
Relativistic band structure of ternary II-VI semiconductor alloys containing Cd, Zn, Se and Te

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1995 J. Phys.: Condens. Matter 7 2783

(http://iopscience.iop.org/0953-8984/7/14/017)

Download details:

IP Address: 171.66.16.179

The article was downloaded on 13/05/2010 at 12:54

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/7/14
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


I. Phys.: Condens. Matter 7 (1995) 2783-2799. Printed in the UK 

Relativistic band structure of ternary II-VI semiconductor 
alloys containing Cd, Zn, Se and Te 

H C Poont, Z C Fengt, Y P Fengt and M F Li $ 
t Department of Physics, National University of Singapore, Kent Ridge, Singapore 051 1 
t Centre for Optoelecbonics. Department of Electrical Engineering, National University of 
Singapore. Kent Ridge, Singapore 051 I 

Received 11 October 1994, in final form 28 November 1994 

Abstrad. The relativistic band smciure and band-gap bowing factors of ternary 11-Vt 
semiconductor alloys containing Cd, Zn, Se and Te are calculated by the ab initio self-consistent 
pseudopotential method with spin-orbit correction. The disorder in these alloys is modelled by 
the v h a l  crystal approximation (vCA). The numerical results thus obtained are compared with 
experimental data from photoluminescence spectroscopy. The experimental band-gap bowings 
for ibis family of alloys are always concave upwards. However. CdSe,Tel-, and ZnSe,Tel, 
in general show much Ixger bowing factors than Cdl-,Zn,Se and Cdi-,Zn,Te. The former 
two alloys show a minimum in the band gap versus compasitian curve near x = 0.35 while 
the latter two have it at x = 0. Mosl of these qualitative trends are well explained by VCA. 
However. in order to explain the large bowing in the first two alloys, some kind of local order 
has to be incorporated in the cnlculation. It WGS found that a local cluster with AuCu-Mike 
structure. when relaxed. h a  quite a Significant contribution to the bowing factors. The spliaings 
in the band swcture due to both s p i n a b i t  and svuctural relaxation effech are also discussed. 

1. Intrnduction 

Different methods have been applied in the calculation of the band structure of E-VI 
semiconductor alloys. These include methods based on the dielectric two-band model [l], 
semiempirical tight-binding method [2], semiempirical pseudopotential method [3] and self- 
consistent method using local density-functional approximation (LDA) [4]. Traditionally, 
because of its simplicity, the virtual crystal approximation (VCA) is preferred for the 
treatment of chemical disorder in semiconductor alloys. In VCA, the potential of each 
atom in the alloy is replaced by a weighted average of the potentials of its components. 
It does lead to qualitative explanation of most of the features in the bowing factors of 
semiconductor alloys. Unfortunately, with few exceptions, most of these methods are not 
free of adjustable parameters. Based on the self-consistent calculation of the band structure 
of E-VI alloys, it has been found [4] that a local relaxation effects plays a significant 
role in causing the bowing of the band-structure energy versus composition x for certain 
semiconductor alloys. For such systems, VCA vastly underestimates the bowing of the band 
structure. 

The purpose of the present work is to present a systematic study of the band structure 
and the band-gap bowing factors of the Cdl-,Zn,SeyTe,-, family with either x = 0, 
x = 1, y = 0 or y = 1 using both the VCA and the locally ordered cluster approach. 
The computational method used is the ab initio self-consistent pseudopotential method with 
spin-orbit correction. Comparison is made with experimental data from photoluminescence 
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(PL) spectroscopy. Such comparison enables us to assess the importance of local order in 
these compounds. Owing to the existence of local order and possibly atomic relaxation, the 
band structure in the alloys is distinctly different from that by VCA. The splittings due to 
both shuctural and spin-orbit effects is discussed. In section 2 a brief description of the 
method of calculation is presented. Section 3 is a summary of the experimental procedures. 
Comparison of the calculation with experimental data is found in  section 4. Section 5 is 
the conclusion. 

