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Effect of Ag addition on crystallization in As;Se;

glasses
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Differential scanning calorimetry (DSC) behaviours of glassy As,Se; containing Ag up to
5 at % were measured at various heating rates. The effect of addition of Ag on crystallization
of glassy As,Se; was investigated. The glass transition temperature decreased with
increasing Ag content. Crystallization kinetics were analysed on the basis of the two-step
process model, where crystal growth takes place after nucleation. For non-doped As,Se;
two-dimensional growth of crystal was predominant, while for Ag-doped ones three-
dimensional growth was very likely. It was supposed for all glassy Ag-doped samples that
crystal nuclei exist, though micro-crystallites were not observed on X-ray diffraction traces.
The activation energy for crystallization and the glass-forming tendency decreased by the

addition of Ag.

1. Introduction
In recent years, chalcogenide glass semiconductors
have been extensively studied. They are attractive ma-
terials because of opto-electronic properties [1]. In
order to obtain completely glassy materials, informa-
tion of crystallization should be required.

Crystallization kinetics of glass-forming materials
had been investigated for a long time. The transforma-
tion kinetics developed by Johnson and Mehl [2] and
Avrami [3] were the earliest works. However, the
Johnson-Mehl-Avrami (JMA) model was the rate
equation conducted for isothermal conditions. Ap-
plications of the JMA model to non-isothermal pro-
cesses have been discussed by many workers [4,57.
Other analytical methods (for example, the Kissinger-
plot [6] and Ozawa-plot {7]) have been proposed for
non-isothermal conditions, which are suitable for
analysis of differential scanning calorimetry (DSC)
results. The limitation of these analytical methods has
been pointed out [8]. It is believed generally that
glass-forming materials do not crystallize by melt-
quenching and become glassy through a supercooled
liquid state [8]. In the heating process of DSC
measurements, crystallization of glass-forming mater-
ials is supposed to take place by a two-step process,
where a great number of nuclei generate at a temper-
ature range somewhat higher than the glass transition
temperature T, and then the crystal growth occurs at
much higher temperatures. Considering the two-step
process, Matusita et al. [9] have proposed the analyt-
ical method of DSC curves.

Arsenic triselenide (As,Se;) is a typical chalco-
genide glass semiconductor. Glassy As,Se; also has
a crystal nucleation region just above T, and a crystal
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growth region at higher temperatures than that. By
utilizing the temperature difference between both re-
gions, preparation of As,Se single crystals is possible
[10]. Crystallization kinetics of glassy As,Se; have
been investigated by differential thermal analysis
(DTA) [11] and DSC [12]. However, the former was
analysed only by Kissinger-plot and the latter was
characterized under isothermal conditions. In the
Ag-As—Se system, dependence of T, on Ag con-
tent was reported [13]. Recently, DTA analysis of the
Tl-As-Se system glasses has been reported in
detail [14].

The present paper aims to elucidate the effect of Ag
addition on crystallization of glassy As,Se; by using
DSC. The glass-forming tendency is determined from
the glass transition temperature T, the crystallization
temperature T, and the melting point T, Crystalliza-
tion kinetics are analysed by the Matusita’s non-
isothermal method [9], where the crystal growing
region is separated from the nucleation region.

2. Experimental procedure

Glassy As,Se; used was synthesized by heating ar-
senic and selentum with purities of 99.9999% in an
evacuated fused quartz ampoule [15]. The As,Se,
mgots containing silver as additive (AsgeSeseALs
x = 0.5-5) were prepared by heating the mixture of
glassy As,Se; and appropriate amounts of Ag
(99.999%) in evacuated quartz ampoules under a va-
cuum of 10™* Pa. The ampoules were placed for 25
h in a rocking furnace whose temperature was kept at
about 1000°C, and then the melts were quenched in
air to obtain the glasses. At Ag content of 1 at % or
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more, however, a small amount of Ag is often depos-
ited on the surface of the ingot. In order to avoid the
deposition of Ag, glassy ingots with x > 1 were pre-
pared by the following quenching methods. For Ag
contents of 1-1.5 at%, the melts were cooled down to
600 °C in the furnace after synthesis and then quen-
ched in air. For 2-3, 4 and 5 at %, they were quenched
in ice-water from 450, 550 and 650 °C, respectively. It
was confirmed by X-ray diffraction that the ingots
thus obtained are amorphous. It was checked by elec-
tron probe X-ray microanalysis (EPMA) that Ag
atoms are distributed uniformly over the ingots, and
that the chemical composition of ingots is equal to the
ratio of weighted raw materials.

