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The dielectric constant ¢ of amorphous selenium at 330 kHz has been measured

under vacuum as a function of time on different isotherms T7,. After a normal heat-
ing period, depending on T,, the value of ¢ increases abruptly from 5.8 to a maxi-
mum (9.6 to 11) followed by a decrease to reach a constant value. The behaviour

of the curves ¢ = £(f) is discussed in terms of the structural transformation in the
amorphous matrix. The morphological changes during the spherulite growth of
selenium are also discussed. The dielectric loss tan é has been calculated during the
crystallization stages using the mesurements of time-dependence of resistivity r(2).
The crystallization kinetic parameters have also been computed from the variation of
¢ during the growth stage. A value of 1.2eV is obtained for the activation energy of
the radial growth of selenium in the temperature range 90 to 140°C.

1. Introduction

Crystallization in amorphous materials has been
studied using various techniques. These include
electron diffraction and microscopy [1], differ-
ential thermal analysis [2, 3], photoemission and
optical absorption [4, 5}, electrical [6-8] and
thermal [9] conductivities, density and hardness
[10], and magnetic susceptibility measurements
[11]. The overall crystallization process can be
studied by noting the weight fraction during
both the isothermal and non-isothermal crystal-
lization techniques. Experimental results which
are obtained using either technique are conven-
tionally interpreted in terms of the Avrami equa-
tion [12-14].

Amorphous selenium (a-Se) has a strong ten-
dency to crystallize. The system a-Se transforms
to the crystalline by evolving heat of transforma-
tion, if it is heated above ~ 80° C but below its
melting point of 220° C. Selenium crystallization
normally proceeds via the formation of
spherulites having a lamellar structure, with the
width of the lamellae much less than the length

of the extended selenium chain. This accommo-
dation of selenium chains is affected by the
repeated folding of the chains, giving rise to
spherulites-having a series of concentric rings. A
spherulite is a spherically symmetrical formation
made of radial rays diverging from the centre.
Spherulites grow in crystallization under con-
ditions of high viscosity or great supersaturation
of the medium.

The aim of the present work was to use the
dielectric constant, as a structural sensitive par-
ameter, to follow the amorphous—crystalline
transformation in massive a-Se and to obtain the
Avrami kinetic parameters of the crystallization
process.

2. Experimental details

The measuring technique consists in determin-
ing, with the help of a specially designed highly
sensitive resonance circuit, the overpotential
factor Q and the capacitance C. The method
depends on a comparison between the capaci-
tance C, of the cell measured empty, and the
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value C measured with the semiconducting
material (selenium) inserted between its elec-
trodes. The ratio C/C, gives the relative dielec-
tric constant .

A graphite measuring cell made of spectro-
scopically pure rods was designed. It consists of
two cylindrical graphite electrodes made coaxial
at 1 mm spacing with the aid of a ceramic cover
acting as a guard ring. A suitable amount of
pure element selenium (99.999% purity) was
inserted between the cell electrodes and fused at
300°C for 1h in an evacuated (10~*mm Hg)
pyrex glass enclosure. The latter is provided with
a chromel-alumel thermocouple and two tung-
sten leads, each of which is attached to one of the
clectrodes. A temperature control system was
used to adjust the temperature of the cell with an
accuracy better than 0.5°C. The molten
selenium was quenched in iced water to obtain
cylindrical samples in the amorphous state. The
value of ¢ for the initial amorphous (as-
prepared) selenium was determined by using a
Schering bridge.

The change of the dielectric constant during
the amorphous—crystalline transformation was
recorded continuously as a function of time ¢ for
different annealing isotherms in the temperature
range 90 to 160°C. A constant frequency of
330 kHz was used during all measurements. The
function ¢ = f(¢) was found to be reproducible
to better than 2%.

3. Results and discussion

Fig. 1 shows the time variation of the real part
of the dielectric constant ¢ for a-Se isothermally
annealed at 140°C (as an example). Similar
behaviour to that of Fig. 1 was obtained for the
other annealing temperatures investigated in the
range 90 to 160°C.

In Fig. 1, variation of the function ¢ = f(9)
passes through three different time-dependent
stages. The value of ¢ indicates first a small
decrease (Region AB) as a result of the normal
heating of the cylindrical selenium condenser
from room temperature to the preheated tem-
perature of the oven (annealing temperature,
T,). After a certain period, depending on T, the
value of ¢ rises rapidly from 5.7 to attain a
certain maximum (10.55 at 140°C). Such an
increase ing (Region BC) is due mainly to trans-
formation of the very high resistivity a-Se phase
(3.2 x 10*Qcm) into a rather better conducting
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Figure 1 Annealing time dependence of ¢ for a-Se during its
phase transformation at 140°C. © Run 1, ® Run 2.

(crystallized) state (o = 3 x 10°Qcm  at
140°C). This process is accompanied by a
smooth liberation of heat energy associated with
the transformation from a non-equilibrium
thermodynamic state to a more equilibrium one.
That is, this growth stage (BC) is nearly finished
at the maximum point of the curve ¢ = f(7).
After Point C the dielectric constant shows a
decrease until it reaches a constant limiting value
at Point D (7.6 at T, = 140° C). Such a decrease
in & (Region CD) is accompanied by a reduction
in the ratio of surface to volume of the crystal
grains. Champness and Hoffmann [15] related a
similar decrease in the function ¢ = 1/ = f(¥),
after attaining a maximum value, to the process
of incompleteness of crystallization of selenium.
In this respect, we believe that the decrease of ¢
with the increasing of annealing time after reach-
ing a maximum value at Point C is due to a
progressive alignment of the spherulite branches
of selenium. This stage is called secondary
crystallization during which the spherulite struc-
ture becomes more perfect and the melt, which
has hitherto remained uncrystallized between
the structural elements of a spherulite, crystal-
lizes further. The growth mechanism during
crystallization of a-Se has been described by
Crystal [16] and Kawarada and Nishina [17].
The change of T, affects the time necessary
for the different stages of transformation.
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Figure 2 Annealing time dependence of tand during the two stages of crystallization of g-Se crystallized on different

isotherms. This corresponds to the path BCD in Fig. 1.

