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Band discontinuity

Anderson’s rule: affinity from the vacuum level

Band discontinuity parameters determines the alignment
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R. L. Anderson, IBM J. Res. Dev. 4, 283 (1960).



Heterojunction types
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antum Structure
nvells, wires, dots)

Zhores |. Alferov Herbert Kroemer Jack S. Kilb.y

The Nobel Prize in Physics 2000 was awarded "for basic work on information and
communication technology” with one half jointly to Zhores |. Alferov and Herbert .
Kroemer "for developing semiconductor heterostructures used in high-speed- anc
opto-electronics” and the other half to Jack S. Kilby “for his part in the invention of

the integrated circuit”



Quantum well (elementary guantum mechanics)

> d 2m|E — Vp|
AV (%) Outside the well: R % —F < L L < = \/ 0
____YQ _______ | . 2m de _l_ 0 w w’ L > 27 2 > T, K h
() Ch exp(ikx) + Cyexp(—ikz) E >V,
€Tr) =
D1 exp(kx) + Do exp(—kx) FE < V.
: . L L _
States localized inside the well: E <V 5 <z Df =0, z< -5 = Dy =0
X
S S ———— 1/2 E L L
—L/2 L/2 Inside the well: ¢ (x) = C1 exp(ikx) + Co exp(—ikx), k = ;Ln , X € [—53 5]

[ Cy exp(ikL/2) + Cy exp(—ikL/2) = D exp(—kL/2),

Continuity <
| Crexp(—ikL/2) + Cyexp(ikL/2) = Dy exp(—kL/2),

Envelope function

connection f
ikCy exp(ikL/2) — ikCy exp(—ikL/2) = —k Dy exp(—kL/2),

| ikCh exp(—ikL/2) — tkCyexp(ikL/2) = kDy exp(—£L/2),

| Differentiability <
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Optical absorption of quantum wells

A
Ve(T) = Pe(2)|exp(ikay * Tuy Juc(r),
Y (r) H on(2)exp(ikayy - Try Uy (T)
Envelope functions Lattice periodic functions
/ Direct transition rate: P., (uc(r)|V|uv(r))/ dzoe(2)" dp(2)
_// o h2
1 Transition energy: F = E, + AE") + " k2,
E, K
Two dimensional density of states: dn _ m H(FE) (H(x): Heaviside function)
dE  27h?
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Optical absorption of quantum wells

Absorption coefficient
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Excitons in quantum well

hole electron Schradinger equation

. . Variable separation

Radial wavefunction

EK) m: magnetic quantum number

€ Power series expansion

The series to be stopped
at a finite length
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Excitons in quantum well
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Quantum barrier

A(k) —> 0 s> A, (k) Simpler way to consider tunneling through energy barriers

1 2 > Transfer matrix: T-matrix

Bi(k) «— | M, | <— By(k) Generally /v,y > Scattering matrix: S-matrix
momentum conservation ) P p

. 2\ _ [Mi11 M2 1Y 1

—> relation between wavefunctions Transfer matrix: My ( Bz) B (m21 m22> (Bl) = bl (31)

My for a barrier width L height Vo k = /2m(Vy — E(k))/A
Inside the barrier V= Vie "¢, Wy = Wiet

Boundary condition: value Ay + By =V + Wh, Ay + By = e "FVp + "W,
derivative  ik(A1 — B1) = k(=V1 — W), ik(Az — Ba) = k(—e "LV; + ")

4 k2 2
Then My — <m11 m12) miy = [cosh(%:L) + ¢ ’:J sinh(kL) |,
mo1 M22 ) )
{ k + kK
S — inh (kL
is obtained as A “okk oM (L),
| M1 =My, Moz =myy, 1




Transfer matrix for rectangular barrier

Ay (k) ——> 2—> Ay (k)
1
Bi(k) «—— oo «—— B,k
2
My
4 = A2 . |m11| — |m12|2 . 1
f 2 _ .2 = = - = —
my1 = |cosh(kL) + ik - sinh(kL) |, Al M o
2kk B 2ikk
\ o ikz + K2 sinh(xL) 7  (k? — k?)sinh(kL) + 2ikk cosh(xL)
12 = — :
2k :
ma1 — mTQ KJmQQ == mT1 - r = & — _@ — (k2 + H:2) Slﬂh(l{L)
\ ? ) = — =

Aq mos  (k? — k?)sinh(kL) — 2ikk cosh(kL)
t, r : complex transmission and reflection coefficients

Transmission coefficient T = |t|?, reflection coefficient R = |r|?

Then the transfer matrix is expressed as M, = (i{n t/t —q/ﬁt )
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Application of transfer matrix: double barrier transmission

T-matrix for well My = 0 exp(—ikW)
Al I AZ A3 A4
T VO T T *1‘3' - M B mi1 ap) €ikW 0 mii1 mi2
1 2 3 4
" _ (111 Ti2
MT MW T B T21 T22

Calculation of transmission coefficient

: 2 2 T = m?2, exp(ikW) + |mia|? exp(—ikW) (. mia = mb;)
my1 = |cosh(kL) + i o sinh(kL) |,
o iy . -
| mw*ikllf RN T 17, = ((Imaa?e®?e™™ + mig?e™ ) (Imar[Pe 2P e™* " + |myg|?e™™)
| mo1 =miy, ma = miy, = (Im¥; — [m12]*)? + 2|ma [*maal® (1 + cos(2(p + kW)))

=1+ 4|m11 |2|m12|2 COSz(C,O + ]CW)
1 1

- VATRE 1 + 4|mq1|?|m12]? cos?(p + kW)

