief is translated in a bigger lateral deflec-
tion of the expansion arms and smaller pointer arm rotation, 
and (2) a small mechanical load part, where the expansion arms 
encounter a small resistance and for a given strain larger pointer 
arm rotation is recorded at lower offset to width ratios.

As a result, the sensitivity in the initial region of the curve 
is low as the joint is bulkier, and increases up to an optimum 
point, followed by a less steep decrease. The points of max-
imum rotation are not aligned on a single ΔY/W value of the 
horizontal axis, as a consequence of non-linear stress stiff-
ening effects. This is explicitly shown in figure 5.

It can be observed that the optimum ΔY/W design point 
depends on the residual stress in the film. For electroplated Ni–Fe 

Figure 6.  Floorplan of the photomask (left) and example of a processed 200 mm wafer (right). Note the edge bead where the electrical 
contacts are made during the ECD step.

Figure 7.  Fabrication process flow: cross-section through the pointer arm of the strain test structure. (a) PECVD silicon oxide deposition, (b) 
Ti –Cu seed layer stack sputter deposition, (c) photoresist spinning and patterning by lithography, (d) Ni–Fe electrodeposition, (e) photoresist 
strip and seed layer wet etch, and (f) silicon oxide vapour etch.

Table 1.  Ni–Fe electroplating bath composition.

Component Concentration (gl−1)

NiCl2 · 6H2O 110
FeCl2 · 4H2O 8
H3BO3 25
Saccharin 1
Na dodecyl sulphate 0.1
HCl 5

J. Micromech. Microeng. 26 (2016) 095013
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films the range of interest for the residual stress is reported to 
be between 100–300 MPa [37, 38], and consequently, devices 
with ΔY/W ranging from 1.5 to 2 were selected. Based on the 
simulation results, the layout for a photomask was produced 
by replicating over a 200 mm diameter wafer a unit die which 
comprises 7 structures with ΔY/W  =  1.5, 7 structures with 
ΔY/W  =  2, and 14 structures with ΔY/W  =  1.75. The number 
of dies on the wafer is 384, for a total of 10 752 strain test struc-
tures that cover the entire surface [23], as shown in figure 6.

Patterning by photolithography enables fine mapping across 
the wafer area, with a resolution limited by the size of individual 
strain test structures, as each sensor provides a measure of strain 
averaged across the active device area. Moreover, as this method 
uses only in-plane pointer arm strain structures, it cannot detect 
out-of-plane residual stress or stress gradient in the film thickness 
direction. Such quantities require different devices and measure-
ment techniques, such as microcantilevers that are free to deflect in 
the vertical direction [39]. The sensor response calculated by FEA 
does not vary across devices with different thicknesses (±0.5 μm  
across the wafer), as the residual stress used as simulation input is 
a z-extensive quantity. This means that the model is built with the 

assumption that the residual stress is uniformly distributed across 
the thickness of the film, and any stress gradient is excluded from 
the calculation.

2.2.  Fabrication process

Test structures have been fabricated with Ni–Fe films elec-
trodeposited on two identical 200 mm wafers. The processing 
steps are summarized in figure 7.

A sacrificial layer of 0.7 μm thick silicon dioxide is depos-
ited on the silicon substrate by plasma enhanced chemical 
vapour deposition (PECVD), in a surface technology systems 
(STS) tool (figure 7(a)). A titanium and copper stack is then 
sputter deposited on the wafer in an OPT Plasmalab 400 mag-
netron sputtering system (figure 7(b)). The copper serves as 
seed layer for electrodeposition, and is deposited at a thickness 
of 300 nm to ensure good conductivity over the entire area of 
the wafer. The 30 nm thick titanium promotes adhesion between 
the copper and the underlying insulator. Photolithography is 
then performed to define the electroplating areas using a posi-
tive photoresist exposed using a photomask (figure 7(c)).

The electrodeposition of Ni–Fe structures is performed in 
a solution prepared using the components and the quantities 
reported in table 1, for a total volume of 35 l.

