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Electrical resistivity, nucleation and crystal 
growth in amorphous Sel0o-x-Sbx 
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The process of nucleation and crystal growth has been studied, using the change of the 
electrical resistance with time, for the system Sel00-x-Sbx where x = 5, 10 and 1 5. The X-ray 
analysis of different records was also used to investigate the same processes. The results show 
that the apparent activation energies of nucleation were 1 7.89, 1 9.88 and 24.25 kcal mol -~ 
(74.90, 83.23 and 1 01.53 kJ mo1-1 ) for x = 5, 10 and 1 5, respectively. The values of the 
apparent activation energy of crystal growth were 39.78, 45.67 and 52.70 kcal mol -~ (1 66.55, 
191.21 and 220.64kJ mo1-1) for the same respective samples. The activation energy of con- 
duction and the electrical resistance were found to decrease as the antimony content increases 
in both amorphous and crystalline states. 

1. Introduction 
Amorphous selenium is an inorganic polymer and is 
believed to contain two kinds of molecules, polymeric 
chains and monomeric rings. During crystallization to 
a trigonal structure the chains and rings break and 
become rearranged so that atoms polymerize into long 
chains occupying the correct crystallographic pos- 
itions [1]. The dependence of the crystallization kinetics 
on the temperature and other factors has been 
reported [2]. Under normal conditions selenium crys- 
tallizes spherulitically on account of its chain-like 
molecules in the amorphous states [3-5]. This strongly 
suggests that crystallization begins when the process 
of molecular rearrangement in the initial phase has led 
to some critical concentration of crystallizing struc- 
ture species, i.e. crystallization begins after molecular 
rearrangement has completed [6]. Information about 
the crystallization of the binary system S e S b  in the 
literature is very limited [7]. 

The aim of this work is to study the crystal growth, 
diffusion and nucleation of amorphous Se~00_x-Sbx 
where x = 5, 10, and 15, using the change in the 
electrical resistance and the X-ray diffraction tech- 
nique. The conduction properties of this system will be 
reported in both amorphous and crystalline states. 

2. Experimental procedure 
Glassy samples of the system Se~0o_x-Sbx, where 
x = 5, 10, and 15, were prepared by mixing selenium 
and antimony (purity 99.99%) in an evacuated silica 
glass ampoule. This ampoule was kept in an electric 
furnace at 850°C for 8 h. 

The molten material was quenched in a water-ice 
mixture to get the material in the glassy state as 
confirmed by X-ray diffraction. 

The electrical resistance of the sample was measured 
by a digital multimeter Type MX 727A (error _+ 2%). 

To study the amorphous-crystalline transfor- 
mation, the tube containing the sample was placed in 

an oven preheated to the required temperature. The 
resistance of the sample was recorded as a function of 
time. 

X-ray diffraction was recorded using a Shimadzu 
XD-3 diffractometer (scanning velocity 20 ° (20) 
min- l, 2 = 0.1540 nm). 

3. Results and discussion 
Typical annealing curves for the system Se~00_x-Sbx, 
where x = 5, 10, and 15, were recorded isothermally 
at 80, 100, 110 and 120 ° C, as resistance (log R) against 
time (t) for all samples (Figs la and b). The annealing 
temperatures were chosen to allow for the slow and 
fast phase transformation as indicated by the value of 
the glassy temperature (Tg) and the value of the crys- 
tallization temperature (To) deduced from the DTA 
thermograms (Fig. 2). 

Fig. 1 a shows that at a given temperature the elec- 
trical resistance (log R) decreases gradually with time, 
reaching a minimum constant value. This means that 
the sample changes gradually from amorphous state 
to crystalline state at the end of the run. These curves 
also show that the rapid decrease of the electric 
resistance with time during stage B-C may be due to 
the nucleation and growth of small crystallites. The 
slow decrease in the value of the resistance with time 
during stage C-D may be due to the slowing down in 
the growth process. The rate of decreasing of the 
electrical resistance has been calculated. The results 
show that this rate in stage B-C is greater by two 
orders of magnitude than in stage C-D. 

