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We present theoretical calculations on the electronic structures of (ZnSe) (Cd& „Zn„Se)„superlat-
tices. First-principle pseudopotential calculations are performed to obtain the valence-band offset for
CdSe grown on ZnSe. We then use an empirical nonlocal pseudopotential method, including the spin-
orbit interaction to calculate the band structures and effective masses of {ZnSe) {Cd&,Zn„Se)„super-
lattices grown on ZnSe. The empirical pseudopotentials are taken to be linear combinations of Gaussian
functions with a few adjustable parameters. The parameters of ZnSe and CdSe are fitted to available ex-
perimental data. The effects of strain due to lattice mismatch have been properly taken into account.
We have also studied the band gap as a function of composition and layer thicknesses of constituent ma-
terials in superlattices. The results are in agreement with recent experimental data.

Recently, in searching for a material that is more
e5cient for light emission in the blue-green range, exten-
sive studies of II-VI semiconductors, their alloys, and
their alloy superlattices have been performed. ' Among
these materials, (ZnSe} (Cd& „Zn„Se)„superlattices
have attracted much attention. In this paper, we report
theoretical studies on the electronic properties of zinc-
blende CdSe and (ZnSe) (Cd, „Zn„Se}„superlattices
using both first-principles and empirical pseudopotential
methods.

In order to obtain the correct band structure and opti-
cal properties for ZnSe-CdSe superlattice systems, infor-
mation about the band offset at the interface is needed.
We have carried out a first-principles self-consistent pseu-
dopotential calculation for the band offset for the (001}
ZnSe-CdSe interface, which is based on the approach
developed by Pickett, Louie, and Cohen, Kunc and Mar-
tin, and Van de Walle and Martin. In this approach,
self-consistent charge densities are properly calculated.
The charge transfer across the interface leads to an inter-
face dipole which is responsible for the band discontinui-
ty.

Our calculations are performed for a super cell
geometry, which consists of three layers of cubic ZnSe
and three layers of strained CdSe, including a total of 12
atoms. The CdSe layers are compressed parallel to the
interface to match the ZnSe lattice constant (5.668 A),
and expanded in the perpendicular direction to reduce
the elastic energy. Following Van der Walle and Mar-
tin, we determine the lattice constants by a macroscopic
elastic theory. For strained CdSe layers, the lattice con-
stant in the growth direction is 6.521 A.

The norm-conserving, ab initio pseudopotentials for
Zn, Cd, and Se were generated in configurations listed in
Table I. Both the Zn 3d electrons and the Cd 4d elec-
trons were treated as core electrons in these
configurations, but the core exchange-correlation correc-
tions were taken into account according to procedures
described in Ref. 7. Although these electrons are corelike
in the elemental metals, they may fall within the valence-
band region in compounds and play a role in bonding.

TABLE I. Configuration for generating norm-conserving
pseudopotentials.

s
p
d

Zn

4s
4 0.754 0.25

4 0.754d 0.25

Cd

Ss
5s 0.755 0.25

0.755d 0.25

Se

4s 4p
4s 4p

14 2.754d 0.25

Wei and Zunger have found that these semicore d states
have an important effect on the valence-band offset
(VBO) of the III-V and II-VI semiconductors. Recently,
Qteisch and Needs argued that accurate results can be
obtained with the shallow cation d states treated as core
states, provided the core exchange-correlation correc-
tions are included. Since the relaxation for Zn 3d and Cd
4d states can cause some convergence problems for the
band structure at k points near the zone center, we
adopted the scheme of Qteish and Needs to estimate
VBO in the ZnSe-CdSe superlattice. To make sure the
configurations chosen are correct for our present system,
we have made a test calculation for bulk ZnSe with kinet-
ic energy up to 18 Ry. The calculated valence-band ei-
genvalues at high symmetry points in the Brillouin zone
are given in Table II, together with the results calculated
by Bernard and Zunger' (in parentheses) using an all-
electron mixed-basis approach for comparison. The
agreement between the two calculations is satisfactory.

