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Differential scanning calorimetric (DSC) studies were carried out on xerographic photorecep- 
tar materials of amorphous selenium (a-Se), a-Sel xTex and a-Se:0.5wt% As alloys with 
various amounts of chlorine doping. Glass transformation kinetics of bulk and vapour- 
deposited film samples were essentially identical indicating a similar amorphous structure for 
both forms. The glass transition temperature, Tg, in the a-Sel_xTexsystem was found to increase 
monotonically with the tellurium content up to ~ 13wt% which was accompanied by a fall in 
the activation energy, Eg~, for the structural relaxation. 0.5wt% As increased Tg, whereas 
chlorine doping in the amounts used (~  100ppm) had no effect on Tg. Crystallization exo- 
therms were analysed using the Kissinger method which was shown to remain a valid analysis 
by integrating the fundamental Kolmogoroff equation describing crystallization transformations 
by nucleation and growth. The signifiance of the activation energy, EA, and the frequency 
factor, Co, in the Kissinger analysis is discussed and used in interpreting the different crystal- 
lization behaviour exhibited by the various alloys. The apparent activation energy, EA, of the 
crystallization kinetics was found to fall with the temperature range accessed in the DSC 
experiment. When other authors' previous crystallization studies by other methods were also 
considered, then 1 lEA was found to fall nearly linearly with the mean reciprocal temperature, 
( I /T ) ,  used in the experiment. It is argued that this behaviour arises if the crystal growth rate 
scales with the inverse viscosity of the melt and the latter is described by a VogeI-Tammann- 
Fulcher type of behaviour. The additives tellurium and arsenic retard the crystallization essentially 
by increasing the viscosity. Chlorine doping was also found to have an inhibitory effect but due 
probably to a change in the nucleation kinetics, rather than a viscosity rise. 

I .  In t roduct ion  
Amorphous selenium (a-Se) and its arsenic and 
tellurium alloys with various amounts of chlorine 
doping in the p.p.m, range are widely used in the 
fabrication of commercial xerographic photorecep- 
tors in industry [1, 2]. Early photoreceptors employed 
the chlorine-doped a-Se0.995As0.005 alloy rather than 
pure a-Se inasmuch as the latter was thermodynami- 
cally more unstable and tended to crystallize readily 
under typical machine operating conditions. The 
current trend in photoreceptor fabrication, however, 
is to use S%_xTe~ alloys with various amounts of 
chlorine doping [3]. Alloying with tellurium reduces 
the electronic bandgap and thus results in a 
photoreceptor having more desirable spectral response 
for xerographic purposes. For laser printer type of 
applications, the tellurium alloying may be as much as 

20 wt %. Although the Se : Te alloys are now widely 
used in the xerographic industry, there seems to be 
little available thermal characterization of these 
materials. 

Several authors have recently investigated the glass 
transition [4~6] and crystallization phenomena [6-11] 
in bulk (vitreous selenium) and vapour-deposited a-Se 
using DTA. Matsuura and Suzuki [6], for example, 
reported identical glass transition behaviour for a-Se 

samples prepared by melt quenching and vapour 
deposition, whereas their crystallization behaviour 
was distinctly different~ The glass transition tem- 
perature, Tg, as obtained from DTA, has been found 
to depend on the heating rate [4, 6], ageing [4] and 
illumination [5]. The Tg data have been interpreted by 
a kinetic process based on structural relaxation con- 
cepts [12-14]. The relaxation time characterizing the 
structural enthalpy relaxation has been reported to 
have a thermal activation energy of ~ 2.47 eV atom- ~. 

The crystallization behaviour of a-Se has been 
found to depend on the preparation methods [6-8], 
nature of the substrates [9], impurities [15-17] and 
other factors [18]. Since the early models for the struc- 
ture of a-Se were based primarily on a mixture of 
monomer ring molecules (Se8 and others, e.g. Se 6 

[19, 20]) and polymeric helical chain molecules, Seo~, 
most interpretations of the crystallization mechanism 
incorporated ring breaking (for which the energy is 

2 eV). The recent models [21, 22], however, indicate 
that the structure probably consists almost exclusively 
of selenium "chains" in which there may be ring-like 
regions (ring fragments). The latter regions occur 
where, along a few of the atoms in a chain, the 
dihedral angle alternates in sign. Ring fragments 
essentially cause chain bending. Although the chain 
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model for the structure of a-Se is supported by models 
for the vibrational spectra [23], the density of electronic 
states [24], and the radial distribution function (RDF) 
[25], the existence of Se8 rings has not been completely 
ruled out. 

