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ET YU, JO McCALDIN AND T.C. McGILL

BAND OFFSETS IN SEMICONDUCTOR HETEROQJUNCTIONS

Fi. 1 Conduction- and valence-band offsets in a semiconductor heterojunction. £, and E,
are the conduction- and valence-band cdges, respectively, and E, is the Fermi levet. The band
offsets AE_ and AE, are abrupt discontinuities in the band edges at
Electrostatic band bending also occurs because of charge redistribu
interface

the heterojunction interface.
tion near the heterojunction
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Fici. 2. Possible types of band alignments at a semiconductor interface. Conduction- and
valence-band-edge positions for each material have been labeled E_and E_, respectively, with the
shaded regions indicating the energy band gap in each materiat.



BAND OFFSETS [N SEMICONDUCTOR HETEROJUNCTIONS 25

0.7% -
AlAs/GaAs .
0s | * ' re e 1
. .
o~ .
L J
"'.0.25 o 4
-] ™ .
[ I . . ]
~0.2% < =
1.5 - - . -
L ]
t GGP/SF ]
1 b - h
>
i g ]
- .
k] b .
0.5 | L] . 1
L * . . *
1]
2.5 - -
L ZnSe/Ge ]
.
2 e L ™ 1
3 '
> 3 ®
b e ®
15 | e °® . ]

1 . "
W FK H T HT  vYWM M5 DME LMTO SCO W
1972 1977 1977 1988 1986 1987 1987 1987 1938 1990 1990

Fis 11 A comparison of thearctical and experimental band offset values for the AlAy/GaAs,
GaP 8i, and ZnSe/Ge heterojunctions. Different theories are plotted in appeoximately chrono-
logical order, and the range of expenmental values thought to have been valid at the time each
theory was developed has been shaded. For extensively studied systems such as AlAs/GaAs,
recent theones agree well with experiment. Agreement between theory and experiment, and even
among Lheoretical values, is poorer for less studied systems such as GaP/Si and ZnSe/Ge.
Theoretical predichions are (tom the following sources; MF 1972, Rel. 71; FK 1977, Ref. 23;
H 1977, Ref. 24; T 1986, Ref 28: HT 1986, Ref 29, VWM 1987, Refl 84, MS 1987, Rel 84:
DME 1987, Ref. 39. LMTO 1988, Rell 40: SCD 1990, Ref. 43, [BP 1990, Ref 87.




Flores, Tejedor, Tersoff
The interface induces gap states, different hights on
both sides of the interface lead to interface dipoles,
electrostatic screening reduces the potential step V
to V/e, thus band alignment at
Effective midgap point

G(RE)=| d’r§ W;(FE)‘EEE" +R) ng:-:,,

R lattice vector perpendicular to interface
define midgap point ER related to Kohn branchpoint
in one dimension where conduction and valence
band contribute equally to G
calculation with LAPW, rigid shift of conduction
band

Cardona Christensen
Diclectric midgap energy
average of upper valence and lower conduction band

Christensen
Self consistent relativistic linear-muffin-tin-orbital
method in supercell geometry
Cation d-states hybridize with valence band
maximum and influence offset

Lambrecht Segall Andersen
Superlattice geometry with linear-muffin-tin-orbital
method. Correct band alignment is obtained by
minimizing the total energy with respect to a single

parameter: the interface dipole



Band Offset: A Supercell Calculation

(C.G.Van der Walle and R.M.Martin,
Phys.Rev. 3§, 8154 1987)

first principle calculation the band offset at a
semiconductor interface A/B

superlattice geometry, based on local-density-
functional theory and non-local norm conserving
ab initio pseudopotentials

Spin-orbit splitting effects in the valence band were
added a posteriori

II-V and II- VI semiconductors

transitivity rule:

AE® + AEBC 4 AECIA =

D



Eua =T+V + [E,(r)d",
T=Y v -V4, v mdr,

V=Y [wi(rW,(r-R,) Py (r)dr
iwl
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K, (r) = 0E, (r)/dp(r)
K, (1) o< 3/p(r)
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FIG. 1. (a) Schematic representation of a GaAs/AlAs (110)
interface. The supercell used in the interface calculations is in-
dicated in dotted lines; it contains 12 atoms and 2 identical in-
terfaces. (b) Variation of the [— I component of the total poten-
tial P(z) (as defined in Eq. (1] across the (110) interface. The
dashed lines represent the corresponding potentials for the bulk
materials. These coincide with P(z) in the regions far from the
interfaces. However, the average levels of the two bulk poten-

tials (dashed horizontal lines) are shifted with respect to one
another.
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FIG. 2. Derivation of band lineups: relative position of the
average potentials Vaias and Vgaas, and of the AlAs and GaAs
valence and conduction bands. All values shown are derived
with the /=1 angular momentum component chosen as the
reference potential; the band lineups, however, are unique and
independent of this choice. Valence-band splittings due to spin-
orbit splitting are indicated separately. Experimental band gaps
were used to derive conduction-band positions.
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Band Offset: An Empirical Tight Binding Model

(M. Kriechbaum, P.Kocevar, H.Pascher and G.Bauer,
IEEE J. Quant El. 24, 1727, 1988)

(J. C. Slater and G. F. Koster, Phys Rev 94, 1498, 1954)
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Lead chalcogenides: rock-salt structure

PbTe/SnTe
K L M N O P
Pb82 2 8 18 32 18 s2p2
Sn50 2 8 18 s2p2
TeS2 2 8 18 18 s2p4
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Fig. 4. Relative band ordering in PbTe/SnTe superlattices. (a) Present
ETB result. (b) Equivalent type I’ ordering.
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Envelope Function Approximation

rpz | h
E+V(r)+U(?)+
hz

Wa-[(VV+ VU)X p]+¥(F) = E¥(P)
gu,8- B

Y

V(F+R)=v@F)

Coulomb interactions among the electrons are
included to some cxtent (e.g. Slater exchange or
LDA) in the one electron potential V(r)

absence of a magnetic field and for a perfect crystal
(U=0) due to the periodicity of V(r) characterised by
a vector k in the reciprocal vector space

assume that all solutions u,, (F) of the Schrédinger
equation for a perfect crystal are known for a
particular value &,



(7)) =Y, fol Pt (F)

For sufficiently weak perturbations U(r) or small
magnetic fields or also k values sufficiently close to
kQ the envelope functions will be almost constant on

the scale of the lattice periodicity R on which the

functions u are rapidly oscillating

[&ru,; ¢H-E1¥()=
Idf’ru,,'[H—E]Zn fu,

(o . P .
(E, E+2m+u)5,,.,,+ﬁ,,, P+

2 £, =0,
" _T“fh 3-[VU x ]
4m*c P

n —1,2,3,...

T
/4
It



in semiconductors only few bands lye close to the
bands comprising the fundamental gap

f,=- E l_ B u;{i’m. - p+spin orbit}f,,,

((E,-E)S,, + ]
N - h2 V

z" (PM,-FW UXG)'p+ +f.» =0,
~ PQuP+81,0- B
n=1,..N

the momentum matrix elements P and the far band
contributions Q obey the symmetry requirements of

the group of the wave vector 5y

b



zinc blende: I" point (kg=0)

b, is the improper tetraeder group:

H66
H=|H®*
H76

H68
H88
H78

H6‘.’
H87
HTI

pa B Fs
T I"8
T l"7
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(12)

In Eq 12 the terms pertaining explicitly to the magnetic field have been omitted; x, y, z denote
the Cartesian components of p; the z-axis being parallel to crystal axis [001]. The brackets
{ab) denote the symmetrised product (ab+ba)/2. Zincblende structure has no inversion centre
and therefore k-linear terms are allowed in the energy dispersion. As they are small however,
they have also been omitted in Eq 12.

