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Influence of temperature and interelectrode 
distance on the negative differential resistance 
in metal-chalcogenide glassy semiconductors 
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An investigation has been carried out, to elucidate some aspects of the current-controlled 
negative differential resistance (CCNDR) effect in bulk metal-chalcogenide glassy 
semiconductors. Because this phenomenon has been shown to be mainly of a thermal 
nature, a model, from the thermodynamic point of view, was developed, including some 
aspects related to the thermistors theory. The main conclusion from this model is the 
appearance of a current filament, which showed up when the material switched from the 
high electrical resistance to the low electrical resistance state, forming a crystalline filament 
between both electrodes. The variation of the CCNDR parameters with temperature and 
interelectrodic distance was studied, using both coplanar point electrodes and coplanar disc 
electrodes. The experimental results show a good agreement with the expected behaviour 
from the proposed thermal model (especially when natural convection was considered as 
the heat-exchanging process between the material and the ambient surrounding). In 
addition an algorithm was found to simulate the phenomenon computationally, using the 
experimentally determined physical parameters for the samples under study. 

1. Introduction 
There have been many studies on the electrical switch- 
ing characteristics of chalcogenide glasses, since that 
reported by Ovshinsky [1], but the fields of technolo- 
gical applications of these materials, many of which 
have been developed through recent years, are not 
actually restricted to the switching effect, thus 
broadening the scope of study. Certainly, chalco- 
genide glassy semiconductors have proved to be of 
interest for optical [2, 3], electrochemical [4] and, 
of course, electrical applications [5]. Generally, chal- 
cogenide glasses are characterized by high values of 
electrical resistivity, yielding serious limitations on 
applications as well as measurements. The addition of 
d-elements into these amorphous materials leads to 
very significant changes in their electrical conductiv- 
ities [6]. In fact, copper has been used as a chemical 
modifier [7], showing a marked influence on the elec- 
trical conductivity. 

One useful property widely shown by chalcogenide 
glassy semiconductors is the phenomenon called the 
current-controlled negative differential resistance 
(CCNDR) effect, typical of a thermistor or thermally 
sensitive resistor [8]. The CCNDR effect in 
chalcogenide semiconductors can be considered from 
different points of view, including both thermal and 
electronic effects [9, 10]. In the present work, an at- 
tempt has been made to confirm the fundamentally 
thermal nature of this effect, considering the influence 
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on the CCNDR phenomenon of both ambient tem- 
perature [11] and interelectrode distance [12], by 
studying the electrical behaviour of the glassy alloy 
Cuo.ohAso.s0Teo.45. 

2. Experimental procedure 
The bulk glassy semiconductor investigated, was ob- 
tained by the conventional melt-quench method [13], 
from elements of 99.999% purity, which were intro- 
duced into a quartz tube. This tube was subjected to 
several helium-filling and evacuation to ~ 10-3 torr 
(1 tort -- 133.322 Pa) operations, until it was definit- 
ively sealed at this final pressure. The ampoule thus 
obtained, was then introduced into a rotary furnace, 
heated to approximately 950 ~ and kept at this tem- 
perature for 4 h. Finally, the ampoule was quenched in 
water. The non-crystalline nature of the ingot 
obtained was confirmed by X-ray diffraction (XRD) 
and differential scanning calorimetric (DSC) analysis. 

The fragments of the ingot, taken from the ampoule, 
were embedded in an epoxy-type resin and polished 
with0.3 and 0.05 gm alumina powder, until mirror- 
like surfaces were obtained. In those experiments 
carried out at different ambient temperatures, with 
a fixed interelectrode distance of 2.3 ram, a coplanar 
point electrode configuration was used [14]. 
Temperature was regulated and controlled by a 
PID-type temperature controller (Omron E5K), 
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Figure 1 Typical current density-electric field characteristics 
showing the (--) CCNDR and ( - - - )  VCNDR phenomena. 

which allows an accuracy better than _+ 0.3 ~ On the 
other harid, for those experiments involving different 
interelectrode distances, two copper discs adhered to 
the same surface of the sample by means of silver 
paste, were used as the electrode system. Finally, in 
both cases, the circuit used to find the steady-state 
current-voltage characteristics included a current 
source (Haake-Biichler model CVP2000). 