The films characterized in this work have been deposited 
by DC electroplating, at a current density of 20 mA cm−2. 
This electroplating regime was selected as it reflects industrial 
requirement for high deposition rates.

Once the electrodeposition is completed, the photoresist is 
stripped and the seed stack wet etched to access the sacrifi-
cial layer for surface micromachining (figure 7(e)). Dry etch 
is hence performed to remove the sacrificial silicon dioxide 
underneath the beams and complete the release of the struc-
tures. This is performed in a Memsstar Sentry Platform (vapour 
HF etcher). The HF vapour etch is run until SiO2 is completely 
removed from underneath the 8 μm wide beams while still 
anchoring the large pad areas to the substrate. Figure 8 shows 
SEM scans of some released test structures, while figure  9 
shows an optical detail of the pointer arm rotated after stress 
relief.

Figure 8.  SEM images of manufactured strain test structures. Note the pointer arm rotation under the action of the expansion arms as the 
underlying seed layer has been removed.

Figure 9.  Fabricated Ni–Fe strain test structures exhibiting tensile 
stress as seen under an optical microscope after etching  
the sacrificial layer.

J. Micromech. Microeng. 26 (2016) 095013
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2.3.  Measurement system

The test wafer hosts 10 752 pointer arms test structures and 
the angle of rotation must be optically extracted from each 
structure to map the strain over the entire surface. A previ-
ously developed automated system [33] was therefore used, 
which can rapidly and reliably extract the angle of rotation 
from such a large number of test structures. The measurement 
routine consists of three major components: a camera that 
captures the image of the test structure, a wafer prober that 
scans the sample under the camera, and software that analyses 
the image and extracts the angle of rotation. Pattern recogni-
tion is performed using the LabVIEW Vision Assistant with 
an image template file being used to locate the pivot point of 
the pointer arms.

3.  Method demonstration

Two 200 mm wafers were processed with strain test micro-
structures with the aim of demonstrating the stress mapping 
technique. These were fabricated using 5.5 μm  ±  0.5 μm 
thick Ni–Fe electrodeposited films, which were slightly 
thicker around the edge of the wafer (~6 μm).

For any fabrication process the goal is to achieve uni-
form properties across the entire processing area. This work, 
however, was not targeting the minimisation of stress or its 
variability, but rather proving the ability to detect and display 
a range of stress levels and patterns across the wafer. In light 
of this, a source of non-uniformity was deliberately intro-
duced during the electrodeposition process by focusing the 
bath agitation nozzle towards the top of the target wafer, so as 
to produce films that exhibit variations in alloy composition. 
This arrangement is illustrated in figure 10.

This particular bath arrangement has been previously shown 
to introduce significant variations in the alloy composition 
[23], with x-ray fluorescence measurements showing about 

15% Fe alloy contents in the area targeted by the jet and 5% in 
the bottom of the wafer, with an average value of around 10%.

In addition to the wafer-level non-uniformities introduced 
within the electrodeposition process, the second aim of the map-
ping method is to reveal wafer-to-wafer process differences. To 
this end, after electroplating and seed stripping (figure 7(e)), 
one of the patterned wafers, hereinafter referred to as ‘W1’, was 
heated to 150 °C for 10 min on a hot plate in air before the final HF 
vapour etching of the sacrificial PECVD SiO2 layer. The second 
wafer, hereinafter referred to as ‘W2’, was instead released using 
the vapour etch tool directly after the seed stripping step. The 
same thermal treatment as W1 was then administered to W2 with 
the strain structures already released (figure 7(f)). Thermal treat-
ment at the rather mild temperature of 150 °C for 10 minutes 
was selected as higher thermal loads introduce excessive levels 
of stress and oxidation in ECD Ni–Fe films [29].

3.1.  Strain measurements

Figure 11 presents wafer maps measured on the rotating arm 
test structures of W1 and W2, which show that the angle of 

Figure 11.  Maps of the measured rotation angle in degrees for W1 
(top) and W2 (bottom) exhibiting tensile stress relief. Note the scale 
difference between the two chromatic maps.

