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ABSTRACT 

Magnetooptical data storage materials, such as terbium-iron

cobalt (TbFeCo) alloys are susceptible to pinhole formation, 

as well as oxidation, particularly of the Tb component. Previous 

studies have shown that oxide overlayers or substrates can be 

directly reduced by the terbium component. Ultra-thin, partially 

oxidized samarium films (nominally 5-10 nm) were found to serve 

as a suitable barrier layer between the TbFeCo film and Alz03 

overlayers. Furthermore, the interfacial Sm layer was found 

to increase the coercivity of the TbFeCo film by nearly a factor 

of two without degrading the magnetooptic figure of merit or 

significantly changing its curie point. 

Ion-assisted deposition (lAD) has been used to alter and 

improve the protective barrier properties of dielectric materials 

such as alumina (Alz03) and zirconia (Zroz). In particular, 

pinhole formation in iron films (in lieu of TbFeCo) protected 

by alumina or zirconia films was greatly affected by the use 

of ion assisted deposition. In the case of the alumina 

overlayers, any bombardment was found to improve the protection 

afforded to underlying iron when the samples were exposed to 

warm, humid environments. Increasing the intensity of the ion 

bombardment further improved the quality of the alumina 

overlayers. The protective properties of zirconia films were 

excellent when deposited without lAD, but were much more 
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sensitive to the choice of ion bombardment and oxide deposition 

parameters. 

Reactive ion-assisted deposition of zirconium oxyfluoride 

was studied as a potential method for fabricating laterally

graded index profiles in planar waveguides for use in integrated 

optical devices. For some applications, index changes in excess 

of 0.2 are required, such as a proposed technique for chromatic 

aberation compensation of focusing grating couplers. We found 

waveguide losses in evaporated ZrF4 films of 5.5 dB/cm at 632.8 

nm, and refractive index changes in 02+ bombarded films of 0.23. 
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CHAPTER 1. overview of Ion-Assisted Deposition. 

Ion-assisted deposition (lAD) is a technique which 

has received considerable study in recent years because it is 

one method of improving the properties of many evaporated thin 

films during deposition without substrate heating. This 

capability can be advantageous in terms of material 

compatibilities (such as in cases of large thermal expansion 

mismatches, or plastic substrates which cannot be heated), and 

process simplicity (no heating or cooling cycles, or temperature 

measurement and control problems). 

with lAD, the material to be deposited can be evaporated 

by direct heating in an electron beam gun, or indirectly in 

a resistively heated crucible, boat or coil. The substrate 

onto which the evaporant is collected is either immersed in, 

or rotated through a beam of ions which bombard the growing 

film as it is deposited. The ions are usually an inert gas 

such as argon, but can be of a more reactive gas such as 02' 

N2 , NH3 , H2S, SF6 , or C2F6 • Ion energies used for lAD are 

typically in the range from 150-1250 eV, with current densities 

from 0-300 J1.A/cm2 • 

lAD has been shown to increase packing density, inhibit 

columnar structure, improve adhesion, reduce scattering, alter 

crystallinity, and modify intrinsic stresses in evaporated films 

of oxides [Martin(1983) , Martin(1984) , Martin(1986); 
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Saxe(1985);], fluorides [Hermann, et aI, (1982) ; Kennemore, et 

al,(1984); Jacobs, Hyrcin, et aI, (1986) ; Targove, Bovard, et 

aI, (1988); Lingg(1990)], sulfides [Ruffner, et al(1989)], metals 

[Hwangbo, Lingg, et al(1989); Martin, et al(1984); AI-Jumaily, 

et al (1985) ], and semiconductors [Hirsch, et aI, (1978) ; Hirsch, 

et aI, (1980) ]. 02+ bombardment of oxides has been shown to alter 

refractive index and reduce optical absorption in Zr02 and Ti02 

[McNeil, et al(1985); Martin(1984)] and change the infrared 

absorption spectra of Si02 [Allen (1982) ] • The protective 

properties of Si02, A1203 , and Zr02 overlayers against acid attack 

of Ag and Al films were also markedly improved when deposited 

by lAD [Sainty, et al,(1984)]. 

Reactive lAD has been used to fabricate films with variable 

composition, such as Si,_xNx [Donovan(1989)] and aluminum 

oxynitride [Hwangbo(1989)], or which cannot be directly 

evaporated like TiN [Martin(1984)]. By evaporating elemental 

silicon, aluminum, or titanium and varying the metal to Nt and/or 

0t ion arrival ratios over time, films with gradient index 

profiles (as a function of thickness) have been deposited to 

make rugate interference filters for the infrared and near 

infrared regions. Similar work is presently underway to deposit 

boron nitride films [0Iinger(1990)]. Good review articles on 

the effects of lAD on optical materials have also been recently 

published [Gibson(1987); Martin(1986)]. 
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Reactive ion sputtering has been used to transfer 

photoresist gratings into fused silica substrates for coupling 

into waveguides which are subsequently spun, sputtered, or 

evaporated [Garmire(1982) ; Zhang(1984); Moshrefzadeh(19~7)]. 