Increasing 7, from 90 to 160°C leads to a
decrease in the normal heating period from
about 40min to zero. The period of radial
growth (primary crystallization stage, Region
BC) shows a decrease with T, from 55min at
90°C to 28 min at 140°C, then increases to
45min at 160° C. Also, the temperature depen-
dence of the total time of crystallization <
showed a minimum time to crystallize at 140° C.
The value of 1 decreases from 95min at
T, = 90°C to 38 min at 140° C, then increases to
45min at 160°C. Similar behaviour with a
minimum time has been found for the crystal-
lization of a-Se using other different isothermal
techniques [18].

The initial value of ¢ is 5.8 + 0.1. The maxi-
mum and final values of & on the curves ¢ = f(?)
show respective changes of 9.6 to 11 and 7.2 to
7.8, depending on 7,. The latter affects the
degree of crystallinity of the crystallized
selenium samples [19].

During crystallization the specimen has a
heterogeneous structure consisting of the orig-
inal amorphous phase and hexagonal crystallites
which are continually increasing in volume and
have different electrical characteristics from
those of the original phase. The dependence of
the electrical conductivity ¢ of a-Se on time for
different fixed temperatures of crystallization
has been found experimentally [20]. Therefore, ¢

and ¢ are functions of the time of crystallization
which itself depends on the strength of the elec-
tric field.

The energy loss parameter tan é can be found
from the equation [21]

tano =

wCr
wCr+ s

p'y

where the dielectric is replaced by a loss-free
dielectric and an active resistance connected in
parallel (p) or in series (s). When o is small,
lwCyr, » oCiry and so tand = l/oC,r,;
when o is large (the present case), 1/wr,C, <
owr,C; and so tan § = wr,C,.

Calculations of the dependence of the dielec-
tric loss inside the selenium with time of anneal-
ing during the two stages of crystallization were
made from the above equation by using the
appropriate values of &(f) and r(¢). The latter
was obtained from the measurements of iso-
thermal time-dependence of conductivity ¢ in
massive a-Se [20]. Variation of the function
tand = f(r)is shown in Fig. 2 for different tem-
peratures. The pronounced decrease in tan d cor-
responds to the increase of both a(¢) and &(¢)
during the radial growth stage of a-Se. The
nearly constant low values of tan é correspond
to the decrease in &(¢) during the secondary
crystallization process of selenium (Region CD
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Figure 3 Optical photomicrographs illustrating growth of selenium films (& 100 um) during isothermal annealing, under
vacuum, at 140°C for different times. (a) and (b) represent growth during the primary crystallization stage, and (c)

corresponds to the secondary stage.

in Fig. 1). This drop in permittivity in the
secondary process indicates that a major part of
the driving force is a reduction in the field contri-
bution to the bulk free energy.

Fig. 3 shows different stages of crystallization
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of a-Se films annealed at 140°C. The crystal-
lization process starts at small centres distrib-
uted in the amorphous medium. These centres
are gradually increased in size by increasing the
crystallization time. It is clear also that the

Figure 4 Optical photomicro-
graphs illustrating the effect of
annealing temperature on the tex-
ture of selenium crystallized for
the same period on different
isotherms. (a) 80°C, (b) 100°C,
(c) 120°C, (d) 140°C, (e) 160°C.
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Figure 5 Dependence of In K on reciprocal of absolute tem-
perature 7T for selenium.

spherulites can swallow each other up during the
growth process, as their number obviously
decreases by increasing the annealing time. After
a certain time, however, the growth process is
almost complete and the crystallites appear with
boundaries in contact with each other. A pro-
gressive aligning of the spherulite branches of
selenium appears with further annealing. Of
course, the temperature plays another role in
controlling the rate of crystal growth. Fig. 4
shows the effect of 7, on the texture of selenium
crystallized for the same period.

The dependence of the dielectric constant of
selenium on time of crystallization has been used
to calculate the transformed fraction o from the
equation [22, 23]

where a = V,/V;; V, is the total volume of the
specimen, ¥, is the volume of the amorphous
phase, and ¢, and ¢, are the values of ¢ for the
amorphous and the crystallized phases. These
phases correspond to Points B and C on the
curve of Fig. 1. Here it is worth mentioning that
at Point C more than 70% of the amorphous
phase is crystallized.

The results of & = f(r) were used to calculate
the kinetic parameters » and K of an Avrami

equation of the form [12-14]
~In(1 —a) = K"

To fit the Avrami equation, a plot of
In[—In (1 — «,)] against In () must yield a
straight line whose slope defines the crystal-
lization mode n. The increase of T, leads to a
monotonic decrease in the value of # (from 2.22
to 1.36) up to 140°C. At T, = 160° C the value
of n is found to be 1.5.

The activation energy E can be calculated
from the temperature dependence of the rate of
crystal growth K(T) according to the equation

K(T) = K,exp (—E/RT)

The relation between In K (average over all
values of K) for « ~ 0.15 to 0.85 and /T is
given in Fig. 5 where the plot shows two slopes.
These correspond to 1.2¢V for the temperature
range of 90 to 140° C, and 0.43 eV for the range
140 to 160°C. These values are in agreement
with those obtained on the basis of other struc-
turally sensitive parameters [24].
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