Figure 10.  Diagram of the agitation system employed in the 
electroplating bath. The nozzle is directed towards the top of the 
cathode (target wafer), in order to generate non-uniformities during the 
deposition. The Ni–Fe film has higher Fe contents in the targeted zone.

J. Micromech. Microeng. 26 (2016) 095013
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rotation (strain) has clear wafer-scale non-uniformities. The 
chromatic patterns are similar on the two wafers, but the mag-
nitudes of the strain are markedly different.

W1 shows significantly larger pointer arm rotation 
angles (2°–5°) compared to W2 (0°–2°), suggesting that the 
electroplated Ni–Fe film retains significantly more stress if 
heated before the release step. Conversely, the heat treat-
ment administered to W2 after the release results in the 
pointer arms registering a lower rotation. As discussed in 
[23], the information extracted with this method pertains 
solely to the investigated Ni–Fe layer, and excludes the 
influence of the residual stress in the substrate and other 
underlying layers.

3.2. Young’s modulus measurements

The strain measurements presented confirm the effective-
ness of micromechanical test structures and the associated 
measurement system as a powerful tool for the characterisa-
tion of wafer-scale variations. However, these devices do 
not offer a direct reading of the residual stress, but only a 
local measure of the strain. It is possible to calculate the 
stress when the strain and Young’s modulus are known, 
using equation (2). Unfortunately, Young’s modulus values 
for the thin films used in MEMS technologies are depen-
dent on the deposition and related process conditions. Using 
values reported in the literature is therefore not a reliable 
approach as the range of variation in Young’s modulus for 
MEMS Ni–Fe films is reported between 65 and 210 GPa 
[37, 38, 40]. Given that the properties of electroplated films 
differ significantly from bulk materials, reporting consistent 
values is a challenging task as a huge number of parameters 
that describe the growth process have to be taken into con-
sideration. In particular, the values for the Young’s modulus 
of ECD Ni–Fe films are expected to be significantly lower 
than the reported bulk values because the electroplating 
process causes organic molecules from the bath additives 
as well as voids to be included in the film while it grows, 

affecting primarily the grain structure and therefore the 
material density [28].

Nanoindentation measurements on the patterned films 
have been performed to spatially determine the mechanical 
properties of the two ECD Ni–Fe films, with the aim of 
obtaining quantitative and localized stiffness information 
[34]. The adopted measurement method is the one intro-
duced by Doerner and Nix [41] and refined by Oliver and 
Pharr [42]. In order to exclude substrate effects in the inden-
tation measurement, the penetration depth of the tip should 
be negligible with respect to the thickness of the film under 
investigation.

The Young’s modulus and the hardness of a specimen are 
extracted by fitting experimental load-displacement curves 
using the calibrated geometrical parameters of an indentation 
tip. It is possible to correlate the effective elastic modulus Eeff 
to the area function A, which is a measure of the cross-section 
of the contact as a function of the penetration depth, and to 
the unloading stiffness S of the indentation curve through the 
relationship

β
π

=S E A
2

,eff� (3)

Figure 12.  Example of indentation curve on the produced ECD 
Ni–Fe films.

Figure 13.  Maps of the measured Young’s modulus in GPa for W1 
(top) and W2 (bottom). Note the scale difference between the two 
chromatic maps.
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where β is a dimensionless parameter used to account for the 
lack of axial symmetry [42]. The effective elastic modulus Eeff 
is correlated to the Young’s modulus of the specimen E by

⎛

⎝
⎜

⎞

⎠
⎟ν ν

=
−

+
−

−

E
E E

1 1
,i

i
eff

2 2 1

� (4)

where Ei and νi are the Young’s modulus and the Poisson’s 
ratio for the indenter tip as provided by the manufacturer, and 
ν is the Poisson’s ratio of the specimen.

A Hysitron TI 900 TriboIndenter equipped with a 
Berkovich diamond tip has been used to perform indentation 
measurements and automatically extract the effective Young’s 
modulus value on test locations that span the entire surface of 
wafers W1 and W2. Young’s modulus values of the investi-
gated portions of the Ni–Fe films are extracted using (4) and 
substituting the tip manufacturer specifications and assuming 
ν  =  0.3 [43].

