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reference

This presentation is based on a set of notes, which
contains detailed derivations of the results
presented here.

“Heterostructure Fundamentals,” by Mark
Lundstrom, Purdue University, Fall, 1995.
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review: pn homojunctions

potential must

decrease
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Lundstrom EE-612 FO6 4



built-in potential
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qVvy, = (EFN -E_, N, = NCe—éN/kBT
qQVy, = (Ec - E, )— o, — 0, N, = Nve—a‘P/kBT

OV, = E, =8, — 5, qVy = kgTIN(N,N, /n?)
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review: pn homojunctions

E(x) = dE_(x)/dx
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reference for the energy bands

Eo field-free vacuum level

A \JT

E.=E —% qVBI:((DP_(DN)
E, =B, -x-Eg
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local vacuum level
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reference for the energy bands

Eo field-free vacuum level
;(N CI)N (DP ZP
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Al, ;Ga, ;As : GaAs (Type | HI)

Eo field-free vacuum level
A1
s

EC A I AEC = ;(2 —Zl

~(0.23eV Y EC

£ ~180eV ‘electron affinity
_____ ~ 1. e _——— ’

5, c e’ g ~142ev-------- E,
3 | AE, ~0.25eV =
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N-Al, ;Ga, -As : p-GaAs (Type | HI)

Eo field-free vacuum level
A1
| b
Ec
EFN [ E
C
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|
E
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N-Al, ;Ga, -As : p-GaAs (Type | HI)

E field-free vacuum level
0 | - —
T i T
Ve, qQV (X)
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N-Al, ;Ga, -As : p™-GaAs

Eo field-free vacuum level
A1
| T
E, - E |
FN [ EC
~1.80eV -—-—-—---—-———-
o T E, ~1.42eV
E. E,
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N-Al, ;Ga, -As : p-GaAs

‘band spike’
Y e
E, ~1.42eV
|
E,
~1.80eV AE,,
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Eo field-free vacuum level
A1
E £z
EC _ FN |
-
o *180eV —mmmmmmm - E_ E_~142eV

lE\/
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N-Al, ;Ga, -As : I-GaAs

‘modulation doping’
‘2D electron gas’

depletion layer

Inversion/accumulation layer
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N-Al, ;Ga, -As : n-GaAs

Eo field-free vacuum level

A1

| b
EC A E

FN
ry Ec
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N-Al, ;Ga, -As : I-GaAs

‘Isotype heterojunction’

E /l/ E
C . c
| E_~142eV
E_ ~1.80eV L E

S

depletion layer ~ accumulation layer
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Eo field-free vacuum level
A1
| b
E, - |
E
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field-free vacuum level
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P-GaShb : n-InAs (Type IlI)

Eo field-free vacuum level
A1
i |
C T 2,
EG ~0.72eV
| E

1 FP
=

E

4 C

Fn

E, ~0.36 eV

Lundstrom EE-612 FO6

E,

22



P-GaShb : n-InAs (Type IlI)

E. i AE_ =0.87 eV
E, ~0.72¢eV c
| F e 711 I “c
E, v ~ A~ E. ~036eV
G LEV

accumulation layer

accumulation layer
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geometry

p-type
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space charge density

p(X)

_qNA
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electric field

E(x) 1

&E(0)=2,E(0")
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electrostatic potential

V(x) 1

v,

Lundstrom EE-612 F06

28



key results

{(O‘ )= —qNAxP/gP

p-type

E(O+ ): —aN Xy /8N

~

n-type VjP :VBI N ND/(EN I\ID + gPNA)

X, = \/ZgPVjP/qNA

Qz J2&,V, JaN,

Vi =V &N, /(5N +£.N,)

» ” VjP/VjN:8NND/gPNA

_/
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Poisson’s equation for homostructures

c(ijzv (p (X)=n (X)+N:(x)- N, (X))
po(x) — nie(E, —Ep )/ kgT no(x) _ nie(EF‘E' )/ kg T

E (x)=C-qV (x)

d?v _ ¢ nie—qV/kBT B

" ne®’ " + N (x)- N, (x))
X g

(Poisson-Boltzmann equation)
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Poisson’s equation for heterostructures

daV . q
dx? &

(P, ()= 1, () + N3 (X) = N (x))

da d( dv)

dx? — &k_g&

—&

must relate n(x) and p(x) to V(x)

(B, —Ep)/kgT . (Ep —Eq )/ KgT
p,(x) =N, (x)e'™ n (x)=N.(x)e

E.(x) = E, - 2(x) -V (x) E, () = E.(x) — E;(x)