2. Theory of non-isothermal 
crystallization kinetics 

The fundamental phenomenological equation describ- 
ing the evolution of the extended volume fraction, V~x, 
with time in a crystallization phase transformation by 
nucleation and growth is the so-called Kolmogoroff  
equation [26]: 

V~x(t) = g fs Iv udt  dt' (1) 

where L is the nucleation rate per unit volume, u the 
growth rate, m the dimensionality of  growth, and g a 
geometric factor determined by the morphology of 
growth. The fractional extended volume and the 
transformed volume fraction, Z, are normally related 
by [27 30] 

X = 1 - exp ( -  Vex) (2) 

As pointed out recently by a number of authors 
[31 36], any description of the crystallization kinetics 
must involve the integration of Equation 1. Under 
isothermal conditions and with certain assumptions 
on Iv and u, Equations 1 and 2 lead to the well known 
Johnson-Mehl-Avrami (JMA) equation (e.g. [37]) 

X = 1 -- e x p ( - K t " )  (3) 

where K is the thermally activated rate constant and n 
the Avrami exponent. Equation 3 strictly applies 
under isothermal conditions and has as its theoretical 
basis the isothermal integration of  Equation 1. Experi- 
mentally, many isothermal crystallization kinetics are 
well described by the JMA equation. Many authors 
[38M6], however, have used the JMA equation in 
developing thermal methods of  analysis of  crystalliza- 
tion exotherms observed in typical DTA experiments 
in which the conditions are non-isothermal, namely 
T = fit + T o where fl is the heating rate and T o the 
initial temperature. There are at present a number of  
elaborate thermo-analytical methods developed from 
the incorrect use of Equation 3 when T = Bt + To. 
For the purposes of this paper the Kissinger method 
[47, 48], which has been successfully applied to the 
study of crystallization kinetics of  a variety of glasses 
[6, 9, 10, 49 53], is derived from the fundamental 
Equations 1 and 2. Originally this method was 
developed to study the kinetics of  chemical reactions 
which are described by an n-order Eyring equation, 
i.e. 

J? = (1 - X ) " C o e x p ( - - E a / k T )  (4) 

where Co is the frequency factor. 
In the following analysis it will be assumed that the 

growth velocity, u, can be simplified to 

u = u 0 exp ( - E G / k T )  (5) 

where the activation energy E G >> k T  in the experi- 
mental temperature range of  interest. 

2.1. Heterogeneous nucleation 
If nucleation occurs from N number of heterogeneous 
sites and also very early in the transformation, then 
Equation 1 is essentially: 

E ]m Ve• = gN Uo ;~ exp ( -  Ea/kT)  dt ; 

T = fit + T O (6) 

This equation can be integrated by making certain 
analytical approximations based on E G >> kT[33 34]. 
Its occurrence is not unique to DTA as it also appears 
in the analysis of other similar types of temperature 
ramp experiments, for example in TSC measurements 
[54]. From Equation 6 we can therefore obtain the 
following approximation to X [36] 

X ( T )  = 1 - exp {--[gN(blok/EGfl)mT 2rn 

x exp ( -  mEG/kT)] } (7) 

The Kissinger method is based on examining the heat- 
ing rate,/3, dependence of  the temperature, To, of the 
crystallization exotherm peak where d2X/dt2= O. 
Differentiating Equation 7 twice with respect to t 
(using dX/dt  = fldX/dT) and setting this to zero at 
T = To we obtain (for details see [36]) 

(B /T2c  ) m = mgN (uok/EG) m exp ( -mEG/kTc )  (8) 

which means that the Kissinger method remains valid 
since 

In (f l /U) = - E a / k T c  + In [(gNm) '/m (uok/EG)] 
(9) 

This should be compared with that derived from the 
Eyring equation 

In (fi/T2c) = -EG/kTc  + In (Cok/Ea) (10) 

The frequency factor, Co, in the Eyring equation 
hence corresponds to the expression (gNmu'~) ~/m in the 
case of  crystallization kinetics. 