The most common type of ion source used for lAD, and the 

one used in this work, is based on a system originally developed 

by Kaufman for interplanetary spacecraft propulsion [Kaufman, 

et al(1960) , Kaufman(1986)]. The working gas is bled into a 

small cylindrical chamber (to a pressure in the 10-4 torr range) , 

and a cold (nonequilibrium) plasma is struck by boiling electrons 

from a heated tungsten cathode and accelerating them towards 

the chamber walls which serve as the anode (see Figure 1). 

A magnetic field is used to increase the path length of the 

electrons as they travel from cathode to anode. This increases 

the likelihood that the electrons will strike gas atoms (thereby 

stripping an electron) and improves the ionization efficiency 

of the source. The top of the plasma chamber consists of a 

pair of extraction electrodes (grids), which have a matching 

pattern of small holes drilled through them and are carefully 

positioned so that the holes in the two grids are aligned. 

By biasing the discharge chamber and accelerator electrode (the 

screening grid floats at the cathode potential), some of the 

positively charged gas ions are extracted from the confined 

plasma and are accelerated through the electrode holes into 

the deposition chamber. 
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The energy of the ions is set by the net potential drop 

from the anode of plasma chamber to the accelerator electrode. 

The rate at which ions can be extracted from the plasma depends 

primarily on the cathode current (controlled by the AC current 

used to resistively heat the filament) and the bias voltages 

used to extract the ions from the plasma chamber. The ions 

are nearly monochromatic, within 5 eV [McNeil(1984)], and the 

current density can be varied independently from the accelerating 

potential (within the operation envelope of the ion source). 

Another tungsten filament is used outside the ion source to 

boil electrons into the deposition chamber. These electrons 

reduce space-charge spreading of the positive ion beam and 

neutralize charges which may build up on the substrate and 

insulated chamber fixtures. 

The ability to control independently the energy and current 

density of a nearly monochromatic ion beam provides greater 

control of the deposition process than in multi-energetic ion 

processes such as sputtering, ion plating, or plasma assisted 

chemical vapor deposition. In principle, this selectivity 

increases the ability of the coating scientist or engineer to 

tailor a deposi tion to the requirements of a particular 

application, and also makes lAD a valuable research tool for 

studying new materials and fundamental deposition processes. 

The disadvantages of lAD include contamination of films 

by the filament and electrode materials, implantation of the 
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ion species, a finite beam size (with consequent uniformity 

problems), and ion source reliability (primarily filament burnout 

and extraction grid erosion). The latter two problems are of 

greater concern for volume production than for research systems, 

because large substrates may need to be coated or longer 

deposition runs are necessary for coatings containing 20-30 

layers or more. 

With the Kaufman ion sources, filaments burn out, especially 

when oxygen ions or an oxygen ambient gas is required for certain 

oxide films. In other cases, fluorocarbon gases (such as freon) 

leave an insulating coating (probably similar to teflon) on 

the anode and extraction electrodes that eventually prevents 

sustenance of the plasma discharge [McLaughlin (1990) ]. Finally, 

the extraction electrode grids themselves are gradually sputter

etched by the ions they accelerate. Frequent replacement of 

the grids due to continuous use would greatly increase the cost 

of a commercial lAD process. To address these problems, some 

equipment manufacturers [Anatech, Ion Tech, Commonwealth] have 

introduced new ion sources in the last few years which replace 

heated tungsten filaments with cold cathode sources or utilize 

a gridless design. 

The mechanisms by which lAD alters the properties of thin 

films are mostly microstructural in nature: an increased packing 

density is acheived due to forward sputtering or "knock-on" 

collisions that help to fill in porosity; and a reduced tendency 
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for the formation of columnar structures is due to increased 

surface mobilities and "knock-on" collisional cascades which 

help to fill the intercolumnar spaces that may still form (see 

Figure 2). Adhesion is enhanced by atomic mixing at interfaces 

(again, due to the forward sputtering mechanism). Tensile 

stresses are often reduced because of lower porosity in the 

deposited film, interstitials, and implanted atoms from the 

bombarding gas. 

Other effects that are often observed with lAD (and which 

are generally less beneficial) include: preferential sputtering 

of light elements, such as ° or F anions and increased 

incorporation of adsorbed residual gases such as 02' H20, co, 

or CO2 into the films. These effects typically lead to undesired 

absorption in some region of the optical spectrum. Oxygen or 

fluorine deficiencies leave metal cations with unbonded electrons 

that absorb across a wide region of the optical spectrum. 

Increasing the oxygen content of fluorides (which can at least 

compensate for any F deficiency) increases their refractive 

index at all wavelengths, and reduces transparency in the ultra

violet (UV) region due to absorption by the metal-oxygen bond. 

Heavily bombarded oxide films with excess oxygen or a large 

implanted argon content begin to show a lower refractive index 

due to increased numbers of metal cation vacancies. 
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Computer modelling, for example [Muller(1986a,b); and 

Sargent (1990) ], has proven to be a noteworthy aid in the 

visualization of the growth and evolution of thin film morphology 

and its modification by substrate temperature, evaporant 

incidence angle, and lAD. 