To estimate the potential shift at the interface accu-
rately, more than 900 plane waves with energy cutoff at 9
Ry were included in the expansion of the wave functions.
Four special points were used for sampling in k space.
Convergence for the self-consistent potential was
achieved with a difFerence of less than 10 Ry between
the last two iterations. The potential shift at the interface
is 0.8952 eV, forming an upward step from ZnSe to CdSe.

To line up the band structure on both sides of the in-
terface, we have to perform the band calculation for bulk
materials with the same crystal structures as in the super-
lattice layers. They are zinc-blende ZnSe and strained
CdSe. The positions of the topmost valence bands with
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TABLE II. Calculated valence-band eigenvalues at high-symmetry points for ZnSe (in eV). The cor-
responding values obtained by Bernard and Zunger (Ref. 10) are included in parentheses.

r„
I ls,

—12.96( —12.86)
0.00(0.00)

Xl„
X3„
X5„

—11.55( —11.79)
—4.73( —4.82)
—1.90( —2.20)

L„
Ll,
L3,

—11.91(—12.06)
—4.92( —5.21 )
—0.73( —0.87)

respect to their average potentials are 6.9975 and 6.4331
eV, respectively, for ZnSe and strained CdSe. Combining
these results, we determined the valence-band offset to be
0.331 eV without including spin-orbit interaction.

The spin-orbit interaction was added to the Hamiltoni-
an as a perturbation and the spin-orbit splitting was cal-
culated in first-order approximation. With the spin-orbit
interaction the sixfold-degenerate valence band of cubic
ZnSe at I split into a high-lying fourfold multiplet (up
0.1416 eV) ad a lower-lying twofold multiplet (down
0.2833 eV). For strained CdSe, the spin-orbit interaction
shifts the topmost valence band upward by 0.1390 eV, al-
most the same value as in ZnSe. Therefore the net effect
of the spin-orbit coupling on band offset is negligible in
this particular situation.

We have noticed slow VBO convergence with respect
to the thickness of the slab of each material. Since the
main purpose of this paper is to extract an overall picture
of the (ZnSe)~(Cd~ „Zn„Se)„superlattices, only a

reasonably accurate VBO is required. Therefore, as men-
tioned before, only 3 X3 superlattice geometry was em-

ployed to calculate the VBO. Test calculations indicate
that the band structures are not sensitive to changes of
VBO within 0.2 eV.

By using the above result for the ZnSe/CdSe band
offset from first-principles calculation, we have performed
systematic studies of (ZnSe) (Cd& „Zn„Se)„superlat-
tices with an empirical pseudopotential method. In this
method, both local and nonlocal pseudopotentials are
taken to be linear combinations of Gaussian functions
with a few adjustable parameters. Our local potentials

—a&r
2 2Qlr —a&r

2

take the form VL
= v

&
e ' + v 2r e ' +v3e

where v„v2, v3 are adjustable parameters, while a& and

a3 are fixed at 0.5588 and 0.2747 a.u. for anions and
0.4381 and 0.2154 a.u. for cations. The nonlocal poten-

—(r/R )

tials take the form VN„= gl A I e
'

I
lm ) ( t

where A& for different angular momentum I are adjust-
able parameters and the core radius R, is fixed at 2.3 a.u.
The spin-orbit coupling in each material is also included
empirically in the form

b, b'

—(r/R, )
2

where (r b)=[x,y, z]e ' /&S denote three
effective p-like core orbitals, S being the normalization
constant. The parameters for both CdSe and ZnSe are
first obtained by fitting the screened atomic pseudopoten-
tial of Cd, Zn, and Se calculated by first principles, and
then adjusting them to fit the available experimental data
for the band structure. For zinc-blende CdSe, the pseu-
dopotentials are fitted to the measured band gaps at I, L,
and X and the dielectric functions, " and for ZnSe they
are fitted to experimental data reported in Ref. 12. The
results are shown in Table III.