2.2. Homogeneous nucleation 
When the nucleation rate is non-zero during growth 
then the integration of Equation 1 requires a functional 
form to be assigned to Iv. The nucleation rate in solids 
is generally given by an expression of the form [55, 56] 

Iv = A~(T) exp [ - ( A G *  + AGA)/kT ] (11) 

where AG* is the free-energy barrier to the formation 
of a nucleus (the thermodynamic barrier to nuclea- 
tion), AGA is the activation free energy for a critical 
size nucleus to become stable (kinetic barrier to 
nucleation), and A~ is a weakly temperature depend- 
ent constant. There are, of  course, more general 
expressions for the nucleation process which also 
include the interfacial strain energies involved in the 
nucleation process but these would unnecessarily 
complicate the mathematical analysis since the 
simplest approach in the present analysis is to take on 
Arrhenius behaviour for L, 

Iv = I0 exp ( - E N / k T )  (12) 

Although this is an over-simplification of the nuclea- 
tion kinetics, it will be approximately true over a 
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limited temperature range. The integration of  Equa- 
tion 1 then leads to [36] 

X(T) = 1 -- exp {-(glou~k/flm+'e) T 2m+2 

xe xp  [--(EN + mEc)/kT]} (13) 

where e is a constant, in the units of energy, defined by 

1/E = ~ mcr/(E N + rE~) (14) 
r = 0  

where m c r is the binomial coefficient. As in hetero- 
geneous nucleation, Equation 14 can be differentiated 
twice with respect to time (using dX/dt = fldX/dT) 
and set to zero to find the fi - Tc relationship. The 
result is 

In (fl/T~ 2) - 
(EN + mE~) 
(m + 1) kT~ 

+ In (gIou~ok/e) '/('+11 

(15) 

which shows that the conventional Kissinger method 
remains, as in the case of heterogeneous nucleation, 
unmodified but the activation energy obtained from 
the slope of In (filTh) against 1~To now represents 
some average activation energy, EA, for the whole 
transformation, namely (EN + mEc)/(m + 1). In 
contrast to Equation 9, however, the dimensionality 
of growth, m, does affect the slope unless EN ~ Ec. 

It is instructive to point out that if the JMA equa- 
tion is used as the starting point then, taking into 
account the temperature and hence time dependence 
of K, the Kissinger method can only be obtained if 
Ec/kT  < 1 [34, 35] which is, of  course, an unrealistic 
situation inasmuch as in most crystallization trans- 
formations E~/kT >> 1 (typically ~ 20). 

3. Experimental procedure 
The samples used in DSC experiments were either in 
bulk (vitreous) or vacuum-evaporated film form. 
Vitreous pellets obtained from various well-known 
major xerographic selenium suppliers were used for 
bulk samples. In the text the prefix f or b is used to 
indicate film or bulk form and capital suffix letters A, 
B, C to indicate the various suppliers of  selenium 
when there is a distinct difference in the thermal 
behaviour of their samples. The pure selenium pellets 
used were of xerographic grade; 99.999 %. The impurity 
contents of  the samples were determined by spark 
source mass spectrometer analysis and the quoted 
p.p.m, chlorine doping values are typically within 

50%. 
The photoreceptor films were prepared by vacuum 

evaporation (10 6 to 10-Storr) of vitreous pellets from 
long open stainless steel boats on to heated pre- 
oxidized aluminium drums which were rotated during 
fabrication to ensure uniform coating. 