The previous qualitative study of crystal growth 
was followed by X-ray diffraction analysis. Fig. 3 
shows X-ray diffraction patterns at the points A, B, C 
and D on each curve of Fig. 1. X-ray records corre- 
sponding to point A have no peaks, therefore the 
samples at this point are mostly amorphous. The rest 
of the X-ray traces show that crystallization increases 
as the process proceeds to points B, C and D. These 
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Figure 1 (a) Relation between electrical resistance (log R) and time (t) for x = (o)  5, (®) 10 and (o) 15 at 80 ° C. (b) Relation between tem- 
perature and time of annealing for x = (O) 5, (®) 10 and (o)  15. 

results show that the growth of peak intensities in 
stage B-C is greater than their growth in stage C-D. 
This means that the radial growth of the spherulite 
crystalline domains in stage B-C is greater than in 
stage C-D. 

The absence of peaks from the X-ray records in 
stage A-B may be due to the formation of critical 
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Figure 2 D T A  thermograms for x = 5, 10, and 15 at the same 
heating rate. 

nuclei consisting of a number of molecules proceeding 
via a chain reaction, each step of which is determined 
by the incorporation of an ambient phase molecule 
into the growing subcritical complex of the new phase. 

The crystallization kinetics are usually described in 
terms of the Kolomogorov-Avrami equation [8-13] 

~(t) = I - e x p ( - k f )  (l) 

where e is the transformed fraction from the old phase 
to the new phase. The kinetic parameters n and k have 
been calculated using relations derived [14] from 
Equation 1, and are given in Table I. These data show 
that increasing the antimony content leads to a 
decrease of the fractional values of the reaction order, 
n. This may be due to a deviation towards unidimen- 
sional growth as the antimony atoms increase in the 
selenium chains. 

It has been reported that the crystal of selenium 
grows as spherulite crystalline domains [3, 15]. This 
picture could be applied to the alloy system 
Se~00_x-Sb x. The radius R of the spherulite crystalline 
domains as a function of time at different tem- 
peratures is given by the relation [16] 

R 2 = 2 k ( t -  t . )  (2) 

where t. is the nucleation time. The linear relation 
between R and t 1/2 (Fig. 4) proves that the spherulite 
crystalline domains grow and propagate with time and 
temperature as determined from the X-ray traces. 

The radial growth rate of such spherulites was 
governed by the work needed (AF) to overcome the 
surface energy of the two-dimensional nucleus which 
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Figure 3 X-ray  diffract ion records at  dif- 

ferent annea l ing  t imes and  different  tem- 

pera tu res  for x = 5: (a) a t  po in t  A in 

Fig. I; (b) a t  po in t  B; (c) a t  po in t  C; (d) 

between poin ts  C and  D; (e) a t  po in t  D. 

was formed on the surface of the crystal, and the 
energy needed for the transport of molecules to the 
crystal-amorphous interface from the amorphous 
phase (Ec). Therefore the radial growth rate k of the 
spherulite could be described by the equation [16] 

k = k 0 e x p (  AF E c )  
R r  (3) 

where k0 is the pre-exponent including the diffusion 
coefficient of the new phase at the expense of the old 
phase, R is the universal gas constant, and T is the 
crystallization temperature (K). 

The radial growth rate k of the spherulite may be 

governed only by the value of Ec/RT because the 
amorphous medium crystallizes at temperatures well 
below the melting point (226 ° C). This reduces the last 
equation to 

k = k 0 exp ( -E~/RT)  (4) 

The plot of Ink against (I/T) yields the apparent 
activation energy of crystallization (Eo) of the order 
of 39.78, 45.76 and 52.70kcalmol ~ (166.55, 191.21 
and 220.64kJmol -~) for the samples of x = 5, 10 
and 15, respectively (E~ for pure selenium [15] is 
24.9 kcal tool- ~). 

