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We have designed and tested a CMOS-compatible magnetically actuated micromachined 
cantilever device. The structure involves nested cantilevers to enhance the angular 

deflection of the inner cantilever. Deflections of± 1.5° under static operation and ± 27° 

under resonant dynamic conditions were measured. The paper includes a comparison of 
experimental measurements with an analytic and numerical analysis of the device. 

1. Introduction

CMOS-compatible micromachining is now accepted as a viable method for fabricating
microsensors.<1- 24l Until recently, however, most of the research and development has 
concentrated on the investigation of static devices, composed of fixed two- or three

dimensional mechanical microstructures that function with little spatial displacement. 

Whether CMOS-compatible micromachining has a place in the growing area of dynamic 

structures using standard processes may depend on finding a suitable force to actuate the 
mechanical movement. 

The previous comments are not meant to imply that no movable microstructures have 
been fabricated using a CMOS process. A subnanogram discrete mass resonant biosensor 
cantilever fabricated in a standard 1.2 µm CMOS process has been reported,(lo,,9J in which 
vibrations externally applied to the die resulted in resonant oscillation of the cantilever at a 

frequency dependent on the discrete mass placed on the cantilever. Thermal actuation of a 
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cantilever was reported in one of the original papers on CMOS micromachining,<5-
6l whose 

operating principle is based on two material layers of different thermal expansion coeffi
cients. This technique was improved recent1y<20J and has now been somewhat refined and 
thoroughly analyzed for a micromirror cantilever.<25•26l 

In this paper, we describe a magnetically actuated CMOS-compatible micromachined 
cantilever device capable of a large angular deflection. Actuation is produced by Lorentz 
forces due to interaction between currents flowing in the cantilever and an external 
magnetic field. This device is unique in several ways: magnetic actuation has not been 
applied to a CMOS-fabricated device before; because of the volume micromachining and 
the magnetic actuation, symmetric bi-directional displacement is possible; and the cantile
ver design employs the concept of multiple nested cantilevers to enhance the angular 
deflection of the inner cantilever. 

The paper includes an analytic and a numerical analysis of the cantilever-in-cantilever 
structure, comparison of experimental measurements with analysis of both static and 
dynamic operation, and also comparison of numerical simulation with experiment. The 
cantilever devices give a rotation of± 1.5° under static operation and± 27° under resonant 
dynamic operation. 

2. Device Design and Construction

A plan view of a simple cantilever structure for a magnetically actuated mirror is shown 
in Fig. 1. The electrical lead and the direction of the applied magnetic field are also 
indicated. For the configuration shown in the figure, there will be a Lorentz force along the 
length 1 of the wire at the end of the cantilever, bending the structure out of the plane of the 
figure. A reverse current will bend the structure in the opposite direction. 

The structure is similar to the thermally actuated micromirror referred to previ
ously .c25·26l The device consists of two parallel cantilever arms supporting the mirror plate
between their tips. The region of minimum contact between the ends of the cantilever arms 
and the mirror reduces the bending load on the arms and also keeps the mirror surface flat 
when the cantilevers bend. We call this basic structure with one pair of cantilever arms a 
single cantilever-in-cantilever (CIC) device. 

A SEM of a triple CIC device is shown in Fig 2(a). The central mirror cantilever is 
embedded in the surrounding cantilever which, in tum, is embedded sequentially in two 
other surrounding but opposite-facing cantilevers. Some slight inherent stress in the 
structure is evident in the figure. The central cantilever mirror has dimensions 150 µm

wide by 200 µm long and all the cantilever arms are 12 µm wide; the anisotropically etched 
pit has dimensions 350 µm by 290 µm at the substrate surface, and a depth of approxi
mately 50 µm.

This particular device was fabricated by Northern Telecom Canada Ltd. using its 1.2 
µm CMOS process. We followed with an anisotropic etch to release the structure. The 
standard metall and metal2 layers (Al) of the CMOS process are suitably routed to conduct 
current around the peripheries of all but the central cantilever. The layout of the metal leads 
is schematically shown in Fig. 2(b ), along with dimensions of the triple CIC structure. The 
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Fig. 1. Simple (single) cantilever structure for a magnetically actuated mirror. 

