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The usual determination of kinetic parameters of crystallization of amorphous prod-
ucts is based on isothermal measurements. In general the crystallization of amorphous
selenium thin films is studied by non-isothermal experiments (DTA). The adaptation
to non-isothermal crystallization of the Avrami transformation rate equation allows us
to determine different types of crystallization. These different regions enable one to
determine the variations of the growth rate and of the nucleation rate versus temper-
ature. The influence of the wavelength of illumination during the crystallization time
on these parameters is also investigated.

The last decades have seen a strong theoretical and experimental interest in the
non-isothermal analysis techniques for the study of phase transformations. These
non-isothermal techniques have several advantages: rapidity of experiment and
facilities to extend the temperature range beyond that accessible to isothermal ex-
periments. Also, many phase transformations depend on non-isothermal kinetics.

Thus it is not surprising for the study of systems in which the temperature of the
interface (amorphous-crystal for example) is well defined by the temperature of the
system (i.e. the difference of temperature between the interface and the system is
negligible), to see differential thermal analysis (DTA) and differential scanning
calorimetry (DSC) as techniques which are applicable, in particular to the study of
crystallization kinetics.

Isothermal crystallization

Avrami equation

The crystallized fraction x of the system at time ¢, is defined as follows:

V;f(:) —1 - exp (_Ve(t) J .

x(t) = 0}

0 1

The volume ¥, is the total volume of the sample and V,(¢) is the “extended crys-
tallized volume”, i.e. the volume which includes all the crystalline regions, assumed
to be independent without taking into account possible overlapping, V (¢) is the
real crystallized volume at time ¢. This notion of “extended crystallized volume”
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introduced by Avrami [I —3] allows one to take into account the situations where
nucleation and growth occur.

We can calculate V(¢) in the following way: if N is the nucleation rate per unit
volume, at time ¢ the volume of all crystallized regions apparently nucleated be-
tweent = rand t = 7 + dris

dv, = 1 Y1Y,Y3 Vo N(1) (¢ — ’E)Sd’C (2)

where # is a shape factor and Y; the growth rate in i direction. Then, in a homo-
geneous nucleation throughout all the sample

V) = n Y1Y,Y3 VofN(T) (t — 1)%dr 3)

in particular for constant N(t)
x(t) = 1 — exp (—n Y1Y,Ys N t%4). 4

More generally, we have to suppose that the initial concentration of nuclei is Ny
and that, in addition, the nucleation rate is represented by the law N(t) = C ¢4
The crystallized fraction at time ¢ becomes

x(t) =1 — exp {—n Y YoY3 (Not® + C't**9)}. ®)

To take into account intermediate cases, Avrami suggests that x(z) be represented
by:
x(t) =1 — exp {—Kt"}. 6)

This equation is known as the Johnson—Mehl— Avrami transformation equa-
tion. In this equation K is a function of temperature and usually depends on both
the growth rate and the nucleation rate, n is a parameter which reflects the nuclea-
tion rate, or the growth morphology or both.

First developed for three dimensional growth this equation was modified when
sheet or wire transformation takes place.

Because of the simplicity of the Eq. (6), we shall use (6) in the developments of
p. 543 relative to different ways of non-isothermal crystallization.

However, in order to determine the crystallization parameters (growth rate,
nucleation rate) from the different values of # given by non-isothermal studies, we
have to specify the different possible types of crystallization.

Different types of crystallization

We have to consider two types of crystallization

— bulk crysallization
—~ crystallization from the surface
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and we have to distinguish two types of nucleation

— homogeneous nucleation
— heterogeneous nucleation (due to initial crystallites)

Moreover, it is necessary (in our case) to take into consideration the minute
thickness e of the sample (thin film).

Following Germain et al [4, 5], the extended crystallized volume V,(¢) is cal-
culated in the general situation where a crystallization occurs through homoge-
neous nucleation and isotropic growth. The crystallites can grow in a three dimen-
sional way as long as their diameter is smaller than the thickness of the sample;
then they grow two-dimensionally.

Bulk crystallization

The crystallized volume V(¢) can be decomposed into two parts:

—~ VX¢) due to homogeneous nucleation (crystallites are created during the
whole annealing period).

— V*(¢) due to heterogeneous nucleation (crystallites existing before the anneal-
ing, with a mean radius a,).

