
Stress vs. Boron doping relationship
In-situ stress evaluation

In order to stay flat, the thin membrane must have tensile stress. To adjust the proper tensioning 
the fabrication process includes a step where Boron doping induces tension. Establishing proper 
process parameters a measurement of the stress in unstructured membranes vs. doping 
concentration is necessary. Due to its importance there where many works dedicated to the 
quantitative measurement of this relationship. Determination of membrane tension offers a chance 
to define this dependence very precise.

Prestress versus doping concentration
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Initial membrane prestress versus doping concentration 
of Boron, different measured stresses are compared 
with analytical calculations (Butschke, ims chips) and 
the FE calculation of the membrane stress according to 
a 1.7 MPa initial membrane layer stress on the SOI 
wafer (measured at ims chips)

Each experimental value represents the mean value of 
stress of several individual measurements at different 
pressure loads. The total error of the measurement 
has been calculated according to the rules of Gaussian 
error distribution. The error of the measured data is 
considered as statistical. The contributions are added 
quadratically.  The error of constants of the apparatus 
which are needed for the calculation, are systematic 
and are summed.

Carbon/DLC layers are attractive materials for various applications in microelectronics. One of 
their perspective role

– protective layers for ion beam lithographic masks (minireticles)

A study on the influence of ion bombardment by He+ and Ar+, respectively, on both the thickness 
and the internal membrane stress of C-layer has been performed.

In carbon film the ion irradiation causes expressive microstructural changes (due to variety of 
carbon modifications). They are followed by in-plane strains, and consequently, affect overall 
membrane stress.

After irradiation c-film is strongly attacked by ambient air 
components ⇒ in-situ stress state had to be measured.

Irradiation inside vacuum chamber
Square-shaped 10x10 mm2/3 μm thick 
carbon covered Si membranes
He+ – impact energy 10 keV, average current density 
4.13 μA/cm2

Ar+ – impact energy 5 keV, current density 13.3 
μA/cm2

Membrane stress evaluation
– resonant frequency measurement inside vacuum, 
electrostatic excitation

Measurement of the first natural mode frequency
– photoelectrical detection through the glass window
– autofocus detector adapted for inside vacuum use

Mode shapes identification
– by shadow visualization
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The membrane stress evolution of Si 
membrane covered by carbon layer after Ar+

irradiation

M. Držíka, H. Löschnerb, E. Haugenederb, W. Fallmanc, P. Hudekd, I.W. Rangelowe, Y. Sarove, T. Lalinskýf, J. Chlpíka

Micromachined thin membranes are often used as basic structural elements of MEMS but in recent years extensive research has been done also on the application of large 
membranes as stencil mask. Such masks are necessary for ion or electron beam projection lithography where the patterns are formed as openings in a membrane. Both the 
overall shape and pattern distortions of the membrane can be caused by the materials used, the fabrication process, specific structure of the membrane, clamping forces in the 
aligner or by intrinsic stress state. Among the properties which has to be usually analysed are mechanical stresses, stress stability, thermal conductivity, vibration modes 
structure and flatness as well as thickness variations.

To enhance diagnostic capability for membranes methods based on optical principles were elaborated. Main advantage of the laser-based metrology is its contactless and non-
destructive nature, thus even tiny membrane structures can be inspected.

Micromachined thin membranes are often used as basic structural elements of MEMS but in recent years extensive research has been done also on the application of large 
membranes as stencil mask. Such masks are necessary for ion or electron beam projection lithography where the patterns are formed as openings in a membrane. Both the 
overall shape and pattern distortions of the membrane can be caused by the materials used, the fabrication process, specific structure of the membrane, clamping forces in the 
aligner or by intrinsic stress state. Among the properties which has to be usually analysed are mechanical stresses, stress stability, thermal conductivity, vibration modes 
structure and flatness as well as thickness variations.

To enhance diagnostic capability for membranes methods based on optical principles were elaborated. Main advantage of the laser-based metrology is its contactless and non-
destructive nature, thus even tiny membrane structures can be inspected.

Bulging method of membrane tension 
evaluation

Deformation of the mask due to 
gravity in z-direction, mask is 
supported at the outer boundary of 
the wafer ring at 90°, 210° and 330°. 
Initial prestress is 1.7 MPa. 