E, () = E, — 2(x)— Eg(x)/2+(k,T /2)In[ N, (x)/N (%) |- aV ()
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Poisson’s equation for heterostructures

P, (x) = n,e

-q(Vv (x)—Vp (X)) /kgT

QV,(x) = (200 = Zus - (Ea(¥) = B KT I[N, (¥)/N,,, |

n (x)=ne

qv (x)+V, (x)/kgT

qV,(9) = (200 = 2 J Ko T IN[ N (¥)/Ney |

-

\_

df_,av)_
dxk dx ) |

Ir

(nireq@vp)kBT —n e Uk

—NS+NA)

~

J
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f
VM/: Vi,
E \ 4

CA

E, ~1.80eV f
EV v

E.(x)=E,— z(x)-aV (x)
E, (X) = E.(X)— E5(x)
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graded

/ T EC
E E.~142¢eV

C 4 |
v

j EV
E, ~180eV
EV

E.(x) = E,— 2(x) -V (x)
E, (X) = E.(X)— E5(x)
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graded and guasi-neutral

E E T E,

2(X)+qV(x)

EC\‘\ E. |
EC \ EC
E (X)

- |

E, : E,

uniformly p-doped
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general, graded heterostructure

l
aV (x) i
_—]
#(X)
1 .
_X_ E.(x) = E; - 200 - aV (x)
E, (X) E, E, (x) = E.(x) - E4(X)
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guasi-electric fields

i .
qV (x) ’
]
x(X)
3 {
EV\EG(X) EF
F ~—e® E,

E.(x)=E, - z(x)-aV (x)
E, (X) = E.(X) - E;(X)

XV

_ dEc_ dV+dZ
° dx dx dx

F, = —aE(x) = qEy, (X)

1dy
EQN = ——d—
g dx
dE, dv d(y+E)
F=+——=-0qQ—-
dx dx dx
F, = +0E (X }+ 9y (X)
1 d(;(+ EG)
Epp=—- X
q X
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graded and guasi-neutral

E
T 0

x(X)+qV(x) F, =—qE(x) — gk, (x)

E¢ I
. >
\'\ EC
3 E@|(X)

E, : E,

uniformly p-doped
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hole current

J, = pu C:ji p=N,(x) e(EV_F")kBT F = E, (x) - kT |”(p/Nv)

dF, dE, (x) | Ldp_ 1 dN,
dx  dx I pdx N, dx

dx N dx P dx

Vv

d kT dN,
Jp:pﬂ{ E,(x) _ kg } Ty 0P

dE,(x) d
dx  dx

[E, = 20— E;(0)-av(x) ]=a(EC0+ Eg, )
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hole and electron currents

-

J, = pau,

J, =nay,

\_

k,T 1 dNV}_qD dp\

E+E. +
{ g N, dx

° dx
‘DOS effect’
{E+EQN—kBT - dNC}+ Dnd—n
q N, dx dx

guasi-electric fields

E =

QP q

_ld(ZJFEG) T 4
g

ON
dx X
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bandgap shrinkage

p-Si

— T
E; =1.0eV E; =1.1eV
— l

> X
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DD equations with bandgap shrinkage

n_2 (X) _ n-zeAG/kBT
d[@-r )] dp
J, = pau,| E+—=—2=2|-qD, >
‘Jn :nq:un|:E_d(7/AG)j|+and_n
dx dx

(y=0.51s typically assumed)
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measured offsets

MnTe*

204

1.6 GaP ZnTe
1.2 AlP AlAs
Znse

0.8 .
InP GaSh CdTe
Le

0.4

InAs
D0 bkeshaaspsahoastoscsduaduosdaessnsssdansdans """""""""Midgﬂp

-1.2

-1.6

Midgap dotn is from [ TerS6h)
Bandgap data is from [Pan71]
=Hand offsgt between Ma'le and CdTe is denved expenmentally foam | Han®l )

[ Terkily] J. Tersafl, Phys. Rev. Lett. 56, 2755 {1986).
|PanT1 ] J1. Pankove, Optical processes in semiconductons, Dover Publications, Ing.. NY (1971
[Haw@ ] 3, Han ef al,. ), Ceval, Ciegratly 111,767 (1991),

(courtesy Jung Han, Purdue Univ., 1995)
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determining offsets

1) electron affinity rule:

-AEC = %1 - %2
-y ~ 4 eV (surface charges, orientations, etc.)
-semi-semi dipole vs. semi-vacuum dipole

2) common anion rule:

-AlGaAs / GaAs
-valence band offset should be smaller than conduction band

3) Tersoff theory:

-gap states produced at interface
-lead to an interface dipole

-bands adjust to minimize dipole
-explains Schottky barrier heights too.
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