A typical curve for electroplated Ni–Fe is shown in 
figure  12. The graph is obtained by setting a load profile 
that linearly ramps the force from 0 to 2 mN in 5 s and then 
removes the load with a downward ramp symmetrical in time 
with respect to the loading ramp.

Fitting of the unload portion of the curves of figure  12 
reveals that the Young’s modulus for this particular location 
in the Ni–Fe film is around 100 GPa. The above procedure has 
been applied to wafers W1 and W2 to produce wafer-scale 
maps of the Young’s modulus for the two ECD Ni–Fe films.

Figure 13 shows the resulting wafer maps and the spatial 
distribution of Young’s modulus across the entire surface of 
the two wafers. The maps were obtained by conducting tests at 
65 positions of the wafer surface (shown as pixels in figure 13), 
where individual sets of nanoindentation measurements were 
performed. Each of the squares in figure  13 represents the 
average of indentation measurements taken at 4 points on the 
anchor areas of the electrodeposited film. As a measure of the 

uncertainty of these measurements, the variation within each 
set of 4 measurements ranged between 3 and 10%, accounting 
for micro-scale local variability and tool precision.

The non-uniform mechanical behaviour of the film across 
the wafer is due to the combined effect of a series of process 
parameters, such as thickness, alloy composition, density, 
inclusion of impurities, current density patterns, etc. The 
measured values for wafer W1 (top) cover a wafer-scale range 
from 30 to 180 GPa, exhibiting significant spatial variation. 
Smaller but still significant variations are observed for wafer 
W2 (bottom), with Young’s modulus values between 60 and 
110 GPa.

3.3.  Extraction of residual stress

The previously obtained strain and Young’s modulus mea-
surements need to be combined to determine the residual 
stress. Finite element numerical analysis is used to couple 
the measured rotation angles with the experimental values 
of the Young’s modulus, in order to extract the local values 

Figure 14.  FEA curves simulaing the pointer arm rotation angle in 
response to the relief of tensile residual stress for various Young’s 
modulus values. Note that only some of the curves are shown for 
ease of viewing.

Figure 15.  Maps of the extracted residual stress in MPa for W1 
(top) and W2 (bottom). Note the scale difference between the two 
chromatic maps.
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of residual stress. The ANSYS structural mechanics module 
was used to simulate the response of the fabricated test struc-
tures to stress relief in the film. A set value of tensile residual 
stress is defined in the material as an initial condition and the 
problem is then solved for strain, for a given value of Young’s 
modulus. The simulation procedure is parameterized and 
automated through scripting, generating a solution matrix 
containing the expected rotation angles for increasing values 
of residual stress (20 MPa–1000 MPa, in steps of 20 MPa), 
for a range of Young’s moduli (20 GPa–200 GPa, in steps of 
5 GPa) and for the geometrical variations patterned on the test 
mask. Families of curves can therefore be built that express 
the relationship between the residual stress in the film and the 
angular response of the sensor, for different values of Young’s 
modulus in the range measured via nanoindentation. Figure 14 
shows a portion of the simulation plots for the pointer arm 
devices undergoing rotation as a response to residual tensile 
stress, with Young’s moduli ranging between 80 and 115 GPa. 
For visual clarity, not all the curves are shown.

The value of the Young’s modulus for each specific loca-
tion (figure 13) of the electrodeposited film is associated with 
the corresponding set of rotation data points (figure 11). With 
reference to figure 14, a simulation curve is selected based on 
the measured Young’s modulus, and a point on the vertical 
axis is selected based on the measured rotation. The corresp
onding point on the horizontal axis is the extracted value of 
the residual stress for the specific location considered on the 
wafer. The extraction procedure is automated in Matlab using 

the measurements and FE data sheets as input, allowing for 
the rapid construction of wafer-scale maps of the residual 
stress. Figure 15 shows the compiled maps of residual stress 
for wafers W1 and W2.

The residual stress values obtained using this approach 
ranged between 50 MPa and 220 MPa for wafer W1 and from 
60 MPa to 150 MPa for wafer W2. It is satisfying that these 
residual stress levels fall within the ranges reported in the lit-
erature for similar films [37, 38]. Once again, wafer W1 shows 
variation on a much larger scale than wafer W2.