Let S be the sample surface, v the growth rate, N the nucleation rate per unit
volume, p the number of crystallites present at # = 0 per unit surface and  the time
necessary for a crystallite diameter to reach the thickness of the film (v7 = e).

Then

wm=§&%ﬂﬁ—ﬂ+§&Nﬁ#@>ﬂ. (Ta)
and

HM=§&Nﬂ4U<ﬂ (7b)

The value of V() depends on relative values of N, p, ay, f and t.

1
VA(t) ~ pr v%* - Se VISayn = e, p s — (8a)
2 4 3 1
Ve(t):—3—pn (ag +vt)*S t<rt, qy<e, p= - (8b)
2 2 -1
Vi) ~ pr(ay +vt)*Se <1, a9=e, p > — (8¢c)

and
Ve(t) = Vo) + V2(@)

2

x(t) =1—exp [—
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In — is usually used.
1 t
L) Y0 Y0, o
1 — X VO Se

See table 1 p. 6988 by Germain et al [4].

Crystallization from the surface

When crystallization is induced by p cylindrical crystallites of mean radius g,
having a thickness negligible compared to the thickness e of the film and situated
on the surface, we get

1
In ) = azvt t<t (10a)
1 —-x e
and
1
In J =prnla, + vt >t (10b)

These expressions suppose that the radius of the crystallites is very large com-
pared to the thickness e. In the case a, ~ e, expression (10a) is replaced by

1| p
l—x)

2
2ot + —3—v3t3] . (10c)

Conclusion

The two types of crystallization (bulk and surface) can overlap. In all cases we
have an expression

In

} = Mt + Agt? 4+ Agt® + At (11)

The importance of each term depends on the relative influence of the different
parameters of crystallization and on the elapsed time.
The Eq. (11) is similar to Eq. (6)

1n( ! J=Ktn. (12)
1 -x

In any case the regimie is modified when # is equal to 7 and a determination of this
change gives a measurement of 7 and consequently of v;

The values of the parameter » allows the preponderant types of crystallization
and nucleation to be determined.
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Non-isothermal crystallization — Methodology

In order to determine the changes in the regimes of the crystallization and sub-
sequently the different parameters, we shall use differential thermal analysis. To use
the Avrami equation in DTA or DSC measurements, there are several problems,
mainly because this equation is an isothermal equation. As Henderson [6] points
out, the Avrami equation with its restrictive assumptions (isothermal conditions,
random nucleation and growth rate depending only on temperature) can be used
in non-isothermal transformations only if the transformation rate depends on the
state variables of the transformed fraction and of the temperature and not on the
thermal history of the sample. Under these conditions, an example of a system
which allows a non-isothermal application of equation (6) is the one in which the
nucleation process takes place early in the transformation and the nucleation rate
is null thereafter. This case is outlined as site saturation by Cahn [7, 8].

However it is possible to use Eq. (6) as an approximation in the cases in which
these hypothesis are not fulfilled.

Application of DTA and DSC to the measurements of crystallization kinetics

The usual experimental imposed condition is that the temperature is changed al
a constant rate r. For sufficiently small samples (low mass), a good thermal contact
(in order to assure uniformity of the temperature) and for small values of r the
thermal behavior of the samples can be used to determine the transformation kinet-
ics. Figure 1 shows a typical DTA or DSC curve.

In stirred solutions, following Borchardt and Daniels [9, 10], we have:

dx Cp d(4T)

—_—— AT 13

dr ~8H ar " (13
N AT
R | |dxsdt = | or
) dH/dt

x(t)
(Base fine) Time, t

Fig. 1. Schematic drawing of DTA or DSC trace
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where dH is the enthalpy of the transformation, x the transformed fraction of mate-
rial and AT the DTA signal. For a uniform temperature, we can extend this equa-
tion to solid systems, and if Cp/dH is very small, we can assume the ordinate of the
curve AT to be proportional to dx/dr. Jn DSC the heat evolved is proportional to
the transformed fraction of material and consequently dx/dt ~ dH/ds. Thus, the
area under the curve, from time 7 = 0 to 7is proportional to x(¢). We can determine
the constant of proportionality by using the normalization condition:

Q

“%’Hdt:l.

1]

From Eq. (6) we can calculate dx/d¢

d
S ke (1 = %) [m (1 !

