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OPTICAL ABSORPTION IN THIN FILMS OF LEAD OXIDES

By M. JACHIMOWSKI AND J. SZCZYRBOWSKI
Department of Solid State Physics, Institute of Metallurgy, Academy of Mining and Metallurgy, Cracow*

(Received July 17, 1971; Revised paper received December 18, 1971 )

Experiments were performed on thin PbO films prepared by reactive cathodic sputtering
of lead of 5 N purity. The films deposited in substrates of optical quartz were polycrystalline
of tetragonal or orthorhombic structure. Transmission was measured in the range from
1.9V to 3.5eV. McLean’s analysis, employed in the elaboration of absorption coefficient
data, showed that the optical absorption edge in PbOz is 3.18eV and in PbOg 3.36eV.
Optical transitions at energies of 3.11 eV and 2.62 eV were also discovered in PbOp, inter-
preted as transitions from the acceptor levels to the conduction ban<.

1. Introduction

Lead oxide occurs in two polymorphic modifications, tetragonal PbO« and ortho-
rhombic PbO B. There are many published papers dealing with the optical properties of
these oxides. It is commonly acknowledged that the optical absorption edge for PbOa
is approx. 2.0 eV, whereas for PbO f about 2.7 eV. The data quoted in literature are the
results of measurements performed by various authors on samples obtained by. different
techniques. They are highly divergent as regards both the values of energies quoted and
the character of the transitions (Table I).

The mentioned substances exhibit photoconduction, the magnitude of which depends
on the sample preparation procedure, as this bears an effect on the character and degree
of imperfection. A detailed analysis of the trap levels for PbO S on the basis of measure-
ments of photoelectric and thermostimulated currents was carried out by Heijne [1].
He found the following values of energy for the various kinds of traps:

A —E; = 0.23 ¢V relative to the valence band,
B' —E,
C —E; = 0.26 eV relative to the conduction band,
D —E, =0.5eV, .

E —E5; = 0.38 ¢V relative to the valence band.

0.33 eV relative to the valence band,
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TABLE 1

E(eV) PbOx Transition Ref. E(V) PbOS | =  Transition Ref.

- — — 3.0 — [11]

2.92

2.06 — [12] 2.78 - [12]

2.0 — [13] 2.7 4 [13]

2.0 forn=1. [15] 2.7 allowed direct - [15]

. . 2.5 .

2.18 forbidden direct [15] 1.9 allowed indirect [15]

2.0 — [14] 2.72 — [14]

2.75 allowed direct

1.70 allowed indirect [16] 2.67 forbidden direct [16]

1.90 forbidden direct

2.0 — [17] 2.6 — [17]

3.18 allowed direct » [10] 3.36 allowed direct [10]

Studies on the temperature-dependence of the conductivity of pure and doped PbO
are described in Refs [2—5]. The values of activation energy for pure PbO S quoted in
them are 2.3 eV, 2.89 ¢V and 3.2 eV. The authors of papers [4] and [5] also found that
in doped PbO f there are a number of acceptor levels whose activation energies are con-
tained within the interval 2.1eV to 2.5eV.

" Our investigation concerns optical absorption in thin films of PbOa and PbOp
formed by cathodic sputtering. A detailed analysis of the results obtained is made for
the PbO S modification.

‘2. Sample preparation

Experiments were carried out on samples obtained by reactive sputtering of Pb
target with 5N purity. Closer details concerning the procurement of films of both PbO«
and PbOp are given in Refs [6] and [7].

Samples were procured by sputtering cathodes of Pb of SN purity. Transmission
measurements were performed on samples of various thicknesses ranging between 0.05 pm
to 4 pm deposited on substrates of optical quartz. The thickness of the films was found
by the method of single- or multi-ray interference. Crystallographic structure was deter-
mined by the Debye-Scherrer method of X-ray analysis:

The films used in measurements were polycrystalline and textured, the degree of
which was higher in the thinner films.

3. Measuring techniques and analysis of results

Transmission measurements were carried out on a Specord UV VIS spectrophoto-
meter (Carl Zeiss Jena). The experiments were made with unpolarized light perpendicu-
larly incident on the sample at room temperature. Two measuring techniques were used.
The first was based on measurements of transmissions 7 and T, for a pair of films
of different thicknesses. With an appropriate choice of thickness difference the error
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Transmision .[ %]

35 33 3.1 2.9 27 25 2.3 2.7 7.9
Photon energy eV

Fig. 1. Transmission curves for typical lead oxide films; curve I -tetragonal modification, curve
2 - orthorhombic modification, curve 3 —orthorhombic modification
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Fig. 2. McLean analysis of absorption for sample 1 of tetragonal PbO
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of the absorption coefficient measurement by this method is not greater than one per
cent [8]. The second technique was based on measurements of the transmission T, of
the layer deposited on the substrate and the transmission T, of the substrate itself. Under
our experimental conditions the error of both techniques is almost the same. A proper
choice of sample thickness ensured that the character of the transmission curve was
related directly with the given transition.

