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ABSTRACT 
 

We have developed a CMOS-compatible, in-situ 
micro-device to measure three important fabrication, 
material, and actuation parameters characterizing planar-
processed microelectromechanical (MEMS) structures: 
uniform in-plane over- or under-cut (cut error), effective 
Young’s Modulus, and actuation comb-drive forces. Our 
only measurements are of voltage and capacitance. The 
device fits in a 1 mm by 1.5 mm area for localized, 
nondestructive, in-situ testing. A major advantage of our 
approach results from the use of a complementary comb-
drive structure for accurately measuring displacement of a 
cantilevered shuttle. The measurement is insensitive to cut 
error. Assuming realistic variations in the mask-making 
process and minimal thermal expansion of the material, 
this device measures a 6 µm motion with a resolution of 
less than 1 nm. We report characterization results for a 
silicon-SOI fabrication run. 
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1 INTRODUCTION 
 

We report on the development of an on-chip micro-
device for characterizing material, operation, and process 
properties, targeting specifically measurements of: cut 
error, effective Young’s Modulus, and comb-drive forces. 
These three properties are especially important because 
they can vary significantly between process runs as well as 
even within an individual wafer [3]. For these reasons, it is 
worthwhile to design and integrate test structures to 
measure the three properties and to make the test structures 
small and placed close to the main MEMS structures. 

MEMS engineers use the above-mentioned three 
properties extensively to evaluate processed part behaviors 
such as resonant frequencies, tolerances, and deformation 
as well as many other important properties [4]. Therefore, 
accurately characterizing MEMS process properties is 
important for understanding device behavior and 
calibrating system performance [6].  

One of the main impediments to commercializing 
MEMS devices is fluctuation in their performance due to 
the variations caused by the manufacturing of the wafer 
material, fabrication processing, and post-packaging of the 
devices [12]. An on-chip characterization device not 
requiring any external test rigs can help expose sources of 
process variations between wafers and even within 

individual wafers. This may result in a standard method to 
improve process quality control. 

In addition, understanding force and motion 
characteristics of devices is useful for many different 
measurement applications. In biology and biomedical 
research, stimulation of cells using MEMS devices can be 
aided by understanding the precise forces and motions 
exerted on the cell. Similarly, precise positioning allows 
for the accurate contact of microelectrodes in brain tissue 
[10]. Also, if a material is deposited on a calibrated 
cantilever structure, one can determine the stiffness and 
thickness of the deposited material. Moreover, having a 
localized device for measuring these properties may aid in 
calibrating and tuning MEMS devices during operation in 
the field. 

We briefly discuss our method of obtaining these 
properties, propose and justify a new design, simulate it 
and fabricate it for a proof of concept, and illustrate its 
results in a silicon-SOI process. 
 

2 BACKGROUND 
 

Oftentimes process parameters are measured using 
expensive off-chip equipment. The three NIST standards 
(ASTM E 2244-6) that exist for MEMS use interferometry 
to determine beam length, strain, and strain gradient [9].  
For measuring Young’s Modulus, nanoindentation tools 
are used for applying very precise loads and accurately 
measuring displacement [8]. For measuring in-plane cut 
error, an SEM image is often used, and for measuring layer 
thickness, ellipsometry is typically used [6]. While these 
approaches can be effective to some degree, they may be 
difficult to implement for large numbers of chips. 

A few on-chip approaches exist for measurement of 
MEMS material properties. One approach uses out-of-
plane beam bending [2]. However, it is difficult to 
characterize fringing fields which change as the plate 
actuates. The resolution is also limited by the pull-in 
distance of the cantilever. Other approaches use large 
arrays of devices and destructive testing [5] [11]. A 
drawback to these approaches is that a large area of the 
chip must be used for property measurements, and the 
devices cannot be reused after testing. 

Our previous approach [3] proposed a theoretically 
viable alternative with a slight difficulty. Here, we 
redesign the structure to remove error associated with the 
“gap stop” by inventing a complementary comb structure 
and an improved differential capacitance measurement 
scheme. We demonstrate that our new system is free of 
this prior difficulty.  
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3 APPROACH 
 

We show how to measure the comb-drive force (F), cut 
error (e), and then effective Young’s Modulus (E) using 
only capacitance and voltage measurements. We assume 
the layer thickness (h) is known or measured using other 
in-situ devices [2]. 