H C Poon et a1 

2. Method of calculation 

The relativistic norm-conserving pseudopotentials of the ion cores of Cd, Zn. Se and Te are 
constructed using a method due to Kleinman [5] and Bachelet et al [6 ] .  It can be written 
as 

V$(r)  = l l ) [ p ( r )  + v,”(~)L . SI (~ I  ( 1 )  
I 

where 

V,’”(r) = [ I / W  + 1)11(1+ 1)e!Yl2(r) + ~ v , ~ , ~ w I  

t;”(r) = [ 2 / ~  + I)I(V&(~) - v , 2 / 2 ( r ) )  

(2)  

is the average pseudopotential and 

(3) 

is the spin-orbit correction. V,:y,z(r) and y 2 / z ( r )  are the relativistic norm-conserving ion- 
core pseudopotentials constructed from all-electron self-consistent atomic potential, which 
is in turn obtained by solving the Dirac equation. The summation over angular momenta is 

Consider a ternary semiconductor alloy of the form A,,B,C containing any three of 
the four elements. Under VCA, the pseudopotential at r due to all the ion cores is given by 

up to 1 = 2. 

V,,(T) = C[(1 -X)VA(T - R )  + X V B ( T  - Ri) + V C ( r  - RJ1. (4) 
i . j  

The sum is over the positions of the two sublattices i and j .  Either A, B are the column I1 
and C the column VI elements, or A, B are the column VI and C the column I1 elements. 
There are four combinations in total. 

Experimental evidence indicates that locally ordered structures exist in certain 111-V 
and 11-VI semiconductor alloys [7-131. In order to simulate the local order effect, we  have 
considered local clusters of the form ABCz (see figure 1). Owing to the very large spin- 
orbit splittings that the valence states of 11-VI compounds possess, we have included spin- 
orbit correction in our calculation. For simplicity, the 3d electrons in Zn and Se, together 
with core electrons having lower energy, are frozen in the ion core and not considered as 
valence electrons. Similarly, the 4d electrons in Cd and Te are frozen. Previous work 
[ 141 with 3d and 4d included as valence electrons leads to a reduction of band gaps in  
11-VI semiconductors. If we assume that the reduction is linear in alloy composition, the 
bowing factor will not be seriously affected. This assumption seems to be justified when we 
compare the bowing factor calculated here with previous values with 3d and 4d included 
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Figure 1. Local clusten of form ABCi in 11-VI zincblende semiconductor alloys: (a) AuCu- 
I-like structure; ( b )  chalcopyrite structure. 

for the case of ZnSe,Te,-,. As will be seen, even in the absence of 3d and 4d in the 
valence states, the calculated spin-orbit splittings agree quite well with experiment. The 
reason is that the effect of spin-rbit mixing of relativistic d core and valence states has 
been included automatically in the formalism for the atomic pseudo-wavefunctions. Further 
details can be found in [E]. Consequently, the pseudopotential seen by all the valence 
electrons is weak and only a small plane-wave basis is needed to achieve convergence. 

The Hamiltonian of the crystal can be written as 

H = p2/2m + V,, + VH + Vx, ( 5 )  

where p 2 / 2 m  is the kinetic energy of a valence electron, and V, and V,, are the Coulomb 
and exchange<orrelation potentials acting on the valence electrons. The Ceperly and Alder 
interpolation formula for exchange-correlation energy [I61 is used in both the atomic and 
crystal calculation. Matrix elements of the various terms of the Hamiltonian and spin-orbit 
correction in the plane-wave basis can be found in [7] and [15]. In the present self-consistent 
calculation, the wavefunction is expanded in a basis set of plane waves corresponding to a 
cut-off energy of 16 Ryd. Ten special k-points are taken. Typically, for the family of alloys 
considered here, less than IO iterations are required to achieve a convergence of 0.M)Ol Ryd 
in potential. 

