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EE147/247A Final, Fall 2017
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. [20] True/False (circle one) 1pt each

a. True / False   Residual stress can cause cantilever beams to curl out of plane.
b. True / False Residual stress can cause cantilever beams to buckle.
c. True / False Dimples are used to speed up the etching process.
d. True / False It’s OK to put aluminum on top of LPCVD nitride.

e. True / False It’s OK to put PECVD nitride on top of aluminum.

f. True / False It’s OK to put PSG on top of photoresist.
g. True / False It’s OK to put LPCVD polysilicon on top of PSG
h. True / False Critical point CO2 is used to remove photoresist.

i. True / False Wet etches can cause problems with stiction.

j. True / False Stiffer materials tend to have less problems with stiction.

k. True / False Self-assembled DDMS layers are used to reduce stiction during release and operation.
l. True / False Some LPCVD systems can be used to deposit dozens of different materials.
m. True / False Some sputtering systems can be used to deposit dozens of different materials.
n. True / False We usually dope silicon with about 1% phosphorous or boron.
o. True / False Boron doped silicon has lower resistivity than phosphorous doped silicon at the same doping level.
p. True / False Heavily doped silicon is about 10 times higher resistivity than aluminum.
q. True / False HNA can etch silicon much faster than DRIE
r. True / False You can always get more force on a MEMS electrostatic actuator by doubling the voltage.
s. True / False There are many multi-billion dollar MEMS markets
t. True / False You can prevent the growth of thermal oxide on silicon by using silicon nitride
2. [6] For the structural materials below, select the corresponding sacrificial material and etchants:

Structural Material: Poly-Si    

Sacrificial Material:

a. Thermal SiO2

b. PSG

c. LTO

d. Photoresist

e.  (a), (b), and (c) only

f. None of the above

Etchant:

a. XeF2

b. HF

c. KOH

d. BHF

e.  (b) and (d) only

f. None of the above

Structural Material: thermal SiO2 

Sacrificial Material:

a. Single crystal Si

b. Poly-Si

c. Al

d. Photoresist

e. a) and b) only

f. All of the above

Etchant:

a. XeF2

b. HF

c. DRIE

d. SF6 plasma

e. BHF

f. a) and d) only

g. None of the above
3. [20] Short answer, 2pts each.  Give a brief description in support of your answer (a sentence fragment is fine).
a. Some experiments are run with their sensors in liquid helium at 4 K.  Why?

b. Clamped/clamped beams can be used to measure residual stress.  How?
c. Don’t anneal poly on PSG on nitride.  Why?
d. List at least 3 materials that don’t etch very fast in KOH.
e. List at least 4 different ways that you know of to get SiO2 on a silicon wafer.

f. Usually HF doesn’t etch silicon.  Sometimes it does.  What determines when HF etches silicon?

g. Why does the resonant frequency of a MEMS accelerometer change with temperature?

h. How much does the stiffness of an SOI beam change if you rotate the layout 45 degrees relative to the flat?

i. What limits the voltage on a MEMS electrostatic actuator?

j. Is the voltage limit on a MEMS electrostatic actuator the same for all materials?
4. [6] On a comb-drive resonator with a single comb, you apply -15V on the structure, and 15V sin(t) on the input comb.  What are the frequency, magnitude, and phase of the resulting forces on the structure?

5. [20] The images below show a 0.3x0.3 um2 polysilicon waveguide on a 0.3um thick SiO2 membrane.  Design a process flow [8pts] and layout [4pts] that would create this structure.  Draw cross-sections after each lithography step [8pts].
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Sridaran & Bhave, “Nanophotonic devices on thin buried oxide Silicon-On-Insulator substrates”, Optics Express, 2010.

6. [4] You have made a MEMS resonator with a spring constant of 100 N/m and a Q of 1000.  You apply a force with an amplitude of 1N and various frequencies.  What is the amplitude of the displacement when the force is applied:
a. At  << n 

b. At  = n 

c. At  = 2 n 

d. At  = 10 n 

7. [9] Describe the difference between a sputter deposition system, a sputter etcher, a plasma etcher, a reactive ion etcher, and a deep reactive ion etcher in terms of 

a. the substrate electrical potential, and how it is applied

b. which kind of gases are used

c. whether the surface process is primarily chemical or kinetic, or a combination of the two

d. whether the process is conformal/directional (dep), isotropic/anisotropic/selective (etch)

	
	Substrate potential
	Gases
	Chemical/kinetic
	Dep/etch type

	Sputter dep


	
	
	
	

	Sputter etch


	
	
	
	

	Plasma etch


	
	
	
	

	RIE


	
	
	
	


8. [4] Write an equation using two definitions of the dot product to calculate the angle between the [001] and [110] crystal directions.
9. [8] In the following figure, assuming that the cantilever pointing out of the page is oriented in the [110] direction on a (001) wafer, label each flat etch face in the image. 