Fabrication of a-Se alloys by vacuum evaporation 
has already been widely described in literature by a 
number of  authors [57 59]. X-ray diffraction studies 
showed no evidence of  crystallinity in the samples 
prepared by the method used. Various compositions 
of Se~_xTe x were obtained by mixing the correct 
amounts by weight of pure selenium with portions of 
the prealloyed master batches. The maximum tellurium 

concentration was ~ 10% in the undoped Se :Te  
alloy. Sample thicknesses were typically ~ 50/~m. 
Scanning electron microprobe (SEM) was used to 
obtain the arsenic and tellurium compositions across 
the sample thickness. Owing to fractionation effects it 
was found that the substrate region was slightly 
deficient in tellurium content, whereas the top surface 
region was slightly richer in tellurium content. The 
quoted tellurium concentrations refer to the average 
level of tellurium in the "bulk" of the sample. After 
fabrication, the films were aged over several months 
during which the material achieved thermal and elec- 
trical stability [60-62]. In the ageing process it is 
believed that the glass structure relaxes towards its 
metastable liquid-like equilibrium state in which all 
the "structural" defects have equilibrated [62]. 

The DSC studies were carried out on a Dupont  
Differential Thermal Analyser, type 990, equipped 
with the DSC cell attachment [63] as described 
previously by others [9, 64]. The samples, which were 
typically ~ 20mg, were placed in small aluminium 
pans and then sealed. The films were stripped off their 
aluminium substrates before being placed in the pans. 
An empty pan was used as the reference. Most tem- 
perature readings from the thermograms required a 
small calibration correction. The tests were carried out 
from room temperature upwards. The maximum heat- 
ing rate used was 20~ min ~. 

4. Results and discussion 
4.1. General results 
Figs. 1 to 3 show some typical DSC thermograms on 
bulk and film a-Se (Figs. 1 and 2) and on a-Se: Te film 
alloys with and without chlorine doping. The glass 
transition is exhibited as an endothermic peak rather 
than a change in the base line inasmuch as the samples 
were well annealed at room temperature, TA, for many 
months so that the enthalpy of the system would have 
relaxed towards its metastable melt phase value, 
He(TA) [4, 65]. As the heating rate is increased both 
the glass transition endotherm and the crystallization 
exotherm peak shift to higher temperatures as illu- 
strated in Fig. 2. Notice that as the crystallization 
exotherms shift to higher temperatures, due to an 
increase in fl or due to alloying effects (Fig. 3) they 
become broader which, within the framework of the 
Eyring equation, imply that either the activation 
energy, EA, decreases or there is a fall in the frequency 
factor, Co [66]. The following general observations are 
apparent and provide useful qualitative conclusions. 

Bulk a-Se samples, even from the same supplier but 
different batches (e.g. b-A and b-A') can exhibit wide 
variations in their crystallization behaviour, whereas 
the film samples evince very similar crystallization 
peaks. Chlorine addition of ~40p .p .m.  shifts the 
crystallization peak to higher temperatures which 
indicates the inhibitory effect of chlorine. Dilatometric 
studies have also suggested chlorine-induced reduc- 
tion in the growth rate [16]. From Fig. 3 it is clear that 
tellurium alloying of a-Se also causes a shift in the 
crystallization exotherms to higher temperatures but 
the effect of using chlorine and tellurium in combi- 
nation is not additive, i.e. the crystallization behaviour 
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Figure 1 Some typical DSC thermograms 
of various types of a-Se (f, film; b, bulk) 
and ~ 40 p.p.m. Cl-doped a-Se film. Heat- 
ing rate/7 = 2 <>Cmin ~. 

of chlorine-doped a-Se : Te alloy is very similar to both 
chlorine-doped selenium and a-Se:Te without 
chlorine. 

Both film and bulk forms of a-Se evince similar T~ 
behaviour (Fig. 1) provided they have been sufficiently 
aged. Very recent samples showed lower values of Tg. 
At high heating rates (e.g./7 = 20 ~ C min l) Tg for the 
heaviest bulk samples indicated 1 to 2~ larger Tg 
values which are not included in the following com- 
parative analysis of the glass transition kinetics. It is 
apparent from Fig. 3 that alloying selenium with tel- 
lurium increases the glass transition temperature. Fig. 
4 summarizes the dependence of the glass transition 
temperature and crystallization kinetics as charac- 
terized by T O and T~ in a-Se : Te alloys on the tellurium 
composition. 