Fig. 2(a). SEM of a triple CIC device. 
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Fig. 2(b ). Plan view of a triple CIC device showing arrangement of the AJ leads. In regions where 

the leads are side-by-side, they actually overlap. View is not drawn to scale. 

leads are 6 µm wide. In the regions where they are shown side by side in the diagram, the 

metall layer actually overlays the metal2 layer; they are electrically insulated:by the 

intermetal oxide layer of the CMOS process. The metal leads are arranged in such a pattern 

that the generated Lorentz forces on the two ends of any cantilever always have opposite 

directions. 

3. Static Cantilever Deflection Analysis

An analytic expression for the static displacement and angular deflection of our CIC 

devices can be obtained if we adopt a simplifying model where we neglect any bending of 

the cantilever in the transverse direction, assume the Lorentz force is split equally into two 
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point forces, each acting at the ends of the cantilever arms, and decompose the CIC 
structure into separate cantilevers. We then apply the standard equations<27l for the 
displacement and deflection angle at the ends of sequential cantilevers, with the boundary 
conditions obtained by matching deflection and loads at each end with those of the 
previous cantilever. 

The analysis for a CIC structure containing n cantilevers is given in detail in ref. 28; for 
the triple CIC, the displacement Z,,,ax and deflection angle 0 of the base of the mirror plate, 
that is, the innermost Al lead, is given by the following two equations: 

0=01+02+03 

P1if +(P2 -Pi).l.:i +[P3 -(P2 -Pi )]� P1£i½ +[P1£i +(P2 -Pi)Li]L:J 
------ -----''-------"---+------=----- --�-

2fil m 

where F1 = P1 = the Lorentz force generated at the end of each arm of the innermost 
"active" cantilever, 

F; = P; -F; _1 for i = 2, 3 is the net force acting on each arm of the i-th innermost 
cantilever, 

P; = the Lorentz force at the end of each arm of the same cantilever, 
L; = the arm length of cantilever i,
E = Young's modulus of the material forming the cantilever arms, and 
I= moment of inertia about the neutral axis of the cross section of the cantilever arms, 

with each cantilever having identical cross sections. 
The conclusiops drawn from these static equations are summarized as follows: 
• The vertical displacements of any two successive cantilevers are always in opposite

directions, while the rotation angles of all the cantilevers contribute in the same
direction.
The total deflection is proportional to the magnetic field intensity B and electric
current le .

• The maximum moment occurs at the fixed ends of the outer cantilever, as do the
highest stresses and strains. Thus these ends represent good locations to place
piezoresistive sensors.
The more embedded cantilevers there are, the greater the attainable angular deflec
tion.

To calculate values of deflection and rotation for comparison between a single and 
triple CIC structure, consider the following geometric and operating conditions for the 
structures shown in Figs. 1 and 2(a). For/, = 10 mA, B = 0.1 T, and for the single 
cantilever, l = 200 µm, L = 180 µm, the total Lorentz force F = l,lB = 0.2 µN. Assuming 
half of that force is acting on each cantilever aim of width 12 µm, the equations predict: 

0 = 0.033° and Z,,,= = 0.055 µm. 
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On the other hand, for the triple CIC, which has the same central cantilever dimensions, 
andL1 =L= 180 µm,Li.=208 µm and� = 236 µm, we getP1 =0.1 µN, P2=0.228 µN and 
P3 = 0.284 µN so that 0 = 0.38° and Zmax = 0.38 µm.

Thus, the calculations show the uiple CIC design has enhanced the rotation by more 
than 10 times. 

4. Dynamic Numerical Simulation

The static cantilever deflection analysis cannot be readily adapted to obtain a descrip
tion of the dynamic behavior. Instead, we utilize numerical simulation, as follows. 

The deflection z of the device is assumed to be governed by the classical equations of 
linear elasticity,<29l and specifically: 

subject to the usual boundary conditions. 
Here, Dx(x, y), Dy(x, y), Di(x, y), Dxy(x, y) denote the flexural rigidities of the device, p 

the area density (mass/area), p1 the damping term and q the load. These parameters are 
calculated as indicated in ref. 29 using the bulk values of the material. Specifically, we set 
the volume density at 3.0 x 10-15 kg/µm3 for the nitride layers and 2.3 x 10-15 kg/µm3 for the 
other layers; Young's modulus Eis set at 320 x 10-3 N/µm2 for the nitride and 74 x 10-3 NI

µm2 for the other materials and Poisson's ratio vis chosen to be 0.1025. The thicknesses of 
the CMOS materials are set at 0.4 µm for the nitride layer, 0.8 µm for each metal layer and 
2.4 µm for the other layers. The final values of the equation parameters are then obtained 
by integration over the device thickness. 

