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Abstract

A complete ab initio calculation of the optical properties of the semiconductor compounds PbS, PbSe and PbTe
which crystallize in the rock-salt structure, is presented. The electronic structure has been obtained in two approxima-
tions for the exchange and correlation potential, the local density approximation and the generalized gradient approx-
imation, comparing the relevant results. Our study includes the spin—orbit interaction. We have calculated the
imaginary part of the dielectric function &(w) and the real part ¢;(w) using the Kramers—Kronig relations. In addition,
other optical parameters such as the absorption coefficient, the complex refraction index, and the reflectivity are pre-
sented. The main features showed by the optical function curves, can be understood on the bases of the band structure

of these compounds, and our results can be satisfactory compared with experiments.
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1. Introduction

The IV-VI compounds based on the Pb salts, are
semiconducting with good grade of polarity, with
bondings formed through electrostatic interactions
among the ions of the crystal lattice, crystallizing in
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the rock-salt type structure. Compared for example
with the usual III-V compounds, these IV-VI
chalcogens present nontypical electronic and trans-
port properties, such as high carrier mobilities, high
dielectric constants, narrow band gaps and a posi-
tive temperature coefficients [1,2]. These properties
make the IV-VI compounds particularly useful as
electro-optical devices in the range of 3-30 pm, cor-
responding to the medium and far infrared. Conse-
quently, many studies and developments have been
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undertaken in detecting devices for infrared and
visible radiation, laser diodes, and photo-voltaic
cells, which are used in many different applications
such as medical diagnostic, industrial process mon-
itoring and atmospheric pollution control [3]. Also,
quantum confinement devices are evolving with
IV-VI materials, particularly PbS, allowing opera-
ting devices in optical ranges of technological
importance [4]. These factors have motivated the
interest in the study of the fundamental behavior
of these Pb salt compounds, for which grounded
experimental research have been performed on
their structural and band properties [1,2,5], elec-
tronic structure [6-8] and optical properties [9-14].

There have also been many theoretical studies
of the electronic properties of these cubic lead
salts, which have been performed with different
techniques such as the empirical pseudopotentials,
the tight binding method [15-17], the ab initio
pseudopotential [18], the orthogonalized-plane-
wave (OPW) [19], the Green function method
[20], the augmented-plane-wave (APW) [21], and
some bulk [22] and optical constants calculated
[23] using a mixed k.p-(APW) method. Most of
these calculations have been performed within
the framework of semiempirical approaches or
involving some simplifications such us neglecting
the spin—orbit coupling, making the calculation
easier and reducing the amount of computing
time. The drawback of these calculations is the
parameters that need to be fitted to experiments.
As a result, the previous methods agree in a gen-
eral description, but their differences may conduct
to different interpretation of the experimental
data. So far, and since the description of optical
properties with empirical schemes depends upon
a correct interpretation of the experimental spec-
tra, first-principles calculations are quite desirable.

There have been previous ab initio calculations on
the band structures and electronic properties with the
full-potential linearized muffin-tin orbital method [8]
and the full-potential linearized augmented-plane-
wave (FP-LAPW) [24,25], providing results in good
agreement with experiments. In the same line, the
aim of this work is to provide a complete ab initio
theoretical study of the optical properties of the three
salts that Pb forms with S, Se, Te, and a discussion of
the fundamentals of the observed spectra.

For our calculations we have used the FP-LAPW
method within the density functional theory (DFT),
in the form implemented in the WIEN97 code [26].
This is a very accurate first-principles scheme to be
used in modeling properties of materials. As part of
our treatment, we have used the options of the local
density approximation (LDA) for the exchange and
correlation potential. This approximation has re-
sulted in a great amount of success in dealing with
the calculation of electronic properties, although it
failed in describing some important properties, like
underestimating the equilibrium lattice constants
and the band gaps. A formal correction is obtained
when the gradient of the density of electrons is
also considered in this functional. This is the so
called generalized gradient approximation (GGA)
[27,28], which we will use in the formal parameteri-
zation scheme of Perdew—Burke—Ernzerhof (PBE)
[29]. This corrected functional is semilocal and thus
more sensitive to nonspherical components of the
density, resulting in a better performance when ap-
plied in a full-potential scheme like the WIEN97.
The GGA have been applied in a variety of tests,
giving great improvements in structural energy dif-
ferences, and even in describing the correct ferro-
magnetic ground states of magnetic metals [27,30].
The general gradient approximation can be used
for resolving problems requiring better accuracy
than the LDA, with only a few more computational
requirements than the LDA.

