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I. INTRODUCTION

The chalcogenide glasses, which are transparent in the

infrared wavelength range, are being used in commercial

optical applications. Among the chalcogenide compositions,

arsenic trisulfide (As 2 S 3 ) glass has been utilized most

frequently in bulk infrared optics and optical coatings,

because of its excellent transmission, great glass-forming

tendency, and resistance to moisture and chemicals[Ref.1-3].

A graded refractive index, which is required in some

applications, may be produced in the arsenic trisulfide

glass of both bulk and thin film forms by gradually

replacing arsenic component with chemically similar antimony

atoms. This approach will fail if the resultant glass

crystallizes or undergoes a gross phase separation, because

they cause scattering.

Only a few references exist for As2_xSbxS 3 system, and

no data on its crystallization characteristics have been

Cound [Ref.4-7]. More information can be found for the

selenide glass counterpart, As2 _×SbxSe 3 system, and the data

should aid in the understanding of the sulfide glass system

because these two systems are chemically and structurally

very similar [Ref.8-12]. The crystallization character-

istics of these two glass systems, on the contrary, should

be quite different because the As 2 Se 3 glass has greater

tendency to crystallize than the As2 S3 glass [Ref.13-15].

* 1



Several discrepancies have been found in the literature

for the sulfide and selenide glass-forming systems, and

these discrepancies need to be clarified in order to fully

understand the crystallization and glass formation

characteristics of these glasses. First discrepancy was tn

the structure of glasses. There have been experimental

data suggestive of a two phase microheterogeneous glass

structure [Ref.5 and 6], while other researchers reported an

absence of the phase separation and microheterogeneities

[Ref.11 and 12]. Secondly, among the data supporting the

existance of a two phase glass structure, some data were

best interpreted with no interaction term between two phases

[Ref.7], while others should be explained in terms of an

interaction between them [Ref.5 and 6]. Third discrepancy

was in the structure of these compositions in the

crystallized state. A totally immiscible phase diagram has

been reported for As 2Se 3 -Sb 2Se 3 system [Ref.8], while other

data seem to indicate the formation of a solid solution

[Ref.11 and 12]. The phase diagram information for the

As 2 S3 -Sb 2S 3 system could not been located.

The purpose of this study was to understand the

crystallization mechanism of As 2 _xSbxS3 glasses in a melt

quenched bulk form and a thin film form. This consisted of

the following; (1) clarifing the questions concerning the

nature of the glassy state, more specifically the possible

existance of heterogeneity and interaction between phases.

2



This will be achieved by a microscopy and by studies of

glass transition and glass forming tendency as a function of

composition using differential scanning colorimeter, (2)

Verifing the totally immiscible crystallized state using SEM

and X-ray diffraction technique, and (3) obtaining

crystallization kinetic parameters as a function of

composition to aid understanding of crystallization

mechanism. A self consistent model of crystallization

mechanism was developed as a result of this study.

The remainder of Chapter I provides a detailed summary

of previous works in arsenic antimony chalcogenide glasses,

and also provided are the background information and brief

theory of the most frequently used terms hereafter

throughout the thesis.

1. THEORY AND BACKGROUND INFORMATION

a. Chalcogenide Glasses

Chalcogenide glasses are glasses based on sulfur,

selenium and tellurium. Most of the early studies were

conducted on the arsenic chalcogenides because of their

excellent glass forming ability. In addition to the

arsenic chalcogenides, many chalcogenides containing

eiements from Group lIlA, IVA, VA and VIIA of the periodic

tible have been discovered to form glasses over wide ranges

of ' rompostt ions, in recent years [Ref.1-31.

4 great deal of information, both experimental and

theoretical, on oxide glass formation and crystallization

3
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can be found in the literature, whereas papers on the

chalcogenide glasses are rather scarce. The well known

theories of glass formation, based on glass formers and

modifiers [Ref.16], which explain the glass forming

mechanism in the oxide glasses, do not seem to apply

directly to the chalcogenide glasses.

Because these chalcogen elements form relatively weak

bonds with other elements, the chalcogenide glasses in

general are softer, electrically more conductive and

optically transparent further into the infrared wavelength

region as compared to the oxide and fluoride glasses. The

compositions with desirable infrared optical properties and

generally with high electrical resistance are useful in

infrared optics (windows, optical fibers and laser

components), whereas the glasses with semiconducting

properties have applications as switching diodes,

electrically activated memory cells, optical storage media

and solar cells [Ref.2 and 3].

b. Arsenic-Antimony Chalcogenide

The elemental arsenic and antimony both belong to the

Group VA of the periodic table and crystallize in

rhombohedral symmetry, indicating their chemical and

structural similarity. Though complete miscibility between

such similar components are expected, a possible existence

of a subliquidus immiscibility dome as shown in Figure 1
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[Ref.17] has been reported. This is due to the :3ubstrnftwaI

difference in their atomic radii (1.18A for arseni, ind

1.36A for antimony) [Ref.18]. Despite the chernical ;ind

structural similarity between elemental arsenic and

antimony, their sulfur compounds, As 2 S 3 and Sb 2 S3, have

different structures. As2 S 3 is primary glassy and Sb 2 S 3 is

crystalline under melt quenching synthesis conditions. The

As2 S 3 glass has very little tendency to crystallize and the

crystallization of As 2 S 3 glass by annealing has not been

reported. The crystal structure of the naturally occurring

mineral As 2 S 3 (orpiment) and a synthetic As 2S 3 preprd

hydr-thermally or under a high pressure is monoclinic whil.o

Sb 2 S 3  has the orthorhombic structure [Ref.19]. Th- irlio

radii of antimony is 30 percent larger than thet -V *;i L[

in +3 valence state [Ref.18].

The glass-forming region in As-Sb-S system [Ref.4-6] is

" shown in Figure 2. The glass-forming region near Sb-S tie

line is bound by a liquid-liquid immiscibility region in the

sulfur rich side, and a crystallization region in the sulfur

deficient side. Kawamoto and Tsuchihashi [Ref.5 and 6]

reported that glasses formed up to 70 mole percent Sb 2 S3

content on the As2 S3 -Sb2 S3 tie line, when these compositions

were air quenched in evacuated ampules. Stability -f thcs(

glasses against crystallization was not studitrd. TIe

infrared absorption spectra and the scatterc,! X--'iy

intensity of these glasses were simply an addition of tio.- i

6
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for As2S 3 and Sb2S3, suggesting a microheterogeneou gIas''

and 3b2S 23' i n
structure consisting of independent As 2 S 3 and Sb 2 3 reg.tn .

However, they proposed an existence of As-S-Sb strai nd

bonds connecting these two regions to explain their radial

distribution and chemical dissolution (i i cone. I-it)

experiments. Also, they proposed a glass morphology with a

continuous As 2 S 3 network and isolated Sb 2 S 3 phase:3, which

become continuous only at high antimony concentrations.

Tichy et al. [Ref.7] reported that the optical gap changed

linearly with composition in this system, suggesting an

absence of interactions between these two phas3:3. The

phase diagram of the corresponding stabilized system as wPP

as the crystallization characteristics as a funetion of

composition for As-Sb-S system have not been reportod.

Data on vapor deposited As-Sb-S films also are not reporterS.

More data are available for the selenide glass

counterpart, As-Sb-Se system. The chemical, physical and

structural properties of As 2 Se 3 and Sb 2 Se 3 are similar to

those of As 2 S 3 and Sb 2 S3, except that the crystallization

kinetics of the As 2 Se 3 glass is faster than that in the

As 2 S 3 glass [Ref. 13-15]. Berkes and Mayers LRef.8

investigated the phase equilibria in As2 Se 3-Sb 2 Se 3 system,

utilizing a differential thermal analysis technique and a

quench/X-ray technique. Their result, as shown in Wigure 3,

demonstrated a totally immiscible system with eutectic

temperature near the melting point of As 2Se 3 and with ,i two ;-

8
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phase structure below the eutectic temperature throug ,')t.

the compositional range. The glass-forming region Ln Ao-Th-

Se system linder the air quenching condition (Figur,- VK

[Ref.8 and 9] has been reported, and the heterogen, cr i

microstructure has been observed in high s 1 7rirn

compositions [Ref.9 and 10]. Platakis et. al.[Ref.11 and 12]

determined the apparent activation energy of Asi kbb.) ?03

to be 38 kcal/mole. The activation energies for

compositions with higher antimony content, up to AsSb Se 3,

were 50 kcal/mole and were composition independent. These

activation energies were calculated from time required for

the first crystal to become visible under microscop? a

function of temperature. Their X-ray diffraction study of

the crystallized system showed that the compositions with

high arsenic content crystallized in monoclinic structure,

antimony rich compositions crystallized in orthorhombic

structure, and intermediate compositions exhibited both

structures. Although this observation by itself indicate.-

that the stabilized system is totalLy immiscible, they

observed also a compositional gradient at the interface of

these crystals, suggesting the possible solid solition

formation. In the glasses formed in this syst-,m, th,,y

reported an absence of phase separation and rn1,,o-

heterogeneities.

10
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c. Glass Formation

Viscous melts are known to form good glsas s bes:fss

their atoms have low mobility and they can not rearranqre

themselves toward more stable crystalline configurations

during a quench process [Ref.2 and 3]. Homogeneous gla,;s. s

may be formed over wide ranges of composition by quenching

the melts sufficiently fast to avoid phase separation and

c.rystallization. More rapid quenching, which is

achievable by physical vapor deposition, has enabled virious

investigators to fabricate glasses in immiscible syst-ems.

However, such glasses may be metastable, and they may

approach the lower free energy states throu,,h ph~ist

separation and subsequent crystallization when thy Aro

heated to near their glass transition temperatar.-s, wher

atoms become mobile [Ref.10 and 20].

The glass-forming tendency of a composition can be

examined in two ways. The most straightforward method is i

melt quench/X-ray diffraction technique. This method is

generally used qualitatively to determine the glass-forming

boundaries in the compositional system with a pre-determined

melt quenching rate. Detailed information on the gl:iss-

forming tendency can be obtained only by examining a lrirle

number of different quench rates. Even though it is

theoretically possible, a correlation of X-ray diffraction

intensity to the degree of crystatlinity i.; not at aNi

5traightforward, because many factors at'f'(et the d ft'raet, d

1;
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X-ray intensity.

The second method makes inferences from a dynamic

heating i fferential scanning calorimetry (D.SC) measurement,

uti lizing the empirical Hruby's parameter [Ref.21 and 22].