An advantageous feature of a comb-drive (or any 
tunable capacitor) is that the force exerted on its moving 
surface in the direction of motion (F) can be computed 
directly from the potential (V) used to achieve the 
actuation, the change in the capacitance (dC), and the 
distance of the motion (x) (Eqn. 1) [7]. Use of Eqn. 1 
requires the accurate measurement of x, which we achieve 
using the concept of a complementary comb-drive, 
described in section 3.1. 
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To determine the cut error (e), the comb-drive force is 

related to the number of fingers (N) of the smaller side of 
the comb-drive, finger gap (g) (for simplicity, let ge=g-e), 
finger width (w), layer thickness (h), and fringing field 
factor (α) as shown in Eqn. 2 (see Fig. 1). α may be 
calculated analytically from the device geometry [7]. 
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Assuming α and e remain nearly constant, we can use two 
different comb-drive sets with varying layout gaps, g1 and 
g2, and number of fingers, N1 and N2. Using Eqn. 1, we 
find the voltages, V1 and V2, for which their exerted forces 
are the same. Finally, e is computed in Eqn. 3. 
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If we now use a guided parallel cantilever structure 

(Fig. 1), then the effective Young’s Modulus (E) can be 
computed from F, e, x, the layer thickness (h), and 
cantilever beam layout width (w, we=w+e) and length (l, 
le=l+e) (Eqn. 5). We assume nearly vertical sidewalls. 
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In [3], we determined cut error by creating multiple 

suspensions with varying suspension beam widths and 
solving a cubic equation [3]. Here, we reduce space 
consumption and make the process simpler by using 
multiple comb-drive sets with different finger gaps and 
widths on the same suspension. This approach also permits 
the study of the variation of cut error for differing layout 
widths and gaps that may result from the type of process 
used. 

 
Figure 1: Slice of a comb-drive with the y-component of 
the electric field superimposed 
 

  
Figure 2: Metrology device schematic (left) and blow-
up of the complementary comb-drive (right) 
 
3.1 Complementary Comb-Drive 

The main challenge is to accurately determine the 
lateral distance of motion (|x|). To overcome this 
challenge, we introduce a complementary comb-drive, 
similar to an engineering Vernier scale, except that in our 
complementary comb-drive, the ends of a fixed set of 
comb teeth are spaced equilaterally from the ends of a 
mating moving set of comb teeth that translates parallel to 
the fixed comb. The capacitance between the fixed and 
moving combs in the measuring-comb structure varies as 
the moving-comb fingers are successively positioned in-
and-out of alignment; correcting for global effects, it is at a 
maximum when the fingers are in registration and a 
minimum when the fingers of one comb align with spaces 
in the other. The maxima and minima are typically 
detectable even for very small signals and motions. 
Furthermore, spacings between the maxima and minima 
are not affected by variations in structural cut rates.  
Moreover, a spring suspension allows the measuring 
combs to be pushed closer to each other thereby increasing 
the capacitance sensitivity to lateral motion and is used for 
obtaining a difference of capacitance change that 
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eliminates global lateral motion effects. There are two 
such complementary comb structures on the two sides of 
the shuttle, one initially completely out of alignment and 
the other in alignment, to allow for differential capacitance 
measurements (Fig. 3). Differential capacitance 
measurements are preferred to single-sided capacitance 
measurements as they eliminate noise in the sensing 
circuitry. 

We first examine the effectiveness of this approach in 
measuring lateral motion by simulating a few comb teeth 
to obtain an idea of the sensitivity of the device and the 
analysis necessary to determine the displacement. The 
simulations are carried out in COMSOL Multiphysics. 
Approximately, the differential capacitance scales 
proportionally with the layer thickness of the material and 
the number of complementary comb teeth, and inversely 
with the square of the separation distance (Figs. 3 and 4). 

 
 

 
Figure 3: Simulation of complementary comb-drive –  
an equipotential surface is superimposed. Capacitances 
of A and B are subtracted over the motion of travel. 

 
Figure 4: Simulated results for complementary comb-
drive – capacitance of B minus capacitance of A (blue) 
(h = 5 µm, g = w = 3 µm, separation = 500 nm). 
 

4 EXPERIMENTAL SETUP 
 

We use a differential amplifier in a charge-integrator 
configuration to measure the capacitance changes of the 
actuated device (Fig. 5). This circuit is capable of 
measuring very small capacitive differences [1]. We 
calibrate this device by measuring a change of RMS 
voltage through the circuit for fixed changes of 
capacitance and comparing those values against an 
HP4824A measurement of those same capacitances. For 

obtaining the experimental data, the output voltages to 
drive the device are controlled by an NI-PCI-6733 board 
and the differential capacitance signal is sensed by an NI-
PCI-MIO-E board. 

