
PHYSICAL REVIEW B 15 SEPTEMBER 2000-IVOLUME 62, NUMBER 11
Structure stability and carrier localization in Cd X „XÄS, Se, Te… semiconductors

Su-Huai Wei and S. B. Zhang
National Renewable Energy Laboratory, Golden, Colorado 80401

~Received 6 March 2000!

We studied systematically the structural and electronic properties of binary CdX (X5S, Se, and Te! semi-
conductors in both zinc-blende~ZB! and wurtzite~WZ! structures, the band alignment on the ZB/WZ inter-
faces, and carrier localization induced by the band offsets. We show, by first-principles band-structure calcu-
lation that at low temperature, CdS is stable in the wurtzite structure, while CdSe and CdTe are stable in the
zinc-blende structure. However, coherent substrate strain can change CdTe to be more stable in the wurtzite
form. We find that CdX in the wurtzite structure has a larger band gap than the one in the zinc-blende structure.
The band alignment on the ZB/WZ interface is found to be type II with holes localized on the wurtzite side and
electrons on the zinc-blende side.
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Cd-based II–VI semiconductor compounds are of cons
erable interest due to their applications in optoelectro
devices.1,2 Unlike most III–V and II–VI semiconductors
CdX (X5S, Se, and Te! compounds exist in both zinc
blende~ZB! and wurtzite~WZ! structures or in mixed~ZB!/
~WZ! phases.3 Depending on the growth condition, one ca
stabilize one of the two crystal structures either by epitax
strain on proper substrates or buffer layers, or by controll
the growth temperature. This additional structure freed
provides an opportunity for making more efficient and re
able devices by choosing the appropriate polytypism of
compounds. For example, it was shown4 that extended de
fects in wurtzite material tend to stay in the basal pla
Thus, when grown along the@0001# direction, defects propa
gation tends to be suppressed, leading to improved de
stability. Wurtzite compounds also present a natural splitt
between the heavy-hole and light-hole band, thus, like
dered semiconductor alloys and superlattices, they can
used as high-quality spin-polarized photoelectron sourc5

Another interesting phenomenon is that in making CdTe/C
solar cells, the wurtzite structure is often observed wh
CdTe is grown on a hexagonal CdS substrate.6 It is not clear
how the existence of the wurtzite CdTe affects the car
distribution and device performance in this system.

In this paper we study systematically the electronic str
tures of Cd-based compounds in both zinc-blende and wu
ite structures and ZB/WZ interfaces using first-principle
self-consistent electronic structure theory based on the lo
density approximation~LDA !. We have calculated~a! the
equilibrium crystal structures of zinc-blende and wurtz
Cd-based semiconductors,~b! the band offsets at the ZB/WZ
interface for these Cd compounds,~c! the valence-band split
ting at the top of the valence band of wurtzite CdX, and~d!
carrier localization in valence-band maximum~VBM ! and
conduction-band minimum~CBM! states at interfaces o
mixed ZB/WZ systems. This paper describes the salient
tures of these calculations and discusses the significant p
ics of the results.

The band structure and total-energy calculations are
formed using the first-principles density-functional forma
ism as implemented by the general potential, all electr
relativistic, linearized augmented plane wave~LAPW!
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method.7 The Cd 4d electrons are treated in the same footi
as the other valence states. No shape approximations are
ployed for either the potential or the charge density. We u
the Ceperley-Alder exchange correlation potential8 as param-
eterized by Perdew and Zunger.9 The Brillouin-zone integra-
tion of the superstructures is performed using the Monkho
Pack specialk points scheme.10 A large number ofk points
and high-cutoff energies for the basis functions are used
ensure that the total-energy difference between the wurt
and ZB phases are converged to within 1 meV/2 atom.
the structural parameters are fully relaxed to minimize
total energy.

The valence-band offsetsDEv
WZ2ZB for compounds CdX

are calculated using the standard approach.11,12 In this ap-
proach, the valence-band offset is given by

DEv
WZ2ZB5DEVBM,C

WZ 2DEVBM8,C8
ZB

1DEC,C8 . ~1!

Here, DEVBM,C
WZ 5EVBM

WZ 2EC
WZ is the core level to valence

band maximum energy separation for CdX in the wurtzite
structure andDEC,C85EC

WZ2EC8
ZB is the difference in core-

level binding energy between CdX on each side of the
ZB/WZ interface. We find that, even though the zinc-blen
and wurtzite structures have very similar volume and lo
structure, the core-level differenceDEC,C8 makes a signifi-
cant contribution to Eq.~1!. Thus, it is necessary not only t
calculate the bulk CdX in zinc-blende and wurtzite phase
but also to calculate the core state alignment across
ZB/WZ interface~see below!. The conduction-band offset
are obtained by using the relationDEc

WZ2ZB5DEg
WZ2ZB

1DEv
WZ2ZB .

