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Abstract 

The electrical resistivity, p, and Seebeek coefficient, S, of the system Sb2Se3 were measured 
in the ambient temperature range 323 < T < 573 K. Both parameters were found to be affected 
considerably by the temperature of annealing, T,, in the range 493 < Ta < 653 K and by the time 
of annealing, ta, for periods extending to 16 h. Additionally, both depended strongly on the am- 
bient temperature. 

The activation energy of ordering of the present system could be calculated by using the ef- 
fects of isothermal annealing on the considered physical parameters. 
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Introduction 

In recent years, considerable attention has been focusedon glasses of Sb and 
Se because of their switching characteristics [1, 2]. As concerns optical and 
transport studies of these glasses, Wood et al. [2] pointed out that addition of 
Sb to amorphous Se reduces the $8 ring concentration and leads to the formation 
of branched Se chains. They also have found a peak at Sb2Se3 in the optical and 
thermal activation energy versus composition curves. Their results suggested 
that an ordering into molecular units corresponding to crystalline Sb2Se3 is pres- 
ent in the amorphous phase. The photoemission study by Hurych et al. [3] sug- 
gested that amorphous Sb2Se3 is a random aggregate of Sb4Se6 molecules. 

Investigations [4] of the static current-voltage characteristics of Sb2Se3- 
Bi2Se3 alloys, which form a continuous series of solid solutions [5, 6], revealed 
several features indicative of switching from a high-resistivity to a low-resistiv- 
ity state. The investigations were carried out on polycrystalline and single-crys- 
tal samples. The results confirmed that the current-voltage characteristics of 
Sb2Se3 and of alloys containing more than 50 wt% Sb2Se3 are linear up to 
20-40 V (depending on the composition). At higher voltages, the dependence 
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of the characteristics becomes sublinear. At 80-100 V, the current rises sud- 
denly and the voltage falls to some minimum value, at which the characteristic 
exhibits a vertical section. At the same time, the temperature of the sample rises 
considerably. 

Tatarinova [7] analysed the amorphous phase of Sb2Se3 by the electron dif- 
fraction method. The results indicated that the interatomic distance for amor- 
phous Sb2Se3 is much less than that for the crystal, and the coordination number 
increases considerably in the amorphous phase. 

The present work investigates the effects of the temperature and time of an- 
nealing on the electrical resistivity and Seebeck coefficient of Sb2Se3 in an at- 
tempt to identify the conduction mechanism. Isothermal annealing methods are 
also considered, to calculate the activation energy of ordering. 

Experimental technique 

The preparation of the required specimens, the techniques and the measure- 
ment procedures were basically as described elsewhere [8, 9]. Very briefly, ap- 
propriate amounts of Sb and Se (99.999% purity) were charged in a quartz 
ampoule, sealed off at 10 -5 Torr and melted at about 1073 K for about 24 h. The 
ampoules were occasionally agitated by rocking to ensure homogeneity of the 
melt. The melt was then quenched in ice-water. The X-ray diffraction (XRD) 
patterns obtained (using a Philips PW 1710 X-ray diffractometer) proved that 
this method results in the preparation of polycrystalline specimens. 

The electrical resistivity measurements were carried out by applying a 
known potential difference across a disk-shaped sample 1 cm in diameter and 
0.4 cm thick and measuring the series current passing through it. The series 
current was measured by using a Gould advance Beta digital multimeter (sensi- 
tivity 1 ~tA) and the potential difference across the specimen was measured by 
means of a Keithley 191 digital multimeter (sensitivity 1 ~tV) 

Seebeck coefficient measurements were made in the conventional manner by 
keeping the temperature difference, AT, between the opposite surfaces of the 
specimen at about 5 deg. The junctions of two copper-constantan thermocou- 
pies conducted well at both surfaces of the specimen. The temperature differ- 
ence was determined by measuring separately the thermovoltages of both 
thermocouples by means of a Keithley 191 digital multimeter. The generated 
thermoelectric power, TEP, was measured over the copper wires by means of a 
Keithley 614 digital electrometer (sensitivity 10 ~V) and was corrected for the 
absolute thermovoltage of the copper [101. 

In the present study, the specimens were annealed at different annealing tem- 
peratures in the range 493 < To < 653 K for periods extending to 16 h. The 
electrical resistivity and Seebeck coefficient were measured at various tempera- 
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tures in the range 323 < T < 573 K, the starting temperature being that of the 
room. 