Crystallinity and preferred orientation have been observed 

to be influenced by lAD. In the work performed by Ruffner, 

et al,(1989), ZnS films deposited onto cooled substrates were 

cubic, and in some cases amorphous when conventionally 

evaporated, but were always hexagonal when deposited with lAD. 

Lingg(1990) also reported changes in the crystalline form of 

lanthanide-series triflourides when they were deposited by lAD. 
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Magnetooptic (MO) data storage is an eraseable optical 

recording technology that has been intensely studied over the 

last decade. In comparison to audio and CD-ROM disks which 

are written at the time of manufacture, and write-once read 

many times (WORM) disks which can be written once by the user, 

MO disks may be written, erased, and re-written in the same 

way that floppy and fixed disks are used in computers today. 

Typically, the MO storage medium is a sputtered film of 

an amorphous, rare earth-transition metal alloy such as TbxFe,_x 

or TbxFe1_X_YcOy. These films have been found to possess Curie 

temperatures between 150-300oC depending on their composition, 

and a perpendicular magnetic anisotropy. The perpendicular 

anisotropy is unusual, and stabilizes magnetic domains oriented 

perpendicular to the plane of the storage media. This property 

is required for high-density magnetic storage of any type. 

The MO technique gets its name from the fact that magnetic 

domains are written and erased with the combination of a focused 

laser beam and a magnetic field. The strength of the magnetic 

field is chosen to be too weak to overcome the coercivty of 

the storage media, except when heated to its Curie point by 



22 

the laser beam. Therefore the luser beam principally defines 

the size of the domain (by its power, pulse width, and spot 

size) and since relatively low magnetic fields are used, the 

magnetic head may be much further away from the media than in 

conventional magnetic recording. This eliminates the danger 

of the catastrophic read-write head/media crashes that once 

plagued conventional hard disks, and which are still a concern 

today. 

Research is also being undertaken by several organizations, 

including the Optical Data storage center at the University 

of Arizona, on so-called direct overwrite schemes, which would 

eliminate the use of a magnetic field in the writing and erasing 

operations altogether. A laser beam of intermediate intensity 

would be used to heat a written domain into a lower temperature 

regime than the write-pulse, in which the dynamics of the 

interactions with the surrounding media would de-stabilize a 

written bit, but not create a written bit if applied to an 

unwritten spot. (The media starts uniformly magnetized in one 

direction defined as "unwritten") Similarly, the high

temperature write pulse would have to nucleate a reversed domain 

on unwritten media and not alter a domain that was previously 

written. Failing this, a two-pass "read before write" technique 

is required. The existing data is read and compared to the 

data to be saved so that the domains which are to be changed 

may be determined while the disk makes a complete revolution 
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back to the optical head. This reduces the data transfer rate 

(writing only) considerably, and is a heavy performance penaly 

to pay for eliminating the magnetic field. 

The written domains are read by a (low power) linearly 

polarized laser beam. Usually, the same laser diode is used 

for read, write, and erase functions, but at different power 

levels. Linearly polarized light is rotated upon reflection 

from a perpendicularly oriented magnetic domain (the magnetooptic 

Kerr effect), where the direction of rotation (clockwise or 

counter-clockwise) determines the orientation of the domain. 

The magnitude of the Kerr rotation is quite small, however, 

typically between +/- 0.25-0.5 degrees. This figure can be 

improved by interference enhancement techniques which utilize 

one or more thin layers of the storage material separated by 

dielectric spacer layers in a multilayer design, 

Balasubramanian(1988). By doing so, however, the tolerances 

on the uniformity of the media are more stringent, and the 

sensitivity to media degradation is increased. 

The advantages of an optical recording technique over 

conventional magnetic technologies are principally a smaller 

bit size, remote detection and recording, and readily removable 

media. These features provide the potential for higher recording 

density and faster data transfer rates, the elimination of disk

head crashes, and increased flexibility of use. Excellent review 

articles have recently appeared in the literature [Kryder(1985) 
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and Bate(1987)]. within the past few years, a few companies 

(Sony, Canon, and Philips) have begun selling eraseable optical 

disks and drives based on this technology to the microcomputer 

industry. A magnetooptical drive manufactured by Canon is a 

standard feature on the workstation produced by NeXT Computer. 

The disadvantages of the magnetooptic technique are: longer 

track to track seek times, owing to the larger mass of the 

optical head, reliability concerns about environmental 

degradation of the TbFeCo media, and the initial cost of the 

product. continuous incremental advances in the technology 

of conventional magnetic storage have so far kept eraseable 

optical storage in the category of "technology of the future", 

and threatens to do so indefinitely. 

Fundamental MO Media Degradation 

Environmental degradation of TbFeCo material is a 

sUbstantial problem for two reasons: terbium is very readily 

oxidized and corroded (much more so than iron), and the 

sensitivity of the thermo-magnetic properties of the alloys 

to changes in their composi tion is very high. Thus, the 

preferential oxidation of even a small amount of terbium near 

the surface of the disk is problematic, and is exacerbated by 

the surface sensitivity of the reflected magnetooptical signal. 

To prevent oxidation by exposure to air, protective overlayers 
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must be deposited immediately after the TbFeCo film itself. 

