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Abstract. The temary mixed crystal system Mg,Cdi-,Te has recently attracted interest as a 
basic material for the blue laser diode. We use norm-consewing pseudopotentials in connection 
with the localdensity approximation for ob inirio calculations of the stable crystal structure and 
the lattice constant. Our results are in quantitative agreement with structural propeflies. The 
electronic band stmdure is calculated in dependence on the composition .z of the system by the 
virtual-crystal approximation (VCA). We find B transition from direct to indirect energy gap for 
x = 0.7 in accordance with experimental data. 

1. Introduction 

In' material science ternary mixed crystal systems are frequently used for band-structure 
engineering. Zn- and Cd-based II-VI compounds offer direct band gaps through the 
entire visible spectral range to the ultraviolet. .In particular the mixed crystal systems 
ZnSe,Tel-,, CdS are basic materials to fabricate light emitting diodes (LEDS) [ I ,  2, 3. 41 
and semiconductor lasers [l ,  2, 3, 41 in the bludgreen part of the spectrum (see figure I). 
The lattice mismatch between components of these systems requires special care in growing 
layered structures and is one possible reason for the still short lifetime of the devices [3]. 

The ternary system Mg,Cdl,Te offers some advantages. With its lattice constant 
almost independent of x (as in A1,Gal,As) lattice-matched quantum wells can be grown 
with CdTe as well material (figure 1). In connection with the larger band gap of MgTe 
such structures can be designed to operate even in the ultraviolet range [5, 6, 7, 81. CdTe 
exhibits many interesting features: a band gap in the midle of the solar spectrum, a high 
atomic weight for x-ray detection and an electro-optic coefficient which is about a factor of 
four higher than in GaAs [9, 101. 

Ab initio calculations are quite numerous for CdTe I l l ,  12, 13, 141, but have been 
performed only once for MgTe using the plane-wave non-local-pseudopotential method 
[15]. These results will be reported later in this paper for comparison. Recent MBE-grown 
samples of Mg,Cdl,Te [lo, 51 reveal the stability of the zincblende structure for all x and 
a transition from~a direct- to an indirect-gap semiconductor with increasing x. 

The total energy as a ground-state property of a many-particle system can be calculated 
by applying the concepts of density-functional theory (DFT), which usually is evaluated 
in the local-density approximation (LDA) [16]. For crystalline solids pseudopotentials and 
plane-wave expansions' of the wave functions have been used successfully to describe the 
fundamental properties of semiconductors of zincblende or of other structures [17]. We 
use smooth norm-conserving pseudopotentials [17. 181 generated in a scheme proposed 
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Figure 1. Band gap of several semiconductors versus lanice constant (MgTe in zincblende 
structure). 
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P i p  2. Total energy E versus volume V for rocks& zhcblende and wurtzite stTuchwes at 
T = 0 K for MgTe. 

recently by Troullier and Martins [181. The mixed-crystal aspects are considered within 
the virtual-crystal approximation ( V U )  by mixing the anion pseudopotentials according to 
the composition parameter x .  The VCA is the fmt-order method of calculation for a mixed 
crystal [4], which works well and is adequate in computing the transition from direct to 
indirect semiconductor. 

A brief outline of the method (DFT and LDA) for calculating the total energy of the 
crystal ground state and for computational details is given in refs. 111, 191. The exchange- 
correlation potential is taken from [ZO]. 

In section 2 we discuss structural properties of MgTe and of CdTe and compare our 
results with experimental data. In section 3 we present results of the electronic properties 
(band structure, density of states) of Mg,Cdl-,Te, which include the transition from a direct 
(CdTe) to an indirect semiconductor (MgTe). 
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2. Structural properties 

Within ab initio DR-LDA calculations the structural properties (crystal structure, equilibrium 
lattice constant, bulk modulus) come first. Results of such calculations for CdTe are reported 
in the literature [ll, 12, 13, 141 and are given here in table 1 for the zincblende structure 
which (under normal conditions) is the stable one. In these calculations the d electrons have 
been considered as valence eleclrons 111, 131. 

