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ABSTRACT 
 
Factors affecting the fracture strength of single-crystal silicon membranes are assessed.  These factors include:  
membrane shape at the membrane’s intersection with structural frames or sidewalls, membrane thickness, membrane 
surface roughness, membrane mis-orientation to the principal crystallographic axes, wafer starting material quality, 
membrane stress (or pre-tension), and microstructure and shape at bond interfaces, such as the anodic bond interface 
between membrane and Pyrex wafers.  Measurements of fracture strength versus these factors are made.  Direct 
measurements of stress are also made using micro-Raman techniques.  Simulations of membrane structures are studied, 
in order to evaluate the measurements.  The results indicate that the predominant factor affecting fracture strength is 
surface roughness. 
 
 

1.  INTRODUCTION 
 
Microfabricated membranes or diaphragms constructed from single-crystal silicon are found in a number of 
applications.  Of particular interest are microvalves utilizing membranes to modulate flow [1,2].  Also of interest are 
membranes, or thin single-crystal silicon beams, used in micropumps [3], pressure sensors [4,5], accelerometers [6], and 
acoustic (sound) receivers or generators [7,8]. 
 
Previous work has looked at fracture of single-crystal silicon structures in both membrane and non-membrane 
configurations.  The dependence of yield strength on crystal orientation has been studied [9,10].  Very substantial 
variation from the ideal value for bulk silicon in the <100> direction (7 GPa [11]) were observed, with certain 
orientations yielding to fracture at stress values as low as 0.6 GPa.  The effects of plasma etching have been examined, 
including effects on surface roughness [12] and moisture [13].  Data suggested that environmental effects, such as 
moisture, did not play a role in crack generation and propagation [13].  Other work has also examined the effect of 
surface roughness caused by plasma etching [14].  Beyond the sudden or fast processes studied here, slow-velocity 
effects have also been studied [15].  The unexpected effect of reflected mechanical waves on fracture topology has been 
postulated and confirmed through measurement [16]. 
 
In this work, a variety of factors affecting the fracture strength of single-crystal silicon membranes are assessed.  These 
factors include:  membrane shape at the intersection between membrane, and structural frames or sidewalls; membrane 
thickness; membrane surface roughness; membrane mis-orientation to the principal crystallographic axes [9,10]; wafer 
starting material; membrane stress; and microstructure and shape at the membrane-Pyrex anodic bond interface [17].  
Measurements of fracture strength versus these factors are made.  Direct measurements of stress are also made [18].  
Simulations of membrane structures are studied, including the effect of a boss in the membrane, in order to evaluate the 
measurements.   
 
Cycling effects, such as ultra-low velocity crack propagation [15], creep, or long-term defect nucleation due to repeated 
stress, are not considered here. 
 
 

2.  THEORY 
 
Simple membrane theory can be used to develop an initial set of expectations for the development of stress in single-
crystal silicon membranes.  The deflection of such a membrane, as a function of transmembrane pressure, is given by 
[19]: 
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P is the transmembrane pressure, a is the length of the side of a square membrane, E is the Young’s modulus for the 
membrane material, and h is the membrane thickness.  A and B are constants related to Poisson’s ratio, membrane 
structural parameters, and initial membrane stress.  y is the deflection of the center of the membrane.  This formulation 
ignores the fact that silicon’s mechanical properties are not isotropic with respect to crystal direction, but is more than 
sufficient to understand and predict the mechanical behavior. 
 
The maximum stress which develops as a result of this deflection is given by: 
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where the leading coefficient has a value of about 0.31 for a square membrane.  Note that in this formulation the stress 
will be linear in the transmembrane pressure, but cubic in the deflection of the membrane center.  Also, the peak stress 
will occur at the center of each of the four sides of the membrane, where it is assumed to be clamped rigidly to the 
frame.  In actual devices, and in finite element simulations, the relationship between peak stress and transmembrane 
pressure will not be exactly linear, as will be shown. 
 
 

3.  MECHANISMS AND THEIR EVALUATION 
 
The silicon membranes used in microvalves for this study are nominally 50 µm thick, and 4.5 mm in square extent.  
KOH anisotropic etching defines the membranes from both top and bottom side of the wafer, so that the membranes are 
ideally oriented to the <100> silicon crystallographic direction which gives the highest fracture, or burst strength.  The 
KOH etch may or may not be followed by an HF:nitric acid:acetic acid etch, which rounds the membrane at the critical 
points of peak stress versus deflection, creating a fillet.   
 
During processing, the membranes are tested for burst, or fracture, strength, as a function of applied transmembrane 
pressure.  A variety of mechanisms were considered, and are assessed as follows.  
 
3.1 Effect of directionality of  applied pressure 
 
Directionality of applied pressure was considered.  The membranes studied here are KOH- and fillet-etched from both 
sides, creating a stair-step effect (Figure 1), such that the membrane edge on one etched side does not align top to 
bottom with the edge on the reverse side (but is still parallel to it).  In such a structural configuration, it seemed 
plausible that the mechanism of stress loading and fracture would depend on the direction of the applied transmembrane 
pressure. 
 
ANSYS was used to explore the effect.  Figure 2 shows the two situations which were studied.  The simulations were 
two-dimensional in nature, but the results were expected to hold true qualitatively for actual three-dimensional 
structures.  In the simulations, a transmembrane pressure of 700 kPa was applied.  The resulting stress contours were 
mapped, and the peak stress was noted.  The results showed that the reverse configuration (that is, pressure applied from 
bottom to top in Figure 2) produced a peak stress 40% less than that for the forward direction.  Subsequently, 
measurements on actual membranes confirmed a 30% difference.  However, this difference was not enough to account 
for the more than 10X reduction in burst strength observed in manufactured structures. 
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Figure 1:  Cross-section of a membrane which was been subjected to both KOH and fillet etching (note the rounded interface 

between the sloped sidewalls and the flat membrane). 
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Figure 2:  Effect of forward (upper) and reverse (lower) pressure application on membrane stress and fracture.  ANSYS simulation 

shown.  (Note that the simulated structure is flipped from the actual structure depicted in Figure 1).  
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3.2 Effect of surface roughness 
 
Surface roughness effects, caused by the two wet chemical etching processes, were considered.  Membranes similar to 
that shown in Figure 3 were created.  Deliberate roughening of the membrane surfaces was effected, by making 
adjustments to the KOH etch and the fillet etch processes. 
 
Characterization involved correlating SEM-based measurements of surface roughness (using SEM photomicrographs 
such as those shown in the lower portions of Figure 3) with measurements of burst strength.  The results are shown in 
Figure 4.  The plateau at the smallest values of surface roughness (surface roughness less than ~ 100 nm), where the 
transmembrane pressure is 600 psid, corresponds to a value of maximum membrane stress between 1.3 and 2.0 GPa, as 
determined using either analytical theory or ANSYS simulation, and depending upon which manifestation of stress (e.g. 
S1) is inspected.  This value range compares to the measurement of 1.0 GPa reported in [14].  All values, however, are 
substantially below the theoretical maximum of 7.0 GPa. 
 

 
 

        
Figure 3:  SEMS of membranes used in the surface roughness study.  Top:  Primary membrane structure studied.  The fiel d of view 
for the high magnification SEMs is also shown.  (Note that the presence of the boss structure, located in the lower right of the SEM 

photomicrograph, did not substantial alter the yield strength results.)  Lower left:  A rough surface, achieved a s a result of wet 
chemical etching.  Lower right:  A smooth surface, also achieved as a result of wet chemical etching. 
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