Results and discussion 

X-ray diffraction examinations 

Figure 1 shows the X-ray diffraction patterns of as-prepared and of annealed 
(at Ta = 613 K for t, = 16 h) specimens of Sb2Se3 alloy. Tables la and b list 
the corresponding X-ray parameters for the as-prepared and the annealed sam- 
pies, respectively. 

a: Virgin ~ ~ a r r 

o : Sb2Se 3 

I'M 
N b 

70 60 50 40 30 20 10 

2 0  

Fig. 1 X-ray diffractograms for specimens as-prepared or annealed at 613 K for 16 h 

Table l a  X-ray parameters of as-prepared SbzSe3 ahoy 

d-spacing / A 3.57 3.17 2.26 

lllo 95.2 100 35.2 

h k l  3 1 0  2 1 1  5 1 0  

Table l b  X-ray parameters of annealed Sb2Se3 alloy (at T, = 613 K for t, = 16 h) 

d-spacing / A 5.74 5.39 4.19 3.29 2.64 2.36 1.90 1.86 1.75 

111o 96.2 81 100 54.4 48.1 27.9 32.9 22.8 21.5 

h k l  2 0 0  1 2 0  2 2 0  0 2 1  2 4 0  0 4 1  6 1 0  2 1 2  3 1 2  
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All the peaks that appeared in the diffractograms and are recorded in the two 
tables correspond to the same Sb2Se3 phase [11]. Therefore, it could be con- 
cluded that: 

1. the disappearance of the elemental phases of both Sb and Se ensures that 
the method used leads to good alloying; 

2. the disappearance of the present peaks for the as-prepared sample and the 
appearance of new peaks on annealing indicates that the process of annealing 
can result in more ordering, which is associated with different orientations of 
the already existing Sb2Se3 crystallites. 

Effect of annealing temperature 

The Sb2Se3 specimens were annealed at different annealing temperatures in 
the range 493 _< To _< 653 K for periods extending to 16 h. The electrical resis- 
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Fig. 2 Dependence of (a) electrical resistivity and (b) Seebeck coefficient on annealing tem- 
perature; t, = 0.5 h 
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tivity and Seebeck coefficient were measured in the range 323 -< T_< 573 K af- 
ter the specimens had cooled to room temperature. 

A 

71 - Ta= 613 K ~/h 

/ 

I I I I I I I I ~. 
1.8 2.0 Z2 2.4 2.6 213 ~0 32 

-~-/xl03K -1 

Fig. 3 In p vs. 1/Tdependence for specimens as-prepared or annealed at 613 K for different 
periods of time 

Figures 2a and b show the variations with annealing temperature in p and S 
(measured at T = 323 and 473 K) for specimens annealed for 30 min. In the 
range 7;', _< 533 K, both p and S increased, maxima being attained at 533 K. 
Further increase of Ta was associated with a continuous decrease in both p and 
S. This behaviour might suggest that the conduction is mixed; i.e. a mechanism 
involving two charge carriers can be considered to explain the variations in p 
and S with T,. As both electrons and holes contribute to conduction, the activa- 
tion of holes is predominant, since the sign of S was positive over the whole 
range considered for T,. However, this is behaviour characteristic of most chal- 
cogenide [12]. The observed increases in p and S in the range T~ < 533 K can 
be explained on the basis that, when the concentration of holes is still fixed, the 
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concentration of electrons is expected to decrease. This is a consequence of two 
contributions: 

(i) the lower compensation of the holes, which results in an increase in the 
positive sign S; 

(ii) a reduction of the total charge concentration, which results in a resistiv- 
ity increase. 

In the range T,> 533 K, the concentration of the contributing electrons is ex- 
pected to increase at the expense of that of the holes. This can result in a greater 
compensation of the holes, which results in turn in a decrease in the positive S. 
On the other hand, considering that hopping and extended band conduction 
mechanisms contribute together, elevation of the temperature of annealing can 
result in a greater predominance of extended band type conduction. This can re- 
sult in an increase in the observed conductivity, i.e. a decrease in the resistivity, 
which is the case. 

The increases in both 1/p and S on increase of the ambient temperature from 
323 to 473 K at all considered annealing temperatures, as shown in 
Figs 2a and b may be due to the fact that the mobility is thermally activated and 
the principal charge carriers of the considered system become more mobile with 
increasing temperature. 

Effect o f  ambient temperature 

The temperature dependences of p and S were studied for samples annealed 
at 613 K for different periods of time extending to 16 h. The annealing tempera- 
ture of 613 K was chosen because it lies at the mid-value of both p and S, as 
shown in Fig. 2. This might indicate the temperature at which the effects of the 
decreases in the density of the band tail and the centre of the defects are equili- 
blated. 