For the quantitative calculation of optical spec-
tra, it is crucial to determine the correct energy
band gaps. We will discuss our results on both
the LDA and the GGA schemes, together with
other usual empirical corrections to the LDA, such
as the scissor operator [31], which basically means
to adjust the band gap with a constant potential to
reproduce the experimental energy band gaps.
This last one is often used, particularly in the
determination of the band gap offsets [24,32] which
appear when considering interfaces between differ-
ent semiconductors, but also when bulk properties
under pressure are studied [33].

There are other calculation schemes for optical
properties, which, although they have not been
performed on these Pb salts, it is important to
mention them as first-principles approaches. The
LDA method used in conjunction with a self-
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energy operator given as a product of the Green
function G times the screened Coulomb inter-
action W, and called the GW approximation
(GWA) of Hedin [34], is often used to obtain well
described excited states [35]. However, this one-
particle approach produces optical peaks shifted
towards higher energies and with intensities that
do not reproduce the experimental data well [36].
Arnaud and Alouani [36,37] have developed an
all-electron ab initio method within the GWA
based on the projector-augmented-wave (PAW)
method [38], to study the local-field (LF) and exci-
tonic effects in various types of semiconductors;
III-V compounds, Si and C. They showed that
the inclusion of local-field effect to the GWA does
not change the energy position of the peaks, but
reduces considerably the peak intensities of both
main peaks, the so called E; and E,, resulting in
a better described E,, but a worsen E;. By adding
the electron-hole interaction, they obtained the
oscillator strength shifted towards lower energies,
improving the intensity shape of the optical spec-
tra. In Section 2 we will discuss qualitatively how
the inclusion of both effects, local-field and exci-
tonic interaction would modify our calculations.

Because of the presence of heavy elements, in
our study we have included the spin—orbit interac-
tion. This description splits up some energy bands,
and since these are narrow band gap systems the
band description are truly improved, particularly
in the band gap region where the conformation
and symmetry play the main role. Also, these dif-
ferences are of importance in the optical properties
of these materials, since a higher amount and
sharp peaks appear.

2. Procedures and discussion of results

For these rock-salt type crystal structures with
two atoms per unit cell, we have used in our calcu-
lations the experimental values for the lattice
parameters [2,6], which are 5.936, 6.124 and
6.462 A for PbS, PbSe and PbTe, respectively.
To allow optimum convergence in the calculation
of optical properties, the self-consistent band
structure and densities of states (DOS) of the three
compounds were calculated in 2024 irreducible &

points in the first Brillouin zone (BZ), since spin—
orbit interaction was included. We present here
the details of PbS along many important directions
on the BZ in Fig. 1, with a comparison between
both approximations, GGA and LDA, and the
DOS in Fig. 2, which were obtained in the GGA
approximation. This electronic structure is repre-
sentative of all cases, and will be used for the dis-
cussion purposes on the optical properties for the
three lead salts.

In Fig. 1 with the GGA scheme, the deepest band
in energy corresponds to a s-like state coming from
the anion S, with also a small contribution from the
Pb-s state. Fig. 2 shows this band spreading in a
narrow energy region of 1.71 eV, with its maximum
peak at —11.82 eV. The second band from the bot-
tom that appears, is formed with a main contribu-
tion from s-Pb states, with a very low p-Pb
component. Also there is a small amount of s and
p-like states from the anion S. From Fig. 2 we can
see that this band has a width of 2.80 eV, somewhat
wider than the previous one, corresponding the
maximum at —8.20 eV for s-Pb states. Following
through the higher energies, the bands turn to be
less well defined due to hybridization. In the L point
of the first BZ, and using the double group nota-
tion, there is a degenerated L, band, getting splitted
in going across the A direction to the I' point. In
other points of the BZ they maintain nondegener-
ated increasing their dispersion up to 5.01 eV,
resulting the proper valence band when reaching
the Fermi energy Ef, as shown in Fig. 2. The main
contribution to this valence band comes from a
strong contribution of the p-S states distributed
along the whole band, giving a broad peak at
—2.32 eV and a narrow one at about —1.00 eV.
Fig. 2 also shows that coincident with the sharp
p-S peak, also the s-Pb states makes its maximum
contribution. In spite of the fact that the latter is
smaller than the former, it becomes very important
in the conformation of the band gap, since the little
shoulder of these s-Pb states forms the edge of the
valence band giving rise to the maximum of the va-
lence band L/ . Also, it is observed a contribution
from the p-Pb states, which while small, they spread
in the whole valence band. At the I" point, the spin—
orbit splitting of the valence bands closer to Efis of
0.32 eV, while the spin—orbit splitting at the X point
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Fig. 1. Calculated energy bands for PbS, including spin—orbit. (a) Using the GGA. The arrows represent possible interband transitions
between bands originating the main peaks in the optical function spectra. (b) With the LDA. The general feature results similar to that

of the GGA, except for the smaller value of the energy band gap.

results in 0.29 eV. The band gap is direct and ap-
pears at the L point. Within the LDA approxima-
tion, the general feature are similar to that
of GGA, except for the smaller value of the band
gap.

