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ABSTRACT 

The physical properties of single crystals of samarium mono

sulfide exhibit a first order semiconductor-to-metal transition near 

6.5 kbar. However, thin films of SmS show only a gradual change in 

their properties on applying pressure and this renders the technical 

utilization of the material difficult. Several mechanisms have been 

proposed as the cause of the smoothing of the transition. They include 

intrinsic stress, impurities, grain size, improper stoichiometry, and 

porosity, all of which can be traced to the physical vapor deposition 

techniques employed in preparing the films. In contrast, chemical 

vapor deposition was employed in this study because previous work had 

shown that it could minimize these detrimental modifications in thin 

films. A new CVD system was tested using a volatile organometallic as 

the samarium source and reacting it with H2S. The deposited films 

contained considerable amounts of oxygen as evide~ced by structure 

analysis. The origin was traced to the samarium organometallic through 

analyzing the deposited films and the exit gases and studying the 

deposition reaction kinetics. The reaction of oxygen-free samarium 

tricyclopentadienyl with HZS as well as chemical transport are 

suggested for deposition of stress-free SmS thin films in future work. 

xv 



CBAPTKR 1 

IHTIlODUCTIOH 

The interaction of a solid with light depends on the solid's 

optical properties at the wavelength (or photon energy) of the light. 

In general, materials can be categorized by their optical and elect

rical properties as either metals, semiconductors, or insulators. 

Metals have high reflection and absorption coefficients. Semiconduc

tors and insulators have low reflection and absorption coefficients at 

long wavelengths, and exhibit absorption edges at photon energies 

greater than their energy band gaps. Normally, the absorption edge is 

in the visible to infrared region of the spectrum for semiconductors, 

and in the ultraviolet for insulators. 

A few materials can be made to belong to two (or all three) of 

these categories by switching them from one phase to another through a 

change of the pressure or temperature. More than 800 pressure activat

ed phase transition materials are known. For an index to these mat

erials see Ross and Ross (1979). A sharp first order transition in 

samarium monosulfide, SmS, single crystals occurs at the relatively low 

pressure of 6.S Kbdr, which is in the range of pressure exerted by a 

stylus on a phonograph record. However, in SmS upon decreasing the 

pressure a considerable hysteresis is observed in the reverse trans

ition due to large remnant effects. Near the transition pressure, SmS 

undergoes striking changes in its optical properties, as shown in 

1 



Figure 1.1. Most phase transition materials change optically only in 

the infrared because of changes in their lattice structures, quite 

unlike SmS where the transition is electronic, and the optical prop-

erties in the visible are also affected. Because of this, SmS has 

particularly promising properties for optical switch applications. 
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Fig. 1.1. Room temperature change in reflectivity at the 
semiconductor-metal transition in SmS at 0.8 ~m. 
(After Kirk et ale 1972) 

The applications of propagating light beams increase in number 

every year, and basic to the technology is control of the light beam's 

intensity. The first application for SmS that comes to mind is piezo-

optical modulation. Most optical modulators are based on changes of 

the polarization of light by induced birefringence in a medium between 

two polarizers. The birefringence may be induced by pressure, a second 

beam of light, or an electric or magnetic field. For unpolarized light 
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there is at least a 50% loss in the signal at the first polarizer. A 

modulator based on SmS does not suffer this problem because the switch

ing action is brought about from an intrinsic property of the material 

and is not tied to the state of polarization of the light beam. An

other method of controlling light is based on modifying the index of 

refraction of the material filling a Fabry-Perot resonator. The re

fractive index can be adjusted by changing the pressure, temperature, 

an electric or magnetic field, or a beam of light. In the latter case 

the transmission and the output of the resonator is nonlinearly de

pendent on the intensity the light beam, and this phenomenon is known 

as optical bistability. Two bistable devices are compared to SmS in 

another application - high density optical memories - in Chapter 2. 

Ideally, an optical switch should change from 100 to 0% in 

reflection or transmission. This is not possible using single crystals 

of SmS alone, but this ideal limit can be approached by incorporating 

SmS into a quarterwave thin film stack in which its optical changes are 

amplified. It is for this reason that switchable thin films of SmS are 

desirable. 

Previous unsuccessful attempts to deposit high quality switch

able SmS thin films are discussed in·Chapter 2. It is believed that 

the intrinsic stress developed in a film during deposition is respons

ible for the poor switching performance, since it would affect the 

relationship between the externally applied pressure and the stress 

experienced by a material. The origin of intrinsic stress in thin 

films is related to the deposition process as discussed in Chapter 3. 

Chemical vapor deposition (CVD) was chosen in this study as a method 
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likely to deposit stress-free films since previous work by Carver 

(1980) demonstrated minimum stress in thin films of molybdenum de

posited by this technique. The low stress levels in CVD films are 

believed to be due to stress annealing at the high deposition tem

perature, and because the film grows in thermal equilibrium with the 

substrate. The theory behind the latter hypothesis is developed in 

Chapter 4, and supporting evidence is given in Chapter 7. Other advan

tages of CVD are the fine control over film stoichiometry and the ease 

of adding and controlling the type and concentration of an alloying 

agent. Addition of Gd or Se in low concentrations to SmS decrease or 

increase the transition pressure, respectively, permitting the prop

erties of the resultant film to be tailored. 

Most samarium compounds have low vapor pressures due to the 

high atomic weight and large electronegativity of samarium. A major 

portion of the work performed for this study dealt with the choice of a 

volatile samarium compound appropriate for CVD. A comparatively small 

data base on samarium and its compounds exists and some thermodynamic 

values had to be approximated. Chapter 5 presents the algorithm 

developed for choosing the material, and its preparation since the 

compound chosen was not available commercially. 

This initial study determined that the deposited material was a 

samarium oxysulfide. Further work included identifying the deposited 

material, determining the sources of oxygen, and attempts to eliminate 

the oxygen contamination. Since SmS has yet to be deposited, careful 

stress measurements have not been performed, but in the films deposited 

the strain was lower than could be measured by X-ray diffraction 



indicating low intrinsic stress. Two possible applications for the 

films deposited are given in Chapter 8: durable and efficient color CRT 

phosphors and temperature probes for electrically noisy environments. 

It was determined that a source of oxygen was the samarium 

reactant compound, therefo~e the reactions with H2S of other samarium 

compounds that do not contain oxygen were considered. A computer pro

gram was obtained that calculates the thermodynamic equilibrium concen

trations for a mixture of gases and condensed phases. This program 

helped recommend which compound should be used in the next step in this 

project to deposit SmS by CVD. Also another technique to deposit SmS -

chemical transport - was modeled and is shown to be promising. 

5 



CHAPTER. 2 

BRIEF THEORETICAL BACXGH.OUND OF THE SmS PHASE TRANSITION 
AND PREVIOUS STUDIES ON SmS TIlIN FILMS 

The semiconductor-metal phase transition of SmS has been in-

tensely studied since its discovery by A. Jayaraman at Bell Labora-

tories in 1970. The electronic mechanism involved is still not com-

pletely understood, although many measurements have been made near the 

transition pressure for both phases including: X-ray photoemission, 

Hall effect, Mossbauer effect, optical reflectance and transmittance, 

thermal and electrical conductivities, magnetic susceptibility, heat 

capacity, elasticity, and lattice constant. Many of these measurements 

have been extended down to as low as 4.2 K to observe the transition 

unaffected by thermal interactions. Several theories have emerged from 

these measurements. The first section of this chapter presents a basic 

description of the mechanism involved in the phase transition. A more 

thorough explanation can be found in Appendix D and in the references. 

In the second section of this chapter, the metnods that have been used 

so far to deposit thin films of SmS and their resulting properties are 

discussed. The transition in SmS thin films is very gradual and most 

properties show a wide hysteresis loop in comparison to single crystal 

samples; possible causes and methods for sharpening the transition 

profile are discussed in Chapter 3. Tne third section of tnis chapter 

considers the utility of SmS in the potential applications mentioned in 

Chapter 1. 

6 
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Basic Properties and Theory of the SmS Phase Transition 

The study of the mechanism responsible for the semiconductor

metal transition in SmS has been hampered by the difficulty of making 

accurate and repeatable measurements at high pressure. Low temperature 

measurements of the high pressure phase to study its properties, witn

out the added characteristics of thermal transitions, is often imposs

ible because the pressure transmitting fluid in a hydrostatic pressure 

cell freezes. Uther techniques have been used to study the high pres

sure phase under more common laboratory conditions. Alloying SmS with 

other rare earth elements stabilizes m-SmS (m implies the metallic 

phase and s the semiconductor phase) at atmospheric pressure allowing 

easier measurements. Some early theories were based on m-SmS stabil

ized by this technique, unfortunatelY, alloying agents add artifacts of 

their own which are hard to separate. It is now believed that the 

transition in the alloyed systems are based on a slightly different 

mechanism (Campagna et ale 1976, Coey et ale 1976). The results from 

alloying will be discussed further later in this chapter. Another 

commonly used technique to stabilize m-SmS at atmospheric pressure is 

rubbing or polishing a single crystal's surface. Polishing leaves a 

thin surface layer of m-SmS, determined initially because the surface 

turns from a black to a golden metallic color. 1he lattice constant of 

m-SmS formed by this method is the same as that of m-SmS produced in 

hydrostatic cells. The stress and the stabilizing mechanism in this 

form of m-SmS are not understood; as Ryabov et ale (1977) argue that 

since the lattice constant decreases at least 5% during the transition, 

the metal layer is under tension - not compression. They hypothesize 



that there must be a dislocation layer between the metal layer and tne 

bulK semiconducting layer and show that the metal layer is polycrystal

line. Most analyses on ~uch surface layers of m-SmS assume that it is 

single crystalline. A few measurements have been made under uniaxial 

stress by placing s-SmS in a vise and sqeezing, the pressure causing 

the transition to occur. 

The following basic points are common to all hypotheses. The 

semiconductor-metal transition in SmS is isostructural. Both s-SmS and 

m-SmS have the NaCl crystal structure, and so the transition mechanism 

is not due to lattice structure effects. Most of the proposed theories 

are based on 4f Sm electrons being promoted to another state, the elec

tronic states associated with the sulfur ion not being affected by 

pressure. The final state and the number of these promoted electrons 

remain in question. 

Electron Energy Band Interactions 

Samarium in s-SmS has a valence of +2, with an outer electron 

configuration of 4f 6 , and s-SmS is an ionic semiconductor. This is in 

contrast ~o most of the other rare earth chalcogenides, such as GdS 

where Gd has a valence of +3 and has the outer electron configuration 

of 4f 7Sd 1• GdS shows typical metallic properties because the d elec

tron is highly delocalized. 

All of the rare earth monosulfides crystallize in the NaCl 

structure, but different lattice constants characterize the semicon

ductive versus the metallic rare earth monosulfides, as shown in F1g

ure 2.1. Based on the lower resistivity, Figure 2.2, and a decrease in 
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the lattice constant from 5.97 to 5.70 A, Jayaraman et ale (1970) 

concluded the transition was due to a 4f 6 to 4f 55d 1 electronic transi-

tion and a +2 to +3 valence change of the samarium ion. From Figure 

2.1 the lattice constant of +3 interpolated 5.62 A. Sm S was to oe near 

This "metallic" state was believed to consist of a mixed phase config-

uration of both Sm +2S and Sm +3s , in a 2.7 : 7.3 ratio. Maple and 

Wohlleben (1971) later showed that the "metallic" phase of SmS shows 

nonmagnetic behavior, which was unexpected for Sm+3• 

Central to the understanding of the transition mechanism is the 

electronic band structure in both phases. Although the electronic 

structure of m-SmS is still in question, the general band structures of 

Ln+2S (Ln implies a rare earth), such as s-SmS, and Ln+3S, such as GdS, 

have been been calculated by Kaldis et ale (1976) and are shown in Fig-

ure 2.3. An important difference between s-SmS and common semiconduc-

tors is the existence of the strongly localized 4f level between the 

fully occupied 3p valence band of sulfur and the empty 5d and 6s con-

duction bands of the samarium ion. For this reason, the semiconducting 

properties of SmS are due to excitations of f, not p, electrons. Crys-

tal field splitting separates the 5d band in SmS into the t ,. and e
g 19 

bands, and pressure increases the crystal field splitting but the cen-

ter of mass of the 5d band remains stationary. As pressure is applied, 

the energy separation between tne 4f and the lower half of tne 5d band 

decreases. Near the transition pressure the lower d band crosses the 

6 5 1 4f level, the 4f and the 4f d states become comparable in energy and 

the metal-semiconductor transition occurs. The energy gap in s-SmS at 

ambient pressure has been reported by various authors, with values 
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Notice the strong difference between the position of the 
4fn levels. The figure shows X = sulfur. If m-SmS 
assumes the band structure on the right the lowest level 
would be 4fn- 1• (After Ka1dis et ale 1976) 
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varying from 0.06 to 0.4 eV (Glurdzhidze et ale 1978), but the rate of 

closing of the energy gap has been reported consistently near 0.010 

eV/kbar. The gap does not completely close at the 6.5 kbar transition 

pressure according to some workers, and they conclude that electronic 

band interaction, or mixing, is occurring. This is the basis for 

several models, including 4f-Sd hybridization, 4f-Sd coulomb repulsion, 

essentially localized electrons, and 4f-6s electron interactions, which 

are discussed briefly in Appendix D. 

Other Theories 

The above pure electronic transition model, and those outlined 

in Appendix D, are just a sampling of those proposed, but they repre

sent the mainstream of the theoretical development. Since this work 

focused on depositing SmS thin films, rather than the physics behind 

the phase transition mechanism, further detail would be inappropriate 

here. In summary, some of the other models consider the relative 

effects of: 1) transition triggering by impurities (Kaminiskii et a1. 

1980), 2) lattice and charged defects due to stoichiometry imbalance 

(Golubkov et ale 1978, 1980), 3) electron-phonon coupling (Brouers et 

ale 1979, and Ghatak and Bennemann 1977), 4) surface effects (Rowe et 

ale 1976, and Rajan and Falicov 1977), and 5) elevation of 4f levels 

and not the descent of 5d levels (Farberovich 1979). A problem most 

workers encounter is a samp1e-to-samp1e variance; until this problem 

can be overcome it will be difficult to develop a coherent model. 



14 

A Closer Look at the Metallic Phase of SmS 

Although the high pressure phase of SmS is commonly called the 

"metallic" phase, it has some nonmetallic properties. In typical met-

als the resistivity is expected to decrease linearly on lowering the 

temperature until it becomes essentially constant. Bader et ale 

(1973), Goncharova et ale (1976), and Pohl et ale (1975) report that in 

m-SmS the resistivity increases on lowering the temperature, a partic-

ularly sharp increase occurs below 50 K, and it does not fall to zero, 

as shown in Figure 2.4. This nonmetallic behavior is also seen in the 

real part of the dielectric constant, which becomes positive, like 

insulators, below 0.1 eV (Allen et ale 1978). Further distinction 

between m-SmS and a typical metal can be made by comparing the optical 

properties of m-SmS in the IR with those implicit in the Drude 

function, 

2.2 

where (n + ik) is the complex index of refraction and A is the wave
p 

length ~f the plasma resonance. Figure 2.5 shows that this typical 

metallic behavior is a very poor approximation to the experimental 

curve for m-SmS. Very little theoretical work has been reported which 

explain these phenomena (see Appendix D). 

An explanation must lie in the fact that not all of the 4f 6 Sm 

ions are converted to the metallic state, as mentioned above only 70-

80% are converted. Batlogg et ale (1976), Bzhalava et ale (1975), 

Shul'man et ale (1975), and Goncharova et ale (1976), report on m-SmS 

samples with lattice constants varying from 5.68 to 5.63 A. The 
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lattice constant reported earlier was 5.70 A. However, it was expected 

to be 5.62 A for Sm+3S, see Figure 2.1. These particular samples showed 

a greater carrier concentration, a lower resistivity, ana a less pro-

nounced positive temperature resistivity dependence than earlier re-

ported m-SmS samples. Tne latter three groups reported on toin films 

of m-SmS, and their deposition conditions will be discussed in the next 

section. Mahanti et al. (1978) report that near 20 kbar there is a 

second order transition in which single crystal SmS converts totally to 

Sm+3S, which may explain the properties of the above samples. 



Properties and Shortcomings of ~mS Thin Films 
Deposited by PVD Techniques 
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Several research groups have sucessfu11y deposited SmS in thin 

film form by special evaporation techniques, including flash evapora-

tion, electron beam evaporation, simu1tan~ous thermal evaporation of Sm 

and 5, and thermal evaporation of 8m in a chamber with a low background 

pressure of H2S. Unsuccessful techniques include thermal evaporation 

of solid 8mS, heating a Sm film in an H2S atmosphere, and sputtering Sm 

with a small background pressure of H2S. To the author's knowledge 

sputtering bulk SmS has not been attempted. 

In the following sections the properties of thin films of SmS 

tnrough the transition will be compared to those of single crystals of 

SmS. The sections are classified by pressure'-inducing techniques to 

distinguish between results obtained under uniaxial and hydrostatic 

induced pressure. ln general, SmS thin films and single crystals have 

similar intrinsic properties, such as reflectance profiles, but the 

maximum reflectance is greater for the single crystal samples. 

However, the transition in SmS films proceeds more gradually as a 

function of pressure. In Chapter 3 the above deposition processes will 

be described and their physical mechanics related to the differences 

between the films and the single crystals. 

Hydrostatic Pressure 

Although the phase transition in 5mS single crystals was first 

observed by applying hydrostatic pressure, this technique has been 

attempted only once to observe the transition in SmS thin films. 

Bzhalava et ale (1976) compared the pressure dependence of the 
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resistivity of flash evaporated films on different substrates with that 

of single crystals. The resistivity of the thin film samples did not 

switch abruptly, but decreased gradually, see Figure 2.6. At pressures 

greater than 14 kbar the films approached the resistivity of the 

switched single crystal samples that underwent the first order transi-

tion near 6 and 7.5 kbar. On releasing the pressure, little hysteresis 

was observed in the films as compared to the single crystal samples, 

which disintegrated during the reverse transition at 2 kbar. Figure 

2.6 also shows the effect of varying the stoichiometry of single 

crystal SmS: an excess of Sm causes a larger transition pressure and a 

smaller pressure dependence of the resistivity before the transition. 

The first order transition has been observp.d in single crystals of SmS 

only in the range of 50-54% Sm. Poh1 et a1. (1975) state that the 

transverse stress in a film is determined by the compressibility and 
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Poisson's number of the substrate and not the film because of its 

negligible thickness. SmS is four times more compressible than most 

substrate materials. It is impossible to apply true hydrostatic 

pressure to SmS on a less compressible substrate, even if the sample is 

exposed to hydrostatic pressure. This might account for the high pres-

sure required and the weak transition observed. 

Alloying 

Alloying SmS with most of the rare earth elements (Jayaraman et 

ale 1975) or As (Holtzberg 1974) decreases the transition pressure as 

shown in Figure 2.7. High alloying agent concentration can stabilize 
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the metallic phase at atmospheric pressure as mentioned earlier. In 

single crystal SmS the pressure hysteresis is about 4 kbar wide (Flg-

ure 2.2) but alloying with Y decreases the hysteresis width to about 1 

kbar and reduces the transition pressure (Jayaraman et ale 1975). 

Single crystals with high alloying agent concentrations are golden 

metallic in appearance and transform to the black phase on heating or 

cooling; the cooling transition is "explosive" and reversible (Jayara-

man et ale 1975, Holtzberg 1974). in addition, alloying" single crys-

tals with Se increases the transition pressure (Bucher and Maines 

1972). 

Suryanarayanan and Brun (1976) reported poor success in depos-

iting Sm 1 Yb S thin films by electron beam evaporation, but were suc-x x 

cessful in depositing SmO• 6Yb O•4S by thermal evaporation from three 

separate sources. They di4 not observe a phase transformation in these 

films. (Transformations have not been observed in Sm 1 Yb S single -x x 

crystals. ) This group also reported success in depositing Sm 1 Tm S 
-x x 

but provided no data on the films. To the author's knowledge these are 

the only alloyed SmS thin films reported in the literature. 

Uniaxial Stress using Vise Type Devices 

A common method employed to obtain X-ray diffraction data under 

high pressure for lattice constant determination places powdered crys-

tals between two transparent anvils and squeezes the anvils together. 

Several authors (Jayaraman et ale 1970, Ghatterjee et ale 1972) report-

ed sharp decreases in the SmS lattice parameter between 6 and 7 kbar. 

To observe the optical transition in electron beam evaporated thin 
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films of SmS, Pohl et ale (1975) tried a similar arrangement but re

ported no significant change in the optical transmission at pressures 

up to 8 kbar. Grain (1979), on the other hand, reported optical trans

mission changes for a number of films that were deposited by thermal 

evaporation with a low H
2

S background pressure. Figure 2.~ shows the 

optical density as a function of pressure for a film with small grains 

(~150 A) and a sample that was heat treated at 700 G to increase the 

grain size to 300~. The film with smaller grains remained in the 

metallic phase after several pressure cycles, but showed a 25-fold de

crease between the initial and final transmission values. The trans

ition in the film with larger grains is spread out over 4-5 kbars and 

the transmission drops by only a factor of three, but shows a small 

hysteresis of 2 kbar. The transition in the films may be compared to 

the transition seen in the lattice spacing, Figure 2.Bc. The trans

ition in the powdered samples should not be as sharp as the single 

crystal transition but it is still sharper than the transition in the 

films. 

Polishing and Glass Bead Rubbing 

Both single crystals and thin films samples have been trans

formed into the metallic phase by polishing with diamond paste or by 

rubbing with a 1 cm glass bead. This technique has made investigations 

of the metal phase's properties much less complicated. On single crys

tal samples only a thin, 100-1000 A, layer becomes metallic; however, 

several authors report s-SmS films 1000-3000 A thick being completely 

converted to the metallic phase. There has been some controversy over 
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whether single crystals remain single crystalline in the metallic phase 

after transition by this technique (Zhukova et al. 1978). 

The properties of polished thin films are very similar to sin

gle crystals under hydrostatic pressure or after polishing. Figure 2.9 

compares the reflectance spectra of all three materials. After polish

ing, both SmS single crystals and thin films show a decrease in the 

lattice constant from 5.97 to 5.70 A, and the tnicknesses of the thin 

films decrease accordingly (for example: 2000 to 1700 A, ponl et al. 

1975). It is rather difficult to compare the resistivity measurements 

due to the spread of the data in both phases for both single crystals 

and thin films. In single crystal samples the shunting action of the 

thick semiconductor layer beneath the thin metal layer impedes accurate 

conductivity measurements. Table 2.1 shows that, in general, the thin 

films have higher resistivities and smaller relative differences be

tween the two phases as compared to the single crystals. 

Heating 

After polishing crystals to form the metallic phase, heating 

them to 100 C causes the reverse transition to the semiconductor phase, 

in which they remain on cooling to room temperature. For m-SmS thin 

films the temperature needed to convert tnem to s-SmS is usually near 

300 C, the temperature difference is due possibly to the thermal expan

sion differences between the substrate and the film because the sub

strate does not allow the film to expand freely. The transformation to 

s-SmS is due to stress relief, not high temperature instability of the 
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Fig. 2.9. Comparison of the reflectivity spectra for metallic and semiconductor phases of 
SmS produced by several methods. 

a) Thin film polished to yield m-SmS (After Kukharskii et ala 1977), and s-SmS 
thin films (0.2-1.0 ~m spectrum after Petrov et ala 1977, 0.6-3.0 ~m 
spectrum after Glurdzhide et ala 1978). 

b) Single crystal pOlished to yield m-~m~, and later annealed to yield s-SmS 
(After Batlogg et ala 1976). 

c) Cleaved single crystal transformed under hydrostatic pressure to m-Sm~, and 
same crystal before application of pressure. (After Kirk et ala 1972). N ..,.. 



Table 2.1 Single Crystal and Thin Film Resistivity Measurements 
of Semiconductor and Metallic Phases Under Hydrostatic 
Pressure for Crystals and After Polishing for Films. 

Single Crystal 
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p=o kbar P>6.5 kbar Ref. 
Qcm xl02 Qcm xl02 

As deposited 
Qcm x102 

Thin Films 
Polished Deposition 
Qcm xl02 Technique 

Ref. 

0.1-1 0.03-0.04 A 5 Flash H 
0.5 B 3 Two Thermal 1 

0.2-5 C Sources 
2.8 D 3 Flash J 
2.7 E 0.7 0.05 E-beam K 

0.02 F 2.5 0.,025 Two Thermal L 
1-2.2 0.1 G Sources 

A Jayaraman et ale (1970) H Mal'kova et ale (1977) 
B Shadrichev et ale (1976) I Shul'man et al. (1975) 
C Golubkov et ale (1980) J Pogarev et al. (1981) 
D Kaminskii et ale ( 1978) K Pohl et ale (1975) 
E Battlogg et al. (1976) L Goncharova et ale (1976) 
F Bader et al. (197~) 

G Bzhalava et al- ( 1976) 
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metallic phase. The metallic phase is stable up to 700 C at the 

slightly higher pressure of 6.8 kbar (Tonkov and Aptekar' 1974). 

The thermal expansion mismatch between SmS and quartz led to 

the following phenomena: Pohl et ale (1974) glued SmS single crystals 

that had been polished and switched back to s-SmS at 225 C to a quartz 

substrate at this temperature. The composite sample switched to the 

metallic phase on cooling and could be cycled. Figure 2.10 shows the 

reflectance-temperature curve of the SmS-quartz composite. Deposition 

of SmS on substrates at 250 C by simultaneous thermal evaporation of Sm 

and S resulted in metallic phase films when cooled to room temperature. 

The reported lattice constants, 5.66 (Bzhalava et ale 1975) and 5.63 A 

(Shul'man et ale 1975) for m-SmS films deposited in this way are much 

o ~o 100 1~0 200 22~ 

TEMPERATURE I·e J 

Fig. 2.10. Reflectivity versus temperature for 
single crystal SmS-quartz composite. 
(After Pohl et ale 1974) 



smaller than all other m-SmS samples and 2.re close to the expected 

+3 value of 5.62 A for Sm S. The films deposited by Bzhalava et ale 

27 

contained a second Sm poor phase, had a grain size of about 100 A, and 

switched to s-SmS (a =5.97 A) at 400 C. Those deposited by Shul'man et 
o 

ale contained a significant amount of s-SmS Which was removed by 

polishing, after which they had a resistivity of 1.8xl0-2ncm, a value 

lower than single crystals under hydrostatic pressure (see section on 

nonmetallic propertie~ of m-SmS for a further discussion on these 

samples). To the author's knowledge no other information has been 

reported for these films; a temperature cycling experiment liKe Pohl et 

ale 's would have been interesting. Depositing films on substrates 

heated above 250 C results in s-SmS films after cooling to room 

temperature. 

In summary, only three attempts to induce the semiconductor-

metal transition in SmS thin films by direct pressure were found in the 

literature. None of the films tested showed the sharp first order 

transition seen in SmS single crystals. Part of the reason for this 

failure might be the mechanical attachment of the film to a substrate 

with different mechanical properties. A second reason may be the 

intrinSic stress in the deposited films. Films of s-Sm~ deposited by 

evaporation of Sm and S from separate sources had a lattice constants 

of 5.95 (Shul'man et ale 1975) and 5.957 A (Suryanarayanan and ~run 

1976), and those by thermal evaporation of Sm in H2S showed, on tne 

average, a lattice constant of 5.94 A. From the lattice constant for 

single crystal s-SmS, 5.974 A, the Young's modulus of 152 kbar (Chat-

terjee et. al 1972), and an assumed Poisson's number of 1/3, tne s-SmS 
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films deposited by Grain have an intrinsic tensile stress of 2.6 kbar. 

The applied pressure must overcome this tensile stress before a com-

pression stress can develop, so the critical applied pressure would be 

• 9 kbar. This is close to the pressure of maximum slope in Fig-

ure 2.8a and for all the nonannealed films reported by Grain. Several 

other factors could be responsible for the lack of a sharp transition, 

including porosity. impurities, small grain size, and surface oxida-

tion, but in general their effects have not been conclusively deter-

mined in SmS thin films. The effects of these factors have not been 

studied in SmS single crystals, either; in fact, most single crystal 

samples reported in the literature have been grown from the melt, a 

method that produces highly stressed crystals (Holtzberg 1974). The 

origins of stress and defects in thin films are related to the thin 

film growth process as discussed in Chapter 3. Reduction of stress and 

porosity and an increase in the grain size in SmS thin films was a main 

incentive for this work. 

Potential Applications for Thin Films of Sms 

Pohl and Holtzberg (1975) and Kaminskii and co-workers (1975, 

1976, 1978) showed that not only high temperatures but intense laser 

irradiation can cause the metal-semiconductor transition on polished 

films. The wavelengths that have been used include 0.337, 0.53, and 

0.694~. Due to the large changes in transmission and reflection, data 

written on the films can be read back with a less powerful laser1. 

1. For example at 0.623 ~, i.e. He-Ne laser light, the 
transmission changes from 1 to 10% and the reflectance changes from 50 
to 10% for films 0.1 to 0.3 ~ thick, Petrov et ale (1977). 
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Thus, SmS films are potential nonvolatile optical data storage media 

with excellent legibility. Kaminskii (1978) demonstrated readable 

films with a spot density of 3x107/cm2. Problems arise in erasing old 

data no longer needed. The film may be repolished or thermally cycled 

(if the SmS films can be cycled as shown in Figure 2.10), but both 

methods will erase all the data. Ponl et al. (1974) showed that spots 

written on polished single crystal surfaces could be erased by a large 

laser pulse focused near the spot to be erased; therefore sufficient 

area between the spots must be allowed, and this decreases the spot 

density by a factor of 10. Moreover, the erase pulse needed was about 
\ 

1000 times more intense than the write pulse. Optical bistable devices 

are also being actively studied for use as optical memories (Gibbs et 

ale 1980). Table 2.2 compares the demonstrated parameters for these 

devices with SmS thin films as of 1980. Please note that optical 

bistable devices have many other applications for which SmS would not 

be suitable. The main advantages of SmS are the noncritical reading 

and writting wavelength, relatively high working temperature, and long 

term storage capabilities. 

Petrov et ale (1977) studied a second interesting application 

for SmS thin films, pulsed real time (nano- and picosecond) holography. 

Not only is there an amplitude difference due to the change in reflect-

ance through the semiconductor-metal transition, but there is also a 

considerable phase difference between the incident and reflected light 

waves due to different phase changes on reflection from m-SmS and s-SmS 

and the different thicknesses of the two phases. The thickness dif-

ference emerges from the 15% change in volume during transition. The 



Table 2.2. Comparison of Demonstrated Optical Bistable Devices 
Used as Optical Memories with SmS Thin Films as of 1980. 

(After Gibbs et ale 1980, except where noted.) 

Mater- dia. thick- Switch Switch Switch up Holding 
ial ness up down energYl Intensi9 

lJ lJ time ns time ns pJ/lJ mW/lJ 

GaAs 10 5 0.2f 40f 0.3 o.ol 
InSb 180 560 ? 500f 

? 0.01 

Sm::> Ob,c a b 0.1 ,0.07 la, lOb ? 460b ,c 0 

a bWorchesky (1983), (measurement was thickness dependent) 
Kaminskii (197B) 

c dPohl and Holtzberg (1975) 
Tonkov and Aptekar ' (1974) 

e At 0.45 lJ there is little change in the reflectance or 
ftransmittance of SmS, any other wavelength is useable. 

Gibbs (1983) 

Max. 
Temper-
ature K 

300f 

5 

BOOd 

Operating 
wave-

length lJ 

O.B 

5 

*4.5e 

w 
a 
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list of appropriate materials is extremely limited; Table 2.3 compares 

the several relevant parameters of the four materials that have been 

demonstrated as usable fpr this application. It should be noted that 

V02 needs to be temperature stabilized near 70 C. 

Table 2.3. Comparison of SmS to Other Materials Applicable 
for Real Time Holography. (After Petrov et ale 1977) 

Material Writing Energy Diffraction Efficiency Resolution 
nJ/~2 % lines/mm 

V02 10-2 (1-5)x10-1 2000 
Bi 0.5 6 1000 
MnBi 0.3-1.0 10-3 - 10-2 2000 
~S 0.3-0.5 1 - 4 1500 

The above applications are the only ones that have been demon-

strated; other applications have been proposed such as pressure induced 

switchable filters and components of integrated optical circuitry 

(Jacobson et al. 1983). It is evident from the data presented in this 

chapter that for these devices to reach,maturity more reproducible 

experimental data are needed, along with better control over homogen-

eous and inhomogeneous stress, impurities, stoichiometry, porosity, 

grain size, and surface oxidation. 



DEPOSITION PROCESSES CONSIDERED 

In general, the properties of a thin film are quite different 

from those of the bulk material. These differences are caused by the 

microstructure of the film, which is different from that of the bulk 

and is dictated by the processes that occur during film formation and 

growth. The choice of deposition method is of great importance. The 

most widely used methods of depositing thin films are sputtering and 

evaporation, often grouped as physical vapor deposition or PVD, and 

chemical vapor deposition (CVD). These methods require three major 

processes to occur, volatilization, transport, and film growth. Volat

ilization is the process of transferring energy to a source solid (or 

liquid) causing individual molecules (or atoms) of the bulk material to 

enter the gas phase. The transport step concerns the transport of the 

volatilized molecules to the substrate. Film growth involves adsorp

tion of the gaseous molecules on the substrate, followed by nucleation, 

and subsequent growth of nuclei to give a continuous film. Film growth 

is described more fully in the next section followed by a discussion of 

the mechanics of evaporation, sputtering, and CVD. The chapter will be 

concluded by a discussion of how the characteristic features of each 

method influence the deposited film's structure and properties, and why 

CVD was chosen. 
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A Description of Film Growth 

An understanding of the nucleation and growth process of thin 

films helps determine the origin of defects, impurities, and stress. 