See Appendix A for the discussion of the DSC technique.

firuby's parameter, Kgl which quantifies glass-forming

ability, is defined as;

-T gKgl :(1)

T - c

where Tg Tc, and T, are the glass transitionr temperature,

:.rystal Iization temperature, and Irluidu.s temperature,

respec t -ieI ly.

d. Crystallization

Crystallization is defined as a phase transformation

fCron a m-tastable glassy state to a stable crystal line

state a.; described by the free energy diagram in Figure 5

[He:.23]. .[nce the free energies of these two states are

mini'n-i and two minima must be separated by a maxima, an atom

or a molecule in the glassy state has to overcome this

ther[)dynamic (or activation energy) barrier in order to

rea 'h the crystalline state. The energy necessary to

Jvec mTi, the barrier is supplied by thermal fluctuations.

The '-ysta I izat ion [.-ocess is highly statistical because

Thne ener~ry AistributLon among atoms or ,nolecules is not

,m i F~ rmn, -tid or ly tho:;! with sufficient energy will

. .. ... . . :" .• A. .. .-.. *.**; i:.- **-**i:, : "
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transform while those with insufficient energy must wait

until they acquire the necessary activation energy. Hence

the crystallization process is usually described by fraction

crystallized in a given time interval t, x(t) defined as the

ratio of the number of 2rystallized atoms per unit volume at

time t to the number per unit volume available for

c-rystallization at t=O.

The crystallization process is a heterogeneous reaction

which occurs at the phase boundary, and consists of two

consecutive events; (1) atomic or molecular diffusion to the

phase boundary, and (2) crystallization reaction at the

boundary [Ref.23]. Though the crystallization process may

be interpreted in terms of various theoretical kinetic

models [Ref.23-25], the most applicable and successful

empirical equation for a crystallization of inorganic

glasses is the Johnson-Mehl-Avrami (JMA) equation [Ref.26-

30]. The JMA equation was originally developed with

a.sumptions that; (1) the system is in a quasi-equilibrium

state and the rate at which atoms leave the initial state is

so small that the energy distribution in the initial state

is un-disturbed, (2) the rate is not diffusion limited, and

(,3) the crystallization mechanism is a nucleation and growth

type, (4) nucleation is spatially random, and (5) the

proc.;s takes place under isothermal conditions. The JMA

equation was derived from the formal theory of

trArisformation kinetics, in which the transformed mole

15
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fraction, x, can be expressed as;

t t
x 1 - exp ( -gJ Iv(Jf udT ) m dt') (2)

0

where g is a geometric factor, Lv the nucleation rate, u the

growth rate, m is the number of growth dimensions, and t is

time. Assuming that IV and u are temperature dependent and

time independent, Equation 2 can be integrated under

isothermal conditions to yield a equation in a form;

x = 1 - exp(-Ktn) --- JMA equation (3)

where n is a reaction order parameter, which depends on

mechanism of reaction, or nucleation rate and growth

morphology [Ref.31 and 32]. The rate parameter, K, is

generally assumed to depend only on temperature with

Arrhenius temperature dependence defined as;

K = Ko exp( -Ea/RT ) (4)

where Ea is the activation energy described in Figure 5, the

pre-exponential factor Ko is a frequency of attempts to

overcome the energy barrier, which reflects the number of

nucleation sites, and R is the gas constant.

Equation 3 also holds for diffusion limited

crystallization processes, in spite of the original

constraint for this equation. Since the growth rate u is

proportional to t in the diffusion limited processes,

Equation 2 can be integrated to yield Equation 3 with a

16
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different n val ue. However, it would be difficult to

determine if the crystallization process is diffusion

limited merely from the n value, because other factors also

affect the n values.

The magnitude of E a may be theoretically interpreted to

describe the transformation mechanism only if the

transformation involves a single event. In the case of

heterogeneous reaction as in crystallization, Ea is likely

to be a superposition of more than one activation energy,

and the theoretical interpretation becomes difficult.

Therefore, Ea in crystallization is often called "apparent

activation energy" or "macroscopic activation energy", which

i3 an empirical parameter of a practical importance to

express the crystallization kinetics.

The crystallization of a glass upon heating may be

studied by monitoring various physical and structural

properties such as electrical resistivity, hardness, and

microstructure [Ref.1 1, 12, 14,33-351. An observation of

crystallization using the hot stage X-ray technique is also

possible. Since the crystallization is highly exothermic,

monitoring the evolved heat by a differential scanning

calorime3ter is the most popular method of quantifying the

crystall Iization process. Appendix A describes the theory

of operation for the thermal analysis.

There are two basically different methods for

performing differential thermal analysis; (1) isothermal and

17



(2) dynamic heating. In the former method, the sample is

brought quickly to a specif ic temperature and the evolved

heat during the crystallization process is recorded as a

function of holding time. It is necessary to take data at

several temperatures to estimate the apparent activation

.4energy. A majority of kinetics studies have been carried

out isothermally, since these data are simple to interpret

in terms of the JMA equation. However, an isothermral

I measurement is possible only when the thermal response time

of the measuring system is faster than the rate of

crystallization. Otherwise, crystallization begins to

occur before the system reaches the temperature of interest.

In such case, a non-isothermal dynamic heating technique has

an advantage.

In the dynamic heating method, the sample is heated

through the crystallization temperature range at a constant

heating rate, and the evolved heat is recorded as a function

of temperature. Because of the dynamic nature of the

*crystallization process, the temperature at the maximum

crystallization rate appears shifted as a function of the

*heating rate. At higher heating rates, the apparent

crystallization appears at higher temperatures. The amount

of temperature shift, in turn, can be used to calculate the

*kinetic parameters of crystallization. However, extending

.1 a use of the JMA equation to interpret the dynamic heat ing

data is controversial since the analysis requires time

18



differentiation of the JMA equation with the implicit

assumptions that the process parameters are independent of

time [Ref.36-38]. The non-isothermal approach is based on

the fact that the slope of the exothermic heat versus

temperature trace is zero (d2 x/dt 2 = 0) at T = Tc, where Tc

is the temperature at the maximum crystallization rate. The

dynamic heating crystallization equation;

q Ea
in- = const. (5)

Tc nRT,

can be obtained by differentiating Equation 3 twice,

assuming that n and K stay fairly constant with time near

T=Tc, and substituting Equation 4 and dT/dt = q = heating

rate. Some researchers have claimed that their non-

isothermal experimental results, fitted to Equation 5,

agreed well to the isothermal results [Ref.25 and 30].

Very little is known about the nature of the

crystallization process in multi-component chalcogenide

glasses. Since As 2 S 3 has a strong tendency to form a glass

and Sb 2 S 3 has a strong tendency to crystallize, glasses in

As2S 3 -Sb 2 S 3 system may present a wide range of

crystallization kinetics, which may aid our understanding of

the crystillization process in multi-component glasses.

e. Glass Transition

A plot of thermodynamic properties such as energy(E),

enthaLpy(H), entropy(S) and volume(V) as a function of

19
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temperature is shown in Figure 6. On cooling a liquid,

there is a discontinuous change in the thermodynamic

properties at the melting point if' the l iquid crystalII izes.

However, the properties continue to decrease at the -,ame

rate past the mel ting point if the I iquid becomes

supercooled and does not crystallize. On further cooling,

the rate of change in these properties slows down gradually

because the material becomes highly viscous (1012_1013

poise) and the atomic mobility decreases at sufficiently low

temperature. Consequently, the material can not relax to

its equilibrium state at the cooling rate used. This area

is called the glass transition region, and the supercooled

liquid becomes a glass and exhibits solid like behavior

below this temperature range. If a slower cooling rate is

used, the supercooled liquid state persists to a lower,-

temperature because more time is available for the structure

to relax. On the other hand, at a faster cooling rate, a

thermal arrest of molecular motion or a freezing of the

structure appears at a higher temperature, as shown in

Figure 7(a) [ Ref. 4, 39 -4 4

Mocynihan et al. [Ref.39] have described that the glass

transition begins around the temperature range where the

rate of structural relaxation becomes 3ufficiently slow

during cooling that the properties of the supercooled liquid

depart from that of the equilibrium liquid, and the

transition region ends around the temperature range where

20
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the structural relaxation becomes so slow that it

effectively ceases on the experimental time scale. For

practical purposes, however, the glass transition

temperature (Tg9) has been defined as the temperature at the

intersection between the curve for the glassy state and that

for the supercooled liquid.

Moynihan et al also described the three regions in

Figure 7(a) in terms of the relative magnitude between the

structural relaxation time (T) and the instantaneous

isothermal holding time at each temperature (At) as; liquid

region where At >, -i ,transition region where At - T ,and

glass region where At (< T. In this argument, the

transition region has to shift, depending on the cooling or

heating rate, in order to satisfy the condition for the

appearance of the transition region, At - T The

dependence of T on heating or cooling rate (q) may be
g

described by an equation [Ref.39, 141-43].

dIn q -- H a (6)

d(l/T) 9

where H a is the activation enthalpy for structural

relaxation. Thus, the dependence of T on heating and
g

cool ing rate reveals information about the structural

rela3xation parameter of the material.

A continuous change in enthalpy in the glass transition

region as described so far produces a discontinuous step

* 23



change in specific heat as shown in Figure 7(b) curve (1).

However, under a certain heating, cooling, or annealing

condition of the sample, an endothermic peak along with the

step change may appear in the upscan curve as shown in

Figure 7(b) curve (2). This peak appears when the prior

sample cooling rate Q2 is slower than the heating rate qj,

or the sample was annealed at a temperature below T In

either case, the material is more stabilized or at a lower

free energy state below T and catches up to the higher

energy state in a short period of time by absorbing heat

from environment. Therefore, the amount of energy absorbed

back in the glass transition region, that is the magnitude

of the integrated area under the peak in Figure 7(b) curve

(1), reflects the enthalpy of the relaxation processes which

occur during an isothermal annealing [Ref.19,45, and 4 6].

The temperature at which the glass transition takes

place strongly reflects the atomic bonding strength of the

glass network. T is higher for glasses with more rigid

structure and stronger bonding.

The rate of change or the temperature derivative of the

thermodynamic properties, such as specific heat (C =H/DT)
* p

or thermal expansion coefficient (a = 3V/ T) for example,

are very similar in the glassy state as in the crystalline

state.

24
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II. EXPERIMENT AND DATA ANALYSIS PROCEDURE

1. SPECIMEN PREPARATION

a. Bulk Specimens

Bulk specimens of As2_xSbxS 3 with nominal compositions

ranging from x = 0.0 to 2.0 were synthesized. All nominal

compositions were located on the compositional tie line
between As 2 S 3 and Sb 2 S 3 . The starting materials were

arsenic trisulfide (Servofraxk glass), elemental antimony

supp iLed by Cerac (shot, 99.999 percent purity), and

elemental sulfur supplied by Cominco America Inc.(lump,

99.95 percent purity). 10 gram batches of the starting

mixture were sealed in fused silica ampules under vacuum of

around 10-6 torr, in order to avoid an excessive internal

pressure build-up and oxygen contamination during the

melting process. The ampules were wrapped in a wet rag

while being sealed, so that the content of the ampules did

not evaporate with heat from the hydrogen-oxygen torch.