3. A thermodynamical approach 
The CCNDR effect is a phenomenon exhibited by 
those materials which have a negative coefficient of 
electrical resistance on temperature, i.e. the resistance 
decreases as temperature increases. In this case, when 
the current flowing through the glassy semiconductor 
is increased in sequence, allowing the sample to reach 
the thermal equilibrium at every step, the internal 
temperature of the sample also increases for each 
stage, decreasing the semiconductor electrical resist- 
ance as well. The voltage drop measured at this steady 
state, will be lower than that predicted by Ohm's law, 
and the differential resistance (dV/dI) ,  will also be 
lowered step by step, if the current is increased. 
Finally, a maximum voltage is obtained (the so-called 
turnover voltage), when the differential resistance 
equals zero. Beyond this point, when increasing cur- 
rent values, the steady-state voltage falls to lower 
values, reaching the differential resistance a negative 
value. Typical steady-state current voltage character- 
istics are shown in Fig. 1. Note the different behaviour 
of the CCNDR materials and voltage controlled 
negative differential resistance (VCNDR) materials. 

A basic treatment of CCNDR has been provided 
through the framework of irreversible thermo- 
dynamics by Ridley [9], where, rather more than 
a discussion of the physical causes which originate this 
effect, the consequences of the appearance of this phe- 
nomenon, are considered. It should be emphasized 
that, as the CCNDR region is an electrically unstable 
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zone, it can only be reached if the current is kept 
constant by means of the external circuit. When the 
CCNDR region is obtained in the steady state, the 
material, which was initially homogeneous from the 
electrical point of view, must split into two different 
regions, one of them being a high current filament 
running along the electrical field direction. If the cur- 
rent is not limited by the external circuit, the electrical 
switching of the chalcogenide glassy semiconductor 
occurred, in a thermal avalanche-type process 
[15, 16]. This is the reason why, in this work, a current 
source was used to obtain the experimental results, 
allowing the samples to achieve thermal equilibrium 
before readings were taken. 

3.1. Basic thermodynamic equations 
The CCNDR phenomenon has been analysed from 
the point of view of irreversible thermodynamics, ap- 
plied to continuous systems 1-17]. Let us consider an 
electrically isotropic slab of material, of unit cross- 
sectional area and of unit length, in which potential 
and temperature gradients exist. Considering a con- 
stant volume system, the second law of thermo- 
dynamics (Gibbs equation) becomes 

(dS)  dU ( ~ t  k) T ~ - ~ -  Zgk (1) 

where S is the entropy, U the total internal energy, 
gk the chemical potential for the kth component of the 
material (Gibbs specific function), and Ok, its density, 
i.e. Pk = M g / V  (mass of the kth component per unit 
volumc). When an electric field, E, is established, the 
internal energy, U, referred to unit volume, is trans- 
formed into U*, and gk into g~ 

U* = U + 2ekpkO~ (2) 

~X~ = gk + eke  (3) 

where ek is the specific electrical charge of the kth 
component, and ~ is the internal electrical potential. 

The second basic equation is the energy balance 
expression 

dU* dq5 
dt - divJu + Zekpk ~ (4) 

where Ju is the total energy flow, i.e. the sum of the 
heat flow, Jq, and the electrical energy flow 

J~ = Jq + Zek@Jk (5) 

Jk being the flow of mass of the kth component. 
The third equation is the mass conservation law, 

applied to each component, which can be written in 
the following way 

dpk ~Pk 
dt - divJk + 8~- (6) 

Finally, the last equation is the net charge neutrality 
condition 

0pk 
Y. ek ~ = 0 (7) 



Substituting Equations 2-7 into Gibb's equation, 
the change in the entropy with time can be obtained as 
follows 

dS ( J q - ~ g ~ J k )  
d-t = - div 

8) 
+ T 

where E ( =  -gradq~),  is the electric field, 
3 (  = EekJ~), is the current flow, Xk ( = - grad 0h), is 
the diffusion "force" and, finally, Xq ( = T grad (l/T)) is 
the thermal "force". This expression can be rewritten as 

dS 
- divJ~ + g (9) 

dt 

which has the form of a balance equation. So, the 
entropy change is due to the divergence of an entropy 
flow and the entropy production (per unit volume and 
unit time), the latter being the sum of the products of 
the different energy flows and their corresponding 
"forces". Therefore, this entropy production rate is the 
result of the action of irreversible processes, such as 
the thermal and electrical conduction and the mass 
diffusion. 
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Figure 2 J-E characteristics for a CCNDR device, showing both 
the negative differential resistance and the second positive 
differential resistance regions. A schematic plot of the current 
filamentation is shown in the inset. 

