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We studied systematically the structural and electronic properties of binay(Ke S, Se, and Tesemi-
conductors in both zinc-blend&B) 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 C 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 Il with holes localized on the wurtzite side and
electrons on the zinc-blende side.

Cd-based II-VI semiconductor compounds are of considmethod! The Cd 4 electrons are treated in the same footing
erable interest due to their applications in optoelectroni@s the other valence states. No shape approximations are em-
devices'? Unlike most 1lI-V and 11-VI semiconductors, ployed for either the potential or the charge density. We used
CdX (X=S, Se, and Tecompounds exist in both zinc- the Ceperley-Alder exchange correlation potefitial param-
blende(ZB) and wurtzite(WZ) structures or in mixedZB)/ eterized by Perdew and ZunggeT.he Brillouin-zone integra-
(WZ) phases.Depending on the growth condition, one can tion of the superstructures is performed using the Monkhost-
stabilize one of the two crystal structures either by epitaxiaPack speciak points schemé’ A large number ok points
strain on proper substrates or buffer layers, or by controllingand high-cutoff energies for the basis functions are used to
the growth temperature. This additional structure freedonensure that the total-energy difference between the wurtzite
provides an opportunity for making more efficient and reli-and ZB phases are converged to within 1 meV/2 atom. All
able devices by choosing the appropriate polytypism of théhe structural parameters are fully relaxed to minimize the
compounds. For example, it was shéwhat extended de- total energy.
fects in wurtzite material tend to stay in the basal plane. The valence-band offsetsE!'“~“® for compounds CH
Thus, when grown along tH@001] direction, defects propa- are calculated using the standard apprdach.n this ap-
gation tends to be suppressed, leading to improved devigeroach, the valence-band offset is given by
stability. Wurtzite compounds also present a natural splitting
between the heavy-hole and light-hole band, thus, like or- AEWZ 2B AEVE, c—AELS o +AEcc . (D)
dered semiconductor alloys and superlattices, they can be ‘ ’ ‘
used as high-quality spin-polarized photoelectron soutces
Another interesting phenomenon is that in making CdTe/Cd and maximum energy separation forXCih the wurtzite
solar cells, the wurtzite structure is often observed when WZ 7B . ) .

CdTe is grown on a hexagonal CdS substPatds not clear ~ StUcture and\Ec ¢ =Ec"~Ec,"is the difference in core-

how the existence of the wurtzite CdTe affects the carriefevel binding energy between ®don each side of the
distribution and device performance in this system. ZB/WZ interface. We find that, even though the zinc-blende

In this paper we study systematically the electronic struc@nd wurtzite structures ha}ve very similar volume a}nd. I'ocal
tures of Cd-based compounds in both zinc-blende and wurtAtructure, the core-level differendeEc ¢, makes a signifi-
ite structures and ZB/WZ interfaces using first-principles,cant contribution to Eq(1). Thus, it is necessary not only to
self-consistent electronic structure theory based on the locaf@lculate the bulk Cd in zinc-blende and wurtzite phases,
density approximatio{LDA). We have calculateda) the but alsq to calculate the core state allgnment across the
equilibrium crystal structures of zinc-blende and wurtziteZB/WZ interface(see below. The conduction-band offsets
Cd-based semiconductork) the band offsets at the ZB/WZz are obtained by using the relatiohE*~*®=AEy*" %5
interface for these Cd compounds) the valence-band split- +AE\UNEZB-
ting at the top of the valence band of wurtziteXGdand (d) While the zinc-blende structure has the cubic space group
carrier localization in valence-band maximufvBM) and  and the wurtzite structure has the hexagonal space group, the
conduction-band minimum(CBM) states at interfaces of two structures are in fact very similar: they start to differ
mixed ZB/WZ systems. This paper describes the salient fezenly in their third-nearest-neighbor atomic arrangement. In
tures of these calculations and discusses the significant phygn ideal wurtzite structure one findsz=azg/v2,
ics of the results. (c/a)yz= \/8/3=1.633, and the internal structure parameters

The band structure and total-energy calculations are pemy,z=0.375. For a real wurtzite compound, due to the lower
formed using the first-principles density-functional formal- crystal symmetry, the structural parameters could differ from
ism as implemented by the general potential, all electronthese ideal values. Thus, a wurtzite compound can have two
relativistic, linearized augmented plane waveAPW)  types of distinct cation-anion nearest neighbor bond lengths.

ere, AEVgy c=Evgw— EC” is the core level to valence-

0163-1829/2000/62.1)/69444)/$15.00 PRB 62 6944 ©2000 The American Physical Society



PRB 62 BRIEF REPORTS 6945

TABLE |. Calculated structural parameteasc, andu, and bulk moduliB for zinc-blende and wurtzite
CdS, CdSe and CdTe. Results are compared with experimental VRaés3.