Figure 1 shows two typical transmission curves for thin films of thicknesses of the
order 0.05 to 0.1 um (curve I — tetragonal; curve 2 — orthorhombic) and a curve for
a thickness of 4 pm (sample 3, orthorhombic).
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Fig. 3. McLean analysis of absorption for sample 2 of orthorhombic PbO

The analysis of the experimental data was made on the basis of the Mc Lean method
[9]. This analysis makes use of the assumption that the absorption coefficient satisfies
the relation ahv ~ (hv—E,)'". By extrapolating o to zero we get that the appropriate
transition energy E, is equal to the photon energy hv. When n = 2 the transitions are
allowed direct ones, when n .= 2/3 they are forbidden direct ones, whereas when n = 1/2
they are allowed indirect and when n = 1/3 forbidden indirect ones.

The necessary numerical computations were carried out on the ODRA 1013 computer
at the Institute of Physics of the Polish Academy of Sciences in Warsaw. The program
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elaborated in the Department of Spectroscopy of Solids at this Institute for the McLean
method linearized the results by the least squares method.

The results of the analysis are presented in Figs 2, 3 and 4. As is seen in Figs 2°and 3,
the respectivé absorptioﬁ edges (direct transitions) for the tetragonal and orthorhombic
modifications are 3.18 €V and 3.36 eV. These results are in good agreement with those
quoted earlier in Ref. [10]. , ‘

A number of samples of the PbOf modification of various thicknesses have been
examined. It was found that there are additional energy transitions, E; = 3.11eV and
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Fig. 4. McLean analysis of absorption for sample 3 of orthorhombic PbO

E, = 2.62¢V (E, = 2.16 eV). Transition E; found from studies on thin films can be
explained well by the model of allowed direct transitions. Transition E, (E;) determined
from measurements on thick samples cannot be unambiquously described by the transi-
tion model. The value of energy E, = 2.62 eV corresponds to the model of allowed
-direct transitions, whereas E, = 2.16 eV to the model of allowed indirect transitions.
The McLean analysis for one of the samples is shown in Fig. 4.

4. Discussion of results

PbO is a4IV — BVI compound. For most compounds of this group the theoretical
band model has been calculated. Up to now, however, there is no such model for lead
oxides. It appears on the basis of papers [10] and [5] and our measurements that the
energies of the optical absorption edges for PbO« and PbOp are 3.18 eV and 3.36 eV,
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respectively. These energies presumably correspond to the smallest distance between the
valence band and the conduction Band. Owing to the possible occurrence of exciton lev-
els these values may be slightly too low. The obtained transition of 3.11 eV for some
of our samples is in good agreement with the results of Heijne —a transition from the
trap level with E; = 0.23 eV to the conduction band. The used technology of thin films
ensured high perfection of structure in the case of the very thin films. Hence the good fit
of the E, transitions to the given model.

For the thick samples (2 to 4 pm) absorption appeared at much lower energies. The
transitions occuring in them are hard to describe even approximately with the use of any
of the models considered (Fig. 4). By approximating them to allowed direct transitions-
an energy- of about 2.62 eV is obtained, close to the values quoted in a number of papers
as the absorption edge [11-17]. Approximation by means of the allowed indirect transi-
tions gives-an energy of about 2.16eV.

Considering that the formation of a number of discrete acceptor levels in PbOf
is an established fact, the transition E, = 2.62eV (E, = 2.16eV) observed by -us is
a transition from these levels to the conduction band. The difficulties encountered when
trying to describe them on the basis of any of the theoretical models may stém from the
fact that the experimental absorption curve is conditioned by transitions from two or
more acceptor levels, the density of which additionally depends on the purity ard/or
the perfection of the material.

The authors express their gratitude to Professor J. Kolodziejczak, Director of the
Institute of Physics of the Polish Academy of Sciences, for granting us the use of the meas-
uring equipment, and to Z. Banach, M. Sc., for his help in elaborating these results.
Thanks are also due to Professor T. Piech for discussions and aid in editing the manu-
script.
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