ENGINEERING TRIPOS PART IIB

Tuesday 4 May 2004 9to 10.30

Module 4M6

MATERIALS AND PROCESSES FOR MICROSYSTEMS (MEMS)
Answer not more than three questions.

All questions carry the same number of marks.

The approximate percentage of marks allocated to each question is
indicated in the right margin.

Attachments: 4M6 Data Book (13 pages).

You may not start to read the questions
printed on the subsequent pages of this

question paper until instructed that you
may do so by the Invigilator
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Starting from the raw material of quartzite, describe two methods by which

bulk crystalline silicon ingots can be produced with the aid of diagrams where

1 (a
appropriate.
(b)

Distance [ um ]

(i) Ion implantation is to be used to create a boron doped layer below the
surface of an intrinsic {100} oriented silicon wafer to act as a dopant
selective etch stop. Using the data in Figs. 1 and 2, calculate the ion energy
and dose required to produce a layer which will have an etch rate of 1% of
intrinsic silicon at a depth of 1 pm below the surface of the wafer. A 10%
aqueous KOH etch will be used.

(ii) Estimate the error in the etch depth if this etch stop layer is to be used
in practice, stating any assumptions made. '

(iii) Grooves of width 2um are to be etched deep into the bulk of the
semiconductor by protecting regions of the silicon wafer from the implanted
ion dose using a hard mask material, as shown in Fig. 3. Estimate the lateral
dimension of the hard mask required, stating any assumptions made.
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Relative etch rate of Si in 10% aqueous KOH
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2 (a) Briefly describe each of the following metal coating technologies and sketch
the cross section of the layer that each would produce on the conducting substrate
shown in Fig. 4:

immersion plating;
electroless plating;
electroplating.

(b) A microscale accelerometer is to be made from a simple cantilever beam of
width w, height # and length /.

(i) Determine the material selection metric for fabricating a beam which
produces the greatest deflection for a given acceleration applied to the beam
as shown in Fig. 5. State any assumptions made.

(i) Using the information provided in the Materials Data Book and your
knowledge of thin film processing, suggest a suitable material for producing
this cantilever if it is to be 5 um thick. Explain your reasoning.

(iii)) What is the geometry metric for producing the greatest cantilever
deflection for the same acceleration applied to the beam as shown in Fig. 57
Discuss the practical constraints that limit the maximisation of this
parameter.

Note: The deflection & of a cantilever beam at its unsupported end under the
application of a force F distributed uniformly over the surface is

_ 3Fl 3
2Ewh’

where E is Young’s modulus of the material.
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3 (a) Describe how the BOSCH process enables deep reactive ion etching of bulk
crystalline silicon at high rates.

(b) A particular deep reactive ion silicon etch removes silicon at a rate of
100nms! and has a selectivity of 75:1 relative to a standard positive photoresist and
150:1 relative to silicon oxide. Design a detailed process flow which uses this etch to
produce an array of capillaries and associated fluid storage wells in an oxide coated,
silicon-on-insulator wafer, as shown in Fig. 6. The capillaries are tubes of 10 pm
diameter and 400 um depth centred below cylindrical storage wells of 200 pm diameter
and 50 pum depth. Include a calculation of the thickness of the oxide and photoresist
layers required by your process. Identify the step in the process flow that is most likely
to reduce yield and explain your reasoning.

200 um

siconiii | B 150 m
oxide =

silicon | 1 400 um

Fig. 6
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4 (a) What additional materials selection criteria must be considered in the design
of a microsystem that will be used to monitor fluid pressure in a biological system
compared with a similar device to be used in a non-biological environment?

(b) A particular long chain biological molecule has a hydrophilic functional
group on one end and a hydrophobic functional group at the other end.

(i) Describe how microcontact printing and lift-off may each be used to
produce a patterned monolayer of this molecule on a flat silicon oxide
coated silicon substrate such that the hydrophilic end of the molecule is

closest to the substrate.

(i) Compare the relative advantages and disadvantages of microcontact
printing and lift-off for this application.