Defects in the overlayers, such as dust or pinholes, allow local 

penetration of oxygen and/or water vapor from the atmosphere. 

This results in local oxidation and pitting corrosion reactions 

which lead to pinhole formation in the TbFeCo layer. 

These problems with the material were known from the outset, 

and therefore the oxidation behavior has received considerable 

attention. Nevertheless there is still not complete agreement 

on the fundamental mechanisms or processes that control the 

oxidation process, or of the effect that additional modifying 

elements may play in inhibiting either general oxidation or 

pi tting corrosion reactions. The microstructure of the sputtered 

TbFeCo film can evidently play an important role and may be 

partially responsible for some of the discrepancies 

[Hartmann(1986): Maschhoff, Armstrong(1990)]. 

Aging phenomena, attributed to both structural relaxation 

(but not crystallization) of the amorphous TbFe alloys as well 

as preferential Tb oxidation have been noted [Bernstein(1984); 

Jacobs, et al(1984)]. These alloys were protected by Si02 

overlayers. oxidation of unprotected TbFe films, and the 

resulting changes in their optical properties [Allen and 

Connell(1982)] and magnetic properties [van Dover(1986)] were 

studied using Auger electron spectroscopy (AES) coupled with 

either ellipsometry or torque and vibrating sample magnetometry 

(VSM). 
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In the study by van Dover and co-workers, TbFe films were 

oxidized by heating in air to 200°C, in situ sputter-etching 

with AES was used to obtain compositional information as a 

function of depth. A mUlti-zone model was proposed to explain 

their results. This model consisted of an outer-most layer 

of Fe20 3 (2 nm thick) on top of a Tb20 3 layer (6 nm thick) formed 

on the surface of the Tb26Fe74 alloy. An internal oxidation zone 

(IOZ) then formed underneath the surface oxides. The IOZ 

consisted of a mixture of TbO,.s.x and Tb7Fe93 • After the IOZ 

reached the substrate (completely consuming the TbFe film), 

the surface oxides began to grow at the expense of the IOZ. 

More recent work, however, does not show evidence of this 

type of IOZ [Lee, et aI, (1989); Lee, Armstrong, (1990) ; Maschhoff, 

Armstrong (1990) ]. These investigators note the potential for 

fundamentally different pathways for the chemical reactions 

depending on whether the oxidizing species is 02 or H20. They 

note that the formation of metal hydroxides in humid atmospheres 

is potentially more serious than the formation of oxides because 

of their generally lower stability and because hydroxyl exchange 

reactions may provide a more rapid transport of the oxidant 

through the hydrated layer. Also, a warm, humid environment 

is a much more realistic aging condition than oxidation at 200°C, 

which would be generally obtained only during the brief write 

or erase pulses. In any case, a protective overlayer of some 

variety is an absolute necessity. 
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The oxidation described above is a process which occurs 

in a nominally uniform manner across the surface of the sample 

or disk. Pitting corrosion/pinhole formation, however, occurs 

more rapidly in small areas, although there may be a rather 

uniform distribution of such sites over the entire surface. 

The serious effect of pinholes on the TbFe media's carrier to 

noise ratio (CNR) and bit error rate (BER) have been described 

[Jacobs (1984) ]. Many others have noted the presence of pinholes, 

particularly the effect of alloy additives on their formation 

and growth. 

Modifier Elements 

Many metallic modifiers have been investigated for their 

potential to inhibit corrosion of TbFe alloys, including Al 

[Aratani, et al,(1985)]; Co, Ni, Pt, AI, Cr, Mo, Hf, and Ti 

[Kobayashi, et aI, (1985a,b; 1987)]; and Pt, Au, Ag, and Cu 

[Tanaka, et aI, (1985)]. In these studies no protective 

overlayers were used (except for Kobayashi's), and the corrosion 

rate was accelerated by either immersing the samples in a salt 

solution, or exposing them to high temperature and humidity 

in an environmental chamber. The results from these 

investigations were generally consistent, that the addition 

of small amounts (typically 5-10 at.%) of Ti, Co, Cr, AI, or 



28 

pt were from moderately to extremely effective in reducing the 

pitting corrosion of TbFe alloys (particularly Ti and Pt), but 

had little effect on the selective oxidation of Tb. The 

corrosion inhibiting properties of these additives generally 

increase with concentration, but that above 5-10 at.%, the 

magnetooptical properties of the alloys become noticeably 

degraded. The addition of Au, Ag, or Cu had little, if any, 

positive effect on pitting corrosion. In his 1987 study, 

Kobayashi concluded that the presence of an sio or Si02 overlayer 

was less effective in reducing pitting corrosion in TbFe or 

TbFeCo films than the addition of Ti to the alloy itself. 

In only one instance, however, was there any suggestion 

of what the corrosion inhibiting mechanism might be or for what 

reasons these elements were chosen for experimentation 

[Kobayashi (1985b) ]. In this study, it was noted that electron 

microprobe examination of the corroded films indicated that 

the additive elements remained in the corrosion pits whereas 

Tb and Fe disappeared. This was true regardless of whether 

or not the additive was found to reduce the rate of pitting 

corrosion. 

