
Calculated optical properties of zincblende semiconductors ZnTe, CdTe and HgTe

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

1992 J. Phys.: Condens. Matter 4 2505

(http://iopscience.iop.org/0953-8984/4/10/014)

Download details:

IP Address: 171.66.16.159

The article was downloaded on 12/05/2010 at 11:28

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/0953-8984/4/10
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


1. Phys.: Condens. Matter4 (1992) 2505-2515. Printed in the UK 
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Abstract. Self-consistent semi-relativistic linear muffin-tin orbital calculations of the band 
structuresare usedinconjunction wilh the local-densityapproximation toderive thecomplex 
dielectric function, &(w) = E, (o )  t iE2(w). and the reflectivity spectrum R(w) up to 20 eV 
for the three most common 11-VI semicoaducting compounds ZnTe. CdTe and HgTc. We 
have interpreted the sharp structures above approximately 9 eV as transitions originating in 
the metaldlevels. It isshown thataverysignificantcontribution to therefiectivityapecvum 
intheuvenergyrangearisesfromthe transitionsoriEinatingin theupper partofthevalence 
band to the higher conduction bands. 

1. Introduction 

In the last 20 years the electronic properties of the zincblende semiconductors ZnTe, 
CdTe and HgTe have been studied extensively both experimentally and theoretically. 
Band structure calculations have been carried out using different approaches [l-71 
and probed by means of several experimental techniques: reflectivity [8 ] ,  modulation 
spectroscopy [Y], ultraviolet [lo] and x-ray photoemission [ll]. 

The aim of this work is to derive the real and imaginarq parts of the dielectric function 
as well as the reflectivity spectrum in the semiconducting compounds ZnTe, CdTe and 
HgTe. These three most common 11-VI semiconductors are characterized by wide, 
mediumandnarrow forbiddenenergygaps(2.25 eV, 1.59 eVand -0.31 evrespectively 
at room temperature). The imaginary part of the dielectric function is calculated both 
in aconstant matrix element approximation and with k-dependent matrixelements. The 
theoretical results obtained in the present calculations are compared with experimental 
measurements performed by Kisiel et a1 [8] and Cardona and Greenaway [I21 in order 
to verify the interpretation of reflectivity spectra for these materials. The calculations 
not only support the common belief that the structures in the energy region above 9 eV 
can be attributed to transitions beginning in the uppermost d levels of the cation but also 
reveal a very significant contribution to the reflectivity spectrum which arises from 
transitions to the higher conduction bands. Furthermore, we discuss the core exciton 
interpretation for some structures in the reflectivity spectra. 

In general, good qualitative agreement with experiment is obtained [8] although, as 
usually observed in the LDA calculations, all peaks are located at too low an energy. 
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Figure 1. Total density of states for ZnTe. 
Figures near the main peaks on the curve 
denote the serial numbers of the bands. 
The calculated band structure is shown in 

Energy eV the inset. 

-. 
The presentation is organized as follows: the outline of the theoretical calculations 

is presented in section 2. The results and the discussion are presented in section 3. A 
brief summary is given in section 4. 

2. Method of calculation 

The LMTO method which we used in this study of the optical properties of ZnTe, CdTe 
and HgTe is described elsewhere [13] and the details of its application to the calculation 
of the electronic structure of the zincblende-type compounds are presented in another 
paper [14]. The band structures were calculated with the inclusion of the 'combined 
correction term' [13]. Scalar relativistic corrections, very important in the case of this 
study, were also consistently applied (i.e. all relativistic effects except the spin-orbit 
coupling were included). The exchange-correlation LDA potential was used in the form 
proposed by Vosko, Wilk and Nusair [15]. 

Thecrystal structures were considered as~cclattices with four siteson the basis, Cd, 
Te, E l  and E2 (taking CdTe as an example), where E l  and E2 denote the positions at 
which the 'empty spheres' are centred (2 = 0) [16,17]. In the zincblende structure the 
spheres are located at the following positions of the unit cell: cation (O,O, 0), Te(1/4, 
1/4, 1/4), E1(1/2, 1/2,1/2) and E2(3/4,3/4,3/4). Experimental lattice constants 
(6,086 A, 6.462 A and 6.456 8, for ZnTe, CdTe and HgTe respectively) were used 
throughout the calculations and the ratios of atomic sphere radii for the cation, Te, and 
the empty sphereswereset at 1.25:1.25:1 for CdTe and HgTe and at 1.1: 1.25:l for ZnTe. 
240 k points were used during the self-consistency procedure. All calculations were 
carried out in a single energy panel using 5s, 5p and 5d based functions for Te and ns, 
np, and ( n  - 1)d Functions with n = 4,5 and 6 for Zn, Cd and Hg respectively. 