 
Figure 5: Measurement circuit 
 
4.1 Fabrication Results 

We have fabricated our device in a silicon-SOI 
process. An SEM shows the fabricated device in an SOI 
process (Fig. 6). As we actuate comb-drive set 1, we 
measure the differential capacitance through the 
complementary comb-drive. We then shorten the 
separation distance between the matched and unmatched 
combs and remeasure the differential capacitance. We then 
subtract these measurements to remove global effects and 
plot the result (Fig. 7). The standard deviation of the peak 
positions are 6 angstroms.    

 

  
Figure 6: SEM of fabricated device (left) with blow-up 
of complementary combs (top right) and fingers of a 
comb-drive set (bottom right) 

 
Figure 7: Differential capacitance measurement from 
an SOI complementary comb-drive as comb-drive set 1 
is actuated with a voltage. The 95% confidence interval 
is shown in the inset (red and green). 

Vdiff Vac

Cfixed Cp+C 

Cfixed 

Fully
Differential 
Op-amp 

Cref

Travel 
motion 

Matched Mismatched 

Travel 
motion 

A B

Max at ±3.0µm 

shuttle 

comb-
drive sets

Min at 0.0µm 

Equipotential
surface

Equipotential
surface

Sense 
Adjust 

Sense 
Adjust 

Complementary
Comb-drive 

552 NSTI-Nanotech 2006, www.nsti.org, ISBN 0-9767985-8-1 Vol. 3, 2006



Following our approach, we obtain measurements for 
the desired quantities (Table 1) – mean cut error (e), 
optical verification of e (reported in µm), E, and the mean 
fringing field factor (α) as a representation of the force 
(Eqn. 2). 

 
Table 1: Results obtained for an SOI process 

 e (µm) Optical E(GPa) Mean α 
SOI 11 0.16±0.05 0.1±0.1 156±4GPa 1.39±0.06 

 
4.2 Sources of Error 

Aside from noise associated with the electronic 
measurements, other sources of error exist in the present 
approach. The main sources of error come from out-of-
plane effects. One out-of-plane effect is the levitation 
effect which causes a comb-drive to exert a vertical force 
as well as a lateral force when a ground plane is present 
(Fig. 7). The ground plane cannot simply be removed in 
many processes due to the cost of the extra mask and the 
required processing steps. The other major out-of-plane 
effect is residual stress in the material layers.    

 

 
Figure 8: Levitation effect -- the out-of-plane electric 
field component is shown. The force above and below 
the comb-drive is unbalanced resulting in a net force. 

 
The result of out-of-plane effects is a change of 

capacitance measured across the comb-drive sets. To 
reduce this error, the ground-plane and comb-drives not 
used for lateral actuation can be biased. In fact, it is 
feasible that the tilting effect is detectable by the 
complementary comb-drive. When the combs are parallel 
and in-plane, the differential capacitance is at a maximum. 
As the force of the comb-drive sets may be initially 
calibrated, it is possible to correct the tilt without 
introducing net lateral force. For large h, this effect is 
reduced as the motion is inversely proportional to h3. 

An in-plane source of error is the shortening effect of 
the guided suspension (Fig. 2) which will cause the fingers 
of the comb-drive sets to shift by a distance of 
approximately )(53 42 δδ OL+  determined by Taylor series 
expansion where δ  is the lateral motion and L is the 
length of the suspension. Fortunately, this source of error 
is mitigated in the capacitance measurement as it varies 
                                                
1 H. Choo (h = 50 µm, g1 = 3 µm, g2 = 3.5 µm) 

with the square of the ratio of the shortening distance and 
the gap size. 
 

5 CONCLUSIONS 
 

We present an approach for determining uniform in-
plane cut error, lateral effective Young’s Modulus, and 
comb-drive forces in a MEMS process that relies on the 
invention of a complementary comb-drive for accurately 
determining lateral motion. Because of its design, the 
complementary comb-drive can scale to smaller lateral 
dimensions and travel motions as long as the 
manufacturable gap size scales proportionately. Aside 
from serving as a way of improving process quality 
control, the device may have many uses in precise motion 
control applications. 
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