< ”‘;‘l (14)

This equation is known as Johnson—Mehl— Avrami transformation rate equa-
tion.
Two equations are generally choosen for K

K = Kyexp (— AH/kKT) (Arrhenius law)
or
K = Kyexp |—4HJk (T — T)] (Vogel —Fuicher law)

where AH is an apparent activation energy, T, a constant temperature and K, is an
appropriate preexponential term. In this paragraph K, will be constant with respect
to temperature; it is not strictly true, but as a first approximation, we can ignore the
temperature dependence of K, compared with the exponential term.

Determination of AH and n using a single scan technique

) By substituting 6 for 7 (Arrhenius law) or T — T, (Vogel — Fulcher law), we can
develop the Avrami equation in the same way.

Determination of AH|n

Using the method described previously by Piloyan [11], it is possible to show
that a plot of In(dx/ds) versus 1/6 will closely approximate to a straight line with a
slope equal to — AH/nk (see appendix A42).

Determination of AH and n

The plot of In(In (1 — x)™%) versus §~* will approximate to linear behavior with
a slope equal to — AHJk (see appendix A3). Both the values of AH/n and AH allow
the determination of n.

J. Thermal Anal, 25, 1982
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In(dx/at.
6 5 -4

Rl ] / 0

fo]
o
In{in{1/1-x))

T

v
Fig. 2. Schematic curves in “reduced coordinates’ a) » constant; b) # variable

But a direct plot of In(ln (1 — x)™%) vs. In(dx/dz) will closely approximate to a
straight line with a slope equal to z (see Fig. 2). Notice that it is possible to deter-
mine Ty [6] in the case corresponding to the Vogel — Fulcher law (in this case, the
plot of In(dx/d¢) vs, T~! exhibits some curvature).

Multiple scan technique

Let be 6, the temperature at which a fraction x, is transformed at heating rate r.
Thus, by varying the rate in a series of scans and integrating the dx/d¢ curves, dif-
ferent values of 6, will be obtained. A plot of In (#/02) versus 85 * will have a slope
equal to — AH/nk. This method, somewhat long, can be accelerated and simplified,
if we notice [6] that, at the maximum of the peak, the fraction x, is nearly inde-
pendant on the heating rate r. The subscript index p means that the values are
measured at the maximum of the transformation peak. In the peak method, the
curve In (r/02) versus 6 ' is drawn (without integration) and had a slope given by
— AH/nk. This method allows a quick determination of AH/n and can be compared
to the method of analysis outlined by Kissinger [12].

But if one does not know the value of the parameter », discrepancies are to be
formed in the interpretation of the physical meaning of AH/n.

n variable

The techniques developed in previous paragraphs assume, as in Eq. (14), that n
is constant during the transformation.

J. Thermal Anal. 25, 1982
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A similar development can be conducted with the assumption that # is variable
(see appendix A4). Then a plot of In (In (I — x)™") vs. In (dx/dz) shows several
linear parts with slopes equal to the different values of # and consequently indicates
the different possible regimes of crystallization. An example, in this system of coor-
dinates we call “reduced coordinates”, is shown on Fig. 2.

Experimental results — Application to amorphous selenium

Sample preparation

Aluminium substrates (6.5 mm diameter, 15 um thick) were placed on a substrate
holder at 20 cm from the evaporation crucible. This configuration enabled us to
obtain one hundred similar samples at each evaporation of a charge of 99.999 %,
purity selenium. During the evaporation process (at a pressure of 5 x 1077 torr) the
substrate temperature was held at 300 K.

This temperature was 20 K below the glass transition temperature and allowed
the homogeneous nucleation to be neglected during the formation of the samples
[13]. The thickness of the films was about 5 ym and their mass was 0.7 mg.

The shape of the samples allowed the conditions of page 541 to be satisfied.

Analysis procedure

Analyses were conducted using a Stone differential thermal analysis system.
Heating rates varied from 1 degree min~* to 40 degree min~" in the temperature
range 273 K —433 K. The thermocouples (iron-constantan) held the aluminium disc
coated by selenium and the reference aluminium disc. Directly coating aluminium
with selenium permitted a better detection of thermal exchanges. The sensitivity
per cm was 2.25 u¥ in AT scale (~40 mK) and 2.7 mV in the temperature scale.
The fusion of a suitable mass of indium (99.99 %, of purity), placed on the reference
disc, was used as a temperature reference.

