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Abstract

The optical properties of the oxide compounds PbO and SnO, have been
investigated experimentally by transmission spectroscopy measurements and
theoretically by a full-potential linearized augmented plane wave (FPLAPW)
method. The dielectric functions of the rutile TiO, has also been calculated.
The calculated band-gap energies as well as the optical absorption were found
to be in a very good qualitatively agreement with the experimental results.

1. Introduction

The oxide compounds have been recognized as very
promising materials with large technological applicabilities.
The compounds PbO and SnO,, as sample pellets, were
prepared by cold pressing in an uniaxial hardened steel die
under 400 MPa and characterized by transmission spectro-
scopy. These materials have tetragonal structures, and their
band-gap energies change from about 2.3 to 4.0eV. In this
work, we have investigated the optical properties of these
compounds, both experimentally and theoretically. A
transmission spectroscopy technique has been used for
the measurements of the optical band-gap energies. The
absorption, dielectric functions and optical band gap
energies calculations of PbO, SnO, and rutile TiO, were
based on the local density approximation (LDA), employ-
ing the full-potential linearized augmented plane wave
(FPLAPW) method [1]. We correct the LDA band-gap
energy self-consistently with an on-site Coulomb potential
U. This method has been shown to improve the electronic
structure and optical properties of sp-hybridized semicon-
ductors [2]. We present calculations of the absorption
coefficient and the dielectric function, including this on-site
Coulomb correction.

2. Experimental details

The experimental transmission spectroscopy apparatus
consists of a halogen lamp used as the light source for
the measurement. The polychromatic beam is diffracted by
plane diffraction gratings attached to a step motor. The
wave-length of the beam can be varied from 850 to 300 nm
corresponding to photon energies from about 1.5 to 4.0eV;
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a set of lens and collimator produces monochromatic light
focused onto the sample. A first order bandpass filter has
been used to avoid an eventual second order contamination
of the monochromatic light, which in the intrinsic
resolution, obtained by the calibration process, is 1.2nm
or 0.2%. The angular spread of the beam at the sample
location is 17°. Taking into account the whole equipment
and analysis process, the absolute optical error associated
with the systematic error gives a final total resolution of
2.8% in the energy gap determination. The light passes
through the sample and is detected by a photomultiplier
tube (PTM) (EMI 9558), polarized by a negative voltage
from —1800 to —2200V. The light gain sensitivity of this
device is enough to measure a very low photon quantity
(>100). For a very opaque sample it is possible to increase
the measuring sensibility (X500) connecting a very-low
noise homemade amplifier to the PMT output, with no
compromise of the signal to noise ratio. Pressed disc
samples (diameter of 13 mm and weight around 4 g) of PbO
and SnO, were compacted by a laboratory hydraulic press
at room temperature in an uniaxial hardened steel die
under 400 MPa. The die set incorporates a vacuum house
attachment (around 1.5Pa), body with detachable base,
single plunger and adsorbed gases. The weight of the
samples was fixed by the need to produce thin compacts in
order to keep the wall friction to a minimum and avoid
significant variations in density along the samples.

3. Computational methods

The calculation of optical properties of the oxides was
based on a FPLAPW [1]. We chose the LDA exchange-
correlation potential of Perdew and Wang [3]. Since the
absorption coefficient and the dielectric function depend
strongly on the valence-band to conduction-band transi-
tions, the understimated LDA band-gap energies need to
be corrected. Recently, it was shown [2] that the LDA + U
model (i.e., LDA plus an on-site, angular-momentum
dependent Coulomb potential [2,4]) produces accurate
band-gap energies, effective masses, and dielectric function
of the sp-hybridized semiconductors Si, Ge, GaAs, and
ZnSe. We therefore employ this LDA + U approach for
the oxides using U, (cation) = 8.0,10.0,10.0eV and U,
(anion) =6.0,8.0,0.0¢V for PbO, SnO, and TiO,,
respectively. Although the corrections U, and U; in
principal can be computed, we have here chosen Uy,
(cation) = 8.0-10.0eV (which lowers the cation d-state by
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Fig. 1. Absorption spectrum for PbO as a function of photon energy: (a) Experimental result in energy range from 1.75 to 2.2¢V and (b) experimental

and theoretical results in energy range from 2.6 to 4.2eV.

about 2eV) whereupon U, (anion) was chosen in order to
give a reasonable correction to the LDA band-gap energy.
Small variation of Uy (cation) (i.e., using U, (cation) = 8.0
or 10.0eV) has only minor effect on the absorption
coefficient.

The dielectric function was calculated in the momentum
representation, which requires matrix elements of the
momentum, ¢, between occupied and unoccupied eigen-
states. To be specific the imaginary part of the dielectric
function, &;(w) = Ime(q = 0, w) was calculated from [5]

ij()_LZQZZk \kn'o) (kn'o|p;|k
) =5 5 (kno|pi|kn'c) (kn'o|p;|kno)
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(M

knn'o

— hw).

