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Optical absorption in CdTe: d-core transitions 

Roman Markowski and Marek Podg6rny 
Instytut Fizyki. Uniwersytet Jagiellonski. 30-059 Krakow, uI. Reymonta 4, Poland 

Received 3 September 1990. in final iorm 13 June 1991 

Abstract. A self-consistent semirelativistic linear muffin-tin orbital calculation of the band 
structure is used in conjunction with the local-density approximation to derive the density 
of states and the direct interband contribution to the joint density ofstates for CdTe. The 
imaginary part of the dielectric function, E ? ( " ) .  is calculated with inclusion of the dipole 
transition matrix elements. A comparison is made with other theoretical and experimental 
results and an interpretation oi the sharp structures in the absorption spectrum in the 
ultraviolet (uv) range is presented. The importance of the transitions from the Cd 4d states 
is careiully evaluated. I t  is shown that a very significant contribution to the imaginary part 
of the dielectric function i n  the uv range arises from the transitions originating in the upper 
part of the valence band to the higher conduction bands. 

1. Introduction 

The aim of this work is to  present the self-consistent band structure for the zinc-blende- 
type semiconductor CdTe with special attention paid to the higher lying conduction 
bands and then to  use the eigenvalues and eigenvectors to calculate the imaginary part 
of the dielectric function both in a constant matrix element approximation and with k- 
dependent matrixelements. The theoretical spectrum E$ will be presented and discussed 
in the energy range from about 10 to  20 eV. For this purpose we use the linear muffin- 
tin orbital (LMTO) approach in its scalar-relativistic form [l]. The procedure of the 
optical spectra calculation involves, as one of the steps, the self-consistent calculations 
of the electronic structure. CdTe is a 'canonical' 11-VI semiconducting compound and 
its electronicstructure has been studiedseveral timesin the past (see, e.g., [2-51, where 
a more extensive list of the earlier papers may be found). We have not yet attempted 
another standard calculation for its own sake. It is clear 161 that the electron correlation 
effects in semiconductors are not negligible and that the one-electron, local-density 
approximation (LDA) methods are not able to predict the correct energy gaps for semi- 
conductors (this failure is described in the language of density functional theory as being 
caused by the discontinuity of the exchangexorrelation energy when an electron is 
excited from the valence to the conduction band [7]. In a few recent papers, for example, 
[SI, it has been shown that, despite this failure, the x-ray absorption spectra areessentially 
calculable within the LDA method. In this paper we attempt the LDA calculation of the 
near-uv spectrum for CdTe. The aim of the work is twofold: 

(i) to resolve certain controversies concerning the interpretationof these spectra [9]; 
(ii) to shed some light on the applicability of the LDA scheme for such calculations. 

9041 0953-8984/91/469041 + 13 $03.50 0 1991 IOP Publishing Ltd 



9032 R Markowski and M Podgdrny 

Energy eV 
Figure 1. Total density of states of CdTc. Figures near the main peaks in the picture denote 
the serial numbers of the bands. I n  the insel the calculated band strucIurc i s  shown. 

In order to formulate such a diagnosis we remove from the calculational procedure 
another. hitherto very often used simplification. namely the constant matrix element 
approximation. 

I n  the following we present the calculation of the imaginary part of the dielectric 
function (.$(U)) of CdTe and compare it with the experimental results 191. We shall 
present the calculational methods in section 2. our results in section 3. the discussion in 
section 4 and the conclusions in section 5. 

2. htethod of calculation 

In general, the calculation of the imaginary part of the dielectric function involves the 
following steps: 

(a) self-consistent calculations of the band structure; 
(h) calculation of the density of states and the Fermi level; 
(c) calculation of the dipole transition matrix elements: 
(d) calculation of the joint density of states and the imaginary part of the dielectric 

function itself. 

All these steps have been carried out, as described below. 
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2.1. Electronic structure 

The electronic structure of CdTe was calculated using the self-consistent LMTO method 
[l]. Scalar-relativistic (i.e. Darwin and mass-velocity) corrections as well as the ‘com- 
bined correction term’ [ l ,  101 were included in the calculation. The crystal structure was 
consideredasanFCClatticewithfoursitesinthebasis,Cd(O,O,O),Te(f,f, $),El (&$, &) 
andE2(z,%,$),whereEl andE2standfor’emptyspheres’(ll] (Z = O).Theexchange- 
correlation LDA potential was used in the form proposed by Vosko er a1 [ 121. The ratios 
of the atomic sphere radii for Cd, Te and empty spheres were taken as 1.25: 1.25: 1 : 1 .  
Except for these ratios, an analogous scheme has been used by Cade and Lee [4] and by 
Alouani eta/ [5]. 