Wafer # 01113
8.48 MPa membrane stress at zero pressure

Comparison of measured values with FE
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Radius of curvature of the equivalent 
sphere versus applied pressure, 
comparison of the measured values 
with FE analyses

For actual calculation it has to be 
distinguished between the intrinsic 
prestress of the membrane and the 
stress induced by bulging force

σ0, σp – tensile stresses related to the 
force T, d – membrane thickness, R –
mean change of membrane radius of 
curvature. σp – added membrane 
stress

σ0 – internall stress which has to be 
determined, r – half diameter of the 
circular membrane.
An electrical pressure between the 
membrane and a second electrode 
and different electrical potential U
was used to deflect the membrane
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Bulge testing was one of the first techniques to study membrane 
tension stress. During the test a uniform load pressure is applied to 
one face of the membrane properly clamped or supported over its 
edge and the induced membrane deformation is then measured. The 
method is commonly used for the determination of mechanical 
characteristics of membranes, however it is known that several 
problems and limitations are related to the interpretation of the 
results obtained.

The bulging method for stress measurement makes use of second 
order differential equilibrium equation

x, y – the coordinates of the point of the membrane surface, p – the 
acting pressure, T – the tension force per unit length. The second 
order derivatives can be expressed by the principal radii of curvature 
Rx, Ry with respect to the orthogonal coordinates. There are several 
assumptions for this formula:

The thickness of the membrane is uniform
Membrane has no openings
Elasticity constants are uniform and isotropic
The pressure is constant and isotropic
Boundary conditions are compatible with the membrane 
deformation

Radii of curvature are measured experimentally.
The best solution – direct radii of curvature autocollimation
focus shift measurement

At the optical scheme the mirror-like membrane surface acts as a 
spherical mirror. Shift of the focal plane position due to spherical 
deformation of the membrane is expressed by a simple ray tracing

Attractions of focus shift measurement

straightforward determination of radii of curvature
monitoring of any deviation from sphericity of membrane 
surface
integral gathering of whole membrane surface information
sensitivity of deformation measurement comparable with 
that of interferometricaly obtained
simple to arrange in optical laboratory

Excellent real achieved precision of membrane stress measurement
Δσ = ± 0.1 MPa.
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– laser diode 
650 nm/10 mW

– well corrected telescope 
doublet 
f = 1000 mm, 
φ = 152 mm

– groundscreen movable on 
nonius scale

– gap width membrane-
electrode: 1.52 mm

– voltages ranging 
0 V – 950 V

Lens

Image plane
position

Deflected

Laser

membrane

Si wafer ring
Deflected Si membrane
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electrode

Insulator

f
Δ

a

Whole field large membrane 
thickness variations measurement

One of the key points of membrane mechanical characterization is
also the measurement of its thickness variations throughout the 
area. The thickness is usually several microns, typically 3 μm

Contrast of the interference 
fringes:

R’ – reflectivity of the membrane 
surfaces, n – index of refraction 
of membrane material (Si)

Index of refraction of Si: 
n = 3.89 (He-Ne laser, 632.8 nm)
η = 91% (without absorption)
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The membrane is an element similar to that of thin planparallel
plate. The silicon transparency is enough to pass the light twice 
through the membrane thickness even in the visible red light.

The light intensity in the interference field of two beams is expressed 
by the following equation:

I1, I2 – the intensities of the beams reflected from the front and the 
rear side of the membrane, respectively. λ – the light wawelength, n
– the membrane index of refraction, d – the membrane thickness.
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Interference fringes of  
membrane thickness variations

The main advantage of such a scheme realization – stability and high sensitivity. 

Fringe value (the thickness change between two neighboring fringes): C = 81 nm

The sensitivity can be increased by numerical image processing (interpolation) up to several nm.

Besides using of interferometry also the classic optical 
shadow or phase visualization techniques can be 
realized. To obtain the topology of thick membrane 
scheme of optical filtering has been arranged.

Interferometric scheme for fringes of 
equal thickness observation

– He-Ne laser 632.8 nm/40 mW
– objective φ = 152 mm, 

f = 1000 mm
– photographic and/or CCD camera

Laser source

CCD camera
Collimating lens

Membrane

d

n

Laser diode

Collimating lens

Membrane

Filtering lens

Fourier transform plane

CCD camera

–point-like source 
He-Ne laser 632.8 nm/10 mW

–aberration free doublet lenses
f = 265 mm

–Foucault knife
–binary filter diaphragms 
φ = 0.1÷0.5 mm

–surface deviations measuring 
sensitivity: λ/100
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transversally through the 
membrane diameter
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Membrane stress evaluation by resonant 
frequency method
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Resonant frequencies of the membrane are tightly related to its tensile 
stress. The task to measure the stress can be solved by measuring of 
resonant frequency. Currently, with the analysis of resonant spectral 
distribution, the vibration mode shapes identification is twinned.