The reaction and homogenization were performed in a rocking

furnace, with a moderate rocking speed of -17 RPM and the

maximum tilting angle of + 300 from the horizontal

position. The mixtures were first heated to 570 0 K and held

at the temperature for 24 hours to react volatile elemental

sulfur in order to reduce internal pressure, before heating

t.) the final reaction temperature of 940 0 K. The melts were

roeacted and homogenized at 940 0 K for 48 hours, and they were

25
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as fluid as mercury at this temperature.

For each composition, a quenched specimen and a slow

cooled specimen were prepared. A cooling rate of around

500 0 K per minute was achieved by dropping the sealed melts

into liquid nitrogen. Slow cooled specimens were prepared

by cooling the melts from 940 0 K to 570 0 K at the cooling rate

of 0.1 0 K per minute and holding at 570 0 K for 140 hours.

The slow cooling ampules were placed in copper tubes to

compensate for the temperature gradient of the furnace,

which tends to cause a compositional segregation.

b. Film Specimens

Vapor deposited film specimens were produced by :o-

evaporation of bulk As 2 S 3 and Sb 2 S 3 in a vacuum of

torr. The materials were evaporated from two separate

boats, which were resistance heated independently through

two sets of high current power supplies and temperature

controllers. The boat temperatures were measured with a

chromel/alumel thermocouples spot-welded to the boats.

Large capacity box type tungsten boats were used.

Deposition rate was monitored with a quartz crystal monitor

(Veeco Instruments Model QM-300/RI-100). The films were

deposited on aluminum foil substrates ( 5 cm by 5 cm) placed

30 cm above the center of the two boats assembly, which was

determined to be the optimum substrate location for a proper

vapor mixing according to the previous deposition rate 

calibrations.

26
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Moderate deposition rates (40 -50 A/sec total) were

used, since this study showed significant deviations in film

stoichiometry and properties when higher deposition rates

were used (see Appendix B). Since it took about one hour

to deposit fairly thick films (-15 um thick) at the

deposition rate used, it was essential that the deposition

rates of both materials stayed reasonably constant at least

during that time. The deposition rate was found to vary

during a deposition run, even when the measured boat

temperature remained constant, mainly because of changes in

surface area of the evaporating material, and because of a

temperature gradient of the boat. The following

precautions helped minimize the variation in deposition

rates; (1) using a deep, large capacity box type boat to

tninimize change in evaporating surface area and to eliminate

the necessity of re-charging the boat, (2) melting of the

material in the boat to create a flat evaporating surface

prior to deposition run, and (3) using a boat without hot

spots. The deposition rate calibrations were performed at

the beginning of each run. With these precautions, the

iep)sition rate fluctuation for individual material was

reduced to less than 10 percent, which led to an overall

compositional accuracy and homogeneity that was within + 5

percent. The increased compositional accuracy could have

bcen achieved if two separate rate monitors had been used to

control the deposition rate of each boat.

27



2. THERMAL ANALYSIS

A Perkin-Elmer Differential Scanning Calorimeter (DSC-

2) was used both in the dynamic heating and isothermal

experiments. The temperature scale and sensitivity of the

instrument were calibrated routinely, using the melting

point and enthalpy of fusion of Indium, Tin, and Lead, at

50 K/min heating rate. The temperature scales at other

heating rates were corrected by using calibration curves,

instead of calibrating the instrument itself at each heating

rate. All measurements were referenced to an empty

aluminum pan. All samples were hermetically sealed in

aluminum pans, because of the volatile nature of sulfide

samples at higher temperatures, and because sulfur

contamination is detrimental to the platinum components of

the calorimeter. The sulfide samples were found to react

with both gold and platinum pans near their fusion

temperatures. The use of aluminum pans limited the high

temperature capability to below 8000K. In addition, as an

extra precaution, all experiments were conducted with dry

nitrogen gas flowing through a ventilated cell cover to vent

out any escaping sulfur in case of a pan leak. The samples

were sealed under a flowing nitrogen atmosphere to avoid

oxidation of the samples during experiments. The sample

weight was typically around 15mg. The sensitivity of the

instrument was set at 1 mcal/sec.
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a. Dynamic Heating Experiments

The dynamic heating data were taken at four different

heating rates (50 K/min, 10 0 K/min, 20°K/min, and 40K/min)

for each composition to investigate the glass transition,

crystallization, and liquidus temperatures. The base line,

taken at each heating rate and stored in a Data Station

(Perkin-Elmer), was subtracted from data automatically to

maximize the sensitivity and accuracy of the instrument.

It was noted that the difference in sample weight

produced a marked difference in the measured characteristic

temperatures. The melting temperature of Lead, measured at

four different heating rates is shown in Figure 8. The

melting peak became broader at faster heating rate, and this

effect was more pronounced for heavier samples. As a

consequence, if the middle or end point of a reaction is to

be accurately determined, account must be taken of the fact

that the measured temperature fluctuates depending on the

:sample weight, whereas the reaction onset temperature is

least affected by the difference in sample weight.

Therefore, it is preferable to define a reaction temperature

by the onset of reaction whenever possible, or if not, by

using a small sample and a slow heating rate to minimize

thi, thermal lag caused by the finite sample size and finite

heating rate. In this study, the liquidus temperatures

(that is the end point of melting) were measured at 50 K/min

heating rate, using small samples weighing less than 10 mg.
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The glass transition temperatures were measured at the

transition onset, which was defined as the intercept of two

lines; the extraporated base line below Tg, and the line

drawn tangent to the curve at the maximum slope. The

crystailization temperatures were measured at the

temperature of the maximum crystallization rate according to

toe definition of Equation 5, using samples which weighed

approximately the same in all experiment for better

reproducibility.

It is a common practice to thermally cycle a sample in

the DSC instrument during a dynamic heating experiment in

order to minimize errors caused by the variations in sample

weight. This procedure did not present any problems in the

-tudy of the glass transition temperature because it is a

reversible process. However, this procedure was not

acceptable for the dynamic heating crystallization study,

because crystallization was found to appear at different

temperatures for each thermal cycling, even when the heating

and cooling rates were ensured to be identical (the sample

was heated to above its melting point and quenched by taking

it out of the DSC cell to simulate the original liquid

nitrogen quench condition). The crystallizations on second

and subsequent heatings occurred at much higher temperatures

compared to that in the initial heating. For this reason,

all crystallization data were taken on the initial heatings.

31
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Four dynamic heating runs were conducted under an

identical condition and the average values of Tg, T, and T,

were reported. These data were also used in the

calculations of activation energies and Hruby's parameters.

The activation energies of glass transition were calculated

using Equation 6 and those of dynamic heat ig

crystallization were calculated by Equation 5. The Hruby's

parameters were calculated using Equation 1.

b. Isothermal Experiments

Constant temperature experiments were conducted in

order to study the isothermal crystallization. A sample

was introduced into the DSC cell at 420 0 K, and heated to the

temperature of interest at a heating rate of 320°K/min.

An X-Y recorder, used in a time scanning mode, was started

as soon as the DSC cell reached the isothermal temperature.

Since the first 20 seconds of data were lost while the

instrument was being stabilized, a correction was made by

simply connecting the origin and the point at t=20, assuming

that no crystallization has taken place before t=O. In

order to determine the partial area crystallized in Equation

3, the trace was marked at t = t1 ... , t 6 as shown in

Figure 9, cit out at each t value and weighed with -i micro-

balance, and compared to the total weight of the trace.

This method worked better than the computer integration

method in this particular case, because the lost area at the

btg inning of the trace could be accounted V'or.
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After determining the partLal area oe-y.,3tallized, <, a-

a function of time, these data were plotted as lnln(1/(1-x))

versus in t (another form of Equation 3) to check the

validity of the equation. This re]ationship and all the

assumptions were assumed to be valid if the data points lay

on a straight line. The slope of this L ine is n, ani !,h,,

intercept is In K. The isothermal data were taken at four

different temperatures (Ti30 ) and the apparent activation

energy of crystallization was determined from the slop, of

in K vs. I/Tis o plot. Four identical fneasurements vur

conducted at each temperature for each specimen to establish

the limits of error.

It was found that crystallization occurred befo)r,

reaching the isothermal temperature if the temperature was

too high, yielding poor fit of data and higher n val 1(23.

Therefore, Ti's were chosen at levels below such

temperatures.

The sample weight and surface area were found to

strongly affect the kinetic parameters obtaLned with 1he

isothermal technique. The effect of sample weight .)n

isothermal crystallization is shown in Figure 10, whloti

indicates that the smaller samples crystallized q'iiBk:cr.

This did not affect the slope of the line (n value), but it

had a great effect on the intersection of the line at ti t,

) (K value). The effect of sample's surface area- )n

crystallization is shown in Figure 11. Different s, rIe
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areas were created by dividing the samples (weighing

approximately the same) into different number of pieces of

about the same size. This experiment showed that the

samples having larger surface area crystallized quicker, and

again the K value was greatly affected. Because of these

two findings, extra attention was paid in preparing samples

for the isothermal crystallization experiment, to ensure

that all samples weighed about the same, and to keep the

sample in one piece during the sample sealing operation.

c. Error Analysis of Activation Energy Calculations

The errors associated with the activation energy

calculations were estimated using a Student's t analysis

[Ref.47], since the data could be fitted linearly to the

activation energy equations, i.e., in K vs. 1/T for

Lsothermal crystallization, In (q/T c ) vs. 1/Tc for dynamic

heating crystallization, and in q vs. I/Tg for glass

transition temperature. The slopes of these lines correspond

to the activation energies.

The error for the slope, b, of a straight line,

obtained from the data set (Xi, Yi) using a linear

regression analysis can be written as;

N

b =t Se - (7)
2 Sxx
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where

2 Sxx Syy - (Sxy)
2

Se 2  8

N(N-2) Sxx

Sxx = N / Xi2 - ( . Xi)2

Syy = N Yi2 - ( Yi) 2

sxy = N i xi X)

N = number of data points

t = t statistics at confidence level 1-a
and degrees of freedom N-2

It is more convenient to express Ab in terms of the

correlation coefficient, r, which can be calculated using;

Sxy
r = (9)

FSxx Syy

Substituting Equation 9 and b = Sxy/Sxx into Equation 8,

Equation 7 become;

Ab 1-r2

t a22(10)
b (N-2) r2

The percent errors in activation energies can be easily

calculated using Equation 10. In the current analysis, a

confidence level of 90 percent was chosen, and the number of

degrees of freedom equal to 14 was used because 16 data

points were used in each activation energy calculation ( 4

identical runs at each temperature or heating rate, and 4

* different temperatures or heating rates).
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3. OTHER CHARACTERIZATIONS

The sulfur contents of bulk specimens was analyzed

using the Schoninger sulfur combustion technique. At least

four measurements were taken for each composition to check

the homogeneity within the batch.