The self-consistent band structure of CdTe is presented in the inset of figure 1. All 
the calculations were carried out in a single energy panel, using 5s, 5p and 5d basis 
functions for Te and 5s,  5p and 4d functions for Cd, respectively. The total number of 
bands is equal to 36, the first nine of them being situated below the energy gap. We shall 
show that not only the Cd 4d states lying in -9 to -8 eV energy range but also the 
upper part of the valence band (-4.5 to 0.0 eV in figure 1) plays an important role in 
determining the absorption spectrum above 10 eV. 

The shortcomings of the calculated band structure may be summarized as follows: 

(a) the calculations do not include the spin-orbit coupling; 
(b) the band structure agrees with experimental results in predicting CdTe to be a 

direct-gap semiconductor, but the gap is far too small (0.69 eV)-this is a standard 
feature of the band structures of semiconductors derived within the framework of the 
local-density approximation (LDA); 

(c) the binding energies of the Cd 4d levels with respect to the top of the valence 
bands are too small (=8.5 eV) and in disagreement with the experimental values 
(=10.0 eV [13, 141). 

In table 1 we summarize the eigenvalues of several conduction states at some high- 
symmetry points and compare them with the results of a few other calculations. All the 
energies are in electron volts and are referred to the bottom of the conduction bands. 

2.2. Density of states 

With the use of the band structure the total density of states is calculated and presented 
in figure 1. We have also calculated the partial densities of states on each site and the 
main results are given in table 2, figures 2(a) and 2(b).  We have used 12 divisions for TX 
and an energy step as small as 0.0023 Ryd. The zero of the energy scale in figures 1,2(a)  
and 2(b)  is at the top of the valence band. 

2.3. Matrix elements 

A complete calculation of the optical spectrum E ! ( @ )  requires the computation of the 
dipolar matrix elements of the momentum operator P = hO/i. In the full band cal- 
culations that provide both energy eigenvalues and eigenfunctions, it poses no special 
problem to compute the matrix elements at a given k-point, although the task is numeri- 
cally quite complex and the calculations rather time consuming. 

The dipolar matrix elements M $  = (f, k) P li, k) are obtained from the scalar-rela- 
tivistic self-consistent LMTO scheme. They are calculated with the wavefunction In, k) 
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Table 1. Energy values (in eV) at some high-symmetry poinn of the Brillouin zone from 
band structure calculations (this work) compared with other theoretical and experimental 
determinations 

Level Present calculation Experiment' Theoryb 

r, 0.00 0.00 0.00 
LL 1.02 1.m 1.23 

1.84 
2.37 

m, 
DOS oeak 

1.77 1.89 
2.22 2.306 

r;, 4 1 3  3.80 3.77 
4,13 4.02 
4.73 
4.73 

4.4Y 4.59 
4.82< 4.76 .. 

X7' 2.10 2.36 

Fundamental 
gap 0.69 1.59 
Cd4d threshold 9.20 11.59t0.05 

* From table 2 of 191. 
From table 2 of 191 and from table 21 of [2]. 
Fromtable2of[91andfrom[2,25.26.27,28]. 
From ligure 2 of 1241. 

expressed in terms of the one-centre expansion [I]. It is a relatively easy matter to  
calculate the k-dependent matrix elements if one makes use of the Wigner-Eckart 
theorem for the gradient formula 1151. 

In the case of LMTO because of the nature of the orbitals constructed the intersite 
transitions do not exist and hence the method of calculation becomes rather straight- 
forward [16, 171. In the present study we have fully implemented the computational 
scheme devised by Koenig and Khan 1161 and by Alouani ef a l [  171. 

2.4. Opticai absorption 

The optical absorption is proportional to the imaginary part of the dielectric function 
E ( W .  q)  with q = Oin the optical range. I n  the limit ofvanishing linewidth the interband 
transition E ~ ( w )  contribution of the dielectric function is given by [5. 181: 

where Ef and E; are the occupied and empty states, respectively, at a givcn k-vector, 
ff: is thezero-temperature Fermidistribution function forthestate In, k) with bandindex 
n and wavevector k. 