Experimental conditions

Figure 3a shows typical DTA curves obtained at various heating rates for a sam-
ple aged for one week. We observe the well known shift of the crystallization peak
to the higher temperatures with increasing heating rates. This property yields crys-
tallization processes at different temperatures. However, it is quite important not
to hide this phenomenon by the shift to the lower temperatures of the crystalliza-
tion peak with the age of the samples (fig. 3b) [14].

For this reason, the samples are prepared simultaneously, ageing all together at
the same temperature (294 K, i.e. ~25 K below the glass transition temperature)
during the same time (4 months). This period is a sufficient time for the experimen-
tal one to be neglected compared with the ageing period).

J. Thermal Anal. 25, 1982
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Fig. 3. Peaks of crystallization displacement. a) versus heating rate A: 0.15 degree * s—1;
B: 0.05 degree * s71; C: 0.02 degree - s~1; b) Versus ageing time A: One week; B: Seven
weeks; C: One year

During the crystallizations under illumination, the light intensity was 5 mW
-2
cm” 2

Variable heating rate and constant wavelength

Figures 4 and 5 show respectively the qualitative aspect of the DTA curves run-
ning under A = 546 nm, for 0.05, 0.1 and 0.2 degree s~* heating rates, and their
exploitation following the method described before, in reduced coordinates.

It appears that the crystallization occurs mainly through heterogeneous nuclea-
tion from initial nuclei, because the slopes 1 and 2 are preponderant. Nevertheless,
for the high temperatures just below the top of the crystallization peak, the homo-
gencous nucleation becomes noticeable (region of slope 4). This is corroborated by
the disappearance of the region of slope 2 with the increase of the heating rate,
which shifts crystallization peak towards higher temperatures.

Variable wavelength and constant heating rate
In Figs 6 and 7, we notice the influence of absorption. There is a great difference
in the crystallizations between those run under weakly absorbed wavelength and
those under strongly absorbed (404 nm).

J. Thermal Anal, 25, 1982
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Fig. 4. Exothermic peaks of crystallization versus heating rate (under illumination at 546 nm).
A: 0.2 degree *s71; B: 0.1 degree * s—1; C: 0.05 degree * s~

In{dx/dt)
-5 A -3

7 1 | 0
n=4/2/ 1

In{in{1/1-x}}

\]

Fig. 5. Experimental exploitation in reduced coordinates (under illumination at 546 nm).
Heating rate = 0 — 0.2 degree * s~1; M— 0.1; e — 0.05
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Fig. 6. Exothermic peaks of crystallization (at constant heating rate 0.1 degree s—') vs. wave-
length of illumination. A A = 404 nm; B A= 546 nm; C A= 581 nm; DA = 643 nm; E in the

dark
In (dx/dt]
] -4 -3
T T 2
n=4 /2 1

n{in{1/1-x1

4

1
Fig. 7. Experimental exploitation in reduced coordinates (at constant heating rate 0.1 degree
s 0 A= 643 nm; & 2 = 581 nm; O 4 = 546 nm; v in the dark; @ A = 40 4nm
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Crystallization parameters [4, 5, 13, 15]

Determination of a growth rate

For isothermal annealing, the growth rate v is given by

[ AG,
- 2% ” (15)

e
v=1yp5exp [—-~— || 1 — exp

where E is the activation energy for one atom to leave the amorphous phase to
cross the interface and be fixed to the crystallite and AG,, the change in free energy
per mole.

When T (crystallization of amorphous-Se) is far below 7, (melting point),
' v
RT
equation:

exp

) is very small compared to 1, and the growth rate obeys an Arrhenius

(16)

U = 0y €XP —ﬁ) .

For this reason, it is impossible to determine the growth rate by the method de-
scribed before. This method is suitable only if the transformation is an isothermal
one.

Thus, for a non-isothermal crystallization, we have to determine an isothermal
regime at a temperature 7, we call “equivalent temperature”, for which, to a good
approximation, the crystallization is equivalent to the non-isothermal one (this
method is described in appendix AS5).

The Table1 collects different results of v vs. T,and A. The activation energy E of v
does not depend on the wavelength. On the other hand, the pre-exponential factor
depends on light absorption (Fig. 8). The mean value of Eis 0.70 eV.