The following discussion considers the nucleation process for films 

deposited by PVD. The discussion is later extended to CVU. 
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As gaseous particles arrive at a substrate they may either 

adhere to the substrate or return to the gas phase after a mean resi

dence time. Once adsorbed, the particles move from one adsorption site 

to another by surface diffusion. Collisions with other particles ad

sorbed on the surface permit nuclei to form which also diffuse across 

the surface and grow by capturing adsorbed particles within a random 

walk diffusion distance of their initial location. As the growth con

tinues, the cohesion of the nuclei and their resistance to breakup into 

smaller particles (or reevaporation) are not size independent. Act

ually, the stability of the growing nuclei goes through a minimum, this 

represents a nucleation barrier to film growth. Beyond this critical 

size the nuclei will grow into a larger, permanent islands. The crit

ical size of a nucleus is determined by the relative internal, surface, 

and adhesion energies (forces), and the supersaturation of the vapor 

phase (Newgebauer 1970). Large stable islands collide and coalesce to 

form new islands occupying an area smaller than the sum of the original 

islands, thus exposing fresh substrate surface. Molecules from the 

vapor adsorb on these freshly exposed areas, and "secondary" nucleation 

occurs. The large islands grow together leaving channels or holes of 

exposed substrate; these are filled via secondary nucleation to give a 

continuous film. 
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The main features of this sequence are the nucleation step and 

the critical size of a nucleus that is stable against breakup or re

evaporation. The critical size is increased by a higher substrate 

temperature, weaker binding forces between film and substrate, lower 

boiling point of the film material, lower deposition rate (lower super

saturation or concentration of vapor molecules approaching the sub

strate), and higher surface energy of the film material. The size of 

the grains in the final film is dependent on the size of the critical 

nucleus. When the islands have joined together to form the grains of a 

continuous film, a high-nucleation barrier (a large critical size nuc

leus) will give a coarse (large) grain film, while a low-nucleation 

barrier will give a fine (small) grain film. It should be noted, how

ever, that a single grain is generally formed by the coalescence of 

many nuclei. Small stable islands possess a large surface area and a 

large surface-energy-to-volume ratio. As the islands join, the total 

surface energy decreases, some of the excess energy goes into orienting 

both islands to form a single grain with a continuous crystal lattice. 

The energy needed to reorient two islands to form a single grain also 

comes from the heat transferred from the substrate. As the islands get 

larger, the excess energy from the decreasing surface energy during 

coalescence of two island decreases, but the energy needed for re

orientation of the crystal lattice increases or remains the same. At 

some point reorientation is not possible, so a grain boundary forms 

between the two islands. Often strong bonding forces between the film 

and the substrate inhibit reorientation. The final grain size also 

depends on the film thickness, as the grain size usually increases 
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during deposition. As the films grow thicker, new grains nucleate on 

top of the older grains. 

The effects of the deposition rate, or supersaturation, and 

deposition temperature on the structure of the film are summarized in 

Figure 3.1. Both deposition parameters affect the collision rate of 

the islands. A higher collision rate increases the probability of a 

collision bringing two islands together that are oriented correctly. A 

higher temperature increases the mobility and therefore the number of 

collisions, while increased supersaturation tends to bury the small 

islands before they have many collisions. Finally, a post deposition 

heat treatment at a temperature above 2/3 of the melting point, pro-

vides enough energy for reorientation of crystallites and further grain 

growth. 

Effect of 
Increased 
Supersaturation 
or 
Deposition Rate 

Epitaxial Growth 
Platelets 
Dendrites 
Whiskers 
Large Grained Poly crystals 
Fine Grained Polycrystals 
Amorphous Deposits 
Gas Phase Nucleated "Snow" 

Effect of 
Increased 
Temperature 

Fig. 3.1. The effects of supersaturation and substrate temperature on 
the structure of deposited films. (After Blocher 1974) 

Physical Vapor Deposition 

Evaporation 

In evaporation the substrate and source material are held in a 

vacuum. The source material is heated to a temperature at which its 
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vapor pressure is approximately 10-2 mm Hg to produce a useful deposi

tion rate. For most materials the source temperature ranges from 500 

to 1500 C, although some materials require temperatures as high as 

3000 C; samarium evaporation proceeds at 1300 C. The vaporized mole

cules (or atoms) have a large mean free path in the vacuum chamber and 

strike the substrate, in direct line of sight of the source, without 

colliding with other atoms. The source molecules approach the sub

strate with a kinetic energy corresponding to the temperature of the 

source, which is much higher than the substrate, therefore the imping

ing molecules possess excess energy, with consequences discussed later. 

Compounds can be deposited in evaporation systems by several 

techniques, such as thermal, flash, or electron beam evaporating the AB 

compound (capital letters will represent elements and combined capital 

letters compounds), depositing A and then subjecting the film to an 

environment containing B, co-depositing A and B from different sources, 

or evaporating A with a small partial pressure of B in the chamber 

(usually ionized to make it more reactive, or a partial pressure of a 

gas such as BC may be used, which decomposes into B + C where C is non

reactive). Turning attention to the compound under investigation, 

thermal heating of SmS in a crucible to vaporize it has not been suc

cessful because SmS decomposes into Sm and Sm 2S3 (Holtzberg and Frisch 

1973). The flash and e-beam evaporation techniques avoid this problem. 

In the former SmS powder is sprinkled onto a hot boat, and in the lat

ter bulk SmS is spot heated by bombarding it with a high energy elec

tron beam. In both methods evaporation occurs before decomposition. 

Sulfurizing Sm films in H2S was not successful for a variety of reasons 



(Grain 1979). Properties of deposited SmS films by the other tech

niques are given in Chapter 2. 
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A schematic of the evaporation process from solid AB is shown 

in Figure 3.2a. The solid material is heated and vaporized according 

to reaction R1, and then transported to the substrate, R2• The step R6 

represents absorption and reevaporation of gas particles and surface 

adsorbed particles, respectively. As described above, the surface 

adsorbed particles coalesce, R7, to form nuclei. These nuclei may 

reevaporate to the gas phase, RS' or join to form stable islands, R90 

Figure 3.2b shows the process if A and B are separately evaporated or A 

is evaporated in an atmosphere of B. Reactions R1, R2 are the same as 

above. After A and B are mixed in the gas phase they may react to form 

AB in the gas phase according to R3 (Bunshah and Raghuram 1972) or 

adsorb separately on to the surface, R4 , and then react to form surface 

adsorbed particles according to RS (GIang 1970). Film growth then 

occurs by R6 through Rg as described above. 

Sputtering 

In sputtering volatilization is accomplished by bombarding the 

source material with high energy inert gas ions, commonly Ar+, with an 

energy in the range 0.02 to 30 Kev, which exceeds the binding energy of 

the source material and is roughly four times the sublimation energy of 

the target. The energetic ions dislodge and eject atoms of the source 

material into the gas phase. Again the procedure is done under vacuum, 

the substrate placed in direct line of sight of the source, and the 

film grows on the substrate according to nucleation theory. In 
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a} Film Growth on the Substrate 

AdsorbedAB - NuclekB - Stable IslandsAB -R7 Rg 

R611 ~ Adsorption - Desorption 

PAB 

l R2 Vapor Transport 

FAB 

1 I R, Vapor Generation 

I Soli dAB I · Heat 

b) Film Growth on the Substrate 
AdsorbedA + AdsorbedB = AdsorbedAB = NucleiAB - Stable IslandsAB 

R5 R-r/ Rg 

~ 11 11 II Rs / Re Adsorption -Desorption 

FA + PB _.---

Va por Transport 

R'11 
Vapor Generation 

I solidA I ... --- Heat 

Fig. 3.2. Schematic of the evaporation process for AH films. 

a) Starting from solid AB, and b) starting from solid A and 
a separate source of B, which could be a gas or a solid. 
Px and Ri represent a partial pressure of X in the gas phase 
and a reaction step, respectively. 
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general, the atomic species leave the source with an energy greater 

than in evaporation, and they may strike the substrate with energies 

corresponding to temperatures up to 200,000 C. As a consequence, they 

may be embedded into the substrate or the growing film, or they may 

resputter material already deposited. A common problem with sputtering 

is the ejection of clusters of atoms from the source producing rather 

porous films. AB compounds are hard to sputter since the more loosely 

bonded or lighter atoms are preferential~y sputtered. The other tech-

niques employed for evaporation of Afi compounds mentioned above can be 

used. A schematic of the sputtering process is shown is Figure 3.3. 

It is very similar to Figure 3.2a, and a figure similar to Figure 3.2b 

is not given to avoid redundancy. 

To the author's knowledge there has been only one previous 

attempt to deposit SmS by sputtering. Grain (1979) reported poor 

success by sputtering Sm in a small partial pressure of H2S. The films 

were powdery, nonadherent, and reacted with the atmosphere after a few 

days. Sputtering of SmS was not attempted. 

Chemical Vapor Deposition 

Chemical vapor deposition differs radically from physical vapor 

deposition. The critical step is the promotion of a chemical reaction 

on the surface of the substrate of the form: 

+ 
aAC(a) + bBD(a) + cAB(a) + dCD(a) 3.1 

where (a) implies a phase adsorbed on the surface of the substrate, 

and the lower case letters are the stoichiometric coefficients. In 
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Film Growth on the Substrate 

- Stable lslonds
AB 

Adsorption - Desorption 

Va por Transport 

Vapor Generation 

Fig. 3.3. Schematic of the sputtering process for AB films. 

Figure only shown for the process starting with solid Atl. 
Note the extra reaction RIO representing clusters being 
sputtered which are large enough to form stable islands. 
See Figure 3.2 for notation. 
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contrast to PVD, where volatilization of either A or AB is required, in 

CVD only AC and BD need to be volatilized; occasionally one of the 

reactants is a gas at room temperature. An advantage results in cases 

where AB and A are nonvolatile requiring a high source temperature, 

>1000 C, while AC usually is a halide or an organic compound that is 

volatile at temperatures below 200 C. The source compounds, AC and BD, 

are heated separately to create a vapor above the respective powder (or 

liquid);2 concurrently an inert gas is forced through each powder, 

entraining and carrying the vapors to the heated substrate. Transport 

of all the reactants from the gas stream to the substrate surface is by 

gas phase diffusion because system pressures are usually in the range 

from 2 mm Hg to atmospheric. The reactants are chemisorbed on the 

substrate and the reaction is stimulated by the energy transferred to 

the reactants from the hot substrate after they come to thermal equil-

ibrium with it. The products of the reaction are the solid, AB, and 

the volatile compound, CD, which diffuses back into the inert gas 

stream and is subsequently removed from the deposition chamber. Thin 

film nucleation and growth then occur as previously described. 

Figure 3.4 is a representation of the equilibria involved in a 

CVD system. The CVD process is broken down into a sequence of equili-

bria: R1 involves the thermal volatilization of the reactants. R2 and 

R3 occur in series, representing the diffusion and adsorption of the 

2. Very often one of the reactants is a gas at room tempera
tures, but it still needs to be heated. The temperature at the mixing 
point of different streams of reactants has to be high enough so that 
the least volatile reactant does not condense. Due to the fact that no 
gaseous samarium compounds exist at room temperature, at least one 
source compound will be a solid for all remaining discussions. 
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reactants onto the substrate. After adsorption, the reactants react, 

RS' by equation 3.1, to form molecules of adsorbed AB and CD. The 

highly volatile molecules of CD evaporate, RS' into the gas phase, but 

the not as volatile chemisorbed molecules of AB coalesce to form nuclei 

of AB~ R7, and then stable islands, R9• There are several side react

ions that can occur. Reaction R4 is the same as RS' but here it is 

occurring in the gas phase. The result is a small solid nuclei of AB 

forming above the substrate and "snowing", R6 , down to the substrate to 

form a porous deposit. This is promoted by a high supersaturation and 

a high substrate temperature, which causes the gas phase above it to be 

at a temperature greater than the necessary minimum. This parameter 

combination is not represented in Figure 3.1. The "snow" referred to 

in Figure 3.1 is for a cold substrate. In a CVD system this later 

condition would cause reversal of R1 at the substrate, and the "snow" 

would then be the reactant AC and not the product AB. 

There are other major differences between PVD and CVD that 

should be emphasized. In PVD A, B, and the sputter gas can be impur

ities in the growing nuclei of AB films, where in CVD BD, AC, CD and 

the carrier gas can each be impurities. In CVD side reactions (which 

form products like AD, or A2B3, and decomposition reactions which form 

A, B, C, and D) occur, and their products are also impurities. In PVD 

the impinging particles arrive at a temperature greater than the sub

strate and nucleation begins before the film material and the substrate 

are in thermal equilibrium, while in CVD the reactants are cooler than 

the substrate and need to reach thermal equilibrium with the substrate 

before the reaction can occur and therefore the film grows in thermal 
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equilibrium with the substrate. A final difference is in the process 

of mass transfer of the vapor species from the source to the substrate. 

In PVD this is by direct flight of the particles through a vacuum, with 

all particles approaching the substrate hitting it; the distribution 

conforms to a geometric envelope. Reactant transfer to the substrate 

in CVD is by molecular diffusion. The flux of molecules AC to the 

substrate is given by Fick's law: 

3.2 

where J is flux of AC in gmoles/cm2sec, D is diffusivity of AC in 

cm 2/sec, and c is concentration of AC in gmoles/cc. If one area over 

the substrate is rich in AC the flux of AC to this re~on is decreased. 

This tends to promote uniform coatings, even on curved substrates. 

Why CVD Was l."hosen 

As mentioned in the last chapter, control of internal stress 

during deposition of SmS is of primary importance so that the film will 

switch at a well defined pressure. This section discusses the causes 

of stress in thin films, and how they depend on the microstructure of 

the film and therefore on the deposition process. Unfortunately, very 

few materials have been deposited by both CVD and PVD, so comparison of 

certain properties must be made by comparing the results from different 

materials. Other considerations in the choice of deposition process 

include Simplicity, cost, and control of compOSition (alloying and 

stoichiometry) and structure. CVD is shown to promise significant 

advantages over the other methods. 
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Sources of stress in thin films 

Thermal Expansion. Difference of thermal expansion between the 

film and the substrate is important when films are deposited at an ele

vated temperature. As the film-substrate combination cools to its 

working (final) temperature the film and substrate contract by differ

ent amounts. If the film's expansion coefficient is larger than the 

substrate's, the film will be under tension; while if the opposite 

holds, the film will be under compression. Thermal expansion stress 

can be minimized by careful selection of the substrate material. In 

general, PVD does not require the high substrate temperature that CVD 

does, and therefore thermal expansion stresses are not as important in 

PVD. However, high temperatures are frequently used in PVD to improve 

adhesion, alter crystallographic orientation, increase grain size, or 

change the thermodynamically stable solid phase that is deposited. 

Excess-energy. In PVD the particles arrive at the substrate 

with energies that correspond to an effective temperature close to or 

above their melting temperature. Consequently, the condensed particles 

have a high mobility, which in turn affects particle nucleation and 

crystallinity. The temperature at which the impinging molecules co

alesce and "freeze" into a solid film is considerably higher than the 

substrate temperature, as the film cools to the temperature of the sub

strate it will be left in tension. Priest and Caswell (1961) claim 

that the source temperature, not the substrate temperature, is the 

independent variable in determining stress in evaporated SiO films. 

There has been some controversy on this point; opponents claim the 
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arriving particles in PVD lose their energy quickly and the film grows 

at ~he substrate temperature (Campbell 1970). 

Unlike PVD, in CVD the highest temperature is at the substrate 

rather than the source. Since the reaction is activated by heat from 

the substrate, the reactants are in thermal equilibrium with the sub-

-strate before the reaction occurs; thermal equilibrium continues 

through nucleation and film growth, reducing induced stress in the 

film. 

Impurities. Impurities, foreign atoms and vacancies, cause 

intrinsic stress when they are incorporated in a crystal lattice. This 

is caused by the lattice distorting to accomodate the impurities that 

are larger or smaller than the atoms they displace. 

In sputtering, the gas used for sputtering may be incorporated 

into the lattice of the film and cause the final film to be stressed. 

In evaporation, the concentration of impurities is related to the depo-

sition pressure; the poorer the background vacuum, the more impurities. 

For example, compressive stresses as high as 1.4 kbar in ZnS have been 

reported due to impurities in evaporated films (Blackburn and Campbell 

1961). 

In CVD incorporation of A, B, C, D, AC, BC, CD, or the products 

of any side reaction, would be considered an impurity, and would cause 

the film to be stressed. A, B, C, and D are from the associative mole-

cules decomposing at the high substrate temperature. Proper control of 

the CVD deposition environment is needed to produce a film in which the 

impurity level is low. A post-deposition treatment may be used to re-

move impurities and recrystallize the film material. Carver (1980) 
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produced some of the purest Mo thin films to date by CVD. As-deposit~d 

impure, small grained, stress-free films were heat treated to produce 

pure, large grained films which were also apparently stress-free based 

on X-ray diffraction, TEM, and optical measurements. Depositions at 
, 

higher temperatures and in a different environment yielded similar 

pure, large grained, stress-free Mo films. 

Grain boundary area reduction. The last source of intrinsic 

stress to be discussed is due to grain boundary formation and movement. 

In evaporation, grain growth, as predicted by nucleation theory, is one 

of the main causes of intrinsic tensile stress, as discussed by Wilcock 

et al. (1969). Their model for the origin of grain growth stress 

relies on evidence that the islands consist of many crystallites. As 

the film grows the crystallites coalesce, leading to a reduction in net 

volume of the islands. This results in the observed tensile stress. 

An order of magnitude calculation shows that the observed stresses, of 

the order of 1 kbar in silver films, would be generated if less than 

10% of the grain boundaries present in the initial stages of growth 

disappeared. 

In CVD the substrate temperature may be sufficiently high to 

permit stress relief during deposition by diffusion of lattice vacan-

cies, dislocations, and impurities to the surface of the film, and 

relaxation of lattice and grain boundary surface stresses (Powell 

1966). 

Summary of the stress arguments. This list of sources for 

stress is not complete and should include lattice misfit between the 

film and substrate, and chemical changes to the film surface when 
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exposing the film to new environments. Both should affect CVD as well 

as PVD films. There are other minor sources of stress in both methods, 

but by proper control of the deposition process they should remain 

small compared to the stresses mentioned above. 

Excess-energy stresses are still controversial due to the lack 

of information about the effective film growth temperature in the PVD 

methods. Arguments favoring excess energy relate back to grain growth. 

Seshan et ale (1981) state that for appreciable grain growth to occur 

the deposition temperature must be greater than 2/3 the melting point. 

Since there is some grain growth, the film growth temperature in the 

PVD methods must be higher than the substrate temperatures commonly 

used. Grain boundary growth affects both PVU and CVD films, but the 

difference is that in PVD grain growth occurs: a) while the ~ilm is 

cooling from the temperature of the approaching molecules to the sub

strate temperature, causing thermal stress along with grain boundary 

reduction stress if excess energy is important, or b) at the constant 

but cooler substrate temperature that will not promote large grain 

growth if excess energy is not important. Grain growth in CVD films 

occurs at a constant substrate temperature which is usually much higher 

than the substrate temperature in PVD. This higher substrate tempera

ture may promote annealing of strain related stresses, but it also 

promotes thermal stress on cooling the substrate-film combination to 

room temperature. 
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Grain Size 

Large grains are required for SmS films to be useful. Grain 

(1979) reported on the need for large grains in SmS films to sharpen 

the switching edge and reduce the hysteresis loop. As pressure is 

applied, the Sm atoms in individual grains switch together because the 

atoms are linked together in a single lattice matrix and stress is 

transmitted throughout the crystal lattice. In small-grained films, 

the external stress is transmitted poorly at the grain boundaries and 

individual grains switch at different applied pressures, creating a 

shallow switching edge and a large hysteresis loop. Large-grained 

films have a much smaller grain surface-to-volume-ratio and stress 

transmission between grains is better, resulting in improved switching 

performance of the film. In addition, the reflectivity of the metallic 

phase depends on the delocalized electron's mobility. Small grains 

increase electron scattering at the grain boundaries, reducing the 

conductivity and reflectivity of the metallic state. 

Control of the grain size is required during film growth. The 

grain size is directly dependent on the substrate temperature and in

versely proportional to the deposition rate (see Figure 3.1). Nowicki 

and Buckley (1974) noted that for some systems the grain size of sput

tered films can not be controlled. 

The CVD films of Mo deposited at high temperature by Carver 

(1980), described above, were large grained and stress free. For these 

films the deposition temperature (700 C) may have been high enough to 

remove some of the stresses resulting from grain growth by annealing 

during deposition. 
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In the PVD methods there must be a compromise since grain 

growth promotes stress. The potential of CVD to produce large-grained 

and stress-free films makes it a promising deposition method. 

Compositional Control 

The deposition process chosen must tightly control film compo-

sition for three reasons: 1) As discussed in Chapter 2, SmS must be 

between 50 and 54% samarium for the transit~on to occur, also the tran-

sition pressure increases with samarium content. 2) It is desirable to 

have the capability of alloying SmS films with Gd, Y, As, and Se be-

cause the first three elements decrease the transition pressure and the 

latter increases it; the alloyant's concentration must also be care-

fully controlled. 3) There is a strong possibility for side reactions 

to occur, the Sm-S system must be carefully controlled to avoid Sm 2S3 

formation. 

Electron-beam and flash evaporation and sputtering of SmS do 

not allow a high degree of control of the film composition, although 

some control may be gained by variation of the temperature and composi-

tion of the source and the substrate temperature. The techniques of 

using separate Sm and S evaporation sources and evaporating Sm in a H2S 

atmosphere allow more control on the film composition. Using separate 

sources, Suryanarayanan and Brun (1976) reported that the sulfur cruci-

ble needed to be carefully held at 65±1 C, and deposition of Sm 2S3 

often occurred. With the latter technique, Grain (1979) states that 

the composition of SmS films was highly dependent on the H2S partial 

pressure; the partial pressure needed to be between (1-3.5)xlO-4 torr 
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or either Sm or Sm2S3 would be deposited. This is partly due to the 

fact that a gaseous sulfur atom does not necessarily collide and react 

with a samarium atom. in a system pumped to very low pressures. More 

control over film composition may be attained by activated reactive 

evaporation. In this technique the reactant species are ionized in the 

gaseous state in order to increase their collision and reaction rates. 

Bunshah and Raghuram (1972) claim an advantage of activated reactive 

evaporation over CVD because the act of·forming a compound is separated 

from its deposition on the substrate, but it has not been used to 

deposit SmS. 

In CVD the film composition can be carefully controlled by mon

itoring the flow rates of the reactants with respect to the diluent gas 

and therefore controlling their partial pressures in the deposition 

chamber. The flow rates of the reactants are dependent on the solid 

source temperature and the flow rate of the carrier gas (see Chapter 

6). This can be done accurately with rotometers (or mass flow control

lers) and temperature controllers. The film composition is also a 

function of the substrate temperature. 

In conclusion, the PVD methods give very little or an ex

tremely coarse control of the composition of the deposited film, while 

CVD only allows a fine control on the film composition. CVD does allow 

a coarse control of the film composition by using different reactant 

compounds. 
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Porosity 

A low porosity film is also desired in pressure switched solid 

state devices. Porous materials are composed of individual particles 

joined together by small areas. When pressure is applied, stresses are 

localized at the small areas where the particles join and will not be 

uniform throughout the solid, promoting a shallow switching edge. Por

osity in sputtered films often occurs when large clusters of atoms are 

sputtered from the target. Pliskin and Zanin (1970) gave an evaluation 

of porosity in glass films deposited by evaporation, some films had 

only a 92% packing density. CVD, on the other hand, produces low 

porosity films: tungsten films of 99.9% and Mo films of 98% packing 

density have been reported by Holzl (1968) and Carver (1980). 

Other Considerations 

Both PVD methods need a high vacuum for the transport step and 

to assure low impurity incorporation into the film. Almost all work to 

date shows that the better the vacuum the better the resultant films. 

The need for ultra-high vacuum equipment, in general, increases the 

cost of PVD over CVD. In the techniques where sulfur is evaporated 

separately or H2S is added to the chamber, extensive baffling and 

liquid nitrogen traps are required to avoid ruining the vacuum pumps. 

CVD does have drawbacks: difficulties with thickness control, 

uniformity over large areas, and thermal expansion mismatch with the 

substrate must be overcome. In situ thickness monitoring using a 

quartz crystal is not practical due to the need to heat the substrate 

to achieve deposition. Transmission optical thickness monitoring is 
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also difficult since the substrate usually rests on an opaque susceptor 

for heating. Thickness control is done by either reflective optical 

monitoring for dielectric films or calibrated deposition time for metal 

films. Thickness uniformity is controlled by having uniform tempera

ture and mass transfer at the substrate. These are controlled by the 

system geometry, and will be discussed in the next chapter. Thermal 

stress can be minimized by properly choosing the substrate for a given 

film material. 

The ease of working at atmospheric pressure (especially when 

using sulfur or its compounds), of controlling the composition, struc

ture, and grain size of the film, and low intrinsic stresses in the 

deposited films make CVD the most promising dep~sition method for 

pressure-induced solid-state optical thin film switches. 



CIIAPTEK. 4 

THE CVD SYSTEM 

The CVD system used for this work was designed to continue 

research initiated by Carver (1980), Booth (1981), and later by Chain 

(1983), for the deposition of molybdenum/amorphous silicon/silicon 

nitride thin film stacks. The overall features of the system were de

rived from two systems built by Carver, however certain modifications 

were incorporated to meet the specific requirements of the above pro

gram. These modifications are discussed as to how they relate to 

deposition of SmS thin film optical switches in this chapter. They 

included multiple reactant sources, piping material, and film uniform

ity. Since the original system design was adaptable, the modifications 

that were necessary for this work were minor. A schematic and a photo

graph of the CVD system are included in Figures 4.1 and 4.2. A typical 

deposition procedure is outlined in Chapter 6. 

Advantages of Multiple Source Compounds 

The basic description of CVD, given in Chapter 3, only involved 

two reactan~s. Several requirements for the successful deposition of 

stable and useful SmS films necessitated several more reactants to be 

available. These requirements include capability of deposition of 

quarterwave stacks, passivation layers, and alloyed SmS films. 

54 



GD TEMPERATURE GAUGE 

® PRESSURE GAUGE 

DILUENT 

~ 

- -- --- -- HEATED LINES 

~ FLOWMETER 

'q.-SAr LINE 

...----VENT 

~SCRUBBER 

INDUCTION 
HEATER 

Ar LINE ~----------
~ FILTER 

FOREPUMP 
Fig. 4.1. Schematic of the CVD system. 

The system included thermocouples to measure the source and the susceptor temperatures, 
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Fig. 4.2. Photograph of assembled CVD system. 

1) Rotometers to con~rol carrier, diluent, h 2 , and H2S 
gas flow rates. 

2) Thermocouple temperature display. 

3) Ten position rotary switch to determine which 
thermocouple output is displayed. 

4) Dimmer switches to control heating of noncritical 
areas. 

5) Temperature controllers to monitor heating of critical 
areas. 

6) Monel source chamber, wrapped in heating tape and 
insulation. 

7) Teflon lines, wrapped in heating tape and insulation. 

8) Quartz deposition chamber. 

9) RF coils to heat graphite susceptor by induction. 1'he 
substrates are supported and heated by the susceptor, 
which is barely visible in tne picture. 

10) KF generator. Lepel, 2.5 kilowatt. 

11) Pressure gauge, +10 psi to -7uO mm Hg. 

12) Exit gas scrubber. 

13) Vacuum line for purging system of oxygen before 
deposition runs. 
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Capability to Deposit Quarterwave Stacks 

During the semiconductor-to-metal transition, the optical 

transmitance of SmS does not change from the ideal limits of 100 to 0%, 

nor does the related change in reflectance. For SmS to be useful in 

the application of thin film optical switches, the pressure induced 

change in the optical constants must be amplified by quarterwave multi

layers of other materials on either or both sides of the active SmS 

layer. This requires the expanded capability of the CVD system to de

posit diverse materials, making necessary that the design allow for 

several other reactant material source chambers. Although the other 

necessary stack materials could be deposited in other systems, to do so 

would require the SmS film to be exposed to atmospheric oxygen, dust, 

and water vapor. This contamination can cause chemical attack.of the 

SmS layer and imperfections in layers deposited afterwards. 

Capability to Deposit a Passivation Layer 

A passivation layer deposited over a freshly deposited film to 

be studied will protect it from atmospheric effects. Grain (1979) 

reports that PVD films of SmS degraded because an oxide layer formed on 

them soon after exposure to the atmosphere. Grain also suggested that 

careful control of the deposition environment could reduce the possi

bility of oxide formation and a passivation layer may not be needed. 

Obviously, the passivation layer must be deposited immediately after

ward in the same system. Provisions for deposition of Si3N4 in the 

system were designed and obtained if a passivation layer Was necessary. 
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Capability to Deposit SmS Alloys 

As stated in Chapters 2 alloying affects the transition pres

sure, the hysteresis in the transition, and it may affect the optical 

properties of either the semiconductor or metallic phase. Previous 

alloying studies have focused on changing the transition pressure. 

Gadolinium, yttrium, and arsenic (Holtzberg 1974) have been used to 

decrease the transition pressure and to stabilize the metallic phase of 

SmS at atmospheric pressure. Bucher and Maines (1972) showed that 

alloying SmS with selenium increases the transition pressure. Most of 

the rare earth metals are candidate alloying agents. 

The equipment needed depends on the physical state of the 

reactant compounds. In general, the rare earth reactant compounds will 

be solids where the sulfur, selenium, and arsenic reactant compounds 

will be gases. The compounds should be thoroughly mixed before they 

reach the substrate to assure uniform coatings, but the ones that are 

expected to react should not be mixed too early to avoid premature 

reaction in the heated plumbing. Each gaseous reactant requires room 

for a pressurized cylinder and regulator. Each liquid or solid react

ant needs a vaporizing chamber; an inert gas is passed though the 

chamber entraining vapors of the material. Since most solid reactants 

must be heated to create a sufficient vapor pressure, space must be 

allocated for oil baths or heating mantles, and temperature control 

equipment. The gas streams are mixed in a gas manifold that leads to 

the deposition chamber. Every gas reactant and inert gas carrier line 

requires a flowmeter, throttling valve, and on/off valve. 
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For the initial preparation of films, extra reactant sources 

were not incorporated to keep the CVD system as simple as possible, but 

these features were anticipated when laying out and building the 

system. Space was available for the flowmeters, oil baths, heaters, 

and various controllers if other layers proved necessary. 

Comparison of Teflon With Other 
Commonly Used Piping Materials 

As shown in Figure 4.1, there is considerable piping in the 

system. While most CVD systems incorporate either glass or metal 

piping, this system employed both Teflon and stainless steel piping. 

The reasons for choosing Teflon included its inertness, moderate 

service temperature, ease in disassembly and rearrangement, flexibil-

ity, unbreakability, capacity to seal to quartz, translucency, and 

amenability to leak testing. The stainless steel tubing was used 

because it was available and could span greater distances between 

supports; it was used where the lines were not heated, or contained an 

inert gas. 

Chemical Resistance 

For a CVD system to be ca,pable of depositing several materials 

the piping and reaction vessel must be inert to all of the reactants 

and products expected at the process temperature. Some of the initial-

ly considered compounds that could corrode the system included HCl, 

C12, N2H4 , H2S, and SiH4• Although many of the more common metals 

(brass and stainless steel) resist one or more of these corrosive 

gases, none resist all of them, especially at the temperatures of 
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150 - 250 C, (Norton 1973). Special alloys such as Hastalloy Care 

resistant to attack by most corrosive gases, but they lack a wide 

selection of inexpensive, compatible, and available pipefittings and 

valves. Where corrosion is a problem, most CVD systems are built of 

Pyrex, or fused quartz; both are very inert. Teflon possesses excel

lent chemical resistance to most gases up to 200 C. 

Temperature Limitations 

The use of solid reactants requires that the piping from the 

source vaporizer to the deposition chamber be heated to avoid conden

sation. The presence of numerous valves in the lines poses a problem 

at high temperatures. Most metal valves have packing materials to seal 

their stems and the valve seat, which often limit their maximum service 

temperature. A common high temperature packing material is Vee (trade

mark of Whitey Inc.) which has a maximum service temperature of 230 C. 

Pyrex has a very high maximum service temperature, 600 C, but a problem 

arises in the joints and valves because they have tightly fitted ground 

glass surfaces that rely on a thin coating of grease for sealing. Most 

of the available greases are silicon-based and have a high vapor pres

sure above 100 C. At higher temperatures the vapors enter the gas 

stream and deposit silicon in the film. Earlier wor~ with Mo0 2 deposi

tion in a Pyrex system showed large quantities of silicon in the films 

(Gesheva 1981). A number of greaseless joints and valves are commer

cially available; most of them depend on O-rings or Teflon to make the 

seals. A 3-way pyrex valve with a Teflon stopcock was tested, and it 

was found to leak after a 200 C temperature cycle. The Teflon valves 
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maximum service temperature is near 250 Cj they performed adequately 

over several thermal cycles. 

System Modularity 
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To cover the range of experiments for which the system was 

planned, modularity was stressed so that extra lines could be added or 

a reactant gas could be fed easily into the system in a different 

place. Both metal and Teflon piping systems satisfy this requirement 

due to the large available assortment of quickly connected tube fit

tings. Since modularity demands many jOints, a modular Pyrex system 

presents a greater risk of silicon contamination. 

Connection to other System Components 

In choosing the piping material, the interface to the other 

major parts of the system - the compressed gas cylinders and the quartz 

deposition chamber - must be considered. The deposition chamber was 

made out of fused quartz to allow depositions up to 1200 C. Although 

metal piping connects easily with the gas cylinders, a problem arises 

in the connection to the deposition chamber. A metal-to-quartz graded 

seal may be used to connect the plumbing to the chamber. Alternative

ly, one might use a ball and socket joint with the socket made of 

metal, and the ball of quartz, but these joints need a-rings which are 

not chemically inert at temperatures above 250 C. If Pyrex is used for 

the piping, a problem arises with the connection to the gas cylinders, 

and similar solutions are necessary. When interfacing metal to quartz, 

or in an all-glass system, stress relief is required. Ball and socket 
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joints, and/or metal bellows in key areas help relieve some stress. 

Still, the system must be carefully built so that pieces align. Teflon 

pipe and tube fittings are compatible with metal fittings, and Teflon 

tube fittings join directly to quartz tUbing. Unlike Pyrex and metals, 

Teflon is flexible, allowing connection to the quartz deposition cham

ber with a minimum of stress in the quartz. Again unlike Pyrex, Teflon 

tubing and fittings are unbreakable. 

Translucency and Leak Testing 

The last advantage of Teflon is its translucency. The interior 

of the system may be examined to see if condensation or premature reac

tion is occurring. Also, since it is nonmetallic, leak testing with a 

tes1a coil is easily accomplished; both advantages apply to Pyrex 

systems as well. 

