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An understanding of the transition from amorphous to crystalline phase is of scientific as well 
as technological interest, as it defines the operating limits of the materials used for technical 
applications. For the case of amorphous selenium, this is related to the erasure time in optical 
data storage applications and to the optical recording energy in holographic applications. This 
review provides substantial theoretical and experimental results regarding the dependence of 
different properties on the geometrical structure of a double-phase selenium system. This 
includes, the time-temperature-transformation (TTT) diagrams for amorphous solid-crystal, 
and amorphous liquid-crystal mixture phases together with different kinetic and 
thermodynamic aspects for both isothermal and scanning thermal conditions. 

1. I n t r o d u c t i o n  
The heating or cooling of a material from its amorph- 
ous solid or amorphous liquid states, respectively, 
causes continuous changes in its local structure as well 
as its degree of crystallinity. Kinetic studies of such 
changes can be carried out using non-isothermal (con- 
tinuous heating) or isothermal experimental analysis 
of a physical property. This represents an average or 
effective property of a double-phase system, The term 
"double-phase" is derived from the fact that at any 
moment during the transitional change, there is a 
combination of the random (amorphous solid or 
amorphous liquid) and the crystalline modifications, 
or phases, of the material. In attempting a property- 
content characterization, two aspects must be con- 
sidered: the dependence of the property on the volume 
fraction of each of the constituent phases and on their 
relative distribution in the matrix. The relative dis- 
tribution of phases has a great effect on some proper- 
ties such as electrical and thermal conductivities, 
despite not having any influence on other properties 
such as density, specific volume or dielectric permit- 
tivity. However, this kind of dependence on the geo- 
metrical structure becomes more pronounced if the 
properties of the constituent phases are markedly 
different. In the case of semiconductor selenium, the 
electrical conductivities, ~a (conductivity of the 
amorphous phase), and cyc (conductivity of the crystal- 
line phase), vary appreciably, i.e. by four to six orders 
of magnitude [1]. 

Amorphous selenium (a-Se) has a strong tendency 
to crystallize. Several factors have been shown to 
promote crystallization of a-Se, such as elevated tem- 
perature [2-5], light [6, 7], electric field and current 
[6, 8], ultrasonic vibrations [8], and electron and ion 
bombardment [9-11]. In this paper, some physical 
and thermodynamical studies have been performed to 
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characterize a double-phase selenium system where a 
number of our previously obtained results are con- 
sidered. Regarding the isothermal processes, kinetic 
studies have been done by considering different effect- 
ive properties of a double-phase system (amorphous 
with crystalline or supercooled liquid with crystalline) 
to define the volume fraction of each constituent phase 
and its variation with time in terms of several formula- 
tions connecting the individual properties of the two 
constituent phases. For scanning (non-isothermal) 
processes, the variation of the transformed weight 
fraction with temperature has been defined and kinetic 
data have been conducted. 

2. Glass-formation tendency 
A useful glass-formation parameter, known as Kgl, has 
been deduced by Hruby [12] 

Kg I = (Tcl - Tg)/(T m - T c l  ) (1) 

where the assumptions considered in its derivation are 
reviewed in [12, 13]. This parameter can be deter- 
mined from differential thermal analysis (DTA) of a 
glassy sample. It is demonstrated to be a valid indic- 
ator of glass-formation tendency, for a wide range of 
materials, with good glass formers having values of 
Kg I >~ 0.1 [13, 14]. 

As mentioned by Thornburg [13], the parameter 
Kgl involves a kinetic parameter, Tel, a second-order 
transformation parameter, Tg, and a first-order trans- 
formation parameter, Tm- For samples quenched 
under the same conditions, i.e. having the same con- 
centration of critical nuclei at the start of the heating 
run, the onset of crystallization, Tel, will be strongly 
dependent on the heating rate d~ = dT/dt. Because the 
glass transition, Tg, and melting, Tm, temperatures are 
not typically rate dependent, Kgl will depend strongly 
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on the heating rate as well. This has been demon- 
strated by analysing the rate dependence of thermo- 
grams taken on 25 mg powdered selenium samples. 
Details of the DTA and of the experimental arrange- 
ment are given in [15]. Nine DTA scans at different 
rates in the range 0.5-100 ~ rain- ~ have been carried 
out for selenium samples prepared under vacuum 
(10 .6 torr; 1 torr = 133.322 Pa) by iced water quen- 
ching from the melts (350 ~ for 3 h) of 99.999% purity 
pellets. Fig. 1 shows, as an example, a typical DTA 
dynamic scan obtained by continuous heating at a 
rate of 10 ~ min-  ~ under a dry nitrogen atmosphere. 
This thermogram, like those at the other rates, is 
characterized by the presence of an endothermic effect 
of softening at T = irg. Here, it is worth mentioning 
that Tcl , Tc2 and To3 correspond to the onset 
(dynamic crystallization temperature), midpoint 
(where the rate of crystallization is maximum) and 
completion of crystallization, respectively. Following 
the crystallization exotherm, an endotherm due to 
melting of the crystalline phase begins at a temper- 
ature T = T m. The DTA in the region of Tg shows little 
evidence of stored strain energy in the sample scanned 
at the lowest rate, 0.5~ rain 1. This evidence in- 
creases and becomes more pronounced with the 
increase in ~. The thermograms also indicated an 
increase in the sharpness of the exothermic crystalliza- 
tion peak with 40. 

