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EE147/247A Final, Fall 2014
NO CALCULATORS, CELL PHONES, or other electronics allowed.  Show your work, and put final answers in the boxes provided.  Use proper units in all answers.

1. [26] True/False (circle one) 2pts each

a. True / False   The only commercially available MEMS products are pressure sensors, accelerometers, and gyroscopes.

b. True / False   MEMS are low cost in part because the fabrication techniques leverage integrated circuit fabrication processes and equipment.

c. True / False   Silicon dioxide is stiffer than silicon.
d. True / False   Silicon has a higher thermal conductivity than silicon dioxide.
e. True / False   Poisson’s ratio for incompressible materials is 0.5
f. True / False   Residual stress gradients in polysilicon are typically caused by dopant atoms.
g. True / False   The compressive stress in silicon dioxide is typically caused by dopant atoms.
h. True / False   The voltage across a MEMS actuator at atmospheric pressure is typically limited by field emission.
i. True / False   If you apply a voltage V to a gap-closing actuator, the moving plate pulls in.  If you apply a voltage –V, the moving plate pushes out.

j. True / False   Mechanical damping of MEMS devices operating in air is usually due to heating of the structural material and anchors.

k. True / False   Oliver Heaviside is Professor Pister’s hero.

l. True / False   In an RIE etcher, the wafer is placed on the grounded electrode.
m. True / False   In a plasma etcher, the etching is primarily due to kinetic processes.
n. True / False   In a sputtering system, atoms on the target are dislodged by reactive gases.

o. True / False   In a DRIE system, very small openings tend to etch slower than somewhat larger ones.

p. True / False   Breathing phosphine is good for your health.
q. True / False   The growth rate of a wet thermal oxide is constant over a period of 10 hours.
r. True / False   Semiconductors are just like metals, but with fewer electrons.
s. True / False   Semiconductors are just like insulators, but with smaller band gaps.
t. True / False   A silicon structure coated with OTS or DDMS is hydrophilic.

u. True / False   During drying, longer beams stick more than shorter beams.

v. True / False   With a piezoresistive sensor there is no lower limit to the strain that you can detect if you build a big enough amplifier.
w. True / False   You can deposit polysilicon by LPCVD on top of aluminum.

x. True / False   You can deposit aluminum by evaporation on top of polysilicon.
y. True / False   You can deposit SiO2 by LPCVD at 450C on top of silicon nitride.
z. True / False   You can mask the growth of a thermal oxide on silicon with photoresist 
2. [30] Short answer.  Give a brief description in support of your answer (a sentence fragment is fine).
a. Other than spin-casting, give one example of another way that photoresist is applied to a wafer, and explain why this method might be used instead of spin-casting.

b. Why are etch holes used in MEMS plates?

c. Why are dimples used on MEMS structures?

d. What is the layout convention for drawing conductors and dielectics?  Do I draw what I want to keep, or what?
e. Of the standard processes (polyMUMPS, SOIMUMPS, CMOS+post-processing/Fedder, Invensense/Nasiri) that we talked about this semester, which would you use to make
i. an accelerometer with amplifier and analog to digital converter

ii. a large force electrostatic inch-worm motor

iii. a rotary electrostatic motor

iv. a micro Christmas Tree, with wiring inside the structure to individual polysilicon heaters

f. The Euler/Bernoulli beam model that we developed and used all semester is a good approximation for most MEMS applications.  When does it not work well?
g. To maximize response to a transverse force, should a piezoresistive sensor layer be placed

i. at the center of a beam, or on the surface?

ii. at the base of the beam, or at the tip?

h. In a piezoresistive Wheatstone bridge, if the chip heats up the output of the bridge will change.  Why, and how much (a lot, a little, …)?
i. In thermal evaporation of aluminum, the chamber is pumped to very high vacuum because (give any two reasons)
j. If the thermal noise power spectral density is constant over all frequency, why does most of the thermal noise in a MEMS resonator usually show up at the resonant frequency?

3. Write an equation that would let you calculate the angle between the (110) plane and the (111) plane in a silicon crystal (you don’t need to solve the inverse trig problem, but simplify the easy parts)

4. Given the following process flow and masks, draw the cross section.   The C2x contacts are 2um square.  I’ve given you a few lines to make drawing easier.  They may or may not have anything to do with your layers. 
[image: image1]
a. How long (in distance etched) does the etch for C2x need to be?

b. How long (in distance etched) does the PLY1 etch need to be?

c. How long (in distance etched) does the PLY2 etch need to be to avoid stringers?