Cds CdSe CdTe
Properties LDA Exp. LDA Exp. LDA Exp.

azg (A) 5.7958 5.818 6.0412 6.052 6.4400 6.482

awz (A) 4.1009 4.136 4.2717 4.300 4.5499

cwz(A) 6.6866 6.714 6.9786 7.011 7.4512

(c/a)wy 1.6305 1.623 1.6336 1.630 1.6377

Uwz 0.3757 0.3756 0.3754

Bz (kbar) 703 592 466 445

Bw3 (kbar) 692 620 579 530 454
One bond, parallel to th€0001) direction, has lengthr,, respectively, between binary zinc-blende and wurtzite com-
and the other three bonds have equal lendths They are  pounds, and the valence-band splittidg s . We find the
given by following results:

(@) AEW% 2B s negative for CdS, while positive for CdSe
and CdTe. These results indicate that at low temperature CdS

Ri=uc, is stable in the wurtzite structure, while CdSe and CdTe are

stable in the zinc-blende structure. However, the total-energy

> 5 differences between the wurtzite and zinc-blende structures
R,=/1/3+(1/2—u)?(c/a)?a. 2)

are very small. They are-2, 2, and 9 meV/2 atom for CdS,
CdSe, and CdTe, respectively. The increasa B %8 as
Table | gives our calculated lattice parametgendc, inter-  the anion atomic number increases from S to Se to Te is
nal structure parametews and bulk modulB for CdS, CdSe, consistent with the fact that as the anio_n a_ltomic number de-
and CdTe in both zinc-blende and wurtzite phases. We havéreases the compound becomes more ionic. Since the Made-
the following results: lung constant for the wurtzite structurerf“=1.6413) is

(i) the calculated lattice parametersare within 0.7% of ~ slightly larger than the zinc-blende structureaff
the experimental valuesFor the wurtzite structure, the cal- =1.6381), the more ionic the compound is, the more likely
culatedc/a ratios are 1.631, 1.634, and 1.638, for CdS, CdSéhe compound will have the wurtzite ground-state structure.
—1.633. atom are similar to the results of Yeh al,'® found to be—2

(i) The calculated internal structure parametersare and 3 meV/2 atom. However, our results do not agree with
0.3757, 0.3756, and 0.3754 for CdS, CdSe, and CdTe, rdh€ calculated results of Murayama and Nakaydnoa -9
spectively, very close to the ideal value=0.375. These and |_2 me\lijlz atom forr] CdSIand CdSe, resp?:cijtg/ely. The't;l

' o i : . results would suggest that at low temperature e are stable

results suggest that the spllttlmgs of Cd-anion nearest neig in the wurtzite structure. This is in contradiction with experi-
bor bond lengths in the wurtzite structure are very small. Th

iaht d  the ; . b the slight menta observatioh, where the low-temperature stable
slight decrease in theparameter is consistent with the slight 156 for CdSe is found to be zinc-blende and CdSe trans-
increases of the/a ratio as anion atomic number increases.orms into the wurtzite structure at about 95 °C.