In Table 1 we present some electronic-structure
parameters comparing them with other calcula-
tions since no experimental data are available.
Since the general appearance and shape of our cal-
culated bands have very good agreement with re-
ported experimental data [1,8] and other ab initio
calculations [8,24], we conclude that our band
states are very reliable for the calculation of the
optical functions.

The starting point in calculating the optical
functions, is a good self-consistent electronic struc-
ture. This is a fundamental requisite since the opti-
cal functions involve matrix elements from the
momentum operator, and the eigenfunctions used
in the calculations have to be precise. The inclu-
sion of the spin—orbit interaction is very important
to determine the optical properties of this materi-
als, since more peaks appear, and their energies
are better established. Because of the importance
of the band gap values in the correct characteriza-
tion of the optical properties, we present them in
Table 2, as obtained with the different approaches.

It is seen that when LDA is used, they result with
the known underestimation, while on the other
hand, GGA gives an improvement, providing
band gaps in good agreement with experiments
in a more formal way than adjusting with the scis-
sor operator the LDA results.

The expression of the imaginary dielectric func-
tions, is computed by Ambroch-Draxl and Abt
[39], which for a system with cubic symmetry re-
sults in

4m’e? 2
@W;/mp,m
X W1~ W)0(E) — E) &'k (1

In this expression, (f|p;|i) is the dipole matrix, and
/. i, are the final and initial states respectively, W, is
the Fermi distribution function for the ith state,
and E; is the electron’s energy in the ith state. Here
and in the following expressions, j denotes any of
the three components in the Cartesian coordinates.
The real part of the dielectric functions is com-
puted from ey(w) using the Kramers—Kronig rela-
tions in the form

2 < w'e(w),
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Fig. 2. Density of states, total and by atom, obtained for PbS
considering spin—orbit.

where P means the principal value of the integral.
The arrows in Fig. 1 represent possible interband
transitions giving rise to the main peaks in the
optical function curves.

Other important parameters in the optical char-
acterization that we have also calculated, are the
optical absorption coefficient, obtained as

- 1/2
a(w), = 2760( Re(e(w)jg-l— | e(w), > .

and the complex refraction index 71(w), = ng (w),+
ik(w);, defined in terms of the refraction index

Table 1
Some significant electronic-structure values for PbS, compared
with other available calculations

This work Other calc.
LDA GGA
E\(I) 5.68 5.85 5.97¢
7.14°
E.(X) 7.12 7.22
Aso(I) 0.34 0.32
As o(X) 0.30 0.29
Values are in eV.
* Ref. [24].
b Ref. [33].
Table 2

Summary of calculated and experimental band gaps, consider-
ing spin—orbit coupling

This work Expt.?
LDA GGA
PbS 0.037 0.176 0.286
PbSe 0.012 0.121 0.165
PbTe 0.028 0.160 0.190

Values are in eV.
4 Ref. [2,6].

nr(w); as its real part, and the extinction coefficient
k(w); as its imaginary part, obtained from
() )

) = a(@), + i),
Also, we have calculated the reflectivity R(w); as

L —ii()*)

ki), (1 +fz(w);‘> @

We have performed our calculations in the 0—
5.5 eV range, in which the experimental measure-
ments take place. In Figs. 3 and 4 we show our
calculation for the real part ¢;(w) and for the imag-
inary part &(w) respectively, of the dielectric func-
tion. The imaginary part is related to the energy
lost of the incident radiation, and is closely related
to the absorption coefficient a(w) which appears in
Fig. 5. The first energy E, corresponds to the step
energy of the semiconductor which is about the
calculated band gap value, whose assigned transi-
tion is L(5 — 6). Here the bands are numbered
as usual, being the first the lowest band, which
for these compounds are the s-like anion bands.
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Fig. 3. The GGA and the LDA calculations of the real part
&1(w) of the dielectric function, compared with the experimental
data (a) Refs. [12,13], (b) Ref. [14], (c) Ref. [11] and (d) Ref. [9].

