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ABSTRACT 

 
MEMS surface-micromachining fabrication requires the use of many different tools to deposit thin-films, precisely 
define patterns using typical photolithography, and perform etching processes.  As with any fabrication process there is 
inherent variation, which is acceptable when controlled within suitable limits.  The ability to monitor and respond to this 
variation is paramount in maintaining a viable fabrication process.  Electrostatic comb-drive resonators are candidate test 
structures used to validate uniformity in the MEMS fabrication process.  Although directly dependent on mass and 
spring constant, a measure of their resonant frequencies generally provides a good indicator of both process repeatability 
and geometric variation.  
 
In this study, sets of five graduated comb-drive resonator structures, located at each die on a ¼ wafer, were stimulated to 
resonant frequency using the “blur envelope” technique.  This technique facilitates fast, straightforward, and repeatable 
resonant frequency measurements usually with a resolution of approximately 50-100 Hz.  Wafer maps of resonant 
frequency versus die position for a ¼ wafer reveal a pattern with comb-drive resonator devices exhibiting highest 
resonant frequencies at the center and lowest at the perimeter of the wafer.  Using a numerical model, coupled with 
discrete geometric measurements, a method was developed which links resonant frequency to fabrication parameters.   
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NOMENCLATURE 
 

ω0 Resonant Frequency (Hz) L Spring Length (µm) 
E Youngs Modulus of Elasticity (Pa) w Spring Width (µm) 
I Moment of Inertia (µm4) t Layer Thickness (µm) 
F Force (N) K Spring Constant 
Meff Effective Resonator Mass (kg) Keff Effective Spring Constant 
Aeff Effective Resonator Area (µm2) ρ Density (kg/m3) 
V Voltage (Volts) Rs Sheet Resistance (Ohms/square) 
I Current (Ohms) n Number of Comparisons Made 
x Calculated Spring Width (µm) y Measured Linewidth (µm) 
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1. INTRODUCTION 
 
Electrostatic comb-drive structures are common surface-micromachined devices typically employed as 
microelectromechanical systems actuators.  In some cases, however, they can instead be effectively utilized as test 
devices for validating the MEMS fabrication process.  A measure of their sensitive resonant frequencies generally 
provides a good indicator of device functionality, process repeatability, and geometric variation.  By fabricating comb-
drive resonators at each die on a wafer, measuring their resonant frequencies, and then comparing their measured values, 
it is possible to reveal such non-uniformities.  The resonant frequency of a comb-drive resonator is directly dependant on 
its spring constant and mass.  Therefore, changes in its resonant frequency can be mathematically linked to changes in its 
geometry.  Figure 1a is a scanning electron microscope (SEM) image of a typical comb-drive resonator.  Its movable 
central shuttle mass is supported by two sets of bifold springs.  Applying a voltage at L or R will force the center mass 
towards the fixed electrostatic comb fingers.  The underlying surface is grounded.  The schematic given in Figure 1b 
labels the critical dimensions and components of the comb-drive resonator. 
 
 
 

            (a)                                                                                              ( b) 
 
Figure 1.  (a) Scanning electron microscope image of a typical comb-drive resonator. (b) A schematic of a typical resonator displaying 
the moving shuttle, inner and outer sets of resonator springs, and critical dimensions, L and w. 
 
 

2. REPRESENTATIVE MODEL 
 
A mathematical model was derived to predict the undampened resonant frequency of the comb-drive resonators.  
Resonant frequency (ω) is directly dependent on mass and spring constant.  Equation 1 demonstrates this relationship. 
 

 
                                                                 (1) 
  

 
The resonator springs are composed of eight coupled springs with identical rectangular cross-sections.  We can therefore 
use the beam deflection equation 1 for a perpendicularly loaded cantilever beam, with its free end allowing no rotation 
(i.e. the slope of the beam at its free end equals zero), to derive the effective spring constant (Keff).  The maximum 
deflection relation for a single spring is given in Equation 2.   
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Since the applied spring force (F) is equivalent to the product of spring deflection (Yo) and spring stiffness constant (K), 
and the moment of inertia (I) for a beam of rectangular cross-section can be represented as given in Equation 3, 
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then Equation 2 may be simplified and rewritten as given in Equation 4: 

  
                                                                             (4) 

 
By separately summing, in series or parallel as required, the spring constants for the other seven springs, an effective 
spring constant is obtained as given in Equation 5. 
 

 
                                                                           (5) 

 
The weight of the springs and trusses can account for as much as 4-5% of the resonant frequency value. The kinetic 
energy equivalence method 2,3 was employed to derive an effective mass parameter for the comb drive resonator system.  
Equation 6 represents the mass of the system for determining resonant frequency. 
 