The time temperature-transformation (TTT) dia- 
gram determined from the DTA scan at different rates 
is shown in Fig. 2. It indicates that T m = 220 ~ is rate 
independent as expected. An apparent rate depend- 
ence of Tg is observed for low ( < 5 ~ min-  ~) and 
high ( > 30 ~ min -~) heating rates. The value of Tc~ 
increases with 40 because less time is spent at each 
temperature. In fact, the three crystallization para- 
meters T~, T~2 and Toa are extremely rate dependent 
as is seen from Fig. 2. Fig. 3 shows the difference 
in transformation temperatures (T~ - Tg) and 
(Tin - Tol) against 40 for selenium samples. The rate 
dependence is also apparent in a plot of Kg I against 40. 
Over the heating rate range 0.5-100~ min -1, Kg I 
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Figure 1 Typical DTA thermogram of a g-Se(350 ~ C) sample ex- 
hibiting a clearly defined glass transition endotherm, a crystalliza- 
tion exotherm, and a melting endotherm. Scan rate = 10 ~ C rain - ~. 
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Figure 2 The time-temperature transformation diagram for 
g-Se(350 C) samples. T~ is the glass transition temperature; T~, T~2 
and T~3 correspond to the onset, midpoint and end of the crystal- 
lization temperature; and Tm is the melting point. 
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k)gure 3 Difference in transformation temperatures against heating 
rate for g-Se(350 ~ C) samples. 

increases by nearly a factor of 3, Fig. 3c. If Tg is taken 
as a constant for all heating rates (T~ = 48 ~ the rate 
dependence of Kg I is even more pronounced, Fig. 3d. 
The structural relaxation processes occurring in the 
glass transition region have been recently examined by 
DSC measurements [16]. 

Fig. 4 shows the heating rate dependence of To2 for 
two sets of powder selenium samples, labelled g-Se 
(350 ~ and g-Se (1000 ~ according to their temper- 
ature of synthesis, T~, before quenching. The figure 
indicates that the value of To2 increases with an 
increase in 40 or an increase in T,. The increase in To2, 
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Figure 4 The heating rate dependence of the temperature To2 at 
which the crystallization rate is maximum for two sets of selenium 
samples: ((2)) g-Se(350 ~ C), ([~) g-Se(1000 ~ C). 

due to T~, changes from 1 ~ to 7~ in the range 
0.5-100 ~ m i n i  and it is more pronounced at higher 
qb. The change of T~z with qb leads to the calculation of 
the activation energy of crystallization as will be 
shown in Section 6. 

3 .  F r a c t i o n a l  v o l u m e  o f  a d o u b l e - p h a s e  

s y s t e m  
The density, X-ray diffraction, and direct current (d.c.) 
conductivity were measured for a series of double- 
phase selenium samples. The samples were prepared 
by pressing mixed powders depending on the frac- 
tional volume of both glassy and crystalline phases 
[-17-1. 

The effect of the fractional volumes in the double- 
phase selenium system on the hydrostatic density of 
samples compressed at 3 x 103 kgcm -2 is shown in 
Fig. 5. The figure indicates that the increase in the 
crystalline part from 0.0%-100% leads to a mono- 
tonic increase in the measured density from 
4.07 g cm -3 to 4.63 g cm -3. A deviation from these 
values might occur only if the measurements are 
carried out on mixed powder samples compressed at 
other pressures. The figure also shows the theoretical 
values of the density calculated using the density of 
bulk glassy (4.28gcm -3) and bulk crystalline 
(4.75 g cm-  3) selenium samples. 
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Figure 5 Fractional volume dependence of density for double-phase 
compressed powder selenium samples. (--�9 Experimental, 
( - - - )  theoretical. 
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Figure 6 Fractional volume dependence of electrical characteristic 
quantities, AE, q(RT) and c% for double-phase compressed powder 
selenium samples. 

Fig. 6 shows the fractional volume dependence of 
the electrical characteristic quantities: AE, activation 
energy of conduction; q(RT), room temperature con- 
ductivity; c%, pre-exponential factor of the thermally 
activated formula: ~ = o o exp ( - AE/kT) .  Details of 
the experimental arrangement are given in [17]. 
The value of q(RT) shows a gradual increase from 
5.5 x 10 13 (~ cm)- i  to 5.25 x 10 - 7  (~') cm)  - 1  with the 
crystalline proportion of the double-phase selenium 
mixture samples increasing from 10% to 100%. Also, 
the increase in the crystalline part in the same percent- 
age range leads to a gradual decrease in AE from 
0.9 eV to 0.34 eV. The value of ~o varies between 
5 x 10 -4 and 2.75 (D cm) -1. These values of cy o lie in 
the range of 10 -5 108 (f~cm) -1 that is reported to fit 
most of the experimental data for other systems, both 
amorphous and crystalline [18]. Fig. 7 indicates a 
linear dependence between the pre-exponential factor, 
c%, and its activation energy, AE. 