Theintegrationofequation (1)overk-spaceis performed by the tetrahedron method 
[19] based on 240 k-points in the irreducible part of the Brillouin zone (lez). We 
calculate thedipolematrixelements at the four cornersofeach tetrahedron and use their 
arithmetic average during the integration. 

The imaginary part of E ,  e t ( w ) ,  is calculated for the photon energy ranging up to 
20eV. The dielectric function for CdTe without any lifetime broadening is shown in 
figure 3. 
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Figure2. (a )  Partialdensitiesof statesat aCdsite: brokencurve(shortdashes),s-projected 
DOS: full curve, p-projected DOS; broken c u r ~ e  (long dashes), d-projected DOS. ( b )  Partial 
densities of States at a Te site: broken curve (short dashes), s-projected DOS; full curve, 
p-projected DOS; broken curve (longdashes), d-projected DOS. 
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Table 2. Number of electrons N below the Fermi level of different sites and the intersite 
charge transfer (in electronic units) that gives an ioniccharaeter to [he atomic sites. 

N' N P  N d  Q 
~~ ~ 

Cd 0.92 1.02 10.00 -0.Q5 
Te 1.74 3.52 0.15 -0.59 
El  0.15 0.15 0.06 0.36 
E2 0.12 0.12 0.04 0.28 

30 

Flgure3. Imaginary part. E ! ( w ) ,  of thrdielectricfunclionolCdTe(fullcurve). The broken 
curve (shortdashes) representsthecontributionofhand I ,  the broken cuwe (medium length 
dashes). the contrihurion from [he bands 2 to 6 .  and the broken curve (long dashes). [he 
contribution of the bands 7 to 9. 

There are four curves displayed in figure 3. The broken curve (short dashes) rep- 
resents the contribution to the imaginary part &(@) being the result of the transitions 
from the first band to the bands lying above the Fermi level (bands 10, 11, etc). The 
contribution originating from the bands lying in the energy range -9 to -8 eV (bands 2 
to 6) is represented hy the broken curve (medium length dashes). The broken curve 
(long dashes) describes the transitions from bands 7.8 and 9 (valence bands). Finally, 
the total imaginary part E ) ( @ )  of the dielectric function is represented by the full line. 

When the matrix elements are assumed to be constant, the resulting quantity is 
proportional to the unbroadened joint density of states in~which the selection rules are 
completely ignored. This function and its contributions (divided by w')  are displayed in 
figured. Itisimportant tonote thatwhereasinthevisibleandnear-uvrange theconstant 
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Figure 4. Joint density of states divided by w' (IOOS) (full curve). The broken curve (short 
dashes) represents thecontribution of band 1, the brokencurve (medium length dashes) the 
contribution of bands 2 to 6 and the broken curve (lone. dashes) the contribution of bands 7 . -  
to 9. 

matrix element approximation seems to be reasonable, it fails utterly when the high- 
energy part of spectrum is included. The selection rules damp this part of .$ by a factor 
of about four as compared with the JDOS spectrum. 

3. Results of calculation 

The imaginary part of the dielectric function between 0 and 20 eV for CdTe is shown in 
figure 3. The positions of all the peaks in E ; ( @ )  in comparison with the experiment and 
other (adjusted) calculations are given in table 3. 

Intable4 welist theenergygapsat somecritical point sincomparisonwith theresults 
from Chelikowsky and Cohen's EPM calculation [2] and the Alouani et a/ [5] LMTO 
calculations. In order to compensate for the gap values that are too low Alouani et a/  [5] 
applied ad hoc the 'false Darwin shifts' by means of extra sharply peaked potential at 
the nuclei. 

The LDA is known to fail in predicting a correct fundamental energy gap for semi- 
conductors (tables 3 and 4). It is also seen (figure 3), that the main structures E, and E2 
in &(U)  are located too low in energy when compared Nith experiment. This is a 
common feature of band structures derived within the LDA, that all peaks in the spectrum 
&(U) arelocated at too Iowan energy. Furthermore, the binding energy of Cd 4d states 
is too small when compared with experimental values ([13,14], table 1). Thiscauses an 
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Table 3. Experimental and theoretical VdlueS (in eV) of energygaps in CdTe compared with 
the LOA valuescalculated in the present work. 

