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a  b  s  t  r  a  c  t

We  performed  ab  initio  calculations  of the  electronic  structures  of  bulk  CdSe  and  CdTe,  and  their  interface
band  alignments  on the  CdSe  in-plane  lattice  parameters.  For  this,  we  employed  the  LDA-1/2  self-energy
correction  scheme  [L.G.  Ferreira,  M.  Marques,  L.K.  Teles,  Phys.  Rev. B  78  (2008)  125116]  to  obtain  corrected
band gaps  and  band  offsets.  Our  calculations  include  the  spin–orbit  effects  for the  bulk  cases,  which  have
shown  to be  of  importance  for the  equilibrium  systems  and  are  possibly  degraded  in  these  strained
eywords:
and gap
and offset
ensity functional theory
xcited states

semiconductors.  Therefore,  the  SO  showed  reduced  importance  for  the  band  alignment  of this  particular
system.  Moreover,  the  electronic  structure  calculated  along  the  transition  region  across  the  CdSe/CdTe
interface  shows  an  interesting  non-monotonic  variation  of  the  band  gap  in  the  range  0.8–1.8  eV,  which
may  enhance  the  absorption  of light  for corresponding  frequencies  at the  interface  between  these  two
materials  in  photovoltaic  applications.

© 2012 Elsevier B.V. All rights reserved.

hotovoltaic materials

. Introduction

Energy is a great challenge for the next decades, provided the
ossil fuel-derived sources emissions of large amounts of CO2 are
ncreasing, with associated anthropogenic greenhouse effects. As
n alternative to go beyond silicon efficiency, photovoltaic mate-
ials in nanostructured phases have been studied, like quantum
lms, wires and dots to improve efficiency of solar energy harvest-

ng and conversion [1–3]. With the increasing advances in solid
tate fabrication techniques for nanostructures [4,5], the simula-
ion techniques play an important role as systems approach the
tomic scale. Density functional theory together with local density
pproximation [6,7] has been the main theoretical tool in con-
ensed matter simulation, and has a widespread application in
anostructures [8].  For the case of photovoltaic materials, there

s a need to understand and predict the valence and conduction
taggered band alignments. However, a major challenge comes
rom the fundamental difficulties to predict the band gaps the-
retically, in particular for large systems due to computational
osts involved. It is well known that density functional theory

DFT) fails to predict excited state properties of materials [9],
hat forces most researchers to use (i) adjustable parameters or

emi-empirical methods and/or (ii) simplified models to accurately

∗ Corresponding author. Tel.: +55 1132622207; fax: +55 1132622207.
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describe experimental findings. This becomes a drawback to the
study of potentially efficient photovoltaic materials [10], which are
still not characterised or optimised. State-of-the-art methodologies
like GW to improve the description of excited states have been used
for the photovoltaic CdSe/CdTe system [11] as well as to bulk and
surfaced CdTe system [12]. In this work, we  intend to show how
a newly developed technique, called LDA-1/2 [13,14],  deals with
this particular problem of the CdSe/CdTe photovoltaic interface and
predicts that proper band alignment feature. The LDA-1/2 method
has been very successful in this type of calculation for other inter-
faces [15,16].  We  modelled II–VI CdSe and CdTe semiconductors
in wurtzite (wz, P63mc)  structure as a CdSe/CdTe interface to cal-
culate the band gaps and band offsets. This setup was motivated
by applications of these systems in core/shell (0 0 0 1) CdSe/CdTe
nanowires under strain as described in Ref. [17], though there are
known differences in the dependence of the band gap on strain
between bulk and nanostructures[10]. Although recent work shows
that the improvement of this type of material involves theoreti-
cal understanding of defects and their formation mechanisms [18],
our interface is made without point defects, being all the possible
effects in band structure introduced by strain. For thin enough films,
lattice-mismatched heterostructures can be grown without misfit

defects as first studied by Matthews and Blakeslee [19]. Because
the strain for our interfaces is about 6.4 % (which differs some-
what from the hexagonal interface found in very thin nanowires
[10]), the defect-free approximation in only realistic for films a few

dx.doi.org/10.1016/j.mseb.2011.12.044
http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
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Table  1
Bulk and strained LDA lattice vectors for wz–CdSe and wz–CdTe. str LDA values refer
to  CdTe strained to the CdSe c and a lattice vectors. Experimental values taken from
Ref.  [25].