4 .  T h e r m a l  c y c l i c  s c a n n i n g  

Fig. 8 shows a typical example of DTA scanning taken 
on 25 mg powdered g-Se (800 ~ at a constant rate of 
15 ~ min- ~ during three consecutive heating-cooling 
cycles. On Run a, during the first heating cycle, the 
thermogram exhibits a glass transition, Tg, at 48 ~ an 
exothermic peak corresponds to the transition region 
(amorphous-to-crystal) with a maximum crystalliza- 
tion rate occurring at To2 = 115 ~ and an endo- 
thermic peak results from the melting of the crystalline 
material at Tm = 220 ~ 

In contrast to the sharply defined exothermic peak 
displayed during sample heating, a broadened peak, 
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Figure 7 The pre-exponential factor, c%, of the electrical conduc- 
tivity as a function of its activation energy, AE, for double-phase 
selenium samples. 
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Figure 8 DTA scanning of g-Se(350 ~ C) during three consecutive 
heating-cooling cycles at 15 ~ C rain- ~. 

observed on Run b, during sample cooling, corres- 
ponds to a transition region (supercooled liquid-to- 
crystal) with a maximum peak at T 1 = 123 ~ The 
beginning of the supercooled exothermic peak starts 
approximately at the end of the heating endothermic 
peak and shifts towards the lower temperature scale. 
Such an observation of hysteresis suggests that the 
transformations should not occur at the point where 
the free energies are exactly equal. More often than 
not, such a situation could arise because of kinetic 
reasons. This has been supported by the results ob- 

tained when heating a sample at a relatively high rate 
( ~ 30 ~ min-  1) and cooling it at a much lower rate 
( ~ 2 ~ min-  1). Factors such as particle size, methods 
of preparation, thermal history, and heating cooling 
scheme appear to affect the magnitude of thermal 
hysteresis. The second heating, Run c, produces a glass 
transition step at 41 ~ a crystallization peak with a 
maximum rate at 175~ and a melting point at 
220 ~ as in Run a, with some differences in detail. 
This is probably associated with the form of the 
material at the beginning of the temperature rise. 
Before the first heating, Run a, the material was in a 
powder form, while before the second heating, Run c, 
the material was in a glassy solid (melted-down) form, 
having been melted in Run a. Here, it is worth men- 
tioning that crystals grow more readily from pow- 
dered glass than from a massive (large solid pieces) 
one, i.e. it seems that nucleation is easier in the 
powdered material. It is assumed that less of the 
material is crystallized (and then melted) in the second 
heating than in the first heating; also it appears con- 
sistent with this suggestion about powdering that the 
crystallization peak in Run c begins only at a higher 
temperature than that in Run a (97 and 74 ~ respect- 
ively). The second and third cooling cycles, Runs d and 
f, resembled Run b but with smaller size of the super- 
cooled exothermic crystallization peak. This reflects 
the smallest exothermic peak viewed in crystallization 
during the third heating cycle, Run e. 

5. T h e r m a l  s p e c t r u m  o f  d . c .  c o n d u c t i v i t y  
The change in d.c. conductivity, cy, of g-Se during a 
consecutive heating-cooling cycle within the temper- 
ature range Tg> T > T  m is shown in Fig. 9. The 
technique applied for measuring cy =f (T)  is that 
used previously [19-21]. As mentioned earlier by 
Kauzmann [22], the experimental glass transition is 
thermodynamically irreversible. The glass transition 
almost depends upon the time-scale of the experi- 
mental measurement, e.g. of the heat capacity, Cp, 
relative to the relaxation times of the particular 
degrees of freedom which are excited [23]. 
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Figure 9 (a) Thermal spectrum of the electrical conductivity, and 
(b) DTA data ofg-Se(350~ at 15~ rain 1 
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Looking at the conduction spectrum of Fig. 9, one 
can estimate that a deviation from linearity (where 
there is only one So-phase; AB, amorphous; GH, 
liquid; and JK, crystal) on the log (y = f (1/T,  K) curves 
occurred at the beginning or during the peak position 
of the DTA heating scan (Figs 1 and 8). Point B (70 ~ 
represents the beginning of the amorphous-to-crystal- 
line transformation. Close to this transition temper- 
ature, a deviation from the linearity of logc~ = f ( 1 / T )  
starts where the maximum crystallization speed is 
attained near Point C (93 ~ The melting temper- 
ature lies between Points E and G (220~ Upon 
cooling a liquid below its melting point, it will either 
crystallize or form a glass. During crystallization the 
viscosity, energy, volume, internal energy and hence o 
change discontinuously, and the transformation is first 
order. In glass formation, however, these properties 
change continuously, although the change is relatively 
rapid in the vicinity of the glass transition. In Fig. 9, 
Point I (148 ~ represents the beginning of the liquid- 
to-crystalline transition during the cooling cycle. 

Before and after the anomalies, the function log cr 
= f ( 1 / T )  could be well represented by straight 

sections verifying the Arrhenius thermal activation 
formula previously mentioned. The electrical charac- 
teristic values of the conduction process for the three 
single phases of selenium are given and discussed in 
Part I [1]. 

6. Kinetics of continuously thermally 
induced transformation 

Crystallization of amorphous solids is a phase trans- 
formation of the type: solid phase 1 (amorphous) --* 
solid phase 2 (crystal), and is known to proceed by 
nucleation and growth mechanisms, both of which are 
governed by separate activation energies [24, 25]. In 
the literature, several methods have been developed 
for the use of thermal analysis (DTA or DSC) in the 
study of non-isothermal phase transformations 
(cf. [26-28]). In these methods, efforts have been made 
to generalize the phenomenological Avrami equation 
[29-31], which is used in describing the kinetics of 
isothermally induced transformation, to the non- 
isothermal (or continuous) heating crystallization 
case. This has been done by applying simplified as- 
sumptions to determine the volume of the fraction 
transformed, ~, (i.e. the ratio of the volume of the new 
phase to the total volume) from the experimental DTA 
(or DSC) curves and, consequently, the kinetics of the 
transformation process. 