LDA is known to give incorrect band gaps in semiconductors and insulators. In order to 
describe the true single-particle excitation energy, a dynamical self-energy correction needs 
to be included [17]. Such a calculation is computationally quite demanding, especially for 
those large unit cells adopted here. Since we are more interested in the band-gap bowing 
factor, the band gaps for the endpoint compounds are taken from experiments and the LDA 
band gaps for intermediate compositions are calculated. It is assumed that the self-energy 
correction is proportional to composition, and the bowing factor is not expected to be 
seriously affected. 
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3. Experiment 

3. I. Sample preparation 

In the present work, experimental samples of CdZnTe and CdSeTe bulk alloys were prepared 
using the Bridgman technique. They were prepared by reacting the 99.9999% pure elemental 
constituents at - 1150°C in evacuated, sealed quartz tubes, and regrown by directional 
solidification at rates of 0.8-1.2 mm h-' in a BridgmanStockbarger-type furnace. The 
resultant boules were cut into slices 1-2 mm thick, perpendicular to the growth axis. These 
were annealed at 600°C in a Cd atmosphere for CdZnTe, or at 650°C in a Se atmosphere for 
CdSeTe, respectively, to improve the crystalline perfection. Consequently they were lapped, 
polished and etched in a bromine-methanol solution. The alloy compositions were set by 
the ratio of constituents before growth, and confirmed by x-ray diffraction and transmission 
measurements after preparation. For CdZnTe, x ranges over all x ;  and for CdSeTe, x is 
between 0 and 0.35. These samples are found to be single-crystal with the zincblende 
structure. More details of the preparation of these singlecrystal samples can be found 
elsewhere [ I &  191. 

3.2. Room-zemperature photoluminescence measurement 

The room-temperature (RT) PL measurements were performed using a new Renishaw model 
2000 Raman and PL spectrometer with a single grating, notch filter, microprobe capability 
and CCD (chargecoupled device) detection. The excitation used was He-Ne 633 nm 
with approximately 1 mW at the sample over a spot of about 1 mm diameter. In 
earlier measurements, using a standard double spectrometer/photomuItiplier/photon counting 
system, or a triple spectrometerISi array optical multichannel analyser detection system, 
we obtained PL spectra of these same samples below 150 K, but could not obtain PL 
spectra at room temperature. By the help of this sensitive and efficient Renishaw R ~ ~ P L  
microscope, nice RT PL spectra with high signal-to-noise ratio for all the CdZnTe and CdSeTe 
compounds were obtained, which can be seen from the next section. 

3.3. Photoluminescence spectra of CdZnTe and CdSeTe 

Figure 2 exhibits the RT PL spectra of Cdl-,Znl-,Te, with x = 0 (i.e. pure CdTe), 0.01, 
0.10, 0.30 and 0.50. It shows that the PL band shifts up in energy as x increases from 0 to 
0.50, indicating an increase in the energy band gap. 

Figure 3 displays RT PL spectra of CdSe,Te,-,, with x = 0.05, 0.15, 0.25 and 0.35. 
The spectra of x = 0 or pure CdTe is also shown here for comparison. In the reverse of 
the above CdZnTe case, the PL band shifts down in energy as x increases from 0 to 0.35, 
indicating a decrease in the energy band gap for CdSeTe as x c 0.36 [ZO]. 

We also made absorption measurements on these samples (not shown here) and the 
same result was obtained. More work on PL of CdSe,Tel-, and Cdl-,Znl-,Te with more 
different compositions and their variations with temperature and time are in process and 
will be published later. 