T
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Double barrier transmission

e cmnznep®tT
0.4 0.6

SZE/ VO

()
1 1

T — _
71112 1+ 4|m11]?|ma2]? cos?(p + EW)

Resonant transmission condition: zero points of cosine term

k2 — k2
1 . R — K~
(,D—l_k[[ — (n— —)ﬂ' (n: 1’2’) QO—arCtan 2,{:’4} ta:nh(ﬁ';L)
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Transport experiment of double barrier conduction
Measurement scheme

Sample structure
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Application of T-matrix (2): Semiconductor superlattice

unit cell Schrodinger equation
< > d =W+L
h2d?
v | 7L [_ odr? T VKP(x)} v(z) = EY(z), Vke(z) = Vke(z +d)
Bloch theorem
Kronig-Penny potential: Vip () Vi (@) = ug (2)e™",  ug(e+d) = ug(z), =

s=—-N+1,--- N—-1

kW kW kW
Unit cell transfer matrix A (k) = ( © D) (M Tz (et mazet
| 0 e "’ Mol  Ma2 more " mose™ "

a; —s — Gy

by <— | <— bjiq (Z’Z:) = M, (Z") — etitd (Z"‘) Eigenvalues etX? (M : unitary)

Theorem: Tr(4) = Y (eigenvalue) —— €% 4 e % = 2cos Kd = TrMy = 2Re(e " W'm},)
k* — K?
2kk

cos [K(L 4+ W)] = cosh(kL) cos(kW) — sinh(kL) sin(kW)

The relation between k (free electron wavenumber) and K (crystal wavenumber)
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Semiconductor superlattice
2 _ .2
cos [K(L 4+ W)] = cosh(kL) cos(kW) — ICQT’: sinh(kL) sin(kW)
L—0(W —d), Vo = 400 with VjL = C(constant)

&-function series with the coefficient C.
mC (kd) effect of superlattice potential

cos(kd) + TRHTZ sin(kd)| > 1

Raphael Tsu and Leo Esaki, 1975

cos(Kd) = cos(kd) + 727, Sl
:no solution — band gap

Around kd =nmr (n=1,2,--+)

n
|

sin(kd)

mC
72k
)

STEM image of
AlAs (30 nm)/GaAs (30nm)

superlattice

o
T
I |
>
I |
I |
1
|
|
|
|
I
:\1
I
I
I

NN\

cos(kd)+
i<}

@

5




Modulation doping and 2-dimensional electrons

©, AlGaAs:Si © AlGaAs
O © - o oV o
Al Ga,_.As :
|
_ A .
Q++ +Q |Ndep| |
_|_
SiE .
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equation
GaAs
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B

4rre?
VD(Z) = szepZ z >0

Donor potential

Electric field of
sheet charge at z’ €€

4re? >
Vaa(2) = =€ i B) / ()P = 2|
€€p —¢

Heterointerface

_ Vi(2) = AE[1 — H(2)]
potential

Poisson-Schrédinger scheme

>  potential

{ Schrodinger equation
9

Boundary condition

¢(0)™ = ¢(0)®),
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Electron mobility in MODFET

Matthiessen’s rule (series connection of scattering)

Ttotal

Hall mobility [cm2V-1s1]

Fletcher et al., J. Phys. C 5, 212 (1972)
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Walukiewicz et al.
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Phys. Rev. B 30, 4571 (1984).
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Formation of guantum wires: split gate

Metal gates
. 9) w _ e)
Depletion layer » >
\ ; I g
________ L_______#________
: V(x)A i
\ f
J

Two-dimensional
electrons N

Two-dimensional electrons are pinched with depletion layers from Schottky gates to a one-dimensional system.

I : . —0 r—w/2 T+ w/2
Electric field along z-axis can be approximated as £.(d) = 5 T + arctan ¥ /2 _ arctan y /
TEEQ

The bottom part of the confinement potential can be approximated by harmonic potential.
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Self-assembled nano-wires

Core-multishell

Core-shell

Superlattice

Heterostructure
Nanowire P
growth . e
.
Nucleation % G. Zhang et al.
Metal Allo formation -
particle ! NTT technical
Review |

() Gold seed
particle

http://iemn.univ-lillel.fr/sites_perso/
vignaud/english/35_nanowires.htm
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Core-shell nanowire transistor

top contact
nanowire

=1V

C d

-10 10-6 r

20 = |
g >
40 107

-50 _

ool Ves=2 M | —— V=~ 100 mV L. Chenetal.,

L% 4 3 6 ¢ oo o 10-12: g 5§ % § . Nano Letters 16, 420
20 15 0.5 0.0 -2 -1 0 1 2 (2016).
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Carbon nanotube

Ny
X25,000 WD 3.0mm
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Quantum dots: zero-dimensional system

Quantum dots with
nano-fabrication
techniques

(a) (b) SEIE (c)

Top Gates

2DEG
side gate

Source

split gate 0.5 um
wrap gate with charge detector vertical type
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Formation of quantum dots: Colloidal nano-crystals

Core — CdSe, CdS
Shell — Zn5, CdS, ZnSe
Amphiphilic surface

O @sess
Zn/Cd @5/Se

620 nm

>
~

Concentration of Precursors
(arbitrary units)

c
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© A
g %
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8
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: °5
c
= & Ostwald Ripening Saturation

Monodisperse Colloid Growth (LaMer)

Ll ' ~
Coordinating solvent
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Time
(seconds)

400 600‘ 800 1000y gy pilizer at 150-350 ‘C
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