'



the terms pertaining explicitly to the magnetic field
have been omitted; x, y, z denote the Cartesian
components of p; the z-axis being parallel to crystal
axis [001]. The Luttinger parameters are understood
to be replaced by . = #/m v.. The brackets {ab}
denote the symmetrised product (ab+ba)/2.
Zincblende structure has no inversion centre and
therefore k-linear terms are allowed in the energy
dispersion. As they are small however, they have
also been omitted

'y



Most lead chalcogenides crystallise in rock salt
structure and have a small direct gap at the L-point
of the Brillouin zone. As they have an inversion
centre all levels are doubly degenerate.

lb(111] = Ds‘,(
| 5

N Ty

1, 2, 3 denote the components of a Cartesian co-
ordinate system with 3 parallel to the main valley
axis (a (111)axis).
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1, 2, 3 denote the components of a Cartesian co-ordinate system with 3 parallel to the main
valley axis (a (111)axis).



Let V be the crystal potential for material A and V+
OV the potential for material B. Due to the similarity

of A and B 8V will be small. Then in first order
perturbation theory

2
({; +V+ t@p,m,)u,h =E,
EnkoA = Ey,
Ew,” = Euy + [ thy, Vit dr

B _ A

€2 denotes a unit cell. The continuity of the wave

function W(7) requires due to the orthogonality of
up the continuity of each envelope function fp
because by multiplying with u and iniegrating over a
unit cell to the left and the right of the interface one
obtains



matching conditions
Jon = —E—}_—E &P,,,, - pf, continuous
A n's

Multplying by the constants P,, and summing over
all n>N

2;’ EQ:'_‘ é% I continuous

z direction perpendicular to the interface
and = Xx,y,z



one band approximation (N=1)

J9r_120
m; azf_ m; azf
1. R P,
m; ;;En_El



continouity condition may be to stringent:
I'-point

interface should be perpendicular to the x axis (crystallographic
(100]) and the inplane momentum in direction z is equal to zero. The

8x8 Hamiltonian matrix reduces to two 4x4 problems of the form

[ Eq~E  ~Pk/JI -Pk/J& -Pk /3X S
-Pk_[2 E-E 0 0 Ahl 0
~Pk_//6 0 E—-E 0 AN

| —Pk,/\3 0 0 E,-E Lh.

ke =k, tik,

not all four functions can be continuous if Eg and
E7 change by a different amount across the interface

(

c- )

A
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The matching conditions for the derivatives rast-
not have a significant influence on the results of a
boundary value problem. To see this we observe first
that although the NxN Hamiltonian with quadratic
terms has 4N linearly independent solutions to a
given energy E only 2N are reasonable in EFA
theory. To see this consider a bulk material The
solutions of the differential equations are
exponential functions and the Operators are replaced
by numbers. and they are reduced to an algebraic
problem of Nth order in E and (4N)th order in p
allowing 4N solutions for p for a given energy E.
However for each band only two values of

k (=kotdk) close to kg are reasonably described by
EFA whereas for the other two lying far away EFA
does not describe the bulk energy dispersion at all.
Thus if it turns out in an actual calculation that the
amplitudes of these additional states are large the
results of the whole calculation are meaningless and
EFA cannot describe this physical situation,




The change from layer A to layer B at an interface is
not abrupt but occurs gradually

The envelope functions are continuous differentiable
functions

P.-p=4(P p+p-P).
OpuPs = PaQDy

Bloch condition:

f,(x,y,z+ D) =exp(i KD)f,(x,y,2), n=1,...N
K €[-n/D,n/D]

vanishing in-plane momentum:

cos(KD) =

— % % + % Sin(kz,qu )Sin(szdB)

+ cos(k,d, )cos(k,zdy)