H C Poon et a1 

4. Results and discussions 

4.1. virtual crystal approximation (VCA) 

By employing VCA, the self-consistent band structures of ternary alloys containing Cd, Zn, 
Se and Te are calculated. The lattice constants of CdSe, CdTe, ZnSe, and ZnTe are taken 
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Figure 2. Room-temperature photoluminescence of Flyre 3. Room-iempemture photoluminescence of 
bulk Cd-JnXTe with x = 0, 0.01, 0.10, 0.30 and bulk CdSe,Tel-, with x = 0. 0.05. 0.15, 0.25 and 
0.50 respectively. 0.35 respectively. 

from experimental measurements. They are 6.050, 6.480, 5.668 and 6.089 A, respectively. 
There are two possible crystal structures for these compounds-the zincblende and the 
wurtzite structures. Previous work [21] has shown that the band smctures of the two 
different crystal structures are essentially the same, except for small shifts of energy levels. 
For convenience, the crystal structures of all these semiconductor compounds are assumed 
to have the cubic zincblende structure, although the common form of CdSe is known to have 
the wurtzite structure. By Vegard's rule, the variation of lattice constant with composition 
is assumed to be linear. Some typical band structures at compositions x = 0 and 1 are 
shown in figure 4. The band structures for x = 0.5 are shown in figure 5 .  Both the band 
structures with and without spin-xbit splitting are shown in the figures. The band gaps are 
direct for all the cases considered. From this we find the calculated band gap as a function 
of composition. These are shown in figure 6. In the figure, we have used the experimental 
band gaps at x = 0 and x = 1. We also assume that the error in taking the LDA at 
x = 0.5 is the average of the errors at x = 0 and x = 1.  The corresponding experimental 
results for Cdl-,Znl-,Te and CdSe,Tel-, alloys from photoluminescence and absorption 
spectroscopies are shown in figure 7. The calculated and experimental band gaps for x = 0, 
0.5 and 1 are compared in table 1. Assuming that the band gap versus composition curve 
is quadratic, the bowing factor is given by the relation 

E , ( x ) = ( l - x ) E o + x E i - b x ( l - x ) .  (6) 

The bowing factor can be explicitly expressed in terms of the band gaps at three different 
x values as follows: 

b = 2(Eo + E1) - 4Eip (7) 

where EO and El are the band gaps for x = 0 and x = 1 respectively and Ell2 is that for 
x = 1/2. The spin-orbit bowing factor is similarly defined with E&) replaced by A ( x ) ,  
the spin-orbit splitting at the top of the valence band at r. 
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Table 1. The Calculated band gaps of ternary semiconductor alloys containing Cd, Zn. Se and 
Te with x = 0. 0.5 and I by using VCA. Experimental values are from the present work and 
r221. 

Band gap (eV) 

Calculated Experiment 

CdSe 0.91 1.78 
CdTe 0.82 1.60 
ZnSe 1.41 2.82 
ZnTe I .22 2.39 
CdSq.sTq.3 0.79 1.48 
ZnSeosTeas 1.26 2.23 
Cd,&q.sSe 1 . 1 1  2.21 
Cdo,&o.sTe 1.01 1.92 

The calculated and experimental band-gap bowing factors for the alloys are shown in 
table 2. For Cdl-,Zn,Se, there is a structural phase transition from wurtzite to zincblende 
structure in the composition region 0.5 < x < 0.7 1251. The difference between the 
experimental band-gap values of ZnSe-wurtzite and ZnSe-zincblende structures is about 
0.06 eV [26] while the experimental values of the bowing factors are about the same for 
the two different structures. They are both about 0.35 eV [a]. 

One may question whether Vegard's rule really holds for the family of compounds 
considered here. Therefore, we have also performed calculations in which the lattice 
constants are found by the minimization of the total energy. Typically the lattice constants 
found in this way differ by less than a few per cent from the experimental values at x = 0 
and x = 1 .  The curves for the lattice constant as a function of composition for CdSe,Tet-, 
and Cd,-,Zn,Se are shown in  figure 8. It is seen that Vegard's rule is not strictly obeyed. 
The bowing is especially significant for Cd,-,Zn,Se. In spite of this. no qualitative change 
is observed in the relation between band gap and composition when these lattice constants 
are used in place of those by Vegard's rule. 