The explanation presented was that the corrosion inhibiting 

elements rapidly formed a passivated around the initial pit 

due to accumulation of stable oxides of the additive which 

thereby reduced the driving force for the electrochemical 

reaction. This hypothesis is unsatisfying, however. While 
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it might explain a reduction in pinhole sizes (which were not 

determined in the study), it does not address the issue of the 

vast differences observed in the density of pinhole formation. 

In fact, the similar behavior of effective and ineffective 

corrosion inhibitors in pinholes which do form, weighs heavily 

against this argument. The inability of any of these materials 

to prevent preferential oxidation of Tb rules out the formation 

of a passive surface oxide. There must be something about the 

films themselves which induces pitting corrosion in the first 

place. A better explanation might be that some other property 

of the film, such as packing density, stress, or microstructure 

(whose importance has already been mentioned) was affected 

differently by the various additives, thereby altering the 

density of corrosion-enhancing defect sites. Unfortunately, 

no information on these other properties was reported, so no 

further conclusions may be drawn. 

protective overlayers 

Several different protective overlayer materials have been 

studied, including Sio and SiOz in the work by Kobayashi 

mentioned above, as well as by many others. Nitride overlayers 

such as Si3N4 and AIN are the most widely utilized materials 

other than sio or SiOz' and all studies which compared silicon 

oxides and nitrides found the nitrides to be superior. stress 
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induced failure of AIN and Si3N4 due to high intrinsic stress 

and poor adhesion, has sometimes been observed, however, 

especially during thermal testing and cycling [Reim(1988); 

Watanabe, et al,(1987)]. 

Metallic overlayers, including AI, Cr, Nb, CrNi, Cu, Zr, 

Ti, Ni, Pt, Gd, and Sm have also been studied. These overlayers 

will be discussed in more detail in Chapter 5. In some cases, 

such as AI, Cr, Ni, and Pt, the metal interdiffuses with the 

TbFeCo, changing the magnetic properties of the material and 

allowing components of the TbFeCo to diffuse to the surface 

and oxidize there. In other cases, such as Nb and Zr, oxygen 

is transported through the overlayer where it reacts with the 

underlying Tb. Interfacial layers of Sm «10nm thick) have 

shown promise in resisting both interdiffusion and oxygen 

transport [Taylor, et aI, (1988, 1989)]. 

A list of overlayer materials and investigations are given 

in Table 1. The most extensive work on oxide overlayers was 

performed by Watanabe, et al,(1987) who looked at: 

oxide/Tb (or TbFe)/oxide/glass (or polycarbonate) substrate 

structures. The oxides which they studied included: SiOz' ZrOz' 

HfOz' TiOz' CeOz' Alz03, crZ03, LaZ03, YbZ03, ErZ03, NbzOs, and TazOs' 

as well as mixed oxides such as Alz03-SiOz' Alz03-TiOz' Alzo3-Tazos' 

and Alz03-MgO. Watanabe, et aI, found that Alz03 in particular 

was superior to the other oxides, in that much less oxidation 

of the Tb or TbFe was observed by x-ray diffraction or 



Table 1. References for Protective Overlayers on TbFeCo 

Reference 

Anthony (1986) 

Asano(1987) 

Frankenthal(1987) 

Hartmann (1.986) 

Hatwar(1986) 

Jacobs (1984) 

Kobayashi (1987) 

Miyazaki(1987) 

Suzuki (1.988) 

Taylor(1989) 

Watanabe (1987) 

Wright (1987) 

Overlayer Material 

SiO, Si02, Si3N4 

AIN, BN, Si3N4, SiO, Si02, TiN, 
AISiN, AISioN 

Cr, AI, Nb, Cr/Nb, AI/Nb 

AI, Cr, CrNi, CU 

AIN 

AI, Au 

SiO, Si02 

Tb:Si02 

Si:Si02 

A1203, Ti02' Si02, Pt, Ni, Zr, 
Gd, Sm 

Si02, Ti02' zro21 Hf02, Ce02, Al2031 
Cr203, Yb203, Er203, La203, Ta20S ' Nb20S 
AI203-Si02, A1203-Ti021 AI203-Ta20s' 
AI20 3-MgO 

Al 

31 
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transmittance measurements made either immediately after 

deposition or after extensive humidity tests. The mixed oxides 

were attempts to reduce the thermal conductivity of the A1203 

films. Some evidence of pitting corrosion after the humidity 

tests of A1203 overlayers was described. Most of this work was 

done using electron beam evaporation, although some of the A1203 , 

Si02, and Ta20S films were deposited by RF magnetron sputtering. 

curiously, no comparisons of films of the same material deposited 

by the two techniques were made. X-ray diffraction was used 

to identify the oxidized Tb as Tb407 , rather than Tb203 as was 

presumed earlier by van Dover and others. 