4.  Discussion of the results

The results presented show clear patterns and differences across 
the surface of the two quasi-identically processed wafers. 
Although the previously reported rotation plots (figure 11)  
are very useful for monitoring the spatial distribution at the 
wafer level of the mechanical response to stress of the mat
erial under analysis, such measurements carry an intrinsic 
uncertainty. They do not identify whether the observed strain 
patterns are due to thermal mismatch effects, or structural 
changes in the Ni–Fe film during process steps affecting its 
mechanical properties. For instance, the residual stress could 
be uniformly distributed across the wafer, but the process non-
uniformities may be causing the material to be locally stiffer 
or softer due variations in the Ni–Fe ratio, and therefore create 
strain patterns that do not carry any information pertaining the 
induced residual stress levels.

The reported set of measurements addresses this question 
through the ability to spatially and quantitatively wafer map the 
residual stress developed in micromachined materials. In the 
example presented in figure 15 the highest stress levels are asso-
ciated with the stiffest portions of the films situated on the lower 
right edge of both wafers, where slightly lower rotation angles 
are observed.

These results suggest that previously reported strain maps 
are a very powerful means of monitoring and tracking local var-
iations and changes across the wafer surface and of detecting 
non-uniformities related to specific process conditions. Such 
maps are best used however in combination with the meas-
ured Young’s modulus maps, which show a much higher and 
significant spatial variation. This example demonstrates that 
stress-relief based test structures indicating strain cannot be 
considered alone as a direct indication of the distribution of 
the residual stress of the material. In the particular case of 
wafers W1 and W2, the measured Young’s modulus varia-
tions are large enough to cause the developed residual stress 

Figure 16.  Wafer bow measurements at each processing step for 
W1 (top) and W2 (bottom). The x-axis represents the scan length 
(−85 mm to 85 mm), while the profile scan is reported in μm on the 
y-axis [23].

Table 2.  Wafer bow measurements on W1 and W2.

Process step
Bow on W1  
(μm)

Bow on W2 
(μm)

SiO2 deposition −86.6 −86.3
Ni–Fe electroplating −39.6 −15.1
Pre-release heating 96.9 —
Releasing 116.8 34.1
Post-release heating — 146.2
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to be relieved in a fashion that cannot be extracted through 
simple strain detection experiments. Thus, when a film is 
subject to a certain distribution of residual stress, the varia-
tion of Young’s modulus may represent, as in this example, a 
dominant contribution to the formation of the observed strain 
patterns, which may erroneously be deemed a direct indica-
tion of stress levels. Nonetheless, the strain test structures 
can be used to identify key process parameters responsible 
for certain observed effects or patterns, as previously seen for 
instance for the effect of bath agitation [23].

In this final section, a comparison between the mapping 
routine and the conventional wafer bow method is presented. 
Figure  16 shows wafer bow measurements taken on wafers 
W1 and W2 at different processing steps. The curves shown 
in figure 16 were optically measured on the back side of W1 
and W2 using a Frontier Semiconductor FSM 500TC [23]. 
To facilitate these measurements, double-side polished wafers 
were used as starting substrates for W1 and W2. It should be 
noted that the wafer bow is a measure of the effect of all the 
films on the wafer and only provides a single value with no 
indication of any spatial variation.

In this experiment the wafer profile was scanned on both 
wafers after SiO2 deposition, Ni–Fe electrodeposition, release 
and thermal treatment. The curves obtained are reported in 
figure  16, showing for both wafers an initial overall com-
pressive stress and progressive build-up of tensile stress with 
each fabrication step. The measured bow values are listed in 
table 25.

The biggest jump in the curves is observed after the 
heating step, which probably results from induced structural 
changes in the film. The final bow measurements suggest that 
higher overall stress is present in W2 compared with W1. To 
enable an effective comparison, the experimental stress data 
mapped in figure 15 was analysed for both wafers, as shown 
in figure 17.