According to the Avrami model [29-31], the frac- 
tion, ~z, of material crystallized after a time, t, is given 
by 

= 1 - exp(-- Kt") (2) 

where the exponent n is a constant (which does not 
need to be an integer) depending on the details of the 
nucleation and growth mechanisms, and K is a tem- 
perature-dependent constant related to the rates of 
nucleation and growth. 

The activation energy, E, of crystallization can be 
calculated from the DTA exotherms using a multi- 
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scan or single-scan technique. Henderson [26], 
Yinnon and Uhlmann [27], and Wolny et al. [28], 
reviewed different models and techniques together 
with some applications to oxide and metallic glasses. 
An iteration and application for chalcogenide semi- 
conductor glasses have been done by Kotkata et al. 
[14, 15, 32-37]. Applying a multi-scan technique, 
and for the sake of comparison, Fig. 10 shows the 
Kissinger (Equation 3, [38]) and Marseglia (Equation 
4 [39]) continuous heating process plots for selenium. 
Both depend on the shifts in the To2 values of the DTA 
thermograms with qb 

d[ln(qb/T22)]/d(1/T~2) = - Ea/R (3) 

d[ln(dP/To2)]/d(1/Tc2) = - E a / R  (4) 

where R is the gas constant, and E a = E/n defined as 
the effective activation energy of crystallization. The 
respective values of Ea corresponding to these two 
models (Kissinger and Marseglia) were calculated to 
be 1.0 and 1.1 eV. Here, it is worth noting that each 
value of E a represents an average value of the DTA 
results for two sets of selenium samples, g-Se(350 ~ 
and g-Se(1000~ In deriving these two models of 
multi-scan, it was assumed that the reaction mode n 
remains constant throughout the reaction (trans- 
formation) process, which is not necessarily true in all 
cases. 

In order to determine more accurately the values of 
E and n for a continuously thermally induced crystal- 
lization process, a simple DTA model using a single- 
scan technique can be applied. The details of this 
model and its applicability are given in a previous 
publication [32], where an assumption is made that 
the extent of crystallization, a, is proportional to the 
relevant area under the DTA heating exothermic 
peak. The calculations lead to the respective values of 
1.8 eV and 1.5 for E and n. These latter values indicate 
that the value of Ea is 1.2 eV, comparable to those 
estimated from Kissinger and Marseglia (1.0 and 
1.1 eV) methods. Also, the calculations which made 
use of the single-scan technique 1-14], lead to the value 
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Figure 10 Determination of the crystallization activation energy 
from the shift of the exothermic DTA peak with the scan rate 
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of 10-2 for the reaction rate, K. Early measurements 
on vitreous selenium [40, 41], showed that the rate of 
nucleation traverses a maximum at approximately 
90 ~ irrespective of the exact agreement between the 
results. The disagreement was attributed to the effect 
of the metal structure and the physical condition of 
the interface on the formation of nuclei. From the 
measurements of the velocity of crystal growth, a 
value of 1.05 eV has been calculated for the activation 
energy of the formation of hexagonal crystals from the 
vitreous modification of selenium [42]. 

The relative constancy of the obtained values of E 
and n for selenium during a continuous heating pro- 
cess seem to be due to the nucleation saturation in this 
process [24]. Also, n is not a purely one-dimensional 
process for the non-isothermal crystallization like that 
of the isothermal one, as we will see later in Section 
10.1. 

7. Morphological changes under 
annealing effect 

The proper heat treatment of an amorphous alloy 
leads, generally, to the production of materials having 
different ratios of crystalline and amorphous fractions. 
In addition, it has been generally accepted, since being 
reported by Tammann [43], that the amorphous- 
crystal transformation of a material takes place 
through two different temperature-dependent pro- 
cesses: nucleation of fine crystalline centres and 
growth of these nuclei. The crystallization rate is 
supressed by reducing either one or both of these 
processes [44]. That is, the overall rate of trans- 
formation depends mainly on both stages which may 
take place at the same time. Garner [45], has reported 
that the number of embryos formed per unit volume 
relies on the temperature, impurity content and also 
on the thermal history of the sample. The rate of 
crystal growth, on the other hand, which is a function 
of temperature, must depend on the viscocity, 
diffusion, and self diffusion. The growth process has 
been correlated by Crystal [46, 47] with the motion of 
broken bonds; hole formation and hole motion. Of 
course, illumination plays another role in controlling 
the crystallization process [6, 7]. 

In fact, there have been many interesting similarities 
between selenium crystallization and crystallization of 
classical organic high polymers. Normally, selenium 
crystallization proceeds via the formation of spherul- 
ites having a lamellar structure with the width of the 
lamellae much less than the length of the extended 
selenium chain [48, 49]. This accomodation of the 
selenium chain is affected by the repeated folding of 
the chains, giving rise to the spherulites having a series 
of concentric rings. 

