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Electronic structure, interfacial chemistry, and optical properties
of „II-VI …n /„IV 2…m „110… superlattices
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The detailed calculations of electronic structures of the~BeTe!n /(Si2)m , ~BeTe!n /(Ge2)m , and ~BeTe!n/
(Si12xGe11x)m @xP(21,11)# ~110! superlattices are performed by a semiempiricalsp3s* tight-binding
method with a wide range ofn,m<20. A strong quantum confinement effect is found that causes the states at
the conduction- and the valence-band edges confined in two dimensions in the IV semiconductor wells. Results
of how the band gap between the confined band-edge states and the lowest transition type change by varying
the superlattice period are reported. Interfacial band structure and planar average of charge densities of states
are presented for the BeTe-Si and BeTe-Ge boundaries. Two interface bands are identified in the upper region
of the thermal gap in all the superlattices studied, which extend over a quite different region ofk space.
Furthermore, the calculated electronic structures of BeTe/SiGe~110! superlattice with a wide range of com-
position variations are found to be quite different from that of II-VI compound grown on pure IV semicon-
ductors, but fairly close to their average.@S0163-1829~97!02939-1#
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I. INTRODUCTION

Semiconductor superlattices consisting of alternate lay
of different materials provide extra dimensions for tailori
material properties. The combination of controlled variatio
in the composition, strain, and thickness of the layers p
vides electronic and optical properties1–3 unlike any ordinary
bulk material that might lead to important applications
optoelectronics.4–7 There has been great interest in t
multilayer growth of II-VI compounds for optoelectronic de
vice application in the visible-to-ultraviolet range as stro
nonlinearities in these materials and their quantum w
have been recognized for many years.8–10 Of particular note
for the present work is the successful fabrication of II-VI/I
superlattices using molecular beam epitaxy, with each la
consisting of a few monolayers of the constitue
materials.11–13 Since a detailed picture of the electron
structure and stability will provide guidance for device a
plications, the systematic study of the II-VI/IV superlattic
systems has become a necessity from a practical poin
view.

In this paper, I examine theoretically the electronic stru
ture of BeTe/Si, BeTe/Ge, and BeTe/SiGe superlattices
performing band structure calculation using the tight-bind
method. Among the chalcogenides of Group IIA elements,
BeTe is one of few which have the zinc-blende structure
structure common to many well known IIB-VI and III-V
semiconductors, and BeTe is also a potentially good se
conductors as revealed by many predecessors.14,15 Neverthe-
less up to the present, to my knowledge, theoretical stud
BeTe/Si, BeTe/Ge, and BeTe/SiGe superlattices has bee
glected and there has been no report on the band structu
such systems, which is interesting both for the basic rese
560163-1829/97/56~16!/10308~6!/$10.00
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and for practical applications. Besides the potential for
dustrial activities, the close lattice constants between B
and Si, Ge, or SiGe~Ref. 16! make the lattice mismatch
smaller than 1.8, 1.5, and 0.2 %, respectively. An aver
lattice was used for each BeTe/IV superlattice, where IV
Si, Ge, or SiGe. The band edge shifts resulting from
small lattice mismatch are in the range of 0.01–0.05 eV17

which can be neglected within the tight-binding approxim
tion.

In this study, I will present my calculations for the~110!
growth direction. The~110! interface is nonpolar in a lattice
matched system, while the~100! and ~111! interfaces are
polar interfaces.18 Therefore, the interface electric fields d
duced from the differences in the nuclear charges of the

TABLE I. Tight-binding parameters~in eV! for bulk BeTe. The
off-site matrix elements (a,b5s,s*, p,x, andy; i , j 5a,c) are writ-
ten in the standard notations of Slater-Koster approximation.

(s,p)ac 3.1376
(s*, p)ac 11.1116
(s,p)ca 4.9266

(s*, p)ca 4.4876
(s,s) 26.6814
(x,x) 0.4553
(x,y) 4.2536
(s)a 28.6164
(s)c 1.8306

(s*) a 61.5396
(s*) c 22.9766
(p)a 0.0109
(p)c 4.2376
10 308 © 1997 The American Physical Society
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56 10 309ELECTRONIC STRUCTURE, INTERFACIAL . . .
kinds of interface atoms in a~100! or ~111! growth direction
will disappear in the present~110! growth case. Some
studies19 have shown that, in a lattice-mismatched case,
atoms may no longer stay in planes perpendicular to
growth direction even for the~110! orientation. As a result
this interface becomes slightly polar, which influences

FIG. 1. Band structures of the~BeTe!16/(Si2)16 and ~BeTe!16/
(Ge2)16 ~110! superlattices,~a! and ~b!, respectively, calculated by
the first-neighborsp3s* tight-binding method. The zero of energ
corresponds to the top of the valence band of the superlattices.
inset shows the Brillouin zone of the~BeTe!16/(Si2)16 and ~BeTe!