4 . 2 .  G l a s s  t r a n s i t i o n  
Fig. 5 shows semilogarithmic plots of the heating rate 
against the reciprocal glass transition temperature for 
film and bulk a-Se samples with and without chlorine- 
doping. It can be seen that the glass transition behavi- 
our of various forms of a-Se with or without chlorine 
doping (up to 90 p.p.m.) are identical and the activa- 
tion energy, Egl, associated with the structural relax- 
ation interpretation is 2.50eV which is comparable 
with the values 2.47 and 2.58 eV reported by Matsuura 
and Suzuki [6], and Larmagnac et al. [4] respectively. 
In this kinetic interpretation, a structural property like 
the enthalpy H(T, t) (or the volume [67]) after an 
instantaneous isobaric change in the temperature is 
supposed to relax isothermally towards a new equi- 
librium value, He(T), at that temperature via a 
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Figure 2 Typical DSC thermograms on a-Se films with the heating rate/7 varied from/7 = 2 to 20~ min-~. 
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Figure 4 Summary of some DSC data on a-Se I xTex alloys showing 
the dependence of the glass transition, crystallization and melting 
behaviour on the tellurium composition. 

relaxational equation of the form 

(#H/Ot)r = - - ( H -  Hc) / z (T  ) (16) 

where r is a temperature dependent structural relax- 
ation time. Assuming, for example, r to be described 
by the equation 

= z 0 exp (-Egl/kr) exp [ - c ( H  - He)] (17) 

where r0 and c are constants, then it can be shown that 
[4, 12, 13] 

d l n f l  
- E g ,  ( 1 8 )  

d (1/Tg) 

The slope of the in /~ against 1/Tg plots, therefore, 
yields the activation energy involved in the molecular 
motions and rearrangements around Tg. Equation 18 
is equivalent to the empirical relationship found by 
Bartenev and Lukianov [68]. Ritland derived it for Tg 
observed during cooling [69]. The expression for r in 
Equation 17 over a limited temperature range (as in 
DSC) is to a good approximation equivalent to those 
used by Moynihan et al. [12, 13], Ritland [69] and 
others [70, 71]. Note that the operational definition of 
Tg normally employed in DSC work is that tem- 
perature where the tangent at the inflection point of 
the glass transition endothermic peak intersects the 
base line. However, in an interpretation based on a 
glass to rubber phase transition with a rate determined 
by the Eyring theory, the temperature of the endother- 
mic peak, Tgm, is of interest since its dependence on/~ 
then follows the Kissinger relationship [72]. We have 
not found as good a fit between the Kissinger relation 
and the experimental rg m data as in the case of the In 
/~ against 1/Tg analysis. 

Fig. 6 shows the effect of  tellurium and 0.5 wt % As 
addition to a-Se on the glass transformation kinetics. 
It is apparent that the In/~ against 1/Tg plots move to 
higher temperatures with the tellurium content which 
is accompanied by a fall in Egl. The rise in Tg with 
tellurium addition cannot thus be due to a change in 
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Figure 5 Semilogarithmic plot of the heat- 
ing rate against the reciprocal glass tran- 
sition temperature for various film and 
bulk a-Se samples. 

the activation energy, but rather to a fall in the pre- 
exponential constant in Equation 17. The activation 
energy Egl ~ 2.50 eV for pure a-Se is larger than the 
S~Se  bond energy, 1.91 eV, which means that bond 
breaking during structural relaxation cannot be ruled 
out. Moreover, with tellurium addition, Eg~ decreases 
(Fig. 6) which is consistent with the smaller Se-Te 

bond energy (~  1.80 eV). However, it is doubtful that 
such significance can be attached to Egl, as discussed 
later. 

The monotonic increase in Tg with the tellurium 
content (Fig. 4) can be accounted for by an increase in 
the average molar mass, M,, by the inclusion of  
heavier tellurium atoms in the polymeric chains 
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Figure 6 Semilogarithmic plot of the heat- 
ing rate against the reciprocal glass 
transition temperature for a-Se l_~Te x film 
alloys and the 0.5 wt % As:Se bulk alloy. 
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Figure 7 Kissinger plots of the crystalliza- 
tion kinetics in film and bulk a-Se samples. 
The associated frequency factors, Co, are 
also shown. 