It is well known that calculation using LDA underestimates the band-gap values of 111-V 
and 11-VI semiconductors. From table 1, it is seen that the calculated values are almost 
two times less than the experimental values at x = 0 and x = I for all the cases considered 
here. Assuming that the error in the band gap using LDA is a linear function of intermediate 
composition, the bowing factor will remain roughly the same. If we compare the calculated 
bowing factors with experimental ones (table 2), the agreement is less than satisfactory. 
It is seen that VCA vastly underestimates the band-gap bowing factors of CdSe,Tel-, and 
ZnSe,Tel-,. Experiments done at different temperatures i n  certain cases show quite some 
variation of the bowing factor with temperature. No temperature effect has been included 
in the above calculations. The calculated values should be compared with data taken at low 
temperature whenever possible. Another reason may be due to the VCA itself. The role 
played by the local order effect will be discussed in the next section. 

However, it is worth noting that several important features in the experimental data are 
reproduced by the calculation. First of all, the calculated bowing is always concave upwards 
as in experiment. Secondly, it is noted that, for the case of CdSe,Te,-,, the calculated 
curve exhibits a minimum at x = 0.35 as was found in experiment. On the other hand, for 
ZnSe,Tel-, the minimum found in the calculation is close to x = 0 while the experimental 
value is x = 0.35. The experimental band gaps of CdSe,Te,-, and ZnSexTel_, show 
much larger bowing factors than Cdl-,Zn,Se and Cdl-,Zn,Te. The calculated values for 
the former two cases are much smaller than the experimental values. It indicates that VCA 
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Figurr 4. Calculated band stmawe along rX and rL for ternary 11-VI semiconductor alloys 
containing Cd, Zn, Se and Te at x = 0 and I by using v u .  (Full and dotted curves represent 
band structure with and without spin-orbit mrrection respectively.) 

is no longer valid and some kind of local order may exist in these alloys. 
Finally the spin-orbit splittings at the top of the valence band at the r point for different 

compositions are shown in table 3. The spin-orbit bowing factors are shown in table 4. 
The bowings are negative, i.e. concave downwards, for all cases. The calculation shows 
negligible bowing in the spin-orbit splittings of Cdl_,Zn,Se and Cdl-,Zn,Te, while the 
contribution of spin-orbit effect to the bowing is about -0.32 eV for both CdSe,Tel-, 
and ZnSe,Tel-,. It is seen from table 3 that, for x = 0 and x = 1, the first-principles 
results agree quite well with experimental data and previous theoretical calculation by the 
semiempirical pseudopotential method [21,27-291. 

As mentioned above, VCA has completely ignored the local order effect. Its contribution 
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Figure 5. Cdculaled band structure along rX and TL for temasy 11-VI semiconductor alloys 
containing Cd, Zn, Se and Te 5f x = 0.5 by using VCA (Full and dotted curves represent band 
snuaure with and without spin-orbit correction respectively.) 

to the bowing factors of the compounds considered here will be considered in the next 
section. 

4.2. Bowing factor 

Previous work 141 on ternary alloys has shown that, for certain cases, local order with 
relaxation accounts for most of the bowing effect in the band structure. The local order 
effect is simulated here by an AuCu-I-like structure. This is the 50%-50% structure with the 
smallest unit cell, A more complicated 50%-50% structure (chalcopyrite) is also possible. 
According to the Landau-Lifshitz theory of order-disorder transitions [30], these are the 
only major structures in the alloy at x = 0.5. The two structures are shown in figure 1. 
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Figure 6. Calculated band gap Venus composition x for 11-VI ternary alloys containing Cd, 
Zn. Se and Te by using v u .  The calculared curve has been adjusred by an amount proportional 
to x so that the values at lhe two endpoint coincide with experimental values. 