We are restricted to using bulk values of the parameters because values pertaining to 
material films are not generally available. Possible differences in the values are not 
expected to be large, and should not affect the simulations significantly. 

The equation for L was discretized by a finite element procedure using the classical 
macrotriangle approach.<30> The resonant frequencies were calculated by first neglecting 
the damping term p1 and calculating the eigenvalues ( and eigenvectors) of L using a routine 
iteration procedure.<30l Subsequent calculation of p1 from experimental results indicates 
that our procedure is well justified since Pl /(pl1 ) is less than 10-3, where 11 denotes the 
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first eigenvalue of the CIC structure. Because the geometry of the Al leads in the device 

was designed for flexure of the cantilever in the plane of symmetry, the nature of the loads 

generated by the Lorentz forces implies that some of the possible CIC eigenfrequencies 

will not be readily excited. 

5. Experiment

We investigated double and triple CIC devices. The double CIC device is similar to the 

triple shown in Fig. 2(a), except that it does not have the outer surrounding cantilever. The 

simple experimental setup is shown in Fig. 3. The die with the devices is placed between 

the poles of a permanent magnet, with a magnetic field intensity of 0.12T in the direction 

indicated in Fig. 1. The beam from a HeNe laser is focused on the center of the cantilever 

mirror and the reflected beam falls on an opaque screen or a photodetector. The angle of 

the central cantilever is determined by the position of the reflected laser beam. The 

curvature of the mirror apparent in Fig. 2(a), due to the inherent stress, places further 
divergence in the optics. The reflected beam has a diameter of approximately 10 mm on the 

screen, and limits the precision of the angular measurement to approximately 0.15°. 

To eliminate the effects of unidirectional deflections due to inherent stress or thermal 

actuation, the total cantilever tilt produced upon reversing the direction of current was 

measured by observing the change in extreme positions of the reflected laser beam. To 

measure the response time, a photodiode was used instead of the opaque screen. DC, 

Screen 

Permanent Magnet 

LASER 

Mirror chip 

Fig. 3. Experimental setup for measuring micromirror deflection. 
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square and sine wave AC currents were applied to determine the static and dynamic 

response of the devices. For the AC measurements at frequencies above a few Hz, the 
reflected laser beam appears as a fan of light as the mirror oscillates. 

6. Results and Discussion

6.1 Static response 

Figure 4 indicates the measured tilt of the mirror for the two types of devices as a 
function of DC current. A typical error bar is shown to indicate the precision of the angular 

measurement quoted above. The deflection for both devices is linear_ with current, as 

predicted by the analytic expressions which are plotted as solid lines. They show excellent 

agreement with the experimental points. The triple CIC device shows a significantly larger 

deflection than the double, supporting our expectation that the cascaded CIC structure 

enhances the deflection of the central cantilever. 

The limit to the current that can be passed through the structure is set by Joule heating 
of the Al leads in the cantilevers. Because the structure is thermally isolated due to the 

etching process, the temperature can readily increase to a high value. Using the bulk value 

of the temperature coefficient of resistance for Al, and measuring the resistance of the Al 

leads, the average temperature of the structure may be obtained. We find, for example, that 

a DC current of 20 mA will raise the cantilever support arms' average temperature to 

approximately 150°C above room temperature. We limit our current so the average 

temperature remains below 300°C, and for the triple CIC device, this amounts to approxi
mately 25 mA. 
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0 0 

Cl) 2.0 0 
0 

6, 
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0 
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C 1.5 00 

f Typical error bar 

0 

1.0 

0.5 

0.0 
0 5 10 15 20 25 30 
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Fig. 4. Static micromirror deflection as a function of current for double and triple CIC devices. 
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6.2 Time response 
The time response of a triple CIC was measured using an EG & G UV444BQ 

photodiode which has a photosensitive surface diameter of 11 mm. The detector was 

placed so that the reflected laser beam partially overlapped the detector surface. When a 

step function current pulse was applied to the CIC device, more or less of the beam 

deflected onto the detector, giving an increase or reduction in signal. On applying a 100 Hz 

symmetric square wave current, the resultant signal suggested that the movement of the 
mirror can be regarded as a damped free vibration. The structure had a measured response 

time of approximately 28 µs and damps out in approximately 2.5 ms. The response was not 
exactly that of a single exponential decaying harmonic oscillation, but rather, showed a 
beating effect, presumably due to higher-order vibrations. 