(iii)) For what type of biological sensing devices might each of these
patterning processes be appropriate?

END OF PAPER
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SECTION 1: MATERIAL PROPERTIES

1.1 CRYSTALLINE SILICON (C-SI)

Property Value
Atomic weight 28.1
Atomic density 5%x10%° m™
Band gap at 300 K 1.12 eV

Chemical resistance

High (resistant to most acids and some
bases)

Density 2400 kg m™
Dielectric constant 11.8

Dielectric strength 3%x10°V m™!
Electron mobility 0.150 m* V¢!
Fracture strength 6 GPa

Hole mobility

0.040 m*V's!

Intrinsic carrier concentration

1.45x10"° m3

Intrinsic resistivity 2.3x10°Q m
Knoop hardness 850 kg mm™
Lattice constant 0.543 nm
Linear coefficient of thermal expansion | 2.6x10° K
at 300 K

Melting point 1688 K
Minority carrier lifetime 2.5x107 s
Poisson ratio 0.22

Relative permittivity 11.8

Specific heat at 300 K 713 J kg’ KT
Thermal conductivity at 300 K 156 Wm' K!
Tempertaure coefficient of the Young | 90x10° KT

Modulus at 300 K

Thermal diffusivity

0.9x10% m?s?

Yield strength

7 Gpa

Young modulus

190 GPa




1.2 HYDROGENATED AMORPHOUS SILICON (A-SI:H)

Property

Value

Activation energy of conduction at
300K

0.7-0.8¢eV

Chemical resistance

Fairly high (resistant to most acids and
some bases)

Compressive Stress -1-0.5 GPa
Dark conductivity 10°-10° Q' m?
Defect density 10% m”
Electron mobility 10°m*v's?
Hole mobility 2x10°m* v
Hydrogen content S5-15at. %
Optical (Tauc) gap 1.75-1.85 eV
Photoconductivity 10°-10° Q' m!
Photosensitivity 10°

Poisson ratio 0.25

Refractive index 3.5-3.8
Urbach energy 50 - 60 meV
Young modulus 130 - 160 GPa
1.3 POLYCRYSTALLINE DIAMOND

Property Value
Breakdown strength 10°Vm’!
Density 3500 kg m”
Dielectric constant 5.5

Electron mobility 0.22m* Vsl
Energy gap 5.5eV

Hole mobility 0.16 m* Vs
Knoop hardness 10" kg m?
Melting point 4000° C
Thermal conductivity 2000 W m ' KT
Thermal expansion coefficient 8x10° K!

Yield strength 53 GPa

Young modulus 1035 GPa




1.4 POLYCRYSTALLINE SILICON (POLY-SI)

Property Value

Density 2320 kg m™”
Dielectric constant 4.2

Electron mobility (3-60)x10° m*VIs!
Fracture strength 0.8 —2.84 GPa
Poisson ratio 0.23

Refractive index 4.1

Residual stress Compressive
Thermal conductivity 30-70 Wm' K!
Thermal expansion coefficient 2.8x10° K"
Young modulus 160 GPa

1.5 SILICON DIOXIDE (A-S10)

Property Value

Band gap at 300 K 9eV

Density 2200 kg m™
Dielectric constant 3.9

Dielectric strength 10° Vm!

Etch rate in buffered HF 100 nm min’!
Melting point ~1600° C

Poisson ratio 0.20

Resistivity 10%-10"Qm
Refractive index 1.46

Residual Stress ~350 MPa (Compressive)
Thermal conductivity 1.4Wm'K!