Measurements of DSC were carried out by using
a SSC5200 thermal analyser with a DSC220 differen-
tial scanning calorimeter. Typically, 8 mg of sample in
granular form (grain size was more than 0.1 mm) was
sealed in standard aluminium pans. The same type of
pan containing 10 mg of a-alumina was employed as
the reference cell. Before the DSC measurements,
samples were annealed at 120°C for 1h in the DSC
apparatus in order to stabilize the glass structure and
eliminate the effect of thermal history. DSC measure-
ments were performed from 30 to 480°C using uni-

form heating rates of 1-20 K min™".

3. Experimental results
DSC measurements of glassy As,oSesoAg, were car-
ried out for different heating rates. DSC thermograms
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at 5 K min ™! for samples with various x are shown in
Fig. la(x =0,0.5,1 and 1.5) and Fig. 1b (x =2, 3,4
and 5). As seen in the figures, the glass transition
temperature T, and the melting point T, decrease
with increasing Ag content. On the other hand, the
crystallization temperature T'., which is defined as the
peak temperature of exotherm curve, is not dependent
monotonically on the Ag content because of complic-
ated exotherm curves. Behaviours of T,, T, and
T, for other heating rates are similar to those de-
scribed above.

Fig. 2 shows DSC thermograms of glassy
AssoSesoAgs for different heating rates. T, and
T shifts to high temperatures with increasing heating
rate, while T, is independent of the heating rate. For
the samples with other Ag contents, the same results
are obtained.

4. Discussion

Glass-forming region of As,oSesoAg, was reported to
range up to about 10 at % of silver [16]. Above 1 at %
of Ag, however, glass formation does not easily occur
and Ag atoms often deposit on the surface. In order to
examine the glass-forming tendency of AsseSesoAg,,
the glass-forming ability K [17]

Kgl = (Tc - Tg)/(Tm - Tc) (1)

was calculated. The results at heating rate of
5 Kmin~"' are tabulated in Table I. If K, > 0.1, the
preparation of glass was pointed out to become easy

EXO

“«—————————— ENDO

1 1 L] 1
300 400 500 600 700 800

(b) Temperature { K)

Figure 1 DSC traces for glassy AsyoSesoAg, at a heating rate of 5 Kmin~ ! (a) x =0-1.5, (b) x = 2-5.
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Figure 2 DSC traces for glassy AssoSeqoAgs at various heating
rates.

TABLE I The glass-forming ability K, for glassy As,oSesoAg,

X K

9.5
1.7
1.8
2.0
2.1
2.1
1.7
1.6

wn

(S R L I e e i
(")

[17]. By the addition of Ag, K, decreases abruptly to
be about one-fifth of the non-doped sample. However,
all of the samples are satisfied with the condition that
K, = 0.1. They are noticed to be good glass formers.

Crystallization of glass-forming materials is con-
sidered to go through the two-step process, where
crystal nucleation is motivated at temperatures some-
what higher than T, and then crystal growth begins at
temperatures higher than those. When the sample is
heated at a constant rate o, a great number of nuclei
form firstly. If the crystals grow in m-dimensions from
the nuclei, the variation of crystal volume fraction y is
given by the following equation [9]

dy/de = Ay(1 — y) o= @70 eXp(— 7—;) ()

where E is the activation energy for crystallization,
k the Boltzmann constant, 4; a constant and m the
dimension of crystal growth. » is the numerical factor,
value of which is m + 1 and m for the starting samples
containing no nucleus and a large number of nuclei,
respectively [9].

Integrating Equation 2 and then taking the logar-
ithm of the resulting expression leads to the following
equation

1n[~ln(1—y)]=A2—nInoc—n—1§ 3)
kT
This equation represents the relation between the
crystal volume fraction y and the activation energy
E at non-isothermal process. Here, y was obtained as
a function of temperature from the area under DSC
exotherm curve due to crystallization [187.

For a certain temperature, Equation 3 can be writ-

ten in the form

In[ —In(1 — y)] = — nlna + constant 4)

Plots of In[ — In(1 — y)] versus In o for different tem-
peratures yield straight lines, whose slope gives a value
of n. Fig. 3 shows the plots for (a) non-doped As,Se;
and (b) AsgoSegoAgs.