We first consider the AuCu-I-like structure. The calculation proceeds as before, except 
now we have a periodic structure with four atomslcell instead of two atomskell in VCA. 
The corresponding band-gap bowing factors for various ternary 11-VI alloys are shown in 
table 5. For comparison, the values by VCA are also shown. It was suggested [4] that 
the AuCu-I-like cluster is the dominant species found in ZnSeo.5Tq.s. By total energy 
minimization, it was found that the optimal structure in the alloy is close to one in which 
the Zn atom moves in such a way that Z n S e  as well as Zn-Te bond lengths equal those of 
pure ZnSe and ZnTe respectively. We expect that the same kind of relaxation will happen 
in C d S ~ . s T ~ , 5 .  Referring to figure 1, if we take A, B and C to be Se, Te and Cd atoms 
respectively, then it corresponds to the downward relaxation of the two lower Cd atoms 
and also the upward relaxation of the upper two Cd atoms. We find that, for CdSeo.sTeo.s, 
complete relaxation of Cd would lead to a band-gap bowing factor that is too large as 
compared with experiment. Therefore we have performed a total energy minimization to 
search for the optimal relaxation parameter. Figure 9 shows the total energy per unit cell 
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x for CdSe,Tel., and Cdl-,Zn,Te at 80 and 300 K. 

Flgure 8. Calculated lattice constant versus composi- 
tion I for CdSe,Tel-, and Cdl_,Zn,Se oblaincd by 
total energy minimiation. 

versus vertical relaxation of Cd (refer to figure I). I n  this figure, 0% relaxation means that 
the Cd-Se and Cd-Te bond lengths in the alloy are the same and equal to the average of 
Cd-Se and Cd-Te bond lengths in the respective pure semiconductor compounds; 100% 
relaxation means that the corresponding bond lengths in the alloy retain their values in 
the pure semiconductor compounds. Complete relaxation in the alloy corresponds to the 
case where the bond lengths of Cd-Se and Cd-Te are 2.6197 and 2.8059 A respectively, 
while the average bond length in the alloy is 2.7128 A. From figure 9, we find that the 
relaxation in C ~ S Q , ~ T Q , ~  is about 67%. For the remaining two common-anion alloys, we 
have assumed complete relaxation (loo%), since the band gap depends only weakly on the 
relaxation. It is interesting to note that previous experiment [7] by x-ray absorption fine 
structure (EXUS)  on the alloy Gal-,In,As has found that the relaxation of the Cia-As and 
In-As bonds are about 75%. 

Allowing for this kind of relaxation in our local cluster, the new band-gap bowing 
factors are added to table 5 .  It is seen that the relaxation significantly lowers the band-gap 
values of common-cation alloys like CdSe,Tel-, and ZnSe,Tel_,. On the other hand, for 
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Table 2. Comparison of band-gap bowing factors from expenment and calculation using VCA 
for temary semiconductor alloys containing Cd, Zn, Se and Te. 

VCA calculation Experiment 

CdSe,Tet-, 0.30 0.90' 

ZnSe,Tet-, 0.22 
0.94b 
1,507' 
1.621" 

Cdi_,Zn,Se 0.20 0.35' 

O. l l e  
Cdl-,Zn,Te 0.m 0.25' 

This work (80 K). 
[ZO] (300 K). 
[23] (4 K). 
[23] (300 K). 
[24] (4.2 K, 77 K). 

This work (300 K). 
' 'Ibis work (80 K). 

Table 3. Comparison of the spin-orbit splittings a1 the top of the valence band from experiment 
and calculation by VCA for ternary semiconductors conmining Cd, Zn, Se and Te with x = 0, 
0.5 and 1. EPM means values obtained by semiempirical pseudopotential calculation. 

A ( x )  (eV) 

Presenl 
calculation Experiment EPM 

CdSe 0.41 0.42a 
CdTe 0.91 0.99 0.89" 
ZnSe 0.42 0.43p 0.45' 
ZnTe 0.92 0.91' 
C d S s r s T s ~  0.74 
ZnSeo.sTw.5 0.75 
Cd~,sZnu.rSe 0.43 
Cdo,sZnu.sTe 0.92 

a [27]. 
b 1281. . .  