Determination of a, and p

The curves in reduced coordinates as those of Figs 5 and 7 show a change of
crystallization regime: first » = 1 and then n = 2. Following Eq. (11), the
In (1 — x)~* behavior is at first 147 for # < 7, and next Ayt2 (for ¢ > 7).

The Eq. (10b) gives:

In(l - x)"" = pr (g, + vt)2

Then, when g, is higher than vt (for the small values of ¢#), the principal term is
2 pm ay vt and alternatively (high values of r) the term pn v*® becomes prepon-
derant. Then

Ao
b= ﬂfUz (173)
and
ay = Spns 22 v. (17b)
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Fig. 8. Arrhenius plot of the growth rate. * A=404nm; o A= 546nm; ¥ 4= 581 nm;
v A= 643 nm; @ in the dark

The plots of In (1 — x)™" vs. ¢ (if n = 1) and #* (if n = 2) give respectively the
slopes 4; and 2,. As the regime is a non-isothermal one, these curves are not straight
lines, so 4, is determined at time 7, corresponding to equivalent temperature T,
and A, at the change of regime (Fig. 9).

Table 1
Heating rate,
A dogreo, s-1 0.05 0.1 0.2
T, K 378 3824 386.5
Darkness
v, As—1 306.8 389 492.8
T, 371.6 377 384.8
643
V 217.2 295.5 461.9
581 T. 373.8 3794 384.4
V 295.5 388.2 526.3
Te 373 380.4 385.3
546
vV 283.6 460.9 582
Te 363.1 372.2 373.5
404
Vv 351.1 567.3 651

J. Thermal Anal. 25, 1982
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) vs. t the slope A, is calculated at time ¢, Down: variation of

1
Fig. 9. Up: variation of In [ T

10
In ( 3 J vs. t? the slope A, is calculated at 72
—x

Table 2 gives the different values of 4, and p obtained vs. heating rate r and 4.
This method permits only an estimation of a, and p. It appears that these entities
are not affected by r or 1, but depend on conditions of preparation [16—22].

Determination of nucleation rate N

All the figures in reduced coordinates show a 4-type region, corresponding to a
bulk homogeneous nucleation. This one occurs later in the non-isothermal crystal-
lization (in fact it is hidden for quite a long time by the heterogenous crystallization
induced by initial nuclei). According to Egs (7a) and (11), in an isothermal crystal-
lization N can be determined by

34

nv®

N = (18)

where 1, is the slope of In (1 — x) ™! plotted vs. t%. This is a non-isothermal crystal-
lization and the growth rate depending on temperature has not the same value in

J. Thermal Anal. 25, 1982
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Table 2
Heating rate,
N degree.s-! 0.05 0.1 0.2
ag, M 1.2 10-® 0.82 10-% 0.61 10-¢
Darkness
p,m=2 3.24 10° 4.63 10° 6.23 109
643 a, 077 10-% 1.09 10-¢ 0.70 10-%
p 6.75 109 5.88 10? 1.07 1010
581 a, 1.18 10-% 1.03 10-¢ 0.96 10—
D 345 109 4.33 109 56 10°
546 a, 1.12 10-% 1.17 10—% 1.02 10~
P 3.83 10° 341 109 0.96 10°
093 10-% 1.39 10-¢ 1.01 10-%
404 %
14 2.18 10° 0.95 10° 1.37 10°

the 4-region as in the equivalent isothermal regime in 1-region. In the same way N
depends on temperature, but for a given DTA curve, the temperature range of the
4-region is small enough (within 3 degrees) to consider, as a first approximation,
that N is constant.

If this assumption is correct, the plot of In (In (1 — x) ™) versus 7~ !in the 4-type
region, for a given DTA curve, has also a linear behavior, with a slope — AH/k
equal to —3 Efk.On the Fig. 10 we have plotted In (In (1 — x)~*)versus T"~for two
scans running at 0.2 degree s~ * under illumination (404 nm) and in the dark. The
two curves have the same slope and we can deduce the common apparent activation
energy AH equal to 2.33 eV. This value is nearly close to 3 E (2.1 eV). The slight dif-
ference justifies the validity of the proposed assumption.