While the zinc-blende structure has the cubic space gr
and the wurtzite structure has the hexagonal space group
two structures are in fact very similar: they start to diff
only in their third-nearest-neighbor atomic arrangement.
an ideal wurtzite structure one findsaWZ5aZB /&,
(c/a)WZ5A8/351.633, and the internal structure paramet
uWZ50.375. For a real wurtzite compound, due to the low
crystal symmetry, the structural parameters could differ fr
these ideal values. Thus, a wurtzite compound can have
types of distinct cation-anion nearest neighbor bond leng
6944 ©2000 The American Physical Society
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TABLE I. Calculated structural parametersa, c, andu, and bulk moduliB for zinc-blende and wurtzite
CdS, CdSe and CdTe. Results are compared with experimental values~Ref. 3!.

Properties

CdS CdSe CdTe

LDA Exp. LDA Exp. LDA Exp.

aZB (Å) 5.7958 5.818 6.0412 6.052 6.4400 6.482
aWZ (Å) 4.1009 4.136 4.2717 4.300 4.5499
cWZ (Å) 6.6866 6.714 6.9786 7.011 7.4512
(c/a)WZ 1.6305 1.623 1.6336 1.630 1.6377
uWZ 0.3757 0.3756 0.3754
BZB (kbar) 703 592 466 445
BWZ (kbar) 692 620 579 530 454
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One bond, parallel to the~0001! direction, has lengthR1 ,
and the other three bonds have equal lengthsR2 . They are
given by

R15uc,

R25A1/31~1/22u!2~c/a!2a. ~2!

Table I gives our calculated lattice parametersa andc, inter-
nal structure parametersu, and bulk moduliB for CdS, CdSe,
and CdTe in both zinc-blende and wurtzite phases. We h
the following results:

~i! the calculated lattice parametersa are within 0.7% of
the experimental values.3 For the wurtzite structure, the ca
culatedc/a ratios are 1.631, 1.634, and 1.638, for CdS, Cd
and CdTe, respectively, very close to the ideal valuec/a
51.633.

~ii ! The calculated internal structure parametersu are
0.3757, 0.3756, and 0.3754 for CdS, CdSe, and CdTe,
spectively, very close to the ideal valueu50.375. These
results suggest that the splittings of Cd-anion nearest ne
bor bond lengths in the wurtzite structure are very small. T
slight decrease in theu parameter is consistent with the slig
increases of thec/a ratio as anion atomic number increase
This is because in wurtzite semiconductors, due to the c
petition between bond-bending and bond-stretching forc
the c/a ratio and theu parameter always move in the opp
site directions,13 similar to that found for zinc-blende sem
conductors with~111! trigonal distortion.14

~iii ! The calculated bulk moduli are in good agreeme
with experimental data.3 They decreases as the anion atom
number increases. The slightly larger calculated bulk mod
relative to the experimental data are due partly to the un
estimation of the lattice constants~the calculated bulk
moduli at experimental lattice constants are 664, 577,
423 kbar, for zinc-blende CdS, CdSe, and CdTe, resp
tively!. The bulk moduli for the WZ structure is predicted
be slightly smaller than their zinc-blende counterparts.

With the subtle differences between the zinc-blende
the wurtzite structures, the total energies and the direct b
gaps at theG point are expected to be similar for these tw
structures. Table II gives the calculated total-energy diff
encesDEWZ2ZB, band-gap differencesDEg

WZ2ZB , valence-
band and conduction-band offsetsDEv

WZ2ZB andDEc
WZ2ZB ,
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respectively, between binary zinc-blende and wurtzite co
pounds, and the valence-band splittingDEAB

WZ . We find the
following results:

~a! DEWZ2ZB is negative for CdS, while positive for CdS
and CdTe. These results indicate that at low temperature
is stable in the wurtzite structure, while CdSe and CdTe
stable in the zinc-blende structure. However, the total-ene
differences between the wurtzite and zinc-blende structu
are very small. They are22, 2, and 9 meV/2 atom for CdS
CdSe, and CdTe, respectively. The increase ofDEWZ2ZB as
the anion atomic number increases from S to Se to Te
consistent with the fact that as the anion atomic number
creases the compound becomes more ionic. Since the M
lung constant for the wurtzite structure (aM