[29]. " [21]. 

Table 4. 
semiconductors containing Cd, Zn, Se and Te by using VCA. 

Calculated spin-orbit bowing factor at the top of the valence band for ternary 

b,, (ev) 

CdSe,Tel-, -0.32 
ZnSe,Tel-, -0.32 
Cdi-,Zn,Se -0.06 
Cd#-.Zn.Te -0.02 

common-anion alloys like Cd,-,Zn,Se and Cdl-,Zn,Te, the effect is relatively small. It 
offers an explanation for our experimental observation that common-cation alloys have a 
much larger bowing that common-anion alloys. The band gap as a function of composition x 
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Table 5. Comparison of band-gap bowing factors from experiment and calculation using an 
AuCu-I-like clusler with relaxation for ternary semiconductor alloys containing Cd, Zn. Se and 
Te. For comparison, chc VCA values x e  also shown. The values in parentheses are from [4]. 

Cluster Cluster 
dculation calculation 
with without VCA 
relaxation relaxation dcuht ion  Experiment 

CdSe,Tel-, 1.14 0.06 0.30 0.90' 
0.94b 

ZnSe,Te[-, 1.82 0.26 0.22 1.507' 
(1.96) 1.621d 

Cd,Znl-,Se 0.52 0.44 0.20 0.3S 

(0.35) 0.11s 
Cd-,Zn,Te 0.48 0.44 0.02 0.25' 

This work (80 K). 
[201 (300 K). 

1231 (300 K). 
E I231 (4 K). 

['U] (4.2 K, 77 K). 
This work (80 K). 

8 This work (300 K). 

Figure 9. Tolal energy per unit cell vmus percentage r e l d o n  of Cd atom in local cluster of 
CdSq~Teas .  

is shown in figure 10. The agreement with experiment is dramatically improved, especially 
for ZnSe,Tel-,, for which we know that the experimental minimum is located at x = 0.35 
[23]. The magnitudes of bowing also agree reasonably well with experiment, indicating 
that the type of local cluster considered here is indeed the dominant species in the family 
of alloys containing Cd, Zn, Se and Te. 

Since the computation on chalcopyrite structure consisting of eight atoms per unit cell 
is quite demanding, we have only performed calculation on CdSe,Teg-,, which is the alloy 
of most interest here. It was found that the bowing factor is quite small (about 0.06 eV). 
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Figure 10. Calculated band gap verssus compasition x far [I-VI ternary alloys containing Cd, 
Zn, Se and Te, assuming the prenepz of a relaved local AuCu-I-like duster. The calculated 
CUNC has been adjusted by an amount proportional to x so that the values at the two endpoint 
coincide with experimental values. Experimental data are also shown. 

Comparing the values of the two structures and the experimental bowing factor, the AnCu- 
I - l ie  structure in the alloy is by far the more dominant structure in CdS@.sT%.s. 

4.3. Band structure 

Taking into account both the relaxation and spin-orbit effect, the band structures of the 
family of alloys considered here for x = 0.5 are shown in figure 11. From figure 1, the 
local cluster has a volume twice that of the zincblende unit cell used in VCA. Therefore the 
band structure of the former may be considered as the folding of that of the latter (figure 5)  
into the first Brillouin zone of the local cluster. Most of the features in figure 11 are due to 
folding. As an illustration, we show in figure 12 the evolution of band structure from VCA 
to local cluster without relaxation for CdSeo.sTeo.5 and Cd&ho.sTe. In the VCA calculation, 
the pseudopotential is constructed via equation (4) as before. However, the Brillouin zone 



2796 H C Poon et a1 

X r L 

' O m  8 

Figure 11. Calculated band Structure along PX and TL for temary U-VI semiconductor alloys 
containing Cd, Zn. Se and Te for x = 0.5. with relaxation and spin-orbit comt ion .  (Full and 
dotted curves represent band structure with and without spin-orbit comction respectively.) 