(image source: https://cmi.epfl.ch/etch/PladeKOH.php)
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10. [5] You have a silicon wafer coated with photoresist.  There is a 1 micron hole in the photoresist.  Draw the cross-section after the wafer has been exposed to one full cycle in a DRIE etcher (SF6 plasma, C4F8 plasma).  Assume 1 um per etch step.  Label any materials other than silicon and photoresist.
[image: image4]
11. [9] There are several different ways that we can use standard CMOS to make MEMS.  List 3 different ways, including the etch used, the sacrificial, and the structural material(s) that remain.

	Process
	Etch
	Sacrificial
	Structure(s)

	1)


	
	
	

	2)


	
	
	

	3)


	
	
	


12. [20] The figure below shows the spring force and the magnitude of the electrostatic force vs. deflection for a gap-closing relay actuator running at six different applied voltages.  The horizontal axis is in microns, the vertical is in microNewtons.  The initial gap is 5um, and there is a gap stop (relay contacts) at 1.5 um.

[image: image5.png]Spring force and magnitude of electrostatic forces, V=50..150
horizontal axis in microns, vertical axis in microNewtons
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a. [2] Estimate the pull-in voltage, with some confidence interval (e.g. 200V +/-3V)
b. [2] Estimate the pull-out voltage, with some confidence interval
c. [2] Estimate the deflection with 7 V applied.

d. [3] Estimate the force on the relay contacts if 150V is applied

e. [2] With 90V applied to the closed relay, estimate the force on the relay contacts

f. [3] With 90V applied to the open relay: estimate the mechanical spring constant, the electrostatic spring constant, and the percent change in resonant frequency from 0V bias
g. [6] Carefully sketch the displacement of the actuator as the voltage is increased from 0 to 150 V, and then decreased from 150 V to 0.  Try to use specific points from the graph above.  No sloppy sketches!
13. [8] Write down a process flow that would let me make the following cross-section.

[image: image6]
14. [8] A (100) wafer coated with silicon nitride has the following 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 nitride (i.e. where is the region where the nitride will not be supported by silicon)?  Assume that this page is oriented with the wafer flat.


[image: image7]
15. [10] You have an accelerometer with m=10 milligram, K=0.1 N/m, and b=10-6 Ns/m.

a. Calculate the average thermal noise displacement of the spring.

b. What is the power spectral density of the thermal noise due to damping?

c. Calculate the average thermal noise force on the resonator, FN, in a 1Hz bandwidth.

d. What is the average displacement due to thermal noise in a 1Hz bandwidth at atmospheric pressure:

i. near DC

ii. at resonance

iii. at 10 times the resonant frequency
16. [6] A piezo-resistive force sensor has a sensitivity of 1 V per Newton.  The piezoresistors have a combined effective impedance of 1 k.  Assuming no other noise sources, 
a. what is the noise-equivalent force in a 1 Hz bandwidth? 
b.  In a 100 Hz bandwidth?  
c. In a 1 Hz bandwidth at 75 K?
17. [6] You have developed a new MEMS device which can be described by a state variable z.  The energy stored in the device is z2.  The power dissipated as heat in the device is z2.
a. If you make very precise measurements over a very wide bandwidth, what is the variation that you expect to see in the value of z?
b. What is the power spectral density of the the thermal noise in the device?

c. If you make very precise measurements in a small bandwidth F, what variation do you expect to see in the value of z in that bandwidth?

18. [20] In the polyMUMPS process, assuming perfect selectivity, 20% overetch of all layers except POLY2 which has 175%, draw the cross-section of the following layout before the release etch.
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19.  [6] In the following schematic cross-section of a DRIE etch process, label the following features: substrate, mask, oxide, footing, SOI layer, ion trajectory

[image: image9.png]



Scratch paper.  If you want this work to be graded, make sure that results are boxed and clearly labeled!!!
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