The advantages of Teflon plumbing are bought at the price of a 

few disadvantages. First, the Teflon NPT pipe fittings did not seal 

easily. Second, because the supplied needle valves did not seal well, 

they had to be disassembled and the stems wrapped with Teflon tape. 

The third problem concerned metric to English conversion and compat

ibility. Most fittings for rotometers and valves are only avai1dble in 

English dimensions, so all the Teflon fittings were purchased in Eng

lish dimensions. However, quartz tubing is only available off the 

shelf in metric dimensions, leading to some incompatibility between the 

Teflon fittings and the quartz chamber. This problem should diminish 

as more equipment becomes available in metric sizes. The maximum ser

vice temperature of Teflon, 250 C, does limit the maximum temperature 
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of the heated lines, but the advantages were considered to outweigh 

this temperature limitation. 

Uniformity Control in CVD Systems 

As discussed in Chapter 3, film growth is actually a series of 

five steps: 1) diffusion of the reactants from the bulk gas to the sub-

strate, 2) adsorption of the reactants onto the substrate, 3) reaction, 

4) desorption.of by-products, and 5) diffusion of by-products to the 

bulk gas. The first and third steps are usually the slowest and there-

fore determine the deposition rate and control the uniformity (Kern and 

Ban 1978), but the effect of adsorption was also considered. The 

uniformity in CVD can be improved by: 1) increasing the diffusion 

. 3 rate:kinetic rate rat~o so that the deposition rate is kinetically 

controlled, or 2) controlling the spatial dependence of the mass trans-

fer rate from the gas stream to the substrate surface. The determining 

factors in these two methods, and the design features to control them 

in a CVD system, are summarized in the following sections. First 

priority was attached to SmS deposition, with second-order given to 

uniformity, but the factors that could easily increase the uniformity 

are noted. 

3. The kinetic rate implies adsorption and reaction rate 
combined in this discussion. Formally, the deposition rate should be 
considered proportional to a driving force divided by the sum of the 
resistances from each step (i.e. diffusion, adsorption, and reaction, 
see Smith 1981). To keep the discussion simple, one of the resistances 
will be considered significantly larger than the others. 



Increasing the Mass Transfer Rate 
Relative to the Kinetic Rate 

Increasing the diffusion:kinetic ratio may be accomplished by 

increasing the diffusion rate or decreasing the kinetic rate. The 

diffusion rate is controlled by the substrate temperature, reactant 
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concentrations, system pressure, and flow dynamics. The flow dynamics 

are in turn affected by the diluent gas, the chamber geometry, and the 

overall velocity of the gas stream over the substrates. The diffusion 

rate can be increased by increasing the substrate temperature, increas-

ing the reactant concentrations, decreasing the pressure, using helium 

instead of argon as the diluent, or increasing the overall gas veloc-

ity. The kinetic rate is decreased by lowering the substrate tempera-

ture and reactant concentrations, and is also affected by the substrate 

material and the substrate's crystalline orientation (Kern and Ban 

1978). Since both rates are dependent on the temperature of the sub-

strate and the reactant concentrations, their relative dependencies 

must be studied to determine how each affects the ratio of the rates. 

The above qualitative discussion can be more firmly established 

by examination of the mass transfer and kinetic rate equations. Fig-

ure 4.3, shows the chamber geometry, which can be approximated as a 

uniform velocity field approaching a flat plate as shown in Figure 4.4. 

As the gas flows over the flat plate, the gas near the plate flows 

slower than the bulk stream. This slower moving gas stream is called 

the momentum boundary layer (see Figure 4.4). There are analogous tem-

perature and concentration boundary layers with associated gradients in 

the vicinity of the substrate. Momentum, heat, and mass transfer from 
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the bulk to the surface are affected by each of the three gradients. 

For the "ideal" case pictured in Figure 4.4, the molar flux of reac-

tants towards the surface is given by (Bird et ale 1960): 

J. I 0 = 0.332 v (c. - c. ) Sc-2/ 3 Ir-v-lr--v---x 
1 y= "" 10 1"" "" 

where J. is the mass flux of species i to the substrate measured at the 
1 

substrate (y=O), v is the kinematic viscosity of diluent, Sc is the 

Schmidt number V/Dij , Dij is the diffusivity of i thru j, v"" is the ve-

locity of the bulk gas, c. and c. are concentrations of species i at 
10 1"" 

y=O and in the bulk gas, and x is the distance from the leading edge of 

the plate; all values are in cgs units. This equation holds for low 

mass transfer rates and laminar flow 1 « v x/v < 10
5

• For the con-
"" 

ditions used (see Chapter 6) it is valid for x » 1 cm. At the higher 

limit of v""x/v turbulent flow occurs, which would be highly desirable 

since the mass transfer is much greater in this flow regime, but would 

require a much higher flow rate than could be attained in the present 

system. Since 

proportional to 

D .. is proportional to T1. 6/p (see Chapter 6) and v is 
1J 

T/p (see Bird et ale 1960), J. is proportional to 
1 

TO. S/!? Thus, lowering the pressure increases the diffusion rate of 

reactants to the substrate. By substituting appropriate values of v 

and D .. for He and Ar into equation 4.1, the mass flux through helium 
1J 

is about 1.5 times the flux through argon. 

The kinetic reaction rate in the forward direction for tne 

elementary reaction 

aAC + btlD -> cAtl + deO 
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is given by (Lin et ale 1973) 

4.2 

where the lower case letters are the stoichiometric coefficients, F is 

a collision frequency factor, E the activation energy, c the concentra

tion of a reactant, r the reaction rate in gmoles/cm 2sec, A the sub-

strate area, t time, and nAB the moles of product AB. Thus lowering 

the concentration of AC or ED will decrease the reaction rate. De~ 

creasing the substrate temperature will increase the diffusion:reaction 

rate ratio because the kinetic temperature dependence is much stronger. 

(However, the temperature of the susceptor also affects the thermo-

dynamics, see Chapters 5 and 6, and Appendix A). 

The kinetic adsorption rate has been empirically correlated to 

several equations. Without going into detail, the general form for the 

adsorption rate is given by (Smith 1981): 

r . 
a,l. 

= a(6) e-E(6)/RT c(g,i) [1-9J / (27fM.kT)1/2, 
l. 

where r . is the adsorption rate, a the condensation coefficient, E 
a,l. 

4.3 

the activation energy for chemisorption, K the gas constant, k Boltz-

man's constant, M. the molecular weight of species i, c(g,i) the con
l. 

cent ration of species i in the gas phase, and 9 the fraction of the 

surface covered by species i (the adsorbed concentration of i, c(a,i), 

is equal to 6c , where c represents the concentration of i when a 
m m 

complete monomolecular layer covers the substrate). The adsorption 

rate may be decreased by decreasing the substrate temperature or the 
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reactant concentrations. In general, adsorption is not the rate 

limiting step in CVD, but it does effect the reaction rate. If the 

diffusion and reaction rates are considerably lower, the adsorption 

rate is in equilibrium with the desorption rate, which is proportional 

to 8c(a,i), which leads to relationships between c(g,i) and c(a,i). 

The reaction rate, equation 4.2, depends on c(a,i) not the gas phase 

concentration, c(g,i). Several relationships between c(a,i) and c(g,i) 

are known due to different activation energy dependencies with 8. The 

Langmuir adsorption isotherm assumes a constant value for E, and is 

given by: 

c(a,i)/c = K c(g,i) / [1 + K c(g,i») 4.4 
m 

where K is the adsorption equilibrium constant. The Freundlich iso-

therm is based on the assumption that the activation energy decreases 

logrithmically with 8, (i.e. the most active adsorption sites on the 

substrate are covered first) thereby the adsorption isotherm is given 

c(a,i) = K' c(g,i)l/n, 4.5 

where K' is a constant depending on the adsorption equilibrium constant 

and c , and n is a constant greater than unity. These adsorption isom 

therms greatly decrease the reaction rate dependence on the gas phase 

concentration, combining equation 4.2 with either 4.4 or 4.5 and com-

paring with equation 4.1 shows that to increase the diffusion:kinetic 

rate ratio the reactant concentrations should be increased. 
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In conclusion, the uniformity may be increased by using helium 

over argon for the diluent gas, decreasing the pressure, decreasing the 

temperature, increasing the flow rates, and increasing the reactant 

concentrations. All of these methods can easily be tried to improve 

uniformity in a CVD system. 

Controlling the Spatial Dependence 
of the Mass Transfer Rate 

The second method of controlling uniformity concerns the spat-

ial dependence of the mass transfer rate from the bulk gas through the 

boundary layer to the substrate. From the flat geometry shown in Fig-

ure 4.3, the film in the middle of the susceptor will have a thickness 

variation over a distance 6x due to the variation of mass flux given 

by: 

J.(x +6x) / J.(x) =/x / I x +6X. 
~ ~ 

4.6 

Thus, uniformity should be better near the rear of the susceptor. For 

a 1.3 cm wide substrate at x = 5 cm (near the middle of the susceptor) 

this ratio is 0.89 or a 12% variation, near the rear of the susceptor, 

at x = 9 cm, there is about a 7% variation. Note that the uniformity 

is not dependent on the gas velocity if the limits on equation 4.1 are 

satisfied and the velocity is constant. 

The easiest way to improve this situation is to tilt the sus-

ceptor as in Figure 4.5. This geometry decreases the cross-sectional 

area for flow through the reactor, so that v~ increases down the 

length of the susceptor, decreasing the boundary layer thiCKness 
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downstream, and the result is uniform mass transfer over the whole sub-

strate (Kern and Ban 1978). 

For equation 4.1 to be applicable, the flow approaching the 

substrate must be uniform. At the entrance to the deposition chamber 

the flow fields are quite nonuniform. The entrance length is the dis-

tance required to set up uniform laminar flow from a tube of gas that 

is initially at rest; it is (Boucher and Alves 1973), 

L 0.058 v D2 / \I 
co 

4.7 

where D is the diameter of the chamber. From the conditions used (see 

Chapter 6) the required length is 6 cm. However, earlier work by 

Carver (1980) showed steep ,thickness gradients with the substrates this 

close to the entrance. This equation does not take the entrance tube 

diameter into account. An estimate of the distance needed with a 

margin for error can be made if the incoming flow is considered an 

expanding jet and the distance downstream where the velocity is reduced 

to the velocity in the chamber is calculated. This distance is given 

by (Appel et ale 1959) 

L 3/8n M / p\lV 
co 

4.b 

where M is the momentum flux in tne small tube, and p is the density 

of the gas. This distance is about 38 cm. The design for the chamber 

allowed the susceptor to be 34 cm downstream from the entrance. 
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Further Features Considered 

Designed features that would further improve the performance of 

the system, but have not been implemented at this stage, concern: moni

toring the film's thickness during deposition, preventing deposition on 

the walls, and recycling of the exit gases. These features could be 

easily added at a later date, but as mentioned earlier, the first pri

ority during this work was to deposit SmS. 

Thickness Monitoring 

Due to the harsh CVD environment, thickness monitoring 

equipment must be outside the deposition chamber. For transparent 

dielectric films the thickness can be monitored by measuring the 

reflectance of the substrate/film combination. As the film grows, the 

reflectance reaches maxima and minima, each extrema representing a 

thickness of A/4n being deposited, where A is the monitoring wavelength 

and n is the index of refraction of the deposited film. Due to the 

curvature and distortion of the chamber walls, and obstruction of the 

substrate by the RF coils, a nitrogen laser pumped dye laser was 

planned after Littman and Metcalf (1978). This arrangement uS,es a 

grating as one of the dye laser mirrors so that the output wavelength 

can be varied. Figure 4.6 shows a sketch of the reflectance monitor 

arrangement, close to the one used by Booth (1981) for monitoring Si 

and Si3N4 CVD depositions. 
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Wall Coating Prevention 

The main problem with the above thickness monitoring arrange

ment is that the monitoring light path passes through the chamber wall 

twice. During depositions the wall is lightly coated. affecting the 

accuracy of this technique. To prevent wall deposition a coaxial flow 

arrangement. shown in Figure 4.7, was designed, with inert gas flow 

near the chamber wall. The inert gas forms a barrier against the re

actants, preventing deposition on the wall. Since the reactants dif

fuse through argon more slowly than through helium, argon would be more 

effective for this application. Although helium is preferable in the 

inner flow to increase diffusion to the substrate, helium would also 

diffuse rapidly through the argon barrier and dilute it allowing the 

reactants to diffuse to the chamber wall. Therefore argon was chosen 

to be the diluent gas although the coaxial arrangement was not used. 

Improved Efficiency and Uniformity 

Another future improvement is intended to promote uniform dep

ositions and increased efficiency. The boundary layer may be reduced 

by increasing the velocity in the deposition chamber. A large increase 

in the mass transfer would occur if the flow over the substrates was 

turbulent. Since the mass flux only increases as the square root of 

the gas velocity (see equation 4.1), increasing all of the flow rates 

will decrease the efficiency of the process. Also note that about 90% 

of the reactants leave the deposition chamber without reacting (see 

Chapter 6). A simple solution to the problem would be to recycle part 

of the exit gases into the chamber inlet. This would promote further 
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use of the reactants that would otherwise be wasted, and in addition it 

would increase the velocity through the chamber without increasing the 

use of fresh reactants. This was not done during this project because 

the recycle line would also have required 1) heating to prevent conden

sation and 2) a high-temperature corrosion-resistant pump. This 

technique has not been used previously to the author's knowledge. 



CHAPTER. 5 

CHOICE OF STARTING REACTANTS 

Very little research has been done on eVD of rare earth metals. 

Past CVD work has focused on transition metals and their borides, car

bides, nitrides, oxides, and silicides. Films of rare earch compounds 

have been formed by heating a pure rare earth film in an appropriate 

reactive atmosphere. For example, films of cerium and lanthanium nit

ride have been prepared by heating the metal film in ammonia (Powell 

1966). Heating samarium films in H
2

S has not been a successful tech

nique for making SmS, as mentioned in Chapter 2. The properties of the 

rare earth metals and their compounds are much different from those of 

the transition metals, and a direct transfer of earlier technology is 

not feasible. Since no previous CVD methods for depositing SmS were 

known, it was not possible to start with a known CVD reaction and op

timize the deposition conditions to produce films witn the required 

optical properties. Rather, it was necessary to survey known samarium 

compounds and their possible reactions to find suitable starting react

ant compounds. This chapter is divided up into four sections: The 

first reviews the requirements of a starting reactant compound in CVD, 

the second considers samarium halides as possible candidates, and the 

third discusses samarium organometallics and explains why samarium 

tris-2,2,6,6 tetramethyl 3,5 heptanedione lSm(thd)JJ was chosen. Th~ 

last section details the preparation procedure for this compound as 

78 



79 

suggested by Eisentraut and Sievers (1965), deviations from this 

procedure in making the material, and analysis of the synthesized 

compound used in this study. 

Required Physical and Chemical Properties 
of Starting Reactant ~~terials for CVD 

The chemical and physical properties of the starting redctant 

compounds are major determining factors in the success of CVD. Since 

H2S is readily available and is already a gas, it is an obvious choice 

for the sulfur containing reactant, so the following s~ctions focus on 

the required properties for the samarium containing reactant. The 

properties considered included: 1) the proposed reaction involving tne 

compound must be thermodynamically feaSible, 2) the reaction by-prod-

ucts must be volatile, 3) all the starting reactant compounds must be 

volatile, 4) the reactants must not decompose at the temperatures re-

quired to volatilize them (in beth the solid and gas states), and 

5) the samarium reactant should be stable in the solid form under nor-

mal atmospheres. Other considerations in the choice of the samariUm 

reactant material included availability and previous use of a similar 

reactant in CVD. 

Reaction Thermodynamics 

Determining whether a reaction is unlik~ly can be established 

from tnermodynamics. The general CVD reaction consider~d in Chapter 3 

is: 

+ 
aAC(a) + bBD(a) cAB(a) + dCU(a) ... 5. 1 
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where (a) indicates a chemisorbed species, and the lower-case letters 

are the stoichiometric coefficients. The thermodynamic properties of 

each adsorbed species will be different for different substrate mat-

eria1s, and data are available for only a few species-substrate combin-

ations. To consider the thermodynamics of a CVD reaction, the overall 

reaction is examined; it is the combination of equation 5.1 and the 

following reactions: 

a) 
+ 

AC(g) + AC(a) b) 
+ 

BD(g) + BD(a) 
5.2 

c) + 
AB(a) + AB(s) d) 

+ 
CD(a) + CD(g) 

where (g) or (s) imply that the compound is in the gas or in the solid 

phase. The overall reaction is written as: 

aAC(g) + bBD(g) : cAB(s) + dCD(g) 5.3 

As the reaction proceeds from left to right, it will eventually slow 

down and stop when an equilibrium mixture of reactants and products is 

obtained. The equilibrium constant, K, is defined as the ratio of the 

product activities to reactant activities at equilibrium, and is relat-

ed to the change of free energy for the reaction. The free energy of 

reaction, 6Go
r , can be easily calculated by summing the standard free 

energy terms, GO
i , for each reactant multiplied by its stoichiometric 

coefficient. If the change of free energy is positive the equilibrium 

constant is less than unity, and the reactants will not react to form 

the desired products. Such a reaction is therefore a poor choice for 

CVD. Note that if 6Go
r is negative for a reaction as depicted in 

equation 5.3, it does not necessarily imply reaction feasability. This 
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is because if ~Gor for any of the reactions 5.1 and 5.2a-d are positive 

reaction 5.3 will not occur, but if the others are significantly neg

ative the sum may still be negative. Through thermodynamics reactions 

may be considered not feasible, but they may not considered definitely 

probable. A more thorough explanation of the relationship between the 

change of free energy for a reaction and equilibrium composition is 

developed in Appendix A. 

Volatile By-products 

Another requirement for a proposed reactant material is that 

the by-products (the species CD in the general reaction discussed 

earlier) of the reaction must be volatile. Tnis is a major concern in 

CVD because nonvolatile by-products are the largest source of impur

ities, as discussed in Chapter 3. 

Volatility of the Reactant 

CVD is commonly performed with system pressures in the range of 

10 mm Hg to 1 atmosphere. The deposition rate at low pressures is 

determined mainly by the reaction rate on the substrate; but at pres

sures near one atmosphere, the growth rate is determined by the 

diffusion rate of the reactants to the substrate (Blocher 1974). For 

this work near atmospheric pressure was chosen because working at low 

pressure requires a hermetic system, but at pressures slightly above 

atmospheric. leaks force gases out of the system instead of drawing 

oxygen and other impurities into it. Another reason for not working at 

low pressure is that the system would require gas traps and scrubbers 

between the system and the vacuum pump to avoid destroying the latter. 
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Overall, atmospheric pressure deposition is much eas~er. To have a 

reasonable deposition rate at atmospheric pressure the concentration of 

reactants must be high enougn to offset the limiting effect of diffu

sion. The maximum concentration of a solid source material in the gas 

phase is directly proportional to its vapor pressure. The vapor pres

sure must be above one mm rig at temperatures below 20U C to assure a 

transport rate of reaction gases to the substrate high enough to pro

mote a reasonable film growth rate. The maximum temperature of 200 C 

was imposed by the softening point of the Teflon lines used in the CVD 

system (see Chapter 4). The minimum of one mm Hg vapor pressure was 

derived from previous experience with CVD of molybdenum compounds from 

Mo(CO)6' MoCl S' and Mo0 2C1 2 , and data reported by Powell (1966). 

High Temperature Stability 

Stability at high temperatures in an inert atmosphere of the 

solid and vapor phases is the forth requirement for a reactant source 

compound. Although many compounds possess a large physical vapor pres

sure, they may not possess a large chemical vapor pressure. This means 

many compounds vaporize to fill the vapor space above the solid by de

composing into a volatile component and a solid residue. Some samarium 

compounds possess a relatively high vapor pressure, but are not suit

able because once in the vapor phase they decompose readily. Obviously 

compounds that decompose in this way are not su~table for CVD since the 

process depends on transferring samarium from the solid to the sub

strate in the gas phase. 
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Atmospheric Stability 

The fifth physical criterion is that the compound must be 

stable under ambient conditions. Some samarium compounds hydrolyze or 

decompose, when exposed to air to form a compound useless for CVD. The 

system design allows for removing, filling, and replacing. the source 

vaporizer without exposing its contents to air. Although hydrolyzation 

and decomposition in air does not rule out a particular material, it 

does make the process more complex. 

Previous use of a Similar Compound in CVD 

Although not a physical property, a final criterion in the 

choice of a source material is its, or a similar compound's, previous 

successful use in CVD. As stated before, direct transfer of CVU reac

tion chemistry of the transition metals and their compounds to the CVD 

of samarium sulfide cannot be made, but due to the lack of data on rare 

earth compounds this existing technology did serve as a starting point. 

Metal halides and organometallics of transition metals have been used 

as source materials for CVD, but at the time of this work CVD of the 

rare earths between lanthanum and lutetium had not been performed to 

the author's knowledge. 

Samarium Halides as a Possible Starting Reactant 

In the CVD of transition metal compounds, the halides have 

found widespread use in carrying the metal to the substrate. Semi

conductors, such as silicon and germanium, and many of the transition 

metals including tungsten and rhenium (which are heavier than samar

ium), have been deposited from the halides. Binary compounds such as 
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the oxides, nitrides, and carbides of most transition metals have also 

been deposited from the respective halide. Although CVD of sulfides is 

not common, it has been used to deposit ZnS and CdS (Kern and Ban 

1978). The source for oxygen, nitrogen, carbon and sulfur in the above 

binary compounds is often H20, NH3, hydrocarbons, or HLS respectively. 

The by-product is HX, where X = F, CI, Br, or 1, all of which are 

volatile. 

Using samarium halides as the starting material, two reactions 

can be proposed: 

SmX2(g) + H2S(g) + SmS(s) + H2X(g) X = CI, Br, I 

SmX3(g) + H2S(g) + 1/2H2(g) + SmS(s) + 3/2H2X(g) X = Br. 

The halides Sme1 2, 5mBr 2 , SmEr 3 , and Sm1 2, are commercially available, 

while Smel 3 and SmI 3 are not stable in the vapor state. 

Approximating the Change of Free Energy 
for a Keaction at the Substrate Temperature 
From Thermodynamic Values at 298 K 

To determine the usefulness of the halides the appropriate free 

energy of reaction was calculated, as this indicates thermodynamic 

feasibility of the proposed reactions. To accomplish this, the thermo-

dynamic data were needed for each reactant at the temp~rature of the 

substrate. A thorough review of the literature (using Chemical Ab-

stracts and a computer search) produced very little data; the most 

comprehensive compilation is by Wicks and Block (1~63), containing 

thermodynamic data up to the boiling point, but not in the vapor stat~. 

More recent data, for samarium iodide in the gas state, are reported by 
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Hirayama et a1. (1974). As Wicks and Block report on all the halides, 

it was decided to use these data to compare the halides. 

The only thermodynamic data for SmS in the solid phase are es-

timates, for 298 K, reported by Mills (1974); however, the heat capac-

ity was not estimated so his data could not be extrapolated to higher 

temperatures. An equation estimating the change in free energy for a 

reaction as a function of temperature, from the change of enthalpy of 

formation and the change of entropy at 298K, was derived. By combining 

equations A.S and A.ls of Appendix A, 

~Go (T) = ~Ho (T) - T~Sor(T), r r 5.4 

where (0) implies values at the standard state, and r shows that the 

change is during a reaction. Assuming that the heat capacity, Cp, is 

not a function of temperature, the enthalpy and entropy of each species 

can be written: 

HO(T) = aO(298) + (T-298) Cp 
5.5a,b 

SO(T) = SO(298) + [In(T)-ln(298)] Cp 

Equation 5.4 can be reWritten as 

where ~Cp = EViCPi. (This notation is explained in Appendix A, vi is 

the stoichiometric number for species i in the reaction conSidered; it 

j.s negative for reactants and positive for products.) The last term 

may be dropped after comparing the magnitude of the three terms. Below 

1000 C for other more common CVD reactions: 
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IAH
o 

I > 2 ITAS
o 

I r r 
5.7a,b 

ITASr (298)1 > 6IACp[T-Tln(T)-298+Tln(298)11· 

Below 600 C the ACp term in 5.6 is even smaller, and is more than an 

order of magnitude less than the second term. The first term is not a 

function of temperature. (In the second inequality, equation 5.7b, the 

approximation 50 (298) • 5 Cp was used since the entropy goes to zero 

at zero kelvin and equation 5.5b, using 1 K as the base temperature, 

can be applied. This is a poor approximation for solids, but a good 

one for gases. For gas-solid reactions ASo
r (298) • SACp is valid 

because of the relative differences between Cp and SO of gases and 

solids.) By dropping the last term in equation 5.6. the change of free 

energy for a CVD reaction can be approximated by the equation 

5.8 

with one digit of accuracy at T < 600 C, and an order of magnitude for 

T < 1000 C. To use equation 5.8 the enthalpy and entropy for each 

reactant must be known at 298 K. Other base temperatures may be em-

ployed, and the accuracy improves as the base temperature approaches 

the reaction temperature. The absolute enthalpy can not be measured; 

it is always with respect to a reference state. Two common reference 

states are in general use: the JANAF tables (1971) base enthalpy on a 

reference state of the elements at the reaction temperature, and Barin 

et ale (1976) refer to the elements at 298 K. The reference states of 

Barin et ale were used in this work. The enthalpy of compounds with 

respect to the constituent elements is known as the heat of formation, 
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Hf , and is equal to 

- H . B' 

the change of enthalpy for a reaction is LViHf.' Expanding Lv.Hf 
~ ~ i 

yields Lv.H. or ~H because the enthalpy for each element cancels out. 
~ ~ r 

Estimation of the Thermodynamic Properties 
of the Sm Halides at 298 K in the Gas State 

The following approach was taken to calculate tne needed ther-

modynamic functions for the samarium halides in the gas state at 298 K. 

SmI2 will serve as an example. The available data from Wicks and BlocK 

(1963) is summarized in Table 5.1. Since enthalpy and entropy are 

state variables, the change in each for the reaction 

is path independent. The path followed is represented by the 

equations, 

o 0 SmI 2(s) T 298, bH ~Hl ' LIS llSl Sm + 12 + = 

SmI 2(s) (T=298) + SmI 2(s) (T=MP) lIH = lIH2 ' LIS = lIS 2 

SmI 2(s) + SmI 2(2.) T MP, lIH ~H3' LIS = lIS 3 

Sm1 2(2.) (T=MP) + Sm1 2(i) (T=BP) lIH = lIH 4 , LIS LIS 4 

SmI 2( i) + SmI 2(g) T = BP, lIH = lIHS' LIS = LIS 5 

Sm1 2(g) (T=BP) + SmI 2(g) ( T=298) lIH = lIH6 , LIS = lIS 6 

and a diagram representing the enthalpy for the reaction path in going 

from Sm and 12 in their standard states to Sm1 2 in the gas phase is 



Table 5.1. Available Thermodynamic Data on Sml2 
(After WicKs and Block 1963) 

Temperature H(T) - H(298) H
f 

298 
500 

1000 
1500 

0 -122,000 
4,000 -136,000 

19,000 -129,400 
31,000 -128,000 

HOt (298 K) = -122,000. calories/mole 
SO (298) = 40 calories/mole·K 
MP = 773 K 
~HF = 5000 calories 
BP = 1850 K 
~Rv = 40,000 calories/mole 
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Gf 

-121,000 
-114,500 

-99,LlOO 
-88,500 



shown in Figure 5.1. The reaction path of Figure 5.1 for enthalpy 

starts at 298 K with Sm and 12 in their standard states. From 

Table 5.1 Hf (298,s) = -122 kcal/mole, which is ~Hl. Taking the 

enthalpy of the elements as 0, this implies the enthalpy of the solid 

is -122 kcal/mole. 

The enthalpy of SmI 2(s) at 773 K (melting point) is ~H2 more 

than that of the solid at 298 K, and is determined by using equa-

tion 5. Sa, ~H2 Cp(s)*(773K-298K), and assuming constant heat 

capacity. The heat capacity is not given directly. From Wicks' 

tabulation of (H(T)-H(298» at 500 K, 

Cp(s) [H( 500)-H( 298) 1 / [500-298) 19.8 cal/mole/K, 

the result is ~H2 = 9,800 cal/mole. 

The enthalpy of the liquid at 773 K is the enthalpy of the 

solid + the enthalpy of fusion, ~H3' which is reported by Wicks as 

5000 cal/mole. 

89 

To find the enthalpy of the liquid at 1850 K (the boiling 

point) equation 5.5a is used again, it is the enthalpy of th~ liquid at 

773 K plus Cp(t)*(1850 - 77j). Again the heat capacity is obtained 

from the data in Table 5.1, 

(H(l500)-H(298» - (H(l000)-H(298»j / [1500-1UUUJ 24 cal/mole / K 

This implies ~H4 = 26,OuO cal/mole. 

The enthalpy of the gas at 1850 K is the enthalpy of the liquld 

plus the enthalpy of vaporization, ~H5' which is 40,000 cal/mole. 
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Finally, the enthalpy of the gas at 298 K is the enthalpy of 

the gas at 1850 K plus [H(298)-H(1850)]. The change of enthalpy of 

gaseous Sml2 is approximately the same as the change for gaseous La1
2 

calculated by Krasnov and Danilova (1968). Table 1 from Krasnov is 

reproduced in Table 5.2. This approximation, suggested by rlirayama et 

ale (1974), is plausible because very similar results would have been 

obtained using the data from either Sc1 2 or Y1 2• From the data for 

La1 2 : [(H(1850)-H(0)] = 25,000 cal/mole and [H(298)-H(O)J = 3600 

cal/mole, therefore ~H6 = -21,000 cal/mole. 

Summing all the changes of enthalpy 

Hf (SmI 2 , 298, g) = H(Sm1 2, 298, g) - H(Sm, 12 , 298, std. state) 

= Hf (SmI 2 , 298, s) + ~H1 + ~H2 + ~H3 + ~H4 

+ ~H5 + ~H6 

= -122 + 9.8 + 5 + 2.6 + 40 - 22 

= -63 kcal/mole. 

To determine the entropy of SmI 2(g) at 298 K the same tecnnique 

was used, but there were a few changes. First, SO(298) of solid Sml 2 

is reported by Wicks, so there is no need to worry about tne ~l~ments 

in their reference state. Secondly the entropy changes ~S) and 6S , - ~ 

are given by equation 5.5b. The third change is that Wicks does not 

report the change of entropy for fusion or vaporization. For a phase 

change the change of free energy is zero, since 6G = 6H - T6~: 

5.9 

The last note is in interpolating the tables of Krasnov to find 6S 6 
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Table 5. 2 . Thermodynamic Functions of t he Gaseous Scandium, Yttrium, and 
Lanthanum Halides • (After Krasnov and Dani l ova 1 ~ 68 ) • 

. • 0 . . . 
T , •K <llT ST HT-Ho <llT ST HT-Ho <llT ST HT- Ho 

SeC! ScBr Sci 

298 . 15 48.450 55 ,966 2241 50. 890 58 .567 2289 52. 682 60 .546 2345 
1000 58 .104 66 ,475 8371 60 .707 69, 171 8464 62.67 1 71 .227 8856 
2000 64 .008 72 .649 17280 65, 660 75 .352 17384 68.672 n. 414 17484 
:~ooo 67. 533 76 ,270 26212 70,202 78 ,975 26319 72, 23 1 81 .038 26422 

SeC!, ScBr, Scl1 

298 . 15 59. 576 70. 049 31 23 63 ,954 74.897 3253 67. 458 78.887 3408 
1000 73 .645 86. 222 12577 78 ,458 91 ,269 128 11 82. 389 95 .421 13032 
2000 82. 602 95 , 81 0 26416 87 ,578 100 .875 26674 q1 ,584 105.041 2691 2 
3000 88 .006 101 .440 4{)302 92, 986 106. 508 40558 97,072 11 0 ,068 40813 

Scf:la ScBra Scl 1 

298 . 15 63. 164 76 ,549 399 1 70. 049 I 84 .645 

I 
4352 75 .261 I 90 .750 461 8 

1000 81 .937 99 .233 17296 89 ,945 107, 850 17905 95 . 931 114 . 235 18304 
2000 94 .385 11 2.892 370 14 102 .713 121 .557 37687 108 .9059 127.956 3811 8 
3000 101. 983 120 ,928 56835 11 0, 425 129. 601 5 7 5~9 116 .692 136.0 15 57971 

YCI YBr Yl 

298 . 15 50 ,644 58 .290 2280 53 .035 60.884 234{) 54 ,830 62, 885 2401 
1000 50 .431 68 .879 8447 63 ,011 71 .559 8548 64 .983 73 ,621 8638 
2000 66. 376 75 .059 17356 69 ,00tl 77 .745 17476 71 .027 79 ,813 17573 
3000 69,9 14 78 ,681 26300 72, 565 81, 370 26414 74 .600 83 .438 2651 2 

YCb YBr2 YI, 

298 . 15 61 .452 72.246 3218 65 ,921 

I 
77 .243 3376 69 .397 81. 241 I 3531 

1000 75 .835 88. 587 12i52 80.771 93 .766 12995 84 .682 97, 892 · 13210 
2000 84. 884 98. 190 26611 89, 947 103 .384 26874 93 .969 107,521 27103 
3000 90, 321 103 , t!23 4{)504 95 .4L9 109 .020 4{) 774 99, 489 113 ,1 58 41007 

YCla YBr1 YI, 

298 15 65 .032 I 78.952 41 50 71 ,780 I 85 .974 4530 7G .955 I 93 . 102 4814 
1000 84.349 101.951 17612 02 234 11 0 442 18208 98.205 1 IIi. 809 18504 
2000 96. 955 11 5,651 37372 105.1 51 124 , 171 38020 111 .337 13:J. 558 3844'2 
3000 104.624 123,692 57206 112.9L9 132,220 57873 119 . 176 138 .610 58303 

LaC! LaBr La I 

298 .15 52. 01 0 59.703 2:94 54 354 62 ,299 2366 56. 113 64 232 2421 
1000 61 .842 70.315 8472 G4 41 5 73 ,003 8588 66 .318 74 .982 8664 
2000 67. 800 76 .496 17393 /0 .433 79 , 193 17519 72 .375 81. 175 17GOO 
3000 71 .343 80 . 119 26328 73 ,998 82.817 26457 75.954 84 .800 26540 

LaCJ1 LaBrt La I, 

:t.98 . 15 62.942 73 .853 3:t.53 65 ,082 76 .607 343G3 70 ,776 I 82 .755 3571 
1000 77 .433 90, 243 12810 80 . 108 93 , 192 13084 86, 172 99 .435 13264 
2000 86 .513 99 .850 26675 89 .330 102 .815 26970 95 .487 109 057 27160 
3000 91 .961 105 ,484 4{)570 94 .828 108 .452 40872 101 ,016 114 ,705 41066 

LaC! a La Bra La I, 

L98 .15 66 . 4~3 80. 7:{ 3 4243 73. 022 188.544 

I 
4628 78 211 I 94 .675 4827 

1000 86 . 106 103 882 17776 93.767 I 12.1 27 18360 100 .041 I 18 .793 I 8752 
2000 9M .809 11 7. 586 37554 106.773 125 .865 38185 113.249 132, 548 38599 
3000 106 .498 125 .630 57394 I 14 .5·:.9 133 ,916 58042 121. I 14 140. 602 5S.63 
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for the gas state. This interpolation should not be done linearly but 

logarithmically (see equation 5.5a). The calculated results, shown in 

Table 5.3, are within 20% of the calculated values for Sm1 2 as reported 

by Hirayama et ale (1974). 