As shown in Fig. 3, the plots of In p vs. 1/T are kinked linear, showing two 
regions corresponding to the high- and low-temperature ranges. Each verifies 
the Arrhenius relationship for the resistivity vs. temperature dependence [13]: 

p = po exp (Ep/kT) (1) 

where E~ is the activation energy for conductivity, k is Boltzmann's constant and 
po is a preexponential factor (or the temperature-independent resistivity), which 
is equal to 1/e~tNv [14], where ~t and Nv are the mobility and the effective den- 
sity of states in the valence band, respectively. 

Figure 4 shows plots of the Seebeck coefficient vs. 1/T for a specimen an- 
nealed at 613 K for periods extending to 16 h. This figure reveals that this sys- 
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tem exhibits a positive thermoelectric power, which is the behaviour of p-type 
semiconductors. Further, the S vs. l i T  plots possessed negative slopes, simi- 
larly as expected for degenerate semiconductors [12]. As shown in Fig. 4, each 
S vs. l i T  plot seems to consist of two linear segments satisfying the following 
relation: 

where E, is the activation energy of thermoelectric power and A' is a parameter 
relating to the carder scattering mechanisms and assumed to be unity for amor- 
phous semiconductors [15]. As an alternative option in standard thermopower 
theory [16], the parameter A' is assumed to be a measure of the kinetic energy 
transported by the carriers and is positive. Both E, and A' were calculated and 
are recorded in Table 2. 
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Fig. 4 S vs. l/Tdependence for specimens as-prepared or annealed at 613 K for different pe- 
riods of time 
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Table2 Variation in activation energies of conduction and thermoelectric power at low 
temperatures (F-~I and F4t) and high temperatures (Ep2 and E.2) and of parameters Po and 
A' with time of annealing; Ta = 613 K 

ta / h Epl / eV Er / eV 13o / f2.cm F~I / eV F~2 / eV h '  

Virgin 0.127 0.174 0.347 0.272 0.128 15.67 

0.5 0.108 0.168 0.499 0.205 0.113 10.17 

2 0.101 0.160 0.752 0.164 0.097 6.21 

4 0. 099 0.158 1.134 0.124 0~061 4.71 

8 0.049 0.134 5.930 0.101 0.051 3.54 

16 0.047 0.055 102.524 0.073 0.034 2.66 

The data in Figs 3 and 4 and Table 2 permit certain conclusions: 

1. The electrical resistivity increases with the time of annealing. This may 
be attributed to a decrease in the effective density of states in the valence band, 
Nv. However, it is acceptable since po increases with prolongation of ta, as 
shown in Table 2 on considering the constancy of the charge carrier mobility. 

2. In both ranges of ambient temperatures and for all conditions considered 
for annealing, the activation energies calculated from electrical and TEP mea- 
surements are not equal. However, the results indicate that E.~ > Eo~, while 
E.2 < Eo2. According to [17-19] for germanium chalcogenide systems, three 
different models have been proposed to explain the inconsistency in the values 
of Eo and E.. These are: 

(i) two-carrier conduction, 
(ii) one-carrier conduction with thermally activated mobility, and 
(iii) a two-channel conduction model where the conduction occurs through 

both the extended states and hopping through the tail of localized states. 

For the present system, the variations in both p and S with the ambient tem- 
perature indicate that the first model can explain the obtained results, especially 
in the relatively low range of T. As concerns the two-carrier conduction mecha- 
nism, the positivity of S proves that holes predominantly contribute to the ob- 
served increase in S and the decrease in p with increase of the ambient 
temperature. On the other hand, the hole concentration is more thermally acti- 
vated and matches the activation of mobility in the relatively low range'of T. 
This can explain why E,I > Eo~. In the successive high range of T, the contri- 
bution of electrons to the conduction becomes appreciable. Thus, a greater 
compensation of the positive holes can be observed. This will result in a rela- 
tively slow change in S, which is characterized by relatively small values for E,2 
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with respect to E.1. This appreciable contribution of electrons contributes to an 
appreciable increase is the conductivity, which can be revealed through the fact 
that E~,, < Eo2 and thus E,2 < E.1. However, as discussed earlier, when it is 
considered that both hopping and extended state conduction mechanisms con- 
tribute, the latter becomes more predominant as T exceeds a certain value char- 
acterizing the transition between the two observed ranges of dependence of both 
S and p on T. 

3. The values of Eo and E. both decreased on increase of the time of anneal- 
ing. This may be due to the decrease in disordering of the considered alloy on 
heat treatment, which could be proved by X-ray analysis. 