The optical absorption is proportional to the imaginary part of the dielectric function 
&(a, 9 )  with 9 = 0 in the optical range. In the Limit of vanishing linewidth, the imaginary 
part of the dielectric function is given by [14,18]: 

E * ( w )  - w-* 1 d3 kl  (nklPImk)l* S(Et - Eh - hw) (1) 
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Energy eV 

Energy eV 

Figure2. Total density ofstates for CdTe. 
Figures near the main peaks on the curve 
denote the serial numbers of the bands. 
The calculated band structure is shown in 
the inset. 

Figure 3. Total density of states for HgTe. 
Figures near the main peaks on the curve 
denote the serial numbers of the bands. 
The calculated band structure is shown in 
the inset. 

where Mkm = (nk/Plmk) is the dipole matrix element calculated with the wave function 
Ink) expressed in terms of the one-centre expansion [13,14]. In the present study we 
have fully implemented the computational scheme devised by Koenig and Khan [I91 
and by Alouani et a1 [20]. 

The imaginary part of the dielectric function, ~ ~ ( w ) ,  was calculated for photon 
energies ranging up to 20 eV. The real part E ~ ( w )  was obtained by the Kramers-Kronig 
transformation of sz(w) in which a tail of the form (pw)/(wz + p)*, as described by 
Petroff er a1 [21], was attached for energies greater than 20 eV (yis equal to 4.5 eV and 
p i s  determined by the continuity of E ~ ( W )  at 20 eV). The reflectivity spectrum, R(w) ,  
was obtained directly [2,22] from e2(o) and q ( w )  using the formulae: 

(2) 
The procedure for aligning the experimental and theoretical energy scales used in 

el = nz - kZ E* = 2nk R = [ (n  - 1j2 + k2y[(n + l ) z  + k2]. 

this study has been described in [14] and is summarized briefly in the next section. 
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Table 1. Energy values (in eV) at some high-symmetry points of the Brillouin zone from 
band structure calculations (this work) compared to other theoretical and experimental 
determinations for ZnTe. 

Calculated 
(without +o) Experiment'" Theory'b' 

. . .- .... - -7.: i i i  ,, :.. .. ,I ~ : I  .. . ~ .  
rar r,, 0.00 0.00 0.00 

X, X, 1.07 I .O 1.0 
DOS peak 1.26 1.55 1.8 
r,< rlr. 3.59 3.2 3.33 

X, X,, 1.24 - 1.50 

fundamental gap 1.21 2.25 ~~ 

Zn 3d threshold 8.4 11.75 2 0.1' - 
Te 5s threshold 11.85 13.OSd - 

Lk L, ,  0.58 0.73 0.72 

- 3.70 
Lk LL 4.14 4.35 4.16 

- rk 

..," , ,,~.. . . , _" - 

("1 From table 2 of [SI. 
Ib1  From figure 5 of 131 
tL.) See [%I. 
I d )  See [27]. 

3. Results and discussion 

The highest-lying occupied d states of the cation (Zn 3d, Cd 4d, Hg 5d) in 11-VI 
semiconducting compounds play a very important role in determining the electronic 
structure and optical properties of these materials [23]. The d states are situated so high 
in energy that they affect the fundamental gap due to hybridization to the p states at 
the top of the valence band. The p-d mixing is allowed by symmetry in tetrahedral 
compounds (TZd). In all the compounds considered the cation d bands are located above 
the Te 5s band. 

The calculated LDA energy bands and densities of states for ZnTe, CdTe and HgTe 
are shown in figures 1, 2 and 3.  In tables 1 , 2  and 3 we summarize the eigenvalues of 
severalconduction bandstatesatsomeof the high-symmetrypoints. AIlenergies(in eV) 
are referred to the bottom of the conduction band. The band structures agree with 
experiment in predicting ZnTe and CdTe to be direct-gap semiconductors, although the 
gaps are far too small. HgTe is a zero gap semimetal with an inverted band at the r point 
showing rIc below r15v. The binding energies of the metal d levels with respect to the top 
of the valence bands are too small and in disagreement with the experimental value 
(cation d band binding energies with respect to the valence band maximum are 9.5 eV, 
10.09 eV and 7.70 eV for Zn 3d, Cd 4d and Hg 5d respectively [24]). 