6.3 Resonant response 

The frequency response near resonance was measured using the same experimental 

setup for the static deflection measurements. Symmetric square wave AC currents were 
applied to excite the oscillations. The spread angle of the fan-shaped reflected laser beam 
varied with frequency and magnitude of the input current. The variation of the tilt of a 
triple CIC device versus the frequency near 17 kHz at different amplitudes of AC current is 

plotted in Fig. 5. The maximum deflections are approximately 10°, 16° and 20° for the 

three lower currents; at 10 mA, the fan-shaped beam of reflected light became asymmetric 

at resonance, as is its response curve. We attribute this to the central cantilever striking the 
bottom of the etched pit beneath it, limiting its deflection to 25°. This limitation is as 
expected from simple geometric considerations. The resonant frequency is 16.9 kHz, and 
tl1e Q of the vibrating structure is approximately 35. The double cantilever shows a similar 
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Fig. 5. Resonance curves for a triple CIC device at the second resonance frequency for various 
currents. 
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response, but with a smaller deflection, amounting to approximately 75% of the triple 
device. The resonant frequency and the Q were approximately 25.3 kHz and 90, respec
tively. Apparently the frequency and Qare higher for the double CIC because it is smaller. 

The results discussed above are at the frequency at which the greatest angular deflec
tion occurs, which for our device is the second harmonic, as discussed below. Table I lists 
the response of another triple CIC device to both a sinusoidal and a square wave AC current 
of Irms = 8 mA. Any resonant frequency differences between the two excitation wave 
shapes are not considered significant. No sinusoidal resonances were observed below 13.2 
kHz, whereas the square wave excitation apparently produces several. This can be 
explained by considering the expansion of a symmetric unit square wave f( t) at frequency 
mas a Fourier series: 

() 
4 = sin((2n+l)cat) 

ft =- 2.. -�-�-
n n=O (2n+ 1) 

We thus would expect to observe a square-wave resonance for some n whenever (2n + 
l)m is a resonant frequency for the sinusoidal excitation. Thls is observed for n = 1 and 2
and (2n + l)mis either the fundamental or the second harmonic. The magnitude of each of

the harmonics is scaled accordingly by the factor 4
( 

1 
) 

. 
n 2n+l 

For example, we observed with a photodiode that resonance no. 4 listed in Table 1 is 
actually oscillating at three times the applied square wave frequency. This corresponds 
closely to the sine wave frequency of resonance no. 7. The frequencies of all of the 

Table 1 

Resonant frequencies of a triple CIC device. 

Square-wave AC Excitation Sinusoidal AC Excitation Simulation 

Resonance Frequency Deflection Frequency Deflection Frequency 

No. (kHz) (0) (kHz) (0) (kHz)

2.23 5 

2 3.20 6 
3 4.45 5 

4 5.23 9 

5 7.30 3 

6 13.20 11 13.23 10 13.0 

7 15.90 27 16.03 21 17.2 

8 34.60 ( orthogonal) 34.34 (orthogonal) 34.0 

9 35.50 8 36.46 6 

10 56.80 4 56.78 4 
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resonance nos. 1-5 correspond to odd submultiples of sinusoidal resonance nos. 6, 7 or 9. 
Even the angular deflections roughly scale according to the above factor. 

The small resonance near 34.5 kHz labeled orthogonal indicates an oscillation that was 
in the direction orthogonal to the other oscillations, and represents a lateral vibration. The 
frequency corresponds closely to the simulated orthogonal resonance. Its excitation, when 
the Lorentz force has no component in the orthogonal direction, may be caused by the 
slight asymmetry in the metal leads of the device; the metall to metal2 via is on the arm of 
the cantilever (see Fig. 2(b)) rather than at the end of the cantilever, producing a center of 
mass of the device that is slightly off the geometric line of symmetry. 

The frequencies of the largest resonance indicated in Fig. 5 and Table 1 are not equal; 
they were obtained from two different triple CIC devices. This difference is presumably 
due to fabrication process variations. 