. kan
E;+k22mf +k22m; —E

for the L-point



100{

ffcc

meV pb——noo

A
CdTe HgTe kx ky n/D
R 175 T L
.0 5.2 v,

Ll A Y. \t\
o 1 1] > x
| : ||
L.._../'
D
3



by IS Rt ASJAS rman




SPLINE FUNCTIONS

Interpolate between n data points (x{,y;) (i=1,...n)
by means of a function g(x)
with k<n continuous derivatives
and make

o= }[ g‘”(x)]zdx as small as possible

asx<x,<.<x,<bh

For k>n no unique solution
for k=n Lagrangian interpolation polynomial (k-1)
for k<n unique solution:
g(x) is a piece wise function given in any interval
[Xi,Xi+1] by a polynomial of degree at most 2k-1,
the Oth_(2k-2)th derivative of the polyromial arcs
join smoothly at every x;
in intervals (-o,x1) and (xp,>) degree k-1
g(x) is a natural Spline s of degree 2k-1

Let

k-1 b

f]= ZI fO(x)du,(x), W,(x)bounded variation

ré{)a

for arbitrary £ (s) is the best approximation to £(f)

Vs: s(x)=P,_,(x)+ ZCj(x ~X; )iH uniquely given

J=1



B-splines:

g(sit)=(s—1);"

oooityst) = g(tgsee ty st
8:(fo.t1,...t,.:t)-g’(‘ n 3._8;0(0 w15t)

Mo (t) = g(ty,1,,...145t)  B—spline

By, (1) = My, (tXt, - 1,) normalized B - spline

Se1(X) = Py (x)+ f’,A,-Mu(x) uniquely

i=]

for multiplicity n of Xj is the (k-n)th derivative of
M, k(x;) discontinuous

fo (bt €) ~ Feltort) - p&,
“ %
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= PbTe/Pby.xEu,Te has been used for mid-IR quantum

well diode |asers, type I heterostructure system
with very high mobilities in the PbTe W,

= PbTe and EuTe is a combination of
a narrow gap (PbTe: Eg = 0.2 eV) and
a wide gap (EuTe: Eg = 2.0 ¢V material

resulting in vary large confinment energies,

- PbTe and EuTe is a combinatien of
a diamagnetie (PbTe' and
a antiferremagnetie (EuTe) material,

investigatien of "magnetic” superiattices,

= investigation of the structural properties of
rt peri - B

= EuTe layers can be used as insuletien layers in
IV-VI heterostructures,



MBEG182:
40 Periods

PbTe

»» EuTe «« B

Period: 345.48A
PbTe: 325.77A

- 87.
- EuTe: ﬁ%
PbTe apbTe: 6.462A

dEuTe: 6.598A
\ Aa/a: 2.19%
PbTe - Buffer \
MR EuTe strained with
anormal=6.828A
Substrate:
BaFz2(111) Buffer:  PbTe, 4um
relaxed

»
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MQW DETECTORS FOR THE INFRARED:

® conventional technology for thermal
imaging relies mainly on
Hg1-xCdxTe

disadvantage: extremely precise control of
composition for A> 10 um necessary.

® IV-VI compounds like PbSe, PbS still in
use both as polycristalline bulk materials
as well as singlecrystalline epitaxial films:
In particular PbSe, PbSnSe on Silicon sub-
Strates as photovoltaic detectors for IR
focal plane arrays 206G et ol

(cut off frequency: > 100 MHz).

¢ MQW detectors relying on intersubband
transitions: photoconductive, broad
response |
interbandtransitions: step-like changes of

the photoconductivity whenever fig
corresponds to transition energy (type I
band alignment).
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Transition Energy (meV)

Transition Energy (meV)

}06

PbSe/PbMnSe MQW#135, Eg= eV, T=5K, 1993.04.18
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TRANSITION ENERGY (meV)
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Absorption constant
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CALCULATION OF THE TRANSMISSION:

Transfer matrix method

( matching of the electromagnetic field at all interfaces):

Pb]-xEuxTe: buffer, barrier layers:
essentially transparent

aPbEuTe (W), nPbEuTe((o)

PbTe: wells: absorption between confined states
a(w), n(w)
ny i) n3 Om "m+1 MN-1 N
..._dZ_.H.__dL,, dm I, dN |

E|

: 1 E
2 3 m | Em+l Nt N
INCIDENT |
WAVE ! K7 K3 Kl 1Kma Kno{ | KN

Transmatted

\ B> | Ex Em' | Emsl EN-p wave
REFLECTED
WAVE
K Ko Ky B | Kmor KN-1'
212 23 Zy4 Zmm+] IN-IN

Transfer Matrix Method
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PHOTOMAGNETIZATION

CO-Laser 215 - 245 meV (circularly polarized)

Excitation within PbTe wells.