A spherulite is a spherically symmetrical formation 
made of radial rays diverging from the centre. The 
simplest structural elements in a spherulite, like spher- 
ulites themselves, are interconnected by a large num- 
ber of interstructural bonds in the form of the 
macromolecules, bundles of macromolecular or crys- 
tallized lamellar formations made mainly of chains in 
an extended conformation. Such bonds are formed if 

several macromolecules begin to crystallize simultan- 
eously from both ends in various crystallites which are 
in the same spherulite or even in different spherulites. 
This is possible owing to a very weak correlation of 
the motion of the chain segments which are very far 
away. Such interstructural bonds combine both separ- 
ate crystallites inside the lamellae. 

The changes in the morphological nature of a-Se 
under isothermal annealing have been recorded by 
reflection optical microscopy (Olympus BHSM- 
363U), using a Nomarski differential interference sys- 
tem. Fig. 11 shows different stages of crystallization of 
a-Se isothermally annealed at 100~ The observed 
morphologies are matched with the foregoing ex- 
planation of the crystallization process of a-Se. That 
is, the crystallization process starts at small centres 
(Fig. lla) randomly distributed in the amorphous 
medium. These centres gradually increase in size 
(Fig. 1 lb and c) by increasing the crystallization time. 
After a certain time, depending on Ta, the growth 
process is almost complete and the crystallites appear 
with boundaries in contact with each other (Fig. 1 ld). 
A progressive aligning of the spherulite branches of 
selenium appears with further annealing (Fig. 1 le). In 
fact, the temperature plays another role in controlling 
the rate of crystal growth. Fig. 12 shows the annealing 
time dependence of the mean spherulite radius, R(t). 
The latter is estimated by averaging over all the 
measured radii of the available spherulites in the 
micrograph pattern. The figure reflects the increase of 
R(0 with both Ta and t. The effect of T, on thetexture 
as well as on the limiting stages of selenium crystal- 
lized for the same period have been given in our 
previous articles [50, 51] and confirm what we pre- 
viously call "degree of perfectness of crystallinity" 
(DPC) evaluated using X-ray data [5]. 

On the other hand, Fig. 13 shows the effect of both 
isothermal and scanning (non-isothermal) annealing 
on the morphology of a-Se. Fig. 13a reflects a hetero- 
geneous growth through the appearance of the be- 
ginning of the formation of lamellae together with 
some spherulite formed after an isothermal annealing 
for ~ 5 h at Ta = 70~ Fig. 13b reflects a homogen- 
eous growth resulting through the spherulites formed 
after a non-isothermal annealing for 34 min at a rate 
5 ~ min- 1. 

8. The isothermally induced 
transformation 

The isothermal transformation from the amorphous 
to the crystalline state is usually investigated by means 
of studying the changes of some physical parameters 
occurring at the structure changes. Such a parameter 
can be considered as a characteristic physical quantity 
to follow the growth of the crystallized phase in the 
amorphous (solid or supercooled liquid) phase. 

The structural change during the amorphous- 
crystal (a-c) or supercooled liquid-crystal (l-c) trans- 
formations of selenium has been recorded continu- 
ously as a function of time, t, (1/2 min interval) at 
different isothermal annealing temperatures. At any 
annealing temperature, T,, the measured parameter 

4863 



Figure 11 Optical photomicrographs illustrating different stages of crystallization of a-Se during an isothermal annealing at 100 ~ C. 

varies with time, t, up to a certain constant limit 
characterizing the degree of perfectness of the material 
investigated. The values of T a were selected to be in the 
range between the transition temperatures, Tg and Tm. 

8.1. Amorphous-to-crystal phase 
transformation 

Fig. 14 shows typical experimental plots for the time- 
dependence of different structural sensitive parameters 
for thin-film and bulk a-Se samples isothermally an- 
nealed at T, = 100~ The parameters considered 
here are: the electrical conductivity, cy, the optical 
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transmittance, T, and the real part of the dielectric 
constant, at. Details of the sample preparation and 
measuring procedures are given in previous publi- 
cations [19, 21, 50-52]. Similar behaviour to that in 
Fig. 14 was obtained for the other annealing temper- 
atures considered in the range 70-160~ Each plot 
for the time dependence of Fig. 14 exhibits a three- 
step character, namely AB, BC, and CD. As men- 
tioned above, proper heat treatment of an amorphous 
material leads, in general, to the formation of a mater- 
ial having a mixture of crystallized and amorphous 
fractions. In this respect, the measured parameters ~, 
T, and gr reflect the contribution of the two mixed 
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Figure 12 The annealing time dependence of the mean spherulite 
radius of selenium isothermally annealed at different temper- 
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transformation of a-Se at Ta = 100 ~ C. 

Figure 13 Optical photomicrographs of a-Se annealed under 
(a) isothermal and (b) non-isothermal conditions. 