Table 5.3. Calculated and Literature Values for the Heat of formation 
and Entropy at 298 K for the Stable Samarium Halides and 
Several Other Compounds. 

Species Hf ( 298K) 
Kcal/mole 

SmS(s) -108 
H2S(g) -4.88 
SmC1 2 (g) -99. 
5mBr2(g) -84. 
5mBr2 (g) -100. 
SmI2(g) -63. 
SmI2(g) -71. 5 
HCl (g) -22.063 
HBr (g) -8.71 
HI (g) +6.3 
H2 (g) 0.0 

Calculation of ~Gor for the Reactions 
of the Sm Halides with H

2
S 

SO (298K) Source 
cal/mole/K 

18.5 Hills (1974) 
49.15 JANAF (1971) 
90. derived 
82. derived 

107. derived 
83. derived 
88. Hirayama (1974) 
44.645 JA.~AF (1971) 
47.465 JANAF 0.,71) 
49.351 JA.'lAF (1971) 
31. 21 JANAF (1971) 

The values of 6Hf and SO at 298 K in Table 5.3 were used in 

equation 5.8 to calculate the free energy of reaction at 4uU and 6UU c. 

These temperatures were chosen after analyzing earlier work by Grain 

(1979). At 70U C and above, Grain reported that evaporated SmS films 

decomposed into Sm + Sm2S3• For the proposed reaction of SmI 2(g) with 

H2S to form SmS(s) at 40U C (673 K): 



aHo (298) ~ -108 + 2(+6.3) - (-63.26 + -4.88) = -27.26 kcal/mole r 
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aSo
r (298) = 18.5 + 2(49.351) - (82.67 + 49.15) = -14.62 cal/mole/K 

aGo (298) = -27.26 kcal/mole - 673K(-14.62 cal/moleK/1000 cal/kcal) r 

= -17 kcal/mole 

The results of these calculations are shown in Table 5.4 for 

the four stable gaseous samarium halides. Although the Sm12 data of 

Hirayama et al. is more accurate, the above data were used since the 

purpose of this analysis was to compare the different samarium halides. 

In conclusion, all four halides show favorable free energy changes when 

reacting with H2S to form solid SmSj the order of favorableness is: 

SmCl 2 > 5mBr2 > 5mBr3 > SmI2• 

Table 5.4. Free Energy of Reaction to Form SmS from 
the Stable Samarium Halides and H2S 

Starting Reactants 
+ H2S 

aGr (400C) 
Kcal/mole 

-27. 
-24. 
-22. 
-17. 

Consideration of the Other Properties 
of the Sm Halides and Why One Was Not Chosen 

aGr (600C) 
Kcal/mole 

-20. 
-21. 
-20. 
-14.5 

The other required properties for source materials were also 

examined. The by-products, mainly hydrogen, X2, and HX are all 



volatile at temperatures greater than ZOO C, and should not cause 

impurity incorporation problems. Hirayama et al. (1974) states that 

Sml Z is stable against oxygen and moisture but the bromides and the 

chloride hydrolyze in moist air. 

The last criterion is that the vapor pressure must be above 

one mm Hg at ZOO C to assure a reasonably rapid deposition rate. Hir

ayama et al. (1974) state that the vapor pressure of a trihalide is 

approximately three orders of magnitude higher than the respective 

dihalide, and that the volatility order is iodide> bromide> chloride. 

Unfortunately, the only volatility data found in a literature search 

were for SmCI Z and SmIZ: 
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SmCI Z: Log 10 (P mmHg)=-14770/T + 17.89 - Z.8Log 10(T) PolyachenoK (1963) 

SmI Z: Log 10(P mmHg)=-13367/T + 6.9Z (1008<T<1155 K) Hirayama (1974) 

These imply temperatures of 1392 and 1090 C, respectively, to achieve 

one mm Hg pressure. Due to lack of data on the bromides, it was as

sumed that the vapor pressure of 5mBr
3 

is close to that of SmI
Z

. To 

assure uniform coatings the reactant gases need to be mixed before 

reaching the substrate and beyond this mixing point the above tempera

tures must be maintained to assure that the samarlum halide does not 

condense out of the gas phase. If the substrate is below 700 C, as 

discussed previously, the reaction is much more likely to occur at the 

mixing point above 1000 C than at the <700 C substrate. The conclusion 

is that another compound is needed, one with a much higher vapor pres

sure to relax the requirements for high vaporizer and mixing point tem

peratures. 



Samarium Organometallics as Possible ~tarting ~actants 

Two reasons why the samarium halides have such a low vapor 

pressure rest with samarium 1) having a high atomic weight, and 
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2) being very electropositive. They necessitate the order of physical 

and chemical properties required for a starting reactant to be rear

ranged. The first criterion should be the required vapor pressure of 

one mm Hg below 200 C, and a favorable reaction with H2S should be the 

second criterion. If a Sm compound with a vapor pressure above one mm 

Hg below 200 C is not found, a compound with this minimum vapor pres

sure below 700 C could be used, but this would require a new CVD sys

tem. As explained earlier, 200 C is the highest service temperature of 

the available GVD system's plumbing, and 700 C would be the absolute 

maximum temperature because it is the temperature above which formation 

of Sm 2S3 is favored. A search for volatile rare earth compounds led to 

investigation of several organometallics compounds of samarium. Organ

ometallics are commonly used in CVU because they usually have higher 

vapor pressures than the halides, and they react at lower substrate 

temperatures. Unfortunately, there is very little thermodynamic and 

physical data on rare earth organometallics, as most of the applied re

search in their use involves gasoline additives. Table 5.5 summarizes 

the vapor pressure or thermogravimetric half-temperature, air and mois

ture sensitivity, thermal sensitivity in the solid and vapor state, and 

preparation for 17 samarium organometallics that have been reported in 

the literature. 
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Volatility of Rare Earth Organometallics 

The volatility of rare earth organometallics has been important 

in their separation from one another, so a larger data base exists for 

this particular property. The process of separating rare earths on any 

large scale has only lately been accomplished by gas chromatography. 

For a group of compounds to be separated by gas chromatography, the 

compounds must be volatile and stable in the vapor phase, two of the 

requirements for CVD. Table 5.5 lists the vapor pressure or thermo-

gravimetric half-temperature, and thermal sensitivity in the solid and 

vapor state for samarium orgallometallics that have been candidates for 

gas chromatography. The thermogravimetric half-temperature is the tem-

perature at which 1/2 of a charge of material being heated in a stream 

of inert gas has sublimed into the gas phase. The half-temperature is 

not a true measure of the vapor pressure because it depends on the flow 

rate of the inert gas and the heating rate; it becomes completely mean-

ingless if the compound decomposes. The half-temperatures reported 

were all measured under the conditions, to the author's knowledge, 

suggested by Eisentraut and Sievers (1965). 

Prediction of Reaction Feasibility 
Between H2S and Sm Organometallics 

Calculation of the change in free energy for the reaction of 

H S with the compounds listed in Table 5.5 to predict if they would 
2 

react was not performed because their thermodynamic properties have not 

been reported. Most organometallic compounds are still in the research 

phase and are not in general engineering use, for which a measurement 

of their thermodynamic properties would be required (Sievers 19~1). 
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Insight into whether any of the proposed compounds would react depended 

on whether similar compounds had previously been used in CVD. Most of 

the compounds in Table 5.5 should have similar chemical properties 

because they are B-diketonates, and have the same structure linking 

samarium to the organic chain as shown in Figure 5.2. The organic "R" 

groups are different for each compound. Complexes based on hfa and tfa 

have been used for CVD: Chattoraj et ale (1966) report using 

Cd(hfa)3·NH3·H2o as a cadmium source along with H2S to deposit CdS, and 

Van Hermet et ale (1963) successfully deposited pure Cu, Ni, and Rh 

films from Cu(tfa)2' CU(hfa)2·H20, Ni(hfa)2·H20, and Rh(tfa)3. 

By-products of Organometallics in CVD Reactions 

The by-products of organometallic reactions are hydrocarbon 

chains, carbon, and hydrogen, the longest chain being the parent che

lateo The longest chain in Table 5.5 contains eight carbon atoms; all 

the eight carbon chain organic compounds listed in the Handbook of 

Chemistry and Physics (CRC 1973) have vapor pressures greater than one 

atmosphere at temperatures greater than 330 C and should vaporize off 

the substrate during deposition above this temperature. The main im

purity to expect would be elemental carbon from complete decomposition 

of the chelate, which will occur at substrate temperatures greater than 

1200 C (Powell 1966, Guilleray et ale 1975). Sievers and Sadlowski 

(1978) state that unreacted material and the original organic chelate 

can be trapped and reused in a cyclic process. 
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Reasons for the Selection of Sm(thd)3 as the 
Samarium Reactant Over other Organometallics 
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Examination of Table 5.5 shows that only Sm(thd)3 and Sm(tcp) 

have well determined vapor pressures, the latter having a substantially 

lower value. By assuming that those compounds which have half-tempera-

tures lower than Sm(thd)3 (and which do not thermally decompose) have a 

vapor pressure greater than Sm(thd)3' it was determined that only five 

compounds have a sufficient vapor pressure for the system described in 

Chapter 4. These compounds are Sm(hfa)3DMF, NH4Sm(hfa)4' NH4Sm(dfhd), 

Sm(fod), and Sm(thd)3. The first three compounds were eliminated from 

consideration due to a very small literature base on their properties 

and procedure for preparation, and difficulties in obtaining the organ-

ic ligand. Sievers (1967) suggested that either of the latter two com-

pounds could be used for CVD. Table 5.5 shows that Sm(fod) has the 

higher vapor pressure of the two, but it decomposes at a lower tempera-

ture, and the procedures described to prepare the H(fod) ligand and 

Sm(fod) were very complex. From the discussion in the above sections, 

and the data given in Table 5.5, the compound samarium 2,2,6,6 tetra-

methyl 3,5 heptanedione, Sm(thd)3' was chosen as the Sm reactant com

pound over Sm(fod). It should be emphasized that Sm(thd)3 was the only 

samarium organometallic with well-documented properties, and a vapor 

pressure greater than the imposed minimum of one mm Hg at less than 

200 C. It is also thermally stable, not air or moisture sensitive, and 

easily synthesized. Due to the similarity in chemical structure with 
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the compounds that have been used earlier in CVD, Sm(thd)3 should react 

with H2S and H2 to form solid SmS by the reaction: 

Sm(thd)3(g) + H2S(g) + 1/2 H2(g) + SmS(s) + 3H(thd)(g) 

Preparation of Sm(thd)3 

Several authors report on syntheses for Sm(thd)3' ~isentraut 

and Sievers (1965) started with Sm(N03)3·6H20, while Brunner and Curtis 

(1973) started with Sme1 3• The former process was chosen because 

Sm(NOJ)3·6H20 was aiso recommended for the synthesis of several of the 

other samarium organometallics in Table 5.5. The reference is repeated 

here in full: 

Efforts to synthesize the rare earth chelates by a pre
viously reported method produced only poor yields. It was 
reasoned that perhaps the low yields were caused by destructive 
air oxidation of the complexes in solution during the synthesis 
and subsequent recrystallizations. Oxidation of Ni(thd)2 in 
solution has been found to occur readily. A method in which 
air was excluded wherever possible was developed, and this has 
permitted the synthesis of the trivalent rare earth complexes 
in yields of 90-97%. The general method is illustrated by the 
preparation of Tb(thd)3. Sixty mmoles of H(thd) was dissolved 
in 30 ml. of 95% ethanol in a thick-walled flask fitted with a 
stopcock connected to a vacuum system. NaOH (2.4 g.) dissolved 
in 50 ml of 50% ethanol was added. The reactants were continu
ously stirred with a magnetic stirrer. Tb(N03)·6H20 (20 
mmoles) dissolved in 50 ml. of 50% ethanol was added. Immedi
ately the flask was evacuated, sealed, and stirred for 2 hr. 
The volume of the solution was reduced by 50% by reduced pres
sure distillation and 350 ml of distilled water was added. The 
Tb(thd)3 which separated was quickly vacuum filtered, dried, 
and sublimed at 180 C in vacuo. The yield of sublimed product 
was 13.17 g. (92.9%). The sublimed crystals were recryst
allized from n-hexane in vacuo and vacuum dried. 

For the synthesis of Sm(thd)j' H(thd) (95%) and Sm(N03)3·6rl20 

(~~%) were obtained from Aldrich Chemical Co. and Var-lac-oid Chemical 

Co. respectively. The above procedure was followed, witn the amounts 
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of each reactant cut to 11%. In addition, the ethanol, distilled 

water, and each flask were purged with argon before the work was start

ed. The amounts of each solvent were estimated to avoid measurement in 

air. The solids collected were nonhomogeneous and did not sublime. 

Recrystallization of the solids produced two solids, one that melted at 

higher and one at lower temperatures than the melting point of Sm(thd)3 

reported in the literature. Table 5.6 summarizes the yield, melting 

point, composition, and nuclear magnetic resonance (NMR) analysis for 

the solids that were separated with each step. On the second trial, at 

the suggestion of Sievers (1981), the mixture was added to the distill

ed water after the reduced pressure distillation. This allowed the 

sodium and nitrate ions to be dispersed rather than trapped in the sep

arating solid. In addition, the solvents were measured with a volumet

ric syringe. The raw product obtained sublimed and recrystallized 

fairly well, but the sublimed product was not very soluble in n-nexane, 

preventing a high yield of recrystallized sublimed material. 

NMR is the measurement of absorption of electromagnetic radi

ation from protons in a magnetic field, and only detects hydrogen 

atoms. The NMR results are reported in terms of a shift in the fre

quency of the radiation required to attain absorption relative to a 

standard - tetramethylsilane. The shift is measured in ppm, and is 

dependent on the other chemical groups on the same molecule near the 

hydrogen atom. The structure of Sm(thd)3 is shown in Figure 5.3. From 

the structure it can be determined that there should be two NMR peaks 

of the ratio 18:1; the 57 hydrogen atoms are in either of two loca

tions, 54 are in methyl locations and '3 are on the center carbon atoms. 
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Fig. 5.3. Structure of Sm(thd)j showing the two nonequivalent 
hydrogen locations - H and H'. 
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The three organic chains surround the Sm ion dS snown in 
Figure 5.2. Here the R group is CH j • 
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Eisentraut and Sievers (1965) report on the NMR spectrum for Sc, Y, La, 

and Lu chelates of thd. The literature values reported in Table 5.6 

cover the range of each peak for these compounds. 

The presence of impurities was suspected because of the extra 

NMR peaks and the low melting points. The recrystallization and sub

limation steps removed some of the impurities, but added others. The 

sublimed and recrystallized material showed the spectrum with the least 

number of impurity peaks; unfortunately, there was not enough material 

to determine the melting point. The observed variation in the peak 

position in the NMR results was caused by different concentrations of 

Sm+3 ion in solution. In general, NMR peaks may be shifted to resolve 

two otherwise close peaks by the use of shift reagents; rare earth ions 

are known to act as shift reagents (Nelson 1981). Usually a NMR spec

trum is concentration independent, but since Sm(thd)3 incorporates a 

shift reagent along with the organic chain, the peak positions are con

centration dependent. Assuming concentration independence, the amount 

of solid Sm(thd)3 and solvent, DCC1 3 , were not measured when preparing 

the NMR tubes. It was later learned' that most of the "impurity" peaks 

were spinning side bands of the strong peak. Spinning side bands can 

be identified if they are equidistant from a strong peak and of equal 

intensity. Discounting these peaks the raw and sublimed material were 

determined to be rather pure. Since the solid source material is actu

ally sublimed in the CVD apparatus and because no gain in purity was 

observed by these purification steps, it was decided to use the raw 

product of the reaction. 
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A large batch of material Was made using 2/3 the batch size of 

Eisentraut and Sievers. Afterwards, the reaction flask was washed in 

n-hexane; then the n-hexane was roto-evaporated off. The material ob

tained showed a very sharp melting point close to the literature value. 

A highly volatile impurity was suspected to be the cause for the extra 

peaks in the NMR analysis and the low melting points mentioned above. 

The raw product obtained in this large batch was then vacuum dried for 

24 hours, which removed the impurity causing the low melting point. 

The melting point was then Z C below the literature value. This was 

the material used as the source material for the CVD process. 

In summary, although samarium halides have many of the chemical 

and physical properties required for a starting material, they lack 

sufficient vapor pressure. It was determined that the key criterion 

for a starting reactant for the CVD of samarium compounds is a high 

vapor pressure, which led to organometallics. Sm(thd)3 was chosen be

cause it best satisfied this and other criteria. Because of its chem

ical similarity with other organometallics that have been used for CVD, 

it was postulated that it would react With HZ and HZS to form solid 

SmS. To obtain a relatively pure material extended vacuum drying of 

the prepared Sm(thd)3 was used instead of sublimation and recrystal

lization as suggested by Eisentraut and Sievers. Once the starting 

material had been chosen, the CVD parameters were calculated, as 

discussed in tne next chapter. 



CALCULATIOH OF CVD PAllAHETERS 

One of the advantages of CVD is that the process may be con

trolled through manipulation of many parameters. These include sub

strate temperature, system pressure, and reactant and diluent flow 

rates. All of these must be estimated initially and then may be varied 

empirically after feedback from chemical, structural, and/or perform

ance analyses. This chapter is composed of three main sections. The 

first section discusses the importance of temperature. The second out

lines the determination of reactant and diluent flow rates for stoi

chiometric amounts and the modification of these rates because of mass 

transport arguments and side reactions. The third section details the 

deposition run procedure. The effect of pressure was discussed in 

earlier chapters and will not be repeated here. 

Importance of Temperature as a CVD Parameter 

The temperature of the substrate affects the CVD process in two 

ways. First, thermodynamics predict different species will be stable 

at different temperatures. As was discussed in Chapter 5, the results 

from Grain (1979) showed that at temperatures greater than 400 C Sm 2S3 

formed, and at greater than 700 C, Sm2S3 was the only stable species in 
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4 an H2S atmosphere. Other stable species include several oxides, but 

even these oxides are not as stable as Sm 2S3 above 950 C under a H2S 

atmosphere, White (1982). Not only are different species' stability 

dependent on temperature, but different phases of the same species can 

be deposited by varying the temperature. For example, below a certain 

temperature a deposit may be amorphous rather than crystalline (see 

Figure 3.1). Moreover some materials may be deposited in several dif-

ferent crystalline phases by varying the deposition temperature. Most 

introductory thermodynamics texts (for example Gaskell 1981) discuss 

the stability of different phases with changing temperature. In par-

ticular, Sm203 has a transition from the a to the e phase at 1195 K, 

Barin et ale (1973). 

The temperature also effects reaction kinetics and gas phase 

diffusion. The reaction rate is a function of the concentration of the 

reactants and products multiplied by the temperature function e-~E/RT, 

where ~E is the activation energy of the reaction. In general, if a 

side reaction is also thermodynamically feasible, it will have a dif-

ferent activation energy. By changing the temperature the reaction 

rate of a side reaction can be reduced relative to the desired deposi-

tion reaction. The deposition rate is less temperature dependent if it 

is diffusion limited; the rate then has a temperature dependence of 

TO. 8• The substrate temperature also affects the grain size as discus-

sed in Chapter 3 and the uniformity as discussed in Chapter 4; larger 

4. The solid phase(s) that is stable also depends on the 
composition of the gas phase in equilibrium with it. This will be 
discussed in the next section. 
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grains and more uniform coatings are promoted by a higher temperature. 

In conclusion, the substrate temperature should be as high enough to 

promote large grains and a high deposition rate of SmS, but not so high 

that Sm 2S3 growth exceeds that of SmS. 

Calculation of Stoichiometric i{eac.tant Flow Rates 

Ideally, after diffusion to the substrate, the gas composition 

should not necessarily be stoichiometric but of the composition which 

would be in equilibrium with solid SmS. Unfortunately, calculation of 

the equilibrium composition from a five element (Sm, S, C, U, H) phase 

diagram is not possible since all the thermodynamic data are not 

available. Instead, a trial and error approach was taKen. Feedback 

from compositional analysis was needed to adjust the gas composition 

from a stoichiometric starting point. The reaction proposed in Chap-

ter 5 for the deposition of SmS from Sm(tnd)3 was 

+ 
Sm(thd)3(g) + 1/2H2 + H2S + SmS(g) + 3H(thd)(g) 6.1 

The molar flow rates of Sm(thd)3' H2 , and H2S were determined to cal-

culate the stoichiometric volumetric flow rates of each reactant. The 

molar flow rates were set high enough to carry sufficient material to 

the substrate for the desired growth rate, the efficiency of the pro-

cess being taken into account. Since the vaporized Sm(thd)3 had to 

flow to the chamber without condensing, the flow rate of diluent dnd 

the temperature of tne piping were also determined. 
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Determination of the Argon Carrier Gas Flow Rate 

The vapor pressure of Sm(thd)3 as reported by Sicre et ale 

( 1969) is given by: 

solid: loglO(P mm Hg) .. 17.141 - 7868/(T+273) 157<T<195 C 6.2 

liquid: loglO(P mm Hg) .. 10.242 - 4637/(T+273) 195<T( 227 C 6.3 

The vapors were transported to the deposition chamber by passing argon 

through liquid Sm(thd)3. A vaporizer temperature of 200 C was chosen 

because 1) at this temperature Sm(thd)3 is a liquid allowing better 

mass transfer to the gas, 2) the vapor pressure at this temperature, 

2.75 mm Hg, exceeded the minimum of one mm Hg, and 3) it was feared 

that some decomposition could occur after an extended period if a 

higher temperature was used. The molar flow rate of Sm(thd)3 leaving 

the vaporizer was assumed to be 

n = F v /RT 
c P 

where n = molar flow rate, v = vapor pressure, and F = the argon p c 

6.4 

carrier gas flow rate. For a deposition rate greater than 10 A/min of 

SmS (p = 0.032 gmoles/cc), n needed to be greater than 2 x 10-6 

gmoles/min so that F must be greater than 13 cc/min argon. It was 
c 

assumed that the whole susceptor and reactor wall near the susceptor 

would be coated. Carver (1980) and Chain (1983) report for MoU 2 depo

sition from Mo0 2Cl 2 or Mo(CO)6 growth rates in the range 1-5 A/sec; 

flow parameters were: v = 5 mm Hg, F =200 - 500 cc/min, and p = 0.047 
P c 

gmole/cc. It can be deduced that the efficiency of the CVD process is 

on the order of 10%; and therefore an initial flow rate for F of 
c 
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100 cc/min was chosen. Carver and Chain both used the horizontal 

geometry described in Chapter 4; the above assumptions depend on the 

similarity of the CVD systems since CVD efficiency is very geometry 

dependent. Use of equation 6.4 was also based on the assumption that 

the argon vapor leaving the vaporizer was saturated with Sm(thd)3. If 

Fc was chosen too high this assumption might have failed. 

Determination of the the Diluent 
Gas Flow Rate and Temperature 

Soon after the Sm(thd)3 and argon stream left the vaporizer it 

was mixed with a pure argon diluent stream, which served several pur-

poses. First, it diluted the Sm(thd)3 stream, allowing the Teflon 

lines between the vaporizer and deposition chamber to be at a temper-

ature lower than the vaporizer and still not have Sm(thd)3 condensa

tion. Second, the diluted stream could be safely mixed with the other 

reactants without spontaneous reaction or gas phase nucleation. Third, 

it provided sufficient volume to the mixture to force it evenly over 

the heated substrate, and allowed for optimization of the gas convec-

tion and turbulent conditions required to establish good film uniform-

ity. The minimum diluent flow rate used diluted the vaporizer stream 

to where the partial pressure of Sm(thd)3 was less than its vapor pres

sure at the line temperature, preventing condensation there. A simple 

BASIC program, Appendix B, was written to compute the minimum diluent 

flow rate for various carrier gas flow rates and line temperature com-

binations. Several carrier gas flow rates were tried in the program to 

find an acceptable line temperature-diluent flow rate combination. 

FortunatelY, for the chosen carrier gas flow rate, F = 100 cc/min, the 
c 
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combination of 170 C for the line temperature and 1700 cc/min for the 

diluent flow was compatible with the CVD system. This allowed for a 

5 C variation in the line temperature at cold spots. 

Determination of Other Reactant Flow Rates 

The last flow rates determined were for H2 and H2S. From equa

-5 tion 6.4, ~(Sm(thd)3) Was 1.5 x 10 moles/min. From stoichiometry and 

equation 6.1, ~(H2S) should have been 1.5 x 10-) moles/min and 6(H2) 

half this value. The H2S gas mixture Was 1/2% in argon and tne H2 was 

10% in argon. From the ideal gas law, the total flow rates that can be 

measured on a rotometer are 75 and 2 cc/min for F(H2S) and F(H2) 

respectively. 

Reasons for Modifications to Stoichiometric Flow Rates 

Three modifications to the above flow rates due to the effi-

ciency of tne vaporizer, the relative diffusivities of the reactants, 

and the possibility of side reactions were considered. 

Vaporizer Efficiency 

If the carrier gas was not 10U% saturated with Sm(thd)j tne 

other reactant flow rates must be decreased by an appropriate amount. 

Some condensation of Sm(thd)3 in the lines during early deposition runs 

showed that the carrier gas was nearly 100% saturated. Tnerefore, no 

adjustment for this problem was considered necessary. 
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Relative Reactant Diffusivities 

The second modification was due to the relative diffusion rates 

of Sm(thd)3' H2S, and HZ to the substrate from the gas stream through 

the boundary layer discussed in Chapter 4. The relative mass transfer 

rates are proportional to D:~~r for each reactant. The relative 

diffusivity coefficients were calculated using a theory reported by 

Bird et al. (1960). The diffusivity of a gas pair is given by: 

Dij = 0.0018583 
[T3 (l/Mi + 1/Mj)}1/2 

2 
p °ij nij 

6.5 

2 where Dij - diffusivity in cm Isec, P - pressure in atm, Mi - molecular 

weight in gm/gmole, 0ij in A, and nij is a dimensionless function of 

kT/€ij. €ij and 0ij are Lennard-Jones parameters for the intermolecu

lar potential field between a molecule of i and a molecule of j. Al-

though the diffusion coefficients for HZS and H2 in argon have been 

measured experimentally, equation 6.5 was used to determine the rela-

tive coefficients with respect to Sm(thd)3. Suitable data for €ij and 

0ij are extremely rare, so they must be estimated. Satisfactory 

estimates can be made by combining the Lennard-Jones parameters of each 

species empirically: 

6.6 

6.7 

€ and ° for a compound can be estimated within 10% by one of the 

following equations: 
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e:/k = 0.77 T c o :: 2.44(T
c

/P
c

)1/3 6.8 

e:/ k = 1. 15 Tj)p o = 1.166 Vj)P 
1/3 6.9 

e:/ k = 1. 92 TMP o = 1. 222 VMP 
1/3 6.10 

where c, EP, MP denote critical, boiling point or melting point prop-

erties, and V is the molar volume in cc/gmole. The critical properties 

of Ar, H2S and H2 were obtained from eRe (1973), for Sm(Chd)3 the 

measured melting point and density were used. The results are: 

D(H2S,Ar) / D(Sm(thd)3,Ar) = 5 

D(H2,Ar) / D(Sm(thd)3,Ar) = 20. 

After these factors were taken into consideration the required flow 

rates became 25 and 0.02 cc/min for H2S and H2, respectively. Relative 

adsorption equilibria and rates of the reactants were not considered 

due to lack of relevant data. 

Possible Side Reactions 

The last modification to the stoichiometric flow rates Was due 

to the feared side reaction which would produce Sm
2

S
3 

and not ~mS. It 

was postulated that a decrease in the H2S flow rate and/or an increase 

in the H2 flow rate would promote SmS over Sm 2S
J

• Since H2 is a reduc

ing agent, two possible mechanisms for the role of H2 would be 1) re

ducing Sm+J in Sm 2S
3 

to Sm+2 in SmS, or 2) reducing Sm+3 in Sm(thd)j to 

Sm+2 in a radical form which would then react with H2S. Feedback from 

compositional analysis is required to guide further changes in the flow 

rates of the reactants. However, the films from tne first runs (see 
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Chapter 7) were deficient in sulfur showing an increase in the HZS flow 

rate was required during later runs. 

In conclusion, because of lack of sufficient thermodynamic data 

to calculate a phase diagram, the ideal gas phase composition could not 

be predetermined. Since it was not predictable whether the deposition 

rate would be kinetic or diffusion limited, initially reactant flow 

rates were varied over several runs from above stoichiometric to lower 

than diffusion limited values. A trial and error approach was adopted, 

with feedback from compositional analysis to suggest alterations to the 

reactant gas composition and substrate temperature if undesirable com

pounds were deposited. A relatively low deposition temperature of 

400 C was chosen as a starting point to favor SmS over Sm
2

S
3 

growth. 

Once SmS growth could be established, the deposition temperature would 

be increased to promote larger grain growth and an increased deposition 

rate. To maintain SmS as the predominate phase, tne reaction atmo

sphere would be modified to ofiset the higher temperature. 

Outline of the Deposition Procedure 

The purpose of this section is not to give the read8r each 

particular step, but a general outline of the deposition procedure. 

Since oxygen contamination was a problem (see results in Chapter 7), 

the purging operation is stressed here. Keturning to Chapter 4 on the 

design of the CVD system may be helpful to the reader. 

After the substrates were cleaned and weighed they were loaded 

into the reactor vessel. Initially the system was evacuated down to 

below 100 ~ Hg (10- 1 torr) and then backfilled with ultra-pure argon. 
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The argon supplier, Liquid Air in Phoenix Arizona, stated that the oxy

-11 gen content was 2-3 ppm, or less than 1.3 x 10 gmoles/cc STP. This 

method of purification would not be sufficient. The concentration of 

02 should be considerably less than the concentration of H2S during 

-9 deposition, which according to the above flow rates was 2 x 10 

gmoles/cc; the oxygen left in the chamber after evacuation was, by the 

ideal gas law, 

Hg / R·298 K] = 5 x 10-9 gmoles/cc. 

The next step was to purge the system with the ultra-pure 

argon. A simple replacement (for the 4000 cc reaction vessel, flowing 

1000 cc/min for 4 minutes) of the 02 contaminated argon with clean 

argon was not sufficient because 02 diffuses through argon quicker than 

fresh argon can be emitted into the chamber. The purge time was calc-

ulated as follows. Letting the inlet and outlet flow rates during the 

purge be Fi and Fo cc/min, the respective concentrations c i and Co 

gmoles/cc, and the volume of the chamber V cc, the differential equa-

tion representing the change in concentration of 02 in the chamber is 

6.11 

Because diffusion keeps the gases well mixed, the outlet concentration 

of 02 is the same as the concentration in the chamber. Since Fo = Fi , 

the solution to equation 6.11 is 

6.12 

where cf and cb represent the inlet, final and beginning concentra-



concentration of 02' F the purge gas flow rate, and t the required 

purge time. At best, the purge operation can lower the 02 concentra

tion down to the inlet value, 1.3 x 10-11 gmoles/cc, and this would 

take an infinite time. It was decided that an oxygen concentration 

1/100 of the H2S concentration was low enough. This was a practical 

lower limit due to the 02 concentration of the argon supply. There

fore, at 1000 cc/min the purge required 26 minutes. Later deposition 
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runs were made using a Hydrox purifier to lower the 02 concentration to 

less than 0.1 ppm, or less than 1/1000 of the H2S concentration. 

Starting from an atmospheric 02 concentration in the chamber the re

quired purge time was twice as long; this Was the purge time used even 

though the system was evacuated first. Equation 6.12 shows that the Ft 

product is important. In the latter case the system needed to be 

purged with 52,000 cc of ultra-pure argon. A similar calculation shows 

that the 150 cc vaporizer had to be purged with 2,000 cc of argon. 

After about 1/2 the required amount of argon was purged through 

the system the heating of the lines, vaporizer, and substrates Was be-

gun. The vapor from the vaporizer was routed to the scrubber and not 

to the deposition chamber. When the vaporizer neared its operating 

temperature the carrier gas and diluent flow rates were increased from 

the purge rates to the deposition rates to allow the vaporizer opera-

tion to equilibrate. After all temperatures stabilized, the vaporizer 

and diluent flows were directed toward the deposition chamber, and the 

H2S and H2 flows were quickly brought to their operating values. Depo-

sition was carried out for a set time, usually one or two hours. Then, 

a specific shut down procedure protected the deposited films from 
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contamination. The H2S, and H2 flows were shut off and only the dil

uent flow, at a reduced rate, continued through the chamber. The vap

orizer flow was rerouted to the scrubber and all the heaters were 

turned off. Flow was maintained through the vaporizer, which would 

allow it to be purged before the next run, while the Sm(thd)3 solid

ified. The pressure on the HZS and H2 regulators was reli~ved through 

the chamber after the substrates reached room temperature, then all 

three were purged with argon. The samples were weighed to determine 

the film weight. 



CHAPTER. 7 

EXPEB..IMENTAL RESULTS 

This chapter is divided into four sections. The first section 

describes the various instruments used to determine the structure and 

the composition of the films deposited. The second section compares 

the deposition rate results with the theory presented in Chapter 4. 