An interesting phenomenon associated with the Joule heating in the Al leads occurs at 
resonance. We measured the resistance of the leads of the triple CIC structure used to 
generate the data of Table 1 as it was driven through resonance by a 10 mA AC square wave 
at 15.9 kHz, and obtained the average temperature of the support arms. The temperature 
decreased by 0.5°C at resonance, due to, we surmise, the large oscillations of the center 
cantilever producing a cooling effect in the ambient air. The average temperature increase 
is plotted as a function of frequency in Fig. 6, showing clearly the decrease in the 
temperature as resonance is reached. We suspect the temperature at frequencies below 
resonance is lower than that above resonance because there is another resonance near 13 
kHz, as indicated in Table 1. 

We also operated a triple device at resonance for 2.5 x 1010 cycles (17 days) and 
observed no change in the deflection characteristics. Thus, we expect a high degree of 
reliability in operation of these devices. 
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Frequency (kHz) 
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Fig. 6. Temperature increase of the cantilever arms versus frequency for a triple CIC device. 
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6.4 Simulations 

The simulated static deflection of our structure is shown in Fig. 7, where the outer 
cantilever arms are clamped to the substrate to the right in the diagram. The scale of the z
axis is 10- 2 that of the other two axes. The first three relevant resonant modes are listed in 

Table 1, for comparison with the experimental results. The simulation results for the first 

two normalized resonant modes are shown in Figs. 8(a) and 8(b). These plots, plus some 

elementary geometric considerations, were employed to calculate the damping term p1• A 
simple calculation shows that the component of the resulting load due to the Lorentz force 
in the structure is greater for the second resonant mode than for the first. Since the damping 
is also less for the second eigenvector due to the node being located at the midpoint of the 
mirror, the deflection is greater at the second resonant mode, for both the experimental and 

simulated results, than for the fundamental. The device response as a function of frequency 

about the second resonance is shown in Fig. 9, where a comparison with the experiment is_ 

also obtained. Considering the fabrication process variations for the actual device, and the 

uncertainties in the material properties and geometric values in the simulations, the 
agreement between the two curves is quite reasonable. We emphasize that the simulation 
results were based on the design specifications. Accurate knowledge of the geometric and 
physical parameters and of the damping term for the specific device being simulated would 

presumably yield better agreement. 

Microns Deflection, I=20mA, B=120mT
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Fig. 7. Simulated displacements of a triple CIC under static conditions. 
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Fig. 8. ( a) Simulated maximum displacement at the first resonant mode. (b) Simulated maximum 
displacement at the second resonant mode. 

The simulation results show that the third observed resonant mode is transverse to the 
other two; and given the nature of the applied load, the deflection is quite small. This 

shows one of the characteristics of the specific device; namely that large deflections only 

occur for the orientation of the device and magnetic field employed in this paper. If the 

magnetic field is rotated by 90°, much less deflection is observed due to the increased 

rigidity of the structures to the effect of the newly oriented Lorentz forces. 

Finally, in Fig. 10, we indicate the simulated shift in the second resonant mode due to 



360 

30 

25 

(I) 20 

(I) 

C: 15 
.2 

10 
0 

5 

0 
16.0 16.5 

Sensors and Materials, Vol. 9, No. 6 (1997) 

17.0 17.5 

Frequency (kHz) 

I rms = 8 mA 

-Simulation

-.!,-Experiment

18.0 18.5 

Fig. 9. Comparison of experimental and simulated resonance response for a triple CIC device. 

increasing the thickness of the nitride layer by 0.1 µrn throughout the device. We observe 

that the shift is approximately 1.2 kHz, while the increase in the device mass due to the 

increased thickness is approximately 1.6 ng. From this simulation we conclude that this 

device can potentially be used to measure mass changes of the order of 1 ng, which is 

comparable to the results obtained by the related methods referred to previously.c10, 19l

7. Conclusions

We have presented the fabrication and simulation of a magnetically actuated device 

constructed using a standard CMOS process. The structure involves a cantilever-in

cantilever design to enhance angular displacement. 

The incorporation of piezoresistive materials to determine the resonant mode, rather 
than the optical approach presently used, and of magnetic strips on the chip to replace the 
external magnets, is presently being investigated. 
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