watanabe concluded that Si02, Ti02, Zr02, Ta20S ' and Nb20s 

were much more reactive with Tb or TbFe films than A1203 , Cr203 , 

Yb203 , Er203 , or MgO. (The coincidental grouping of the various 

oxides: MO and M203 (nonreactive) vs. M02 and ~Os (reactive) 

was not discussed.) In an XPS study, Taylor, et al, showed 

that Tb is capable of reducing Zr02, and Ti02 when heated to 

275°C and A1203 when heated to 375°C [Taylor(1989) ]. These results 

are fully consistent with Watanabe's conclusions, although his 

aging environment was much cooler, at 60°C, 80%RH. Since no 

direct evidence for reduction of the deposited oxides by the 

Tb or TbFe was given, the possibility of significant oxygen 

or water transport through the oxides cannot be completely ruled 

out. Targove has noted, for instance, that A1203 is one of a 

very few materials which is nearly fully dense as deposited 
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onto unheated substrates by conventional electron beam 

evaporation [Targove(1987)]. The reduced transport of water 

due to the high density of Al203 may be an equally, if not more 

significant factor in reducing oxidation of the TbFeCo than 

the thermodynamic stabilities of the oxides. 

Si02 doped with either excess si [Suzuki (1988) ] or Tb (which 

was oxidized in the films) [Miyazaki(1987)] have also been 

reported to have improved properties. The Tb: SiOz was claimed 

to be superior to Si3N4 , whereas the Si:Si02 was only compared 

to SiOz• Since the aging tests and characterization techniques 

used in the two studies were not the same, comparisons between 

the two materials is difficult. If the function of the excess 

metal atoms is to getter oxygen diffusing through the overlayer, 

as claimed by Miyazaki, then the optical properties of the 

overlayer will change over time. suzuki also discussed the 

possibility of the formation of an iron silicide phase at the 

TbFeCo interface which blocked further oxygen diffusion. No 

experimental evidence for the existence of such a phase was 

provided, however. 

Metal and mixed-metal nitrides and oxynitrides including 

BN and AI, Si, AISi and CrSi nitrides and oxynitrides were 

compared to sio and SiOz overlayers [Asano(1987)]. Of these, 

only the AISiN and AISioN were suitably transparent, and were 

reported to be superior to Sio and Si02 , although they exhibited 
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more rapid breakdown near the end of the humidity exposures 

used. 

CONCLUSIONS 

TbFeCo alloys which are used for magnetooptic data storage 

are highly susceptible to oxidation, which rapidly degrades 

their magnetooptic properties. While oxidation and corrosion 

mechanisms are not fully understood, corrosion inhibiting 

modifiers have been found which inhibit pitting corrosion 

reactions, but have little effect on preferential oxidation. 

Thus , protective overlayers are required to provide any useful 

lifetime for a data storage medium. 

Aluminum oxide and alumina-based mixed oxides films 

deposited by conventional electron beam evaporation are reported 

to provide superior oxidation resitance than other evaporated 

oxides. Some indication of the susceptibility of this material 

to pitting corrosion was noted. All oxides result in some 

oxidation of the TbFeCo alloy when deposited. 

AIN, Si3N4 , and mixed AlSi nitride and oxynitride have also 

been reported to have superior protective properties, when 

compared to sio and Si02 • certain metal layers such as aluminum 

and chromium were found to be excellent oxygen barriers due 

to their passive native oxides. If elevated temperatures were 

encountered, however, interdiffusion with the TbFeCO alloy was 
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unavoidable. Other metals, such as niobium, resisted 

interdiffusion at elevated temperatures but allowed oxygen 

transport to the underlying alloy. 

A combination of an ultra-thin metal barrier which is 

resistant to both interdiffusion and excessive oxygen transport 

and an alumina-based oxide may provide the best of both worlds, 

if the pitting corrosion tendency can be suppressed. This may 

be possible by the use of corrosion inhibiting additives such 

as Ti in the TbFeCo alloy. More research on the effect of 

deposition conditions of promising overlayers would be beneficial 

to determine if the amount of pitting corrosion can be reduced 

by improved processing of promosing overlayer materials. This 

issue will be addressed in the next two chapters. 



CHAPTER 3. Scanning Micro-Reflectometer 

construction and Testing. 

INTRODUCTION 
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We wished to be able to detect pitting corrosion in MO 

media at an early stage, when the size of defects are on the 

order of a micrometer, and then quantify the extent and progress 

of the pitting corrosion over time. This chapter describes 

the construction and testing of a scanning micro-reflectometer 

to accomplish this task. 

In the previous chapter, we noted that a very small increase 

in the number of pinholes (say, 0.1% by area) might render a 

piece of magnetooptical media useless due to bit errors and 

disk noise and yet remain undetectable by conventional 

reflectance or transmittance measurements. Even if the corrosion 

pits or pinholes could be detected at such low densities, no 

information on defect size, growth, or distribution would be 

obtained. 

While small defects might be observed at an early stage 

in an optical microscope, the difficulty of deriving quantitative 

information over a relatively large sample area (at least several 

mm2) is a limitation to the technique. To automate this task, 

a micro-reflectometer (analagous to a micro-densitometer) was 

constructed based on a commercially available compact disk player 
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(CD). The advantage of this approach was the relatively simple 

and inexpensive manner in which the CO could be converted to 

the detection of pinholes in samples produced and aged in the 

laboratory. 

