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How the lecture will go on?

» Powerpoint (converted to pdf) file will be uploaded in the corresponding ITC-LMS site,
(https://itc-lms.ecc.u-tokyo.ac.jp/Ims/course?idnumber=202135603-00290F01)
by the day before the lecture.

» The lecture notes (in Japanese, English) will be uploaded in the site
https.//Kkats.issp.u-tokyo.ac.jp/kats/semicon4/
by the end of the lecture week.

» Small amount of problems for your exercise at home will be given in the last of the
lecture in every two weeks. Submission deadline of the solutions is two weeks later. |
hope | can collect them through LTC-LMS but if that is difficult I will prepare my own
web script.

» In the very last of the lecture in July, the problems for your report will be given. The
deadline for the submission of the report will be notified then.

» The lecture is recorded on the cloud. | hope | can upload the video for one or two
weeks.

» | hope | can find some ways to get questions from you (via chat, etc.?) 2


https://itc-lms.ecc.u-tokyo.ac.jp/lms/course?idnumber=202135603-00290F01
https://kats.issp.u-tokyo.ac.jp/kats/semicon4/

Lecture Plan

Related site: https://kats.issp.u-tokyo.ac.jp/kats/semicon4/

1) Crystal structure and crystal growth 1) fEELRES &k E kB

2) Energy band, effective mass approximation 2) TXALX—-NY R, FHEEETL

3) Carrier statistics and chemical doping 3) fifkx v Y THiZE R—EL Y

4) Optical properties A) JeSepgvEe

5) Semi-classical treatment of charier transport 5) EBXILED S

6) Homo/hetero junctions, semiconductor devices 6) RE - ~"FOEEL, FEEFIAL Z Ok, BT
(optical, electrical) T) BRIRERSHIC & B TRERE (RTIEF, AR,
7) Quantum structures (quantum wells, wires, Ry R)

dots) by nanofabrication techniques 8) Bt

8) Basics of guantum transport 9) BIEMEIIE, B R—a)H

9) Galvanomagnetic effects, Quantum Hall effects 1 o) z otk (REY =% R)

10) Spin-related phenomena (spintronics) 11) FRuSHALE

11) Topological effects



Characteristics of semiconductors

* Not metal
« Middle range band gap

« \Weak divergence of resistivity with lowering
temperature

Structure sensitive (conduction) properties

 Drastic changes in electric conduction with
ultra-small amount of impurities

« Changes in electronic and optical properties
with guantum confinement structures like
quantum wells, wires, and dots

A SEMI-CONDUCTOR

Yu & Cardona,
“Fundamentals of
Semiconductors”



Crystal Systems

Isometric  Tetragonal orthorhombic Monoclinic Triclinic Hexagonal Trigonal

Fluorite Wulfenite Tanzanite Azurite Amazonite Emerald Rhodochrosite

Geologyln.com




Crystal structure

poly

crystals .
y single

Uniform solids {
amorphous

Crystals: Spatially periodic structures

Unit of spatial repetition  Primitive cell: unit of spatial repetition with smallest number of

atoms
Unit cell: unit of spatial repetition taken as for human to find
ex) GaAs symmetry of the crystal

 ——

face centered cubic (fcc) ’

[001]

Unit cell Primitive cell i



Bravals lattices
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Lattice, reciprocal lattice (1)

Lattice: spatial repetition of the unit structure. ex) diamond structure (fcc)

r =17+ Z lia; =7+ R
i=1,2,3

[;: Integers, a;: primitive (translation) vector

R: lattice vector

- - 1Gr
Lattice potential U(r) U(r) = Z Uge > o
G
Ur+R)=U(r
T a1 = Fes +ey) ar= (e, +es)
. a
[ G -R=2mn (n:integer), .. F=1 ] a3z = 50(% + €z)

G reciprocal lattice vector



Lattice, reciprocal lattice (2)

|A| =a - ((12 X (1.3)

b 2mas X as b 2mas X aq
1 — ) 2 — 9
|4 |A]
2ma; X as
bs; =
| Al

primitive reciprocal vectors

G = Z h;by, (hl integer)

i=1,2,3

> G

G/

Plane that cuts G at G/2 vertically

— unit cell in the reciprocal lattice:

Brillouin zone

First Brillouin
zone

Points with
high
symmetries:

[, X, LW

ex) diamond structure (fcc)
reciprocal lattice: bcc




Inorganic crystals often used as semiconductors: Group IV

Diamond structure (fcc) silicon i v v Vi
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Energy gaps and lattice constants of representative (cubic) semiconduc

Energy gap (eV)

ZnS

Room temperature

Colored stripes:
Lattice matching groups
Znle Cd, .Mn,.Te | — Heterojunctions are available

cdre Lines: Mixed crystals

GaN (Wurzeit)
a=3.19A,¢c=519A
InSb 3.4 eV (RT)

HgTe

5.6

5. 6.0 62 64 6.6
Lattice constant (A) 12



Various methods for semiconductor crystal growth

Czochralski
— \ertical { Bridgman

Floating zone melting
Bulk growth  —

Horizontal Bridgman

— Horizontal { _
Zone melting

. - Thermal decomposition {chloride
_ Chemical Vapor Deposition { organic

(Vapor Phase Epitaxy) Plasma metal
Liquid Phase Epitaxy

Thin film growth = Molecular Beam Epitaxy “Tree-like” classification 1s

. . actually difficult.
Atomic Layer Deposition

— Laser ablation

13



Crystal growth: Czochralski method

~— N @ @
Melting of
polysilicon,
doping

~ N

Introduction Beginning of
of the seed  the crystal
crystal growth

~ N

Crystal
pulling

— T
—
N ——

Formed crystal

with a residue
of melted silicon

Czochralski method for
silicon (Wikipedia)

Liquid encapsulated
Czochralski (LEC)

(GaAs, InP, etc. high vapor
pressure materials)

EENENEE

EERERD
EEEEREECEEE
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Bridgman methods

Position

Bridgman-Stockbarger method

Temperature
T2 TS T1

T

Lowering Mechanism

Upper Oven

Lower Oven

~ Temperature Sensor

-~ Melt

Thermal Insulation

— Crystal
~ Crucible

~ Heater

From Wikipedia

Horizontal Bridgeman (HB) process

heater

// \
Q0000000000000 |O00000000000

As GaAs crysli GaAs melt
seed crystal /
N\

quartz bom i /

™ quartz tube

OCOO0O0O0O0O0O0O0O0OOOO|[OOO0OOOOOO0OO0

jacket with heater movements ————>

A 1250°C
610°C /

temperature gradient freezing method

X

-
'
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Floating zone method

https://www.youtube.com/watch?v=jPijg8Nlamo



Chemical vapor deposition (CVD), metal-organic CVD (MOC

Thermal decomposition

i MOCVD
) e (organometallic vapor phase epitaxy, OMVPE)
S‘;‘;’:e _.é_qb Gasinlet Hot
!:.nass e/_/"" filament . )

conreler | NAAAAN/ ST e
' el Ll Su!lajtrate 0000000
emperature | holder

sensor  <——fo NAANAN (GaAs substrate

susceptor

Plasma CVD

(b)
13.56 MHz

00000000

Self-bias
electrode H2 N2

Gasinlet

Grounded g ASH3
electrode
B (substrate

holder)

Organic metal gases

Tovacuum
pump and pressure 17

controlvalve




Molecular Beam Epitaxy (MBE)

Ultra-high vacuum evaporation Refractive high energy electron diffraction (RHEED)

heating
Substrate

shutter
control
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Bing Concert hall at Stanford University
https://www.deccaeurope.com/Case-Studies/bing-concert-hall-at-stanford-university-california



Bloch theorem and nearly free electron model

(Bloch theorem

— 'k.
Eigenstates in lattice potential: Unk(T) = unk(r) exp(ik - )

Unk (r + R) = u,i(r) R: Lattice translation vector
n: band index

.

One-dimensional system with a weak periodic potential
V(x) =2Vycos(kwx) (kw = 27/a, a: lattice const.)