The third section provides general results on how tne structure and 

composition of the films were modified by changes in the deposition 

parameters and by post deposition heat treatment in hydrogen. The re

sults reported in this section embody the analyses performed before the 

film composition was determined to be close to stoichiometric Sm 20 2S. 

The fourth section explains different methods used in an attempt to 

eliminate the oxygen contamination. 

Throughout this chapter samples will be referred to by two 

numbers: run number - substrate position number. Since two different 

concentrations of H2S cylinders were used and for some runs tne H2S 

flow was close to tne argon diluent flow rate, the tl2S amounts are 

reported as concentrations. The HZ flow rates were never more tnan 3% 

of the total flow and therefore the H2 concentration is linearly 

proportional to its flow rate. 

121 
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Analytical Instrumentation 

X-ray Diffraction 

The X-ray diffraction analyses were performed on a General 

Electric XRD-5 diffractometer, located in the College of Mines build

ing, University of Arizona. A high intensity copper target was used at 

16 ma and 50 KV. The X-rays were collimated by a 3 degree source Sol

ler slit, a medium resolution detector Soller slit, a 0.2 degree detec

tor slit, and then passed through a nickel filter and were detected by 

a proportional counter. Due to the limitations of this diffractometer 

not all diffraction lines were observed. Figure 7.1 is a diagram of 

the XRD-5 diffractometer's geometry. The detector and sample mount are 

geared together, as the sample rotates 8 the detector rotates 28, and 

the X-ray source remains stationary. For a diffraction peak to be de

tected, Bragg's law must be satisfied and the incident and diffracted 

beams must make equal angles with the diffracting lattice plane (Cull

ity 1978). Due to the geometry depicted in Figure 7.1, tne lattice 

plane that satisfies these requirements must be parallel with the sub

strate surface. Thus, for a polycrystalline film that is preferential

ly oriented, diffracted beams from only the lattice planes parallel 

witn the substrate surface will be detected. Literature diffraction 

patterns are for powders, as represented in Figure 7.1b, for any lat

tice plane there are enough crystallites aligned for the diffracted 

beam to be detected. 
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fig. 7.1. XI{U diffractometer geometry, and the difference between oriented anJ unoriented f Urns. 

a) Geometry of the XI{D diffractometer. Since the substrate rotates U as the detector 
rotates 2u, Bragg's law will only be satisfied for lattice planes parallel to the 
substrate surface. For an oriented film only one set ot planes will be detected. 

b) For an unoriented film a few grains will be oriented to allow Bragg's law to be 
s::ltisfied for any given lattice plane. f-' 
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SEM EDAX 

Samples from some of the early depositions were analyzed by a 

lSI Super III Scanning Electron Microscope (SEM) with an Princeton 

Gamma Technology System III EDAX fluorescence analyzer, located in the 

University of Arizona College of Mines building. This instrument bom

bards the film with 15 keV electrons and analyses the X-rays produced 

by energy dispersive electronics. The data taken were analyzed by both 

a bulk analysis program, BSAM, and a thin sample analysis program, 

TSAM. Both of these programs were supplied with the instrument by 

Princeton" Gamma Technology, they are adaptations of the FRAMEC program 

written by Myklebast et ale (1979). Both qualitative and quantitative 

(±5-10%) analysis were possible for elements heavier than Z=13. 

Electron Microprobe 

Most of the compositional analyses were performed on an Applied 

Research Laboratory Scanning Electron Microprobe Quantometer (SEMQ) , 

located in the University of Arizona Lunar and Planetary Sciences Lab

oratory. This instrument bombards the sample with energetic electrons 

and detects the emitted characteristic X-rays. The X-rays are analyzed 

by wavelength dispersive crystals and proportional counters which are 

controlled and monitored by a Tracor Northern System 880 computer. It 

was possible to determine both identity and absolute amounts (±1-5%) 

of the heavier elements (Z>II) making up the film. Electron accelerat

ing potentials of 15 keV excited the Sm-L, S-K, and Si-K lines, and in 

a separate analysis, 5 keV electrons excited Sm-M, S-K, Si-K, C-K, and 

O-K lines. Special experimental techniques for the determination of 
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carbon and oxygen composition were reported by Chain (1983). The data 

were first compared to a known standard and then corrected for matrix, 

fluorescence, and absorption cross section effects, assuming an infin

ite sample, by a program called Task II. The data were then corrected 

for thickness by another program called TFSS. Both of these programs 

were written by J. McCarthy of Tracor Northern. The EDAX and the elec

tron microprobe analyses were performed by Greg Newman of the Metal

lurgical Engineering Department, University of Arizona. 

Auger Electron 

To check these two techniques one sample was submitted to the 

Knight Laboratory, Submicron Facility, at Cornell University for Auger 

electron analysis. This instrument also bombards the sample with elec

trons, but analyzes the characteristic Auger electrons emitted, both 

qualitatively and quantitatively (±1-5%). Elements heavier than Z=5 

can be easily detected. This instrument also sputters into the film 

with argon ions, thus allowing a composition vs. depth profile. This 

analysis was performed by Lynn Rathbun. A more through explanation of 

these four techniques is given by Cullity (1976). 

Reaction Kinetics 

Although the different depOSition runs were designed to study 

the effects of the deposition parameters on the film structure and com

pOSition, other information may be obtained by examining the results. 

By noting the effect of the deposition parameters on the deposition 

rate and comparing it with the predicted mass transfer rate, insight 

was gained as to whether the deposition rate was controlled by mass 
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transfer or kinetics. As discussed in Chapter 4, determination of the 

dominant limiting mechanism would be required to improve the uniformity 

if it proved necessary. 

Comparison of the Deposition Rate with 
the Predicted Mass Transfer Rate 

The highest deposition rate obtained at 400 C was about 

0.063 mg/cm 2hr; assuming Sm 20 ZS deposition, this is equivalent to 

-11 2 9.6 x 10 gmoles Sm/cm sec. This can be compared to tne mass 

transfer rate predicted by equation 4.1, 

J. I 0 = 0.33 Z v ( c . - c. ~ (Vj D. ) - 2/ 3 I v 7 v x. 
~ y= co ~o ~ ~ ,Ar co 

The usual practice is to evaluate the gas parameters at the mean film 

temperature, the average of the bulk gas and surface temperatures. A 

conservative estimate was obtained by calculating the gas parameters at 

200 C, because the substrate surface was at 400 C, and the bulk gas was 

slightly below 170 C, but the mass transfer increases with temperature 

as TO•8 • At ZOO C, D(Sm(thd)3,Ar) = 0.065 cm 2/sec (see equation 6.5), 

Vco = 0.587 cm/sec, v = 0.31 cmZ/sec, and c(Sm(thd)3' co) = -9 8.3 x 10 

gmoles/cc. At 5 cm. down stream from the leading edge of the suscep-

tor, near its middle, 

J I > 0.332(0.5b7)(U-a.3x10-9)(0.31/0.U65)-2/3 I 0.31/0.587*5 Sm(thd)3 y=O 
-10 Z 

J~ (thd) I > 1.8 x lU gmoles Sm/cm sec. "m 3 y=U 

it follows that even this conservative estimate for the mass transfer 

rate is still twice the largest observed deposition rate. 
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Temperature Dependence of the Deposition Rate 

The next comparison involved the temperature dependence of the 

deposition rate. As discussed in Chapter 4, if the deposition rate was 

mass transfer controlled the dependence would be about TO•8 , but if it 

was kinetically or adsorption' controlled it would have an exponential 

temperature dependence. Three sets of data are presented in Table 7.1; 

each represents runs in which all of the process parameters are simi-

lar. All three data sets suggest that the temperature dependence was 

much greater than TO•8• Note that in set #3 the temperature dependence 

is not dominated by the substrate position. 

Table 7.1. Deposition Rate Dependence on Substrate Temperature 

Run H2 [H2S1xl09 x (susceptor Temper- Deposition b (from 
cc/min gmole/cc position) cm ature C Rate mg/cm 2hr r = aTb) 

Set I 

2 2 8.39 4.4 400 0.027 4.7 
3 2 8.39 5.2 550 0.069 

Set II 

6 13 8.39 5.6 400 0.070 4.4 
9 13 8.39 6.5 550 0.169 

Set III* 

20 50 16.7 8.8 370 0.025 
20 50 16.7 7.8 385 0.030 5.5 
20 50 16.7 5.2 400 0.032 

* Temperature differentials caused by placing substrates on shims 



Reactant Concentration Dependence 
of the Deposition Rate 
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The third comparison concerns the effect of H2 and HZS concen-

trations on the deposition rate. If the deposition rate was mass 

transfer or adsorption limited, equations 4.1 and 4.4 predict that the 

deposition rate would be linear with respect to each concentration. If 

the deposition rate was kinetically limited, equation 4.2 predicts that 

the rate would depend on the stoichiometric coefficients for the rate 

limiting elementary reaction step. (The overall reaction was probably 

a series of elementary reactions involving intermediate species.) 

Since one mole of H
2

S is required per mole of Sm 20
2

S, equation 4.2 pre

dicts that the rate would be linear with respect to the tiZS concentra-

tion. Because the reaction occurs on the substrate as discussed in 

Chapter 3, the kinetic reaction race should be linear with respect to 

the chemisorbed H2S concentration, c(a,H
2
S), not the gas phase con

centration, c(g,H2S). If the adsorption rate is much faster than the 

reaction rate, c(a,H
2

S) will be in equilibrium with c(g,H 2S). This 

equilibrium, described in Chapter 4, may be expressed by the Freundlich 

adsorption isotherm: 

where K is the adsorption equilibrium constant, and n is a material 

dependent constant gr~ater than one. Therefore, the deposition rate 

would be 

lin r = K F' c(g,H
2

S) 7. 1 
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where F' represents the collision frequency and temperature factors 

from equation 4.2, and r is the deposition rate. The adsorption 

equilibrium may also be expressed by the Langmuir adsorption isotherm: 

substituting for c(a,H2S) and rearranging, 

7.2 

where K' is the adsorption equilibrium constant and c is the maximum m 

concentration of H2S that can be adsorbed. 

Table 7.2a gives the deposition rate as a function of the H2S 

concentration. The deposition rate was not linearly dependent on the 

H2S concentration, so mass transfer and adsorption were not the rate 

limiting steps, and the equilibrium requirements for application of 

equations 7.1 and 7.2 are satisfied. The data in Table 7.2a are plot-

ted in Figure 7.2. A least squares fit to equation 7.1 gives K'F' = 

469 ± 87 mg/cm 2hr and n = 1.9b ± 0.23. This may be compared to 

experimental values of n for the adsorption of H2 on tungsten which are 

2 and 10 at 0 and -183 C, respectively (Trapnell 1951). Figure 7.J 

shows the data plotted in the form of equation 7.2. The points for the 

lowest H2S concentrations were thrown out for a second least squares 

fit because without any H2S flow the deposition rate should be zero, 

and the deposit was probably a Sm(thd)3 decomposition by-product and 

not related to H
2

S adsorption. The other data point was ignored be

cause during this run the source vaporizer ran out of Sm(thd)3' If 

this was the problem for this second point, it should be higher, not 



Table 7.2a, b. Deposition Rate Dependence on 
Gas Phase Conditions 

a) T = 400 C, H2 = 13 cc/min 

Run [H2S]xl09 

gmoles/cc 
Average deposition rate 

mg/cm 2hr 

8 
10 
15 
14 
16 

b) T 

Run 

18 
16 
17 

= 400 C, 

0.00 
1.60 
4.99 
8.39 
16.7 

[H2S] 

H2 

= 

cc/min 

0 
13 
50 

0.002 
0.017 
0.029 
0.041 
0.056 

-8 1.67xlO gmoles/cc 

Average Deposition 

mg/cm 2hr 

0.050 
0.056 
0.055 

Rate 
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lower, than the fitted dashed line. Thus, the data do not fit this 

adsorption isotherm well for low H2S concentrations. 
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Table 7.2b shows that the H2 concentration had little effect on 

the deposition rate, and thus it was not a reactant in the formation of 

Sm
2

02S. 

Substrate Dependence of the Deposition Rate 

The last indication of whether the deposition rate was mass 

transfer or kinetically controlled was the dependence of the rate on 

different substrate materials. If the deposition rate was mass trans

fer controlled the deposition rate should be the same for all substrate 

materials and independent of time. If the deposition rate was kinetic 

or adsorption limited. the rate would be dependent on the substrate 

material because these mechanisms depend on the chemical attractive 

force between the reactants and the substrate. The deposition rate 

varies with time because the reaction surface changes as the substrate 

is covered by the film. 

Depositions were made on silicon wafers, glass microscope 

slides, quartz, and molybdenum coated quartz substrates. The deposi

tion rate on a silicon wafer was about one third that on a glass 

microscope slide, but again relative to glass microscope slides. the 

rates were 10 and 20% faster on quartz and molybdenum. respectively. 

In all of these comparisons two types of substrates were deposited on 

during the same run; the substrate on which the deposition rate was 

higher was at a position that had shown a lower deposition rate when 

all substrates were the same material. At the beginning of film growth 
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the substrate had a large effect. The average deposition rate on glass 

microscope slides after one hour was about 0.029 mg/cm 2hr, but for sim

ilar conditions after 2 hours the average was 0.054 mg/cm 2hr. The sub

strate affects the early growth rate only until several monolayers are 

deposited. All growth rate comparisons in this chapter are for the av

erage rate after the same deposition time, where the trend under study 

could be affected by different deposition times, the comparisons are 

broken down into smaller sets of similar deposition time. 

/ 

Summary of Deposition Rate Factors 

The accuracy of the equations used in the above arguments, and 

the effect of the reactor geometry were also considered. Equation 4.1 

does not take into account reactant depletion downstream nor the varia

tion of the physical properties of the gases with temperature. It is 

not accurate, even under ideal conditions, due to the approximations 

made in its derivation and in determining the gas properties for its 

use. Bird et ale (1960) do not give an estimate of its accuracy, but 

it is probably worse than ±50%. There was not a pronounced decrease 

in the deposition rate with pOSition of the substrate on the susceptor 

in the cases where all the substrates were the same temperature, but in 

some cases the deposition rate increased downstream; this was partic

ularly noticeable for the 550 C depositions. The leading edge of the 

susceptor was not a knife edge as idealized in Figure 4.5. This could 

lead to flow fields increasing the deposition rate downstream. Fig

ure 7.4 shows the profile used to deposit on substrates at different 

temperatures during the same run. It was noticed that if the step 



reactant 
gas flow-

S 5 ; , 

susceptor 

.......... substrate 

1:::: t_shims 

Fig. 7.4. Use of shims to generate a temperature gradient among 
substrates during the same deposition run. 
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height was greater than 2 mm, the deposition rate on the lower tempera-

ture substrate was actually greater than that on the higher temperature 

substrate. It was considered that flow fields due to the step edge 

were the cause for this phenomenon. 

The correlation of the deposition rate with temperature may not 

be meaningful either for the above reasons and because the 550 C sam-

pies were black and powdery, implying gas phase nucleation. If gas 

phase nucleation was occurring, this would imply a different reaction 

mechanism for which the kinetics would be radically different from 

those of a reaction occurring on the substrate. 

All of the above four comparisons support the hypothesis that 

the deposition rate was kinetically controlled even though the deposi-

tions were performed at atmospheric pressure. None of the above argu-

ments alone would be sufficient to prove that the deposition rate was 

kinetically controlled, but together they form a convincing argument. 

In conclusion, it was demonstrated that the deposition rate was 

kinetically controlled, but that uniformity was still largely control-

led by the reactor geometry. Also, the adsorption equilibrium plays a 
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significant role in determining the reaction rate; the Freundlich ad-

sorption isotherm sufficiently described the adsorption equilibrium. 

Early X-ray, S£M-EDAX, and Electron Microprobe Results 

For the first twenty runs the identity of the material depos-

ited was unknown. During these runs the Sm(thd)3 carrier gas and dilu

ent flow rates were kept constant, but the H2 and HZS concentrations 

and the substrate temperature were varied individually to determine how 

each parameter affected the crystalline structure and composition of 

the deposited films. This section is divided into three subsections: 

The first examines the X-ray diffraction data, the second reviews the 

EDAX and electron microprobe results, and the third describes the heat 

treatments in HZ. 

Dependence of X-ray Diffraction Patterns 
on the CVD Parameters 

A common way to identify an unknown material is to compare its 

X-ray diffraction pattern with those of known materials. Careful study 

of a material's diffraction pattern may also determine its grain size, 

strain (from stress or alloying), and crystal orientation (Cullity 

1978). The X-ray diffraction pattern was measured for most samples 

produced. The Joint Committee of Powder Diffraction Standards (JDPOS) 

publication "Selected Powder X-ray Diffraction Data for Metals and 

Alloys" (1978) was used to compare the diffraction pattern of known 

materials with the measured patterns. 

One problem discussed earlier with identification of thin film 

materials by X-ray diffraction is that the relative intensities of dii-
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diffraction lines for a material in thin film form do not match those 

of a powder or are missing. The films deposited in runs 2, 3, and 4 

were too thin to obtain a diffraction pattern. Unfortunately, the dif-

fraction pattern obtained from the sixth and later runs could not be 

identified by either the Hanawalt or Fink methods (JCPDS 1978), but 

several possibilities SmS, Sm2S3' Sm, Sm203' and SmS04 were eliminated. 

Large variations of the CVD parameters and post deposition treatments 

were used to promote formation of new materials, hoping that their dif-

fraction patterns would aid in identifying the first one. Identifying 

several films by X-ray diffraction, and Knowing the relative composi-

tions from compositional analysis for all the films, would eliminate 

many of the known Sm ° S compounds in trying to match the unknown x y z 

pattern. 

As the CVD process parameters were varied the X-ray diffraction 

traces were analysed for any changes. Despite the large variations in 

the CVD parameters, only one crystalline species was obtained. It was 

determined that decreasing the H2 flow rate, decreasing the tempera-

ture, or increasing the H2S flow rate decreased the intensity of tne 

lines from the unknown material. Tables 7.3a-c show these relation-

ships. The intensity values reported are the integrated detector re-

sponses in arbitrary units divided by the weight/cID 2 of tne deposited 

film for line corresponding to 3.34 A d spacing. The thickness of the 

films were taken into account because the substrate's features were 

evident in the diffraction patterns. It was noted that the films de-

posited at 550 C were plagued by gas phase nucleation; the films were 

black, powdery, and not adherent, but this structure does not account 
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Table 7.3a, b, c. X-ray Intensity (for the d = 3.34 A Diffraction 
peak) Dependence on CVD Parameters 

a) Variation with He Flow Rate b) Variation with [HZS] 
[HZS] = 1.67x10- gmoles/cc HZ = 13 cc/min 
T = 385 C T = 400 C 

Run HZ l/mg/cm Z Run [H2S]x109 l/mg/cm 2 

cc/min gmoles/cc 

18-2 0 21 15-3 4.99 49 
16-Z 13 36 14-3 8.39 48 
17-2 50 40 16-Z 16.7 37 

c) Variation with Temperature 

Run H2 [H2S]x109 Temp- I/mg/cm 2 

cc/min gmoles/cc erature 

ZZ-3 50 1.28 385 30 
22-6 50 1. 28 400 41 

21-2 0 9.63 385 7 
21-3 0 9.63 400 11 

18-2 0 1. 67 385 21 
18-5 0 1. 67 400 25 

6-3 10 0.84 400 50 
9-3 10 0.84 550 17 

l/mg/cm 2 is the integrated X-ray intensity in 
arbi tary uni ts divided by the film weight per 
unit area. 
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for the low intensity of the diffraction peaks. Figure 7.5, shows the 

actual traces for samples 17-2 and 18-2, representing how the diffrac-

tion peak intensities increased with H2 flow rate. For depositions 

below 370 C, with no hydrogen flow and a H
2

S concentration greater than 

9.6 x 10-8 gmoles/cc, no diffraction peaks were detected. 

Film Composition Dependence on the CVD Parameters 

Data on the film composition, obtained from S£M-EDAX and elec-

tron microprobe, are given in Appendix C. Data analysis involved four 

programs: BSAM, a bulk analysis, and TSAM, a thin sample analysis pro-

gram, on the SEM-EDAX, and Tas~ 11, a bulk analysis, and TfSS, a thin 

film analysis program, on the electron microprobe. In most cases, just 

samarium and sulfur concentrations were determined; the oxygen and car-

bon analyses will be discussed later in this chapter. The thin film 

analysis program, TFSS, reported each element's weight percent; in con-

verting these results to atomic percent, the atomic percentages of the 

elements analyzed were assumed to add to 100%. The other compositional 

analysis programs reported non-normalized atomic ratios. Although the 

relative accuracy of these four programs was not known at the t~me, it 

was assumed that they reported correct relative changes from sample to 

sample. It is shown later that the Task II results are the most 

accurate. 

In general, the SEM-EDAX results from TSM1 were very scattered. 

The results from runs 2 and 4 are questionable because the films were 

very thin « 0.03 mg/cm 2 or about 500 A), it also seems that there was 

an exchange of the samarium and sulfur data for samples 3-2 and 7-3. 
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5 Sample 8-1 was also thin, and was deposited on molybdenum. The Mo-M 

line lies very close to the S-K, line yielding a erroneously hign 

sulfur signal. Eliminating these samples from consideration leaves a 

very small sample set for the TSAH results: 6-3, 9-3, and 9-6. These 

data show that the samarium:sulfur ratio is between 3:2 and 1:1; hence, 

the samples are samarium rich. The bulk analysis program, BSAM, gave 

more consistent results, suggesting close to a 1:1 ratio. Based on 

very little compositional data the following trends were noted: The 

Sm:S ratio decreases with either a decrease in the H2 flow rate, 

increased temperature, or an increased H2S concentration. 

The electron microprobe quantometer gave consistent sample to 

sample results, except for samples 10-1, 16-4, 17-4, and 18-4; these 

samples gave sulfur concentrations that were considerably lower than 

the rest of the samples. Sample 10-1 was the only sample analyzed that 

was deposited on a silicon wafer. Samples 16-4, 17-4, and 18-4 showed 

the same X-ray diffraction peaks that the rest of the samples showed. 

These four samples were not considered in the following analysis. 

The results after data reduction using TFSS show that the Sm:S 

ratio was about 1:4 or very sulfur rich (even if the films were Sm 2S3 

this would be sulfur rich). As opposed to the EDAX results where there 

was not much difference between the bulk and thin film analysis, 

S. Molybdenum coated quartz substrates were used for two 
reasons. First, the X-ray peaks from the thin samples of run 2, 3, and 
4 were washed out by the amorphous substrate's broad X-ray diffraction 
peak. The molybdenum reduced this background signal. Second, the 
SEMQ, SEM, and Auger instruments require a conducting substrate to 
reduce charging effects. Silicon wafers were also tried for these same 
reasons but they inhibited film growth. 



Task 11 and TFSS on the electron microprobe showed large differences. 

Task 11 reported Sm:S ratios of about 2:1. 
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Tables 7.4 and 7.5 show the Sm:S ratio changes due to tempera

ture and H2S variations, but there is no clear dependence on either of 

these parameters. However, the Sm:S ratio was strongly and directly 

dependent on the hydrogen flow rate as depicted in Table 7.6. Note 

that the EDAX also showed this dependence. Thus, the H2S flow rate 

affects the deposition rate and the H2 flow rate aff~cts the Sm:S 

ratio, but both affect the X-ray diffraction pattern. These inter

actions will be discussed in Chapter 8. 

High Temperature Heat Treatments in Hydrogen 

From the early results described above, the deposited material 

could not be identified, as the X-ray diffraction pattern could not be 

matched, and the compositional determinations yielded widely different 

Sm:S ratios, from 2:1 to 1:4. To eliminate some of the sulfur, heat 

treatments in hydrogen were performed because the TFSS results indicat

ing sulfur-richness were believed to be the most accurate. Not only 

did these heat treatments lower the sulfur concentration, but they 

changed the X-ray diffraction pattern. 

Samples were heat treated at 1000 C in 10% H2 in He for 30 min

utes. Table 7.7 shows how the heat treatment affected the Sm:S ratio. 

From composition analyses it was apparent that the heat treatment 

removed all of the sulfur in 14-2, 15-2 and 23-4, but there was little 

effect on 10-3. Figure 7-5 shows how the diffraction pattern changed 

for sample 14-2. Initially the ~attern was close to that of 17-2 shown 



143 

Table 7.4. Film Composition Dependence on Temperature. From TFSS, the 
Thin Film Analysis, and Task II, the Bulk Analysis, 
Programs on the Electron Microprobe Quantometer 

Run Temperature C Sm:S Sm: S Conditions 
@ 15 keV @ 5 keV 

Set I TFSS 
2-1 400 0.21 0.16 H ". 2 cc/min 
3-2 550 0.25 0.17 it -9 gmoles/cc l 2S) = 8.4xl0 

Set II TFSS 
6-3 400 0.37 0.25 H2 '" 13 cc/min 
7-3 400 0.34 0.26 

-9 9-4 550 0.25 [H2S) = 8.4xl0 gmoles/cc 
9-6 550 0.39 0.19 

Set III Task II 
23-3 320 1.0 1.4 H 

2 = 0 cc/min 
23-2 350 1.0* 1.4 
23-4 350 2.0 1.4 [H2S) = 1.2xl0-7 gmoles/cc 

* sapphire substrate, all others quartz 
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Table 7.5. Film Composition Dependence on H2S Concentration. 

Run 

18 
21 
23 

4 
2 

8 
10 
IS 
14 
16 

From TFSS, the thin film analysis, and Task II, the bulk 
analysis, Programs on the Electron Microprobe Quantometer. 

[H2S]x109 

gmoles/cc 

17. 
96. 

123. 

1.6 
8.4 

0.0 
1.6 
5.0 
8.4 

17. 

Sm/S @lS keV 

TFSS 

0.11 
0.14 - 0.20 
0.15 - 0.22 

TFSS 

0.28 
0.25 

TFSS 
1.0~2.85 

0.27 
0.27 

0.21 - 0.39 
0.27 

Set I 

Set II 

Set III 

Sm/S @S keV 

Task II 

1.8 
2.3 
1.4 

TFSS 

0.17 
0.15 

Conditions 

H2 == 0 cc/min 

T = 400 C 

H2 ... 0 cc/min 
T = 400 C 

H2 = 13 cc/min 

T :: 400 C 



Table 7.6. 

Run 

Film Composition Dependence on H Flow Rate. From TFSS, the Thin Film 
Analysis, and Task II, the Bulk lnalysis, Programs on the Electron Microprobe 
Quantometer, and BSAM, the Hulk Analysis Program on the SEM EDAX. 

Sm: S Sm:S Sm: S Conditions H2 
cc/min 

TFSS, 15 keV 
[H2S] = 1.69xl0-9 gmole/cc 4 2 0.27 - 0.28 

10 13 0.26 T = 400 C 

TFSS, 15 keV TFSS, 5 keV BSAM 
-9 2 2 0.14 - 0.25 0.15 0.85 [H2S] = 8.39xl0 gmole/cc 

6 and 7 13 0.25 - 0.38 0.25 - 0.26 0.92 - 1.38 T = 400 C 

TFSS, 15 keV Task II, 15 keV Task II, 5 keV 
18 0 0.11 1.47 1.79 

-8 16 13 0.28 1.42 1.96 [H2S] = 1.67xl0 gmole/cc 
17 160 0.30 1.46 2.00 T = 385 - 390 C 

I-' 
.z:.. 
U1 
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Table 7.7. Sm:S Ratio Changes for Films 
Heat Treated in Hydrogen at 1000 C 

Sample Substrate Before After Analysis 

10-3 quartz 0.27 0.23 TFSS, 15 keV 
14-2 quartz 0.22 19.0 TFSS, 15 keV 
15-2 quartz 0.27 19.0 TFSS, 15 keV 
23-4 sapphire 2.00 ~ Task II, 5 keV 
23-4 sapphire 1.39 ~ Task II, 15 keV 

on top (see Table 7.3). Sample 15-2 also changed, but 10-3 was too 

thin to obtain an X-ray diffraction pattern either before or after the 

heat treatment, so the results in Table 7.7 for it may be valid. This 

new pattern could not be matched in "Selected Powder X-ray Diffraction 

Data for Metals and Alloys" (JCPDS 1978) either. 

A review of the literature yielded some relevant information. 

Bucher and Maines (1972) reported problems with Sm 202S when trying to 

produce bulk SmS and Holtzberg and Frinsch (1973) reported Sm 3S4 film 

formation. A literature search yielded X-ray diffraction data for 

these compounds. Neither fit the heat treated samples, but the SmZOZS 

diffraction pattern matched the as-deposited films, which is the topic 

of the next section. The Geology Department here at the University of 

Arizona suggested samples be sent to Mr. Frank Davidson of the Duval 

Corporation. Their diffractometer is directly connected to a computer 

which contains software for background subtraction and searching a col-

lection of all known X-ray diffraction patterns that is updated yearly. 

The program suggested that heat treated film could be Sm 4(Si04)3' 



147 

Table 7.8a compares the diffraction pattern of the heat treated films 

with that of Sm4(Si04)3 reported by McCarthy et al. (1967). 

The silicon detected in the electron microprobe was assumed to 

come from the fused quartz (Si02) substrate, but the above X-ray 

results indicate that its source might be the CVD or heat treatment 

systems. To check this, a deposition was made using a sapphire (A1 203) 

substrate and the resulting film was then heat treated. The as-de

posited film, 23-4, containe9 the normal amount of Si, but the heat 

treated film showed very little, while displaying the Sm20
3 

X-ray 

diffraction pattern, Table 7.8b. The conclusion was that the silicon 

in the Sm4(Si04)3 came from interaction of the film and quartz sub

strate at 1000 C. 

Comparison of As-Deposited Films with Sm~2~ 

Comparisons of the as-deposited films and literature values for 

bulk and powder Sm202S were made. The X-ray diffraction patterns 

matched and the densities were in fairly close agreement. 

Table 7.9 compares the as-deposited film X-ray diffraction pat

tern with that of bulk Sm202S. The d spacings agree closely, but the 

intensities do not, because the as-deposited films were preferentially 

oriented with either the <100> or <001> crystal lattice plane parallel 

with the substrate surface. Preferential orientation is common in CVD 

films (Heffernan et al. 1973). The results of Eick (1958) in Table 7.9 

are for a powder sample. 

The thicknesses of a representative set of samples were meas

ured with a Dektak profilometer. By knOWing the weight gained during 



Table 7.8a, b. Comparison of Heat Treated Films with Sm4(Si04)3 
and Sm 203 by X-ray Diffraction 

Sm4(SiU4)3a Miller Heat treated film 
indices 

hkl intensityC d A intensity d A 

110 VW 4.73 
20U M 4.08 
ill M 3.90 
002 11 3.44 <10 3.44 
102. S 3.17 30 3.15 
210 S 3.U9 67 3.07 
211 VS 2.819 100 2.81 
112. M 2.782 
300 MS 2.128 77 2..71 
202 VW 2.641 
310 W 2.271 
221 W Z.237 
302 W 2.141 (10 2.15 
113 \l 2.Ub8 
400 W 2.U48 (10 Z.05 

b Miller d Sm2U3 
Heat treated filme 

Indices 
hkl Intensity d A d A 

202 7 3.43 
III 50 3.2.0 3.16 
401 50 3.05 
402 100 2.972 2.96 
003 40 2.892 2.89 
203 5U 2.842 2.84 
112. 5U 2.776 2.71 

dFrom JCPDS card file. Reference lists 2U more 
lines from d=2.324 to 1.243A. Film Intensity 
was weak making the measurement inaccurate. 
Monoclinic, space group CZ/m. 

e Film on sapphire substrate. 

...... 

.I>
co 



Table 7 .Ha. continued. 

Miller Sm4 (SiO 4) 3
a Heat treated filmb 

Indices 
hkl IntensityC d A Intensity d A 

222 S 1.950 24 1. 94 
312 MW 1.899 <10 1.89 
213 S 1.848 22 1.84 
321 M 1. 814 
410 M 1. 787 42 1.78 
402 M 1. 763 16 1.76 
411 M 1.728 13 1.72 
412 VW 1.594 
420 VW 1.547 
331 W 1.539 

a From McCarthey et. al. (IY67), Reference re
ports 23 other less intense lines from d=1.512 
to 0.9802A, hexagonal, space group P6

3
/ m• 

bFilm on quartz 

CV-Very, M-Medium, W-Weak, S-Strong 

I-' 
~ 
\0 



Table 7.9. Comparison of X-ray Diffraction Pattern of 
As-Deposited Film with that of Bulk Sm 202S 

a as deposited film Sm 202S 
hkl 1/1101 d A 1/1101 d A 

100 39 3.362 950 3.34 
101 100 3.008 100 3.00 
102 24 2.379 73 2.38 
003 9 2.238 195 2.22 
110 23 1.947 45 1.94 
III 17 1.864 114 1.86 
112 15 1.684 82 1.68 
201 10 1.636 
202 11 1.506 45 1.5 
113 8 1.47 
20\ 
211 

1. 347 b 
1.252 26 1.25 

a (1958) bFrom Eick 
calculated by author using the hexagonal lattice 
parameters reported by Eick: a=3.8716, c=6.717. 

deposition and the area of the substrate, the film density was com-
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puted. The density ranged from 4.7 to 6.7 gm/cc, which may be compared 

to the literature value of bulk Sm202S, 6.87 gm/cc. 

Attempts to Remove the Oxygen in Deposited Films 

As discussed in the last section, during the investigation of 

heat treatment effects the as-deposited films were identified as 

Sm202S. X-ray diffraction measures only the crystalline phases, so it 

was still believed that the films contained a large amount of free 

sulfur, as indicated by TFSS. In this section further heat treatments 

are discussed, they were performed in an attempt to lower the oxygen 

content of the films and promote Sm bonding with the excess sulfur. 



151 

Heat Treatments in H2S 

On the suggestion of Dr. W. White, Materials Science Division, 

Penn State University, Dr. R. Bates, Department of Chemistry, Univers

ity of Arizona, and Dr. R. Sievers, Department of Chemistry, University 

of Colorado, several samples were heat treated in H2S. These heat 

treatments were conducted at 728 and 900 C in a 0.5% mixture of H
2
S in 

argon. Higher temperatures were not tried due to interactions between 

the films and the substrates that occurred during the 1000 Cheat 

treatments in H2• The oxygen contamination in this compressed gas 

cylinder was 2 ppm 02 and 3 ppm H20. All heat treatments were con

ducted for 20 to 30 minutes. 