This is because in wurtzite semiconductors, due to the com- pye to the small energy differences between the zinc-

petition between bond-bending and bond-stretching forceglende and wurtzite phases, the actual crystal structure of Cd
the ¢/a ratio and theu parameter always move in the oppo- compounds will depend sensitively on the substrate orienta-
site directions? similar to that found for zinc-blende semi- tion, growth temperature, and history of annealing. As a test,
conductors with(111) trigonal distortion* we calculated the total-energy differena&"VZ~28 of CdTe

(i) The calculated bulk moduli are in good agreementstrained on a wurtzite Cd®001) substrate. In this calcula-
with experimental datiThey decreases as the anion atomic _
number increases. The slightly larger calculated bulk moduli TABLE Il. Calculated total-energy differenced E”°
relative to the experimental data are due partly to the under?2nd-gap differenced E,™ * = and band offsets\E, and
estimation of the lattice constantéhe calculated bulk 2Ec between Cd-based zinc-blende and wurtzite compounds.
moduli at experimental lattice constants are 664, 577, anJhe calculated_valence-band splitting& o5 in the wurtzite struc-
423 kbar, for zinc-blende CdS, CdSe, and CdTe, respec ¢ &€ also given.

tively). The bulk moduli for the WZ structure is predicted to

wz-78
E ,

be slightly smaller than their zinc-blende counterparts. Properties cds CdSe CdTe
With the subtle differences between the zinc-blende and AEWYZ 2B (meV/2 atom) -2 2 9
the wurtzite structures, the total energies and the direct band AEYZ?8(meV) 69 59 47
gaps at thd” point are expected to be similar for these two AEVZ28 (mev) 46 35 18
structures. Table Il gives the calculatedwtzotzzallB-energy differ- AEVYZ 2B (mev) 115 94 65
encesAEY# 2B, band-gap differenceAE , valence- AEYZ (meV) 18 33 53

band and conduction-band offsaE))NZ’zg andAEY4 4B,
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FIG. 1. Plane averaged charge densities of CBM and VBM states of {Y¥ZB)¢ superlattices for CdS, CdSe, and CdTe. We see that
VBM is more localized on WZ side while CBM is more localized on zinc-blende side.

tion the lattice constants in the plane are fixed to be the oneDA overestimate the splittings by 20 to 30%, consistent
for equilibrium bulk CdS, while the lattice constant perpen-with the underestimation of the LDA band gaps. Similar re-
dicular to the substrate is free to relax. We find thatsults have been found for ordered IlI-V semiconductors
AEWZZB j5 reduced from 9 meV/2 atom for bulk CdTe to alloys™®

zero for the epitaxial CdTe, suggesting that epitaxial CdTe (d) Due to the crystal-field splitting in the wurtzite struc-

can form more easily in the wurtzite structure than bulkture, the VBM of the wurtzite structure is higher than the
CdTe can. This reduction id EWZ 2B is attributed to the VBM of the zinc-blende structure. The calculated valence-

fact that wurtzite CdTe is slightly more soft and can relaxba”d offsets between the zinc-blende and wurtzite structures
more efficiently in the0001] direction. are 46, 35, and 18 meV, respectively, for CdS, CdSe, and

(b) The band gaps of the wurtzite structure are 69, 59, ang’dTe' dpcreasmg as anion atomic ’.“meer. Increases. The
47 meV larger than that in the zinc-blende structure. Theconductlon-band offsets can be obtained using the relation

WZ-7ZB_ WZzZ-7B WzZ-7B : H Wz-7B
reason for this increase of the band gap in the wurtzite struc® Ec =AE, +AE, , which givesAE;
ture is as follows? Both the zinc-blende and wurtzite struc- © P€ 115, 94, and 65 meV, respectively, for CdS, CdSe, and
tures can be considered as layered along[ftil] or the CdTe. The CBM on the wurtzite side is higher. This type-II

[0001] direction. They differ only in their stacking se- band alignment indicates that in a sample with mixed zinc-
blende and wurtzite phases, the hole state will localize in the

quences. C_ons_equently, electr_on states oi'éfeline of the wurtzite region while the electron state will localize in the
wurtz_lte Brillouin Z?Ee_are derlve_d directly from the one on zg region. To test this, we calculated electronic structures of
the zinc-blendd™-L**"line. In particular, at thd" point, we (zB),/(WZ),, superlattices. Figure 1 plots the calculated
have plane averaged charge distribution of the VBM and CBM
— — — states of theZB)g/(WZ)g superlattice for CdS, CdSe, and
I —=T4(T); Pas—=Ta(I'9) +Te(T'1s). () cdTe. We see that, indeed, the VBM state is more localized