Due to practical difficulties with the small membranes stress 
determination in bulging method the measurement of resonant 
frequencies has to be preferred.
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Correction factors for air damping

fvac/fair = 1.52 (10×10 mm2)
fvac/fair = 1.28 (5×5 mm2)
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Using the Laser Doppler Vibrometer (LDV) 
– point-wise mode of the periodic membrane deflections detection. 

The observation of the membrane centre oscillations 
– many modal shapes are omitted

Vibrating membrane in atmosphere 
– adding mass of neighboring air must be taken into account. 

Mostly, the empirical expressions are used for such correction 
more or less successfully. Analyzing of a number of samples  the
average  correction factors for the first natural mode have been
determined:

Nevertheless, these values have appeared  inaccurate and unreliable. 
The measurement of vibrating membranes inside vacuum chamber 
through the glass window had to be arranged. 

A number of specimens were analyzed. 

Tension stresses → 0÷30 MPa – corresponding resonant 
frequencies up to 20 kHz.
Statistical assessment of the repeatability – measurement 
uncertainty – Δσ = ± 0.1 MPa

Vibrational measurement by confocal detector immediately inside the vacuum 
chamber. 

Detection of the changes in membrane surface sphericity
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– long working distance mode of operation 
– laser diode source 650 nm/5 mW
– objective lens 1:4, f = 105 mm
– pinhole opening diameter Φ = 0.1 mm
– photodiode detector OP 101

When using LDV the analysis of vibration spectra of membranes as a rule abounds in 
uncertainties of main resonant peaks identification
⇒ importance of the observation and visualization of modal shapes

Based on the optical focal plane complex amplitude observation as well as phase 
visualization image to concept has been developed. 

Time-average intensity 
patterns at focal plane

The examples of higher order modes obtained by time-averaged microscopic phase 
visualization 

Both the methods make possible quantitative evaluation of membrane vibration 
amplitudes with the nanometers sensitivity for membrane deflections.

Dynamic/thermal behavior  of  
membrane-like microcomponents

Acoustic pressure calibration

– loud speaker (60 ÷ 130 dB of the acoustic pressure)
– pistonphone chamber (173 Hz/118 dB – 15.8 Pa (RMS))

Electrostatic excitation
– appropriate only for conductive layers

Thermal loading (mismatch of CTE-s)
– can influence properties of the structure

Laser impulse heating
– advantage in contactless excitation

Piezoelectric excitation
– excitation up to hundreds of kHz

Acoustic loading (acoustic pressure)
– limited range of frequences 20 Hz ÷ 20 kHz
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excitation signal

Determination of internal or residual stress in membrane microstructures have usually 
been realized either by observing the static shape residual deformation or the 
deformation forced to element. The membrane structure can also be  excited to 
vibrate and to measure the natural frequency spectra.

Small dimensions of microcomponents – tens to hundreds of μm 

⇒ limited conditions for tiny mechanical loading

RC Generator

Ppreamplifier

LDV Head
Polytec OFV 303

Controler

Loud speaker Membrane

PC

A/D Converter

Experimental setup of 
membrane-like structures 
measurement by LDV

Membrane structure of 
double cantilever

Laser Doppler vibrometer
besides the vibrational
measuring using also for one-
shot events detection.
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Phothermal deflection spectroscopy (PDS)

2D simulation of  transient heat flux
Thermally induced 
deformation measurement
T – temperature
T0 – ambient temperature
kef – thermal conductivity 
coefficient
(ρc)ef – volume specific heat
h – heat transfer coefficient
d – membrane structure 
thickness
pL – heat losses
pH – heat generation

3D view of membrane 
microisland by confocal
microscope

Resonance frequencies 
characteristics of multilayer 
membrane systems

Cantilever beam structure and its 
resonance curve. Damping factor 
ε = 4.5x10–3

Solution of heat conduction equation

– measuring of the sample deformation caused by optical absorption
– evaluating of layer material thermophysical parameters

Transient heat deformation detected on Si 
membrane covered by carbone layer

By monitoring of thermal 
parameters changes the 
microstructural modifications can 
be inspected.
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