4. The values of po increased on increase of the time of annealing. This may 
reflect the possibility of decreases in the effective density of the states and/or 
inhibition of the mobility with the annealing time. 

5. The parameter A' decreased on increase of the time of annealing. This 
may be associated with a corresponding decrease in the charge carrier concen- 
tration as a result of the decrease in the effective density of the states with the 
time of annealing. As for Po, the inhibition of mobility due to scattering can play 
a significant role. 
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Fig. 5 R vs. t. dcl~ndcncc for specimens annealed at different temperatures 
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Activation energy of ordering 

According to [20], the local method for calculating the activation energy of 
ordering is used and so the following equation should be considered: 

In -~, mx=- E~ + const. (3) 

where [ dR/d& I max is the maximum of the absolute value of the first time deriva- 
tive of the reduced electrical resistivity R (defined as the actual electrical resis- 
tivity divided by its room temperature value). 
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Fig. 6 In I aR/at, I ~ vs. l / T ,  dependence for specimens annealed at different temperatures 

Figure 5 shows the dependence of the reduced electrical resistivity on the 
time of annealing for different specimens annealed at different temperatures in 
the range 493 _< T, _< 653 K. However, because of the high sensitivity of R to 
the annealing temperature, two different scales were used on the ordinate of 
Fig. 5 for graphical presentation of the change in R with the time of annealing. 
Thus, values of I dR/dt,  I , ,x can be obtained. Hence, as shown in Fig. 6, the de- 
pendence of In I  /dt, I ~ on the reciprocal of the temperature of annealing in 
Kelvin is drawn. Plots of this type are linear, with a slope coefficient equal to 
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- Eoo/k (Eq. (3)) and correlation coefficient equal to 0.9873. The value of the 
activation energy of ordering, E~, of the present system was calculated by using 
least square fitting. It was equal to 0.42 eV. 

On the same basis [20] of deriving Eq. (3), the following equation could be 
derived for the dependence of I dS'/dt.I on the temperature of annealing: 

In -~, , ~  = - ~ + const. 

where [dS'/dt,[ is the maximum absolute of the first time derivative of the 
reduced thermoelectric power, S' (defined as the actual thermoelectric power di- 
vided by its room temperature value). Figure 7 shows the dependence of S' on 
the time of annealing for specimens annealed at different annealing tempera- 
tures in the range 493 _< T, _< 653 K. 

A 

0.51 - 

ot 
0 

�9 ~ ~  653 
I i I I I I I .... I p .  
2 4 6 8 10 12 14 16 

t~,/h 

Fig. 7 S '  vs. t, dependence for specimens annealed at different temperatures 

From this figure, the values of I dS'/dta [ can be deduced at all considered 
m a x  

annealing temperatures. In the second step, obtamed values of In I dS'/dtal 
n~ax 

are plotted vs. the reciprocal of the temperature of annealing. As shown in 
Fig. 8, the plots are linear, with a correlation coefficient equal to 0.9848. The 
value of the activation energy of ordering, Eo,, obtained from these results by 
using least square fitting was found to be equal to 0.27 eV. 

C o n c l u s i o n s  

Thermal annealing has significant effects on the microstructure and ordering 
of the present system, as proved by X-ray diffraction examination. 
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Fig. 8 In dS' /dt ,  mix VS. 1/T,  dependence for specimens annealed at different temperatures 

The change in the microstructure of the present system on thermal annealing 
is responsible for the observed variations in both electrical resistivity and See- 
beck coefficient, which can reflect the variations in the parameters Ep. po, E8 and 
A' with variation of the conditions of annealing. 

Isothermal annealing studies on both p and S gave a possibility to calculate 
the activation energy of ordering, equal to 0.42 and 0.27 eV, respectively. 
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Zusammenfassung ~ In einem Umgebungstemperaturbereich yon 323 bis 573 K wurden der 
elektrische Widerstand p und der Seebock'sche Koeffizient S des Systemes Sb2Se3 untersucht. 
Ffir beide Gr6Ben wurde eine starke Abhangigkeit yon der Tempertemperatur T, im Bereich 
493<7",< 653~ und yon der Temperdauer to bis zu 16 Stundcn beobachtet. Zus/itzlich sind beide 
auch stark abhangig vonder Umgebungstemperatur. 
Unter Ausnutzung der Auswirkung des isothermen Temperns auf die fraglichen physikalischen 
Gr6Ben konnte die Aktivierungsenergie der Konditionierung berechnet werden. 
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