inasmuch as Tg depends on Mn via the well-known 
equation [73, 74] for polymers, 

rg = rig - K, M2' (19) 

where K~ is a constant and T~ is Tg at infinite molar 
mass. The observed copolymeric behaviour of the 
Se :Te  alloys is in qualitative agreement with the 
recent studies on the structure of these alloys using 
neutron-diffraction techniques [75], which indicate 
that the freely rotating random chain model proposed 
for the structure of  a-Se still persists up to large tel- 
lurium contents (70 at %) and that tellurium enters the 
structure essentially in a substitutional manner as 
predicted by the isoelectronic nature of the tellurium 
atom. In contrast, using dilatometry, Dzhalilov and 
Rzaev [76] reported a linear decrease in Tg (observed 
during cooling) with tellurium content and interpreted 
the data as a decrease in Mn. It is instructive to note 
that if tellurium addition raises Tg (as in Fig. 4) then 
addition of sulphur should, by a similar argument, 
lower Tg, which has indeed been reported [77]. 

The higher Tg value for a-Se:0.5wt  % As (Fig. 6) 
can be attributed to the trivalent arsenic atoms cross- 
linking the selenium chains and thus forming a more 
rigid structure. It is interesting to note that chlorine 
addition in the amounts used showed no effect on the 
glass transition kinetics (Fig. 5) which is rather sur- 
prising since chlorine is well known as a selenium 
chain terminator [18, 78]. On this premise we would 
expect a fall in Tg with chlorine doping due to an 
increase in the free volume or, equivalently, a fall in 
M n in Equation 19. Charge transport measurements 
by the present authors [79], however, suggest that 
chlorine addition also creates over-coordinated Se[ 
type of charged centres via the possible defect generat- 

ing reaction 

Se ~ + C1 ~ --* Se/  + C1 o (20) 

in which the number of bonds is conserved. The exist- 
ence of over- and under-coordinated charged defect 
centres in chalcogenides, as proposed originally by 
Kastner, Mott  and their co-workers [80-84], has been 
used in interpreting much of  the data on electrical and 
optical properties of chalcogenides (e.g. [84~87]). 
Although chlorine addition may indeed reduce the 
average chain length, the cross-linking by Se~ centres 
from Equation 20 may be sufficient to counteract the 
implied fall in Tg. Further work on the effects of  such 
defects on the thermal and mechanical properties of 
chalcogenides would obviously be useful. Note that 
the equivalent expression to Equation 19, which des- 
cribes the effect of cross-linking on Tg, is [74] 

rg (x  ) = Tg(0) 4- K2Z (21) 

where K2 is a constant and Z is the number of  cross- 
links per unit weight. 

4 . 3 .  C r y s t a l l i z a t i o n  k i n e t i c s  
It is evident from the various thermograms in Fig. 1 
that the bulk a-Se samples display widely different 
crystallization behaviour. The films f-B and f-C, how- 
ever, have exhibited identical crystallization kinetics 
which are distinctly different from those of the bulk 
parents. These observations are made clear by using 
Kissinger plots as shown in Fig. 7 where the activation 
energy and the frequency factor, Co, of the trans- 
formations are also noted. The slopes yield the acti- 
vation energy for growth, EG, which seems to have 
lower values when the transformation occurs at higher 
temperatures. The Co values vary between ~ 105 (b-C) 
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crystallization kinetics in some 
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0.5 wt % As : Se alloy. 

and ~ 10 8 (f-C) and, if interpreted via Equation 9, 
reflect differences in the nucleation site density, N, as 
well as in m, since in films growth is more likely to 
occur from the surface inwards [7, 8] (m = 1 to 2), 
whereas in bulk samples we would also expect some 
bulk nucleation (m ~ 3). Large variations in u0, how- 
ever, are unlikely since identical glass transition 
behaviour (Fig. 5) by all the selenium samples indicate 
very similar bulk structures suggesting similar amor- 
phous-crystalline interface structures. The effect of 

chlorine addition is also shown in Fig. 7, where the 
inhibitory action of chlorine on the crystallization 
kinetics is clearly apparent. 