5. Write down a process flow that would let me make the following cross-section.
[image: image2]
6. A [100] wafer coated with silicon dioxide has the following three regions opened to the silicon surface.  The wafer is dropped in a KOH etch and the etch runs until only 111 planes are exposed.  What is the outline of the etched regions under the silicon dioxide (i.e. where is the region where the SiO2 will not be supported by silicon)?  Assume that this page is oriented with the wafer flat.


[image: image3]
7. You want to make a MEMS structure that requires two polysilicon layers and a ground plane.  You design a process very similar to the polyMUMPs process, but without the METAL  layer, PLY1 layer, and DIMPLE layer, which you don’t need.  You have to decide if you should use polyMUMPS, or run the process yourself.  Compare the two processes in terms of which
a. gets chips back faster

b. is lower cost

c. has higher yield

8. A beam of length L with an end load transverse force and moment F0 and M0 has a tip displacement of 
y(L) = [L2M0/2 + L3F0/3]/(EI).  The beam below has a rigid body attached to the end, and a pure transverse force F0 applied to the rigid body at an axial distance d from the end of the beam.  d may be negative.

[image: image4]
a. What is the moment M0 on the end of the beam?

b. At some value of d, let’s call it d0 , the spring constant K becomes infinite (i.e. the tip displacement y(L)=0 for nonzero F0).  What is d0 in terms of L?

c. If you apply the force F0 at d=d0, what is the angle of the tip as a function of F0?

9. In a particular process, an end-loaded cantilever beam of length L and width b has a spring constant K.  Design a flexure that will support a square plate such that it has a spring constant K in two perpendicular directions in the plane (e.g. x and y) but is relatively stiff to rotation about the normal to the plane (e.g. theta).  Draw the design, and label the dimensions of important pieces.
10. You have built a torsionally supported MEMS mass for a gyroscope.  The torsional spring constant is Kt=1mNm/radian.  There is a damping factor b_t = 1uNm/rad/s. 

a. What theorem describes the average angular displacement of the proof mass due to thermal noise?

b. Write an expression for the average angular displacement of the mass due to thermal noise.

c. What theorem describes the power spectral density of the thermal noise exciting the system?

d. Write an expression for the average torque on the structure in a 1Hz bandwidth due to thermal noise.
11. In a particular capacitive displacement sensor, the raw output from the sensor is 100mV/1um.  This signal goes into an amplifier with an input noise of 10nV/rt-Hz and a gain of 100.

a. What is the smallest displacement that can be resolved in a 1Hz bandwidth by this system?

b. What is the smallest displacement that can be resolved in a 100Hz bandwidth by this system?

c. An identical amplifier is added to the output of the first.

i. Write an expression for the voltage output of the second amplifier in terms of displacement and noise contribution from both amplifiers.

ii. What is the input-referred noise of the system?

12. [20] In the following figures, assume that an SiO2 film 0.5um thick has been patterned with a 0.5um line and space on two different silicon wafers.  The cross section of two lines is shown below.  Draw the expected cross-section for two different processes:  1) 0.1um evaporated aluminum 2) 0.1um LPCVD polysilicon followed by a 0.2um RIE.  The substrate is single-crystal silicon.

[image: image5]
13. [20] In the following figures, a 1 micron thick SiO2 layer has been patterned to expose bare [100] silicon on two different wafers.  The aperture is 10um square.   Draw the cross section after the “double etch” used on each wafer.
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Images from cmi.epfh.ch , Sentech.com , Silex Microsystems, Tohoku U., http://tigger.uic.edu/~jili/robot.shtml,  xactix.com (not in order)

14. The images above were etched using one each of: KOH, RIE, DRIE, XeF2, DRIE+XeF2, Vapor HF release.
Write the name of the etch next to the picture.
Scratch paper.  If you want this work to be graded, make sure that results are boxed and clearly labeled!!!
2um LPCVD PSG


2um LPCVD poly / PLY1


1um LPCVD PSG/ C2x


2um LPCVD poly / PLY2


No HF release (leave the oxides)
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Process 2: 0.1um LPCVD polysilicon, 0.2um RIE etch





Process 1 : 0.1um evaporated aluminum
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