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Selenium, owing to its physical properties, is a semiconductor whose applications
in modern technology are highly diverse. This is apparently due to the fact
that selenium, as an inorganic high polymer, possesses amorphous, 𝛼- and 𝛽-
monocrystalline, hexagonal modifications, with ring-shaped, chain, and spiral
molecules containing different numbers of atoms.

Although many works have been devoted to the study of the electrical proper-
ties of selenium, the mechanism of its conductivity remains unclear, and the
experimental data obtained are contradictory. The effects of various impurities,
especially oxygen, on the electrical properties of selenium have also been insuffi-
ciently studied, and the individual data refer to crystalline selenium (1, 2). The
region of melting and the liquid state remains completely unexplored.

In order to clarify these questions, the present work gives a comprehensive study
of the electrical conductivity (𝜎), thermoelectric power (𝛼), and the Hall effect
in solid and liquid selenium (from 20 to 450°), including the melting region.

The experiments were carried out on selenium of grade B5 (99.99999%) before
and after deoxygenation, as well as after various degrees of oxygenation and
with oxygen-compensating impurities (Sb, Cd, Mn), which made it possible
to determine the influence of oxygen on the physical properties of selenium.
Deoxygenation was carried out according to (2), and the indicated parameters
were measured by the methods (3–5, 9). The values given for the physical
parameters are equilibrium values, since their time dependence was taken into
account in the measurements (2).

Figure 1 shows the temperature dependence of 𝜎 (curve 1), the Hall coefficient
𝑅 (curve 2), and the Hall mobility of the current carriers 𝑈 (curve 3) of selenium.
It is seen that 𝜎 of selenium in the solid and liquid states increases exponentially
with temperature (with activation energies of 0.075 and 0.95 eV, respectively),
decreasing discontinuously on melting. The exponential dependence of 𝜎 is
entirely due to the exponential growth of the mobility of the current carriers,
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Fig. 1. Temperature dependence of the electrical conductivity 𝜎 (1), Hall
mobility U (2), Hall constant R (3), and calculated mobility (4) of current

carriers in selenium

Figure 1: Fig. 1. Temperature dependence of the electrical conductivity 𝜎 (1),
Hall mobility U (2), Hall constant R (3), and calculated mobility (4) of current
carriers in selenium

since 𝑅 in the solid and liquid states changes hardly at all with temperature
(curve 2), which indicates the constancy of the concentration (∼ 1015 cm−3)
of current carriers with changing temperature. The jump-like decrease of 𝜎
upon melting is caused both by a decrease in the concentration 𝑛 (by ∼ 10
times) and by a decrease in mobility (by ∼ 80 times). The independence of the
concentration of current carriers from temperature shows that crystalline and
liquid selenium in the indicated temperature range is an impurity semiconductor
and that all impurity centers are ionized.

In works (6–8), the small value of the mobility and its increase with temperature
in crystalline selenium are explained by the fact that individual well-conducting
crystallites are surrounded by high-resistance amorphous interlayers, which play
the role of an energy barrier in the motion of carriers

current. However, such an assertion about the existence of “two phases”in
selenium is not fully justified, since at present there are a number of works
that refute this assertion (9,10). The increase of 𝑈 with temperature in liquid
selenium, where there are no crystallites, also contradicts the indicated interpre-
tation. The mobility of current carriers in selenium crystallized under pressure
is less than in selenium crystallized in the atmosphere (11); it increases with
temperature also in amorphous selenium (12), which does not confirm the as-
sumption cited.

In explaining the temperature dependence of 𝑈 we proceed from the polymeric
structure of selenium (13). The mechanism of conductivity of polymers consists
of two processes: the motion of current carriers along the molecule and their
jump transition from molecule to molecule (14). Since the frequency of these
jumps is determined by the factor 𝑒−Δ𝐸/𝑘𝑇 , the 𝑈 of current carriers increases
with temperature according to the formula (15–17)

𝑈 = 𝑑2𝜈
𝑘𝑇 𝑒−Δ𝐸/𝑘𝑇 , (1)

where 𝑑 = 𝑎
√

2/4 (𝑎 is the lattice parameter), 𝜈 is the frequency of lattice
vibrations, 𝑘 is Boltzmann’s constant.