We have recently carried out a self-consistent band structure calculation for CdTe 
with a hole in the Cd 4d bands. We obtained much better agreement of the binding 
energy of the metal 4d levels and improved comparison with the experimental value. 

When matrix elements are assumed to be constant, the resulting &*(U) spectrum is 
proportional to the unbroadened joint density of states in which the selection rules 
are completely ignored. As we pointed out before [14], the constant matrix element 
approximation works reasonably well in the visible and near-uv range but i t  fails utterly 
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Table 2. Energy values (in eV) at some high-symmetry points of the Brillouin zone from 
band structure calculations (this work) compared LO other theoretical and experimental 
determinations for CdTe 

Calculated 
(without s-0)  

re r,? 0.00 
Lk L,, 1.02 
Xt.. XAC 1.84 
DOS peak 2.37 
rlc rlr 4.13 

Experiment"' 

0.00 
1.00"' 
1.77 
2.22 
3.80 

4.45'1' 
4.82@' 

- 

- 

Theoryib' 

0.00 
1.23 
1.89 
2.30'd' 
3.77 
4.02 
4.59 
4.76 
2.36 

fundamental gap 0.69 1.59 - 
Cd 4d threshold 9.20 11.59 C 0.05 - 
'"'Fromtable2of[8]. 
cb'Fromtable20f[8]andfromtable210f[2). 
('I From table 2 of [8] and from [2, 3,22,28,29]. 
Id' From figure 2 of [30]. 

Table 3. Energy values (in eV) at some high-symmetry points of the Brillouin zone from 
band structure calculations (this work) compared to other theoretical and exuerimental 
determinations HgTe. 

Calculated 
(without 5-0) Experiment'") Theorycb' 

r, rk5 0.00 0.00 0.00 
LL LIP 0.63 1 .00"' 1.20 .. 
X, X,, 1.94 2.50 2.30 
DOS peak 2.25 3.10 3.20") 

r, - 5.30'r' 5.30 
L' L,. 5.23 5.8 6.0 

r, rlr 4.50 5.10 4.90 

fundamental gap -0.8 -0.31 - 
Hg 3d threshold 7.2 1.7 i- 0.01 - 

From table2of 181. 
From figure 1 of 141. 

'''Fromtable20f[8] andfrom[24,31,32,33]. 
Id) From figure 2 of [341. 

in the high-energy part of the spectrum. A quantitative comparison with experiment in 
the uv range is only meaningful if the matrix elements of P, the momentum operator, 
are included in the calculation. The positions of the peaks in E ~ ( W )  compared with the 
experimental data and other (adjusted) calculations are given in tables 4 ,5  and 6. As 
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Table 4. Experimental and theoretical values (in eV) of energy gaps in ZnTe compared to 
the LDA valves calculated in this work. 

Present calculations 
Other 

Peak Experimental calculations unadjusted adjusted 

E" 
. . .  . ~ ..l 

2.273"' 1.012''' 1.21 2.05 
2.26'" - - 
2.35''' - 
2.25'" - 
3.52"' 2.132") 2.68 3.52 

E2 5 .3W'  - 4.46 5.30 
E, 

6.85'b' - 6.0 6.84 
a 11.68'b' - 10.81 11.65 
E'I 

b 12.30'h1 - 11.50 12.34 
C 12.72'bl - 12.02 12.84 
d 13.10'b' - 10.12 13.17 
e 14,98Ib' - 12.04 15.09 
f 16.1'b' - 13.18 16.05 

- - 15.84 16.68 
h 18.51b' - 15.14 18.20 
g 

'"Seelable2in[7];7= MOK. 
Ib1  From table 1 of [E]; T = 300 K. 