By sampling the reflectance of a large number of small 

spots over a predetermined area, good statistics on the quality 

of the reflecting film can be obtained. The resolution of the 

scan depends on both the spot size and distance between the 

sampled spots. For a given resolution, the total size of the 

sampled area is determined by the amount of data which can be 

processed and stored. Thus, a compromise between best resolution 

and largest sampled area must be made, based on the information 

desired from a given specimen. 

EXPERIMENTAL 

CD Player Electrical Modifications 

The optical and opto-mechanical challenges in building 

a system to measure reflectance from areas as small as one 

micrometer in diameter and scanning a relatively large area 

while keeping the probe beam in optimal focus are considerable. 

A compact disk player (CD) was identified as containing all 

the elements necessary, if it could be successfully modified 

to measure reflectance of laboratory samples. 
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A portable CO player (Sony model# 05) was selected. The 

heart of the optical head consisted of a feedback-stabilized 

laser diode operating at 780 nm, focusing optics and servos, 

and a quadrant p-i-n silicon photodiode array. The CO I S data 

signal was derived by summing the photo current signal from the 

four quadrants within its high speed amplifier chip. Observation 

of the voltages while playing an audio disk verified a virtual 

ground condition at the RF amplifier inputs, and indicated that 

the amplified signal available from the chip was AC coupled. 

This was inappropriate for the measurement of the magnitude 

of the reflected signal (~C), which was desired for reflectance 

mapping and pinhole detection. 

To circumvent this problem, a 10 KOhm resistor was placed 

between each quadrant of the photodiode array and its amplifier 

input (Figure 3). Voltage follower op-amps with very low input 

bias currents and very high input impedence (Burr-Brown OPA111AM) 

were used to buffer the voltage drop across the 

photocurrent-sensing resistors. The voltage drop across the 

resistors while playing an audio disk (aluminum reflector) was 

typically 15-20 mV. This signal did not represent a significant 

reduction of the reverse bias on the photodiodes (nominally 

5.2V), nor did it substantially increase their apparent series 

resistance (typically in the MOhm range). The signals from 

the four quadrants were summed and amplified (25x) with 

inversion, so that the typical voltage presented to the data 
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acquisition system was just within the smallest full-scale range 

(+/-2.5V). The data acquisition system was interfaced to an 

IBM PC for data processing and storage. The correct operation 

of the autofocus and tracking servos was verified after all 

electrical modifications were completed by playing a CD audio 

disk. The CD player was operated in a service diagnostic mode 

in which the focus and tracking servos could be activated 

independently. The tracking servo was left inactive and sample 

translation was effected by independent microstepping stages 

whose controller was also interfaced to the data acquisition 

computer. The resolution of the X-y translation stages was 

1 ~m with a maximum step rate (without ramping) of 1000 steps 

per second. 

The signal from the detector used by the CD to stabilize 

the output of its laser diode was also monitored. This output 

was found to vary by less than 0.2% during operation and its 

level was highly repeatable each time the CD was activated. 

This signal was therefore not measured during operation as no 

corrections for intensity fluctuations from the laser diode 

were required. 

sample Mountinq and Aliqnment 

To facilitate sample access to the CD's optical head, the 

lid to the audio disk compartment was removed from the body 
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Figure 3. Schematic layout of CD Player and electrical 
modifications for micro-reflectometer implementation. 
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of the CD player and part of the plastic casing cut away. The 

CD player itself was mounted vertically on supports which were 

bolted to an optical table. The X-y translation stages were 

bolted to the optical table in front of the CD player so that 

the scan plane was parallel to the face of the CD. 

The sample holder was spring loaded and designed to hold 

lxl in. samples from 1 to 3 mm in thickness with a minimal 

reduction in access to the CD optical head. This sample holder 

was bolted onto a prism mounting table which was small, 

lightweight, and allowed fine adjustment of two orthogonal tilt 

axes. This allowed alignment of the sample surface with the 

plane of the X-y translation. The prism table was mounted onto 

a linear translation stage set perpendicular to the X-Y scan 

plane. This stage was used to bring the sample holder into 

the focus range of the CD for measurements and back out for 

loading and unloading. The entire sample positioning assembly 

was mounted onto the x-y translation stages in front of the 

CD (See Figure 4). 

Once mounted, the samples had to be aligned with the scan 

plane of the stages. After a coarse visual inspection, the 

sample was translated into the focus range of the CD using the 

micrometer-driven stage and the auto focus servo was activated. 

The sample was then translated away from the CD until it was 

just beyond the outer-most limit of the focus servo. This point 

could be readily found with a voltmeter by observing the point 
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Figure 4. Micro-reflectometer sample holder, positioning and 
alignment configuration. 
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at which the reflectance signal began to drop precipitously 

with increasing distance from the CD. In this region, the 

magni tude of the signal detected by the CD was found to be very 

sensitive to the amount of defocus. By moving the X-,{ stages 

(one at a time), the sample could be accurately positioned with 

the prism table so that the amount of defocus was constant 

(constant signal) as the sample was scanned along its entire 

height and width. 