It is possible to express both the current density and 
the electrical field, in the filament and in the rest of the 
material, in terms of the initial values Jo, Eo 

3.2. Condi t ions in the CCNDR region: 
the crystal l ine conduct ive f i lament  

Here, the conditions for the material when a CCNDR 
region is reached, at the steady state [18] are studied. 
Considering Equation 9, this steady state can be de- 
fined as that at which all the mass and electrical 
charge flows, both perpendicular to the current direc- 
tion, disappear. The entropy production will balance 
to the divergence of entropy flow, and so, dS/d t  equals 
zero [9]. 

First, let us consider that the material is originally 
homogeneous from the standpoint of the electrical 
properties so that, as is shown in Fig. 2, for a certain 
electrical field, Eo, a current density, Jo, can be reached 
inside the CCNDR region. Secondly, it has been 
shown [9] that when the J - E  characteristics of this 
material show a CCNDR region, it must split into two 
different zones: a narrow current filament, whose area 
is a fraction, b, of the whole material cross-sectional 
area between both electrodes, and the rest of the 
material, because this situation favours the existence 
of a CCNDR region. When this situation is estab- 
lished, according to Ridley [9], the entropy produc- 
tion rate is 

g = s t ( l  --  b) + ~2 b (10) 

where subscripts 1 and 2 refer to the external and 
internal area of the filament, respectively. At steady- 
state conditions, the production of entropy is due 
mainly to the electrical energy: 

glT = E1J1 (11) 

g2T =- E2J2 (t2) 

J1 = Jo + AJa (13) 

J2 --- Jo + A J2 (14) 

dE 
E1 = Eo + A J1 dJ  (15) 

dE 
E2 = Eo + A J2 d-J (16) 

if the electric field increases linearly with current den- 
sity. Assuming E0 and Jo are kept as average values, 
even after the current filamentation 

Jl(1 - b) + J2b = Jo (17) 

and also 

A J1(1 - b) + AJ2b = 0 (18) 

Substituting Equations 11-18 into Equation 10, 
one can determine that the entropy production rate is 
given by 

Tg = ( ~ - 1 )  J~dE-dJ (19) 

Considering that d E / d J  is the differential resistance, 
when this magnitude is negative, the entropy produc- 
tion rate will also be negative. So, the current filament 
formation at the CCNDR zone means a reduction of 
entropy production, i.e. it is a favourable condition 
from the view point of thermodynamics. On the other 
hand, from Equation 19, we can find that the entropy 
production rate is minimum whenever the heating by 
Joule effect, represented in Equation 19 by the term 
JZdE/dJ ,  is minimum too. 
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Figure 3 Scanning electron-micrographs showing (a) two memory 
filaments obtained in CCNDR experiments, {b) and (c) more de- 
tailed views of the zones marked in (a), showing the dendrite+like 
growth, characteristic of crystalline materials. 

For each initial current density, Jo, many possible 
steady states can exist, all of them characterized by 
a filament of area b and an electric field E. The most 
favourable steady state will be that at which the elec- 
tric field is a minimum, so that, if Jlo and J2o are the 
values for the current density for minimum electrical 
field, Emin (see Fig. 2), for any other current level, such 
as Jo, for example, the filament area is given by the 
expression 

Jo - J10 
b - (20) 

"/20 - -  Jo 

So, when the current is increased through the 
CCNDR region, the current filament area increases 
linearly, but when the differential resistance reaches its 
positive region, the filament is extended to the whole 
material area (so, b = 1). 

For those materials showing the CCNDR phenom- 
enon, the electrical stability inside this zone can only 
be reached in two ways: using a constant current 
source, or, with a constant voltage source, if the load 
resistor in the circuit, is greater than the material 
electrical resistance at the point 6f the CCNDR region 
considered, as shown in Fig. 2. 