Figs. 8 and 9 display the Kissinger plots for bulk 
and film a-Se : Te alloys. It can be seen that tellurium 
alloying of a-Se causes the In #/T~ against lIT c plots to 
shift to higher temperatures which is accompanied by 
a decrease in Ec.  The crystallization kinetics for all the 
Se:Te  films (with tellurium content from 2 to 
10 wt %) with and without chlorine seems to be nearly 
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Figure 9 Kissinger plots of the crystalliza- 
tion kinetics in some a-Se:Te film alloys. 
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activation energy of crystallizati9n, I/EA, 
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accessed in the experiment in this work 
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other experimental techniques (lettered). 
This work - selenium, (1) b-A; (2) f-B 
and C; (3) f-C + 40p.p.m. C1, b-A + 
90 p.p.m. C1; (4) b-B; (5) b-C; alloys, (6) 
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(8) b-7% Te + 10p.p.m. C1; (9) b-3.5% 
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work - MS (Matsuura and Suzuki) [6]; T 
(Thornburg) [9]; H (Hamada et al.) [15]; 
BC (Brower and Capo) [105]; KT (Kim 
and Turnbull) [106]; J (Janjua et al.) [16]. 

identical, indicating comparable density of nucleation 
sites, N, and growth velocity constant, u0, which is 
probably much slower than that for a-Se, since tell- 
urium increases the average molecular weight. The 
bulk alloys displayed variations in their crystallization 
behaviour, tending to have lower Ec and Co values, 
analogous to the case for bulk a-Se. 

The most interesting feature of the In t i lT 2 against 
l IT  c plots in Figs. 7 to 9 is that the activation energy, 
EA, decreases consistently and monotonically with the 
average temperature accessed during measurements. 
When 1lEA is plotted against ( l / T )  which is the av- 
erage l IT  for that particular experiment, we find the 
striking behaviour in Fig. 10 which also includes 
points from various authors' crystallization studies of 
a-Se by other experimental methods. Clearly the ac- 
tivation energy for the crystallization seems to obey 
the equation 

(1/EA) = (l/E0) -- (To/Eo) ( l /T)  (22) 

Moreover, as shown in Fig. 10, the activation energy 
values for the glass transformation, Egl, for pure and 
tellurium alloyed a-Se also fall onto this line. If  the 
crystallization kinetics is controlled by the viscous 
flow of the melt, then the trend in Fig. 10 is not 
unexpected if the viscosity has a Vogel-Tammann--  
Fulcher [8841] (VTF) type of behaviour, i.e. 

q = % exp [Eo/k(T - To)] (23) 

This viscosity relation, of course, implies a Williams 
Landel Ferry (WLF) [92-95] type of response in the 
mechanical and electrical relaxational process around 
Tg. The fact that WLF behaviour for the dielectric 
properties has been reported for a-Se near Tg [96] 
supports the assertion here that the growth kinetics of  
crystallization is limited by the viscosity of  the amor- 
phous phase. Further, WLF behaviour follows natur- 
ally from the free volume theories for Tg [97, 98] which 
means that the apparent activation energy, Eg~, has 
little significance in terms of intramolecular forces. 

The deviation of  data from Equation 22 in the high- 
temperature range is not unusual and is typical of 
amorphous structures which exhibit a VTF behaviour 
[99, 100]. For example, in a-As2Se3 [101], which is 
another commercially important xerographic amor- 
phous semiconductor but with a higher Tg, ~ 177 ~ C, 
the VTF behaviour observed around Tg fails above 
~253~ 

The lack of viscosity data on the amorphous phase 
around the crystallization temperatures (due to the 
obvious difficulties in the measurement) does not 
allow direct comparison between Ec and the apparent 
activation energy for the viscous flow, E,. The vis- 
cosity temperature experiments of  Cukiermann and 
Uhlmann [102], however, when interpolated into the 
typical temperatures ranged in crystallization studies 
of a-Se, indicate a decrease in E, with T with a 
high-temperature limit of  ~ 0.75 eVatom ] and an 
Arrhenian behaviour above ~200  ~ Considering 
the crudeness of  Fig. 10 and increased errors in the 
Kissinger analysis as E~/kT  >> 1 holds less vigorously 
with T increasing, the behaviour of E, and E c prob- 
ably compare well to assert that the growth kinetics is 
inversely proportional to the viscosity of the melt. 
Tellurium-induced retardation in the crystallization 
velocity is thus due to a viscosity increase which is 
consistent with the rise in Tg. Chlorine-induced 
retardation, in this interpretation, must be due to a 
change in the nucleation site density or in the nuclea- 
tion kinetics since chlorine has no observable effect on 
Tg. Notice that in films of a-Se:Te (Fig. 9), chlorine 
has relatively no effect on the crystallization kinetics; 
the transformation velocity is limited mainly by the 
effect of  the tellurium atoms. 