X-ray analyses were conducted with a Phillip X-ray

diffractometer, using a Cu K monochrometer. The angle

scanning speed of the goniometer was 1 degree per minute,

and the diffracted X-ray intensity was plotted as a function

of angle (20). The diffraction peak angles were manually

read from the chart, and converted to lattice spacing (d),

using a conversion equation for Cu K line ( X = 1.54050A);

d = /2 sin @(1

Since most of the bulk specimens were in odd shapes

they were powdered and dusted onto a microscope slide with a

thin film of vacuum grease to obtain a fairly smooth and

flat sample surface required for good focus of the

instrument. The vacuum grease did not affect the X-ray

peaks of the specimens. The reproducibility of the

measurements were better than +O.01A. Two major sources of

the experimental error were; (1) minor deviation of the

specimen plane from the instrument's 20 = 0 plane, and (2)

uncertainty in reading the peak angles from the chart.

Scanning Electron Microscopy (SEM) was performed to

study the microstructure and the crystal growth morphology
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of bulk specimens. Since these sulfide specimens were

found to crack and deform when regular metallographic sample

mounting techniques were used, they were cold mounted in

epoxy. A small part of each mounted and polished sample

was etched with NaOH solution, diluted to O.1N with

distilled water, to reveal the microstructure caused by the

differential etching of phases.

4O
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III. RESULTS AND DISCUSSION

1. CHEMICAL COMPOSITIONS

All of the bulk specimens were visually homogeneous,

indicating complete reaction and mixing. Sulfur

stoichiometry, a. determined by the Schoninger sulfur

combustion method, are listed in TABLE 1. The

reproducibility of measurements was better than +0.5 percent

of the total sample weight. Four of the bulk specimens

were found to be grossly sulfur deficient. Sulfur probably

evaporated during the ampule sealing process in these

batches, in spite of the extra precaution taken to keep the

ampules cool. Sulfur content of other bulk compositions

were found to be within two percent of the nominal

stoichiometry. Powdered specimens derived from

stoichiometric bulk compositions consistently showed lower

sulfur content, probably because of the absorbed water on

powder surface. Films also showed lower sulfur

stoichiometry apparently for the same reason, and the

chemical analyses for these specimens are not listed because

they may not be accurate. Several attempts have been made

to determine the antimony content, utilizing atomic

absorption spectroscopy. However, the accuracy of these

measurements were found to be too low ( +5 percent of

total sample weight) for a useful compositional

characterization. Other analyses conducted o~n the
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TABLE 1. LIST OF SAMPLE COMPOSITIONS AND
ANALYSIS CONDUCTED ON SAMPLES

Bulk Samples - Liquid Nitrogen Quenched

Nominal Analyzed Analysis conducted
Compositions Sulfur Stoich. X-Ray SEM DSC

As 2S3  2.99 + 0.02 X X X
As 1 .8Sb 0 2 S3  2.98 + 0.04 X X
Asl 6 Sbo 4S3 2.98 + 0.03 X X X
Asl 4Sbo 63 2.97 + 0.02 X X
As1 2Sbo 8S3 2.98 + 0.03 X X X

2.55 + 0.03 X X X
As1 .0SbI .S3 2.94 + 0.02 X

2.67 + 0.03 X X X
Aso 8 Sbl.2S 3  3.02 ± 0.04 X X X
As 0 6 Sbl 4S3 2.98 ± 0.02 X X X
As 0 4Sb I 6S 3  3.00 + 0.04 X X X
As0 2Sbi 8 S3  3.01 + 0.03 X X X

Bulk Samples - Slow Cooled

As, 6Sb0 4S3 2.90 + 0.02 X X X
Asl 4Sboi 6 S3  2.95 + 0.03 X X X
As 1 .2Sb0 .8$ 3 2.58 j 0.03 X X X -

As1 .0SbI.0S3 2.94 + 0.02 X2.66 + 0.04 X X X .%
As 0 9Sb 1 S3  3.03 + 0.03 X X X
AS0 8Sb" 2

s -  2.95 + 0.02 X X X
Aso 6

S b l.4
$
3  2.98 ± 0.04 X X X

As0 4 Sb 1 6 S3  2.96 + 0.04 X X X
As 0 2 Sb 1 8S 3  2.92 ± 0.04 X X
Sb2 3 3.01 + 0.04 X X

Film Samples - Vapor Deposited

As0 8Sb 3 X X0. I.2S3 
xAs0 S4 b 1 3  X XAs 4SI. 6S3

Sb28 3  X X
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specimens are also listed on TABLE 1.

2. X-RAY ANALYSIS

K-ray analysis was conducted to examine the extent of

the glass formation and the phases present in crystallized

state.

The results of X-ray diffraction analysis are

summarized on TABLE 2. Among the specimens with

stoichiometric amounts of sulfur, AS 2 _xSbxS 3 , the slow

cooled specimens were amorphous in the arsenic rich region

from x=O to x=1.1, while the liquid nitrogen quenched ones

were amorphous up to x=1.4. All vapor deposited films were

amorphous, presumably due to the rapid quench rate of the

deposition process. The glass forming region as a function

of sample cooling conditions is shown in Figure 12. All X-

ray peaks for stoichiometric, crystalline samples

corresponded closely to those of Sb2 S3 , indicating that only

Sb 2S 3 contributed to the crystallization of AS 2 _ xSbxS 3 .

The lattice spacings were the same for all compositions

within experimental error (+0.01A), suggesting an absence

of solid solution formation in this system, as in the case

of As 2 _xSbxSe 3 system reported in the literature [Ref.8].

This result was expected because two end compositions, As2 S3

and Sb 2 S3, crystallize in different crystal structures.

The slow cooled specimens with sulfur deficiency were

crystalline at x=0.8 and x=1.0, while the stoichiometric

specimens were glassy at these compositions, and exhibited
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TABLE 2. MEASURED LATTICE SPACING VALUES
FROM X-RAY ANALYSIS

Hand Book Values Measured Lattice Spacings
for Sb2 S3  [Ref.19] k

Relative Lattice Slow Cooled As2 _xSbxS 3

[hkl] Peak Spacing
Int. x=0-1.1 x=1.2 x=1. 4

[110] 16 7.990 8.00 8.00
[020] 36 5.654 a 5.66 5.66
[120] 57 5.052 m 5.06 5.05
[220] 28 3.987 o 3.99 3.99
[101] 29 3.632 r - 3.62
[130] 67 3.573 p 3.57 3.57
[310] 72 3.556 h - -
[111] 25 3.458 o 3.44
[021] 18 3.178 u - 3.17
[230] 37 3.128 s 3.13 3.13
[211] 95 3.053 3.05 3.05
[221) 100 2.764 2.76 2.76
[301] 52 2.680 2.68 2.68
[311] 25 2.609 2.61 2.61
[240] 46 2.525 2.53 2.53
[231] 22 2.426 2.42 2.42
[041] 24 2.277 2.27 2.27
[430] 14 2.252 2.26 2.25
[141] 25 2.233 2.22 2.23
[421] 21 2.101 2.10 2.10
[520] 12 2.088
[440] 10 1.992 - 1.99
[431] 46 1.946 1.94 1.94

[002/151] 36 1.920 - 1.91
[351] 19 1.729 - -
[531] 20 1.725 1.72 1.72
[132] 34 1.691 1.68 1.69
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TABLE 2. (cont)

Measured Lattice Spacings

Slow Cooled As2 _xSbxS 3  Quenched As2 _xSbxS 3

x=1 .6 x=l1.8 x=2.0 x=0-1.4 x=1 .6 x=l1.8

8.00 8.00 8.00 - 8.00
5.67 5.66 5.66 5.64 5.66
5.06 5.05 5.05 a 5.05 5.06
3.99 3.98 3.99 m 3.98 3.99
3.63 3.63 3.63 o - 3.63
3.57 3.57 3.57 r 3.57 3.57

3.46 3.46 3.46 h - 3.45
3.17 3.17 3.18 o - 3.17
3.13 3.13 3.13 u 3.12 3.13
3.05 3.05 3.06 s 3.04 3.05
2.76 2.76 2.76 e 2.76 2.76
2.68 2.68 2.68 2.68 2.68
2.61 2.61 2.61 - 2.61
2.53 2.52 2.52 2.52 2.52
2.42 2.42 2.42 - 2.42
2.27 2.27 2.27 - 2.27
2.25 2.25 2.25 - 2.25
2.23 2.23 2.23 - 2.23
2.10 2.10 2.10 - 2.10

1.99 1.99 1.99 - 1.99
1.94 1.94 1.94 1.94 1.94
1.91 1.92 1.92 - 1.92
1.73 1.73 1.73 - 1.73

1.69 1.69 1.69 - 1.69
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TABLE 2. (cont)

Lattice Spacings A

Slow Cooled
Sulfur Deficient
Samples

Asl 2Sb 0 8  Asl oSb 1 .0
$2.55 " 2.67

8.00 8.00
6.80
5.77 5.79
5.64 5.66
5.03 5.06
4.86
4.12
3.97 3.99
3.56 3.58
3.44 3.45
3.12 3.13
3.04 3.05
2.99
2.93 2.90
2.87
2.75 2.76
2.67 2.68
2.60 2.60
2.52 2.53
2.41 2.42
2.27 2.27
2.25 2.25
2.22 2.23
2.10 2.10
1.99 1.99
1.94 1.94
1.91 1.91
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Composition As 2 -xSbxS3

x 0.0 1.0 2.0
f t t . I I i ,

(a) Slow Cooled from Melts at 0.1 K/min

(b) Quenched in Liquid Nitrogen

(c) Vapor Deposited

Figure 12. Glass-Forming Region in As 2 x SbxS3 for
Different Cooling Rate,
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extra X-ray peaks superimposed on the Sb 2S 3 peaks. These

extra peaks correlate to AsS-s crystals.

3. SCANNING ELECTRON MICROSCOPY

Figures 13a through 15f show the microstructures of

bulk specimens. Among those, the Figures 13a through 13i

are of the stoichiometric slow cooled specimens, Figures 14a

through 14e are of the stoichiometric quenched specimens,

and Figures 15a through 15f are of the sulfur deficient

specimens.