For the second binary compound MgTe we have calculated total energies versus volume 
for three possible crystal structures: zincblende, WuaZite and rocksalt. The calculated total 
energies were interpolated using Vinet’s equation of state (for details see [I 1, 22, U]). The 
results in figure 2 show that at T = 0 K (for which all our calculations are done) zincblende 
is the most stable structuxe and that the wurtzite structure has an even higher ground-state 
energy than the rocksalt structure. According to our calculations MgTe would change under 
hydrostatic pressure from zincblende to rocksalt as known for other U-VI semiconductors 
(see table 1). 

Table 1. Equilibrium parameters of CdTe (the 3d electrons s e  valence electrons (id) or frozen 
in the mre (-d)); comparison of calculated values with experi&t 

CdTe ((id) present) 12.19 442 
CdTe ((-4 1131) 11.83 512 
CdTe 131. 321 (experiment) 12.24 445 
CdTe [I41 (LhnO) 11.94 417 
CdTe 1281 (FLAFW) 1222 462 
CdTe [121 (LAN) 12.22 440 

Table 2. Equilibrium parameters of MgTe; comparison of calculated values with experiment. 

an (au) cla B Mar) 

Rocksalt 
MgTe (present) 
MgTe [I51 (calculated) 
Zincblende 
MgTe (present) 
MgTe [15] (calculated) 
MgTe 15, 101 (experiment) 
WWZtit.5 
MgTe @resent) 
MgTe [IS] (calculated) 
MgTe [SI (expiment) 
MgTe 1211 (experiment) 

11.02 533 
11.04 

12.00 376 
12.02 
12.0 

8.557 1.634 325 
8.513 1.633 
8.579 1.627 
8.54 1.633 

Earlier experimental data report the wurtzite structure as the stable one for MgTe [24]. 
These samples @ydroscopic non-stoichiometric mixture Mg+MgO+MgTe) were grown at 
high temperatures. In contrast the more recent low-temperature MBPgown samples [5, 101 
favour zincblende as the stable structure for the whole composition range x of Mg,Cdl-,Te. 
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Figure 3. Electronic band smctwe and density of states of CdTe in the zincblende svuchue 
with the density of s w  at the equilibrium lattice constant ng = 12.19 au. 
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Figure 4. Electronic band stmcture and density of states of MgTe in the zincblende structure 
with the density of states at the equilibrium lattice cowtaut ng = 12.00 au. 

3. Electronic properties 

The band structure of CdTe shows all the well known features including the direct gap at the 
r point. Figures 3 and 4 show the electronic band structures and densities of states of CdTe 
and of MgTe in the zincblende structure. In contrast the smallest gap of MgTe is indirect 
with the lowest conduction-band minimum in X. It should be kept in mind that energy gaps 
from DFT-LDA calculations are usually smaller than the experimental values. Band-gap 
corrections, e.g. in the GW approximation, can account for this deficiency but usually turn 
out to be almost independent of IC [25, 26, 271. Therefore, conclusions concerning the 
direct-indirect transition using Dm-LDA results should essentially be correct. 

Table 3 shows valence-band energies of the valence bands of CdTe. There is a good 
agreement of our calculation with other calculations and experiments except for the d bands. 
The role of the d electrons is discussed in [12, 131. Figure 3 and 4 show that CdTe is a 
direct semiconductor and that MgTe is an indirect semiconductor. These theoretical results 
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Table 3. Valenceband energies of CdTe (in eV) in zincblende stiucture, comparison of calculated 
values with experiment and valenmband energies of MgTe (in eV) in the zincblende stiucme 
(energies in eV, maximum of valence band is at 0 eV). 

Experiment (281 EPP I301 FLAPW [28J LAPW [I21 Present Present 
CdTe CdTe MgTe .~ CdTe CdTe ~ CdTe . .~ 

r6 -10.0 -11.07 -11.59 -11.30 -11.17 -9.5 
r7 -10.65 -8.47 -8.43 -8.99 
r8 -10.49 -8.28 -8.28 -8.75 
L6 -9.64 -11.20 -10.91 -10.90 -8.7 
L6. 4 . 5  -0.9k0.3 -0.65 , -0.82 -0.80 -0.78 .-0.5 
x6 -9.12 -11.08 -10.79 -10.83 -8.5 
x7 -52-4.7 -5.05 -4.72 -4.44 -4.08 -3.3 
L6 -4.73 -4.82 -4.54 -4.30 -3.5 . 
x6x7 -1.8 -1.60 -2.02 -1.92 -1.90 -1.3 
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experimental finding [SI. 
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