~~ 
~~~ ~-~ ~ ~~~~~ ~ ~ ~~ 

, ,  - ~~~~ ~ ~ ~~ - 
~~~ 

~ - ~~~ ~ ~~ 

- ~~~ 

,. , 

the LDA fails in predicting correct values for the energy gaps of semiconductors, a very 
simple procedure of energy band shifting has been applied which aligns the experimental 
and theoretical energy scales [14], The experimental value of binding energy of metal d 
states was introduced into the LMTO procedure by changing. the potential parameters 
and the full calculation of band structure was repeated. Furthermore, the conduction 
bands were shifted towards higher energies bringing into fair agreement the exper- 
imental and calculated positions of the Eo, El and E2 maxima in the reflectivity spectra. 
The results of the alignment procedure are presented in figures 4 ,5  and 6 as well as in 
tables 4 , 5  and 6. 

At higher energies, a wealth of sharp features appear in the absorption spectra. In 
our work we have studied the origins of the structures labelled in these figures: a, c, d, 
f. g and h situated in the energy region between 9 and 20 eV. In this region two broad 
reflectivity structures were found by Cardona and Greenaway [ 121 and attributed to the 
excitation of the d states. On account of the nature of the Kramers-Kronig trans- 
formation and the non-linear character of formulae connecting &,(U),  EZ(U)  and R(w), 
we cannot use reflectivity spectra todiscusscontributionswhich arise from the transitions 
originating in the different valence bands. This is the main reason why we use E ~ ( u )  
spectra instead of R(w) in the following analysis. 

Theadjustedspectraof ~~(w)onanexpandedscale (in the regionof the dexcitations) 
are presented in figures 4,5 and 6 for ZnTe, CdTe and HgTe respectively. The short- 
dashed curve represents the contribution to the imaginary part E ~ ( U )  which derives from 
transitions from the 1st band (Te 5s) to the bands lying above the Fermi level. The 
medium-dashed curve represents the contribution of transitions originating from the 
metal d levels. The long-dashed curve represents the contribution to cZ(o) originating 
from the three uppermost valence bands (namely the 7th, 8th and9th). 
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Table 5.  Experimental and theoretical values (in eV) of energy gaps in CdTe compared to 
the LDA values calculated in this work. 

Present calculations 
Other 

Peak Experimental calculations unadjusted adjusted 

E" 

E, 

h 

1.59'"' 
1.50'b' 
3.30"' 
3.44'6' 
3.35'b' 
5.W'b' 
5.40"' 
6.79"' 
12.17"' 

13.36"' 
13.81"' 
15.4"' 
16.0"' 
17.1"' 
- - 
19.0"' - 

0.69 

2.54 
- 
- 
- 
4.50 
4.80 
5.98 

11.10 
- 
11.68 
13.27 
13.87 
14.32 
14.58 
15.64 
17.01 - 

1.56 

3.37 
- 
- - 
5.20 
5.51 
6.71 

12.10 
13.30 
13.85 
15.60 
16.00 
16.40"' 
16.70 
18.0P' 
18.8"' 
19.6'" 

'*'From[35];T= 1.6K. 
'b'From1361; T = 3 W K .  
"'Fromf36j; T=300K. 
1d'From[12]: T = 7 7 K .  
w See figure 5. 
'°Fromtable10f[8];T=300K. 
'U) From 1181. 

We attempted to compare our theoretical results with those of the experimental 
study of reflectivity of ZnTe, CdTe and HgTe presented in [8].  The experimental 
reflectivity spectra of ZnTe and CdTe are reproduced from [SI and presented in figure 
7. The direct comparison is difficult on account of the well-known deficiencies of LDA. 
Further, the basis function set is limited tons, np and (n - l)d for cation and js, Sp, 5d 
for anion and also calculations do not include spin-orbit coupling so that the number of 
interband contributions is reduced. Our results are obtained within the framework of 
the one-electron approximation, so that observed deviations from the experimental 
amplitudes and peak positions might be attributed to many-body effects. We will show, 
however, that despite this our calculations allow for a consistent interpretation of the 
optical spectra. 

Curves depicted in figures 4,S,6 were calculated without the inclusion of the effects 
of the finite relaxation time [18]. In the interpretation of the optical spectrum above 
9 eVweconcentrateon thestructuresassociated withtheexcitationofthemetaldlevels. 
The theoretical, adjusted spectrum of E ~ ( w )  is characterized by the structures labelled 
a, c, d, e, f, g and h in figures 4 , s  and 6 and in tables 4,s and 6. The peaks d and e can 
be associated with transitions from the d levels to the first and the second conduction 
bands respectively. The origin of the other peaks is difficult to identify unequivocally on 
account of a very significant contribution from the transitions originating in the upper 
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Table 6. Experimental and theoretical valuer (in eV) of energy gaps in HgTe compared to 
lhe ~ ~ ~ v a l ~ e s c a l c u l a t e d  in thiswork. 

~~ 
~~~~~~ 

Present calculations 
.- .. ., .. .,. Other ~~ 

Peak Experimental calculations unadjusted adjusted 

E,, -0.3"' -0.28'" -0.8 -0.3 
E,  2.22"1 2.22'" 1.70 2.22 

4 . 9 b '  4.55'" 4.26 5.0 - 4.70 - E2 
5.10'(' 
6.57'b1 - 5.96 6.68 

a - - 1124 11.76 
E', 

C 10.2tb1 - 9.56 10.07 
d 10.8@' - 9.56 10.80 
e 12.8'b' - 11.62 12.84 
f 13 .Sb' - 12.66 13.86 
g 16.2'b' - 15.72 16.24 
h 18.3'b' - 17.76 18.30 

'.'See [ I ) .  
Ib1 From table 1 of 181; T = 3W K .  
'0 See 1221; T = 15 K. 

