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Figure 1. Dependence of the thermoe.m.f. (1) and electrical conductivity (2)
of amorphous selenium on the content of the crystalline phase
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ON THE ORIGIN OF HOLE CONDUCTIVITY
IN SELENIUM
The mechanism of 𝑝-conductivity in selenium, which is an elementary classical
semiconductor, has still not received a definitive explanation. In works (1−4)
it is assumed that oxygen atoms in selenium, by creating acceptor levels, de-
termine its hole conductivity. However, direct data confirming this assumption
are almost absent.

Taking into account that impurities in the amorphous state are inactive and that
their activation occurs during crystallization of the substance (5), the aim of the
present work was to obtain information on the origin of the hole conductivity
of selenium and to clarify the possibility of obtaining selenium with electronic
conductivity by studying the type of conductivity of amorphous selenium with
different degrees of crystallinity, as well as of single-crystalline selenium before
and after deoxygenation.

Fig. 1. Dependence of the thermoe.m.f. (1) and electrical conductivity (2) of
amorphous selenium on the content of the crystalline phase

Amorphous samples were obtained by rapid cooling of molten selenium in vac-
uum, and single crystals according to (6). Crystallization of amorphous samples
was carried out at 100∘ for 10, 20, 30, 40, 60, 120, and 180 min, and the degree
of crystallinity after each heat treatment was determined by the method of (7).
The obtained values of electrical conductivity and thermoe.m.f. are equilibrium
values (8,9 ).
Figure 1 shows the dependence of the thermoe.m.f. and electrical conductivity of
amorphous selenium on the content of the crystalline phase in it. It is seen that
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amorphous selenium at room temperature is of the 𝑛-type of conductivity, but
after ∼ 10% crystallization it becomes hole-conducting. In addition, the change
in the type of conductivity occurs when the value of the electrical conductivity
exceeds the value 𝜎 ≈ 6 ⋅ 10−11 Ω−1 ⋅ cm−1, i.e., samples of amorphous selenium
possessing an electrical conductivity smaller than ∼ 6 ⋅ 10−11 Ω−1 ⋅ cm−1 have
𝑛-conductivity, and those with a conductivity greater than ∼ 6⋅10−11 Ω−1 ⋅cm−1

have 𝑝-conductivity.

The electrical properties of selenium are not connected with the presence of
lattice periodicity, but are determined mainly by short-range order. Therefore
it is precisely the short-range order that determines the width of the forbidden
band and, consequently, the concentration of intrinsic free electrons and holes.
However, upon amorphization of the substance there occurs such a grouping of
atoms around defects that impurities active in the crystalline state become

inactive in the amorphous state (or, at least, the action of impurities is weak-
ened). On this basis it may be assumed that, like other amorphous substances
(5), amorphous selenium with a low impurity concentration is an intrinsic semi-
conductor, and in it the hole concentration 𝑛h will be equal to the electron
concentration 𝑛e. Since the electron mobility 𝑢e in amorphous selenium is ∼ 2
times greater than the hole mobility 𝑢h (𝑢e = 0.32; 𝑢h = 0.14 cm2/sec, (10)),
in amorphous selenium 𝑛e𝑢e > 𝑛h𝑢h, which determines its 𝑛-type conductivity.

As noted above, during the gradual transition of selenium from the amorphous
phase to the crystalline phase, impurities that are inactive in the amorphous
state become active in the crystalline state (5), and the concentration of holes
in selenium predominates over the concentration of electrons. This occurs due
to the predominance of acceptor impurities, mainly oxygen impurities (3, 4),
which leads to a change in the type of conductivity from electronic to hole. The
data presented on the dependence of the type of conductivity of selenium on
the degree of crystallinity make it possible to obtain selenium samples with a
controllable type of conductivity.