Within the GGA scheme, the E, peak appears with
the values of 0.231, 0.122 and 0.150 eV respectively
for PbS, PbSe and PbTe compounds. The E; peak
next is located at 1.57 eV (PbS), 1.27 eV (PbSe),
and 1.01 eV (PbTe), it is the first shoulder that ap-
pears in the spectrum, which is originated in the
transitions X(5 — 6) (2 is the direction between
I' and K in the BZ which does not appear in Fig.
1) and L(5 — 7), formed by transitions between
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Fig. 4. The GGA and the LDA calculations of the imaginary
part &(w) of the dielectric function, compared with the
experimental data (a) Refs. [12,13], (b) Ref. [14], (c) Ref. [11],
(d) Ref. [9] and (e) Ref. [40].

s-Pb valence states and p-Pb and a few of p-anion
conduction states. Our values are in close agree-
ment with the experimental values assigned to this
peak (Table 3). The absorption coefficient o(w)
plotted in Fig. 5 shows an increased value corre-
sponding to the energy FE;, a correct indication
that at the transition energies the absorption of
the materials is increased. The &(w) spectrum
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Fig. 5. Calculated absorption coefficient a(w) as a function of
energy, compared with existing experimental data (a) Refs.
[12,13].

keeps increasing until the main peak E, is formed,
it is called the reflectivity peak for which the max-
imum magnitude in the & curve is obtained. For
PbS and PbSe, it is a flat peak with some disper-
sion with possible energies between 2.73 and 3.06
eV for PbS, and 2.27 and 2.54 eV for PbSe. For
PbTe it results in a sharper peak at 1.80-1.86 eV.
The absorption coefficient a(w) grows strongly
and monotonically between E; and E, having a

Table 3

A comparison between our calculated values with GGA and
experimental data, for the characteristic energy peaks E,, Ej,
E,, E5 appearing in the optical function spectra

System Peak This work Expts.
PbS E, 0.231 0.286°
E 1.57 1.83-2.15°
E, 2.73-3.06 3.0-3.67°
E; 4.23 5.08-5.27¢
PbSe Ey 0.122 0.165°
E, 1.27 1.59-2.18°
E, 2.27-2.54 2.65-3.12°
E; 3.66 4.10-5.38
PbTe E, 0.150 0.190°
E, 1.01 1.08-1.60"
E, 1.80-1.86 1.98-2.30'
E; 2.82 3.25-3.5
Values are in eV.
# Refs. [2,6].
® Refs. [9-11].
© Refs. [9-11].
4 Refs. [9,11].

° Refs. [9,11,13].
' Refs. [9,13].

& Refs. [9,11,13].
b Refs. [10,12].

i Refs. [9,11,12]

I Refs. [9-12].

maximum and sharp peak at this later energy.
The contributions to the E, peak come from the
interband transitions in the direction X(5 — 7)
and A(5 — 6), corresponding to interband transi-
tions between p-anion (some from s-Pb) valence
states and p-Pb and p-anion conduction states.
After the E, peak, the calculated values of &(w)
decrease in energy, and then the small E; peak
appears at the energy of 4.23, 3.66, and 2.82 eV,
for PbS, PbSe and PbTe respectively, which is
originated in the interband transitions 4(4 — 6)
and in some amount on X(4 — 7) between p-anion
valence states and p-Pb and p-anion conduc-
tion states. The absorption coefficient decreases
smoothly between E, and Ej, presenting a small
peak at this last energy, decreasing again after it.

In Figs. 3-5 we have compared our calculated
functions with the available experimental data.
For the dielectric functions &(w) and &(w), there
are many different techniques giving appreciable
differences in the energy where the peaks are



E.A. Albanesi et al. | Computational Materials Science 32 (2005) 85-95

92
Table 4
Calculated dielectric constants &(0) with GGA, compared with
experiments
System This work Expts.
PbS 23.12
PbSe 31.50
PbTe 32.78 37.09%
26.34
? Ref. [14].
° Ref. [9].

positioned, but more significant in the intensities of
the peaks. The E, intensity is one important feature
of the spectrum, since it can give a measure of the
cleanliness of a surface, particularly when spectros-
copic ellipsometry is used [12,13]. This advanta-
geous technique permits direct measurement of
the real and imaginary parts of the dielectric func-
tion &(w), and is less affected by fluctuations or
by the sample conditions, than for example, direct
reflectance and transmition [9] measurements that
deal with power measurements. Our calculations
with GGA compare better with the experimental
data measured by Suzuki et al. [12,13] using
spectroscopic ellipsometry. As a general rule,
GGA tends to a small underestimation of the peak
energy positions, and follows acceptably the inten-
sities shape and balance between E; and E, peaks.
We believe that if spectroscopic ellipsometry exper-
iments were performed on PbS, our GGA calcula-
tions would adjust them very well in energy
positions and intensities. In Figs. 3 and 4 we present
for comparison also our LDA calculation, which
show the expected underestimation. The main dif-
ference however is obtained for PbTe, where the
intensity of the E, peak is very overestimated. This
behavior is related to the fact that there is a broad-
ening in the optical spectra when the anion is light-
er, produced by an increasing dispersion between
bands when going from Te to S in the band struc-
ture calculations. The experimental values for these
peaks are in Table 3. The inclusion of LF and elec-
tron-hole interaction would improve LDA descrip-
tion of the intensities for & (w) for the three
compounds, although the underestimation of the
energy positions would persists. The same situation
would be valid for PbSe and PbS with GGA