Lattice vectors (Å)

CdTe CdSe

LDA str LDA Exp. LDA Exp.
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a 4.52 4.64 4.58 4.24 4.30
c  7.42 6.95 7.50 6.95 7.02

tomic layers thick, [20] which is the case in this study. To enrich
he discussions, we also analyse the impact of spin–orbit effects
ith common LDA and LDA-1/2 on bulk unstrained CdSe and CdTe,

s well as their possible implications on the band offsets.

. Methods

Our total-energy and electronic structure calculations were
ased on the DFT within the local density approximation (LDA)
f Perdew and Zunger [21]. For the description of the interac-
ions among electrons and nuclei we used the frozen-core projector
ugmented-wave (PAW)[22] ab initio pseudopotentials (PP) as
mplemented in the “Vienna Ab-initio Simulation Package” (VASP-
AW code) [23]. The cutoff for the plane wave expansion was
74 eV. The k-space integrals were approximated by sums over a
pecial mesh of the Monkhorst–Pack (MP) type [24] in the irre-
ucible part of the Brillouin zone (BZ). For bulk and slab calculations
e used 9 × 9 × 9 and 9 × 9 × 1 MP  k-meshes respectively, both

ncluding the Gamma  point, and a denser 12 × 12 × 1 mesh for the
ensity of states calculations. To account for the band splittings
t the valence band maximum (VBM) of each bulk material we
ncluded the spin–orbit (SO) coupling explicitly in the calculations,
hus making the energy dependent on the direction of the magnetic

oment. As shown below, the SO splitting is of considerable impor-
ance to the reproduction of experimental band gaps. The impact
f SO splittings was evaluated as shifts in band offsets energies in
ur slab calculations a posteriori as rigid shifts of the valence band
dges (VBE) with values given by the calculated bulk strained band
plittings.

Our calculated bulk lattice vectors (LV) shown in Table 1 are
ithin 1.5% and 1.4% (1.5% and 1.6%) of the experimental values

or the a (c) LV of wz–CdTe and wz–CdSe, respectively, which is
ypical of well-converged LDA structural parameters. The wurtzite
eterostructure supercell was built with normal vectors and the c
V parallel to the plane of the junction. Ahead we  give some more
etails about the model structure used as supercell. The a‖ (lattice
ector parallel to the interface) and c LVs of the CdTe slab were fit to
he CdTe slab values, while the normal LV a⊥ was relaxed, partially
elieving the strain energy. The heterostructure with the interface
Vs set to the calculated bulk values of CdSe had the LV values of
a‖=4.24Å; a⊥=123.04Å; c=6.95Å}. The LV a⊥ of the strained slab is
elaxed to minimise the strain energy.

To improve on the LDA underestimation of band gaps, we
mployed the LDA-1/2 method [13]. Our intention is to correct the
and gaps to improve the band alignment of the interface. The LDA-
/2 method has shown excellent results for band gaps [13,14,26]
nd band offsets [15,16]. The LDA-1/2 method follows from Slater’s
alf-ionisation technique [27,28] which yields excellent results for
he ionisation potentials of atoms. Is possible to demonstrate the
onnection with the self-energy (electrostatic) in the expression of

he second derivative of Janak’s theorem, and then extend the idea
o crystals, in which one adds to the crystalline potential an atomic
self-energy potential” VS, defined as the difference between the
ohn-Sham atomic potential and that of the half-ion, VS(r) = V(0,
Fig. 1. Variational determination of the CUT parameter for the anions. Spin–orbit
coupling was not included. Also shown are the horizontal lines representing exper-
imental and LDA bandgaps.