The band structure of unstrained zinc-blende CdSe has
been reported in Ref. 11. The band structure of strained
zinc-blende CdSe grown on ZnSe buffer layers is shown in
Fig. 1, in which the lattice constant in the in-plane direc-
tion is 5.668 A and in the growth direction is 6.521 A.
Because of biaxial strain, the band structure in the [100]
direction is different from that in the [001] direction, so
the band structures in both directions are shown. Table
IV shows the valence-to-conduction transition energies at
high symmetry points and the zone-center spin-orbit
splitting (b,o) for unstrained CdSe, strained CdSe (on

ZnSe), and ZnSe, all calculated by the empirical pseudo-
potential method. Eo E& and E2 denote the bad gaps at
I", L, and X, respectively.

Because of the mismatch of the lattice constants be-
tween CdSe and ZnSe, the superlattices of interest grown
on thick ZnSe buffer layers will always be strained, as we
described above. The alloy part of the superlattices is ap-
proximated by a virtual crystal of which the parameters
are averaged according to the composition. The bulk
band structures for ZnSe and strained zinc-blende CdSe
obtained by using the parameters listed in Table III have
an automatic band offset of 0.71 eV, and the band offset
obtained by the first-principles calculation is 0.33 eV. To
include the effect due to the correction in band offset, we
add to the superlattice potential a Kronig-Penney poten-
tial of the form

TABLE III. Parameters of ZnSe and CdSe in the nonlocal pseudopotential methods (in a.u. ).

ZnSe
CdSe

V lc

1.14
1.35

V2c

—0.72
—0.85

V3c

—0.74
—0.87

V la

2.55
2.55

V2a

—1.60
—1.60

V3a

—1.65
—1.65

ZnSe
CdSe

Ao,

—0.15
0

Al,
—0.02
—0.12

A2,

0.57
1.3

Ao,

—0.105
0

Al,

0.2
0.3

A2,

0.000 385
0.000 256

0.000059
0.000 121
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TABLE V. Energy gap and splitting at the I point (in eV), and effective masses (in m, ), in four
(ZnSe) (Cd„Zn, „Se)„superlattices with overall 25% CdSe.

Energy Direction m, m» m»

(ZnSe)3(CdSe)
&

a~~
——5.668 A

a =5.881 A
(ZnSe) p( Cdp ~Znp 5Se )2

a~~
=5.668 A

aq =5.880 A

Eg —2.368
p=0. 526

hh) =0.135

Eg =2.467
6p =0.526
Aha

—0. 125

[01]
[100]
[110]
[001]
[100]
[110]

1.28 0.16
0.29 0.16
0.27 0.17
1.24 0.16
0.29 0.16
0.34 0.17

0.41 0.41 0 0 0
1.07 0.37 0.50 0.17 0.03
1.17 0.44 0.56 0.24 0.01
0.27 0.36 0 0 0
0.70 0.39 0.20 0.12 0.01
0.67 0.34 0.17 0.11 0.01

(ZnSe) &(Cdp»Zn& 6&Se)3

a~I =5.668 A
aq =5.879 A

Eg =2.506
6p =0.522

Ah) =0.121

[001]
[100]
[110]

0.26 0.35 1.23 0.16 0 0 0
0.60 0.39 0.29 0.17 0.10 0.08 0.01
0.58 0.34 0.34 0.17 0.07 0.07 0.01

(Cdp 25Znp 75Se )4

a~(
—5.668 A

aq =5.879 A

Eg =2.520
hp=0. 519
b },]=0.093

[001]
[100]
[110]

0.23 0.34 1.33 0.16
0.47 0.39 0.30 0.17
0.51 0.35 0.34 0.17

0 0 0
0.07 0.07 0.01
0.06 0.06 0.01

superlattices by using both first-principles and empirical
pseudopotential methods. The valence-band offset be-
tween ZnSe and CdSe is found to be 0.33 eV. Effective
masses and spin splitting along various symmetry direc-
tions for the (ZnSe)3(CdSe), 2 superlattice are predicted,
and the effects due to interdiffusion are examined. This
information is important for modeling the performance
of quantum-well laser structures made of (ZnSe)3(CdSe),
and ZnSe. We have also examined the fundamental band

gaps of (ZnSe) (CdSe) superlattices as functions of m

and n, and our results are in agreement with recent ex-
perimental findings.
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