Fig. 2. Temperature dependence of the electrical conductivity of hexagonal
selenium.
1, 3—dark conductivity of non-oxygenated (1) and oxygenated (3) selenium; 2, 4
—conductivity of non-oxygenated (2) and oxygenated (4) selenium under illumi-
nation

Fig. 3. Temperature dependence of the thermoelectric e.m.f. coefficient of
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hexagonal selenium.
1, 3—non-oxygenated (1) and oxygenated (3) selenium in the dark; 2, 4—non-
oxygenated (2) and oxygenated (4) selenium under illumination

In Figs. 2 and 3 the results of measurements on single-crystalline selenium are
presented. It is seen that the dark electrical conductivity of non-oxygenated
selenium increases with temperature with an activation energy of ∼ 0.1 eV.
After illumination, the electrical conductivity increases at ∼ 170∘K by ∼ 100
times, and its temperature behavior has a different character—with increasing
temperature 𝜎 of selenium decreases.

The temperature dependence of 𝛼 for non-oxygenated selenium before and after
illumination indicates that both the change in values (under illumination) and
the exponential temperature dependence of the electrical conductivity are due
to the mobility of the current carriers, while the concentration of the latter
remains almost unchanged.

The temperature dependence of the dark and light electrical conductivity of
oxygenated selenium has almost the same character, with the only difference
that the values of the dark 𝜎 are 5–6 times lower than the light values.

An interesting result is obtained when measuring the temperature dependence
of the thermoelectric e.m.f. coefficient 𝛼 of oxygenated selenium before and
after

illumination. At low temperatures (up to 230∘K) the thermoelectric-power co-
efficient indicates electronic dark conductivity, which changes to hole conduc-
tivity above ∼ 230∘K (Fig. 3, 3). Under illumination, the type of conductivity
over the entire measured temperature interval corresponds to hole conductivity,
while the thermoelectric power decreases only slightly with temperature (Fig. 3,
4).

As was indicated above, the main acceptor centers in pure selenium are oxygen
impurities, whose concentration is ∼ 5 ⋅ 1018 cm−3. Apparently, when selenium
is purified of oxygen impurities, the hole concentration drops sharply and at
130∘K becomes comparable with the electron concentration. The negative sign
of the thermoelectric-power coefficient up to ∼ 230∘K indicates that in this
temperature interval, in single crystals of deoxygenated selenium, 𝑛e𝑢e > 𝑛h𝑢h.
Apparently, in deoxygenated selenium single-crystal samples there are shallow
acceptor levels that are not completely ionized at 130∘K. As the temperature
rises, they become ionized, leading to an increase in the hole concentration,
and, consequently, 𝜎, and above ∼ 230∘K 𝑛h𝑢h becomes greater than 𝑛e𝑢e.
Under the action of light, some of the above-mentioned shallow acceptor lev-
els, again becoming ionized, lead to an increase in the hole concentration and,
consequently, to an increase in electrical conductivity and to a change in the
sign of the thermoelectric power. In illuminated samples of deoxygenated sele-
nium, ionization of shallow acceptor levels continues with temperature, which
accounts for the increase in electrical conductivity and for a certain decrease in
the thermoelectric-power coefficient with temperature.
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One might suppose that under illumination the hole mobility in deoxygenated
selenium increases faster than the electron mobility, which leads to 𝑛h𝑢h >
𝑛e𝑢e. In that case, however, the invariability of the activation energy of the
electrical conductivity under illumination (as in the case of non-deoxygenated
selenium) and the saturation of the curves of the temperature dependence of
the light and dark electrical conductivity of deoxygenated selenium would be
incomprehensible.

Upon deoxygenation of polycrystalline hexagonal selenium, the electrical con-
ductivity at a given temperature decreases by ∼ 1000 times (2,4), i.e., by ∼ 100
times more than in the case of single-crystal selenium. This is apparently due to
two factors: a) when selenium single crystals are obtained, they are purified of
oxygen impurities; b) oxygen atoms in polycrystalline samples, by reducing the
intermolecular potential barriers, lead to an increase in the mobility of current
carriers as they move (5).

Since in single-crystal selenium samples the chain length is much greater than
in polycrystalline ones (in the ideal case, the chain length of a single crystal is
equal to the length of the sample), the number of free ends and, correspondingly,
the concentration of intermolecular barriers are much smaller than in polycrys-
tals. Therefore, in this case no noticeable influence of oxygen impurities on the
mobility of current carriers is observed.

The change in the electrical properties of selenium single crystals upon deoxy-
genation indicates that oxygen atoms enter the selenium lattice.
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