Taking into account these remarks, we can determine N (see appendix A6) by:

31 Ay
N=Z (19)
w v [4exp 3E(\/T ﬁO)J 3J
2KT,

where, for a given DTA curve, T, is the temperature at the maximum of the crystal-
lization peak, 7, the temperature of the beginning of 4-region, v the growth rate at
temperature T, 4 the slope of the In (1 — x)~* plotted versus z* determined at
time Z,.

Table 3 collects the obtained data.

21 J. Thermal Anal. 25, 1982
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Fig. 10. Variation of ln(ln ( 1 )] vs. 1000/T in the n = 4 region e in the dark % under

illumination at 404 nm

Table 3
Heating rate,
4,nm degree « 51 0.05 0.1 0.2
In the dark Tp K 388.2 396 405.6
n the dar.
Npyp-3-1 2,013 1012 3.065 1012 558 10t2
643 Tp 384.2 3944 400.9
N 2.097 10t 2.647 1012 5 1012
581 T, 384.2 3927 402
N 1.34 1012 2.068 102 4.058 1012
546 Ty 382.8 392.6 400.6
N 1.73 1012 2,52 102 448 102
404 To 381 390.7 398.9
N

3.36 10 123 10v 1.79 1011
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Fig. 11. Arrhenius plot of the nucleation rate per unit volume curve a: v 4 = 404 nm
curve b: @ A= 546nm; % A== 581 nm; @ 1 = 643 nm; % in the dark

Figure 11 shows the temperature dependence of N. An activation energy of 0.8 eV
appears for the non or weakly absorbed wavelengths whereas this activation energy
is about 1.20 eV under 404 nm illumination. One must take into account these
energies in the determination of N. As we do not, this method can give only approx-
imate values. Corrections are possible on the approximate values of N by equation
(32A); but the general results are not considerably altered by these corrections.

Conclusion

Usually, the interpretation of DTA or DSC data from the Avrami equation or
the Kissinger method is limited to the determination of AH and n.

The use of a variable index » in the Avrami transformation rate equation permits
the detection of different types of crystallization. In order to determine the different
parameters of the crystallization we have developed an adaptation of an isothermal
theory to non-isothermal measurements.

The use of these methods for the crystallization of amorphous-Se films, deposited
on Al substrate, in darkness and under illumination shows a predominantly hetero-
geneous crystallization [21, 22] induced in bulk from the initial nucleation sites.
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The density and the mean radius of initial nuclei depends only on sample prepara-
tion. The activation energy (0.7 V) of the growth rate is in good agreement with
previous values [16—20]: This energy does not depend on the wavelength of iltumi-
nation whereas the stronger the absorption factor, the higher the preexponential
factor.

We notice a small amount of homogeneous nucleation. In this case, the estima-
tion of the temperature dependence of the nucleation rate shows two different
values of the activation energy, 0.8 eV for the weakly absorbed wavelength and
1.2 €V in the opposite case.

Appendix
A.1. Relation between x(t) and 0
It has been shown that (Eq. 14):

dx z h o
— = n — 1 n 1.
5 nk" (1 x)[n l—x” (1.A)
The temperature dependence of K is
AH .
K = K, ——]. 2.A
Since r = d7]/dz = d6/dt is constant, equation (1.A) can be integrated
X 1 i} d
i dx’ T AH ) d¢’
J L e e - T G
§ (1—-x)In(—x)"E ; B
Integration yields
1 1
1 5 =0 AH
1 n = n o Rt .
[n l—x] K, rEz(nkO) @A)
where E,(y) is the exponential integral function of order 2 defined by
— t
LE(y) = J e y‘%- (5.A)

1

A.2. Determination of AH|n using a single scan

The logarithm of Eq. (1.A) gives

1
dx 4H I
ln—-d—t-—= —_ ';z—]gg + ln(nKO) + ln[(l — x)l:ln

] e
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The slope of a plot of In (dx/d¢) versus 0! (taking into account that x is implicity
a function of ) is — AH/nk.

A.3. Determination of AH and n using a single scan
Note that E,(y) can be written

ex
Ex(y) = p( y (7)) (4 gy (7.A)
2
where R(y) = O+ 2)2 + higher terms in o+ 2)2 and that in our case R can
be neglected compared to 1; then Eq. (4.A) yields

n

In(l —x)"'=K, (; exp

—AH 4AH

—_ /= +2 8.A
%0 J / [nk@ * ]n ®.4)

and the slope of a plot of In (In (1 — x)~%) versus 8~ *is — AH/k.