Here, we denote wurtzite states by an overbar and indicate i the wurtzite region, while the CBM is more localized in
parentheses the parent zinc-blende states. The states of #h€ zinc-blende region. The charge localization is more sig-
same symmetry in the wurtzite structure can interact and thudificant for the VBM state since the hole effective mass is
repel each other with magnitude that in perturbation theory i@usvf‘zéfliargef than the elect\gvozrlzgffectlve maédespite
inversely proportional to their initial energy difference and AEc being larger tham\E, ). The degree of the
directly proportional to the square of their coupling matrix carrier localization decreases as anion atomic number in-
element AV2 Therefore, the coupling between the creases, consistent with our prediction theff,’” *® and
T',,(Tys,) andlo(T'4.) states lead to an upward shift of the AE¢ - “° decrease from CdS to CdSe to CdTe.
CBM T'1o(T'y.) State, thus increasing the band gap of the, Murayama and Nakayarfahave calculatedAE;
wurtzite structure. It also contributes to the crystal-field split-for the three Cd compounds using a pseudopotential method.

. — — They found that\E\Y “® are 19, 30, and 21 meV, respec-
g?eﬂezt the VBM between thé's, (I';5,) and thel's, (I';s) tively, for CdS, CdSe, and CdTe. However, in their calcula-

. : : . : tion they assumed that no dipole potential exists across the
¢) After including the spin-orbit coupling, the calculated . 7B : : )
© 9 P Ping EY4 2B is determined only by the first two

o — interface, thus\
valence-band splittingsAEY: between theT'q,(A) and

terms on the right-hand side of EQ), i.e., they were deter-
I'7,(B) are 18, 33, and 53 meV,v\l;cz)r CdS, CdSe, and CdTen,ineq purely from the binary calculations. We found that

respectively. The increase dfExp as the anion atomic i assumption is not justified. Without the third term in Eq.
number increases can be explained by the fact that as t $), our calculatecAE‘UNZ‘ZB are only—1, 3, and 10 meV,
anion atomic number increases, the band gap decreases, tiys CdS, CdSe, and CdTe, respectively. It is not surprising to
the coupling between thi,,(I';5,) andT';¢(I';c) states be-  see that the interface term in Ed) plays the most important
comes larger, pushing tHe,, state down. Our LDA calcu- roles in determiningAE"Y*~“B for the more ionic com-
lated results can be compared with experimental valoés pounds CdS and CdSe, since wurtzite compounds are polar
15 and 25 meV for CdS and CdSe, respectively. It shows thaind piezoelectric.

EXVZ_ZB
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a p-CdTeh-CdS solar cell, formation of a thin layer of
wurtzite CdTe on the wurtzite CdS substrdtég. 2) can
reduce the minority carrier@lectrons in CdTe and holes in
CdS collection, thus reducing the cell efficiency. This is
because wurtzite CdTe has a higher VBM than zinc-blende
CdTe, thus holes generated in CdS will be trapped in wurtz-
ite CdTe before they can be collected by zinc-blende CdTe.
On the other hand, zinc-blende CdTe has a lower CBM than
wurtzite CdTe; the electrons have to overcome an unfavor-
able spike before it can be collected by CdS. The effect will
be even larger if the wurtzite CdTe near the interface is
strained on the wurtzite CdS substrate, because the epitaxial
strain will move up the VBM of CdTe by 0.53 eV and the
CBM by 0.30 eV, enhancing the energy barriers.

In summary, we have studied systematically the electronic
properties of Cd-based compounds and interfaces using the
first-principles band-structure method. We find that wurtzite
CdX have nearly ideal structural parameters. The total-
energy differenceA EV4~ 2B are very small, thus, the actual
crystal structures of the Cd compounds at room temperature
will depend sensitively on their growth conditions. The band
gaps of wurtzite Cd compounds are larger than their zinc-
blend counterparts. The VBM of wurtzite ®ds higher than

FIG. 2. Schematic plot of the band alignment at thethe VBM of zinc-blende CH; this leads to carrier localiza-
n-CdSh-CdTe interface. We see that electron is trapped on zinction in a mixed ZB/WZ system and can affect significantly
blende CdTe while holes are trapped on wurtzite CdTe, thus redudadevice transport properties.
ing the minority-carrier collections.

VBM
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