Chapter

STRUCTURAL
PROPERTIES OF
SEMICONDUCTORS



X-RAY DIFFRACTION

Classical particles such as electrons, neutrons, and classical waves such as
X-rays can be used to map out the crystal structure.

Optical path difference between waves reflected from adjacent planesis
2d siné.

Constructive interference —  bright spots
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By measuring different diffraction
dsin® spotsit is possible to map out the
lattice.

(b)

(a) Wavelength versus energy for photons and electrons. (b) Geometry
used to derive Bragg's law.
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STRUCTURAL ISSUES. HETEROSTRUCTURES
Semiconductor devices (and test structures) are fabricated
on a substrate which is dliced from a“boule.” The bouleisa
large crystal (aslarge as 1 meter long, 30 cm diameter for
silicon) grown by bulk crystal growth.

Sliced by L
diamond grrz;\t/vamal
saw Overlayer
i Substrate
Boule produced Substrate
by bulk crysta (~200 pum thickness)
growth

There are very few materials which can be grown as large as single crystals by bulk
crystal growth. As aresult, there are only afew available substrates. Here are some
important substrates:

Si: lattice constant 5.431 A ; large wafers are available
(up to 30 cm).

GaAs: lattice constant 5.653A ; high quality wafers up to
~15 cm are available.

InP: lattice constant ; high quality wafers ~10
cm are available.

Quartz; Sapphire ; wafers of ~2-3 cm are
available.

Ge: lattice constant 5.658A.
SiC: lattice constant 4.36 A : small substrates are available

GaN: work in progress with great potential payoff.
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HETEROEPITAXY
Most semiconductor devices involve growth of athin
(~ microns) of a semiconductor layer on top of a
substrate. In general, the overlayer and substrate will
have different lattice constants: a; and ag, respectively.

ag—a_

Strain: € = a

How does growth occur? What is the structure of the overlayer?

a|_ > aS a|_ < as
Overlayer
T L attice mismatch
N ! Y J y Y between
overlayer and
substrate
Substrate
n bonds n+ 1 bonds
T S Growth with misfit
L EE LD dislocations:
| No strainin
-_ —_— overlayer
n+1 bonds n bonds
Psuedomorphic
overlayer:
No dislocations,
but strained
overlayer.
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CRITICAL THICKNESS AND PSUEDOMORPHIC GROWTH

In general theinitial growth of the overlayer occurs so that
the overlayer “fits’ to the lattice constant of the substrate.
For example, if: a > ag thereisacompression in the plane

of the growth and an expansion in the growth direction.
Once the overlayer thickness exceeds a critical thickness:

L
dc( 28) disl ocations are generated.

Didlocation propagation:

y o Missing
Free standing rows of atoms _
region with no | | Schematic of
dislocations threading
—— anew dislocations
substrate propagati ng
Didocations [T along the
are confined AT growth
|Sl,lle|I ;I I direction
] ] : | e| Substrate

Y

Layer canbeused  Layer cannot be
to generate a used for device
“new” substrate guality structures

© Prof. Jasprit Singh www.eecs.umich.edu/~singh



STRAIN TENSOR (sij): THEORY
What is the nature of the strain tensor in an epitaxial film?
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STRAIN-STRESS RELATIONS

Stressisforce per unit area.
X,— force along x-axis;

on plane whose normal is along x-axis
X,— force along x-axis,

on plane whose normal is along y-axis
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X For abody at static equilibrium
A X, =Yy : No torque.
YX
l P x
YX
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For cubic systems:. (e = ¢€)

€& &y €& & €x €y
X, Cy Co Cp 0O 0 O
Yy €2 €1 Cp 0 0 O
Z, Cpb Cpb ¢y O O O
Y, 0 0 O ¢y O O
Z, 0 0 O O cy O
Xy 0O 0 O O 0 ¢y
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ELASTIC ENERGY DENSITY FOR CUBIC SYSTEMS.