Thermal expansion coefficient

0.35x10° K! (Thermal)
2.3x10° K! (PECVD)

Young modulus

70 GPa




1.6 SILICON NITRIDE (A-SIN)

Property Value

Band gap at 300 K 5.3eV
Density 3440 kg m™>
Dielectric constant 7.5
Dielectric strength 10°Vm'!
Etch rate in concentrated HF 20 nm min’’
Ftch rate in buffered HF 1 nm min™

Hydrogen content

4 -8 at. % (LPCVD)
20 - 25 at. % (PECVD)

Melting point 3440° C
Poisson ratio 0.27

Resistivity 102-10"Qm
Refractive index 2.01

Thermal conductivity 19Wm'K!
Thermal expansion coefficient 1.6x10° K!
Yield strength 6.9 Gpa

Young modulus 380 GPa




SECTION 2: COMMON FORMULAE &DATA

2.1 DOPING

For the case of an infinitely deep medium where C>0 as x> and there is a
constant concentration of impurities at the surface as a function of time, C;, then
the solution to the diffusion equation is

X
C(x,1)= Cserfc[z JE) (2.8)

For ion implantation, dopants are implanted with a Gaussian distribution,

2
__ 9 | X Rp
N,(x)= —ARP o P ( v ) (2.9)

2.2 THERMAL CRYSTALLISATION
For a material undergoing thermal crystallisation, the nucleation rate of
crystallites is given by

N oo %exp[:ﬁgiiA_q')] (3.5

kT
Once nucleated, crystals grow with a velocity given by
-(2E,-AG)
V & eXp| ———= 3.6
p[ AT ] (3.6)

2.3 'THERMAL EVAPORATION
For a material undergoing thermal evaporation, the flux of atoms
evaporating per second, F, is given by

-d
F=N, £ 5.1
oeXp( kTJ 5.1

where NQ is a slowly varying function of temperature and @ is the activation
energy required to evaporate one molecule which is related to the enthalpy of

formation of the evaporant, H, by
H

& = (5.2)
e NA
The deposition rate at a distance d from the source is
cos fcosf

R (5.3)

d2



2.4 SPUTTERING
The Sigmund expression for sputter yield is
S E (5.4)
Ua{M, /M, }
where U is the heat of sublimation of the target material, g is a near linear function
of (Mj/Mg), M; is the ion mass, Mt is the target atom mass, E is the ion energy and
e is the momentum transfer function which for elastic collisions is given by
e=MM (55
(M, +M)y

2.5 ELECTROPLATING
From the Faraday Law of electrolysis, the mass of metal deposited per unit
area per unit time, M, is given by
JA
=— 5.11
= (.11
where, assuming 100% current efficiency, | is the current density due to metal

ions, A and z are the atomic weight and valency of the metal respectively and F is
the Faraday constant, which is 96500 C.

2.6 ELASTIC MODULI
For an anisotropic cubic material, we may still calculate the Young modulus
in an arbitrary crystallographic direction from the compliance coefficients,

1

£= Sn _(ZSH _2S|z _S44X112122 ""122132 +112132) ©5)
Additionally, we may gain an estimate of the Young modulus for a polycrystalline
cubic material from the complaince coefficients by averaging equation (6.8) over
all directions

E~ ‘

0.6S,, +0.4S, +0.25S,,

The Poisson ratio for any normal plane in an anisotropic cubic material is

y= —E[Sn + [S” -5, —S—z"“—)(lfmf +12m2 + 2m? )] (6.11)

The Shear modulus is dependent on the Young modulus and Poisson ratio

6.9)

E
G=—— (622
2(1+v) (622
The Bulk modulus is given by
K=—L__ (627

3(1-2v)



2.7 PIEZOELECTRICITY
For piezoelectric materials,

D=do+5¢| E  (633a)
E (633b)

and the electromechanical coupling coefficient is given by

k= - (635
80£r '

D=ecs+¢g,¢,

-4

2.8 PIEZORESISTIVITY

For piezoresistive materials, the Ohm Law becomes

E=[p, +I-6]-J  (6.38)
For a cubic material, such as silicon, once again the situation is simplified. The
resistivity term becomes a simple scalar. We use the same numbering system for
the stress tensor, so that

[x, 7,2, yz, zx, ] © [1,2,3,4,5,6] (6.39)
The field-current relationships, given the symmetry of the cubic system, become

—i‘i= [1+7[”0'x +”]2(o-y +o—z)l]x +7[44(2'ny}, +TX~'JZ)