phases. The slight increase in o or decrease in e, 
during part AB (Fig. 14), results from a normal 
heating of the amorphous sample as transformed from 
room temperature to the preheated oven temperature 
(annealing temperature, T~), rather than accounted for 
changes in geometrical or physical peculiarities. The 
effect of such a normal heating period appears as fast 
and irregular changes i n ' T  (as well as in the re- 
flectance, R [51]) due to random scattering of the 
incident photons in the metastable a-Se matrix. In- 
creasing T a from 70 ~ to 160 ~ leads to a decrease in 
the normal heating period from about 40 min to zero. 
In fact, the transformation a -c  passes through two 
distinguishable time-dependent stages: the first, BC, 
shows a small increase in o, T, or ~r relative to the 
pronounced change (increase in cy and e~, or decrease 

in T) during the second stage CD. The time interval 
BC corresponds to the formation of nuclei Centres, 
statistically scattered through the sample volume, fol- 
lowed by a radial growth of independent discrete 
lamellae. This stage is known as primary crystalliza- 
tion. Such a process occurs at the same rate and in all 
directions. The process of primary crystallization is 
accompanied by a smooth liberation of heat energy 
associated with the transition from a non-equilibrium 
thermodynamic state to a rather equilibrium one and 
the material becomes less resistive and more trans- 
parent. In other words, one may say that the change 
resulting during this stage is accompanied by struc- 
tural differentiation with medium-range-order and 
confers the properties on the low time-scale. As soon 
as the radial growth becomes complete, the final stage 
of crystallization starts (secondary crystallization); this 
corresponds to the part CD of the plots in Fig. 14. 
This last stage covers a wide range of o, T and ~, on 
the high time-scale. The change in the measured para- 
meter is to continue until it reaches a constant limiting 
value (denoted by Po in t  D) reflecting the end of the 
a -c  transformation process. Such a value is a function 
of the annealing temperature and related to DPC [5]. 
The pronounced increase in o results from a gradual 
establishment of conducting paths between electrodes 
through the sample. On the other hand, the marked 
decrease of ~, after reaching a maximum value is 
mainly caused by the progressive alignment of sel- 
enium spherulite branches and the consequent de- 
crease of the crystallite surface-to-volume ratio [6]. It 
should be noted that whatever the physical parameter 
studied, the relative time elapsed during the same 
transition stage (AB, BC, or CD) is approximately 
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equal. Fig. 15 shows the annealing temperature de- 
pendence of the total time, ~, necessary for completing 
the transformation process. Increasing the value of Ta 
leads to the decrease of ~. The figure also indicates a 
shorter time, "c, in case of T (thin film) than those of 
cy(bulk) or s~(bulk). 

The TTT curve obtained from the dielectric data of 
selenium isothermally crystallized from the amorph-  
ous solid phase is shown in Fig. 16. 

8.2 Supercooled l iquid- to-crysta l  phase 
transformat ion 

Fig. J7 displays the time dependence ofc~ during the 
crystallization of selenium at two supercooling tem- 
peratures, T~, namely 80 and 130~ The measure- 
ment technique is given in 1-53]. The drop of cy at the 
first part  AB is mainly caused by the sudden cooling of 
the liquid selenium as it transformed from T~ = 300 ~ 
( > Tin) to the preheated oven temperature of super- 
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Figure 17 The annealing time dependence of d.c. conductivity, o, 
during the 1-c transformation of selenium at two supercooling 
temperatures T,~ = 80 and 130 o C. The inset shows the dependence 
of T on T~o. 

cooling, which is always maintained at a lower value 
than that of Tin. This decrease terminates at the 
moment  where the sample temperature reaches that of 
the oven. X-ray diffraction has proved that there are 
no characteristic lines before Point B. 

Because the crystallization from the liquid state 
normally proceeds by the processes of nucleation and 
growth, the crystallization rate is therefore supressed 
by reducing either one or both of these processes. For 
Tsc < 100 ~ the 1-c transformation is found to occur 
during two stages, BC and CD. The former is related 
here to a structural ordering process and not to a 
nucleation process, as the number of nuclei is predic- 
ted to be constant, pre-determined, and does not 
depend on Tsc. This is estimated from the linearity of 
the plot of the function: - ln(1/~) = f [ T s ~ ( T m  - T~) 2] 
(Fig. 18), according to the Volmer theory [54], where 
1/z is considered to be proportional to the nucleation 
rate and Tm is taken equal to 493 K. In such a theory, 
the rate of nucleation may be represented as 

j = Cv e x p { -  C [ T s c ( T  m - Tsc)2]} (5) 
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Figure 16 The time-temperature transformation curve for sel- 
enium crystallized from the amorphous solid phase as obtained 
from dielectric data. 
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where Cv is a constant depending on the frequency of 
nucleation of crystals, the velocity of their growth after 
nucleation, and the free energy of activation of trans- 
port. C is a parameter defining thermodynamics of the 
transformation. The region CD in Fig. 17 thus corres- 
ponds to the linear growth of the new phase in the 
supercooled liquid. For T~ > 100~ the 1-c trans- 
formation proceeds through only one smooth stage as 
shown in Fig. 17 for T~o = 130 ~ as an example. The 
inset of Fig. 17 shows the T~ dependence of ~, where 
the increase in the supercooling temperature leads to a 
decrease in the total time necessary to complete the 
transformation process. 

Fig. 19 shows the TTT curves for 20%, 50%, and 
80% crystallized selenium samples from the super- 
cooled liquid phase, as calculated from d.c. conductiv- 
ity data. It is believed that a more symmetrical TTT 
curve results from more homogeneous nucleation. The 
cooling rate required to avoid a given fractional crys- 
tallized volume can be estimated from the formula 

R~ = ( T ~ -  To)/t o (6) 

where To and to are the temperature and time corres- 
ponding to the TTT knee, respectively. The value of Ro 
ought to decrease from ~ 20 ~ rain- ~ to 6 ~ rain- 
in order to increase the crystallized fraction from 20% 
to 80%. 