r) − V(− 1/2, r). Here the first index in the potential V refers to the
occupation number, r being the radius in atomic units. In general,
only the anionic self-energy potential is important because the
valence band, composed mostly of anion states, is more localised
than the conduction band and therefore has larger self-energy. We
found that only modifying the Se and Te p-orbitals proved nec-
essary. Because the self-energy is local, the long-range Coulomb
potential tail needs to be bounded by a cutoff radius (CUT) to avoid
overlapping with the self-energy potentials of the other anions in
the lattice. This procedure is done by multiplying the self-energy
potential by a cutoff function �(r), defined as follows

�(r) =

⎧⎨
⎩

[(
1 − r

CUT

)m
]3

, if r ≤ CUT

0 , if r > CUT

(1)

so that we can make a variational procedure to find the optimal
CUT value doing a calculation of Eg(CUT). This procedure makes
the method free of adjustable parameters [13]. In Eq. (1) the expo-
nent m shall be made as large as possible so that the cutoff is sharp
but without introducing numerical problems. To obtain the final
band structure for this system, one more self-consistent calculation
with atomic positions fixed is necessary. Therefore, no considerable
computational effort is done with LDA-1/2 if compared to LDA. Fig. 1
shows the optimisation of the CUT parameter for Se and Te. The
optimal CUT values are found at the maximum of the bulk band
gaps, with values 3.7 and 4.0 atomic units (a.u.) for the Se and Te
p-orbitals, respectively. All LDA-1/2 calculations were performed
with LDA-relaxed LVs (see Table 1).

3. Results

Fig. 2 shows the CdTe and CdSe band structures obtained with
LDA and LDA-1/2. Without SO correction, the calculated wz-CdTe
direct band gap is 1.78 eV, consistent with previous GW calcula-
tions [29]. SO effects reduce the band gap by 0.23–1.55 eV, in good
agreement with the experimental value of 1.60 eV for wz–CdTe
[30]. Unlike zb–CdTe, where the values we obtained for �SO
employing either LDA and LDA-1/2 PPs are quite close (0.87 and
0.85 eV, respectively, in good agreement with experimental values
0.90–0.95 eV [25,31,32]), for wz–CdTe we found a larger differ-

ence for the equilibrium splitting parameter �SO, 0.85 and 0.76 eV,
obtained with LDA and LDA-1/2, respectively. We  have been unable
to find experimental values for wz–CdTe to compare with. Our cal-
culated direct band gap of wz–CdSe without SO coupling is 1.77 eV,
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Fig. 2. LDA-1/2 (solid) and LDA (dotted) band structures for bulk wurtzite CdTe (top)
and  CdSe (bottom), both considering SO coupling. Self-energy correction changes
very  little the LDA SO energies but have a considerable impact on the LDA band
gaps. Reference energy taken at the top of the valence bands.

Table 2
Bulk wurtzite CdSe and CdTe band gap energies without [Eg] and with [Eg(SO)]
spin–orbit coupling. Also shown are the band splitting parameters �SO. For com-
parison, band gap energies for strained structures including spin–orbit [Eblk str

g (SO)]
were obtained from bulk LDA-1/2 calculations of CdSe (CdTe) strained to the CdTe
(CdSe) lattice parameters c and a‖ , and a⊥ relaxed to its equilibrium value. Without
strain, a‖ = a⊥ . Experimental values are shown for comparison [25].

Bulk band gaps (eV)

CdTe CdSe

LDA LDA-1/2 Exp. LDA LDA-1/2 Exp.

Eg 0.68 1.78 0.50 1.77
Eg(SO) 0.45 1.55 1.60 0.38 1.66 1.75

Eblk str
g (SO) 1.62 1.28
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Table 3
Strained CdSe and CdTe bulk and heterostructure LDA-1/2 band gaps. blk str values
refer to bulk CdTe (CdSe) strained to the CdSe (CdTe) c and a‖ lattice vectors, with a⊥
lattice vector relaxed to its equilibrium value. Without strain, a‖ = a⊥ . het is similar to
blk str except that the band gaps were obtained from heterostructure calculations.