,.," ~ . , , : ,i.lP-. "mlx.,,.I," , , ~, , 

. . .,  . . , . , , . ~. . . ,. 

" ..., I.,, , , I, i_ ..... L ,i:.:,# 

ZnTe n 

,-. 
v) e c 
? 
0 
0 
v 

Energy eV 
Figure& Absorptionspectrum f ! ( U )  in the region of 
the cation d excitations (adjusted case) for ZnTe. 

part of the valence band to the higher conduction bands. Nevertheless, the agreement 
with the experimental results and the discussion presented in paper (81 is quite satis- 
factory. The largest discrepancy is found in the interpretation of the a peak in the E?(W) 

spectra.Thesuggestion that theapeakof ZnTe,CdTeandHgTeisacoreexciton[S, 251 
seems tobeinerror. We interpret thissharppeakat 11.65 eV(ZnTe), 12.10eV (CdTe), 
and 11.76eV (HgTe) as transitions from the 8th and 9th bands to the 14th band. We 
havealsodetermined the regionsin kspacegivingthemajorcontributionstotheintensity 
of the peaks in E ~ ( w ) .  For all three semiconductors studied here we find that essentially 
the same k points give rise to the major part of the intensity of the peaks. The calculated 
static dielectric constant ~ ( 0 )  is found to be 5.0 for ZnTe, 5.4 for CdTe and 19.3 for 
HgTe, whereas the experimental values are 7.3, 7.2 and 21.0 [26]. This difference is 
mainly due to the local field not taken into account in our calculation [lS]. 
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FigureL Absorptionspectrum&$(w)intheregionof 
the cation d excitations (adjusted case) for HgTe. 

4. Conclusion and summary 

On the basis of the preceding discussion, the results obtained in this work can be 
summarized as follows. 

We calculated the real and imaginary parts of the dielectric functions as well as the 
reflectivity spectra up to 20eV for the semiconducting compounds ZnTe, CdTe and 
HgTe using the self-consistent band structures obtained by the LMTO method. 

As expected, the LD approximation gives the ground state properties accurately but 
the resulting band structures are different in detail from those found experimentally. 
The simplest calculation, one panel and scalar relativistic corrections, provides results 
for E ~ ( w ) ,  E* (@)  and R(w) spectra which are not easy to interpret. 

To allow a direct comparison between theory and experiment, a very simple pro- 
cedure of energy band shifting is applied. 

In general, our calculations allow for a consistent assignment of structures in the 
experimental reflectivity spectra for the materials examined and for understanding the 
physical mechanism of the transitions observed in the R(w) spectra. 

We show that interpretation of the uv part of the spectra proposed by Cardona el a1 
[12] and Kisiel el a1 [SI is not entirely correct. In particular, the role of the transitions 
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I \  b f  d 

l g  I h 

I I I 
12 14 16 18 20 

Figure7. Reflectivity spectra of a) ZnTe (shifted upwards by 0 .  1) and b) CdTe measured at 
room temperature in the region of cation d excitations. The assignments of the observed 
structures are also indicated (see [SI). 

from the upper valence bands is not properly recognized in these papers. Contrary to 
common belief, apart from the strong contribution from the metal d states transitions, 
we find in this energy range a very significant contribution from transitions originating 
in the upper part of the valence band with final states in the higher conduction bands. 

We also suggest that structures in the reflectivity spectra assigned to core excitons 
can be described within the framework of a hand-to-band transition formalism. 

In order to obtain an improved band structure for 11-VI compounds, particularly 
narrow-gap semiconductors such as HgTe, it is necessary to include all relativistic effects 
i.e. Darwin and mass-velocity correctionsandspin-orbit interactions, as has been shown 
by Kisiel and Lee [4]. So the more detailed calculation with s-0 interaction included 
self-consistently and the basis function set extended to cation nd functions.should be 
carried out to produce e2(w) and R(w) spectra which would give a better interpretation 
of the data. 
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