U= 3c(8el+ 82+ 87) + scu(82+ 8,2+ 8y?)
+ Cp(By8r T B8+ 8oyy)

Bulk modulus, Compressibility
For uniform dilation, o

exx:eyy:ezz: %6
U= ‘(15(011+ 2¢1,)%?

- 1p 32
-2
whereB is tlhe bulk modules
B= 3(cp +2¢p))

Compressibility: K =3

Elastic constants (1011 N/m?2 or 1012 dynes/cm?)

Materia C1q Cqo Cas
Si 1.66 0.639 0.796
Ge 1.285 0483 0.668

GaAs 1.188 0538 0.594
C 10.76 1.25 5.76

InSb 0672 0367 0.302
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STRAIN TENSOR IN AN EPITAXIALLY GROWN
ATOMICALLY SMOOTH FILM
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| ag
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HIGH STRAIN EPITAXY: RECIPE FOR “ SELF-ASSEMBLED” DOTS
A very interesting effect occurs as strain is increased.

Low strain: Higher strain: Higher strain:
Layer by layer Layer by layer followed Island growth mode
growth by island growth (Volmer-Weber)

(Stranski-K rastonow)

Low strain

L ateral feature sizes can be controlled from 100 A-1000 A
1012 features per wafer can be produced without lithography.
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STRAIN EFFECTS AND PIEZOELECTRIC EFFECT

Strain induced distortion of atomic positions can lead to a
net dipole moment and generate polarization in a material.
This effect is called the piezoel ectric effect and can be
exploited for strain sensors, built-in eectric field and/or
charge generation in devices, €tc.

Piezoelectric effect is strong in avariety of materials, such
as quartz, BaTiOg, lead zinconate titanate (PZT). It isalso

significant in avariety of semiconductors, such as GaN,
AIN, GaAs, etc.

02— A OZ- A
An example of
piezoelectric
Gj4+ effect in
quartz.
Y P, z0
P=0 pz
No stress Stress
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POLARIZATION, ELECTRIC FIELD, AND STRAIN

Polarization and strain tensor is related by piezoelectric
coefficients:

CZINC BLENDE STRUCTURE) C WURTZITE )

Py=es €y, Growth along c-axis
Py=e; &, Exx:‘szyé: %f -1
P,= €&y 822:_(:—3.313 ‘%_])
- For astrained film grown on Ppz= €384t €31 (Exx T €yy)
(001) substrate Py, = 0 Foz= & (338, % €31 (Bt £y)]
« For a strained film grown on For InGaN system
(111) substrate Cyp _ 1.09x 1012 N/m?
Py=Py=P; =€ 8y Cag  355x 1012 N/m?
|PA111) =3 ey, gy £s=10.2¢,
Electric field F, = _@‘i—i“exy
ZINC BLENDE WuRrTZITE (C-axis growth)
Materia e, (C/m2) Material €3, (C/m2) €35 (C/m2)
AlAs —0.23 AlAs —0.6 1.46
GaAs -0.16 GaN —0.49 0.73
GaSb -0.13 InN —0.57 0.97
GaP -0.10
InAs —0.05
InP -0.04
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RANGE OF ELECTRIC FIELD PRODUCED
BY PIEZOELECTRIC EFFECTS

Nitride system: MaTeriaL a(A) a(d) cla

c-axis growth
InN 354 | 570 | 161
GaN 3.189 | 5.185| 1.625
AIN 311 | 498 | 1.601

Al,Ga;_,N grown on GaN:

Py, = (-3.2x— 1.9x2) 106 C cn2

Fpz = (-3.5x—2.1x%) MV/cm

Interface charge: (2.0x + 1.19x2) 1013 e/cm?
In,Ga,_,N on GaN:

Py, = (14.1x + 4.9x?) 106 C cm2

Fpz = (15.7x + 5.5x2) MV/cm

Interface charge; (8.8x + 3.06x2) 1013 e/cm?