Effect of strain on band gaps (eV)

Eblk str
g CdSe: 1.77

CdTe: 1.87

that the electronic transition region spans 24 atomic planes, or
�SO 0.85 0.76 0.95a 0.36 0.32 0.39–0.41

a Measured at 300 K [25].

n good agreement with the experimental band gap of 1.75 eV. The
nclusion of SO coupling reduces the CdSe band gap to 1.66 eV, a
ecrease of only 0.11 eV, about half the decrease obtained for CdTe.
O correction to the CdSe band structure was also included by other
uthors employing semi-empirical methods [33–35],  DFT [36], and
W [29]. Our LDA and LDA-1/2 values for �SO for wz–CdSe are quite
imilar, 0.36 eV and 0.32 eV respectively, while the experimental
esults vary in the range 0.39–0.41 eV [25,37,38].

Table 2 summarises the effects of LDA-1/2 and SO energy correc-
ions on the bulk band gaps of bulk wz–CdTe and wz–CdSe. Notice
hat �SO is about twice the LDA band gap energy Eg(SO) for CdTe,
nd close to the value of Eg(SO) for CdSe. The table also shows the

alue of the band gaps under strain, Eblk str

g , where the a‖ and c LVs of
he CdTe (CdSe) bulk were fit to the CdSe (CdTe) bulk values, while
he normal vector a⊥ was relaxed. Under strain the band structures
Ehet
g CdSe: 1.64

CdTe: 1.82

undergo considerable changes. For strained CdSe the LDA band gap
changes to indirect within LDA-1/2. On the other hand, with LDA-
1/2 strained CdSe displays a direct band gap as in the unstrained
case, with a strained band gap value of 1.28 eV.

We emphasise that the biaxial strain employed was such that
the CdTe cell had the c and a‖ lattice vectors of the other (≈ 6 %
lattice mismatch), while the a⊥ lattice vector was  relaxed, releasing
some of the strain energy. Of course a‖ = a⊥ without strain. Under
compressive strain, CdTe increases its energy bandgap as expected.
The impact of strain in the band gap (without SO) of the bulk CdTe
is summarised in Table 3.

In the heterostructure configuration, CdSe is considered as the
substrate and CdTe is lattice matched to it as a thin film. The
atomic positions are relaxed to get a more precise charge mixing
at the interface. To guarantee that the interfaces are far enough
to avoid interactions and charge confinement, 64 atomic planes of
each material were included in the model. This number of planes
was  the minimum necessary to obtain well converged band off-
sets from the density of states projected on the atomic planes
(PDOS), which is useful to investigate the band edges along the
transition region between the two materials. Table 3 shows that
for these many planes quantum confinement is minimised result-
ing in heterostructure band gaps (obtained as far as possible from
the interfaces) in good agreement with their corresponding bulk
values. The difference between bulk and heterostructure band gaps
is not larger than 0.13 eV, indicating good convergence.

The band offsets were calculated with the method of PDOS onto
atomic planes, similar to Louie et al. [39] and Bass et al. [40]. From
the PDOS taken from each atomic plane we  can obtain the profiles
for VBM and CBM across the heterostructure from CdTe to CdSe.
For each plane (z value), we  identify one band edge by imposing
that the number of states from the clean midgap region to the edge
in question is greater than a limit value. In our cases, a threshold
of 3E-4 states/plane was determined when the eigenvalues of the
band edges in a plane far from the interface recover approximately
the bulk band gap.

Fig. 3 shows the variation of the LDA-1/2 band gaps and band
offsets along the heterostructure, in comparison to the LDA, from
CdTe (left) to CdSe. As expected the CdSe valence band edges (VBE)
are lower in energy than in CdTe due to Se higher electronegativity
number if compared to Te. The conduction band edges (CBE) align-
ment forms the staggered band offset of this junction. SO effects
investigated in the bulk calculations are not included here due to
high computational cost. Due to the staggered band alignment, the
heterostructure CBE (VBE) is composed of CdSe (CdTe) wave func-
tions. Notice that the VBE transition profile from CdSe to CdTe is
somewhat faster than the CBE transition in the opposite direction.
Moreover, the CBE transition occurs entirely in the CdTe side of the
interface, while the VBE transition occurs entirely in the CdSe side,
revealing the greater localisation of the valence (conduction) band
edges along the interface at the CdTe (CdSe) side. Fig. 3 also shows
≈61.4 Å, and is nearly centred at the physical interface. Because the
transition regions for the CBE and VBE span several atomic plane,
the band gap along the transition region varies non-monotonically,
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Fig. 3. Top: LDA and LDA-1/2 conduction and valence band edges along the hetero-
junction, from CdTe (left) to CdSe. Valence and conduction band offsets (VBO and
CBO) are indicated. Mean inter-planar distances ≈1.92 Å; middle: heterostructure
model (light grey: Cd; grey: Se; dark grey: Te); bottom: LDA and LDA-1/2 band gaps
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g ) along the heterojunction, from CdTe (left) CdSe. Solid and dotted lines in top