9. C o n d u c t i o n  m o d e l s  o f  a d o u b l e - p h a s e  
s y s t e m  

On the electrical conductivity of a mixture of amorph- 
ous and crystalline selenium, there are several formu- 
lations starting with a spatial geometrical structure of 
the mixed system, and the related conductivity has 
been derived by different authors e.g. Odelevsky 
[55, 56], Landauer [57], and Kirkpatrick [58]. When 
these models are compared with the experimental data 
as a function of the relative concentration of amorph- 
ous and crystalline selenium, the agreement is not even 
on a qualitative level [17], thus one concludes that the 
conjectured spatial configuration of these authors 
[55-58] is invalidated. This is expected for a double- 
phase system whose terminal conductivity values (oh 
and o~) differ by four to seven orders of magnitude, as 
in the case of selenium. The most important models 
[55-61] that have been used in characterizing the 
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Figure 19 The time-temperature-transformation curves for 20%, 
50%, and 80% crystallized selenium samples from the supercooled 
liquid phase obtained from d.c. conductivity data. 

amorphous-crystall ine mixture have been briefly re- 
viewed [17, 62]. In this respect, Kotkata and Kandil 
[17] have proposed a conductivity formula where a 
distinctly excellent agreement with the experimental 
data has been obtained. The structure of this formula 
for a mixed system of amorphous and crystalline 
selenium is analysed by a derivation of the distribution 
function of the concentration ratios of the mixture 
[63]. Such a formula states 

z (~r [~(cyccy a ~a z) + CY~] (7) 
O" m = 

where 13rn iS the conductivity of a binary matrix sys- 
tem, with constituents of volume fractions ~ and 
(I - =) whose conductivities are (3 a and eye. The values 
of the function log o- m = f ( ~ )  calculated on the basis of 
Equation 7 are shown in Fig. 20 together with the 
experimental data (Fig. 6, Section 3), indicating satis- 
factory agreement over the whole range of oz. Also, this 
last formula has been examined for various isother- 
mally annealed massive selenium samples of known 
degree of crystallinity (as determined by X-ray ana- 
lysis) and very satisfactory results are found. Here, it is 
worth pointing out that Equation 7 satisfies the stat- 
istical mixture condition of Odelevsky [55]; that is, 
when we perform the transformations ~ C Y a ,  
~ ~ ~C,  ~ ~ ( 1 m ~)1, the new ~,n is given by Equation 7. 

10 .  K i n e t i c s  o f  t h e  i s o t h e r m a l  
t r a n s f o r m a t i o n  

The generally accepted model for the crystallization 
kinetics under isothermal conditions is the Avrami 
equation (Equation 2). According to Becker [64], the 
energy of activation necessary for the formation of the 
crystalline grain, E, depends on the activation energy 
of the transfer of particles to the nucleus, q, and on the 
energy of nucleation, AF. The theoretical dependence 
of the rate constant, K, of the Avrami equation on 
absolute temperature, T, can be expected to exhibit an 
Arrhenius dependence as 

K = K o e x p ( -  AF - q) 

= Koexp( - E / R T )  (8) 
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Figure 20 Fractional volume dependence of the (O) measured and 
(- -) calculated conductivity, Crm, according to Equation 7 for 
double-phase compressed powder selenium samples. 
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where K o is the rate constant and E is an effective 
activation energy for the transformation, i.e. for re- 
moval of an a tom from the random (amorphous) 
matrix and migration across the interface on to a 
crystallization or diffusion to a nucleation site. 

For  isothermal crystallization, both E and n can be 
easily estimated. From Equations 1 and 8, one can 
write 

l n [ - l n ( 1 - ~ ) ]  = lnKo - E / R T + n l n ( t )  (9) 

At constant T, a plot of ln[ - ln(1 - ~)] against ln(t) 
should give a straight line of gradient defining the 
Avrami exponent n, and whose intercept on the ordin- 
ate at ln(t) = 0 is ln(K). 

10.1.  T h e  r eac t i on  m o d e  n 
The plots of ~ against 'annealing time, t, give a measure 
of the rate of crystal growth and also an idea about  the 
uniformity of the crystallization process. Fig. 21 
shows the time dependence of crystallinity percentage 
for selenium crystallized at 100 ~ as calculated from 
different physical parameters using the following for- 
mulae 

= ( l n c ~  m - l n % ) / ( l n ~ c  - l n % )  ( 1 0 )  

= ( r m  - T J / ( T o  - Ta) (11)  

1/era = (s/e,) + (1 - a)/eo (12) 

where the subscripts c and a represent the values of the 
considered parameter  (cy, T or at) at the end and the 
initial modes, and m is that at any intermediate 
(growth) state of time, t. The figure indicates that the 
function ~(~, T or e r )=f ( t )  is almost sigmoidal in 
shape, indicating an autocatalytic reaction as often 
observed in various kinds of solid reactions. For  any 
of these functions, the crystallization rate curves ap- 
pear to shift towards lower time scales with increasing 
temperature, as one might expect from the decrease in 
viscosity with increasing temperature of crystalliza- 
tion transformation, Ta. Fig. 22 shows a plot of the 
function ln[ - ln(1 - ~) -= fln(t)] for selenium during 
the two transformation processes (a-c and l-c) at 
100 ~ This has been done by considering the varia- 
tion of the physical quantities, cy [19, 52], T [53], or 
er[50] with time, t (Figs 14 and 17) as a structural 
sensitive parameter  characterizing the ratio of the two 
constituents (amorphous solid, or supercooled liquid, 
with crystalline) of the double-phase system, mostly 
from ~ = 0 to ~ = 1. Similar behaviour to that of 
Fig. 22 has been found at the other isothermal trans- 
formation temperatures investigated. 