In chalcogenide glassy semiconductors, the 
CCNDR region has a well-established limit, as was 
shown elsewhere [11], and unfortunately, the second 
positive differential resistance cannot usually be 
reached. When a certain transitional current is 
reached, a sudden change in the electrical conductivity 
of the material occurred: the glassy semiconductor 
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switches to a permanent low electrical resistance (or 
memory) state, appearing a crystalline conductive fila- 
ment between the electrodes [11, 15]. This behaviour 
is typical of a negative differential resistance device 
with memory [19]. Fig. 3 shows some scanning elec- 
tron micrographs of a conductive filament that ap- 
peared on a Cuo.0sAs0.5oTeo.4s sample, after the 
switching process had occurred in a CCNDR experi- 
ment, carried out with a double point contact elec- 
trode arrangement. The occurrence of this filament is 
additional evidence of current (and so, thermal) 
filamentation in the material, when the CCNDR effect 
appears. Several regions can be observed in these 
micrographs: first, the amorphous matrix, i.e. the zone 
of the material unchanged during electrical stimula- 
tion; secondly, between both electrodes, there is a re- 
gion which melted during the electrical stimulation, 
and reamorphized after this stimulation was sup- 
pressed; finally, inside this melt-quenched zone, a nar- 
row filament can be seen, showing dendriteqike 
growth, characteristic of crystalline materials. The cry- 
stalline nature of these filaments has been checked by 
X-ray diffraction, as reported in detail elsewhere for 
different chatcogenide glassy alloys [ 15]. Additionally, 
these scanning electron micrographs clearly show the 
influence between consecutively formed crystalline 
filaments [20]. 

4. A thermistor approach 
4.1. Dependence of the turnover voltage 

on temperature 
Thermistors are semiconductor devices, whose electri- 
cal resistance changes drastically with temperature 
[21]. It is worth mentioning that thermistors are used 
as temperature sensors, for thermal conductivity and 
radiation measurements, and also for control pur- 
poses [22]. Their current-voltage characteristics are 
those of the devices showing the CCNDR phenom- 
enon: for a certain value Ira, it reaches a maximum 
voltage, Vm, which cannot be transcended, although 
the current is increased. Beyond this critical point, 
a negative differential resistance region appears. 
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Figure 4 Steady-state current-voltage characteristics for glassy 
alloy Cuo.osAso.5oTeo.45, for different temperatures, with the 
CCNDR effect. ([Z]) 24 ~ (C)) 28 ~ (G) 34 ~ (~) 40 ~ (V) 46 ~ 
(I) 52 ~ 

To obtain theoretically the current-voltage charac- 
teristics, consider the equations for electrical resist- 
ance as a function of temperature 

and 

R(T)  = Roexp (21) 

V 
R(T)  = -- 

I 

= Ra exp [(1 -- ~a) ~ 1 (22) 

where Ro is the pre-exponential factor of electrical 
resistance, R~ is the resistance at ambient temperature, 
Ta, AE is the activation energy for the thermally- 
activated mechanism of conductivity and kB is the 
Boltzmann constant. 

Now, we can consider the thermal balance equation 
in a simple form, assuming the material is homogene- 
ous (this approximation is considered valid, because 
the glassy sample size was small). At the steady state, 
there are no internal thermal flows in the material, just 
the heat produced by the Joule effect, due to the 
current passing through the material, which is bal- 
anced with heat evacuation due to the temperature 
difference with the ambient 

v? 
VJ - - Kth(Ts - Ta) n (23) 

R(Ts) 

where Vs is the steady-state voltage drop, R(T~) is the 
electrical resistance at the equilibrium temperature, 
Ts, Kth is the thermal conductance, and n is a para- 
meter that can range from 1, in Newton's law for 
cooling, to 1.25, in the phenomenological law that 
considers that heat exchange with the ambient sur- 
rounding the sample, takes place by a natural convec- 
tion mechanism [23, 24]. 

Deriving Equations 22 and 23 with respect to I, 
and substituting values for the turnover point (where 
V = Vm, T = Tm and d V/dI = 0), we obtain 

Tr, - 2nkB 1+  1 -AE / J (24) 

where the plus sign correspond s to the point where the 
second positive differential resistance starts, and the 
minus sign signifies the point where the CCNDR 
region appears. An approximate expression for Tm can 
now be obtained by a McLaurin's expansion of the 
square root in Equation 24, up to the second term 
(the error will be, for this type of glassy material, less 
than 1%) 

n Ta2 kB 
T m = T~ + - -  (25) 