nd bottom panels correspond to LDA-1/2 and LDA calculations, respectively. SO
ffects not included.

anging from ≈ 0.76 (0.82) eV near the interface to 1.64 eV in the
dSe side and 1.82 eV in the CdTe side. Such spectrum seems to be
articular to the CdSe/CdTe interface, since similar calculations of
he Si/SiO2 [15] and GaAs/AlAs [16] interfaces yielded monotonic
and gap variation in the transition region. The ≈ 0.8–1.8 eV band
ap variation of the CdSe/CdTe interface band gap over the ≈61.4 Å
ransition region may  lead to a reinterpretation of light absorption
ata by this system since the heterostructure may  be more efficient
t absorbing low frequency radiation than anticipated. Moreover,

 band gap smaller around the interface than in the bulk regions of
dSe and CdTe implies in larger dielectric constants in that region.
s a consequence, the associated refractive index around the inter-

ace will be larger. As this structure could act as an optical inhibitor
o higher energy photons around the interface, a coaxial CdSe/CdTe
anowire could act as an optical waveguide for a particular fre-
uency range as well.

Table 4 summarises the band offsets of the CdSe/CdTe het-
rostructure considered, comparing LDA and LDA-1/2 results.
DA-1/2-derived VBO is more than a factor of two larger than cor-
esponding LDA value, while for the CBO the difference is ranges
rom 1.2 times larger than obtained with LDA. Here the bulk SO
alculated energies add to the VBO results just about 0.1 eV both

or LDA and LDA-1/2, thanks to the strain. Our CBO bigger than the
BO indicates a higher barrier for electrons than for holes. If the
and gap reduction for CdTe and CdSe due to spin–orbit are ∼0.25

able 4
DA-1/2 and LDA band offsets for the CdSe/CdTe heterostructure configuration.

Band offsets (eV)

LDA-1/2 LDA

CBO 1.02 0.84
VBO 0.85 0.21

[
[
[
[
[
[
[

[
[

[
[
[
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and ∼0.1, respectively, then the new VBO would be their difference,
i.e. 0.15 eV. This is an estimate of the maximum difference in the
VBO if the bulk spin–orbit energies were considered in the strained
interface.

4. Conclusions

We have calculated the wurtzite CdSe and CdTe bulk electronic
band gaps and their interface band offsets using spin-unpolarised
self-energy DFT/LDA-1/2 technique. The bulk band gap energies
including SO effects are in good agreement with experiments.
Assuming strained CdTe over relaxed CdSe, we found that the
conduction and valence band offsets span an ≈61 Å long region
surrounding the interface, with the conduction band transition
occurring mostly in the CdTe side of the interface and the valence
band transition occurring mostly in the CdSe side of the interface.
As result, the band gap transition is not monotonic, reaching a min-
imum near the interface before converging to its bulk values at each
side of the interface. The band gap ranges between 0.8 and 1.8 eV
along the transition region. This behaviour may have important
consequences for the mechanism of light absorption at the inter-
face between these two  materials in photovoltaic applications, as
the small band gap should improve the performance of the device
for longer wavelengths. We  found that spin–orbit coupling ener-
gies are significant for the bulk band gaps of the two materials,
but do not affect considerably the band offsets. The LDA-1/2 tech-
nique reproduces well the expected band alignment type for this
interface, thus opening a new possibility for applications in more
complex systems as photovoltaic interfaces in nanostructures.
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