Antimony rich specimens, when slow cooled, exhibited

two phase structures with a highly directional acicular

crystal phase (lighter color phase) and a matrix phase

(darker phase) as seen in Figures 13c, 13d, and 13f. The

matrix, which was observed to etch away as seen in Figures

13e and 13g, is believed to be glassy As 2S 3 . The acicular

crystals were found to be Sb 2 S 3 by X-ray diffraction

analysis, and the diameter of the needle crystal was

observed to decrease as more antimony was replaced with

arsenic. The diameter was larger than 20 pm for Sb 2 S 3

(Figure 13a) and As 0 .2 Sbl. 8 S 3 (Figure 13b), and around 10 um

for As 0 .4Sbl.6 S3 (Figure 13c). The diameter decreased to
1-5 urn for AS. 6 Sbl.4S 3 (Figures 13d and 13e) and to 0.5 um

for As0 .8 Sbl. 2S 3 (Figures 13f and 13g). This clearly shows

that the glassy As2 S3 phase interferes with the growth of a

Sb 2 S 3 crystal. At the composition As 0 .8Sbl. 2 S 3, the Sb 2 S 3

crystals could no longer grow in a preferred direction

48

U



melo -

Figure 13a. Microstructure of Slow Cooled Sb 2 S3
* (Unretched).
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Figure 13b. Microstructure of Slow Cooled As 02Sb1. 3
(Unetched).0. 183
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Figure 13e. Microstructure of Slow Cooled As 06Sb 14S3
(Etched).*06 .
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Figure 13g. Microstructure of Slow Cooled As 0 . Sb 1 .2 S3
(Etched).*
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because of the interference from the continuous As 2 S 3

matrix, and thus exhibited an appearance more of isolated

crystalites. The presence of the As 2S 3 phase inhibits the

Sb 2 S 3 crystal growth, probably because antimony atoms have

to diffuse through the viscous matrix phase to reach the

growing crystal interface prior to the crystallization.

The specimens with antimony content lower than x=1.1

(which were been found to be totally amorphous by X-ray

analysis) showed no features (Figure 13h) until they were

etched with a NaOH solution. Etching revealed a random

network-like feature with grain size ranging from 1000A toNO

3000A (Figure 13i). This network-like microstructure seems

to exist only in melt quenched glasses and not in vapor

deposited films in this study, even though Chen et al.

[Ref.52] observed a similar network-like structure (they

call it a domain structure) in thin films. A microscopic

study of the vapor deposited films, utilizing Transmission

Electron Microscopy (TEM), did not identify such structures.

The as-deposited films seemed totally amorphous and

featureless, whether the film was a thin film directly vapor

deposited on a thin film carbon substrate for TEM, or a

thick film which was thinned by ion-milling or by microtome

technique.

In quenched specimens, the size of crystal grain was

found to be smaller, and the crystal diameter of the

quenched As 0 .4Sb .6S3 was around 1 pm (Figures 14b and 14c)
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Figure 13h. Microstructure of Slow Cooled As 2xSbx S3
where x < 1.1 (Unetched).
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Figure 13i. Microstructure of Slow Cooled As 2xSb xS 3where x < 1.1 (Etched).
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Figure 14a. Microstructure of Quenched As 2Sb1 S3
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as compared to 10 pm (Figure 13c) for slow cooled specimens

with the same composition. This is probably because glassy

As 2 S 3 matrix rapidly gained viscosity during the quench, and

inhibited the diffusion of antimony atoms and subsequent

crystallization of the Sb 2 S 3 phase. The quenched

specimens became totally featureless at antimony content

lower than x=1.4 (Figure 14d). A random network-like

feature similar to the one in Figure 13i (for slow cooled

arsenic rich specimens) showed up upon etching these

featureless samples (Figure 14e).

Figures 13i and 14e consist of two phases; a darker

phase which was etched away and the continuous lighter color

phase. This microstructure was found to be the same for

different compositions, including the As 2 S 3 glass without

any antimony addition. The grain size and the relative

amount of the darker phase to the lighter phase did not

change with composition, indicating that this microstructure

does not represent a compositional segregation or the two

phase glass structure, consisting of As 2 S 3 and Sb2 S 3 phases,

as proposed by Kawamoto and Tsuchihashi. It was concluded

that this microstructure reflected the cluster or long range

order known to exist in glasses [Ref.2 and 16].

The sulfur deficient specimens, even at lower antimony

content, were found to crystallize on slow cooling as seen

in Figures 15a and 15b. Though an X-ray analysis detected

AsS-s crystal in addition to the Sb 2 S 3 crystal in these
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Figure 14d. microstructure of Quenched As2- Sb xS3
* ~where x < 1.4 (Unetched). 2- x3
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Figure 14e. Microstructure of Quenched As 2xSb xS3
where x < 1.4 (Etched), -
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Figure 15a. Microstructure of Slow Cooled Sulfur

Defiien As1.0 Sb1.0 S2.66' (netched)

65



.1

Figure 15b. Microstructure of Slow Cooled Sulfur
Deficient As 1 . 0 Sb 1 . 0 S 2 . 6 6 (Etched),
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samples, the existance of such a second crystalline phase

was not obvious in Figures 15a and 15b. The quenched

sulfur deficient specimens, which were amorphous in X-ray

analysis, showed a darker second phase in the featureless

matrix phase (Figures 15c and 15e). Upon etching these

samples (Figures 15d and 15f), the matrix phase desolved to

reveal a spherical second phase corresponding to the darker

phase in Figures 15c and 15e. The second phase was

identified to be AsS by EDXA. The sizes of this spherical
0

phase were around 2000A for As1 .0 Sb 1 .0 S 2 6 7 and 1.5 pm for

As 1.2 Sbo.8 S2 .5 5, which seemed to be highly dependent on the

degree of sulfur deficiency.

4. THERMAL ANALYSIS

a. Characteristic Temperatures (Tg, Tc, and T)

Determined by the Dynamic Heating Method

The DSC traces for quenched stoichiometric specimens

are shown in Figure 16. The compositions with antimony

content lower than x=1.0 exhibited only the glass

transition, which appears as a step change in the DSC trace

as seen in the trace(a). This is due to a step increase in

specific heat of a glass sample upon heating through the

glass transition range as explained in Chapter I. The

compositions with antimony content between x=1.2 and x=1.6

showed the glass transition, crystallization peak

(exothermic), and fusion peak (endothermic) as seen in the

trace (b). The compositions with antimony content higher
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Figure 15d. Microstructure of Quenched Sulfur Deficient
As 1 .0 Sb 1 .0 S2 6 7 (Etched).
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Figure 15e. Microstructure of Quenched Sulfur Deficient
As 1 .2Sb0.8 2.55 (Unetched).
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Figure 15f. Microstructure of Quenched Sulfur Deficient
As 1 .2Sb0.8S2.5 5 (Etched).
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than x=1.8 were already crystallized, and they showed

neither glass transition nor crystallization, and their

fusion temperatures were above the upper temperature limit

of the experimental set up.

The slow cooled stoichiometric specimens did not show

further crystallization upon heating in DSC. Their glass

transition regions were always associated with endothermic

peaks, and this phenomena was especially prominent in

compositions with higher arsenic content (Figure 17).

Though the X-ray diffraction and SEM data showed that

AS 2 _xSbxS 3 system is a two phase immiscible system, when

crystallized, the eutectic melting peak, characteristic of

two phase immiscible systems [Ref.48], was missing in the

DSC traces for stoichiometric samples. This is because its

eutectic composition is in the glass forming region and does

not crystallize within the experimental time scale used in

this study.

The sulfur deficient specimens exhibited either two or

three endothermic peaks at around 570 0 K - 5800 K (Figures 18

and 19). These additional peaks may be due to the meltings

of As2S2 and adjacent compositions in As2 S3 -As2S2 system as

seen from Figure 20 [Ref.49] or the eutectic melting in

Sb2 S3 -As2 S2 system, the phase diagram of which has not been

found.

The DSC traces of the vapor deposited films are shown

in Figure 21. The trace (a) is for Sb 2 S3 film, trace (b) is
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from As 0 .4Sbl. 6 S 3 film, and trace (c) is for As0 .8 Sbl. 2 S 3

film. The trace (c) showed an extra endothermic peak

around 570 0 K, which was characteristic of a sulfur deficient

composition. The crystallization peaks were found to

occur at lower temperatures and were much sharper as

compared to the crystallization peaks for bulk specimens.

It was assumed at this time that the difference in

crystallization characteristics of films as compared to bulk

samples was solely due to the larger surface area associated

with films. Electrical resistivity measurements have shown

that the crystallization starts at the surface in

chalcogenide glasses [Ref.50]. To test this assumption,

the bulk samples were ground to a powder to increase their

surface area, and their DSC data were compared with those of

bulk specimens (Figure 22a). Crystallization occurred

abruptly at lower temperatures for these samples, verifying

that the crystallization, indeed, starts at the surface, and

it is enhanced by an increase in surface area. Later, the

surface crystallization was directly observed by a optical

microscopy. Figure 22b shows the crystallization starting

on the surface of a bulk As0 .8 Sbl.2 S3 glass specimen, which

has been isothermally annealed at the crystallizaticn

temperature (6000 K) for 3 minutes. Figure 22c is the same

microstructure observed at a higher magnification, showing

needle-like crystal grcwth in the grains.

79

9-



z 0 i
* . 04 u~

U)

.00

81 04 

E -4

w u U) 0

0 E 0

I.--4

0 a)

H 4J

w S4
M -

UJ u "-I

801

-.. ** ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ f Q) 4 f~ jJ.**. K~.Y c ~..-. . . .



4

bOr

100um

Figure 22b. Crystallization Starting at the Surface of
As 0.8Sb .2S3 Bulk Specimen,
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Figure 22c. Dendritic Growth in the Surface Crystallization
of As.Sb.S Bulk Specimen.
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All characteristic temperatures (Tg, Te, and T1 )

determined from the dynamic heating DSC traces are

summarized in Table 3. Figure 23 shows the glass

transition temperatures, Tg, for bulk samples plotted as a

function of composition. The average standard deviation in

T measurements was +0.8 0 K. T was found to increase with
g g

antimony substitutions, however, the variation was less than

150 K throughout the compositional range. This result is

expected in two phase immiscible systems in general, because

the bond strength and mechanism do not change significantly

with composition, in immiscible systems. In addition for

this case, little change is expected since As-S bond energy

(61 kcal/mole) is little different from Sb-S bond energy (62

kcal/ mole) [Ref.5].

The temperature of maximum crystallization rate, T.,

for various forms of samples are plotted as a function of

composition, for (a) bulk samples, (b) films, and (c)

powdered samples, in Figure 24. The average standard

deviation in Tc measurements was +3.5 0 K for the bulk samples

and less than IOK for the films and the powder samples.

The reason for the larger standard deviations for the bulk

3pecimens is most likely due to the difference in total

surface area of the DSC samples. Tc was found to

decrease drastically with antimony substitutions above

X=1.1. Tc of' the film with a composition at x=1.6 was

between those of the bulk and the powder, as expected from
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TABLE 3. SUMMARY OF DSC DATA - T , T , and T1 values
Measured at Four Differgnt geating Rates

Bulk Samples - Liquid Nitrogen Quenched

Compositions Charac. DSC Heating Rates
Temp _ _

KO 50 K/min 10OK/min 20°K/min 40°K/min

Tg 473.6 478.4 485.4 492.1
As2S3  - - - -

Tg 472.4 476.9 483.2 491.0
As1  8 Sb 0 .2S3 Tc -...