E

= [1 +7,0, + z,(o, + az)].ly + 7T, (z'nyJr + ry:J:) (6.40)
P
E,

= [1 + 7,0, +7z,2(0'x +0'y)llz +7544(1'sz: +rszy)
e
Where the three independent coefficients from the fourth rank piezoresistive tensor
are
p.y =1y,

Pty =11y, (6.41)

PTay =y
Change in resistance due to the piezoresistivity effect is given by

—l;—g =7r,0,+7,0, (6.42)
Where of and ot are the longitudinal and transverse stress and #] and 7 may be

determined from the piezoelectric coefficients using the transformation
— 272 272 242
75, = myy =2~y ~ m NP +1212 + BI2) (6.43a)

7, = 10y +(my =y - W22 + 26 +P8)  (6.43b)
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2.9 MICROSCOPY
For a simple optical system comprising an objective and condenser, it can be
shown that the resolving power is given by
CA

§=— 82)
nsina
In an electron microscope, the electron wavelength is given by the de Broglie
equation,
A=h/p (8.3)

2.10 THE STONEY EQUATION
The Stoney equation states that

E (1 1
@)

2.11 X-RAY DIFFRACTION

The Bragg equation for diffraction states that constructive interference will
only occur when

nA=2dsin@ (8.8)
For a given set of planes (b k I) in a cubic unit cell with side lengths a, b and ¢, the
plane separation in equation 8.8 will be given by

1 _n¥ KB P

:17 = —a—z— + b—2 + ;—2- (89)
The structure factor, Fhkl, the modulus of which gives the amplitude of the wave
diffracted by a particular set of planes, and is given by

|| = ﬁ £, exp[2nj(hu, + kv, +iw, )] (8.10)

Table 4.1 Diffraction peaks obscrved and not present in some
common bravais lattices.

Bravais lattice Diffraction present Diffraction absent
Simple All None

Base centred h and k not mixed h and k mixed
Body centred (h+ Kk +[)even (h+ k + I)odd
Face centred h, k and I not mixed h. k and [ mixed

2.12 UV-VISIBLE SPECTROMETRY
The absorption coefficient, a, of a material may be determined as a function

of photon energy,
%T = (100 - %R )exp(-ar)

—_ 0,
a= ——lln(——/o—’r—) (8.13)
t 100-%R
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2.13 FOURIER TRANSFORM INFRARED SPECTROMETRY
The size of the absorption peaks provide a rough guide to elemental
composition (+1 at. %),

0,
C=-K, ———aln(ﬁ’it /100)5; (8.14)

| Wavenumberem”) | Bond Vibrational mode tvne
460 Si—O- Rock
630 Si—H Bend
630 Si—H., Rock
630 Si—H. Rock
630 Si—H. Wag
805 Si—0- Bend
820 Si—H- Twist
840 Si—N Stretch
860 Si—H. Bend
880 Si—H- Bend
905 Si—H. Bend
920 Si—O Stretch
1080 Si—0- Stretch
1150 N—H Bend
2000 Si—H Stretch
2090 Si—H- Stretch
2140 ‘ _ Si—H. Stretch
3350 ¢ N—H Stretch

2.14 PHOTOLITHOGRAPHY
The empirical expression for photoresist thickness is
KCBn”
= —?ai 9.2)
where C is the polymer concentration in g per 100 ml, # is the intrinsic viscosity, R
is the number of rotations per minute, K is a calibration constant and «, Sand y
are resist-dependent constants.
For positive resists, contrast is given by

t

1 D, |
= =|log—£ 9.3
4 (log D, —log DY) | gDﬁ_ ©3)
whilst for negative resists
- -1
1 D! |
= —~=|log—% 9.4
4 (long—logD;) gD;_ ©4)
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The resolution for shadow printing using a conventional resist of thickness z and
with a print gap between the mask and the resist surface of s is given by

3 z
==_|A] s+—= 9.5

> ( 2) ©-5)
whilst for a projection printing system,

kA

R=-"1- 9.6

N (9.6)

where

N =nsinf,, = D .7
2F



2.15 ETCHING
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