for AuCu-I structure is two times smaller. For the AuCu-I structure, the band structure is 
calculated using the Brillouin zone for the AuCu-I cell. But the band structure is extended 
beyond the zone boundary from r to X and from r to L, where r, X and L refer to the 
same symmetry points as in figure 5 for the zincblende Brillouin zone. The VCA band 
structures in figure 12 are the same as those in figure 5 .  The apparent difference is due to 
the band folding mentioned above. Comparing the VCA and local cluster band structure in 
figure 12, we note that, for the common-cation alloys, the lowest valence band has been 
split into two. For the common-anion alloys, the lowest valence band remains essentially 
the same as in VCA. For common-cation alloys, extra small splittings due to the ordering 
effect also occur at X and L for the upper valence band. The lowest conduction band is 
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Figwe 12. Calculated band structure along rX and TL for CdSq,sTql.s and C&,sZnu.sTe by 
VCA and local duster without relaxation. The unit cell is taken from figure I .  
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also split at X and L in most cases. 
When relaxation is introduced, though there exists relatively little change in the overall 

qualitative features, the band structure is modified quantitatively in the following three major 
ways: 

(i) As mentioned above (see table 5), for common-cation alloys, the band gaps decrease, 
leading to much larger bowing factors. 

(ii) For common-cation alloys, the magnitudes of the splittings are modified. This 
is especially pronounced for the lowest valence band and upper valence band at L. For 
common-anion alloys, larger splittings occur at X and L for the upper valence band. 

(iii) Without relaxation, the splitting of the top valence state at r is very small and the 
state below it is singly degenerate. With relaxation, the splitting of the top valence state 

-4  

X r L 



at r is increased to about 0.1 1 and 0.14 eV for CdS~,sTea,s and ZnSeo,sT~,5 respectively. 
The corresponding splittings for the common-anion alloys are only about 0.07 eV. 

Recent experimental data [28,31] using synchrotron radiation on some of the valence 
band widths of CdTe and ZnTe agree quite well with our calculation 1321. Though the 
calculation using local density approximation underestimates the conduction band energy, it 
generally gives very reliable valence band energy values. With a proper implementation of 
disorder using local cluster with relaxation, the ab initio pseudopotential method can also 
provide us with an accurate valence band structure of II-VI alloys. 

5. Conclusion 

We have present a systemic study of the relativistic band structure and band-gap bowing 
factors of the family of semiconductor alloys containing Cd, Zn, Se and Te. As a first 
approximation, VCA in general explains most of the qualitative features in the band structures 
of the alloys. However, in order to explain the large bowing factors of the common-cation 
alloys, a local cluster with atomic relaxation is required in the calculation. There exists 
partial relaxation in the local structure of thc alloys. The Zn in Z~SQ.~TQ.S is about 78% 
relaxed [4] while the relaxation of Cd in CdSeo.sTeo.5 is about 67%. Under the combined 
effects of spin-orbit correction and structural relaxation, the relativistic band structure has 
been mapped out for the family of alloys considered. With relaxation, extra splinings are 
introduced in addition to those by spin-orbit effect. In particular, the splitting at the top of 
the valence band at r is increased. The splitting due to structural relaxation is about 0.1 1 
and 0.14 eV for CdS%.sTeo.s and 2nSQ.sTQ.s respectively. 

The presence of the clusters considered theoretically is supported by the recent combined 
Raman and infrared spectroscopic measurements on these CdSeTe samples [19]. A 
third mode besides the CdTe- and CdSelike transverse optical (TO) phonon modes in 
the Fourier-transform infrared (FTIR) reflectivity was suggested to arise from non-random 
atomic clustering. Although there are substantial amounts of experimental evidence for 
the existence of local order, detailed experimental mapping of the band structure of lI- 
VI semiconductor alloys is still lacking. Comparison of band structure calculation and 
photoemission experiments with synchrotron radiation is expected to contribute to a more 
quantitative understanding of the local structure of atoms in II-VI semiconductor alloys. 
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