A.4. n can be variable

We can suppose, for instance, that » takes the n; value from x = 0to x = x; and
ny from x = X, 10 X = Xy, respectively, 0 from 0 to 6, and from 6, to 0,. The inte-
gration of Eq. (1.A) yields.

¢ dx’ . j ax’ _
J‘ "~— Ay -1 - Ny — 1 -

o (1 =x)[In({d - x") 1]—n—~ w (1 —=x)[n (1 -x)""

1 na

n 4H -
=mK; J e"p( 1k0’)d0 ©.A)

0

1 N
= AH
n, = 4

+t m K] fexp [ nsz'J de’.

01
Integration gives
for the left member
1 1 1

[In (@ —x)7 ' — In (1 ~ x)7 ' + a1 — x)I™
and for the right member

1 1

= 0 AH L0 H 6, ( A0 ’

ng V2 n; V1 nl—-E _—
Ky—% Ez(nzkezl Ky — Ez[n2k01J + KB (o
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but
1 1 R
— = @ AH
In(1 — —lpm g U1
[In x) ] K, . E, _—_nlkelJ
and
1 1
— = 0 AH |
)i o g Y
[n{l— x)7) K, p E, AR
Therefore
1 \1= Lo AH
1 o K% 2 F . 10.A
[n 1_3@} PR | (10.4)

In this equation, the value of # in the first region does not interfere. Thus, Eq.
(4.A) can be valid in different regions where # can take different values.

A.5. Determination of an equivalent isothermal regime and a growth rate
We assume that

v = vy exp ) (11L.A)

kT

a) During an isothermal crystallization 7 is a constant and therefore v. Thus a
crystallite growing in the direction perpendicular to the surface, will reach the
thickness e after a time 7, and:

v=elt

b) In a non-isothermal crystallization at the constant heating rate r, we have to
take into account the variation of v with respect to time.

Let x be the thickness reached at time ¢ and T, the temperature at the beginning
of crystallisation (¢ = 0) and T, the temperature when the thickness e is reached.

dx dx dT
—d~t—- = ?f dT = Uy EXP (*— ﬁ (12.A)
Te
re ) E )
— = ——1dT )
. J exp kTJ (13.A)
To
re E E
_— —-| — T,E. 14.A
15 (1] — T | (14.4)
re _ _E_ Ey(ye) _ Es(¥o) (15.A)
Dy k Ye Yo
where y = E[kT
kre
T =109 = 00 (16.4)

where f(y) = Ex(»)/y
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We can approximate Eq. (16.A)

JO) = f0) = f'm) * | Ye = Vol (17.A)
where y,, is a value of y between y, and y..
The derivate of f(y) with respect to y is
f'») = — exp (=) (18.A)
thus
exp(—
of = — S ), (19.4)

Ym

For the expected cases of interest the best approximation is obtained with y2 =
= Yo¥e» and

[ E
oT) = voexp |~ i (20.A)

Tm) T T, - T,
where T =/ I5T,

the temperature T, is called “equivalent temperature” because during an isother-
mal annealing at T, the thickness e is reached after the time (T, — Tp)/r.
A.6. Determination of a nucleation rate
For a nucleus generated at time 7, its dimension in a direction at time ¢ is:
t

1= vojexp

T

dt (1.A)

because of the linear variation of T with #: T = T, + rt, where T, is the tempera-
ture at the beginning of crystallization and r a constant heating rate

T
1= % Jex £
o P kT’
T.
T, is defined by: T, = Ty + rt
Per unit volume, there are N nuclei which are generated between t and 7 + d=z.

Thus the crystallization volume occupated at time ¢, per unit volume, by nuclei
generated between t and 7 + dr is:

dr" (22.A)

T

4V = Ny (”—;’]3 [ f exp (— k-];_) dT’]ad'c (23.A)

T

n is a shape factor assuming isotropic growing rate, and
t
V() = de. (24.A)
0
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If we assume N constant during one scan

V =Ny [i’rﬂ]af UTe@ - k’;, ]dT’rdr
3 : b | 3 (25.A)
v e [ 7 el -l o

where f(y) = Ex()/y
Using the approximation given by Eqs (16.A) and (17.A), integration of equation
yields for the higher terms in 7.