Present calculations 

Peak Experiment calculations unadjusted adjusted 
Other 

E,! 

E: 

h 

1.59 [29] 1.51 [ 5 ]  0.69 1.56 
1.43 1301 
1.50[31;32] 
3.30[31] 3.16 [SI 2.54 3.37 
3.441331 
3.35 jnj 
5.00[32] 4.83 151 4.50 5.20 
5.40[9]  4.80 5.51 
6.79 [9]  5.76 IS] 5.98 6.71 

12.17 191 11.10 12.10 
13.36 191 13.30 
13.81 i9 j  
15.4 [U] 

17.1 191 
16.0[9] 

19.0[9]  

11.68 13.85 
13.27 15.60  
13.87 1b.W 
14s2 16.4V 
14.58 16.70" 
15.64 18.00' 
17.01 18.5a 

19.6' 

See figure 5. 

Table 4. Energy gaps (in eV) at some critical points in comparison with the empirical 
pseudopotcntial method (EPM) [ 2 ]  and the LMTO results [SI, 

Present calculation 

EPM LMTO unadjusted adjusted 

ri-r; 1.59 1.51 0.69 1.56 
L:-L;,> 3.47 2.92 2.44 3.46 
LZ-L: 4.00 3.45 2.44 3.46 
X;-X; 5.08 4.63 4.39 ~~~ 3.10 
x:-x; 5.46 4~.96 4.39 5.10 

additional shift towards the lower energies of the sharp structures originating in the 
metal (Cd) uppermost d levelson the E ; ( w )  spectrum (figure 3). 

A procedure is therefore needed which aligns the experimental and theoretical 
energy scales. An 'ab initio' alignment of the energy scales is not possible because our 
calculations of the electronic structures deliver false information about the energy gaps 
and no information at all about the chemical shifts. We have therefore adopted the 
following approach: the discrepancy between the observed and calculated binding 
energies of the semicore Cd 4d states is a correlation effect, which is mainly the result 
of thechangeofoccupancyof theCd4d levelin the excitation process. Theexperimental 
binding energy is known from photoemission experiments. Since there is no reason to 
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expect that thecorrelationshift will bemuchdifferent intheprocessofopticalexcitation, 
the experimental value of binding energy of these states was introduced into the LMTO 
procedure by changing the potential parameters (Ed+ Ed - 1.2eV), and the full cal- 
culation of band structure was performed once more. Furthermore, we have observed 
that one can bring into fair agreement the experimental and calculated positions of the 
Eo, E,  and E, maxima shifting the E ~ ( w )  uniformly by about 0.9 eV. This amounts to 
the rigid shift of the conduction bands by 0.9 eV, which is precisely the difference 
between the calculated and experimental energy gap. In the following, we refer to the 
'adjusted spectrum', which results from both operations described above. 

We did not use the 'false Darwin shifts' procedure devised by Christensen [20] and 
used byAlouanietal[5]. Although this procedure hasa touchof sophistication, we think 
that there is no physical justification for its usage whatsoever. It actually corrects the 
fundamental gap value, which is too low. but for higher energiesit influences the band 
energies in an unpredictable way that depends on the degree of the s-p mixing for the 
k-points away from the Brillouin zone centre. Our simple procedure of energy scale 
alignment is perhaps trivial but its physical background is much more transparent than 
that of the 'false Darwin shift' procedure-it assumes simply that the LDA errors arising 
from the potential discontinuity are independent of the final energy of the excited 
electron. Thiseffecr is. however, taken into account later by using the energy-dependent 
lifetime broadening of the calculated optical spectrum (see below). Of course we have 
to remember that the LDA band structure is not only in error by a constant shift of the 
conduction bands; the dispersion may also be wrong [21]. The result of the alignment 
procedure is presented in figure 5 as well as in tables 3 and 4. In the following we shall 
try to show that, under the enumerated assumptions, a consistent interpretation of the 
uv spectra of CdTe is possible. 