The results from X-ray diffraction and compositional analysis 

for the lower temperature H2S heat treatment are shown in Table 7.10. 

Overall, the Sm202S lines were more intense but narrower after the heat 

treatment, implying that there was some grain growth. Samples 18-5, 

20-3, and 21-4 all lost about 12% of their total film weight, while 

14-3 lost only 1%. The composition analysis showed mixed results; the 

Sm:S ratio in sample 14-3 increased, but in 20-4 it decreased. 

The H2S heat treatment of sample 21-3, which initially showed 

no X-ray diffraction peaks, caused it to show a X-ray diffraction 

pattern very similar to the powder diffraction pattern for Sm 202S in 

Table 7.11. It was concluded that this sample was initially amorphous 

Sm 202S, but that the heat treatment caused it to crystallize; since 

there was no predominant orientation beforehand, the films crystallized 

with the crystallites in random orientations. The higher temperature 



Table 7.10. Comparison of X-ray and Task 11 @15KV Analyses Hefo~7 and 
After HZS Heat Treatment at 750 C, [HZS] = 2.05xl0 gmoles/cc 

Deposition Conditions X-ray Diffraction Intentities 

Sample HZ 
9 Before Z After [HZS)xlO Temperature 

Z cc/min gmoles/cc C llOO/mg/cm l 100/mg/cm 

14-2 13 8.39 400 
14-3 13 8.39 400 10.2 8.3 

21-4 0 9.6 370 0 3.0 

20-4 50 16.7 385 b.6 11.1 
20-3 50 16.7 4UO 

18-5 0 16.7 385 5.1 7.9 

Composition 

Before After 
Sm:S Sm:S 

1.18 1.63 

1.17 
1.6U 

I-' 
1I1 
N 
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Table 7.11. Comparison of X-ray Diffraction Line Intensity 
for Sm202S Films Before and After H2S Heat Treatment 

Miller Indices Eick (1958) Sample 14-3 Sam2le 20-4 
hkl Before After Before After 

100 39 560 470 40 
101 100 100 100 no 100 
102 24 50 80 peaks 50 
003 9 150 130 detected 20 

H2S heat treatment showed similar X-ray results, but no compositional 

analysis was performed. 

Further Heat treatments in H2 

The TFSS results implied that there was substantial amount of 

free sulfur in the deposited films. Therefore, for run 24, films were 

deposited at a low temperature and a high H2S concentration to assure 

amorphous films, and then heat treated in H2 at 800 C without exposure 

to the atmosphere. It was hoped that the hydrogen would form water and 

thereby reduce the oxygen content in the films; this technique was suc-

cessfully used to reduce Mo0 2 to Mo (Carver 1980). These films had 

randomly orientated Sm202S X-ray diffraction peaks, and compositions 

close to those from run 23, which were deposited under similar condi-

tions but were not heat treated in H2• It was concluded that removal 

of the oxygen in a Sm202S film without removing the sulfur was not pos

sible and further work focused on identifing and reducing the source of 

oxygen in the CVD system. 



Sources of Oxygen and Techniques Used 
to Reduce its Incorporation 

There were several potential sources of oxygen: Each of the 
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compressed gas cylinders (H2, H2S, and Ar), the H2S scrubber, and the 

Sm(thd)3 source material. Some of the following results involve oxygen 

and carbon determinations from the electron microprobe. Due to the low 

energy bf the X-rays emitted by oxygen and carbon, the X-rays are read-

ily absorbed by most materials, including gases, and therefore the 

signals are very low and almost buried in the noise. Therefore these 

analyses are very tenuous. 

Hydrogen Cylinder 

The X-ray results in Figure 7.5 show that the Sm202S peak 

decreases as the H2 flow rate decreases, which suggests a decrease in 

the amount of Sm202S and an increase of a second species •. Table 7.12 

shows that decreasing the H2 flow rate decreases the oxygen content of 

the films, but Table 7.2b showed that the hydrogen flow did not affect 

the deposition rate. If the main source of oxygen was the H2 cylinder, 

Table 7.12. Oxygen Dependence on the Hydrogen 
Flow Rate from Task II @ 5 ~eV. 
T = 385 C, [H2S] = 1.67xlO- gmoles/cc. 

Run H2 Sm S ° cc/min at.% at.% at.% 

18-5 0 52 29 37 
16-5 13 55 28 57 
17-5 50 54 27 55 
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the deposition rate should vary with the H2 flow rate. Films deposited 

with no hydrogen flow still showed Sm202S diffraction peaks. The later 

deposition runs were performed without any H2 flow to eliminate this 

possible oxygen source. 

Hydrogen Sulfide Cylinder 

The initial sulfur source was a 0.5% mixture of H2~ in argon. 

The supplier, Matheson, states it was a mixture of H2S, containing 

30 ppm 02 and 31 ppm H20, and argon containing 2 ppm 02 and 3 ppm H20. 

Thus, the cylinder has about the same oxygen content as the argon and a 

1:714 ratio of oxygen to sulfur. Unfortunately, the H
2

S line can not 

be catalytically scrubbed of oxygen and water because the H2S would 

spoil any catalyst. Undiluted H2S would provide the lowest O:S ratio, 

but this might damage the pressure regulators; during the course of 

this work two H2S regulators failed. The maximum concentration Math

eson recommended with the available regulator was 6%. A new cylinder 

was purchased with 3% mixture of H2S in argon, with an O:S ratio of 

1:3150. This cylinder had only three times the O:S ratio of undiluted 

H2S and 1.5 times the ratio for a 6% cylinder. Not much would be 

gained in obtaining the higher concentrations, and there would have 

been an increased safety risk. 

Argon ~ylinder 

For all but one run the diluent flow was more than nine times 

the total H2S line flow rate. Since the argon had the above mentioned 

oxygen impurities, most of the oxygen from the gas cylinders came from 

this source. A catalytic 02 and H20 removal system was installed near 
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this cylinder. The manufacturer, Matheson, specifies that it reduces 

an 5000 cc/min argon flow that contains 1000 ppm 02 and H20 to one that 

contains less than 0.1 ppm. The total argon flow was less than 2000 

cc/min, so that the oxygen content from this source was decreased one

two orders of magnitude. 

Hydrogen Sulfide Scrubber 

Initially, the scrubber shown in Figure 4-1 contained water at 

OCto absorb any H2S in the exit gases before they were vented to the 

atmosphere. The only resistance to H20 back flow to the chamber was 

diffusion. To isolate the chamber from the atmosphere, the water in 

the scrubber was replaced with roughing pump oil. 

Massive amounts of Hydrogen Sulfide 

Runs 21, 23, and 24 were made with massive amounts of H2S, see 

Table 7.13. Run 24 was described earlier. The H2S concentration was 

about 25 times the stoichiometric amount for SmS. Runs 23 and 24 gave 

nearly identical Sm:S ratios of 1.4:1 at 5 keV and 1:1 at 15 keV from 

the electron microprobe and Task II, compared with nearly a 2:1 ratio 

in earlier depositions. These films still showed Sm 202S X-ray 

diffraction peaks after heat treatments. 

The above five actions had very little effect on the oxygen 

concentration in the resultant films; if anything they increased the 

oxygen content, as shown in Table 7.13, but they did decrease the Sm:S 

ratio. However, oxygen reduction actions did decrease the deposition 

rate, as shown in Table 7.13, indicating one possible source of oxygen 

was the gas cylinders. Direct comparisons were not possible since the 



Table 7.13. Deposition Rate and Composition Dependency on 
Gas phase Oxygen Concentration. 
H2 = ° cc/min. Results from Task II @5 keV 

Run [H2S)x108 

gmoles/cc 
[0] Temperature 
ppm C 

Deposition Rate 
mg/cm2hr 

18-5 
23-2 
24-3 

1.7 
12.3 
12.3 

>7 385 
<1 350 
<1 360 

0.036 
0.017: 
0.033 

aDeposition rate from previous correlations 

r > 0 036 [350+273]5 [12.3]0.5 = 0.074 mg/cm 2hr 
• 385+273 T:"07 

The Sm(thd)3 vaporizer plugged up during this run 

bDeposition rate from previous correlations 

r > 0 036 [360+273]5 [12.2]0.5 = 0.080 mg/cm 2hr 
• 385+273 T:"'67 

Sm 
at.% 

52 
51 
54 

S 
at.% 

29 
37 
40 
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o 
at.% 

37 
79 
62 

This sample was heat treated in H2 at 800 C immediately after 
deposition, but welght loss from heat treating at 1000 C was less 
than 20%. 

H2S concentration and the deposition temperature also changed. The low 

deposition temperature was used since at this temperature there are no 

diffraction peaks, indicating amorphous Sm 202S. The amorphous phase 

was desired since it has a higher Gibbs free energy than the crystal-

line phase. Therefore, removal of oxygen from the films would be 

easier during later heat treatments. 
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Samarium Reactant 

As shown in Figure 5.3, there are six oxygen atoms per samarium 

atom in Sm(thd)3. Each oxygen atom is attached to the samarium atom 

through a resonant bond. During deposition, one of the O-C bonds could 

break instead of the appropriate Sm-O bond. When Sm(thd)3 was chosen, 

the oxygen in it was not considered problematic because Dismukes et a1. 

(1973) needed to add H20 vapors to the gas stream to deposit Y202S from 

Y(thd)3; moreover oxygen was not a problem in the deposition of CdS, 

Cu, Ni, and Rh from other a-diketonates (see Chapter 5). To determine 

if the oxygen originated in the Sm(thd)3' two investigations were made. 

A gas chromatogram was taken of the exit gases and the samples were 

analyzed for carbon. 

Dr. Jarvis Moyers of the University of Arizona Analytical 

Center suggested gas chromatography of the exit gases. This analysis 

showed whether Sm(thd)3 and H(thd) were the major organic exit com

pounds or that many smaller organic compounds appeared, implying a com

plete breakup of the thd chain. In the latter case, Sm(thd)3 would be 

a candidate for the oxygen source. A f1~me ionization detector was 

used so that H2, H2S, 02' Ar, or H20 would not be detected. A known 

sample of Sm(thd)3 did not elute from the FFAP (non polar) column after 

more than 10 minutes. Figures 7.6a and b show gas chromatograms of 

H-thd and the exit gases. Figure 7.6b shows that no H(thd) was ob

served in the exit gases; all the peaks are probably low molecular 

weight organic chains implying a breakup of the thd ligand. 

A carbon analysis was performed on several samples. A signif

icant amount of carbon in the film would confirm breakup of the thd 
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Fig. 7.6. Gas chromatograms of a) H(thd) and b) exit gases. 

Note that main H(thd) peak is not seen in the exit gases. 
Column conditions: Packing - FFAP, 

Detector temperature - 250 C, 
Injector temperature - 200 C. 
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ligand and incorporation of Sm-O -C groups into the film. This would x y 

in turn confirm that the oxygen originates in the Sm(thd)3. Carbon was 

looked for using the electron microprobe in samples from runs 2, 4, 6, 

and 7 deposited at 400 C; results were a Sm:S:C ratio of about 6:30:63 

from TFSS at 5 keV. Samples 3-2 and 9-6, deposited at 550 C showed 

less carbon than the 400 C samples. A carbon, hydrogen, nitrogen (CHN) 

bulk analysis on several samples was performed by Sue Hopf of the 

University Analytical Center. Table 7.14 shows these results. 

Assuming a mean of 6.33 weight percent carbon and 93.67 wt.% Sm202S, 

this analysis implies a 67 at.% carbon. Both of these analyses were 

suspect since the amounts measured were close to the lower limits of 

sensitivity of the instruments involved. 

Table 7.14 Carbon Weight Percent from CRN Analysis 

Sample 

17-3 
18-3 

20-1 
20-2 
20-3 

H2 
cc/min 

50 
o 

50 
50 
50 

[H2S)xl08 

gmoles/cc 

Set I 

1.67 
1.67 

Set II 

1.67 
1.67 
1.67 

Temperature 
C 

395 
395 

400 
400 
400 

Carbon 
wt.% 

13 
o 

7.8 
6.5 
4.7 

For Set I, samples were scored and broken to fit the 
CHN analyzer, thus sample area was not known well. For 
Set II, samples were cut with a precision diamond saw 
before cleaning, and therefore the sample area was 
better known. 
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As a final check, an Auger electron analysis of sample 6-4 

-9 (H
2
=13 cc/min, [H2S1=8.39xl0 gmoles/cc, and T=400 C) was performed by 

Lynn Rathbun of the Submicron Facility at Cornell University. Figures 

7-7a and b show the Auger electron profile near the surface and deep 

within the sample, respectively. This film was deposited on a mo1yb-

denum coated quartz substrate; since Mo lines were not seen, the oxygen 

detected must have been from the film. Figure 7.Sc shows the atomic 

composition versus depth. Several things can be determined from this 

analysis: 1) The instrument sensitivity for samarium had to be approxi-

mated, but the oxygen:sulfur ratio was about 2.3:1. Comparing this 

with the earlier compositional results, it appeared that the bulk anal-

ysis Task II program on the electron microprobe was the most accurate 

of the compositional techniques for samarium, oxygen, and sulfur. 

2) Figures 7.7a and b show that the peak to peak signal for carbon is 

very small relative to oxygen. The peak to peak distance can be used 

to compare oxygen and carbon concentrations because the instrument's 

sensitivity is about the same for these two elements (Rathbun, 1983). 

Therefore, there was very little carbon in the film. 3) Figure 7.7c 

shows that the films are quite uniform with depth and the bulk analysis 

program Task 11 should give good results. 

Further information about whether the Sm(thd)3 source material 

was the source of the oxygen contamination was obtained by studying the 

H2 dependence on the deposition rate. The reaction that occurred to 

form Sm202S could have been either: 
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or 

The organic chains could be any decomposition product of the thd lig

and. Earlier results showed that the deposition rate Was not dependent 

on the H2 flow rate, indicating the first reaction did not dominate. 

This implies that the Sm(thd)3 source material itself was a source of 

the oxygen contamination. 

Depositions at High Substrate Temperatures 

The previous sections have reported the results based on a wide 

range of H2 and H2S flow rates, and temperatures from 320 to 550 c. 

W. White (1982) reported oxygen contamination when trying to prepare 

bulk Sm2S3 below 950 C. Unfortunately, the runs at 550 C were plagued 

with gas phase nucleation and higher temperatures, with the same gas 

flow rates, would have increased this problem, as shown in Figure 3.1. 

Figure 3.1 also shows that lowering the reactant concentrations reduces 

gas phase nucleation. Five runs were performed from 580 to 800 C while 

all reactant flow rates were varied from 1/5 to 1/10 of those specified 

for runs 23 and 24. The CVD system's highest temperature without modi

fications was 80U C. For these runs deposition was very Slow, so to 

deposit thick enough films, > 1000 A for X-ray analysis, the deposition 

time was increased. Most of these films, despite the lower reactant 

concentration, were plagued by gas phase nucleation; the ones that were 

not had a silverish appearance in reflection. There were no detectable 

X-ray diffraction peaks and the electron microprobe using Task II 
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showed a Sm:S ratio close to 2:1 and a Sm:O ratio from 1:1.3 to 1:7. 

These samples were very conductive as measured by a four point probe. 

The conductivity varied from 0.006 to 10 l/ncm. These may be compared 

with the Sm202S samples with conductivities near 10-11 1/ncm, and 

literature values for graphite and samarium, 0.727 and 11.4 l/ncm 

respectively (CRC, 1973). Weight and thickness measurements showed 

that the densities of the si1verish samples were quite low, about 3.5 -

4 gm/cc. It was assumed that these films were mostly graphite, which 

has a density of 3.5 gm/cc, while samarium has a density of 7.5 gm/cc. 

(It should be mentioned that the films deposited at 550 C also showed 

higher conductivities of approximately 10-4 l/ncm. This is near the 

middle of the above range, and will be discussed in Chapter 8.) 

In this chapter the effects of variation of the process par

ameters were changed over a wide range of values, but in all cases, 

either Sm202S or presumably graphite were the only materials deposited. 

Three forms of Sm202S thin films were made: amorphous, preferentially 

oriented crystalline, and unoriented crystalline. These films were 

heat treated and became either Sm4(Si04)3 or Sm203. The sources of 

oxygen were investigated, and both the gases and the thd ligand were 

suspects because: decreasing the oxygen content in tne gases decreased 

the reaction rate but did not decrease the oxygen content in the films, 

the deposition rate was not dependent on the hydrogen flow, small or

ganic chains were seen in the exit gases, and very little carbon was 

seen in the deposited films. Further discussions on some of the points 

examined in th~~ chapter, a computer simulation of the H2 and H2S heat 

treatments and future suggestions are discussed in the next chapter. 



CHAPTER. 8 

DISCUSSION OF RESULTS AND FURTHER SUGGESTIONS 

The experimental results show that systematic variations of the 

deposition parameters modified the film structure, composition, and 

growth rate. In particular, increasing the HZ flowrate decreased the 

sulfur content of the films and increased the intensity of the X-ray 

diffraction lines, but did not affect the deposition rate. On the 

otherhand, increasing the HZS concentration increased the deposition 

rate and decreased the intensity of the X-ray lines, but did not affect 

the film composition. Increasing the substrate temperature from 400 C 

to 550 C decreased the intensity of the X-ray lines instead of increas

ing them as predicted by Figure 3.1. These relationships are discussed 

more fully in the first section of this chapter in the hope that they 

may aid further investigations in CVD of SmS, and in the general 

understanding of film growth in CVD. 

Using ~m(thd)3 as the starting material and widely varying the 

deposition parameters, only Sm 20ZS and graphite were deposited. Since 

the experimental results also show that Sm(thd)3 was possibly a source 

of oxygen, other possible materials and techniques were studied. One 

of the other techniques, chemical transport (which will be described 

167 
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6 later), is not a dynamic process like CVD , but an equilibrium process. 

As such, thermodynamic equilibrium calculations should accurately pre-

dict the results. The program SOLGASMIX (Eriksson 1975) was obtained 

to determine if chemical transport would be a useful technique for the 

deposition of SmS. 

Although the heat treatments in H2 or H2S were not equilibrium 

processes, it was assumed that they could be approximated as equilib-

rium processes if appropriate concentrations of H2 or H2S were used in 

the calculations. SOLGASMIX showed that the lower temperature heat 

treatment results could be predicted, but due to the film-substrate 

interactions at 1000 C the results from the program at tnis temperature 

were not accurate. The deposition temperature, 400 C, was later ap-

plied to the H2S heat treatment model to show, as a guideline, that a 

more pure H2S cylinder is required to avoid Sm202S deposition. Also 

discussed in this chapter are the stress in the deposited films and an 

application for the Sm 202S films that were deposited. 

The Effects of HZ and H2S on Sm~2S Deposition 

The results in Chapter 7 revealed that only the H2 concentra

tion affected the film composition while the H2S concentration affected 

the deposition rate, but both influenced the intensity of the X-ray 

6. In CVD, if the growth rate is diffusion limited, equilib
rium calculations may be sufficiently accurate, but, as was experienced 
in this work, if the growth rate is kinetically limited the gas phase 
is constantly being replaced with fresh reactants and thermodynamic 
equilibrium is never reached. Still, thermodynamic equilibrium calcu
lations serve as guidelines. 
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diffraction lines. This information deepened the understanding of the 

reaction mechanism during film growth. 

Increased H2S concentration increased the deposition rate and 

decreased the X-ray line intensities. This is consistent with the dis

cussion in Chapter 3, where it was argued that an increased deposition 

rate would produce smaller grained or amorphous films; this is suported 

by the X-ray results. 

The effect of hydrogen is more complicated. The fact that tne 

H2 flow rate did not affect the deposition rate implies that there Were 

at least two separate reactions. The first, a relatively slow one, 

concerned the reaction of Sm(thd)3 with H2S. The second reaction was a 

side reaction which probably involved the pyrolysis of the extra HZS in 

the system by the equation: 

where (a) indicates an adsorbed species. Since HZ is a product of this 

reaction, the HZ concentration in the gas phase forced this reaction to 

the left (see equation A.19). The sulfur concentration in the films 

was reduced by increasing the H2 flow, but the resultant change in the 

deposition rate, determined by the weight gained during deposition, 

would not be noticed due to the difference in molecular weights of 

Sm20ZS and S. The reduction of the X-ray line intensjtie~ by lowering 

the HZ flow rate was most likely due to excess sulfur hindering crystal 

growth. The heat treatments in HZS did not greatly increase the sulfur 

content of the films by this reaction because only a monolayer of solid 

sulfur would be adsorbed and the higher temperature, compared to the 
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deposition temperature, reduced the adsorption of H2S and sulfur on the 

surface. In contrast, during deposition these monolayers were con

stantly being incorporated into the growing film and reformed on the 

new surface, allowing larger amounts of free sulfur to be incorporated 

into the film. 

Low Intensity X-ray Peaks for 550 C Deposition 

Only two runs were performed at 550 C. These films showed a 

lower X-ray intensity than the films deposited at 400 C, even though a 

higher intensity was expected (see Figure 3.1). These films were 

plagued by gas phase nucleation; they were black, powdery and non

adherent. They showed an electrical conductivity several orders of 

magnitude higher than the 400 C films. So, like the 690-800 C films, 

they probably had a high carbon content which may have hindered crystal 

growth. Further depositions at this temperature with lower reactant 

concentrations to reduce gas phase nucleation were not performed. 

Stress in the Films Deposited 

The theory presented in Chapter 3 argued that- in principle, CVD 

can deposit low stress films, based on the fact that the reactants come 

to thermal equilibrium with the substrate before film growth. This hy

pothesis is substantiated by the results given in Figure 7.1 and Table 

7.9. Figure 7.1 shows that the reactants come to an adsorption equi

librium with the substrate before reaction and film growth. It can be 

concluded that they are then also in thermal equilibrium. ~tress 

levels in thin films can be obtained from X-ray diffraction measure

ments. The stress in a film is related to the strain by Young's 
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modulus of the material. The strain is determined by the difference in 

the measured d spacings and lit~rature values for unstressed material 

(Campbell 1970). Table 7.9 compares the lattice spacings of the de-

posited film with literature values for Sm20
2
S. These results show 

that within the experimental error (±O.5%) in the measured d spacings, 

there was little or no stress in the films deposited. To compute the 

minimum value of stress that could be measured would require the value 

of Young's modulus (E) for Sm202S, but it is unavailable. As'a compar

ison, a typical stress level in evaporated silver films is 0.74 Kbar 

(Blackburn and Campbell 1961) and EAg = 724 Kbar, so the change in 

lattice spacing would be 0.1% and could not be detected with the 

instrument used. Higher resolution Soller slits would be required, but 

this decreases the signal to the detector. In evaporated iron films 

internal stresses of 10 Kbar are common (Finegan and Hoffman 1961) and 

the strain of 0.5% would probably be detected (EFe = 2067 Kbar). Since 

ESmS = 152 Kbar (Chatterjee et al~ 1972), this method could measure 

stresses in SmS films to ±0.8 Kbar. 

Use of SOLGASMIX to Predict Usefulness 
of Further Heat Treatments 

The theory on which SOLGASMIX is based is briefly explained in 

Appendix A. This program was originally written by G. Eriksson (1975), 

and later modified by K. E. Spear of Pennsylvania State University. 

Given the number of moles of each element in the reaction system in its 

reference state (X*MOLE, see Table 8.1), SOLGASMIX computes the equi-

librium composition of the different possible species. The number of 

moles of each element must be summed from the number of moles of each 
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initial species containing that element. For the present reaction sys

tems, to calculate the number of moles of oxygen, the amount of atomic 

oxygen from solid Sm 202S, and from the H20 and 02 in the HZS, H2 , and 

Ar gas cylinders are added together and divided by two since the ther

modynamic reference state for oxygen is 02. The other required inputs 

are the molecular formula and the Gibbs free energy and its temperature 

dependence of each species, the temperature, and the pressure or vol

ume. The equilibrium composition is reported in terms of the number of 

moles (Y/MOLE), the partial pressure (P/ATM), and the activity (ACTIV

ITY) of each species. Condensed species do not have a partial pressure 

and were considered to have an activity of unity (see Appendix A) so 

their partial pressure and activities are not reported in the results. 

Model Used for H2 and H2S Heat Treatments 

Thermodynamic equilibrium calculations assume all species are 

in a closed vessel, are at either constant pressure or volume, and have 

an infinite time to react. In actuality, the samples were put into a 

chamber, and the heat treatment gas flowed through the system, i.e. it 

is was open system. The samples were never really in equilibrium with 

a volume of gas because the gas was constantly being replaced; only a 

small fraction of the gas came into contact with the solid samples. 

The 10% H2 in helium flow rate was 1000 cc/min for about 30 minutes, 

and the chamber volume was 4000 cc. An educated guess was made as to 

amount of H2 and He, 800 and 8000 cc respectively, that were equival

ently in equilibrium with the samples. These gas volumes correspond to 

0.03 and 0.3 gmoles. Usually four 1"xO.7" samples were heat treated 
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together; the samples were assumed to be pure Sm 202S and 2000 A thick 

(7x10- 5 gmoles). The oxygen concentration was varied from solely the 

-5 oxygen in the Sm202S film (7x10 gmoles) to ultimately include 100 ppm 

oxygen in the gas phase (3.3x10-5 gmoles). 

Program Results 

Table 8.1 is a typical output from SOLGASMIX for the 800 Cheat 

treatment in H2• (Argon, instead of helium, was used here to save con

stantly changing data cards for other simulations; the inert gas does 

not effect the equilibrium.) In this example, the Sm202S film was the 

only source of oxygen considered. For the conditions listed above, 

SOLGASMIX predicts that Sm202S should be the only stable solid. This 

is what occurred experimentally. Thus, heat treatments at 800 C in H2 

should not reduce the oxygen in the films. Using SOLGASMIX for the 

higher temperature, 1000 C, the 02 concentration was increased to above 

0.1% of the H2 concentration. This hypothetical oxygen concentration 

exceeds 100 ppm of the 10% H2 in He cylinder, the actual cylinder was 

only about 3 ppm OZ. Even with this high oxygen concentration Sm 202S 

was the only stable phase predicted. Experimentally Sm Z03 , formed on 

the sapphire substrates, and Sm4(Si04)3 on the quartz substrates. 

Since is was concluded that the Si observed in Sm4(Si04)3 during H2 

heat treatment was from the quartz (Si02), it is possible that some 

interaction with the sapphire (A1 203) substrate also occurred. Note 

also that the Sm 203 X-ray peaks were very weak. No thermodynamic data 

was found on Sm4(Si04)3' so it could not be included in the analysis; 

further analyses to include the film-sapphire substrate interaction 



Table 8.1. Simulation of Sample Heat Treatment in H2• 

T = 1073.00 K 

P = 1.000E+00 ATM 

Gases 

Ar(g) 

°2(g) 

H(g) 

H2(g) 

H20(g) 

H
2

S(g) 

H2 S2(g) 

SO(g) 

HO(g) 

HS(g) 

Sl (g) 

S2(g) 

Sm(g) 

SmS(g) 

Solids 

SmS203(s) 

Sm202S(s) 

Sm(s) 

SmS(s) 

Sm2S3(s) 

SmH 2(s) 

X*/MOLE 

0.32700E+00 

0.71000E-OS 

0.32700E-Ol 

0.3SS00E-OS 

O.14000E-l4 

Y/MOLE P/ATM 

0.32700E+00 O.90909E+00 

0.167S1E-29 0.46S71E-29 

0.99Sl7E-09 0.2766E-08 

0.32700E-Ol 0.9090BE-0l 

0.20000E-06 0.SS602E-06 

0.99998E-07 0.27 BOOE-06 

'O.9362BE-16 0.26030E-1S 

O.22926E-19 0.63737E-19 

O.lB77 2E-16 0.52l88E-16 

0.22S68E-ll 0.62740E-ll 

O.23923E-15 0.66S0BE-15 

0.21B98E-1S 0.60878E-1S 

0.20976E-12 0.583l6E-12 

0.27225E-22 0.7S6B7E-22 

O. 70000E- OS 

174 

ACTIVITY 

0.90909E+OO 

0.46S71E-29 

0.27667E-OB 

O. 9090BE-0 1 

O.55602E-06 

0.27BOOE-06 

0.26030E-iS 

O.63737E-19 

O.S 21BBE-16 

0.62740E-ll 

0.66S0BE-1S 

0.60878E-iS 

0.S8316E-12 

0.75687E-22 

Other gases considered inc luded 0, H20 2, 03' H2S04 , S03' S20 , SO~, H0 2, S3' 
S4' SS' S6' S7' SB' but their final amount was less than lxlO- 2 gmoles. 



were considered too far from the subject of SmS deposition to be 

worthwhile. 
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The modeled H2S heat treatment results were different and 

encouraging. Tables 8.2 and 8.3 show the results with the O:S ratio 

1:170 and 1:100 respectively. At 900 C and at the lower oxygen concen

tration, Sm2S3 was the only stable phase, but at the higher oxygen 

concentration, just Sm 202S was stable. At 750 C similar results Were 

obtained from SOLGASMIX but a lower oxygen concentration (O:S = 1:400) 

was needed to obtain Sm2S3• The experimental results given in Chap

ter 7 show that the H2S heat treatments did not have much effect on the 

Sm 202S films; the O:S ratio of the 0.5% H2S cylinder was about 1:700. 

It may be concluded that either: a) the heat treatment time should have 

been lengthened, b) the assumptions made to model the heat treatment 

are wrong, c) since the Gibbs free energy function in the program was 

approximated by G(T) = ~Hf(298 K) - T S(298), the errors in the calcu

lations are similar to those discussed for equation 4.8, or d) the heat 

treatment system was not purged well enough before use (due to the con

struction of the heat treatment system it could not be evacuated and 

backfilled). 

The model results above show that Sm202S becomes more stable 

than Sm 2S3 with lower temperatures. This was also shown experimentally 

(White 1982, see Chapter 7). SOLGASMIX may give some insight into the 

O:S ratio needed to avoid Sm2028 in initial depositions at 400 C. Us

ing the same concentrations as above for H2S heat treatments, SOLGASMIX 

showed that a 0:8 ratio better than 1:10,000 is needed at 400 C, see 

Table 7.4. This is the purest H
2
S available from Matheson. This 
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Table 8.2. Simulation of Sample Heat Treatment in H2S at Low Oxygen 
Concen tra tion. 

T = 1173.00 K 

P I: 1.000E+00 ATM 

X*/MOLE 

Gases -
Ar(g) 0.32700E+OO 

O2 (g) O.73200E-04 

H(g) 

H2(g) O.lOOOOE-Ol 

H20(g) 

H2 S(g) 

H2S2(g) 

SO(g) 

S20(g) 

S02(g) 

HS(g) 

Sl (g) 

S2(g) 0.SOOOOE-02 

S3(g) 

S4(g) 

Solids 

Sm203(s) 

SmZ02S(s) 

Sm(s) 0.14000E-04 

Sm2S3(s) 

S mH Z (s) 

Y/MOLE plATM ACTIVITY 

0.32700E+00 0.96687E+00 0.96687E+OO 

0.14178E-19 O.4l922E-19 0.4l922E-l9 

0.20SS2E-08 0.60768E-08 0.60768E-08 

0.2300lE-02 0.68009E-02 0.68009E-02 

0.13239E-03 0.39l4SE-03 0.39l4SE-03 

0.75S29E-02 0.22332E-Ol 0.22332E-O 1 

0.13059E-04 0.38612E-04 0.386l2E-04 

0.28479E-08 0.84206E-08 0.84206E-08 

0.39473E-08 0.11671E-07 0.1l671E-07 

0.19987E-08 O.S9098E-08 0.59098E-OB 

0.30234E-05 0.89397E-OS O.89397E-OS 

0.42S47E-08 0.12S80E-07 O.12580E-07 

O.l2027E-02 0.35S62E-OZ 0.35S62E-02 

0.l8247E-OS 0.S3954E-OS 0.53954E-05 

0.7991OE-09 0.23628E-08 O.23628E-08 

0.70000E-OS 

Other gases considered included H20 2' 03' H2 S04' S03' HO, H02' SS' S6' 
S8, Sm, SmS, but their final amount was less than lxlO- 9 gmoles. 

87, 
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Table B.3. Simulation of Sample Heat Treatment in H2S at High Oxygen 
Concen tra tion. 

T = 1173.00 K 

P .. 1.000E+00 ATM 

X*/MOLE 

Gases 

Ar(g) 0.32700E+00 

O(g) 

°2(g) 0.54900E-04 

H(g) 

H2(g) O.lOOOOE-Ol 

H2O(g) 

H2S(g) 

H2S2(g) 

SO(g) 

S20(g) 

S02(g) 

HS(g) 

Sl (g) 

S2(g) 0.50000E-02 

S3(g) 

S4 (g) 

Solids 

Sm203(s) 

Sm202S(s) 

SmS(s) 

Sm2S3(s) 

SmH 2(s) 

Y/MOLE P/ATM ACTIVITY 

0.32700E+00 0.96690E+00 0.96690E+00 

0.44B46E-1B 0.13260E-17 0.13260E-17 

0.73203E-20 0.2l645E-19 0.21645E-19' 

0.20623E-OB 0.609B03-0B 0.60980E-08 

0.23l62E-02 0.684B73-02 0.6B4B7E-02 

0.95793E-04 0.29325E-03 0.28325E-03 

0.75735E-02 0.22394E-Ol 0.22394E-Ol 

0.13039E-04 0.38554E-04 0.3B554E-04 

0.20376E-OB 0.60249E-08 0.60249E-08 

0.2B122E-OB 0.B3l54E-08 0.83l54E-OB 

0.10276E-08 0.303B4E-OB 0.30384E-OB 

0.30211E-05 0.89330E-05 0.B9330E-05 

0.42366E-08 0.12527E-07 0.12527E-07 

O.11925E-02 O.35261E-02 0.35621E-02 

0.lB016E-05 0.53270E-05 0.53270E-05 

0.7B561E-09 0.23229E-OB 0.23229E-OB 

0.70000E-05 

Other gases considered included H20 2, 03' H2S04, S03' HO, H02' ~, S4' S5' 
S6' S7' SB' SmS, but their final amounts were less than lxlO- l gmoles. 
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Table 8.4. Simu la tion of Deposition Condi tions, bu t Consis ting of a 
Lowe r Oxygen Concen tra tion. 