Tg 473.7 479.0 484.9 492.6

As1 l 0 '5 Tc - - - -
A.6Sbo.4S 3  T ...

Tg 475.7 480.1 487.0 494.2
As 1 .4 Sb0 .6S3 Tc - - - -

Tg 477.5 481.6 488.1 495.2
As 1 2 Sbo 8S3 Tc - - - -

Tg 479.1 483.2 489.5 496.9
As I oSb1 0S3 Tc - - - -

Tg 480.3 484.6 490.3 498.3
AsO 8 Sb I .2 S3  Tc 601.5 612.2 626.5 642.0

T1  729.3

Tg 482.3 486.8 492.9 500.3
As0 .6 Sbl. 4 S3  Tc 575.0 583.5 596.6 611.3

T1  758.1

Tg 485.5 490.0 495.0 502.2
As0 .4 Sb 6 S3  Tc 552.1 558.3 572.0 580.5

T1  789.5
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TABLE 3. (cont)

Powdered Bulk Samples - Liquid Nitrogen Quenched

Compositions Charac. DSC Heating Rates
Temp.
Ko 5oK/min lOoK/min 20oK/min 40oK/min

Tg 479.9 484.3 489.3 498.6
Aso. 8Sbl. 2 S3  Tc 552.8 561.8 571.3 585.5

T1  729.0

Tg 482.7 485.9 491.7 500.3
ASo.6Sbl.4S 3  Tc 533.0 538.5 545.2 554.4

T, 758.1

Tg 485.9 489.6 494.4 502.3
Aso. 4Sbl. 6 S3  Tc 526.0 550.3 554.6 557.2

T 1  789.5

Sulfur Deficient Bulk Samples - Liquid Nitrogen Quenched

As1 2Sbo. 8  Tg 480.2 484.4 490.6 500.3
"2.55 Tc 586. 600.6 628.4 648.3

T1  719.1
As I oSb1.0 Tg 479.5 484.3 490.6 498.6

"S$2.67 Tc 591.3 607.5 623.6 638.3

I T1  726.1 1

Sulfur Deficient Powdered Samples
- Liquid Nitrogen Quenched

As I 2Sb0.8 Tg 480.2 484.1 489.9 498.6
S 2 .55 Tc 564.0 570.5 580.0 593.5

2.55 T1  719.1

Asl oSb 1 .0  Tg 480.2 484.1 489.3 497.5
"2.67 Tc 560. 565.0 573.2 585.2T1  726.0

85

.' ",'' ' " V L ' ..: ' , ,F / ., v -. . -,-,- v ':, -.' ', ,. -. .. " -' . -., -. "-.'v- -,"



TABLE 3. (cont)

Vapor Deposited Films

Compositions Charac. DSC Heating Rates
Temp.
KO 5°K/min 10°K/min 20°K/min 40°K/min

Tg 479.2 482.8 486.2 493.5
As0 .8 Sbl. 2 S3  Tc 549.6 557.4 567.2 579.7

T1  730.0

Tg 490.1 492.3 497.2 501.7
ASo. 4 Sb. 6 S 3  Tc 539.4 547.4 555.2 564.2

TI 790.0

Tg 490.0 492.3 497.0 500.6Sb2S 3  Tc 536.6 544.1 549.5 558.7
T1  (819)

J
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Figure 23. Glass Transition Onset Temperature, Tg, as a
Function of Composition for Bulk Samples.
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the difference in their surface areas. However, Tc at the

composition x=1.2 was about the same for the film and the

powder. This was understandable since this free standing

film sample possessed the appearance of powder rather than a

sheet, after being rubbed off of the aluminum substrate

(vigorous rubbing was necessary to remove this film from the

substrate because of its strong adhesion). There was only

a small difference in the T. of films for compositions x=1.6

and Sb 2S 3.

The liquidus temperatures, TI, are plotted as a

function of composition in Figure 25. Since the liquidus

temperature is defined as the end point of the broad melting

peak, which gradually blends into the base line, it was

difficult to determine T, with an accuracy better than +30 K.

The melting point of Sb 2 S3 was quoted from the literature'2 3

[Ref.51], since it exceeded the upper temperature limit of

this experiment. The shape of liquidus curve seems to be

similar to the one shown in Figure 3, for As 2 -xSbxSe

However, it was not possible to determine T, of compositions

high in arsenic content using the DSC technique because

this system has a wide compositional range over which the

material is metastable for the experimental times used in

this study. There was no difference in TI, within an

experimental error, between the quenched sample and the slow

cooled sample of the same composition.
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The Hruby's parameter described in Chapter I is plotted

as a function of composition in Figure 26. Because of the

rapidly decreasing Tc and the increasing T, with antimony

substitutions, the resultant Hruby's parameter, which

expresses the glass forming tendency quantitatively, was

found to decrease drastically with increasing antimony

content. An abrupt change in glass-forming tendency

occurred within a narrow compositional range at around

x=1.1. This phenomena can be explained well if the glasses

are assumed to consist of Sb 2 S 3 phase and As 2S 3 matrix

phase, and the crystal grow by interconnection of Sb 2 S3

phase. Because of the slow diffusion of antimony atoms

through As 2 S 3 phase, the crystallization may practically

cease beyond a certain composition where Sb 2S 3 phase becomes

isolated from each other.

b. Kinetics of Crystallization

The kinetics of crystallization as a function of

composition was studied to aid understanding of

crystallization process.

The kinetic parameters and activation energy of

crystallization, which have been described in Chapter I,

were determined utilizing two independent methods; the

dynamic heating technique and the isothermal technique.

The temperature of maximum crystallization rate, T.,

was determined as a function of heating rate ( listed on

Table 3), and was used to calculate the dynamic heating
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Figure 26. Hruby's Parameter as a Function of Composition
f or Various Forms of Samples.
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0 crystallization kinetics utilizing the procedure discussed

in Chapter II. The plots of in q/T c as a function of 1/Tn,

where q is a heating rate, are shown in Figures 36a through

36h in Appendix C, for each specimen. The error bars

represent the standard deviation of four identical

measurements. For the film samples, the error bars were

determined only at one heating rate (20°K/min), because the

data were found to be very reproducible (variation in Tc was

within +1 0 K). The standard deviation in the vertical

direction is negligible. The quantity, Ea/n, of a sample

was calculated from the slope of the straight line

determined by a linear regression analysis. It was not

possible to obtain Ea and n values independently with this

analysis technique. An uncertainty in the determination

of E a/n was calculated according to the error analysis

technique for linear regression discussed in Chapter II.

Ea/n values and their experimental uncertainties are listed

on Table 4.

The isothermal data were analyzed according to the

procedure in described in Chapter II. Plots of lnln(1/1-x)

as a function of in t (step I - to determine n and ln K at

each isothermal temperature), and plots of in K as a

function of l/Tis o (step II - to determine Ea) are shown in

Figures 37a through 37p, in Appendix C. In the lnln(1/1-x)

vs. in t plots, the dat3 points lay on straight lines with a

correlatLon coefficient better than 99.8 percent. This
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indicates that the data fit the JMA model very wel I, and

neither n nor in K change with time during the

crystallization of this material. However, these

straight lines for four supposedly identical measurements

were shifted parallel with respect to each other, yielding a

fluctuation in the intercept , in K, while maintaining

approximately the same slope, n. The error bars represent

the amount of shift in these lines, and the data points are

the average of four measurements. It has been found that

the error bars would have been larger, because of the

variation in sample surface area, if the specimens had been

less carefully split or crushed during the sample sealing

operations. Errors still existed, even with careful DSC

sample preparation, probably because of internal pores and

cracks in the samples where crystallization tended to

initiate, as seen in Figure 27. Also, it was found that

minor fluctuations in data affected n values, which in turn

affected In K values in larger magnitudes. The errors in

In K were amplified because the intercepts were taken by

extrapolating the slope to in t = 0, which was far

removed from the region where the data were obtained.

Since temperature dependence of n values had not been

detected, the average of all n values (for all temperatures)

were used as the n value for the sample. in K was

cal-ulated from this unified slope, in order to minimize the

amplification of errors. The calculated values, Ea, n, K,
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and Ea/n are listed on Table 4. The errors in determining

Ea/n were calculated as before. n values appear to be about

the same for all bulk samples ( n = 1.6 +0.1). However,

they were considerably higher for two films which were in a

form of thin sheet. These high n values in films

correlated with a incubation time prior to isothermal

crystallization as shown in Figure 28. The following

reasons have been considered to explain this phenomena; (1)

the geometrical constraint in the diffusion process, (2) a

delay in thermal response due to the poor thermal contact

between sheets, and (3) a difference in the way arsenic and

antimony atoms are arranged in films as compared to bulks.

The first reasoning could be excluded since the films, which

were used in this study, might be too thick (- 15pm) to

interfere with the diffusion. The third reasoning is an

exciting possibility, which is correlated to the explanation

that the films may be totally amorphous, while the bulk

samples are most likely heterogeneous.

EI/n values obtained through two separate methods

generally agreed within experimental errors. The

experimental errors for the isothermal method were found to

be much higher than those in the dynamic heating method,

mostly because of the following reasons; (1) in the

isothermal technique, data at the beginning are lost due to

insL:ument's stabilization time, (2) the isothermal data

analysi:3 requires a two step operation, while only one
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calculation is needed for the dynamic heating data analysis,

(3) the first calculation step for the isothermal data

analysis involves an extrapolation of data which tends to

exaggerate the fluctuation in data, and in addition (4)

errors in Ea/n from the isothermal data are additions of

errors in Ea and n.

Ea/n values, obtained with either method, were found

to increase in general with increasing antimony content, as

the concentration of Sb 2 S 3 per mole of glass which

contribute to the crystallization increases (See Table 4).

Since As 2 S 3 does not contribute to the crystallization

process, the Ea/n values were normallized by the

corresponding mole percent of Sb 2 S 3 in the samples to obtain

Ea/n values in units of eV per Sb 2 S 3 unit (shown in

parenthesis). The energy required for one Sb 2 S3 unit to

crystallize seems to increase with increasing As 2 S 3

concentration in the stoichiometric specimens. Even though

As 2 S 3 itself does not crystallize, its presence seems to

increase the apparent activation energy barrier of

crystallization. This is probably because antimony atoms

have to diffuse through the viscous As 2 S 3 glass to reach the

crystallizing surface prior to their crystallization, which

may add the activation energy of diffusion to the total

process.

The pre-exponential factors (or frequency factors), Ko,

were found to increase by orders of magnitude with
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increasing antimony content in bulk samples, which may

correlate to an increase in the number of crystallization

site per unit surface area of glass.