4. Discussion 
The unadjusted absorption spectrum of CdTe is presented in figure 3. It consists of two 
distinct spectral regions. The onset of the absorption edge in the unadjusted E$(@) 
spectrum occurs at 0.69 eV. The low-energy region, extending approximately to 10 eV 
is characterized by a rather high, strong structure. The optical transitions associated 
with the structures up to about 8 eV have been studied in detail by several authors (see 
[9] for a more detailed reference list). The most important contribution to the peaks E ,  
and E,arisesfrom the transitionsfrom the uppermost valence band to the first conduction 
band throughout the large volume of the Brillouin zone. 

In order to illustrate the effects of the matrix elements we should compare the 
imaginary part of the dielectric function E : ( @ )  calculated with inclusion of the transition 
matrix elements (figure 3) and the joint density of states function divided by W' (figure 
4). The peaks present in the JDOS at high energy are reduced significantly (as has already 
been discussed in [ 5 ] )  in the &!(U) spectrum because the transition probability becomes 
small at high energy. Hence, a quantitative comparison with experiment is only mean- 
ingful if the matrix elements of the P-operator are included in the calculation of the 
e i ( w )  spectrum. 

At higherenergiesawealthofsharpfeaturesappearin theCdTeabsorptionspectrum 
(figure 3). In our work we have studied the origins of the structures labelled a ,  c, d, e ,  f, 
g,,g,,g,and h (figure6), which aresituatedin theenergyregion between 10and20 eV. 

The unadjusted and adjusted spectra for E! (w)  on an expanded scale (in the region 
of the d excitations) are presented at figures 5 and 6, respectively. The broken curve 
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Q.oo2 I 

Figure 5. Absorption spectrum P ? ( W )  in the region of the cation d excitations (unadjusted 
case). The broken curve (short dashes) represents the cnntrihuiion of band I ,  the broken 
curve (medium length dashes) the conrribulion of bands 2 to 6, the broken curve (long 
dashes) the contribution of bands 7 to 9 and thc full curve represents thc total absorption 
spectrum. 

(short dashes) represents the contribution to the imaginary part E ~ ( w )  which derives 
from transitions from the first band (Te 5s) to the bands lying above the Fermi level. In 
that part of the spectrum three peaks at 14.02,15.62 and 16.90 eV are found near the f ,  
gi and h positions. respectively. The most important contribution to these three peaks 
arises from the transitions from the first band to the tenth, eleventh and the twelfth and 
thirteenth bands in the Te sphere. respectively. The expectation [9] that the transitions 
from the Te 5s yield structures that are much broader than those from the metal d states 
and mainly contribute a smooth background to the absorption spectrum turns out to be 
false. This notion concerns especially the first peak at 14.02 eV. The peak positions and 
their relative heights fit wellwiththe partialdensityofstates for theTesite (figure2(b)). 

The broken curve (medium length dashes) represents thecontribution of transitions 
originating in the metal Cd 4d levels. The onset of the absorption contribution occurs at 
9.9eV. The contribution is characterized by five sharp peaks at 11.68. 13.44, 14.60, 
16.96 and 17.46 eV near the d. e, g, and h positions. which arises from the transitions 
D-t  10.D-t  l l , D +  12,13andD+ 14.respectively(DdenotestheCd4dstates-it 
refers to bands 2 to 6). The picture is in agreement with the partial densities of states on 
the Cd site (figure 2(a)) if we take into account the positions and the relative heights of 
the peaks. If we compare figures 3 and 4 we can observe the strong influence of the 
transition matrix elements on the Cd .Id contribution. 

The broken curve (long dashes) represents the contribution to $(w) originating in 
the uppermost threevalence bands (namely bands7,8and9). Essentially, there are two 
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Figure6. The absorption spectrum L ! ( w )  in the region of the cation d excitations (adjusted 
case). The broken curve (short dashes) represents the contribution of band 1, the broken 
curve (medium length dashes) the contribution of bands 2 to 6 ,  the broken curve (long 
dashes) the contribution of bands 7 to 9 and the full curve represents the total absorption 
spectrum. The assignments of the observed structures are also included. 

structures: the first sharp peak at 11.10 eV arisesfrom the transition from band8 to band 
14at the Te site; the second broad peak is centred at 14.58 eV andiscreated by transitions 
from bands 7 ,8  and 9 to bands 15 to 19 at the Te site. The shape of the line is consistent 
with the partial density of states for Te (figure 2(b)) .  