For a uniform heating rate, Equation 3 becomes

In[ —In(1 —y)]= — m—E + constant (5
kT
Fig. 4 shows the relation between In[ — In(1 — y)] and
1/T for (a) As,Ses and (b) As,oSegoAg,. At high tem-
peratures, a change in slope is seen for all the heating
rates. In all the samples with other Ag contents, a sim-
ilar change to that shown in Fig. 4 for all the heating
rates is observed also. It was pointed out [19] that the
break in slope is attributed to the saturation of nucle-
ation sites in the final stages of crystallization and/or
to restriction of crystal growth by the contact of the
crystalline particles. Accordingly, values of mE for
various o are determined from slopes of linear portion
at lower temperatures.
When the crystal volume fraction y is fixed, the
relation between o and T is derived from Equation 3
as follows

Ino = ( — mE/n) (kT) ~' + constant (6)

From the slope of In o against 1/T (see Fig. 5}, values
of mE/n are calculated for y = 0.3 and 0.5.

The average values of n, mE and mE/n thus obtained
are tabulated in Table II. From these values in the
table, the values of crystallization parameters (m,
n and E) cannot be strictly determined. As the starting
samples were checked to be amorphous by X-ray
diffraction, value of m may be assumed to be equal to
n— 1. If so, m = 1 in samples with Ag content of 1.5
and 2at%. This suggests that growth is one-
dimensional. We confirmed experimentally that one-
dimensional growth (m = 1) was always derived from
the same kind of analytic calculations whenever pow-
dered samples (grain size of 0.01 mm or less) were
employed in DSC measurements. In this case, surface
crystallization is considered to be predominant. In
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Figure 3 Variation of In [ —In(1 — y)] against Inuo for (a) As,Se; (O I=603K; @ I=623K) and (b) AssoSesoAg, (O [=3563K;
@ T = 583 K). From the slope of the straight line, n is determined, (a) @ 2.3, O 3.0; (b) @ 2.0, O 2.1.
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Figure 4 Variation of In [ —In(l — y)] against reciprocal temperature for (a) As,Se; and (b) As,eSesoAg,. From the slope at low
temperatures, mE is determined. (2) @ a =2Kmin !, mE =3.6¢eV; O o =3Kmin ' ,mE=4.1¢V.(b) @ o =2Kmin~ ', mE =25¢V,

O o=5Kmin? mE =21¢eV.

glassy As,oSegoAg, (x = 1.5 and 2) sample, however,
the one-dimensional crystal growth is believed not to
be suitable for the actual circumstances. DSC
exotherm traces of the samples with around 2 at % Ag
do not give simple shapes of crystallization peaks as
shown in Fig. 1. It is then supposed that the calcu-
lation errors come about in the above analysis.

In order to determine the crystallization para-
meters, the activation energy E for crystallization is
evaluated separately from Kissinger’s formula [6]

Eo. E
k—ngAcxp<—k—Tc> (7
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where T is the crystallization temperature, at which
the rate of increase of crystal volume fraction y is
a maximum. The equation obtained by differentiating
Equation 2, d(dy/di)/dt, is similar to Equation 7. By
using the activation energy obtained from Equation 7,
therefore, it 1s considered that the values of other
crystallization parameters are also determined. Fig. 6
shows the relation between In (a/kTZ) and 1/T.
(Kissinger-plot) for samples with various Ag contents.
The activation energies are obtained from the slope in
the Kissinger-plot. Now if modes of dimension of
crystal growth are not mixed on simplicity, we can
assume that the dimension of crystal growth (m-value)
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Figure 5 Variation of Ina against reciprocal temperature at y = 0.3
(@) and 0.5 (O) for As,Se; and (b) AsyoSesoAg,. From the slope of
the straight line, mE/n is determined, (2} 1.6 ¢V, (b) 1.1 eV.

TABLE II Values of parameters (n, mE and mE/n) calculated from
DSC data for glassy As,,Se ,Ag.

X n mE (eV) mE/n (eV)
0 2.7 3.9 1.6
0.5 33 35 1.2
1 2.7 2.7 1.1
1.5 1.8 2.0 1.0
2 2.0 2.3 1.1
3 3.0 2.8 0.9
4 35 4.7 1.3
5 32 4.8 14

is an integer. Then values of crystallization parameters
evaluated from results in Table I and the Kissinger-
plot are listed in Table IIL.

