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Physical Constants

Electronic charge q 1.602x10™" C

Permittivity of vacuum & 8.845x10 F cm™

Relative permittivity of silicon &sil & 11.8

Boltzmann’s constant k 8.617x 10° eV/K or
1.38x102 JK!

Thermal voltage at 7= 300K kT/q 0.026 V

Effective density of states N, 2.8x 10" em™

Effective density of states N, 1.04x 10" cm™

Intrinsic carrier concentration of n; 10" cm™

Silicon at T=300K
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Problem 1. Introduction to Materials (20 pts)

a)

b)

d)

Suppose we have a piece of silicon doped with Indium at a concentration of
1x10"7 cm™. Is this semiconductor p-type, n-type, or intrinsic? Briefly explain in
one sentence. [2 pts]

What are the majority and minority carrier concentrations for the semiconductor
in part a? [2 pts]

Find E.-Er at T=300K for the semiconductor in part a. [4 pts]

Now we add phosphorous at a concentration of 5x10'” ¢cm™ to the semiconductor
in part a. Find E.-Efat T=300K. [4 pts]

The wafer is now cooled to SK. How does the carrier concentration change? Give
a qualitative justification. [4 pts]

Do amorphous and crystalline silicon have the same band gap? Briefly explain (2
sentences max). [4 pts]



Problem 2: Photolithography (28 pts)

a. Suppose we choose to use projection lithography for an exposure. The light source is
an ArF eximer laser with wavelength of 193nm. For our system assume k1=0.5, k2=0.5,
and the half angle of the maximum cone of light that can exit or enter the objective lense
is 50 degrees. What is the smallest feature size we can fabricate? (4 pts)

b. What is the depth of focus for this exposure? (4 pts)

c. Water has a refractive index of 1.33. Suppose we performed an exposure using
immersion lithography in water. What is the smallest feature size? (4 pts)

d. How does a phase-shift mask allow us to resolve smaller lines? You may use drawings
to illustrate your point. (2 sentences max) (4 pts)



e. Briefly explain (3 sentences max) how using a partially coherent light may change the
image contrast for projection lithography. (4 pts)

f. Photolighotgraphy tools must be kept at temperature regulated rooms. Briefly explain
why. (3 sentences max) (4 pts)

g. Describe three techniques one can use to minimize the proximity effect in optical
lithography. (4 pts)



Problem 3. Oxidation (26 pts)

The Deal-Grove model relates growth time and oxide thickness as:
X,2+AX, =B(t+1)

Where X, is the total oxide thickness after time t, and t is the time required to grow the initial
oxide, X;.

The rate constants for the Deal-Grove model vary with temperature according to an
Arrhenius relationship:

D = Dye~Ea/(kT)

Where D is the parameter of interest (e.g. B or B/A) and Dy and E, are the particular Arrhenius
coefficients for that parameter. T is the temperature in Kelvin and k is Boltzmann’s constant.
The following Arrhenius coefficients are for the rate constants of oxide thickness for <100>
silicon under wet and dry oxidation:

Wet Oxidation (Xj= 0 nm) Dry Oxidation (X; = 25 nm)
Do Ea Do Ea
Linear (B/A) 9.70 x 10’ 2.05 eV 3.71x10° 2.00 eV
um/hr um/hr
Parabolic (B) 386 um*/hr 0.78 eV 772 um*/hr 1.23 eV

a) Calculate the linear (B/A) and parabolic (B) rate constants for dry oxidation at
1100°C. [6 pts]

b) Calculate the corresponding value of T for dry oxidation at 1100°C, assuming X; = 25
nm. [4 pts]

c¢) After 2 hours of dry oxidation at 1100°C, a wafer is found to have 200 nm of oxide.
Calculate the thickness that the oxide started at just before this step. [4 pts]

d) A silicon rod is oxidized at 1100 C such that half of its starting diameter is consumed
and converted into SiO,. Calculate the volume change after oxidation. [4 pts]

e) Dry oxidation is always slower than wet oxidation. Briefly explain why (3 sentences
max). [4 pts]

f) After oxidation the color of the wafer changes. Briefly explain why. (4 pts)



Problem 4: Etching (26 pts)

(@) The free electron density in a typical RIE process chamber ranges between 10° and 10
cm3. Assume the RIE chamber is held at a pressure of 200 mTorr and a temperature of
350 K. Calculate (or estimate) the ionization efficiency in the RIE reactor. The ionization
efficiency is the ratio of the electron density to the density of the molecules. (Hints: 1
atm = 760 Torr = 101.3 kPa). [4 pts]

(b) What is one way to improve anisotropy in dry etching? [4 pts]

(c) Name three advantages and three disadvantages of wet etching compared to dry
etching. [4 pts]

(d) How is the selectivity controlled in dry etching? Be brief, three parameters is
sufficient. [4 pts]

(e) Referring to the figure below for this question. Layer 1 is dry etched with an
anisotropy of 1 for 10 minutes at an etch rate of 5 nm/min. Following dry etching, Layer
1 is then wet etched for 3 minutes at an etch rate of 25 nm/min with an anisotropy of 0.3.
The selectivity of the wet etch of Layer 1 to the Silicon Substrate is 1:2. The anisotropy
for wet etching the Silicon Substrate is 0. Please draw the cross-section (with dimensions
for features) after all the etching is completed. [10 pts]

Layer 1 (100 nm)

Silicon Substrate

Please assume the following:
o The opening in the PR is large enough such that an ample supply of reactants
is always present at the exposed surfaces.
o The PR acts as a hard etch mask that does not etch at all.