AE 

Making (Tm -- T,)/TmTa ~ (Tm -- Ta)/Td, from 
Equations 22-24, the approximate expression for the 
turnover voltage as a function of temperature, electri- 
cal properties of the glassy material, and the heat 
evacuation mechanism, is 

2,] eAEKthRoexp ~ (26) 

where e = exp (1). 
Fig. 4 shows the steady-state current-voltage char- 

acteristics for the glassy alloy Cuo.osAso.5oTeo.4s, be- 
tween 24 and 52 ~ Lines fitted to the experimental 
points, have been obtained by a computer simulation 
program, considering the thermal balance equation, 
for a non-equilibrium situation and assuming a homo- 
geneous heating of the sample. The expression is as 
follows 

dT 
C - I2R(T)  - Kth(T - T~) (27) 

dt 

where C is the specific heat per unit volume 
(C ~ 1 J g-  ~ K -  ~ for this type of amorphous mater- 
ial). As in the thermal model on which it is based, the 
computer simulation program carries out a positive 
feedback loop. The heat generated by the Joule effect 
makes the temperature rise, and so the electrical resist- 
ance of the sample decreases. This cycle is repeated 
until the steady state is reached, i.e. when the heat 
produced by the current and the evacuation due to the 
temperature difference with the ambient, are balanced 
(we have considered as valid a minimum temperature 
increase of 10 -~ to stop the iterative process). Calcu- 
lation of the steady-state parameters is repeated at 
every current value, by means of an algorithm de- 
duced from Equation 27 

Ti+t = Ti + [ /aRoexp (Ak@T~) - Kth(Ti - Ta)" 1 

fi+l -- ti 
x (28) 

Parameter n has been deduced by fitting the electrical 
power generated, at steady state, to the thermal 
balance Equation 24. Furthermore, the equilibrium 
temperature has been obtained from the electrical 
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TABLE I Turnover voltage and thermal conductance, obtained 
for the sample Cu0.osAso.soTeo.45, at different ambient temper- 
atures 

T (~ V,~ (V) Kth, (row K s/4) 

24 28.38 0.54 
26 27.17 0.54 
28 26.00 0.52 
31 24.63 0.46 
34 23~ 18 0_45 
37 21.65 0.43 
40 20.32 0.43 
43 19.09 0.46 
46 17.96 0.43 
49 17.32 0.45 
52 16.92 0.46 
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Figure 5 Electrical power generated in a CCNDR experiment ver- 
sus the difference between the sample and ambient temperatures, at 
an ambient temperature of 37 ~ 
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Figure 6 Turnover voltage versus the inverse of ambient temper- 
ature. 

26, for Newton's law of cooling, i.e. with n = 1 [113, 
better results are obtained when they are fitted to 
a dependence of the type in Equation 26, considering 
a natural convection process for the heat exchange 
between the sample and the ambient. Fig. 6 shows the 
experimental values for V~ as a function of the inverse 
of temperature, fitted to Equation 26 by means of 
a Marquardt-Levenberg type algorithm. In this fit- 
ting process, the value of AE obtained was 0.38 eV, 
while the value of R0 found was 0.0514 ~, both very 
close to those obtained in the In R Versus 1 / T  fitting 
(0.37 eV and 0.0497 fL respectively [11]). This fact 
certainly confirms the validity of the thermal model 
used to obtain Equation 26, and also the assumption 
of a natural convection process for the heat-exchange 
process. 

resistance value, by means of the expression 

T~ 
Ts = [-1 kB Ta 

L 
assuming a value for AE = 0.37 eV, obtained from the 
dependence of the electrical resistance on temperature 
[11]. 

For every temperature, the experimental values are 
better fitted to a dependence of natural convection 
type, i.e. with n = 1.25. Table I shows the values of 
/~tu obtained; the average value is 0.569 mW K -5/4, 
with a standard deviation of 0.40 mW K -  5/4 (approx- 
imately 8%). Fig. 5 shows the electrical power at 
steady state versus temperature difference, for an am- 
bient temperature of 37 ~ with the fitted curve fol- 
lowing Equation 23, and considering n = 1.25. 