Fig. 1. Temperature dependence of the electrical conductivity 𝜎 (1), Hall
mobility 𝑈 (2), Hall constant 𝑅 (3), and calculated mobility (4) of current
carriers in selenium.
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Fig. 2

Figure 2: Fig. 2

Taking Δ𝐸 ∼ 0.075 and 0.95 eV, respectively, in solid and liquid selenium, the
temperature dependence of the mobility of current carriers was calculated from
formula (1) (Fig. 1, curve 4). The calculated values of 𝑈 agree well with the
experimental data. The decrease of 𝑈 upon melting is explained by an increase
in the distance between the molecules (from 3.46 to 3.74 Å) of which crystalline
and liquid selenium are built, since this leads to an increase in the intermolecular
barriers, i.e., to an increase in Δ𝐸.

According to (18), in selenium upon melting the short-range order and coordina-
tion number change only slightly. It follows from this that the concentration of
current carriers upon melting of selenium should not change (19,20). Apparently,
the decrease of 𝑛 upon melting is associated with the weakening of the action of
impurities in the liquid state, since active impurities in crystals are not active
in the amorphous and liquid states (20).
Figure 2 presents the temperature dependence of 𝜎 of selenium before and after
deoxidation (curves 1 and 2, respectively), and also after subsequent oxidation
(curves 3–5). Oxidation of deoxidized selenium was carried out in an oxygen
atmosphere at 215∘C for 40, 150, and 350 hours.

As is seen from Fig. 2, after deoxidation 𝜎 at 20∘C decreases by ∼ 1000 times
(relative to the initial value); from 20 to 150∘C it slowly decreases with temper-
ature, and after 150∘C it increases with an activation energy of ∼ 0.6 eV. The
jump in 𝜎 upon melting of selenium after deoxidation almost disappears. Sele-
nium before deoxidation has 𝑝-type conductivity in the solid and liquid states;
after deoxidation it becomes electronic (21).
Curves 3–5 in Fig. 2 show that the change in 𝜎 caused by the action of oxygen
is reversible. After heating deoxidized selenium in an oxygen atmosphere at
215∘C for 350 hours (Fig. 2, curve 5), the value and temperature dependence
of 𝜎 approach the initial ones. The change of 𝛼 (3,5) upon deoxidation is also
reversible.

Similar results, obtained upon deoxygenation, are also obtained when impuri-
ties of Sb, Cd, and Mn are introduced, which is explained by their oxygen-
compensating action (21).

After deoxygenation we did not observe the Hall effect in selenium, but the
available data (2) lead to the conclusion that deoxygenation is accompanied by
a decrease in the concentration by ∼ 100 times and in the mobility of current
carriers by ∼ 10 times.

Fig. 2. Temperature dependence of the electrical conductivity of selenium.
1—initial; 2—deoxygenated; 3–5—oxygenated (at 215∘, respectively, for 40, 150,
and 350 hours.)
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The data cited make it possible to assume that oxygen atoms, being located
at the ends of the selenium chain, create acceptor centers, which leads to an
increase in the concentration of holes (and consequently to 𝑝-type conductivity)
and to a decrease in intermolecular barriers, i.e., to an increase in the mobility
of the current carriers. This shows that, as in the case of a number of organic
polymer semiconductors (22–24), the large scatter of the physical parameters
of selenium samples and devices is caused by the method of their preparation,
preliminary heat treatment, and measurement (in vacuum, in a gas atmosphere,
or in air), which end in different amounts of adsorption or desorption of oxygen
atoms.

In conclusion, we express our sincere gratitude to Prof. G. B. Abdullaev,
under whose direction this work was carried out, and to Doctor of Physico-
Mathematical Sciences M. I. Klinger for valuable advice.
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