16/(Ge2)16 ~110! superlattices.
e
e

e

band offset. However for the present nearly lattice-match
system, the out-of-plane motion is not included since
zero-field model20 is well established. Further results of th
charge densities of the confined states and interface state
these superlattice systems are also reported. A sys
atic study of the electronic and interfacial properti
of II-VI/VI ~110! superlattices with a wide range of epitaxi
layer thickness has been carried out.

he

FIG. 2. ~a! Difference of the interface states and the confin
conduction band-edge states at some high symmetry points, w
G5GC2G I and X5XC2XI , ~b! fundamental energy gap an
interface state, in solid line and dashed line, respectively,
~BeTe!16/(Si12xGe11x)16 ~110! superlattice with ideal interface
The zero of energy corresponds to the top of the valence band
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FIG. 3. Calculated planar average of the charge densities of the interface~dashed lines! and the confined band-edge~solid lines! states
at G andX points for ~BeTe!16/(Si2)16 and ~BeTe!16/(Ge2)16 ~110! superlattice,~a! and ~b!, respectively, with ideal interface.
e

t

his
e

a
ng
re
le
am

ined
tal
a
rs

for
i-
nd

e

1,
va-
e

nd
peri-

of
II. TIGHT-BINDING TECHNIQUE

The tight-binding eigenstates of a superlattice can be
panded as a linear combination of atomic orbitals:18,21

uk,l&5(
j,a

^j,ra,kuk,l&uj,ra ,k&5(
j,a

Cja~k,l!uj,ra ,k&,

~1!

wherel denotes the band index,j is a quantum number tha
runs over the basis orbitalss,s* ,px ,py , and pz on the dif-
ferent types of sitesa in a unit cell. TheN wave vectorsk lie
in the first Brillouin zone with the origin of thel th unit cell
at Rl , and ra represents the positions of the atoms in t
unit cell. Cja(k,l) is the eigenwave function, which can b
obtained by solving the Schro¨dinger equation

(
j8,a8

@^j,ra ,kuHuj8,ra8 ,k&2El~k!djj8daa8#^j,ra ,kuk,l&

50. ~2!

In this paper, only the nearest-neighbor interactions
included. The intramaterial elements in the tight-bindi
Hamiltonian can be uniquely formed by using the cor
sponding bulk parameters. While for the intermaterial e
ments at ideal interface, a simple average of the bulk par
x-

re

-
-
-

eters has been used. These bulk parameters are determ
by fitting the first-principles calculations and experimen
results. Yamaguchi’s formulas22 have been adapted to yield
self-consistent result atX-point energies. These paramete
are tested against some well established bulk results.14,15For
reference, I give the parameters used in my calculations
bulk BeTe in Table I. My parameters give the correct ind
rect gap of 2.95 eV and a correct order of conduction-ba
minimaG-L-X for bulk BeTe. For bulk material Si I used th
parameters given by Voglet al.23

III. RESULTS AND DISCUSSION

A. Band structures

The band structures of the~BeTe! 16/(Si2)16 and
~BeTe!16/(Ge2)16 ~110! superlattices are displayed in Fig.
where the zero of energy corresponds to the top of the
lence band atk50. the inset shows the Brillouin zone of th
~BeTe! 16/(Si2)16 and ~BeTe! 16/(Ge2)16 ~110! superlattices.
Since the valence-band discontinuity of BeTe/Si a
BeTe/Ge heterojunctions has not been established ex
mentally, here I assume their valence-band offsetDEv to be
1.03 eV~BeTe/Si! and 1.31 eV~BeTe/Ge! given by Harrison
theory.17 The irreducible part is indicated with the labels
the eight symmetry points (R,Z,G,X,M ,X8,R8, and L),
shown in the inset of Fig. 1, where the axis from theG point
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to the X point is normal to the projection of the Be-Si an
Te-Si bonds on the~110! plane.

In Fig. 1, the top of the valence band is shown byEV,
which is located at theG point. The bottom of the conduc
tion band is shown byEC located atX̃, which is near theX
point, for ~BeTe! 16/(Si2)16 ~110! superlattice and atM for
~BeTe! 16/(Ge2)16 ~110! superlattice. The other lowest con
duction band states areEG

C , EX
C , andEM

C , at theG, X, and
M points, respectively.

FIG. 4. Band gapEg of ~BeTe!n /(Si2)m and ~BeTe!n /(Ge2)m

~110! superlattices,~a! and ~b!, respectively, as a function of th
number of layersn5m. The relative positions of the interface ban
EI point are also drawn. The zero of the energy is the valence b
maximum of the superlattice.
Two interface state bands, lying in the upper region of
thermal gap, are found to be clearly localized at the ident
interfaces of the BeTe/Si and BeTe/Ge superlattices, wh
the Be-Si and Te-Si bonds are equally present in the BeT
system as are Be-Ge and Te-Ge bonds in the BeTe/Ge
tem. It is found that the interface states appear over an
tended region ofk space.

In the ~BeTe! n /(Si12xGe11x)m superlattices, a continu
ous range of materials parameters, tunable by changing
composition x, is allowed because of the presence of
pseudobinary semiconductor SiGe alloy. The tight-bind
parameters for bulk material Si12xGe11x alloy can be writ-
ten as

E~A12xB11x!5@~12x!E~A!1~11x!E~B!#/2. ~3!