In Eq. (1), e is the electron charge, m its mass, 2 is the
crystal volume and fy,, is the Fermi distribution. Moreover,
|kno) is the crystal wave function corresponding to the nth
eigenvalue with crystal momentum k and spin o. The
summation over the Brillouin zone in Eq. (1) is calculated
using the tetrahedron interpolation [6] with a k-mesh
consisting of about 450 uniformly distributed k-points. The
matrix elements, eigenvalues and eigenvectors are calcu-
lated in the irreducible part of the Brillouin-zone. The total
dielectric function is obtained by averaging the calculated
dielectric function as will point out later. Finally, the real
part of the dielectric function, ¢;(w), is obtained from &>(w)
using the Kramers—Kronig transformation written below.
More details see Ref. [5].
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The absorption coefficient, a(w), is obtained directly
from the relation

a(w) = \/fw\/—ﬁ(w) +4/ e1(w)* + ex(w)

where ¢ is the velocity of light.
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4. Results and Discussions

Figure 1(a) shows the measured absorption spectrum in
energy range 1.75 < £ < 2.2¢eV and Fig. 1(b) shows the
measured and calculated absorption spectrum in energy
range 2.6 < E < 4.2¢V for PbO as a function of photon
energy. PbO is an oxide with indirect fundamental band
gap. The room temperature measurements include direct as
well as indirect transition, whereas the calculations
consider only direct transition. Therefore, from the
experimental absorption spectrum we obtain the indirect
band gap of 1.9¢V, and from the calculated absorption
spectrum (Fig. 1(b)) we find the direct bandgap energy as
29eV. The calculated indirect band gap (Eg(indirect)
= 1.7¢eV) is obtained directly from the density-of-states.
Figure 2 shows the absorption spectrum for SnO, as a
function of photon energy, together with the theoretical
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Fig. 2. Absorption spectrum for SnO; as a function of photon energy,
together with the theoretical results (dotted line).

Physica Scripta T109



182 A. Ferreira da Silva et al.

20 1 T 1 ' ] T T 20 L 1 T ]
; PbO . I PbO
15
15—
10 i
§: §:q 10 —
By W
5 L
5 —
0
3 PR T N AN TR NN S ' 0 ]
0 4 8 12 16 20 0
Energy (eV) Energy (eV)
Fig. 3. Calculated dielectric function, for PbO, versus photon energy in the range from 0 to 20eV (a) real part and (b) imaginary part.
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Fig. 4. Calculated dielectric function, for SnO,, versus photon energy in the range from 0 to 20eV (a) real part and (b) imaginary part.
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Fig. 5. Calculated dielectric function, for rutile TiO,, versus photon energy in the range from 0 to 20eV (a) real part and (b) imaginary part.

Physica Scripta T109 © Physica Scripta 2004



Optical Properties of Oxide Compounds PbO, SnO, and TiO,

results. Since SnO, (and also TiO;) is an oxide with direct
fundamental band gap, one can directly compare the room
temperature measurements and the zero-temperature cal-
culations. The experimental bandgap energy is E,(exp) =
2.9e¢V and the corresponding theoretical value is
E,(theory) = 3.4eV. Normally, the bandgap energy at
room temperature is in the order of ~ 0.1¢V lower than
the zero-temperature value. Thus, with the on-site Cou-
lomb correction we achieve good agreement between
calculated and measure absorption spectra.

Figures 3, 4 and 5 show the calculated total dielectric
functions for PbO, SnO;, and rutile TiO,, respectively, as a
function of photon energy. The total dielectric function is
obtained from the longitudinal (]|) and the transverse (L)
components as &(w) = (gj(w) + 2¢ 1 (w))/3.

In Figs. 3(b), 4(b) and 5(b) we present the calculated
imaginary part of the total dielectric function &,. Our
calculated dielectric functions display basically four main
peaks for PbO and SnO,, and two peaks for TiO,. The
peaks are positioned around 4, 7, 9 and 10eV for PbO, 8§,
10, 11 and 16 eV for SnO, and around 5 and 8¢V for TiO,,
respectively. For TiO, the peak positions are consistent
with the results presented in Ref. [7]. The real part of the
total dielectric function e, presented in Figs. 3(a), 4(a) and
5(a), is obtained from the imaginary part by the Kramers—
Kronig relation leading to the features consistent with &,.
The complete description of the origin of these peaks will
be presented elsewhere with the calculated electronic
structures. The low-frequency dielectric constant (not
including the optical phonon contribution to the screening)
1S &0 =17.2,44, and 6.7 for PbO, SnO, and TiO,,
respectively.

5. Conclusion

We have investigated the electronic and optical properties
of the oxide compounds PbO, SnO; and rutile TiO, using
optical absorption and also theoretically using the
FPLAPW method with the on-site Coulomb correction.
We show that the LDA + U [2] can produce accurate band-
gap energies for these oxides. Our calculated and experi-
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mental values of the band-gap energies present a reason-
able agreement between them.

The band-gap energies present the following values. For
PbO, according to Landolt-Bornstein, at 300K,
E,(indirect) = 1.9eV, E,(direct) =2.7—-3.2eV [§]. Our
results are, at 300 K FEg(exp /indirect) = 1.9eV, at zero-
temperature FEg(theory/direct) =2.9eV and E,(theory/
indirect) = 1.7eV. For SnO,, according to LB, E, = 3.5—
4.0eV. Our results, at 300K, Eg(exp) =2.9eV and the
zero-temperature Eq(theory) = 3.4eV. For the rutile TiO»,
our calculated value is E, =3.2eV compared to other
calculated value E, = 1.8¢eV and E,(exp) = 3.0eV [9].

The calculated dielectric functions are presented for
evaluation of future experiments.
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