WZ51.6413) is
slightly larger than the zinc-blende structure (aM

ZB

51.6381), the more ionic the compound is, the more like
the compound will have the wurtzite ground-state structu
For CdS and CdSe, our calculated results of22 and 2 meV/2
atom are similar to the results of Yehet al.,15 found to be22
and 3 meV/2 atom. However, our results do not agree w
the calculated results of Murayama and Nakayama16 of 29
and22 meV/2 atom for CdS and CdSe, respectively. Th
results would suggest that at low temperature CdSe are s
in the wurtzite structure. This is in contradiction with expe
mental observation,17 where the low-temperature stab
phase for CdSe is found to be zinc-blende and CdSe tr
forms into the wurtzite structure at about 95 °C.

Due to the small energy differences between the zi
blende and wurtzite phases, the actual crystal structure o
compounds will depend sensitively on the substrate orie
tion, growth temperature, and history of annealing. As a t
we calculated the total-energy differenceDEWZ2ZB of CdTe
strained on a wurtzite CdS~0001! substrate. In this calcula

TABLE II. Calculated total-energy differencesDEWZ2ZB,
band-gap differencesDEg

WZ2ZB and band offsetsDEv
WZ2ZB and

DEc
WZ2ZB between Cd-based zinc-blende and wurtzite compoun

The calculated valence-band splittingsDEAB in the wurtzite struc-
ture are also given.

Properties CdS CdSe CdTe

DEWZ2ZB (meV/2 atom) 22 2 9
DEg

WZ2ZB (meV) 69 59 47
DEv

WZ2ZB (meV) 46 35 18
DEc

WZ2ZB (meV) 115 94 65
DEAB

WZ (meV) 18 33 53
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FIG. 1. Plane averaged charge densities of CBM and VBM states of (WZ)6 /(ZB)6 superlattices for CdS, CdSe, and CdTe. We see
VBM is more localized on WZ side while CBM is more localized on zinc-blende side.
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tion the lattice constants in the plane are fixed to be the
for equilibrium bulk CdS, while the lattice constant perpe
dicular to the substrate is free to relax. We find th
DEWZ2ZB is reduced from 9 meV/2 atom for bulk CdTe
zero for the epitaxial CdTe, suggesting that epitaxial Cd
can form more easily in the wurtzite structure than bu
CdTe can. This reduction inDEWZ2ZB is attributed to the
fact that wurtzite CdTe is slightly more soft and can rel
more efficiently in the@0001# direction.

~b! The band gaps of the wurtzite structure are 69, 59,
47 meV larger than that in the zinc-blende structure. T
reason for this increase of the band gap in the wurtzite st
ture is as follows:18 Both the zinc-blende and wurtzite stru
tures can be considered as layered along the@111# or the
@0001# direction. They differ only in their stacking se
quences. Consequently, electron states on theḠ-Ā line of the
wurtzite Brillouin zone are derived directly from the one o
the zinc-blendeG-L111 line. In particular, at theḠ point, we
have

G1→Ḡ1~G1!; G15→Ḡ1~G15!1Ḡ6~G15!. ~3!

Here, we denote wurtzite states by an overbar and indica
parentheses the parent zinc-blende states. The states o
same symmetry in the wurtzite structure can interact and
repel each other with magnitude that in perturbation theor
inversely proportional to their initial energy difference a
directly proportional to the square of their coupling mat
element DV2. Therefore, the coupling between th
Ḡ1v(G15v) andḠ1c(G1c) states lead to an upward shift of th
CBM Ḡ1c(G1c) state, thus increasing the band gap of t
wurtzite structure. It also contributes to the crystal-field sp
ting at the VBM between theḠ6v(G15v) and theḠ1v(G15v)
states.