Fig. 11 shows the dependence of  the frequency 
factor C O = (gNm)l/muo on tellurium composition. Co 
seems to fall rapidly even with small additions of  
tellurium and saturates around ~ 106 ( ~  103 for some 
bulk samples). The fall in Co by ~ 102, which com- 
pares well with the similar fall observed by Kim and 
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Turnbull [17] on the isothermal growth rates with 
tellurium addition, indicates a tellurium-induced 
reduction in u0, i.e. an increase in ~/0 in Equation 21 
since we proposed u ~ q-~. Thus, the density of 
nucleation sites, N, probably remains relatively unaf- 
fected by tellurium addition. Some of the bulk Se : Te 
samples, however, have shown a larger fall in Co (by 

103) which suggests a possible change in the nuclea- 
tion kinetics, from heterogeneous to homogeneous (or 
a mixture), since orders of magnitude change in N 
are unlikely with introduction of a few atomic per 
cent tellurium. A change in the nucleation behaviour 
may also explain, via Equation 15, the fact that these 
alloys evince rather low slopes in their Kissinger plots 
(Fig. 8). 

The inhibitory effect of 0.5 wt % As addition on the 
crystallization kinetics of a-Se (Fig. 8) can be accounted 
as for tellurium alloying, by an increased viscosity of 
the melt as discussed in Section 4.2. 

5 .  C o n c l u s i o n s  
Using the fundamental Kolmogoroff equation, the 
Kissinger method of thermal analysis is shown to 
remain valid without any essential modification for 
studying crystallization kinetics by nucleation and 
growth. The significance of the activation energy, EA, 
and the frequency factor, Co, determined via this 
thermoanalytical method has been shown to depend 
on the nucleation kinetics and is discussed in the text. 

Glass transition kinetics of all the bulk and film a-Se 
samples, once aged, were identical suggesting similar 
amorphous structures. This conclusion is further sup- 
ported by the fact that the infrared [103] spectrum for 
a-Se samples quenched from liquids equilibrated at 
different temperatures evinces identical absorption 
features as discussed in detail by Lukovsky [21]. 
Moreover, the Raman spectrum also shows a similar 
behaviour [104]. 

Alloying of a-Se with tellurium up to ~ 12wt %, 
monotonically increases the glass transition tempera- 

ture which is accompanied by a fall in the activation 
energy, Eg~, for the structural relaxation. Chlorine 
addition in the amounts used (~ 100p.p.m.) has no 
effect on Tg. Introduction of 0.5 wt % As, however, 
raised Tg. 

The additives tellurium (up to ~ 10wt %), arsenic 
(0.5wt %) and chlorine (up to 100p.p.m.) have been 
found to retard crystallization. The activation energy 
for growth, Ec, has been found to fall monotoni- 
cally with temperature. When the crystallization 
studies of a number of other authors are also con- 
sidered, 1/EA is shown to fall nearly linearly with 
(l/T), the average 1/T accessed during a particular 
experiment. This behaviour indicates that the growth 
velocity scales with the inverse viscosity, r/, of the melt 
which is most likely described by a Vogel relation. 
Tellurium alloying thus increases the viscosity (by 

102 ) but has relatively little effect on the density of 
nucleation sites. Arsenic also retards crystallization by 
raising the viscosity. The inhibitory effect of chlorine 
addition, however, cannot be accounted for by a 
change in the viscosity, and the inhibitory mechanism 
therefore remains unresolved. 

Although the film samples have identical crystal- 
lization kinetics the bulk samples have shown widely 
differing behaviour and tended to give various lower 
Co values due either to bulk crystallization or a mix- 
ture of nucleation kinetics. Both in bulk and film 
samples the crystallization velocity is controlled by the 
viscous flow in the melt. 

Amorphous selenium and Se:Te alloys portray 
typical glassy polymeric and copolymeric behaviour. 
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