The difference of positions between the interface state
the confined conduction band-edge state at some high s
metry points by continuously changing the compositionx,
whereG 5 GC2G I and X5XC2XI , has been analyzed in
Fig. 2~a!. The fundamental energy gap versus compositiox
is given in Fig. 2~b! in solid line, the interface state is als
drawn in the figure in dashed line, where the zero of ene
corresponds to the top of valence band. For a fixed supe
tice periodn5m516, the interface state energy atX̃ point
and the energy gap reach a maximum concurrently asx50.
The tendencies of energy gap and interface state position
quite similar by varying the compositionx.

B. Confined states and localized states

The large-band-gap BeTe layers cause quantum con
ment in the small gap Si or Ge quantum wells. A detail
description of the planar averages of the charge densitie

nd

FIG. 5. Energy minima at some high symmetry points atX̃ point
~solid line! andM point ~dashed line! for ~BeTe!16/(Si12xGe11x)16

~110! superlattice with ideal interface. The lowest transition is t

G-to-M (x.0.615) andG-to-X̃ (x,0.615). The zero of energy
corresponds to the top of the valence band of the superlattices
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theG andX band-edge states is shown in Figs. 3~a! and 3~b!
for ~BeTe! 16/(Si2)16 and ~BeTe! 16/(Ge2)16 ~110! superlat-
tices, respectively, with ideal interface in solid lines. T
interface states atG andX are also analyzed in Fig. 3, draw
in dashed lines. From Fig. 3, one can see that all the ba
edge states are confined in two dimensions—silicon or g
manium wells. Therefore, it is reasonable to believe that
crowded subbands in Fig. 1, consisting of the valence
conduction bands of the superlattice, originate from those
IV semiconductors by the zone folding effects.

In order to check how the interface states are affected
the choice of valence-band offsetDEv , I study the interfa-
cial properties of~BeTe! 16/(Si2)16 and ~BeTe! 16/(Ge2)16
~110! superlattices by varyingDEv . It shows that in all the
superlattice systems examined, the relative positions of
interface states are changed by varyingDEv , but they do not
disappear from the gap for all possible valence-band offs
It is found in the superlattices studied parts of the interfa
band with higher energy are pushed into the conduction
lence band region, in agreement with the experimen
consensus.24

C. Energy gap

The fundamental band gaps of the~BeTe! n /(Si2)m and
~BeTe! n /(Ge2)m ~110! superlattices with ideal interfaces a
given as a function ofn5m in Figs. 4~a! and 4~b!, respec-
tively. The interface statesEI are plotted, dashed lines in Fig
4, for both systems, where the zero of energy correspond
the top of the valence band. It is found the lowest transit
is the indirectG-to-X̃ for all BeTe/Si superlattices, whereX̃
is near theX point. For the BeTe/Ge system, it isG-to-M
(n5m.10) andG-to-X̃ (n5m<10).

The quantum confinement is most dramatic, as illum
nated in Fig. 4, as the band gap rises sharply by decrea
the superlattice period. However, it is found that the fun
mental band gap of the~BeTe! n /(Si2)m or ~BeTe! n /(Ge2)m
~110! superlattices does not change significantly, as
pected, by varying the BeTe layer thickness at a fixed nu
ber of Si or Ge layers. It is concluded that the Si or Ge la
thickness is crucial in determining the fundamental gap
the BeTe/Si or BeTe/Ge superlattice.
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Furthermore, Fig. 5 shows how the relative positions
the two minima of the valence band atX̃ point ~solid line!
and theM point ~dashed line! change by varying the com
positionx, where the zero of energy corresponds to the
of valence band. One can see the lowest transition type
dergoes a change betweenG-to-M andG-to-X̃ at x50.615.

IV. CONCLUSION

A systematic investigation of electronic structure, inter
cial chemistry and optical transition in~II-VI ! n /(IV2)m
~110! superlattices has been performed for a wide range
n,m<20 by using a semiempirical tight-binding metho
Two empty interface bands are identified in the upper reg
of the gap in the superlattice, which extend over a qu
different region ofk space. It is found the SiGe layer plays
dominant role in determining the fundamental gap of t
superlattice system due to the strong quantum confinem
effect. For a valence-band discontinuityDEv51.03 eV for
BeTe/Si superlattice andDEv51.31 eV for BeTe/Ge super
lattice, given by the Harrison theory, the band gap betw
the confined band-edge states increases sharply~up to 2.11
eV for BeTe/Si and 1.93 eV for BeTe/Ge at theX̃ point for
n5m52) by decreasing the superlattice period. By che
ing the electronic structure of~BeTe! n /(Si12xGe11x)m with
the compositionxP(21,11) for a wide range ofn,m<20,
the electronic and interfacial properties are found to be q
different from that of those II-VI compounds grown on pu
IV semiconductors, but fairly close to their average in
cases. It is concluded that behavior of the interface state
these calculated systems has no major difference within
compositionx range examined. These results presented
this work should establish the understanding of the fun
mental electronic properties of the superlattices fabrica
from II-VI and IV semiconductors.
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