                                                (6) 
 
 

Substitution of Equations 5 and 6 into Equation 1 yields the following relation.  In Equation 7, it is important to note that 
the spring width, w, presents the dimension most sensitive to change.  A slight change in the spring width dimension has 
a relatively large effect on the spring constant and therefore, resonant frequency.  Also, note that layer thickness, t, has 
no effect on the resonant frequency since it may be factored out of Keff and Meff (Meff = ρtAeff) and then canceled in the 
resonant frequency equation. 
 

 
                                             (7)     
  
 

 
 

3. EXPERIMENTAL APPROACH 
 

3.1 Test method 
For this study, identical sets of five graduated comb-drive resonator structures (approximately 10-30 kHz in 5 kHz 
increments), located at each die on the quarter-wafer, were used.  The structures had differing spring lengths of 235, 179, 
148, 128, and 113 µm.  Using Equation 7 these lengths yielded design resonant frequencies of approximately 10.0, 15.2, 
20.4, 25.4, and 30.7 kHz, respectively.  Note that the spring width used in the calculations was 1.7 µm, even though the 
design was 2 µm.  This is a result of a process bias during which a combination of photolithography and etch undercut 
contribute to a narrowing of line width as great as 0.15 µm.  By fabricating comb-drive resonators at each die on the 
wafer, as shown in Figure 2, measuring their resonant frequencies, and then comparing their measured values, it is 
possible to reveal variation as a function of position on the wafer.  Since spring width presents the most critical 
dimension to geometric variation, electrical linewidth measurements were performed using a standard linewidth 
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structure.  The actual comb-drive resonator spring width was not measured.  However, the electrical linewidth is 
expected to relate linearly to the resonator spring width. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Schematic of a typical wafer bearing a comb-drive resonator at each of the 76 die locations.  The wafer is separated into four 
quarters as designated.  
 
3.2 Blur Envelope Method 
To study the potential geometric variation on the wafer, comb-drive resonators were stimulated to resonant frequency 
using the “blur envelope” method.  This technique facilitates fast, straightforward, and repeatable resonant frequency 
measurements usually with a resolution of about 50 –100 Hz.  For this method, an adjustable electrical drive signal in the 
form of a sine wave is used to stimulate the comb drive resonator to resonant frequency.  By holding the drive signal 
amplitude constant and carefully adjusting its frequency through a range where resonance is expected, the resonant 
frequency can be determined.  The frequency, throughout this range, at which the comb drive resonator experiences the 
largest visual displacement, is the resonant frequency.    Figure 3, courtesy of Tanner et al 4 illustrates the comb drive 
resonator before, at, and after achieving resonant frequency. 

2                         1 
 
 
 
 
 
     3                             4 

Figure 3.  Before resonant frequency (left). At resonant frequency with maximum displacement 
(middle).  After resonant frequency (right). 



   

 
 
3.3 Linewidth measurement 
Because the comb resonator spring width was somewhat difficult to measure, a separate test structure was used to 
examine linewidth as a function of position on the wafer.  Theoretically, the linewidth should relate linearly to the spring 
width.   The split-cross-bridge resistor structure, similar to that as given by Buehler and Hersey 5, was used to measure 
line width.  In addition, the resistor is capable of electrically measuring line spacing, and line pitch.  A general schematic 
of the split-cross-bridge resistor is given in Figure 4.   

    
             Figure 4. Split bridge cross resistor for measuring linewidth. 
 
To measure electrical linewidth, a current of 1 mA was applied across contact pads 1 and 6 and the voltage drop was 
measured across contact pads 2 and 3.  Next, to reduce measurement error the direction of the current was reversed and 
the voltage drop again measured.  The voltage measurements were then averaged.  Once the voltage drop and sheet 
resistance measurements were made at each die on the ¼ wafers, the linewidth was calculated using Equation 8 5,6, 
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where the sheet resistance, Rs, was measured using a standard van der Pauw sheet resistance structure. 
  
 

4. RESULTS AND DISCUSSION 
 

4.1 Resonant frequency measurements 
Wafer map plots of resonant frequency measurements versus die position for ¼ wafers reveal a trend with comb-drive 
resonator devices exhibiting highest resonant frequencies at the center and lowest resonant frequencies at the outermost 
perimeter of the wafer.  Figure 5 illustrates the common pattern for the five different comb-drive resonators on a ¼ wafer 
dried using a hydrophobic self-assembled monolayer coating.  In Figure 5 the center of the wafer piece is the lower left 
corner of each map.  The data shown here are actual resonant frequency measurements.  Grayscale shading has been 
used to group like results.  Note that there is a radial dependence in the values, but the largest differences are seen on the 
edge die of the ¼ wafer.  Due to the radial dependency of many fabrication processes (such as photoresist coat, develop, 
and plasma etch) edge die are well known to show the largest deviation from target. 
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Figure 5. Wafer maps illustrating measured comb-drive resonant frequency variations on a ¼ wafer sample.  The upper left diagram 
shows the area of the wafer probed for data (Quarter 1).   
 