~c! After including the spin-orbit coupling, the calculate
valence-band splittingsDEAB

WZ between theḠ9v(A) and
G7v(B) are 18, 33, and 53 meV, for CdS, CdSe, and Cd
respectively. The increase ofDEAB

WZ as the anion atomic
number increases can be explained by the fact that as
anion atomic number increases, the band gap decreases
the coupling between theḠ1v(G15v) andḠ1c(G1c) states be-
comes larger, pushing theḠ1v state down. Our LDA calcu-
lated results can be compared with experimental values3 of
15 and 25 meV for CdS and CdSe, respectively. It shows
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LDA overestimate the splittings by 20 to 30%, consiste
with the underestimation of the LDA band gaps. Similar r
sults have been found for ordered III–V semiconduct
alloys.19

~d! Due to the crystal-field splitting in the wurtzite struc
ture, the VBM of the wurtzite structure is higher than th
VBM of the zinc-blende structure. The calculated valenc
band offsets between the zinc-blende and wurtzite struct
are 46, 35, and 18 meV, respectively, for CdS, CdSe,
CdTe, decreasing as anion atomic number increases.
conduction-band offsets can be obtained using the rela
DEc

WZ2ZB5DEg
WZ2ZB1DEv

WZ2ZB , which givesDEc
WZ2ZB

to be 115, 94, and 65 meV, respectively, for CdS, CdSe,
CdTe. The CBM on the wurtzite side is higher. This type
band alignment indicates that in a sample with mixed zi
blende and wurtzite phases, the hole state will localize in
wurtzite region while the electron state will localize in th
ZB region. To test this, we calculated electronic structures
(ZB)n /(WZ)n superlattices. Figure 1 plots the calculat
plane averaged charge distribution of the VBM and CB
states of the~ZB!6 /~WZ!6 superlattice for CdS, CdSe, an
CdTe. We see that, indeed, the VBM state is more locali
in the wurtzite region, while the CBM is more localized
the zinc-blende region. The charge localization is more s
nificant for the VBM state since the hole effective mass
much larger than the electron effective mass~despite
DEc

WZ2ZB being larger thanDEv
WZ2ZB). The degree of the

carrier localization decreases as anion atomic number
creases, consistent with our prediction thatDEv

WZ2ZB and
DEc

WZ2ZB decrease from CdS to CdSe to CdTe.
Murayama and Nakayama16 have calculatedDEv

WZ2ZB

for the three Cd compounds using a pseudopotential met
They found thatDEv

WZ2ZB are 19, 30, and 21 meV, respe
tively, for CdS, CdSe, and CdTe. However, in their calcu
tion they assumed that no dipole potential exists across
interface, thusDEv

WZ2ZB is determined only by the first two
terms on the right-hand side of Eq.~1!, i.e., they were deter-
mined purely from the binary calculations. We found th
this assumption is not justified. Without the third term in E
~1!, our calculatedDEv

WZ2ZB are only21, 3, and 10 meV,
for CdS, CdSe, and CdTe, respectively. It is not surprising
see that the interface term in Eq.~1! plays the most importan
roles in determiningDEv

WZ2ZB for the more ionic com-
pounds CdS and CdSe, since wurtzite compounds are p
and piezoelectric.
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This predicted band alignment and carrier localization i
mixed ZB/WZ system are expected to have significant
fects on the electronic and transport properties of Cd co
pounds and affect their device applications. For example

FIG. 2. Schematic plot of the band alignment at t
n-CdS/p-CdTe interface. We see that electron is trapped on z
blende CdTe while holes are trapped on wurtzite CdTe, thus re
ing the minority-carrier collections.
ps
,

k,

on
a
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-

in

a p-CdTe/n-CdS solar cell, formation of a thin layer o
wurtzite CdTe on the wurtzite CdS substrate~Fig. 2! can
reduce the minority carriers~electrons in CdTe and holes i
CdS! collection, thus reducing the cell efficiency. This
because wurtzite CdTe has a higher VBM than zinc-blen
CdTe, thus holes generated in CdS will be trapped in wu
ite CdTe before they can be collected by zinc-blende Cd
On the other hand, zinc-blende CdTe has a lower CBM th
wurtzite CdTe; the electrons have to overcome an unfav
able spike before it can be collected by CdS. The effect w
be even larger if the wurtzite CdTe near the interface
strained on the wurtzite CdS substrate, because the epit
strain will move up the VBM of CdTe by 0.53 eV and th
CBM by 0.30 eV, enhancing the energy barriers.

In summary, we have studied systematically the electro
properties of Cd-based compounds and interfaces using
first-principles band-structure method. We find that wurtz
CdX have nearly ideal structural parameters. The to
energy differencesDEWZ2ZB are very small, thus, the actua
crystal structures of the Cd compounds at room tempera
will depend sensitively on their growth conditions. The ba
gaps of wurtzite Cd compounds are larger than their zi
blend counterparts. The VBM of wurtzite CdX is higher than
the VBM of zinc-blende CdX; this leads to carrier localiza
tion in a mixed ZB/WZ system and can affect significan
device transport properties.
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