E a/n values for the films were about the same or

slightly higher as compared to those of bulks. The most

outstanding feature of the films was that the pre-

exponential factors, I(o, were much higher. This may be

related to the larger number of nucleation sites for the

films.

c. Activation Energy of Glass Transition

Activation energy of glass transition (Ha) was

*calculated using Equation 6. The dynamic heating data for

the glass transition, used in this calculation, are listed

on Table 3. The calculated activation energies (in

* Kcal/mole) are plotted as a function of composition for

various forms of samples in Figure 29.

For bulk samples, there was no significant differences

in the H a values between stoichiometric and sulfur deficient

samples, and the powdered samples also showed about the same

values. The activation energy increased slightly with

* antimony content but the variation was very small.

There was a large difference in H a values between bulks

and films. Films had much higher activation energies,

indicating that they require much higher energies for the

transition reactions to occur, although the glass transition

temperatures were not much different between bulks and
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films. The activation energies for the films showed a

compositional dependence which was absent in the bulk

samples. This data may support the explanation that the

films are totally amorphous in the as-deposited state, while

the bulk samples are most likely heterogeneous.

Errors in the activation energy calculations were

determined by the method discussed in Chapter II. Since

the errors were about the same for all data points, only one

error bar is shown in Figure 29.

d. Effect of Annealing on Glass Transition

This experiment was conducted to examine the possible

existance of interaction between As 2 S 3 and Sb 2 S 3 in the

glasses.

When a glass is annealed at temperatures below the

glass transition range, the glass stabilizes in a lower

energy state. Upon re-heating the glass through the glass

transition temperature region in a DSC instrument, the glass

transition appears as a step change associated with an

endothermic peak. This is because the glass, while

undergoing the glass transition, absorbs back the heat it

has given up during annealing (enthalpy of relaxation),

which may be assumed to be equal to the area under the

endothermic peak ( Q cal/mole). Q were measured as a

function of annealing time ( t hours), and the results were

plotted in Figure 30. Curve (a) in Figure 30 represent

As 2 S 3 , (b) is for Asl. 8 Sbo.2S 3 , (c) is for Asl. 6 Sbo.0 S 3 , and
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(d) is for Asl. 4 Sbo. 6 S 3 . These data showed that the

energy release during annealing process (relaxation)

decreased with increasing concentration of antimony in the

glass. These curves were found to fit well (with

correlation coefficients better than 99.7 percent) to an

equation of the form; Q = A tm . The curves could be

approximated by Q = ; (a) 87.6 t 0 5 5 0 6  (b) 59.4 t0 6 2 8 9

(c) 36.1 t0 "7 7 6 4, and (d) 28.4 t0 "7 8 9 3

The calculation of Q for different compositions with

the same annealing time, using the equations listed above,

suggested that only As 2 S 3 relaxed, and the addition of

antimony somewhat surpressed the relaxation of As 2 S 3 .

This interpretation is consistent with the structural model

of the glasses proposed by Kawamoto et al., in which the

glasses consist of As 2 S 3 and Sb 2 S3 phases, and the phases

are connected with As-S-Sb bonds. According to this model,

increasing amount of Sb 2 S 3 phase increases the number of

interfacial As-S-Sb bonds which do not participate in the

relaxation process.

e. A Self-Consistent Model of Crystallization Mechanism

The development of a model for the crystallization

mechanism of the bulk As2_xSbxS3 glasses must take into

account the following; (1) An abrupt change in glass forming

tendency occurred within a narrow compositional range at

around x=1.1, (2) Both the glass transition temperature and

activation energy of glass transition did not change
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significanTly with composition, (3) the enthalpy of

relaxation abnormally decreased with increasing antimony

concentration in the glasses, (4) only Sb 2 S 3 crystallized

and As 2 S 3 remained glassy upon thermal treatment of the

glasses, and no solid solution formation was detected, (5)

the crystal growth started at the surface, (6) the diameter

of Sb 2 S3 crystals grown from melts decreased with increasing

arsenic content and with faster cooling rate, and (7) the

apparent activation energy to crystallize one mole of Sb2S3

decreased with antimony addition.

These observations led to the development of a model

for the crystallization mechanism, which is described as the

following; (1) the glasses exhibit two phase heterogeneity

consisting of Sb2S3 phase and As2S3 matrix phase, and there

exist As-S-Sb bonds at the interface as proposed by Kawamoto

et al. [Ref.5 and 6], (2) the nucleation sites are at the

surface of the bulk in the Sb2S3 phase, and (3) Sb2 S3

2rystals grow in the glassy As2 S3 matrix by diffusion of

antimony atoms through As2S3 phase, and subsequent inter-

connection of Sb2S3 phase.

According to this model, antimony rich compositions

crystallized easily because very little antimony diffusion

through the matrix phase was required for the growth of

Sb2S3 phase. The crystallization which had been nucleated

at the surface proceeded inward as shown in Figure 31(a).

On the contrary, arsenic rich compositions did not
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crystallize even with a prolonged thermal treatment, because

Sb 2S 3 phase was isolated from each other and antimony atoms

had to diffuse for considerable distances between them in

order for the Sb 2 S 3 phase to grow. Therefore, the
2

crystallization, which had been nucleated at the surface,

could not easily propagate inward, as shown in Figure 31(b).

This model also explains the observation by Platakis et

al. [Ref.11 and 12] for As 2 _xSbxSe 3 system, in which both

As2 Se 3 and Sb 2 Se3 crystallizes, that the compositions with

high arsenic content crystallized in monoclinic structure,

antimony rich compositions crystallized in orthorhombic

structure, and intermediate compositions exhibited both

structures.

The aspect of diffusion limited crystal growth was

further supported by the observations (6) and (7). The

surface nucleation was directly observed by microscopy, and

also examined by comparing the difference in crystallization

kinetics of samples with different surface areas. The

existance of As-S-Sb bonds at the interface of As2S3 and

Sb2 S3 phases was consistent with the observation (3). The

abnormal decrease in the enthalpy of relaxation with

antimony addition may be conveniently explained if both the

glassy Sb2 S3 phase and the interfacial As-S-Sb bonds do not

relax with annealing.

The as-deposited glassy state in the films most likely

does not exhibit two phase structure, and the
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crystallization mechanism of the films is probably .

from this proposed model, because of the f.

observation; (1) the direct examination of the f'..m ".

TEM showed that the films were total ly amorp..>

featureless, (2) the activation energy of glass trAnri 

showed a compositional dependence, (3) and the .)r iet'

parameter and activation energy of crystallization were m:i(,n

higher in the films as compared to the bulks.
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IV. SUMMARY

The crystallization mechanism of As2 _xSbxS 3 glasses in

a melt quenched bulk form and a thin film form was examined

and a self-consistent model of the crystallization mechanism

was developed. The summary of experimental results and

interpretations which aided the understanding of the

mechanism were as the following.

GLASSY STATE

The direct observations of the bulk glasses using SEM

revealed a network-like two phase submicrostructure caused

by a differential etching. This structure and the relative

amount of phases present were found to be independent of

composition, indicating that the submicro-structure did not

support the two phase glass structure consisting of As 2 S3

and Sb 2 S 3 regions as proposed by Kawamoto et al. [Ref.5 and

6]. It was concluded, instead, that this structure

reflected the cluster or long range order known to exist in

glasses.

The microscopic study of the vapor deposited films,

using TEM, did not identify any features. The as-deposited

films seemed totally amorphous and featureless, whether the

film was a thin film which was directly vapor deposited on a

thin carbon film substrate, or a thick film which was

thinned by ion-milling or by microtome technique.
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The activation energy of glass transition. for bulk

glasses exhibited little dependence on cowposition, This,

in general, indicates that the glass consists of two phases,

and the compositional variation does not affect the nature

of tho atomic bondings. On the contrary, the activation

energy for the film samples showed a strong compositional

dependence, suggesting the absence of such two phase

structure in films.

An abrupt change in glass forming tendency occurred

within a narrow compositional range at around x=1.1 for the

bulk AS2_xSbxS 3 samples. The antimony rich compositions

readily crystallized during the DSC experiments, while the

arsenic rich compositions did not crystallized even with a

prolonged thermal treatment. This phenomena was

successfully explained by the model of crystallization

mechanism, describing the diffusion limited crystal growth

in the two phase glass structure.

CRYSTALLIZED STATE

X-ray diffraction analysis showed that only the Sb 2S 3

phase crystallized in the glassy As 2 S 3 matrix phase. No

solid solution formation between Sb 2 S 3 and As 2 S 3 was

detected within the experimental error. The phase diagram

of As 2 S 3 -Sb 2 S 3 system in the antimony rich region was

confirmed to be totally immiscible. The phase diagram of

the arsenic rich region could not be obtained because the

compositions did not stabilize within the experimental time
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scale of this study.

CRYSTALLIZATION PROCESS

The optical micrographs of the partially crystallized

bulk glass specimens revealed that the crystallization

initiated at the outer surface and around the internal pores

in the glass. The number of nucleation site, represented

by the frequency factor (K0 ), increased with antimony

content because a large number of Sb2S3 phase was exposed on

the surface.

It was suggested that the crystallization process was

diffusion limited because the diameter of the melts grown

Sb2S 3 crystal decreased with the antimony content, and also

with the faster cooling rate. Another observation

supporting this proposal was that the apparent activation

energy, which was a combination of the diffusion energy and

the crystallization activation energy, increased with

arsenic content.

OTHER RESULTS

The difference in crystallization kinetics between the

* film and the bulk was found to be caused by the difference

in their surface area. The films crystallized faster

because of their larger surface area. This result

correlated with the Ko values, which were orders of

magnitude higher in films. In addition, the film samples

exhibited an incubation time prior to isothermal



crystallization, which correlated with the larger order

parameter(n) and apparent activation energy of

crystallization(Ea). This result may suggest that the

crystallization mechanism is somewhat different in the films

because the initial glassy state is totally amorphous with

no heterogeneity.

The sulfur deficient specimens crystallized readily,

even in the compositional range where the stoichiometric

bulk samples did not crystallize. Though the frequency

factor (Ko), which reflects the number of crystallization

site on the surface, decreased with arsenic content, the

composition crystallized faster because of the lowered

apparent activation energy. The examination of the glassy

specimens with EDXA and X-ray diffraction technique

identified a large amorphous AsS phase (size of the phase

seemed to depend on the degree of sulfur deficiency)i The

lowered apparent activation energy may reflect the

crystallization of AsS, which aid the crystallization of

Sb2 S 3 phase.
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V. FUTURE WORK

Continuation of the TEM study on the bulk AS 2 -xSbxS 3

glasses is recommended for a future work. Preliminary

calculation on the differential scattered electron intensity

have shown that the glasses, if they consist of the Sb 2 S3

and As 2S 3 phases as proposed, should produce a detectable

image contrast in the TEM photograph. Among the available

techniques, microtome was found to be the most promising in

preparing the chalcogenide glasses for the TEM examination,

and this technique should be further refined in future to

yield more reproducible results.