0.0 25 5.0

Energy (eV)

Fig. 6. Calculated spectral variation of the real part ng(w) of
the complex refraction index, compared with experimental data
(a) Refs. [12,13] and (b) Ref. [9].

scheme, although for PbTe a decrease in the func-
tion intensities would not be desirable.

The real part of the dielectric constant &;(w)
(Fig. 3), gives the dispersive behavior of these com-
pounds. It results in a broad shoulder followed by
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the strong decrease in the region of energies corre- quantity is the zero frequency limit &;(0), since it
sponding to the maximum absorption peak Ej, gives the static dielectric constant in the zero fre-
where the functions become negative, increasing quency limit, which we have shown in Table 4.
slowly after it toward zero at higher energies. Even when LDA gives some overestimation,
For the real dielectric function, the most important mainly for PbTe, our GGA calculations coincide

x

Energy (eV) Energy (eV)
Fig. 7. Calculated spectral variation of the imaginary part k(w) Fig. 8. Calculated spectral variation of the reflectivity coeffi-
of the complex refraction index, compared with existing cient R(w) compared with experimental data (a) Refs. [12,13],

experimental data (a) Refs. [12,13] and (b) Ref. [9]. (b) Ref. [11] and (c) Ref. [9].
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very well with the available experimental data,
even for PbS and PbSe for which the data finish
far before from the w = 0 condition. The expected
lowering that LF effect would produce, could be
compensated by the rising effect of the electron—
hole interaction [36] if both were considered, giv-
ing no significant changes in our results.

Figs. 6 and 7 show our results for the complex
refractive index 7(w), in which the imaginary part
k(w) shows an absorptive behavior, with peaks at
energies E, through Ej3, while the real part ng(w)
which represents the usual refraction index has
the dispersive form of a step, presenting a broad
shoulder with the main steep descend at E». It also
presents small steep descend at the other relative
maxima Ey, E;, E;5 in k(w). The reflectivity coeffi-
cient R(w) is presented in Fig. §, and it results
according to the discussion on &(w) and a(w), pre-
senting local minima at about the local maxima of
the absorption curve a(w). The maxima calculated
reflectivity is approximately of 64%, 69%, and 73%
for PbS, PbSe and PbTe respectively, for radiation
higher than about E, energy. The general features
of our calculated curves for the complex refractive
index 7i(w) (Figs. 6 and 7) and for the reflectivity
coefficient R(w) (Fig. 8) are in good agreement
with the experimental curves presented in Refs.
[12,13], even when GGA maintains a small under-
estimation of the peak energy positions.

3. Conclusions

We have presented a complete first-principles
study of the optical functions of the three more
important cubic lead salts PbS, PbSe and PbTe.
In our calculations we have used the FP-LAPW
method in the GGA and the LDA schemes. The
study has included the spin—orbit effects which re-
sults of fundamental importance in giving ade-
quated band structures and optical calculations.
While the LDA provides acceptable results in the
general features of the calculated optical functions,
it underestimates the energy band gap, resulting
that the characteristic optical interband transitions
occur at lower values than the experimental peaks.
A way to overcome this could be by correcting the
calculated band gaps with the scissor operator, to

fit the experimental energies. Our calculations in
the GGA, give practically the same improvement
without the need of any empirical correction. Also,
we have explained the origin of the main contribu-
tions and the behavior of the optical functions,
and our results can be satisfactorily compared to
existing experimental studies, even though some
dispersion exists among the experimental results
obtained by measuring with different techniques.
Our GGA calculations of the static dielectric con-
stants is very satisfactory, while the LDA gives
some overestimation, mainly for PbTe. We have
also qualitatively discussed the effects that the
inclusion of the local-field and the electron—hole
interaction would produce in our results. We be-
lieve that these effects could be worth testing
through formal calculations, considering the exist-
ing differences between III-V materials and these
IV-VI Pb-compounds.
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