In non-doped As,Se;, m = 2 as shown in Table IIL
Single crystal of As,Se; has a layered structure be-
longing to the monoclinic system [10]. Accordingly,
two-dimensional growth is reasonable to be dominant
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Figure 6 Kissinger-plot of data obtained from DSC curves for
AsgoSegoAg,. T, Is the crystallization temperature, which is peak
temperature of DSC exotherm curve. From the slope of straight
line, the activation energy for crystallization is determined.

x=0(0), 1 (A), 3(@®),5(V).

TABEL IIT Values of the activation energy (E), the dimension of
growth (m; integer) and the numerical factor (n; integer) depending
on crystallization mechanism for glassy As, Se . Ag,

x EV) m n
0 1.7 2 3
0.5 1.0 3 3
1 1.0 3 3
1.5 1.0 2 2
2 1.1 2 2
3 1.0 3 3
4 1.3 3 3
5 1.4 3 3

in As,Se;. In samples with Ag content of 0.5 and
1at %, m = 3. If added Ag atoms are situated between
layers of As,Ses, three-dimensional crystal growth is
considered to be plausible. In a similar phenomenon,
Mn atoms were suggested to be situated at interlayer
positions from the measurements of electron spin res-
onance (ESR) [20] and a.c. conductivity [21]. For
1.5-2at % Ag, m = 2 again. The density of Mn atoms
situated at interlayer positions were pointed out to
saturate above 0.1at % [20]. As the Ag content in-
creases, the density of Ag situated between layers may
saturate. If so, Ag atoms above 1at % are considered
to tend to bond with As or Se atoms within cach layer,
so that two-dimensional growth is likely. When Ag
content is 3at % or more, samples may be regarded as
the Ag-As—Se ternary system. The compound
AgAsSe, has an orthorhombic or tetragonal structure
[22]. In such a high content region of Ag, therefore,
three-dimensional growth should be brought about.
As seen in Table I, n=m + 1 for non-doped
As,Se; and, on the other hand, n = s for all the
Ag-doped ones. From these facts, accordingly, it is
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interpreted that the starting pure As,Se; samples have
no nuclei, while the samples of As,Se; with Ag may
contain a large number of nuclei. Since the temper-
ature range of crystal growth is higher than that of
nucleation, the particles are considered not to grow up
to the limit of detectability of crystallinity by X-ray
diffraction. Even though nuclei exist, therefore, As,Ses
with Ag additive is still glassy.

The activation energy for crystallization can be in-
terpreted to correspond to the energy barrier of trans-
formation from the glassy to crystalline phase. As
shown in Table III, the activation energy decreases
abruptly by the addition of Ag. The activation energy
of As,oSegoAg, (x # 0) is constant irrespective of Ag
content, but it -increases a little in the Ag content
region of 4-5at %. The dependence of the activation
energy on Ag content up to 3 at % Ag corresponds to
that of the glass-forming ability (see Table I). It is
understood, therefore, that the addition of Ag into
glassy As,Se; induces crystallization to stimulate. At
the Ag content of more than 3 at %, however, a little
different result is obtained, because As,Se; with high
content of Ag is considered to form a few kinds of
crystal structures (AgAsSe,, AgsAsSes, etc.) in the
Ag—As-Se system.

5. Conclusions

From the thermal analysis of glassy As,Se; with Ag
content up to 5at % by DSC measurements, the fol-
lowing results and conclusions about crystallization
have been obtained.

1. The glass transition temperature decreases with
increasing Ag content.

2. Although the glass-forming ability decreases by
the addition of Ag, all the samples are good glass-
forming materials.

3. In non-doped As,Se;, two-dimensional crystal
growth is predominant. In Ag-doped ones, on the
other hand, it changes to three-dimensional growth.
However, it turns again to two-dimensional growth at
Ag content of around 2 at%.

4. As,Se; containing Ag has nuclei even in as-
quenched samples. However, the existence of crystal-
line particles could not be detected by X-ray diffrac-
tion.

5. Dependence of the activation energy for crystal-
lization on the Ag content shows a similar behaviour
to that of the glass-forming ability.

The preparation of glassy As,Se; containing Ag up
to Sat% is found to be possible. Because of the
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existence of crystal nuclei and the decrease of glass-
forming tendency due to Ag addition, however, atten-
tion should be paid sufficiently to the cooling process
for the preparation of completely glassy samples.
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