In,Ga,_, Ason GaAs: (111) Growth
Py, = (-0.89x + 0.61x2) 106 C cn2
Fpz = (-0.7x+ 0.5x2) MV/cm
Interface charge: (-5.56x + 3.8x2) 1012 e/lcm?
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SPONTANEOUS POLARIZATION

In many materials there is a displacement of the cation
sublattice with respect to the anion sublattice resulting in
anet polarization along the displacement. In ferroelectric
materials this displacement can be altered by an externa
field. However, in materialslike InN, GaN, AIN, the
polarization is not tailorable by an external field.

NITRIDES IN WURTZITE STRUCTURES:
UNSTRAINED:

P

[
o

Spontaneous
T / polarization effects:
S E— AIN: —0.081 C/m?
GaN: —0.029 C/m?
INN: —=0.032 C/m?2

STRAINED _

STRUCTURES: / | /
|
|

A

Py, 70

P

vk
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EFFECTS OF SPONTANEOUS POLARIZATION AND PIEZOELECTRIC
EFFECT INDUCED POLARIZATION

At heterointerfaces of two semi conductors with polarization
P, and P,, anet charge density %_ IS produced

can be exploited to induce free charge in electronic
— devices or to introduce built-in electric fields.

In strained materials with spontaneous polarization the
polarization from the two effects add vectorially.
Example: AlGaN grown on GaN

_g| SP and PE Polarization Polarization in AlGaN
$Py 1Ry AlGEN | N-face oy P
AP, GaN T S Al Content  (10*<cmr~e)

=S 0.00 181 O
Substrate
0.10 213 21
+o SP and PE Polarization 0.20 246 45
0.30 278 70
v P, vP, AlGaN |Gaface
=) 0.40 311 97
v Ps GaN T S 0.50 343 127
Substrate Eg., for Ga-face AlGaN containing

30% Al, the positive sheet charge
induced by SP and PE at the interface
is1.7 x 1013 e/lcm2. .
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How CAN PIEZOELECTRIC EFFECT AND SPONTANEOUS
POLARIZATION BE EXPLOITED IN DEVICES?

« Built-in electric fields
« Fixed charge generation == can serve the same

purpose as dopants
APPLICATIONS IN 2-DIMENSIONAL ELECTRON GAS DENSITY
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FERROELECTRIC MATERIALS. SPONTANEOUS POLARIZATION

Relative movement of cations and anions

Cube corners: Ba*+

Cubeface centers: O——
Cube center: Ti4*

A

| Displacement of positive
| charges with respect to

| negative charges —>

A ferroelectric effect

(b)

(a) The structure of atypical perovskite crystal illustrated by
examiing barium titanate. (b) The ferroelectric effect is produced
by a net displacement of the positive ions with respect to the
negative ions.
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FERROELECTRIC EFFECT

Polarization in the material changes as a function of external field.

P Spontaneous
polarization
Ps | P+ =Pg tanh [ S Fe
s s tan 55
sg lin (1+PPs) 170
_EC .
0 = P-(E)=—-P* (-E)
Coercivefield
Pr
Remnant
polarization
Schematic of the ferroelectric hysterisis|oop.
MATERIAL Tc(K)  Ps(mMCcm2) | POLAR CHARGE (Cm2)
KDP type KH,PO, 123 5.33 3.3x 1013
KH,ASO, 96 5.0 3.1x1013
Perovskites ~ BaTiOg 393 26.0 1.62 x 1014
SITiO3 32(?) 3.0 1.87 x 1013
PbTiO3 763 >50.0 3.1x1014
KNbO3 712 30.0 1.87 x 1014
LiNbiOg 1470 300.0 1.87 x 1015
LiTaO3 233 1.45 x 1014
List of several ferroelectric materials and their properties (from Introduction to
Solid State Physics, C. Kittel, John Wiley and Sons, New Y ork (1971).)
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