(K'V|k) = VoK' |(e™* + e ™) k) = Vo(Oprnan, + Onn—r,) Perturbation is important from k + k,,

Energy crossing between |k) and |k — k,,) occurs around k = k,,, /2

Hamiltonian around k = k,,,/2 in the space formed with |k) and |k — k,,)

" h2k? l i hlky, Ak l
2m Yo “ T T om Yo
_ 0 ~ 0 _
= R2(k — k)2 | B2k, Ak k= kw/2 - Ak
Vo Vo €, +
. 2my . 2 2mo A



Nearly free electron model (2)

QA 2 21.2
Ei—ezi\/ezh( k) —I—V02 ezzhkw
2m0

Energy gap: Ak = 0 - 2V

B \i/

\i/
2Vy

L.

\

|

L -;k (b) ’/

/a

(a) ~_

Energy gap due to the phases of

Overall dispersion _
standing waves

Bloch theorem
Yk (1) = Unk (1) exp(ik - T)
Standing wave
e'ikzwzc/Z £+ e—ikwaf:/2 _ (1 e 6—kwx)6ikwa:/2

= (eFw® 4 1)e thwe/2

Lattice periodic function

Points k,,/2 and —k,, /2 are equivalent

Shifts from these points can be

renormalized Into u,; (7)
_)

Reduced zone expression
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Nearly free electron model (3) Reduced zone expression

extended

—-2n/a —m/a 0 n/a 2n/a  3m/a —Tt/a 0 T/a
(b)

—3n/a
(a)
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Empty lattice approximation

+E (k)  1stBrillouin zone
I

L

Vo — 0 ezkw _ ez(k—kw)acezkwx

The free space has a lattice periodicity.

[.l.,-l.,-.l] ['1:'11'1] [01-2?0]

1st Brillouin P

zZone
of fcc lattice

Empty lattice
expression
for fcc

distanc | Points num
e ber

(0,0,0) 1
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2,0,0),... 6
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Empty lattice approximation and more realistic band structu

[1,-1,

E (HG2/2m)

r O r @ x kK @&
k
Empty

-11 [-1-1,-1] [0,-2.0]
WL : 1-2.0.0]
11,17 1 [0.2,0]
[2,0,0 \ : : [2,0,0]
st /> |
(LI /0 N\ L) !
2+ - -
L [2,0,0] B
[1,1,1] 4 [1,1,11
1+ : , i
w: [0,00] /' ' \[0,0,0] -
l (3) |
. (3)

r

[

o Ban Ov=d oo OO

N

[t

E (k) (eV)

-12

L r ., XK
Si pseudo potential calculation
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Tight-binding approximation
Single atom on single unit cell

Single atom Hamiltonian: .77, = T + u
T kinetic energy, u: atomic potential

%(Rz) = T + u('r' — RZ)
o (R;)pn(r — R;) = €nppn(r — Ry)

¢,,: eigenfunctions for R; = 0

_ L N LikRiy R

tkr

= f/ﬁ Z e *r=Rig. (r — R;)

7

Lattice periodic function
. Bloch form

H = [Ty, + V(2)|y(z) = By (z)

25



Tight binding approximation (2)

(throbe| H o) = 12 =R (G, (r — R\ + V (r)]|pn(r — Ry))

_ N1 Zeik(Rj—Rz—)
1,]

X (fn(r = R)[[Tr + u(r = Ri) + V(r) = u(r = Ri)l|én(r — R;))
= e+ N7 Y M (v — R)|V() = ulr — R))lén(r - Ry)

t,J

= cnt Y €M 0 (V) = ulr))l|én(r = Ry)).

En(k) = €, + (¢n(r)|v(r)|dn(r)) — Z eikRjtn(Rj)

R;#0
= —(0n(r)|v(r)|dn(r)) Crystal field contribution

tn(R ) —(@n(r)[v(r)|én(r — R;))  Hopping integral
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Tight binding approximation (3)

t,, nearest neighboronly =t

E. (k) = €y, — oy, — t(F% 4 ™)

=€, — o, — 2tcos ka

Cosine band with the width of 4¢t.
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