Light-induced magnetisation in PbMnTe due to tails of electron
wavefunctions from exeited spinpolarized carriers in diamagnetic
PbTe-wells.

Comparison with photoluminescence-spectra.

Polarity of photomagnetization in comparison to a "bulk" epilayer

Saturation of photomagaetization
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TJHEQRY:
PHOTOQEXCITATION GENERATES
KRAMERS SPIN POLARIZED CARRIERS;

CAUSE VIA s-d EXCHANGE INTERACTION A
POLARIZATION OF THE

Mn 2+ (S = 5/2) d -ELECTRONS

PHOTOMAGNETIZATION

(MAGNETIC MOMENT OF SPIN

POLARIZED VALENCE AND o
CONDUCTION ELECTRONS IS NEGLIGIBLE
COMPARED TO MAGNETIC MOMENT M OF

SPIN POARIZED . Mn2* (S))

M= <S.> X ngl
BHB <52 Q dmn+dpy

density of Mn-ions
Q: volume of Wigner-Seitz-cell

B=}J,()M

ES



CALCULATION OF STEADY STATE p:

n-type samples:
HOLE POLARIZATION
VANISHES QUICKLY.
RESULTING POLARI-
ZATION IN CB DUE TO
GENERATED ELECTRONS

RATE EQUATIONS:

dp* op* dp*

—— lgen = — |Rec + —— |

at gen Y Rec at SF

0 + + a + -

P lRec-—p , p lSF ip P

ot NP "SF

TR TSF (ap+ lgen - Ll | n)

+_ T =
P==P TSk + 2TR | ot an o

£



CALCULATION OF ENERGY DISPERSION

WAVE FUNCTIONS AND GENERATION
RATE WITH ENVELOPE FUNCTION

APPROXIMATION

h2|<2 2
. E, - 2mt+ l21nll(|§ Puk;03 + P, (kO + k,09)
= s "
hc <+ B.EL + __153.

2mt 2I'I‘I|

PbTe [PbM NTE z-dependent parameters:
Ec (), Ev (2)

Py, PL (2)
€ [ D ‘* mi-t , m;t (Z)
Z

Hfy = Exfk (hermitized Hamiltionian)

with fy (z+D) = exp(ik,D) fyy(2)

k = (kx.ky,kz) (kxky: in plane momenta)

1,



AVERAGE SPIN <S,> GIVEN BY

S
2, iexp(-jb/kgT)

<S,> = 0

S
Z exp (-jb,/kgT)

j=-8

= -(S+—é—) ctgh{S+—%—) b/kgT + %ctgh %- b,/kgT

where

2 3
b (2") [T pka_z Hemhkdk

(proportional to mean molecular field)
Tr extends over the Kramers pair
Hexch =

0 BOZSZ'bl(GxSx"l'GySy)

numerical values:
A=-182 meV, a1=-288meV; B—-33meV b1=27meV

7



GENERATION RATE:

P B = Z <ok |t ik> <Pk |t | ik>"

x 8 (E(k) - E{k) - ha)(!-fe.g) i
Hexghk

For b; << kT

+4

=+ f=z



PIVULELULAR FLIELUDS

O
(18]
-

:

<Hexch> =-Q g S - B”
— a\;eruge Mn-Spin
EXPECTATION VALUE

Y
de -Tmcﬂ—f“*( k) gexch]_
{dk -Truce[rff)"*(m]

Interband-Transition
Density Matrix for

+ . .
™ - Polarization

(per carrier)

1
p‘;:p(k) = Z(k,aln*|i><k,p|n*|i>'
]f II | - lfr:r';l? l]sfcm:
f ‘ %‘- CB“- Tg m
mt m*
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C v
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