T - 673.00 K 

P ... 1.OOOE+OO ATM 

X*/MOLE 

Gases 

Ar(g) 

°2(g) 

H2(g) 

H20(g) 

H2S(g) 

H2S2(g) 

S2(g) 

53 (g) 

55(g) 

56 (g) 

Solids 

Sm 20 3(s) 

Sm 20 2S(s) 

Sm(s) 

SmS(s) 

Sm 2S3(s) 

SmH 2(s) 

0.32 700E+OO 

O.50000E-06 

O.lOOOOE-Ol 

O.50000E-02 

O.14000E-04 

Y/HOLE 

0.32700E+OO 

0.76252E-37 

O.52496E-04 

0.70207E-06 

O.99337E-02 

0.13l38E-04 

0.96002E-05 

0.45369E-07 

0.3l696E-08 

O.87141E-09 

O.14897E-06 

O.685l0E-05 

P/ATM ACTIVITY 

O.97030E+OO O.97030E+OO 

O.22626E-36 O.22626E-36 

O.15577E-03 O.15577E-03 

O.20832E-05 O.20832E-05 

O.29476E-Ol O.29476E-Ol 

0.38985E-04 O.38985E-04 

O.28486E-04 O.28486E-04 

O.13462E-06 O.13462E-06 

O.94050E-08 O.94050E-08 

0.25857E-08 O.25857E-08 

Other gases considered included 0, H, H20 2, 03' H2S04 , S03' SO, S20, HO, 
H02' HS, Sl) S4' S7' S8' Sm, and SmS, but their final amounts were less 
than lxlO- 10 gmoles. 
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result is just a guideline, as in actual depositions Sm is bonded into 

Sm(thd)3. This can not be taken into account because the thermodynamic 

properties of Sm(thd)3 and H(thd) are not known. Later modeling of 

deposition from 5mBr 3 produced similar conclusions. In conclusion, the 

program results show that the H2S supply must be more pure than those 

employed if SmS deposition is to occur at low temperatures «(400 C). 

Other Starting Reactants and 
Suggestions for Further Work 

The results in Chapter 7 show that Sm(thd)3 was also a source 

of the oxygen contamination. There are four reasons to suspect that 

this was the source of oxygen, 1) the ratio of oxygen from this source 

to the oxygen from the gas cylinders is about 200:1, 2) the oxygen 

from this source is already bonded to the samarium ion, 3) thd Was not 

detected in the exit gasses, and 4) the deposition rate was only weakly 

dependent on the oxygen concentration in the gas phase but equation 4.2 

predicts it should have a stronger than linear dependence if the oxygen 

was from the gas cylinders, see Table 7.13. Another samarium starting 

reactant is required. 

Other Samarium Organometallics 

As pointed out in Chapter 5, most of the volatile samarium 

compounds identified in Table 5.5 are a-diketonates and have a chelate 

structure similar to that of Sm(thd)3. Therefore, they would release 

oxygen to be incorpqrated into deposited films. Two compounds from 

this list, Sm(tcp) and (tcp)LnCN(C6H11 ), do not contain oxygen, where 

tcp is an abbreviation for tricyclopentadienyl, and Ln stands for any 
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rare earth element. Several rare earths have been chela ted in the 

latter form, but (tcp)SmCN(C
6
H

11
) has not been reported (Marks 1978). 

Both compounds have approximately the needed vapor pressure. A small 

amount of Sm(tcp) was ordered but it did not arrive in time to be 

included in this work. A study using this compound is presently being 

carried out by Amy Phillips and Rick Swenson of the Optical Sciences 

Department of the University of Arizona. 

Samarium tris 2,2,6,6 Tetramethyl 3,5 Dithioheptandione 

Sm(thd)3 has most of the physical and chemical properties re

quired for CVD, the problem is oxygen from this compound is incorpor

ated into the films deposited. Since oxygen and sulfur are in the same 

column in the periodic table, they should have similar chemical bonding 

properties. The compound similar to Sm(thd)3 but with sulfur replacing 

oxygen at all six sites was considered a possible starting material. 

If this compound, samarium tris 2,2,6,6 tetramethyl 3,5 dithioheptan

dione [Sm(S2-thd)3]' decomposed in a similar fashion, it would not be 

as harmful since sulfur is wanted in the film. 

Efforts to find a commercial vendor of H(S2-thd) revealed that 

organosulfur compounds are not very common. Although monothio-S-di

ketonates have been prepared, monomeric dithio-S-diketonates are 

unknown (Cox and Darken 1971). Previous attempts to prepare them re

sulted in the formation of dimers. FortunatelY, attempts to prepare 

metal dithioacetylacetone (metal sacsac) complexes have been success

ful. (Acetylacetone has the same structure as thd; the "R" groups in 

Figure 4.2 are hydrogen). Martin and Stewart (1966) prepared Co, Ni, 
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Pd, and Pt (sacsac)2 complexes, and Health and Martin (1970) prepared 

Fe, Ru, and Os (sacsac)3 complexes. Since most of these metals also 

form complexes with thd, the procedure outlined by Health and Martin 

was followed in attempt to prepare Sm(S2-thd)3' but the procedure was 

unsuccessful. Freiser (1983) pointed out that these other metals are 

"soft" metals that will bond to sulfur in the presence of free oxygen, 

but samarium is a "hard" metal and will preferentially bond to any 

oxygen in the system instead of sulfur. Freiser suggested Sm dithio

carbamates as possible Sm organosulfur starting compounds. A study on 

the synthesis of these compounds is currently being carried out by 

Chuck Shevlin and Dr. Art Barry of the Department of Chemistry at the 

University of Arizona. 

Samarium Halides Revisited 

A recent CVD review article quoted some earlier CVD papers 

using rare earth trichlorides to deposit rare earth compounds. Robin

son et ale (1971) deposited several garnets of the form Tb3-xErxFeS012 

from a mixture of FeC1 2, TbC1 3, ErCl 3, 02' Cl 2 and Ar at 1170 C, Stein 

(1971) deposited Gd3FeS012 from GdC1 3, FeC1 Z' HC1, °2, H20, and He at 

1200 C, and Dismukes et ale (1970) deposited DyN, ErN, and LuN from the 

metal trichloride, H2 or He, and NH3 at 8S0-1000 C. All three invest

igations were done at atmospheric pressure, and it was noted that oxy

gen contamination was a problem. For example, Stein reported formation 

of Gd 203 if conditions were not optimum. The work of Dismukes et ale 

showed that oxygen free deposits were possible from rare earth halides 

(the first two references do not). One of Stein's references led to an 
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early paper by Harrison (1952) which reported the vapor pressure of 

5mBr 3• In Chapter 5 ic was assumed the vapor pressure of 5mBr3 is 

close to that of SmI 2• Neither SmC1 2 nor SmI 2 have a sufficient vapor 

pressure and SmC1 3 and SmI
3 

are not stable in the gas phase. Harrison 

reports the Cemperature at which a desired vapor pressure for 5mBr
3 

was 

reached is given by: 

5mBr 3: T K = 301501 [29.76-1n(P mm. Hg.] 

Harrison further stated that this equation cannot be regarded as having 

a high degree of accuracy, ±25 K, because the equation was based on 

three data points that were taken sporadically over a period of a year. 

Extrapolating his data to 1 mm. Hg. shows that the temperature needed 

for 5mBr 3 would be 715-765 C. This temperature can be easily obtained 

in available Lindberg tube furnaces. 

SOLGASMIX was then used to determine if SmS could be deposited 

by the chemical reaction proposed in Chapter 5, 

5mBr 3 + 1/2H2 + H2S + SmS + 3/2HBr, 8.2 

or if other side reactions would dominate. The basis for the initial 

amounts of reactants was 100 cc of argon carrier gas. Equation 6.4 was 

used to calculate the 5mBr 3 flow, and the oxygen flow was then calcu

lated assuming the argon was less than 0.01 ppm oxygen (this is very 

optimistic). The H2 flow rate was varied from less than stoichiometric 

to greater than 50 times stoichiometric, and the H2S flow rate Was 

varied from stoichiometric to less than 1/5000 this amount. The tem

perature was varied from 800 to 950 C. Table 8.5 shows the results 
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Table 8.5. Prediction of Deposited Materials Using 5mBr3 as a Starting 
Reactan t. 

T = 1223.00 K 

P = 1.000E+00 ATM 

X*/MOLE 

Gases 

Ar(g) 

°2(g) 

H(g) 

H2(g) 

HZS(g) 

HS(g) 

Sl (g) 

S2(g) 

Sm(g) 

5mBr3 (g) 

5mBr2(g) 

Br(g) 

Br2(g) 

HBr(g) 

Solids 

Sm Z03(s) 

Sm Z02S(s) 

Sm(s) 

SmS(s) 

Sm2S3(s) 

SmHZ(s) 

5mBr2(s) 

5mBr3(s) 

0.40900E-02 

0.llSOOE-10 

0.14485E-04 

0.4S000E-06 

0.80700E-OS 

0.S3800E-OS 

Y/HOLE 

0.40900E-OZ 

0.5S390E-32 

0.39503E-10 

0.1l236E-04 

0.88152E-1O 

0.1l131E-12 

0.43S12E-1S 

0.1701ZE-1S 

0.614S1E- 09 

0.74931E-07 

0.4704SE-OS 

0.78180E-08 

0.10620E-1O 

0.64984E-05 

0.l083SE-lO 

0.Z9997E-06 

P/ATM ACTIVITY 

0.994SZE+00 O.99452E+OO 

0.13469E-29 0.13469E-29 

0.96054E-08 O.96054E-08 

0.27321E-02 0.27321E-02 

0.21435E-07 0.2143SE-07 

0.27066E-10 0.27066E-10 

0.10S80E-1Z 0.10S80E-12 

0.41366E-13 0.41366E-13 

0.14943E-06 0.14943E-06 

0.18220E-04 0.18220E-04 

0.1l439E-02 0.1l439E-OZ 

0.19010E-OS 0.19010E-OS 

0.2S823E-08 0.2S823E-08 

0.lS801E-OZ 0.1S80lE-OZ 

Other gases considered included 0, HZO, HZOZ' H2SZ' 03' GZS04 , S03' SO, SZO, 
SOZ' HO, HOZ' S3' S4' SS' S6' S1' S8' SmS, S2BrZ' and SBrZ' but their final 
amounts were less than 1xlO-1S gmoles. 
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from average conditions, and the following trends were noted: 1) at 

800 C 5mBr2 was the major condensed phase, 2) incre~sing the H2 concen

tration lowered the Sm20ZS amount slightly, 3) decreasing the H2S 

concentration decreased the amount of Sm2S3 , 4) increasing the 5mBr3 

concentration increased the amount of Sm 2S3• Some other observations 

are noted: 1) most of the oxygen became Sm202S, 2) the only other 

stable phase was Sm2S3 , even at Sm:S ratios of greater .than 45,000:1. 

On the basis of these results, 5mBr3 was not considered further as a 

starting material. 

At first it was suspected that similar results would be obtain

ed for the Sm(tcp )-H2S system. The problem in the 5mBr3-H2S system is 

that most of the Sm is tied up in 5mBr2(g) and there is little free 

samarium which is needed to force the reaction 

8.3 

to the left. Organometallics are widely used to deposit metals by CVD, 

as discussed in Chapter 5, because the organic chains make good leaving 

groups. Dr. D. Lichtenberger (1982) stated that tcp would be a good 

leaving group. Therefore there should be more free samarium in the 

Sm(tcp)-H2S system than in the 5mBr3-H2S system. In conclusion, 

Sm(tcp) is a promising candidate for SmS deposition by CVD, but the 

oxygen and H2S concentrations need to be carefully monitored to avoid 

Sm202S and Sm2S3 contamination. 
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Chemical Transport Using SmI2 

Several oxygen free rare earth chalcogenides and other metal 

compounds have been produced using chemical transport - Khan and Manzi 

(1975): ErTe and DyTe, Khan and Vallaneilla (1975): LuTe and TmTe, 

Kaldis (1968): EuSe and EuTe, Nitsche and Richman (1962): CdS, Hulliger 

(1968): SmP and SmAs, Kaldis and Widmer (1965): Cd4GeS6• Khan and 

Vallaneilla claim to have produced SmTe and that the results would be 

published, but to the author's knowledge the results are not yet 

available. 

Three chemical transport methods have been used to prepare rare 

earth chalcogenides. In the first method a solid piece of the rare 

earth (Ln), the solid chalcogenide (X, either Se or Te), and iodine are 

placed in a quartz ampule which is then evacuated and sealed. The am

pule is then placed in a furnace with a known temperature gradient, 

with the reactants at the hotter end. At the hotter end the following 

reaction occurs 

8.4 

In the other methods the main difference is in the initial source re

actants placed in the hotter end. They use the following reactions: 

8.5 

or 

8.6 
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At the cooler end the following reaction occurs for all three methods: 

B.7 

(For some rare earths the dominant halide is Ln13 with the appropriate 

changes in the equations.) The second method requires starting with 

SmS which is not available, and the third does not allow variation of 

the Sm:l ratio. The first method is the most versatile. 

To the author's knowledge rare earth sulfides have not been 

produced by chemical transport. Therefore, before any experiments were 

begun, the system was modeled using SOLGASM1X. Following the condi

tions suggested in the two papers co-authored by Khan, a total reactant 

weight of 1 gm was used With Sm:S in a 1:1 atomic ratio, 5 mg 12, and a 

25 cc ampule-with the cooler end at 927 C and the hotter end at 1027 C. 

Using these conditions and the higher temperature, SOLGASM1X determined 

the gas phase composition above the reactants. This composition was 

then used at the lower temperature to predict what solid compounds 

would be formed. With the initial iodine concentration reported in 

Khan's papers, the dominant condensed material at the lower temperature 

was SmI2~). The results from this trial showed the saturation con

centration of Sm12 in the gas phase, and the initial 12 charge was 

decreased appropriately. The final results are shown in Table 8.6a for 

the warmer end and Table B.6b for the cooler end. At the lower temper

ature SmS is the only stable phase. 

Also note that although argon is present, the experimental 

system does not require it as a diluent. Since argon is an inert gas 

and it does not effect the number of moles of each species reported. 
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Table 8.6a. Chemical Composition of the High Temperature End of Chemical 
Transport Ampule. 

T .. 1300.00 K 

P ... 4.64SE.02 ATM 

V .. 2.300E.02 L 

X*/MOLE 

Gases 

Ar(g) 0.10000E-04 

S 1 (g) 

S2(g) 0.l3750E-02 

SmI2(g) 

Sm(g) 

SmS(g) 

11 (g) 

12 (g) O.50000E-08 

Condensed Phases 

SmI2 (1) 

SmI3(s) 

Sm(s) 

S mS(s) 

Sm 2S3(s) 

0.27S00E-02 

Y/MOLE 

0.10000E-04 

0.904lSE-20 

O.1l4l2E-24 

0.49998E-08 

0.10236E-07 

0.24130E-15 

0.42928E-12 

0.55035E- 20 

0.27S00E-02 

O.1S235E-07 

P/ATM ACTIVITY 

0.46404E-01 0.46404E-01 

0.4l958E-16 0.4l9SSE-l6 

0.S2954E-21 0.52954E-2l 

0.23201E-04 O.2320lE-04 

O.47498E-04 0.47498E-04 

0.11197E-ll O.1l197E-ll 

O.l9921E-08 0.l9921E-OS 

0.25538E-l6 O.25538E-16 

Other gases considered included S3' S4' S5' S6' S7' and SS' but their final 
amounts were less than lx10- 30 gmo1es. 
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Table 8.6b. Chemical Composition of the Low Temperature End of Chemical 
Transport Ampule. 

T .. 1250.00 K 

P = 4.469E-02 ATM 

V - 2.300E-02 L 

Gases 

Ar(g) 

51 (g) 

5mI2(g) 

5m(g) 

5m5(g) 

Il(g) 

I 2(g) 

50lids 

5mI2 

5mI3(s) 

5m(s) 

5 m5(s) 

5m253(s) 

X*/MOLE 

0.10000E-04 

0.50000E-OS 

0.15236E-07 

Y/MOLE P/ATM ACTIVITY 

0.10000E-04 0.44620E-Ol 0.446203-01 

0.3ll41E- 21 0.13895E-17 0.13895E-17 

0.49999E-08 0.223l0E-04 0.223l0E-14 

0.10236E-07 0.45672E-04 0.45672E-04 

0.33400E-16 0.14903E-12 0.14903E-12 

0.1l944E-12 0.53291E-09 O.53291E-09 

0.71703E-2l 0.3l994E-17 0.3l994E-17 

0.24l2SE-12 

Other gases considered included 53' 54' 55' 56' 57' and 5 S' but their final 
amounts were less than 1 x 10-30 gmoles. 
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Early attempts at running this program were unsuccessful because 

SmI2(t) was stable; this severely depleted the gas phase and the 

program would not converge. Other CVD investigators have noted con

vergence problems with this program. The inclusion of argon helps 

eliminate convergence problems. (At low gas concentrations the matrix 

that is used in the numerical inversion technique is probably ill

conditioned, see Appendix A; adding argon alleviates this problem.) 

Table 8.6b shows that only 2.4x10-11 gmoles of SmS, represent

ing a small fraction, 9x10-11 percent, of the initial samarium, are 

transported to the cooler end of the ampule. This is misleading. The 

formation of solid SmS at the cooler temperature creates a concentra

tion gradient in the gas phase (see Tables 8.6a and b) which causes 

diffusion from the hot end to the cold end. The diffusion decreases 

the gas concentration at the hot end, which in turn causes the solids 

and the gas phase at the higher temperature to no longer be in equilib

rium. Consequently, some of the solids at the hotter end will sublime 

to replenish the gas phase. After conside~able time, 2-3 days, most of 

the samarium at the hot end (about 99% of the initial samarium) will be 

transported to the cold end to form SmS. The actual roles of SmI 2 , I, 

and 12 are not clear. Equations 8.4 and 8.7 imply that 12 should 

diffuse to the hot end and SmI2 should diffuse to the cold end, but 

Tables 8.6a and b show that the concentrations gradients for these 

species are not favorable for diffusion in these directions. 

Not only does this method look useful because it is at least 

thermodynamically capable of depositing SmS, but it is promising in 

other ways, too: 1) Kaldis (1968) produced EuSe by chemical transport 
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and by evaporation-condensation (PVD). He reported that the EuSe pro

duced by chemical transport had much lower internal stress. 2) The 

maximum temperature, 1027 C, can be produced in the available Lindberg 

tube furnaces. 3) Samarium is in the +2 oxidation state in the gas 

phase compound, Sm1 2 , which should encourage SmS growth, in contrast to 

the previous methods where Sm was in the +3 state which would encourage 

Sm2S3 growth (see the results using 5mBr 3). 

No method is perfect and neither is this one. All of the above 

references used chemical transport to grow large single crystals, not 

thin films. The iodine concentration and the temperature gradient are 

reported to be very critical parameters in obtaining high growth rates 

and large crystals. By adjusting these parameters, along with initial 

reactant weights, average temperature, and maybe the addition of argon, 

the growth rate may be increased or decreased to promote thin film 

growth. This work is presently being carried out by Mike Jacobson and 

Rick Swenson of the Optical Sciences Center at the University of 

Arizona. 

Applications for Sm2~2S Thin Films 

Rare earth oxysulfides (Ln 202S) are gaining technical import

ance because of their luminescent properties which encourage their 

application in color CRT displays. It has been pointed out that Eu 

doped Y202S is in some respects a better luminophor than the more 

common yttrium-europium vanadate (Haynes and Brown 1968). Dismukes et 

ale (1973) state that the inherent advantages of a thin, transparent 

layer or multilayer structure compared to a powder phosphor screen 
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include improved resolution, contrast, and ruggedness. For color CRT 

displays, improved brightness over non-matrix tubes might be obtained 

while at the same time eliminating the shadow mask. Dismukes et ale 

deposited rare earth-doped Y202S by CVD from Y(thd)3 and Ln(thd)3 in 

H20 and H2S diluted with argon at 500 C. They demonstrated that these 

films had superior luminescence properties compared to sprayed, sput

tered or evaporated films. 

CVD is usually regarded as a high temperature technique, espec

ially when compared to PVD methods, but has produced rare earth oxysu1-

fides at lower temperatures than other techniques. Koskenlinna and 

Niinisto (1973) prepared the oxysu1fides of the rare earths from La to 

Er. They heated the rare earth su1phites lLn2(S03)3·3H20) in an inert 

atmosphere containing H2S or CO. The minimum temperature to prepare 

Sm202S was 530 C in H2S and 430 C in CO. Sm202S was deposited by CVD 

in this work as low as 350 C. After sample 10-3 was heat treated in H2 

at 1000 C it showed luminescent properties while being bombarded by 

15 Kev electrons in the electron microprobe. The heat treatment did 

not radically change the composition of this film (see Table 7-7 and 

the associated discussion) as opposed to the behavior of 14-2, 15-2, 

and 23-4. 

A second application for luminescent rare earth oxysu1fides is 

sensitive temperature measurements. The emission lines from rare earth 

oxysu1fides are temperature dependent, by comparing the intensities of 

two emission lines the temperature of a probe containing the material 

can be determined. A diagram of a temperature measurement system using 

these materials is given in Figure 8.1. The UV radiation from the 
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F is a high pass filter and D
1

, D2, and D3 are identical 
uv-ref1ecting dichroic mirrors; all four eliminate visible 
radiation from the source. Narrow band filters, IFl and 
IF2 isolate the separate emission lines, and the micro
processor ratios the two signals and converts the data to a 
temperature. (After Wickersheim and Alves 1979.) 
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source is transmitted by the optical fiber to the rare earth oxysulfide 

probe and causes it to fluoresce. The emission spectrum is then trans

mitted back through the optical fiber to narrow band interference fil

ters which separate the emission lines. The intensities of the emis

sion lines are then compared and the temperature displayed. Using 

Gd 202S:Eu, Y202S:Eu, or La 202S:Eu temperatures as high as 320 C have 

been measured and a noise equivalent temperature of ±0.025 C has been 

attained. Optical measurement of the temperature has several advan

tages over electrical measurement using a thermocouple, a thermistor, 

or a RTD in applications requiring total electrical isolation and 

immunity to strong radio-frequency fields. Temperature monitoring 

applications range from rf and microwave treatments of tumors to high 

voltage transformer windings (Wickersheim and Alves 1979). 

In summary, this chapter explained the effects of the CVD par

ameters H2, H2S, and temperature on the composition and structure of 

the deposited Sm202S films. The H2 and H2S heat treatments were mod

eled using a thermodynamic equilibrium computer program. These results 

agreed in some cases with what was observed, while the differences were 

explained. It Was also argued that Sm202S would be deposited rather 

than SmS near and below 400 C unless the oxygen concentration could be 

lowered to less than 1/10,000 of the H2S concentration. The oxygen 

concentration during deposition was considerably greater than this, 

being in the range 1/100 - 1/1000. The films that were deposited were 

shown to have a value of internal stress lower than could be measured 

by X-ray diffraction showing that low stress deposits can be prepared 

using CVD. Several other starting compounds and techniques were 
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discussed, with chemical transport using Sm1 2 the most promising. 

Although SmS was not deposited, possible applications for the material 

deposited, Sm202S, were given. 



SUHHARY 

The preceding chapters have reported the results of an initial 

investigation of using chemical vapor deposition to form thin films of 

SmS, a pressure-induced semiconductor-to-metal phase transition mat

erial. In the beginning a brief description was given of the solid 

state mechanism responsible for the phase transition characteristics of 

SmS single crystals. Thin films of SmS deposited by PVD techniques, 

compared to single crystals, exhibited a very gradual transition when 

pressure was applied and a wide hysteresis loop on its release. This 

had impeded the technological development of the material for an opti

cal switchable filter. The reasons believed to be responsible for the 

different behavior included high intrinsic stress, stoichiometric vari

ations, porosity, and small grain size; it was argued that these dif

ferences were related to the physical mechanics of film growth in the 

PVD techniques. An example showed that the intrinsic tensile stress in 

SmS films formed by two PVD methods was on the order of magnitude of 

the stress needed to switch single crystals of SmS. 

Thin film studies on several materials by other workers showed 

that films deposited by CVD had mechanical properties superior to PVD 

films and were nearly stress-free. In Chapters 1 and 3 it was hypoth

esized that in CVD the film grows in thermal equilibrium with the sub

strate. Experimental evidence, discussed in Chapters 7 and 8, supports 
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this supposition for the films deposited. The Sm202S films that were 

prepared by CVD showed little strain « 0.5%) and were nearly as dense 

as bulk material, implying small values of intrinsic stress and por

osity (-2%). It was also shown that the stoichiometry (Sm:S ratio), 

could be varied over a range of values by the addition of hydrogen to 

the reaction gases. This contrasts with PVD film growth where the 

arriving molecules are far from thermal equilibrium with the substrate'. 

The film cools during and after formation, and the final film usually 

ends in a state of tensile stress. CVD differs from PVD in that the 

latter allows'gross changes in film composition but very little fine 

control of stoichiometry, whereas CVD allows fine control of stoichi

ometry but difficulties arise in crossing a phase boundary and depos

iting another material without changing the reactant compounds. 

During this investigation several innovative ideas involving 

the design of the CVD system were conSidered; these were presented in 

Chapters 4. They include the co-axial flow design of the reactor to 

keep the walls clean, and recycling of the exhaust gases to improve the 

deposition rate, the efficiency of reactant gas usage. and the uniform

ity of the deposited films. Neither idea has been mentioned in the 

literature or in reviews that cover system design such as those by Kern 

and Ban (1978) or Powell et ale (1966). During this study eliminating 

the oxygen contamination was of higher priority than implementation of 

these ideas. 

Few studies involving CVD of rare earth compounds that suggest 

a starting reactant material have been reported in the literature. 

Therefore it was necessary to develop a list of the required properties 
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for the samarium reactant material. Sm(thd)3 was chosen because it was 

the only compound whose reported properties satisfied all the ~equire

ments. Since this compound was not available commercially, it was pre

pared during this study. Several changes in the recommended procedure 

were given. The final product was very close to the theoretical COm

position and had a melting point near that reported in the literature. 

A review of the literature did not yield a detailed description 

for calculation of reactant flow rates and line temperatures. The 

method outlined in Chapter 6 should help future investigators who are 

not familiar with such calculations. 

Although early compositional analysis of the deposited films 

showed stoichiometry close to that of SmS, the X-ray diffraction pat

tern was identified as Sm202S. Later more precise compositional an

alysis agreed with this identification. By changing the deposition 

temperature and the reactant flow rates the X-ray diffraction peaks for 

Sm202S were eliminated. At the extreme conditions either amorphous 

Sm20ZS or mostly carbon films where deposited. The trace amounts of 

oxygen in the diluent and reactant gases were reduced, which decreased 

the reaction rate, but Sm202S was still deposited. This suggested that 

the gases were one source of oxygen. The oxygen present in the thd 

ligand was also suspected since this chain brea~s into smaller organic 

chains during the reaction, is already bonded to the samarium ion, and 

is in much higher concentration than the oxygen from the other gases. 

Removal of oxygen from the deposited films by heat treatments 

under H2 and H2S atmospheres proved difficult experimentally. Later 

simulations of the heat treatments using a equilibrium computer program 



showed that the difficulties arose because oxygen elimination was not 

thermodynamically feasible. 
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Since the samarium reactant compound was probably one of the 

oxygen sources, the requirement that the reactants be oxygen-free, if 

the final film is not to be an oxide, must be added to the list of 

source material requirements given in Chapter 5. On this premise other 

samarium starting materials were considered. Sm(tcp) does not contain 

oxygen and has a high vapor pressure, which makes it a promising start

ing material, but the formation of Sm 2S3 rather than SmS might be a 

problem. Further, thermodynamic modeling recommends that, even if oxy

gen-free reactants are used, the oxygen concentration in the diluent 

and carrier gases must still be below the lowest value obtained in this 

study. The value needed is close to a 10,000:1 ratio of sulfur to 

oxygen before samarium will bond to sulfur in preference to oxygen. 

Chemical transport using iodine as the transporting agent was 

modeled using the thermodynamic equilibrium program, and SmS was pre

dicted as the only resultant solid phase. Oxygen contamination should 

not be as great a problem in this technique since the reaction occurs 

in a closed system and the oxygen can be gettered beforehand. The CVD 

technique used in this work is an open system. Whether or not the 

parameters that control the growth rate during the chemical transport 

reaction can be modified to deposit thin films instead of large stress

free crystals remains to be determined. 

The transport and kinetic rate study clarified and enlightened 

the CVD process, specifically because the strong role of adsorption was 

not expected. Korec (1981) gives an elaborate theory predicting the 
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importance of the adsorption equilibrium when the deposition rate is 

limited by reaction kinetics, but shows it is not as critical if the 

rate is limited by mass transfer. This investigation showed the rele

vance in studying the kinetics of the CVD reaction. Future investiga

tions into preparing optical thin films by CVD should consider reaction 

kinetics as a tool to understand the process. This is required before 

improvements in the properties of the deposited films can proceed in a 

scientific manner. 



APPENDIX A 

A SHORT REVIEW OF THERMODYNAMIC EQUILIBRIUM 

In this appendix the relationships between the change of the 

standard free energy for a reaction and the equilibrium constant are 

developed. In the second section the theory is further extended to 

calculate multireaction equilibria. The resultant equations are not 

linear, so the algorithum used by SOLGASMIX to solve them is briefly 

summarized. To keep the discussion general and to simplify the equa-

tions, algebraic notation shall be used. Using this notation a 

chemical reaction is written as: 

A.I 

where Ai represents species i, and vi the stoichiometric numbers which 

have the same numeric values as the stoichiometric coefficients but are 

positive for products and negative for reactants. 

Calculation of the Free Energy for a Reaction 

The bases for determining if the reactants will react are the 

first and second law of thermodynamics, which state, for a reversible 

process, 

dUt = dO dW 'rev - , dQ = T dS t 
, rev dW = P dV

t 
rev A.2a-c 

where dUt = change in total internal energy, dQ = reversible heat rev 

flow into the system, dW = reversible work done by the system, rev 

200 
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dS t = change in total entropy, Vt = change in total volume, T = temper

ature, and P = pressure. By combining these three equations, 

A.3 

This maybe rewritten using molar properties as: 

d(nU) = T d(nS) - P d(nV), A.4 

where n is the total number of moles. By definition, the enthalpy (H) 

and Gibbs free energy (G) are defined as 

H = U + P V, and G = H - T S = U + P V - r s A.5 

Differentiating the equation for the free energy, 

dG = dU + PdV + VdP - TdS - SdT A.6 

Using molar quantities and combining with equation A.4, the change in 

free energy for n moles of a single component, single phase system is 

determined by: 

d(nG) = nV dP - nS dT. A.7 

In a reaction environment containing a mixture of several 

species, the total of each state variable (G, V, S, or H) is not the 

Sum of the variable for the individual species. (For example, one 

liter of water mixed with one liter of alcohol does not make two liters 

of liquid solution.) The contribution of each species, Ai' to the 

total is the partial molar property, which for the Gibbs free energy is 

expressed as: 



~i = a(nG)/ani (constant T, P, n.), 
J 
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A.8a 

where ni is the number of moles of species i. The total free energy is 

then 

nG = ~ n.~. • A.8b 
1 1 

The partial molar free energy is the chemical potential, ~i. The 

differential of the total free energy can now be written as, 

A.9 

As the species react, the distribution of the n. and the total number 
1 

of moles, n, change, but equation A.l provides the mass balance: 

A.10 

where E is the reaction coordinate. Rewriting equation A.9 as, 

A.ll 

gives the differential change of the total free energy as a function of 

pressure, temperature, and the reaction coordinate. At equilibrium, 

the free energy is at a minimum, and the pressure and temperature are 

constant, or d(nG)T P = O. Since the expression for d(nG), equation , 
A.9, is exact, it follows that 

O. A.12 
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The chemical potential can be rewritten as the sum of two terms 

A.l3 

The superscript (0) denotes a property value at the standard state, 

which is the state of pure A. at the temperature of the system, but at 
1 

a fixed standard pressure, usually one atmosphere. The second term is 

the difference between the Gibbs free energy/mole of A. in the mixture 
1 

and pure Ai. ai is the activity of Ai in the mixture. At equilibrium, 

from equations A.l2 and A.l3, the following equality then must hold: 

LV.(GO
. + RTln a.) = o. 

111 

By rearranging, equation A.l4 becomes 

A.l4 

A.lS 

where K is the equilibrium constant for the chemical reaction, equa-

tion A.l. 

The activities of the gaseous species in a CVD reaction (see 

equation 4.3) can be found in terms of the partial pressures. The 

change in the free energy for a pure gas can be found from equation A.7 

at constant temperature, using the ideal gas law, V = R T/P. 

d(nG) = (RT/P) dP = ~T dIn P (constant T). A.16 

Denoting the mole fraction a gas in the reaction mixture as x. and its 
1 

partial pressure as Pi = xiP, the equivalent of equation A.16 for a 

mixture is 
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A.I7 

Integrating equation A.I7 from the ideal-gas state to the real state of 

the gas mixture at the same temperature, pressure and composition 

yields 

11. - GO. = RT In p. / pO A. 18 l. l. l. 

where pO is the fixed pressure at which GO was determined. By compar-

ing equation A.18 with equation A.13, Pi/po is the activity of the 

species Ai in the gas mixture. By using this result in equation A.lS, 

A.19 

The term ~Gor is the change of the standard free energy of reaction, 

and can be easily calculated by summing the standard free energy terms, 

GO
i , for each reactant species multiplied by its stoichiometric number. 

If ~Gor is positive there will be an excess of reactants, and the reac

tion is not probable; if ~Gor is negative the argument of the logarithm 

must be greater than unity, which implies that at equilibrium that 

there are more products than reactants. The negative condition does 

not imply that the reactl.on will definitely occur, but the positive 

condition implies it will definitely not occur (see Chapter 5). 