The experimental results for the turnover voltage, 
obtained at different ambient temperatures, are also 
shown in Table I. Although these values are reason- 
ably well fitted to the relationship between the turn- 
over voltage and temperature, deduced from Equation 
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4.2. Dependence of the turnover voltage 
on electrode distance 

An expression for this dependence can be obtained 
considering the relationship of the electrical resistance 
with conductivity, and through this one, with the 
interelectrode distance 

- AE 
d { 1 / I ~ o  exp ( k - ~ ) l  } (30) R ( r )  = 

and comparing this expression with Equation 21, one 
obtains 

d 
Ro - - K ~ d  (31) 

Acy o 

where d is the interelectrode distance, A is the cross- 
sectional area of the sample, ~ is the electrical con- 
ductivity, and K,~ is a proportionality constant, equal 
to (A~0) -1. Finally, the expression for the turnover 
voltage obtained, considering the influence of both 
temperature and interelectrode distance,Js [12] 

V 2  m K t ~ K ~ k B T ~ " d  ( A E )  
= e A E  exp ~ (32) 



TABLE II Turnover voltage and electrical resistance obtained at 
different interelectrodic distances, for the metal-chalcogenide glassy 
alloy Cuo.osAso.5oTeo.r 

d (ram) 

0.85 
1.02 
1.30 
1.49 
1.85 
2.35 

~& ( v )  R (kfl) 25 

18.98 16.72 
22.24 20.68 
21.83 27.02 
23.25 30.21 v 
24.89 35.78 ~ 20 
30.01 41.32 

10.0 
[- . . . . .  7 15 -t 

i I I I J ~  8.0 0.8 1.0 1.2 1.4 116 
d 1/2 ( mm v2 ) 

Figure 9 Turnover voltage versus the square root of the interelec- 
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Figure 7 Steady-state current-voltage characteristics for the glassy 
alloy Cu0.osAso.soTe0.45, for different interelectrode distances and 
at a constant temperature of 30 ~ showing the CCNDR effect. ([3) 
0.85 mm, (O) 1.02 mm, (A) 1.30 ram, (�9 1.49 ram, (V) 1.85 ram, (m) 
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Figure 8 Electrical resistance versus interelectrode distance. 

Using the experimental equipment described in Sec- 
tion 2, the steady-state current-vol tage characteristics 
of the semiconductor glassy alloy Cuo.osAso.5oTeoi45, 
showing the C C N D R  phenomenon, were found for 
different interelectrode distances. Fig. 7 shows these 
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Figure 10 Steady-state current voltage characteristics at an ambi- 
ent temperature of 30 ~ showing the CCNDR region, transition to 
the memory state, and the values of steady-state temperature de- 
duced from Equation 29. 

results, which are similar to those found previously for 
the dependence of C C N D R  on temperature. Also, 
Fig. 8 shows the values of the electrical resistance 
versus d, in order to confirm the relationship shown by 
Equation 31. The regression analysis yields a correla- 
tion coefficient, r, of 0.996. On the other hand, Fig. 9 
shows the experimental values of Vm versus d 1;2, 
obtaining a good agreement with Equation 32 
(r = 0.997), thus confirming the correctness of the as- 
sumptions made to obtain these relationships. 

Finally, Fig. 10 shows the complete I - V  character- 
istics; the C C N D R  region and the transition to the 
memory (high electrical conductivity) state. So, the 
I - V  characteristics marked as "memory state" in this 
figure can be considered as those of the crystalline 
lock-on filament (of quasi-ohmic behaviour). Some 
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steady-state 1 - V  points have been labelled with 
the material temperature deduced from Equation 29. 
Note that the highest value of the material tem- 
perature is very close to that of the glass transition 
temperature for the composition under study (from 
differential scanning calorimetry measurements, with 
a heating rate of 5 Kmin -1, Tg ~ 130~ [13]). 

5. Conclusions 
The good agreement of the turnover voltage values, 
with both the temperature and interelectrode distance 
relationships found in the present work, is a valid 
confirmation of the thermal model used to explain the 
physical process that leads to the CCNDR phenom- 
enon in this type of bulk metal-chalcogenide glassy 
materials. The basis of this model is the balance be- 
tween the heat generated by the Joule effect caused by 
the electrical stimulation, and the heat exchange with 
the environment, when the steady state has been 
reached. It has also been shown that the natural con- 
vection process represents more precisely the heat 
exchange between the sample and the ambient which 
surrounds it. Finally, a computer program has been 
devised to simulate the behaviour of the sample, once 
physical parameters (the relationship between the 
electrical resistance, temperature and thermal conduc- 
tance) are known. 
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