 
If we examine equation 7 and focus only on the width of the springs, we can determine the source of the trend.  We 
assume that the cubic term in width dominates and ignore the linear width dependence of ASprings.  In that case, forming 
the ratio of resonant frequencies of springs with different widths yields the following equation: 

                                  
3

2

1

02

01








=

w
w

ω
ω

                                                                       (9) 

If we use a typical width of 1.8 µm for a resonator, then a resonator with a more narrow width of only 0.1 µm would 
have a resonant frequency 92% lower.  For a 0.2-µm difference in width, the resonant frequency would be 84% lower.  
As an example, a 30 KHz resonator would resonate at 25 KHz if only the width of the springs were narrowed by 0.2 µm. 
 
 
4.2 Linewidth measurements 
We used two techniques to investigate the linewidth effect; an electrical linewidth structure and actual measurement in 
the Scanning Electron Microscope (SEM).  Much like the resonators, the linewidth measurements exhibit a similar 
pattern.  The cross bridge resistor structures with the largest measured linewidth values tend to be near the center of the 
wafer.  Correspondingly, the smallest measured linewidth values tend to be at the outermost perimeter of the wafer.  The 
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edge dice tend to give rise to the largest differences.  We had some difficultly with the electrical linewidth structure 
design of Figure 4.  In our design, the split impinged into the bond-pad/line intersection, which could affect the resulting 
measurements.  The calculated values are probably incorrect, but the relation between neighboring die should be 
reasonable.  Figure 6 shows the wafer map for the electrical linewidth and SEM measurement.  The design value was 8 
µm so we believe the SEM values to be more accurate (resolution to ± 0.05 µm).  It is typical for there to be a 0.3-µm 
undercut on beam widths due to a process bias during which a combination of photolithography and etch undercut 
contribute to a narrowing of line width as great as 0.15 µm per edge.  Of course, this is a higher percentage effect for 
narrow beams. 
 
 

 
Figure 6.  Linewidth measurement variations on a ¼ wafer sample using two techniques.  The technique in a) used a typical electrical 
linewidth structure and in b) used the measurement capability of an SEM.  The measurements are on an identical quarter using 
identical structures. 
 
 
4.3 Method Comparison 
There was a similarity between the measured resonant frequency and linewidth patterns across the ¼ wafer.  To quantify 
the measurements technique agreement, we examined the measurements on a die-by-die basis.   As shown in Equation 7, 
the spring width is a function of the resonant frequency, Young’s modulus and the density of polysilicon, the length of 
the springs, and the effective area.  This spring width was calculated for each comb-drive resonator (all 5 lengths) in 
each die on the quarter wafer.    Because resonant frequency and length are inversely proportional in the equation, the 
calculated width should be the same for each length.  The error in the resonator measurement was derived using standard 
propagation of error techniques and was dominated by the frequency error (± 100 Hz) and the error in Young’s modulus 
(164.3 ± 3.2 GPa).8  The Young’s modulus error contributed to slightly more than half of the total error.  The use of 
higher frequencies (shorter lengths) would minimize the effect of the frequency error (∆L/L), but the error in Young’s 
modulus is fixed due to present measurement techniques. 
 
The advantage of using five lengths is five separate measurements of the same value, linewidth.  An average of all five 
predicted widths was performed and that width was normalized by a nominal width value.  Additionally, all the SEM 
measurements were normalized by a nominal value and plotted in Figure 7, where the die location values are defined in 
Figure 5.   All edge die and die without corresponding SEM linewidth measurements were not plotted.   
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Figure 7.  The agreement between the resonator and the SEM method for measuring linewidth is shown in this graph.  Each resonator 
point is the average of five measurements corresponding to the five lengths.  This demonstrates the excellent sensitivity of the 
resonator method.  The die locations are defined in Figure 5. 
 
 
The results not only show agreement between the resonator method and the SEM method, but also reveal that the 
sensitivity of the resonator method is equivalent to the SEM method.    It would clearly be impractical to routinely 
measure linewidths using an SEM, but this resonator method could be implemented easily. 
 
 

5. CONCLUSIONS 
  
We have determined that the resonator method for measuring the fabrication parameter of linewidth has excellent 
sensitivity.  This is due to the cubic spring-width dependence in the equation for resonant frequency.  The comb-drive 
resonator resonant frequency and linewidth measurement patterns can be linked to several fabrication processes, 
including photoresist spin on, photoresist developing, and plasma etching, which may cause the radial variation 
phenomenon as seen in this study.   
 
It is important to understand that geometric variation may not have an effect on devices operating at well below their 
resonant frequencies.  However, for devices where adherence to strict dimensions is critical, the effect of linewidth 
variation should be minimized by designing devices to be less sensitive to linewidth variation.  This can be done with the 
comb-drive resonator, for example, by increasing its spring width so that it is less sensitive to variation. 
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