1
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APPENDIX A

THERMAL ANALYSIS

Changes in physical and chemical state of a material

are generally accompanied by either a heat absorption from

environment (endothermic reaction) or a heat generation

(exothermic reaction). Such changes may be induced by

heating or cooling of the material. Among the physical

changes, the first order phase transitions involve breaking

of atomic bonds, while the second order phase transitions

involve mere atomic realignments. Melting and polymorphic

transformations are the first order phase transitions and

are endothermic upon heating and exothermic upon cooling,

because the material reversibly changes between a lower

energy state at lower temperature and a more disordered

higher energy state at higher temperaturet On the other

hand, crystallization, which is also a first order

transition, is always irreversiblly exothermic either upon

heating from the glassy state or cooling from the super

cooled liquid state because the crystalline state has the

1 vt--energy. A glass transition is the second order

transformation in amorphous materials involving a reversible

transition between the glassy state at lower temperature and

the super cooled liquid state at higher temperature.

The differential Thermal Analyzer (DTA) and the

Differential Scanning Calorimeter (DSC) are thermal analysis
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instruments to detect minute changes in thermodynamical

variables with various physical and chemical transformations

of mnaterials. In these instruments, a sample and an innert

reference material are heated in an identical thermal

environrient, and their difference in thermal response is

recorded as a function of time. In DTA instruments, the

sample and the reference are heated together with a single

heater, and their temperature difference is measured; while

in DSC instruments, the sample and the reference are each

provided with individual heaters, and the differential heat

input (dH/dt) required to maintain their temperatures

identical is recorded as a vertical axis of the data output.

Therefore, the areas under endothermic or exothermic peaks

are directly equal to enthalpy of the phase transformation.

From a thermodynamical relation; H = mCp-T, the

vertical axis in the DSC data (dH/dt) is directly

proportional to the specific heat of the sample material

(Cp), in case of the dynamic heating experiment, as;

dH dT
-- = m. Cp.- - (Al)

dt dt

where m is the sample weight and dT/dt is equal to the

heating rate.

The same instrument may be used under the isothermal

condition at temperature, Tiso, in which case the area under

the DSC trace is also directly equal to H as

dH
dt : m-Cp Ti3 0  (A2)

dt
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APPENDIX B

EFFECT OF DEPOSITION RATE ON PHYSICAL AND

STRUCTURAL PROPERTIES OF As2 S 3 FILM

In general, the physical and structural properties of

vapor deposited films are greatly different from those of

the corresponding bulks and are affected by the deposition

conditions such as the deposition rate, the residual gas

pressure, the type and temperature of substrates, and the

angle and velocity of incident vapor [Ref.53-58]4  However,

in spite of the emerging interest in thin film As 2 S 3, most

of the studies on arsenic sulfide glasses have been

concerned with the bulk properties, and relatively little is

known about the physical and structural properties of these

"- glasses in a thin film form.

Apling and Leadbetter et al. [Ref.59-611 investigated

the structural dissimilarity between bulk and thin film of

As 2 S 3 and As 2 Se 3, using a hot stage X-ray diffraction

technique. The first diffraction peaks for both compounds

were found to be sharper and more intense in as-deposited

films, reflecting an enhanced longer range order, and their

intensities decreased and approached that of the bulk upon

annealing. This was explained by a possible existance of

As-As bonds and sheet-like open structure in as-deposited

films. This speculation was supported by an arsenic rich

stoichiometry in their films, and a considerable
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fragmentation of As 2 S 3 into S 2 and As4S 4 during the

evaporation process as detected by a mass spectroscopic

technique [Ref.60 and 62]. Nemanich et al. [Ref.63 and 64]

from their EXAFS and Raman spectroscopic results, and Tohge

et al. [Ref.65] through an IR spectroscopy suggested that

all of the As-As bonds may be incorporated as S2 As-AsS 2

units like in As 4 S4 molecules reflecting the structure of

the dominant vapor species during the deposition process,

and that As-As and S-S bonds were converted to As-S bonds

upon annealing. A neutron diffraction study [Ref.66]

likewise has shown that a As4S4 (realgar type) molecule and

sulfur dominate in as-deposited films.

In all studies on arsenic chalcogenide films described

above,however, the investigators have deposited their films

at fairly high deposition rates ranging from 300A/sec up to

170OA/sec. The literature describing the properties and

structure of the films deposited at lower deposition rates

or systematic studies on the effect of deposition rate have

not been found for arsenic chalcogenide films. Since

As 2 S3 is reported to fractionate into As 4 S4 and sulfur

during the deposition process, the deposition rate, if it is

varied by changing the source temperature, may affect the

relative amount of the fractionated species, which may in

turn affect the film properties. Therefore, a study was

conducted to elucidate the effect of deposition rate on

physical and structural properties of As2S3 glass films.
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The effect of deposition rate (in the range of 15A/sec

to 300A/sec) on the film stoichiometry, X-ray diffraction

pattern, and DSC trace was studied.

The glass films were synthesized by evaporating arsenic

trisulfide (Servofrax® glass) from a resistance heated

tungsten boat as described in Chapter II. The deposition

0 0
rates ranged from 15A/sec to 300A/sec, and they were varied

by changing the boat (source) temperature. Figure 32

shows the deposition rate as a function of source

temperature, though this calibration curve is valid only for

this particular set of study while the experimental

condition was kept the same.

The sulfur stoichiometry of the films was examined by

energy dispersive X-ray analysis (EDXA), and was found to

decrease (up to 5 percent) with increasing deposition rate,

as shown in Figure 33. This may be because only a portion

of As 2S 3 fractionates to As 2S 2 and sulfur, and the amount of

fractionation increases with increase in source temperature.

Some of the molecules never reach the substrate, which is

situated above the boat and the vacuum pumping port, and are

pumped out of the vacuum chamber since they lose their

upward momentum through collisions with each other near the

evapolating surface. More free sulfur would be pumped out

because of its lighter weight, causing a sulfur deficiency

of the films.
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Figure 34 shows the DSC traces of films deposited at
0

different deposition rates; trace(a) is for 310A/sec,
c) 0

trace(b) is for 200A/sec, and trace(c) is for 15A/sec, and

trace(d) for a bulk ServofraxP glass is also shown for a

comparison. The DSC traces for higher deposition rates

exhibited endothermic peaks at around 5800 K, which are quite

similar to the ones for sulfur deficient bulk specimens,

shown in Figures 18 and 19. These peaks are probably due

to the meltings of As2S2 and adjacent compositions in As2S3-

As2S2 system as seen from Figure 20 [Ref.491. These peaks

in the DSC trace were not present either in a slowly

deposited film or in a stoichiometric bulk specimen. This

indicates that only a insignificant amount of As2S2 is

present in crystalline form in a slowly deposited film.

Figure 35 shows the X-ray diffraction patterns for

films deposited at different deposition rates; spectrum(a)

is for an as-deposited film deposited at 310A/sec,

spectrum(b) is for the same film after being annealed at
9m

423 0 K for 7.5 hours, and spectrum(c) is for 15A/sec.

Spectrum(d) for a Servofrax®i) glass is also shown for a

comparison. The film deposited at a high rate showed small

peaks corresponding to lattice spacings of 5.8A, 3.OA, and

2.9A (AsS-s high temperature phase in crystalline form)

which were absent both in a slowly deposited film and in a

bulk specimen. The centers of diffuse peaks for vapor
03 o

deposited films were at 5.4A and 3.1A, correlating closely
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to AsS-a crystalline peaks, while the first peak was

centered at 5.1A for the bulk sample. The peaks were much

sharper and more intense in as-deposited films compared to

the bulk. It is possible that the more intense peaks

corresponding to AsS- a is superimposed on the less intense

As 2 S 3 peaks. The first peak was observed to broaden and

shifted toward shorter bond length upon annealing, as has

been reported by Appling et al.

As a summary of this study; (1) sulfur stoichiometry of

the films was found to decrease as the deposition rate

increases, (2) vapor deposited films have a large population

of amorphous AsS-ct , most likely in addition to amorphous

As 2 S 3, and (3) at the high deposition rate, the films

incorporate also the high temperature modification AsS-s in

crystalline form.
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APPENDIX C

CRYSTALLIZATION KINETICS DATA.
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Figure 36a. Dynamic Heating Crystallization Data for

Activation Energy Calculation

(Aso.sSbl. 2S3 Bulk).
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Figure 36b. Dynamic Heating Crystallization Data for
Activation Energy Calculation
(As0 .6Sbl. 4S3 Bulk).
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Figure 36c. Dynamic Heating Crystallization Data for
Activation Energy Calculaion
(As0 11 bj.633 Bulk).
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Figure 36d. Dynamic Heating Crystallization Data for
Activation Energy Calculation
(Asl. 2Sb0.8S2 .55 Bulk).
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Figure 36e. Dynamic Heating Crystallization Data for
Activation Energy Calculation
(As 1.0 Sb 1 .0 S2 .67 Bulk).
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Figure 37a. Isothermal Crystallization Data for Activation
Energy Calculation Step I (As Sb1.2S 3 Bulk).
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Figure 37b. Isothermal Crystallization Data for Activation
Energy Calculation Step II (As 0 . Sb 1 .2 3 Bulk).
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Figure 37c. Isothermal Crystallization Data for Activation
Energy Calculation Step I (As0Sb S Bulk).
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Figure 37d. Isothermal Crystallization Data for Activation

Energy Calculation Step II (As0 6 Sb1 4 S3 Bulk).
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Fi~curc 37e. Isothermal Crystallization Data for Activation
Energy Calculation Step I (A b S Bulk).

138



in K

S -7.5

-8 .0

-8.5 -

-9.0A

slope =-4.076X10 
4

intL. =66.04

1.78 1.80 1.82 1.84

1/T X 1
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Figure 37g. Isothermal Crystallization Data for Activation
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Figure 37h. Isothermal Crystallization Data for Activation
Energy Calculation Step II(As 1 .2Sb0 .8S 2 .55 Bulk).
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Figure 37j. Isothermal Crystallization Data for Activation
Energy Calculation Step II(As 1.0Sb 1 .0S2 .6 7Bulk).
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Figure 371. Isothermal Crystallization Data for Activation
Energy Calculation Step II(As0 .8Sb1 .2s3 Film).
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Figure 37m. Isothermal Crystallization Data for Activation
Energy Calculation Step I (As .4 Sb1 .6 s 3 Film).
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Figure 37n. Isothermal Crystallization Data for Activation
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Figure 37o, Isothermal Crystallization Data for Activation
Energy Calculation Step I (Sb 2 S3 Film).
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Figure 37p. Isothermal Crystallization Data for Activation
Energy Calculation Step II(Sb 2S3 Film).
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