1N T 3E T T,
11’11—_*;6(7) —T [v(T)] 7{[4 CXp [*m_\/—?;—] - 3]. (26.A)

L . 4n . .
If the growing is spherical n = 5 and according to the time temperature de-

pendence

.7 (_3E JT-JT) )
ln m o~ '3—N[U(T)]3t4 [4 exp (—— —2_kf \—\/Ti:o__) — 3J = 241‘4 (27A)

3E JT- T,
2T /T,

(If T'is constant during the crystallization, this 4, is identical to 4, obtained from
Eq. 17))

Now, using multiple scans we can determine the T-dependence of N (because the
temperature regions where N occurs, are different in different scans).

Values of N obtained by expression (28.A) are approximate values, but normally
we have to consider the dependence of N with temperature following

with 1, = %—N- [v(T)]3[4 exp

- 3]. (28.A)

N = Nyexp [—%) . (29.A)

If we introduce this dependence law in expression (23.A), integration yields for
the higher terms in T

1
1—x

x[4ep( 3E+2G} 3exp( 3E+2G”
Xp|— ——" — — -
2k JT,T. 2kT

N, L T* (3 E)
VLA I RN

In

(30.A)
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(If in expression (30.A), we assume that N is constant and equal to its mean value
G G
—_——~ N exXpl——F—
kTJ ’ p( kJTT,
to expression (27.A).)

We can develop (30.A) in order to obtain N(T) and in the same way:

on interval 7, — T, i.e. Ny exp expression 30.A leads

3 jy
3E + 26 /T - \/To’_3]'
S22k,

From the approximate values obtained by (28.A) and an approximate activation
energy determined by this way, we can correct these values by:

o 25 o [ T

(L.A)

N(T) =

n[o(T)]? [4 exp

ND) _ VT T VT (32.4)
Nl 3E T - JT, G JT-JT, '
e[ 2ET |y ST

In this expression we assume that the approached value N, (T)is the N value at
the mean temperature \/ TT,.
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ZUSAMMENFASSUNG — Die iibliche Bestimmung kinetischer Parameter der Kristallisation
amorpher Produkte basiert auf isothermen Messungen. Die Kristallisation von amorphem
Selen in diinnen Schichten wird im allgemeinen in nicht-isothermen Bxperimenten (DTA) unter-
sucht. Die Adaptation der Transformationsgeschwindigkeitsgleichung nach Avrami an die
nicht-isotherme Kristallisation ermdglicht die Bestimmung verschiedener Kristallisationty-
pen. Dadurch wird es moglich, die Verinderungen der Wachstumsgeschwindigkeit und der
Geschwindigkeit der Nukleation in Abhingigkeit von der Temperatur zu bestimmen. Der
EinfluB der Wellenléinge bei der Bestrahlung wihrend der Kristallisation auf diese Parameter
wird ebenfalls untersucht.

Pesrome — OOGBIMHOE ONpenelicHME KHHETHYCCKHX MAPaMETPOB KPUCTAILIM3ALMHM aMODPQHBIX
IPOAYKTOB OCHOBAHO HA H30TEPMHUYECKHX u3Mepernsx. C TOMOIIbIO HEH30TEPMUIECKOrO METOIa
(OTA) m3yueHa KpUCTAIM3ANAS TOHKEX aMOP)HEIX IINIEHOK CeleHa. AANTanus K He30TEPMu-
HYECKO#M KPUCTAIUIN3AIMK YPaBHEHUSI ABpaMH A7 CKOPOCTH MPEBPAILIEHUs, TO3BOINIIO OHpelie-
JUTH PA3fIMYHBIC THYbI KPUCTAIUTA3AIAN, YTO B CBOIO OYEPeIpb Hall0 BO3MOXKHOCTE ONPEAeIUTh
W3MEHEHHE CKOPOCTH POCTa M CKOPOCTH 00pa30BanMs HEHTPOB KPHUCTALIH3AIMHA OT TEMIepa-
Typr1. Takxke ucciuef0BanO BIHMSHYEC HA 9TH IaPaMeTPhI JUTHHEL BOJIHEI CBETA, HCIIOIB3YEMOT'O JIJIs
OCBCINEHMS BO BPEMS KPUCTAJLTH3ATINH.
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