We have attempted to compare our theoretical result (full curve, figure 6)  with the 
experimental study of the reflectivity of CdTe presented in paper [9]. The comparison 
is difficult, as mentioned above, because of several problems. 

(a) The fundamental gap i s  too low (table 1): all peaks in figure 5 are shifted towards 
lower energies about 0.9 eV. 

(b) The Cd 4d bands are too high with respect to the maximum of the valence band 
(table 1): the sharp structures above approximately 10 eV originating in the uppermost 
Cd d levels are shifted additionally by about 1.2 eV towards lower energies. 

(c) The calculations do not include the spin-orbit coupling so that the number of 
interband contributions is reduced. 

Furthermore, our results use one-electron calculations, so that observed deviations 
from the experimental amplitudes and peak positions might be attributed to many-body 
effects. 

In the discussion presented so far it has been assumed that the initial and final states 
have infinite lifetimes and thus that their natural widths are zero. So E ~ ( w )  depicted in 



9052 

figure6 wascalculatedwithout inclusionoftheeffectsof the finite relaxation time (many- 
body and excitonic effects). In addition, surface and screening effects may influence the 
peak heights in the experimental spectrum [SI. 

I t  is found experimentally that the initial and final states do have finite lifetimes 1221. 
These finite lifetimes imply a Lorentzian line shape of the initial and final states which 
manifests itself as a broadening of the spectra. This effect can be incorporated in the 
single-particle results by convoluting them with a Lorentzian function of a width that 
depends on the final-state energy (which increases significantly with the energy of the 
finalstate). Weshould also takeintoaccounttheexperimental resolution in theGaussian 
form: 

R Markowski and M Podgorny 

It is known. that the LMTO method cannot reliably describe bands positioned higher 
than 1-2 Ryd above V-, where Vmz is the average interstitial potential. In  our 
calculation we limited the energy range considered to approximately 20 eV above the 
valence band maximum. that is up to 2.2 Ryd above ITMTL, Hence, we should expect that 
the contribution of the broken curve (longdashes) to F ! ( w )  depicted in figure 5 is more 
uncertain than the other contributions. 

In the interpretation of the optical spectrum above 10eV we concentrate on the 
structures associated with the excitation of the Cd 4d levels. The theoretical. adjusted 
spectrum of &!(U) (description of the alignment procedure above) is characterized by a 
first sharp peak (a) at 12.10eV followed bystructures labelled c.d, e, f ,  g,. g,, &and h, 
respectively (figure 6 .  table 3). 

The peaks c and d can be associated with transitions from the Cd 4d levels to the first 
conduction band (band 10). The peaks f. g, andgzcan be interpreted as the transitions 
from the Te 5s levels to the first conduction band and from the Cd 4d levels to the second 
conduction band (band 11). 

The peak g3 arises from transitions from Cd Jd levels to the bands 12 and 13. 
The agreement with the experimental results and the discussion presented in [9] is 

quite satisfactory. The largest discrepancy is found in the interpretation of the peak 'a' 
in thc E ! ( W )  spectrum. The suggestion that the peak a of the CdTe spectrum is a core 
excitation [9,23] seems to be in error. We interpret this sharp peak as a transition from 
the eighth to the fourteenth band. 

5. Conclusions and summary 

A self-consistent band structure for CdTe is obtained using the LMTO method. The 
outcome of this calculation is used to derive the density of states and the imaginary part 
of the dielectric function. The uv range of the dielectric function is calculated for the 
first time. 

Contrary tocommon belief, apart from thestrong contribution from the Cd4dstates 
transitions, we find in this energy range a very significant contribution of the transitions 
originating in  the upper part of the valence band to the higher conduction bands. 

I n  the method of calculation presented above it is easy to determine the regions in 
k-spacegivingthe majorcontributions to the intensity of thepeaksof the E ! ( @ )  spectrum. 
To allow adirect comparison between theory and experiment, an 'alignment procedure' 
is suggested and applied. The adjusted theoretical spectrum is directly compared with 
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experimental results above IOeV. In general, our calculations allow for a consistent 
assignment of the structures in the experimental reflectivity spectrum for CdTe. This 
supports the conjecture that for II-VI semiconductors the corrections to LDA resulting 
from the discontinuity of the exchangecorrelation energy should depend rather weakly 
on the energy. 
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