If the assumption of spatially random nucleation 
and linear growth (growth rate not depending on time) 
are made [65], two simple cases can be distinguished 
for an increase in the rate of increase of nuclei: the 
reaction mode n can acquire increasing values up to 4 
implying constant nucleation rate; n can take only 
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three integer values, 1, 2 or 3, depending on whether it 
represents one, two, or three-dimensional growth 
implying a zero nucleation rate, i.e. growth only on 
pre-existing nuclei. Taking into consideration the ex- 
perimental data obtained for polymer crystallization, 
Hay [66] has proved the possibility of half integer 
values of n for lateral growth or for growth controlled 
by diffusion. That is, n = 5/2 for a nucleation rate 
constant, and n = 3/2 for early site saturation of ran- 
domly placed heterogeneous nuclei. 

Fig. 23 shows the variation of n with the annealing 
temperature for a -c  and 1-a isothermal trans- 
formations as calculated from the measurements of 
different physical parameters, together with the results 
of Crystal [2] calculated for a-c  transformations using 
a densitometric method. The figure indicates that the 
numerical values of the different series of calculations 
do not agree very closely in the investigated temper- 
ature range, but all curves manifest the same trend for 
the temperature dependence of n. There is a decrease 
in the value of n in the temperature range from 70 to 
100-110 ~ and then the value of n shows an increase 
with the annealing temperature. The low values of n lie 
in the range 1.3 1.6, while the high values lie in the 
range 2.0-2.6 for both a c and l-c transformations 
using the results of cy, T, e r = f(t). This provides evid- 
ence for different growth geometries in different tem- 
perature ranges. In fact, the high viscosity and the 
increased ring to chain ratio does undoubtedly control 
the crystallization mode of selenium on the low-tem- 
perature scale. It is to be noted that the values of n 
calculated by a dynamic density technique [2] agree 
well with our data in the low-temperature range, but 
do not agree at temperatures higher than 100 ~ This 
would give an easy explanation for the unreliability of 
the densitometric technique to reflect the distribution 
of the random and crystalline phases during the crys- 
tallization transformation of selenium, especially at 
high temperatures. On the other hand, the relative 
constancy of the values of n for both a-c  and l-c 
processes reflects a similarity in the saturation degree 
of the nucleation sites, i.e. unique growth geometry. 
However, and according to the theory of crystalliza- 
tion [24], such a temperature dependence of n indic- 
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Figure 23 The annealing temperature dependence of the AvramJ 
exponent, n, of selenium for a-c: ([]) ~, (A) T and (�9 st; and l-c: 
(@) ~ isothermal transformation with (*) the results obtained from 
densitometric data [2]. 

ates that the process of crystallization of selenium 
takes place with predominance of homogeneous 
nucleation and one-dimensional growth, or hetero- 
geneous nucleation and two-dimensional growth of 
crystallization nuclei. 

10.2.  Th e  ac t iva t ion  ene rgy ,  E 
A plot of ln (K)=f (1 /T)  can be fitted over a certain 
temperature range with a straight line whose slope 
defines the activation energy of the process, E. For 
selenium during its a -c  or 1-c transformations, 
the average values of K over at least the range of 

~ 10%-90%, and a least square fit to the experi- 
mental points are considered. Here, the value of E is 
found to be dependent on the temperature range 
investigated rather than on the structure-sensitive 
parameter considered to follow variation of the frac- 
tional volume ratio of the constituents of the double- 
phase selenium system. Fig. 24 shows a histogram 
illustrating the temperature-range dependence of E for 
both a -c  and 1 c transformations of selenium. It 
indicates a good agreement between the E values 
calculated from the different physical parameters over 
a certain temperature range. That is, E = 1.2-1.3 eV 
in the range 70-110 ~ and E = 0.43-0.48 eV for the 
higher temperatures up to 160~ In fact, a temper- 
ature dependence of E is expected. This is because the 
activation energy is contributed to by the activation 
energy of nucleation and growth, and because the 
activation energy of nucleation is temperature-de- 
pendent. 

11. Conclusion 
The objectives of this study were to control and define 
the ratio of the constituents of a double-phase sel- 
enium system under different conditions using various 
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techniques. This has been done through a study of the 
phenomena accompanying the temperature and time- 
induced structural changes in amorphous solid and/or 
supercooled liquid phases of selenium during both 
isothermal and scanning thermal processes. The res- 
ults of direct current properties, dielectric constant 
and optical transmittance coupled with curves of reac- 
tion rate versus temperature for constant heating rates 
(4 = 0.5-100~ rain-l) have been used to demon- 
strate the per cent, nature and kinetics of growth 
phases during the transformation processes. The 
amorphous phase which has a high value of resistivity 
is characterized by a relatively low value of activation 
energy for transformation, and hence its crystalliza- 
tion can easily occur. This characteristic leads to the 
conclusion that the transformation of a-Se can be 
quickened during the erasure process for its use in 
optical data storage applications, as well as to de- 
crease the optical recording energy in holographic 
applications. 
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