In CVD there is also a solid product and its activity must be 

determined. For solids, two simplifying assumptions can be made. The 

first considers the standard free energy of the solid as pressure inde-

pendent. The the standard free energy is calculated by integrating 

equation A.7 from 0 to the standard pressure. At low pressure the 
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material is considered to be a gas with a large volume; at higher pres-

sures where the material is a solid, the volume is several orders of 

magnitude smaller. For example, the free energy function for SmS(s) at 

298 K is -114,000. cal/gmole (using the reference states used by Barin 

et. ale (1973», but the integral of VdP for a difference of one atmos-

phere is only 22. cal/gmole. Therefore, to calculate ~Gor one may use 

the values of GO calculated at one atmosphere. The second assumption 

is that solid solutions will not be deposited; each solid deposited 

will form its own phase. Under this assumption there is no difference 

between ~i and GO
i and the activity of the solid material is unity. 

Multireaction Equilibria 

The above discussion is applicable to a single reaction and 

will allow determination of the equilibrium concentrations for a single 

reaction. Difficulties are encountered if this method is extended to a 

consideration of two simultaneous reactions because the equations be-

come unmanageable. The following reviews a general scheme to compute 

the concentration a mixture of several species; it is the basis for 

SOLGASMIX, the program used in Chapter 8. 

The total Gibb's free energy of a system is given by equation 

A.9, from which it is seen that: 

where t is the total number of gaseous (g) and solid (s) species. The 

problem is to find the set of n. 's which minimize nG for a specified T 
1 

and P, but they must also satisfy the constraints of material balances. 
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For simplicity, the solid species will be considered pure, not solid 

solutions. 

Although molecular species are not conserved, in a closed 

reacting system the total number of moles of each element is constant. 

(Because this derivation assumes a closed system, it is not appropriate 

for CVD calculations in general. It may be used in systems that are 

mass transfer limited; see Chapters 4, 7, and 8.) The conservation of 

elements at any time gives: 

(4:n.a .. ) - b. = 0, A.21 
~ ~ ~J J 

where n. is the number of moles of species i, a .. is tne number of 
~ ~J 

atoms of element j from the molecular formula in species i, and b. is 
J 

the number of moles of element j initially present in the reacting 

system. Introducing k Lagrange multipliers, one for each element, and 

summing over all elements gives: 

k 
4: 11. [~n. a.. - b.] = 0 
J J ~ ~ ~J J 

(i=species, j=elements) A.22 

By adding the above expression to nG, a new function, F, is formed that 

is identical to nG, but the partial derivatives of F and nG with res-

pect to each n. will be different because F incorporates the element 
~ 

balance constraints. The minimum of F, and therefore nG, occurs when 

the partial derivatives of ni are zero. The ni satisfy the equation 

(aF/an')T P n = (anG/an')T P n + 4:n.a .. = 0 
~ "i ~ "j J J ~J 

A.23 

at equilibrium. By combining equations A.8a and A.13 the right hand 

side of this equation can be rewritten as 
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° G . + RTln a. + tn.aij = O. 
~ ~ J J 

A.24 

= (n./N)P for gases and the result a.=1 for solids, 
~ ~ 

equation A.24 becomes: 

GO~ + RT In(n;/N) + RT InP + tn.a .. = 0 
... ... J J ~J 

(gases: i=1,2 •••• g) A.25 

Go. 0 , + I:n. a·. = 
... J J ~J 

(solids: i=g+1.g+2, •.• g+s) A.26 

g 
where N is the total number of moles of all gas species, i~1ni. 

Equations A.22. A.25. and A.26 can be solved for the k n's and 

the g+s n's that are unknown. The In(ni/N) terms in equation A.25 make 

the equations nonlinear and an iterative solution is necessary. The 

iteration needs to be performed on just the g nonlinear equations. The 

following derivation separates a k+s+1 linear system of equations that 

can be easily solved. It is adapted in parts from White et al. (1958) 

and Eriksson (1971). 

Using the notation that superscript g and s imply gas and 

solid, respectively, and assuming a solution m. to the n. unknowns, 
~ ~ 

equations A.22 and A.25 are expanded in a Taylor series about mi : 

g g ssg g g g 
I: + I: a b + I: a .. (n. - m. ) i=1 aijmi i=g+l ijmi - j i=1 ~J ~ ~ 

s 
+ I: (s - m. s ) = 0 i=g+l a ij ni ~ (j=1,2, •• ,k) A.27 

k 
G°l.' -I- RT lnP + RT In(m;g/M) - I:

1
n.a .. g 

... j = J ~J 

+ (n.g/m. g ) - N/M = 0 (i=1.2, •••• g), A.28 
l. l. 

g 
where M =i~lmig and derivatives of second and higher orders have been 



dropped. Equation A.28 can be rearranged to give a new solution, ni
g , 

from the mi : 

k 
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n g 
i 

-f + m,g[(N/H) + ,E
1
1T,a

i
,] 

i ~ J= J J 
(i=1,2, ••• ,g), A.29 

where the f, are calculated from known values: 
l. 

(i=1,2, ••• ,g). A.30 

From the definitions of Nand M, the summation of equation A.29 over i 

gives: 

k g g 

j~11Tj [i§1 aijmi
g

] = i§1f i· A.31 

Substitution of A.29 into A.27 yields k linear equations: 

k g s 

q~11Tqrqj + [(N/M) - 1] i~1 aijmi
g 

+ i~g+1 aijni
S 

g 
i~1 aij(f i - mig) + bj (j=1,2, ••• ,k), A.32 

where 

A.33 

Equations A.26, A.31, and A.32 constitute a system of k+s+1 

linear equations for the unknowns: k 1T'S, S nS's, and (NIH - 1); they 

may be solved simultaneously by any of the common matrix techniques. 

The ng,s for the gas phase may be obtained from equation A.29. The new 

n's are probably not equal to the assumed mrs and several more iter-

ations will probably be required. A singular matrix of the linear 

system occurs if two or more elements react completely to form one 
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substance. The singular matrix can be avoided in two ways: Choosing 

the initial mixture so it deviates slightly from the stoichiometric one 

or by adding a trace amount of a new element which reacts with the ini
~ 

tial elements. If the substance formed is a solid, this may also de-

plete the gas phase and cause the ratio N/M to be indeterminate. In 

this case, adding an inert gas increases Nand M and reduces this prob-

lem. The problem may still be due to a singular matrix and adding the 

inert gas removes the singularity by changing the coefficient matrix, 

but it does not change the order of the linear system. 



APPENDIX B 

BASIC PROGRAM TO CALCULATE CARRIER AND 
DILUENT FLOW RATES, AND LINE TEMPERATURE 

10 REM THIS PROGRAM DETERMINES THE DILUENT FLOW RATE FROM THE SOUkCE 
20 REM FLOW RATE, SOURCE TEMPERATURE, AND LINE TEMPERATURE. KEQUlREU 
30 REM PARAMETERS ARE THE VAPOR PRESSURE AS A FUNCTION OF TEMPERATUkE 
40 REM FOR SOLID AND LIQUID SOURCE MATERIAL AND ITS MELTING TEMPERA-
50 REM TURE (C). THESE ARE INPUT IN LINES 210, 220, 230, 240. 
60 REM 
70 REM DEFINE VARIABLES: 
80 REM N$ SOURCE MATERIAL NAME 
90 REM MT SOURCE MATERIAL MELTING TEMP. 

100 REM FNPS VAPOR PRESSURE OF SOLID(T) 
110 REM FNPS VAPOR PRESSURE OF LIQUID(T) 
120 REM FS(I) SELECTED SOURCE FLOW RATES CG/MIN 
130 REM XS MOLE FRAC. OF SOURCE MAT. IN SOURCE CHAMBER STREAH 
140 REM T LINE TEMP., TL LOW LIMIT, TH HIGH LIMIT, TZ STEP SIZE 
150 REM TS SOURCE TEMPERATURE 
160 REM XL MAXIMUM MOLE FRAC. OF SOURCE MATERIAL IN LINES ALLOWED 
170 REM Q LINE FLOW RATE:SOURCE FLOW RATE RATIO 
180 REM FL(I) LINE FLOW RATES 
190 REM 
200 REM 1. 
210 
220 
230 
240 
250 REM 

DEFINE MAT. NAME, MELTING TEMP, AND VAPOR PRESSURE EQUATIONS 
N$ = "SM(THD)3" 
MT = 195 
DEF FNPS(T)=10"(17.141-7868./(T+213» 
DEF FNPL(T)=10"(10.242-4637./(T+27j» 

260 REM II. DEFINE PRINTER SPECIFICATIONS 
270 DIGITS 7,0 
280 FF$=" ilINUI. ilII1111 • 11 liN It • " 
310 REM 
320 REM Ill. 
330 REM 
340 
350 
360 
370 
380 REM 
390 REM IV. 
400 
410 
420 
430 

GET FROM USER: CARRIER FLOW RATES, SOUl<.CE TEMPERA'iURE, 
AND LINE TEMPERATURE RANGE AND STEP SIZE 
DIM FS( 2), FL( 2) 
INPUT "SOURCE TEMPERATURE", TS 
INPUT "INPUT 3 TRIAL SOURCE FLOW RATES",FS(0),FS(l),FS(2) 
INPUT "HJPUT LINE TEMP. RANGE AND STEP SIZE", TL, TH, T Z 

PRINT HEADINGS 
PRINT 110 
PRINT 110 
PRINT 110," 
PRINT 110," 

CALCULATED FLOW RATE OF DILUENT IN CC/MIN AS A" 
FUNCTION OF SOURCE FLOW RATE AND LINE " 

210 



APPENDIX B BASIC Program to Calculate Carrier and 
Diluent Flow Rates, and Line Temperature--continued. 

PRINT 1t0,"TEMPERATURE" 
PRINT ItO 

211 

431 
440 
450 
460 
470 
480 
490 
500 
510 
520 
530 
540 
550 

PRINT ItO, "SOURCE MATERIAL:" ;NS; "SOURCE TEMPERATURE:" ;TS; "c" 
PRINT ItO 

560 REM 

PRINT 110," 
PRINT flO, "-L~lN~E:------------=S"""O=UR=-C-::-:E""'" -=F:-::"L"""O=W-'RA""""""'T==E""""C""'C'""/ M"""I=-:t~f' 
PRINT 1t0,"TEMP C "; 
FOR 1=0 TO 2 

PRINT 110,' 
NEXT I 
PRINT flO 

, ;FS( I) ; 

PRINT ItO, " ____________________ _ 
PRINT 110 

570 
580 

REM V. CALCULATE MOLE FRACTION OF SOURCE MATERIAL IN SOURCE STREAM 
IF TS)MP THEN XS=FNPL(TS) ELSE XS=FNPS(TS) 

590 XS=XS/( 700.-XS) 
600 REM 
610 REM VI. 
620 
630 REM 
640 REM 
650 
660 
670 
680 REM 
690 
700 REM 
710 REM 
720 
730 
740 
750 REH 
760 
770 
780 
790 REM 
800 REM VII. 
810 
820 
821 
830 
840 
850 
860 STOP 

STEP THROUGH LINE TEMPERATURE RANGE, AT EACH TEMPERATURE: 
FOR T=TL TO TH STEP TZ 

A. COMPUTE ALLOWED SOURCE MAT. CONCENTRATlON IN LINES 
IF T>TM THEN XL=FNPL(T) ELSE XL=FNPS(T) 
XL=XL/ (700-XL) 
Q=XL/XS 

B. PRINT LINE TEMPERATURE 
PRINT flO, T ; 

C. COMPUTE DILUENT FLOW RATE NEEDED TO DILUTE TO THIS 
CONCENTRATION FOR EACH SOURCE FLOW RATE 
FOJ:<. 1=0 TO 2 

FL(I)=FS(I)*(l-Q)/Q 
NEXT I 

D. PRINT DILUENT FLOW RATE FOR EACH SOURCE FLOW 
PRINT IIO,USING FFS,FL(0),FL(1),FL(2) 
PRINT tlO 

NEXT T 

GU BACK TO USER'S CONTROL 
CLOSE ItO 
INPUT "'QUIT', 'lNPUT' NEW DATA, OR 'PRlNT' CURRENT "; 
INPUT "DATA" ,AS 
IF A$ = "INPUT" THEN GOTO 350 
IF A$ = "PRINT" THEN OPEN "O.PRINT" AS 0 
IF AS = "PRINT" THEN GOTO 420 



APPENDlX B BASIC Program to Calculate Carrier and 
Diluent Flow Rates, and Line Temperature--continued. 

SAMPLE OUTPUT: 

CALCULATED FLOW KATE OF DILUENT IN CC/MIN AS A 
FUNCTION OF SOURCE FLOW RATE AND LINE TEMPERATURE 

SOURCE MATERIAL: SM(THD) 3 SOURCE TEMPERATURE: 200 C 

LINE SOURCE FLOW RATE CC/MIN 
TEMP C 15 50 100 

160 428. 1426. 2852. 
165 260. 866. 1731-
170 157. 524. 1048. 
175 94. 314. 627. 
180 55. 183. 365. 
185 30. 100. 200. 

212 



APPENDIX C 

A COMPLETE COLLECTION OF ALL COMPOSITIONAL DATA 
FROM THE ELECTilON HICilOPilOBE AND THE SKH-EDAI 

·--- - ---------- - - ·---- -- -. - - -- ----- - - --- - -- -- - - --- -
- - · - -- -- -- - -- - -----·- ··· -- --·--- - -·-- ----- --- -- ---- - -·-- --- - - - - - -- -- - - - - -- ----- - -- -- -

~lc c lron Mi c ropr o be SEH - E.OAX 
H. UW I<ATES c c /mi nb Ut::Pc IIEAT TI<EATe TASK ll AT7. 'ft'SS AT7. TSAH HSAH 

t<uN'• lf2 11 2$ SH T sund 11/ S T KVt SH s Sl () SH s (.; SH s SH s 

- -- ---- - - - - - - -- - --

2- I 2 77 100 400 HS 15 20 HU 
2- 1 2 77 IOU 400 ~IS 15 I'J 81 35 04 
2-1 2 77 100 400 HS 15 I) 87 )6 64 4b 54 
2- 1 2 77 IOU 400 tiS 5 5 32 td 

l -2 2 71 100 550 HS 58 42 44 56 
1- 2 l 77 IOU 550 HS 15 21 78 41 57 
l - 2 2 77 IOU 550 HS 5 6 ) ') 59 

N 
....... 4-J 2 15 IOU 400 HS 100 0 52 4H w 

4- J 2 15 100 400 tiS 15 21 79 
4- J 2 15 100 4110 11!; 15 22 78 45 56 
4- ) 2 15 IOU 400 tiS 5 5 28 6/ 

h - l 13 77 IOU 400 tiS 62 18 4H 52 
6 -· l I J 77 100 400 ti S 15 27 lJ 
(> . j II 77 IOU 400 HS 15 27 ]'j 52 48 
h - j 13 77 IOU 4011 ti S 5 8 '32 61 

7 - l IJ 71 1110 400 HS 15 21i 7l 
7 . j I 3 71 100 400 tt :; 15 27 73 l h 74 
7 - l I] 71 100 400 tiS 15 20 80 lJ 26 '>H 42 
7. l II 71 IOU 4110 tiS ') 7 21 67 

H- 1 11 0 IOU 4011 tlo I~ 74 2(, 

H- 1 IJ 0 100 4lh) tlu 15 5 95 2 9H 0 IOU 

R-· 1 I J () 100 111111 tlo 5 5 l 'Jl_ 

R- 2 11 () 100 4t11J tt :; 1'.> '> I 49 
li - I ll II 100 4tH I S i 15 /4 lf, 

'J - I 1-1 II IUU ))II 1-t:; ') <J 41 ') 2 4H 
') -4 II II lOll ') '>II S i 1'> 20 HO 
'l -h li 77 100 'l '> ll tiS 1':> /. H 12 
'J - h I l II lOll 'l ' >ll HS I '> /. H 1'1 'l ' ) ~~ I 
9 -- (, II 17 IIIII ') '>t I tt :; ') I 'i I ll 



APPENDIX C. Continued. 

FLOW RATES cc/min b DE pI: 
Electron Microprobe 

ilEAl' TREATe TASK 11 AT% TFSS An 
Rurr H2 H2S SH T SUBd HIS T KV f SH S SI 0 SH :; 

10-1 I J I) IUU 400 Si ) )0 16 J) 
10-) 13 1) 100 400 Qtz 1) 21 79 
10-3 13 1) 100 4UO Qtz I) 21 79 
10-) 13 1) 100 400 Qtz 1\ 1000 1) 19 III 
10-] 13 15 100 400 Qtz \I 1000 ) 6 45 50 

12-1 13 77 100 400 Qtz 15 \) 85 

14-2 13 77 100 400 QlZ I) \3 11 114 18 82 
14-L 13 77 100 400 Qtz \I 1000 IS 95 5 
14-3 13 77 100 400 QLz S 728 1) 18 II 103 100 0 
14-) 13 77 100 400 Qtz S 728 ) 51 26 62 

15-2 13 45 100 400 Qtz \I 1000 15 95 ) 

15-2 13 45 100 400 Qtz 1) 21 79 

16-4 13 160 100 390 Qtz IS 21 79 
16-'; 13 160 100 385 Qtz 15 17 12 107 22 78 
16-5 1) 160 100 385 Qtz 5 55 28 57 

17-4 50 160 100 390 (It Z I) 8) 1) 

17-5 50 160 100 385 QIZ IS 19 13 100 23 71 
17-5 50 160 100 385 QIZ 5 54 27 55 

18-4 0 160 100 390 Qtz IS 80 :lU 
18-6 0 IbO 100 ]85 QIZ 15 22 15 73 10 90 
18-6 0 160 IOU 38) (llz ) 52 29 37 

2U-~ 50 160 IOU 40U Qtz IS 16 10 106 26 74 
20-4K )0 160 1011 )80 (11 Z S 728 15 14 12 110 20 80 

21-2 0 1600 100 400 (Il Z i'i II 87 
21-J 0 1600 100 )70 (ll? 15 III 82 
21-2 0 1600 100 41)0 (IL Z 5 52 21 6) 

22-5h 50 IlIJ 100 4()() III z 15 20 nll 

N 
f-' 
-I:'-



APPENDIX C. Continued. 

-----------

FLOW RATES cc/minb DEPc 
Electron Microprobe 

IIEAT TREATe TASK II AU n-SS An 
RUN" H2 11 2S SH T SUSd illS T KV f SH S SI 0 SM S 

------

23-2 0 200 100 350 Qlz IS 10 10 DO 17 83 
23-2 0 200 100 350 Qtz 5 51 )] 79 
23-3 0 200 100 320 Qtz IS 8 8 134 17 83 
2)-3 0 200 100 320 Qlz 5 48 34 135 
23-4 0 200 100 350 Qtz H 1000 IS 7 0 0 
23-4 0 200 100 350 Qtz IS 14 7 120 28 72 
23-4 0 200 100 350 Qlz 11 1000 5 50 0 3 64 
23-4 0 200 100 350 Qtz 5 39 28 ISS 

24-l i 0 200 100 360 Qtz H 780 IS 9 10 126 
24-1 1 0 200 100 360 Qlz H 780 5 54 40 14 62 

25-1 0 20 10 7S0 Qlz IS 3 3 13S 
25-1 0 20 10 780 QlZ 5 ZO 14 &1 140 

27-2 I) 40 20 690 Qtz 15 \3 7 
27-2 (J 40 20 690 Qtz 15 19 11 119 
27-2 () 40 20 690 Qtz 5 4<> 28 12 III 
27-2 0 40 20 690 Qlz 5 27 16 84 139 

21\-4 0 20 10 690 Qtz 15 21 !l 112 
28-4 0 20 10 690 ()t z IS 21 11 
28-4 0 20 10 690 Qtz 5 44 27 16 89 
28-4 0 20 \0 690 I)tz 5 45 24 5 59 

29-4 i 0 12 80 350 Qlz S 780 IS 20 12 
29-41 0 12 80 350 Qtz S 7110 IS 6 3 150 
29-41 0 12 81) 3';0 Iltz :; 7110 5 35 22 64 176 

Notes: aSamples are ident! fled by rUIl number - substrate position number. 

b ll . Sand 11. va Illes ar .. tntal flowrates. For rlln 2 - 22 the 11. S 
concentratfon W.1S 0.57. In Ar. for rllns 23 - 29 the concentatlon was )~ In A ... For 
all runs the 112 COllc{'nlratloll was 107. In argon. SH-Ar carrier flowrat" thruugh 
vaporizer. ~'or ;111 rllns th,' argon dllllt'nt flow was 1700 ce/mln. 

("UEP-deposition lemperalllrt> 0t: 

dSUU-Sllhstratf~, wh"n" NS-mic[-ost'llpe slidt-. f-1o-molyhtlenulD coalpd qu,ilrlz, Si- 1'-) 
I-' 

sin~le cfystalliw' sf Ilcull w;lf"r, (}lL-polisluod tusect C)uarlz. lJ1 



APPENDIX C. Notes Continued. A Complete Collection of All Composi
tional data from the Electron Microprobe 
and the SEM-EDAX 

elleat treatment condlltons, II-liZ' S-1I
2
S, Temperature in °C. 

fKV-electron accelerating voltage on electr·on microprobe, 15 KV gives more 
intense signals, but penetratE's to substrilte, 5 KV needed for doing oxygen and 
carbon, see Chain (1981). 

gAll runs after 20 were performed with the lIydrox purifier installed, this 

df'vice lowered the 02 concentration in the argon lines from 2-3 ppm to below 0.1 
ppm. 

hThe II flowrate for run 22 was 0 cc/min for the first hour of depositIon 
and 50 cc/min 10r the second hour. This was done to obtain exit gas samples for 
gas chomatography. 

iSamples from runs 1.4 and 29 were heat treated Immediately after deposition 
wIthout exposure to air. 

N ..... 
0\ 



APPENDIX D 

FURTBEll BACKGROUND ON THE SmS TRANSITION 

The first section of Chapter 2 stated that Sm in SmS was in the 

+2 valence state and Gd in GdS was in the +3 state. Two of the elec-

trons from Gd are given to sulfur and the last one is delocalized, 

therefore GdS shows typical metallic properties. It was shown that Sm 

in SmS does not convert totally to the +3 valence and m-SmS is in a 

state between Sm+2S and Sm+3S. For this reason, terms such as "mixed 

valence" and "fluctuating valence" have been used in the literature. 

In the first section of this appendix these terms shall be defined as 

they pertain to SmS. Since the gap does not completely close at the 

6.5 Kbar transition pressure allowing a 4f to 5d electronic transition 

according to some authors, they conclude that some electronic band 

interactions must be occurring. In the latter sections of this appen-

dix.evidence for and against this conclusion is summarized along with 

the proposed transition models. 

Definition of "Mixed Valence" and "Fluctuating Valence" 
as they Apply to SmS 

In describing 'the "metallic" phase of SmS, the somewhat myster-

ious labels "mixed valence" and "fluctuating valence" have been used. 

As pressure is applied, the 4f 6 and 4f 55d 1 states become energetically 

comparable, and the 4f levels on one Sm ion hybridize with the 5d band 

on a neighboring ion. The density of states shows a sharp peak 

217 
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attributed to the f-1ike atomic character (Figure D.l) and the Fermi 

energy is pinned to lie within the f peak. Near this peak the wave 

function can be approximated by 

2.1 

or in other words, a linear combination of 4f 5d and 4f 6 states. This 

wave function also represents a linear combination of +3 and +2 valence 

states of the samarium ion in the ratio of ElaKI2/EI~12, the Sum ex-

tended over only the occupied states. It is only in this sense that 

SmS has a mixed valence. This terminology is completely different from 

the normal meaning of mixed valence for compounds like Fe
3

0
4

, which is 

+2 +3 really Fe Fe 2 04' where the +2 and +3 ions occupy nonequivalent 

lattice positions. In m-SmS the +2 and +3 ions do not exist as 

separate entities either as ordered or random mixtures. 

piE) 

E 

Fig. D.l. Electron density of states for the mixed-valence 
phase of SmS. (After Varma 1976) 

, 
The second term, fluctuating valence, refers to the hypothesis 

that the Sm ions in m-SmS fluctuate between +2 and +3 at a high fre-

14 quency, ~10 Hz. In reality, the f electrons have a nonzero 
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1 -2 bandwidth, estimated near 10- - 10 ev (Varma 1976), and therefore 

the instantaneous valence, in general, will be different from 

2 2 
~Iakl !~I~I • Large fluctuations involving states of more than one 

4f electron at a site can be excluded due to the large Coulomb repul-

sion, but instantaneously, the local f character can have fluctuations 

around this value with a time scale determined by the f bandwidth. In 

this sense these compounds have a fluctuating valence. 

Mossbauer and X-ray photoemission spectroscopy (XPS) results 

were interpreted to 'show that Sm +2 and Sm +3 coexisted and the fluc

tuation frequency was near 1014 Hz. The Mossbauer measurement time 

scale was close to 10-9 sec, and the signal from m-SmS was between 

those expected for Sm+2 and Sm+3• But XPS measurements, with a time 

scale close to 10-15 sec, on m-SmS alloyed with As, Gd, or Y, showed 

both Sm+2 and Sm+3• Th ' t' h f f th e ~nterpreta ~on was t e requency or e 

Sm+2 : Sm+3 transition was between 109 and 1015 Hz. in this 

interpretation, the large linear temperature coefficient of the elec-

tronic specific heat (145 mJ!mole) was considered due to an unenhanced 

f band of width = 0.1 ev wh~ch corresponds to a charge fluctuation time 

of ~ 10-14 sec (Coey and Ghatak 1974). Varma (1976) explains these 

results as follows: In the XPS studies the measurements involve large 

energy transitions between the ground state and the excited states of 

both the f6 and f5d configurations. Two distinct sets of lines are 

observed because these states are separated from each other and the 

ground state by energies far greater than the hybridization energy and 

the resolution of the experiment. On the other hand, if the measure-

ment technique looks at differences less than or near the hybridization 
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energy, no distinct structure pertaining to the different valences 

should be observed. The discussion in terms of the energy scales is 

equally instructive and perhaps amenable to a more precise development. 

Evidence for Completely Delocalized d Electrons 

Figure D.2 shows the absorption spectrum of m-SmS from 0.4 to 

2.5 microns (4 to 0.4 ev). Using the frequency dependence for the 

absorption of light by free electrons, Kukharskii et ale (1977) cal-

culated the theoretical absorption curve shown in Figure D.2. The 

calculated electron mobility, 0.75 cm 2/Vsec, and effective mass, O.6me , 

agree with other independent measurements (conductivity and Hall mobil-

ity). The steep rise in the absorption below 0.4~ is due to the 

interband absorption edge. The conclusion drawn by Kukharskii et ale 

is that the promoted electrons are highly delocalized. 

'0 

... 
~ 
-u JO 

U~~ ___ ~,~~, __ ~~ 
OJ 1.0 1.J 

.\,11 

Fig. D.2. Comparison of the absorption coefficient for the 
metal phase of SmS (1) with that predicted for a free 
electron gas (2). (After Kukharskii et ale 1977) 

4f-Sd Electron Interactions 

Most theoretical descriptions of the stable intermediate 

valence phase start from a model in which highly correlated localized 

4f electrons interact witn itinerant Sd electrons. Corresponding to 



221 

the main features of the intermediate valence phase, the sharp first 

order transition and the nonmagnetic metallic phase, two different 

types of f-d interactions have been discussed: 1) A local Coulomb 

repulsion between f and d electrons being responsible for the semi con

ductor-metal transition in the Falicov-Kimball model (Ramirez et ale 

1970), and 2) a hybridization interaction of 4f and 5d states giving 

rise to a finite magnetic susceptibility which leads to the Anderson 

model for a system with periodically arranged magnetic Sm+3 "impur

ities" (Varma and Yafet 1976, Leder and Muhlschlegel 1978). In order 

to explain all aspects of intermediate valence phenomena, the Falicov

Kimball model has been extended to include the f-d hybridization using 

the Hartree-Fock approximation (Bringer 1976). Leder (1978) and Hirst 

(1976) both point out that much improvement is needed in the extended 

Falicov-Kimball model because the slightest amount of f-d hybridization 

predicts that the semiconductor-metal transition is continuous. 

Essentially Localized Model 

Mahanti et ale (1978) proposed the essentially localized model 

because of the inability of the simple 4f to 5d electron transition 

mentioned in Chapter 2 to explain, in the metallic phase: 1) a lack of 

magnetism. 2) the inability of the band like states to accommodate 0.7 

electrons/Sm ion, and 3) the narrow Mossbauer peaks; and, in the 

semiconductor phase: 4) the high density of low lying and almost 

localized Frenkel excitons, and 5) the narrow intense peaks in the 

optical absorption spectra. In this model th~ mean field ground state 

is of the form 
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where N is the number of Sm ions, b ~ 0.1 free electrons/Sm, and 

B2/A2 ~ 7/3 to account for the measured lattice constant of S.7 A. The 

states d
t 

and dk differ drastically from each other in the sense that 

the state dt , localized at site i, is strongly correlated to the hole 

in the f6 configuration at the same site i, while the state d
k 

is a 

broad one-electron band-like state with very little electron-hole cor

relation and is essentially free. The proposed mechanism for f Sd
t
-f 6 

mixing is based on the intersite Coulomb interaction. The significant 

feature is that in the mixed valence phase each Sm ion develops a 

permanent dipole moment and the interaction between these ordered 

(perhaps in a complicated way) array of dipoles stabilizes the mixed 

valence phase. Mahanti et ale go on further to show that this model 

can account for all the phenomena discussed so far and also the 

nonmetallic characteristics of the mixed valence phase. 

4f-6s Interactions 

The above models are based on Figure 2.3, which shows that the 

bottom of the 6s band is above the 5d band and the promoted electrons 

have mostly Sd and little 6s character. The relative positions of the 

5d and 6s bands are not known since the optical methods used in deter-

mining the band structure are ineffective because the f-s transitions 

are forbidden by selection rules. Shadrichev et ale (1976), Kaminskii 

et ale (1978), and Glurdzhidze et ale (1978), claim that several phen-

omena can not be explained from the above models: 1) the activation 
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energies, deduced from temperature dependencies of thermal conductiv-

ity, electrical conductivity, and the semiconductor-metal transition, 

are all about 0.2 ev, 2) the effective mass of the conduction electrons 

is near 0.78me which is difficult to reconcile with the concept of 

"heavy" d conduction band electrons, 3) an estimate of the carrier 

density from the above theories is 2xl0 20 cm-3, whereas the measured 

value is more than an order of magnitude lower, 4) the effective mass 

and deformation potential (from resistivity and Hall effect measure-

ments) on single crystals under uniaxial compression are isotropic, 

whereas they would be anistropic for a 5d(t 2g ) type band, and 5) the 

frequency dependence of the optical absorption at the edge of the 

absorption band. From these observations the above groups state that 

the conduction band is formed mostly from 4f 66s states. Goncharova et 

al. (1976) theorizes that m-SmS contains 6s conduction electrons, tri

valent 4f 5 ions, 4f 55d ions with strongly localized d electrons, and 

divalent 4f 6 ions all in a dynamic equilibrium with one another. Under 

pressure, 6s band filling and formation of 4f 55d ions begin almost 

simultaneously. It is because of the formation of the relatively large 

4f 55d ions with localized d electrons that the compressibility de

creases, allowing some 4f 6 ions to remain. The band structure that was 

proposed is shown in Figure D.3. 



t 
E 

t-------I-.;.-- f levels 
I-----r d -bCl'ld 

N(E)---

Fig. 0.3. Energy band scheme of the metallic modification 
of SmS suggesting 4f-6s interactions. (After 
Goncharova 1976) 
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c. 
~ 

carrier 
diluent 
m-SmS 
n 
I'I. 
p 
r 
s-SmS 

A,B,C,D 
AB,CD 
BP 
BSAM 
CVD 
Cp 
D 
D .. 
~J 

E 
EDAX 
F 
lj 

J. 
~ 

Ln 
MP 
P 
PVD 
R 

APPENDIX E 

NOTATION 

Activity of species i 
Concentration of species i 

Concentration of species i far from a surface 

Concentration of species i near to a surface 

Argon flow through Sm(thd)3 vaporizer 
Argon flow used to dilute Sm(thd)3 further 
Metallic or high pressure phase of SmS 
Number of moles in a system 
Molar flow rate 
Partial pressure 
Deposition rate 
Semi conductive or low pressure phase of SmS 
Velocity of gas far from a surface 
Vapor pressure 

Distance downstream from leading edge of susceptor 
Mole fraction of species i 

General elements 
General compounds made up of A and B, C and D 
Boiling point 
Bulk sample analysis package on the SEM-EDAX 
Chemical vapor deposition 
Heat capacity 
Diameter of Chamber 
Diffusivity of i in j 

Young's modulus of elasticity 
Energy dispersive analysis of X-rays 
Volume flow rate 
Partial molar Free Energy 
Mass flux of i 

General rare earth element of the lanthanide group 
Melting point 
Pressure 
Physical vapor deposition 
Ideal gas constant 
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R. 
~ 

SEM 
Sc 
Sm(thd)3 

TASK II 
TEM 
TFSS 
TSAM 
G

f 

~Gr(T) 

H
f 

~H (T) 
r 

H 
v 

~S (T) 
r 

e: 
~ 

p 

v 
V. 
~ 

Reaction step (Chapter 3) 

Scanning electron microscope 
Schmidt number v/D 
Samarium tris-2,2,6,6 tetramethyl 3,5 heptanedione 

Bulk sample analysis package on the electron microprobe 
Transmission electron microscope 
Thin film analysis package on the electron microprobe 
Thin sample analysis package on the SEM-EDAX 
Free enel:gy of formation 

Change of free energy of reaction at temperature T 

Enthalopy of formation 

Change of enthalpy of reaction at temperature T 

Heat of fusion 

Heat of vaporization 

Change of entropy of reaction at temperature T 

Reaction coordinate 
Chemical potential 
Density 
Kinematic viscosity (Chapter 4, 7) 
Stoichiometric number (Chapter 5, Appendix A) 

Symbols used in parentheses 
i = A chemical species 
Compounds, that contain subscripts, that would normally be subscripted 
State (g = gas, t = liquid, s = solid, a = adsorbed) 
Temperature (C celsius, K kelvin) 

Symbols used 
a,b,c,d 
o 

g,s 
t 

as superscripts 
Stoichiometric coefficients 

-Thermodynamic quantities with respect to values at 
standard conditions: 289 K, 1 atmosphere 

Gas or solid variable (Appendix A) 
Total for whole system 

Symbols used as subscripts 
c Chamber gas property 
e Exit gas property 
i Input gas property or chemical species i 
o Near surface gas property 
~ Bulk gas property 
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