A simple average calculation on the data shows mean 
residual stress values of 90.62 MPa and 100.67 MPa for wafers 
W1 and W2, respectively. W2 thus exhibits on average higher 
stress than W1, which is consistent with the larger wafer bow 
measured in figure 16. Unfortunately a direct stress comparison 
is not possible, as the sample films used in this demonstration do 
not satisfy the hypotheses for the validity of Stoney’s formula, 
conventionally applied to uniform blanket thin films [4].

Although there is a certain degree of agreement between 
the two measurement techniques, the mapping method pro-
vides significantly more details on the stress development in 
the film. For instance, both wafers exhibit two separate stress 
data populations, with at least two distinct peaks across the 
distribution. It is important to note that the resolution of the 
binning in this demonstration is limited by the step used to 
increase the input residual stress in the finite element simu-
lations, as described in the previous sections. The dominant 
peaks are modelled with Gaussian fits in figure 17, showing 
much smaller variability in W2, with standard deviation 14.20 
(12.90% relative) compared to W1, with standard deviation 
36.94 (24.61% relative). This tends to suggest that the heat 
treatment after the release of the suspended structures com-
presses the range of variation of the residual stress compared 
to the case of heat treatment pre-release, where a broader vari-
ability is observed. However, this hypothesis needs further 

Figure 17.  Statistical distribution of the experimental stress data for wafers W1 (top) and W2 (bottom). The histograms are binned at 
20 MPa and Gaussian curves are used to model the high-stress peaks.

5 The bow values extracted from the scans for W2—Ni–Fe electrodeposition 
and W2—release cannot be considered as actual bows, as the profiles are 
clearly irregular.
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experimental validation on a statistically significant number 
of samples, which is beyond the scope of this paper.

With regards to the precision of the presented method, the 
actual accuracy of each individual FE simulation has been 
neglected, as a greater contribution to inaccuracy is due to 
the step chosen for the sweep of the simulation parameters. 
As discussed in the previous sections, the model uses sweeps 
of Young’s modulus and input residual stress, with steps of 
5 GPa and 20 MPa respectively. These values are retained 
as limits to the precision of the method. Sweeps with less 
coarse steps can improve the precision, and the accuracy of 
the calculation is in this case limited by the actual simulation 
error.

The experimental results presented in this work demon-
strate the power of the proposed mapping technique, as it 
allows the extraction of detailed information otherwise hidden 
behind the conciseness of single average values obtained with 
conventional bow measurements.

5.  Conclusions

The results presented demonstrate a practical semi-automated 
wafer mapping technique that can be used to map the residual 
stress in microstructures released via surface microma-
chining. The reported application to two ECD Ni–Fe films 
proves the detection of both wafer-level non-uniformities and 
wafer-to-wafer differences resulting from process splits. A 
consistency was found between the mapping technique and 
conventional wafer bow measurements, both identifying the 
Ni–Fe film subject to the post-release heat treatment as the 
one with larger residual stress.

A higher level of detail is made available by the above 
mapping technique, with insights on wafer-scale and wafer-
to-wafer variability with regards to stress development. This 
identified, for instance, that the wafer with higher average 
residual stress exhibits a much narrower range of variation 
for the residual stress. The results presented suggest that for 
the analysis of processing effects on residual stress at the 
wafer level, the wafer mapping technique is a much more 
suitable tool than wafer bow measurements. This method 
is particularly effective for the case of thin films that are 
non-uniform, patterned and surface micromachined, as 
the structural film complexity prevents the use of Stoney’s 
formula. In the case of uniform deposition with negligible 
wafer-scale variability, Stoney’s formula is a key tool to 
obtain a single average value for the residual stress. This 
is however not always the typical scenario in research and 
development, and the method presented in this paper can help 
benchmark the uniformity and quality of thin-film processes 
with regards to residual stress.

Although the technique is demonstrated on ECD Ni–Fe 
films and structures, it can be broadly applied to any mat
erial where stress development is of significant interest. 
This consideration makes this method useful for a different 
range of situations, such as the qualification of processes 
and deposition tools, failure analysis, and process windows 
identification.
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