The increase of the apparent activation energy of 

T A B L E  I Orde r  of  reac t ion  (n), ra te  of  c rys ta l l iza t ion  (E), diffusion coefficient (D) and  electric res is tance (R) 

x T (° C) n ~ (cm sec -  l ) D (cm 2 sec-  ~ ) R (~)  

In i t ia l  F ina l  

O* 85 1.45 13.54 × 10 -5 
100 1.25 71.67 × 10 -5 

120 1.20 200.0 × 10 _5 

5 80 1.26 1.90 x 10 -5 
90 1.20 14.00 × 10 _5 

I00 1.15 70.00 × 10 -5 
120 1.05 200.00 × 10 -5 

10 80 1.05 1.00 × 10 _4 
90 0.80 9.00 x 10 -3 

100 0.62 24.00 x 10 -3 

110 0.57 34.00 × 10 -3 

15 80 0.80 2.35 × 10 -3 
90 0.68 11.75 X 10 -3 

100 0.60 30.00 X 10 -3 
110 0.50 56.00 × 10 _3 

6.09 x 10 4 1.0 × 1013 5.2 × 106 

32.25 × 10 -4 5.0 × 106 

90.00 x 10 -4 4.8 × 106 

8.55 x 10 - s  1 x 108 3.16 x 105 
6.30 x 10 -4 1.90 x 105 

31.50 x 10 -4 1.50 x 105 
90.00 x 10 -4 0.70 × 105 

4.50 X 10 -4 3.98 × 106 5.01 × 104 

4.05 x 10 -2 3.31 × 104 

10.80 x 10 -2 1.50 × 104 
15.30 × 10 -2 0.66 × 104 

1.06 × 10 2 1 x 105 1.00 × 104 
5.29 × 10 -2 8.70 x 103 

13.50 x 10 z 6.61 × 103 
25.20 x 10 -2 3.16 x 103 

See [17, 18] 
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Figure 4 Relation between the 
radius of spherulite crystalline 
domains (/~) and time (t 1/2) for 
x = (a) o [151, (b) 5, (c) 10, (d) 
15. 

crystallization (Ec) as the antimony content increases 
may be attributed to the attachment of  the antimony 
atoms on to selenium chains. This attachment leads to 
an increase of the average length of a selenium chain. 
Consequently, the mobility of  the molecular species 
decreases, and much energy is required to complete 
the d isorder-order  transformation as the antimony 
content increases. 

The growth of  the crystalline phase in the old 
amorphous phase is a diffusion process. The diffusion 
coefficient (D) of such a process is given by the relation 
[16] 

D = 4 .5K 

The data of Table I show that an increase of antimony 
atoms leads to an increase of the diffusion coefficient. 
This may be due to the fact that the diffusion process 
occurs in a medium free from cilia as the chain length 
increases. 

The effect of the time associated with nucleation (&) 
in stage A-B of Fig. la on the radius of the nucleus is 
not small. Thus the linear relation [16] between lntn 
and the reciprocal of the nucleation tempera- 
ture yields the apparent activation energy of  nuclea- 
tion process of  the order of 17.89, 19.88, and 
24.25 Kcalmol  -l (74.90, 83.23 and 101.53 kJmo1-1) 
for the samples o f x  = 5, 10, and 15, respectively (for 
pure selenium [17] it is 12.92 kcal tool- l) .  These values 
increase as the antimony content increases. This may 
be due to the non-steady state nature of  the nucleation 
process which requires much energy and time to join 
the antimony atoms on to the selenium chain. 

The values of  the electric resistance at initial and 
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Figure 5 Relation between log R and 1/T for x = (a) 5, (b) 10 and 
(c) 15 in (o) amorphous and (®) crystalline states. 
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Figure 6 The composition dependence of  (a) the resistance and (b) 
the activation energy of  conduction in (o) amorphous and (®) 
crystalline states. 

final states for the different compositions at all anneal- 
ing temperatures, in addition to that of pure selenium 
[18], are given in Table I. Fig. 5 illustrates the relation 
between log R and the reciprocal of temperature 
(l/T), for each sample in the amorphous and crystal- 
line states derived from Fig. 1 a. The results show that 
all samples behave as semiconducting material in both 

amorphous and crystalline states, fitting well the rela- 
tion R -- R0 exp ( -Ev/kT) .  Also, the obtained acti- 
vation energy of conduction (Ev) in the amorphous 
state is greater than its corresponding value in the 
crystalline state, for a given material. In addition to 
this, the obtained results show that increasing the 
antimony ratio in the binary system Se-Sb leads to a 
decrease in the electrical resistance as well as the acti- 
vation energy of conduction in both amorphous 
and crystalline states (Fig. 6). This may be due to 
the increase in the selenium chain lerigth, which 
enhances the conduction process without a metallic 
transformation. 
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