To set the proper operating distance, the CD was turned 

off, and then back on to re-initiate the focus search program 

of the CD. In this mode the CD player moved its optical head 

continuously in and out to search for reflective media anywhere 

within its auto focus range. The sample was slowly and gradually 

translated back toward the CD until the servo loop locked onto 

the sample just within its outer-most focus limit. The CD 

indicated auto focus lock-on by turning on its disk drive motor. 

Operation near the outer-most focus limit was necessary 

because the auto focus servo would move the objective lens to 

the outer-most limit when the focused laser beam entered a 

non-reflecting portion of the sample (such as a large pinhole 

or open area in a test pattern). If the laser beam was too 

far out of focus when reflective media was translated back into 

the beam, the low signal level would be insufficient to drive 

the objective lens back into optimum focus and the servo loop 

would remain "lost". Such behaviour would be rare with an actual 
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audio disk because the high linear velocity of the media would 

not allow the auto focus servo to drive the objective so far 

out of focus in the dwell time of a typical defect. By operating 

sufficiently near the outer-most focus limit, the maximum defocus 

upon re-appearance of the reflective media was kept wi thin the 

tolerance of the servo loop for re-acquisition of the test 

sample. 

Proper alignment and positioning of the sample could be 

verified by checking to see that the autofocus servo locked 

onto the sample at the same distance from the CD at several 

separated points on the sample. Also, if the reflected signal 

vanished and returned as the reflective sample was translated 

out from under the laser beam (in X or Y) and back again, then 

a proper working distance was confirmed. 

On any sample with a transparent substrate, the reflective 

coating was measured with the laser beam incident through the 

substrate. The advantage of this orientation was that dust 

or spots on the substrate/air interface were out of focus, which 

greatly reduced their influence on the reflected signal. 

Particulates on the film/air interface were effectively hidden 

by the reflective film. 

Data Acquisition and processing 

The reflected signal from the modified CD player was 

measured by a Keithley model 570 data acquisition system for 
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IBM PC, PC/AT and compatible computers. This system was capable 

of taking samples with 12 bit resolution at precisely timed 

intervals up to a rate of approximately 30KHz and storing the 

resul ts directly into special arrays in PC memory. The software 

drivers to run the acquisition system were supplied as an 

extension to IBM's BASICA. The PC used for data acquisition 

was also equipped with an IEEE-488 interface card, which was 

used to drive the stepper motor controller, and a card containing 

two megabytes of RAM configured to emulate a disk drive. 

Most measurements were made by programming the X-axis stage 

to step a specified distance at its maximum rate of 1000 ~m 

per second. The reflected signal was then sampled at a 

calculated rate corresponding to the desired distance (in 

multiples of 1 ~m) between sample points. The X-axis stage 

was then returned to its original position to reduce hysteresis 

effects, the Y-axis stage incremented by the desired sample 

separation, and the process repeated until the programmed scan 

area was complete. Alternatively, a step-stop-sample sequence 

for each data point could be implemented at the cost of a large 

increase in scan time due to communications overhead between 

the PC and stepper motor controller. 

While the X-axis was returning to its starting position, 

the array of twelve-bit data values from the A/D converter for 

that line of the scan was processed by an assembly language 

routine. As received from the A/D, the data was an integer 
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value ranging from 0-4095 inclusive, corresponding to voltages 

from -2. 5V to 2. 5V respectively. The signal from the modified 

CD could vary from OV (no reflectance) to nearly -2.5V (high 

reflectance). The assembly language routine converted the 

received data to values in the range 0 to 255 inclusive (1 byte) , 

where 0 corresponded to OV (no reflected signal) and 255 

corresponded to -2. 5V (high reflected signal). This data was 

then stored into a data file on either a floppy or RAM disk 

to await further processing after the entire scan was complete. 

The majority of the data files collected were from 1032x1032 

arrays of sample points, which conveniently fit onto a high 

density floppy disk (1.25 Mbyte) with extra space for 

documentation or results from subsequent data processing. For 

this array size, the distance between sample points also 

determined the total area scanned. Thus a compromise between 

the smallest defect size which could be resolved and the maximum 

scan area for best representative sampling had to be made for 

every application. 

A separate program was written for display and analysis 

after deposition. This program displayed the reflectance data 

with a false-color rendering of the reflected signal. A 

reflectance histogram could be generated from the entire file 

or from any rectangular subregion of the data. This allowed 

inclusion or exclusion of particular features if desired, such 

as reference or alignment marks, scratches, and so forth. Once 
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a histogram has been computed from a particular area, 

determination of the number (or percentage) of pixels above 

or below a specified reflected signal value was straight-forward. 

RESULTS 

Resolution Tests 

To test the spatial and reflectance resolution of the 

pinhole detection system, three different types of samples were 

obtained or fabricated. For spatial resolution, a USAF-1951 

resolution test target was obtained from the Newport Corporation. 

For reflectance resolution, two samples were prepared. The 

first consisted of a narrow line of aluminum evaporated onto 

a masked glass substrate, and after removal of the line mask, 

overcoated with a thin film of evaporated iron. This sample 

was used to demonstrate the sensitivity of the 

micro-reflectometer to regions with different reflectivities. 

The second was an iron film evaporated onto glass through an 

aperture located several millimeters below the substrate. Due 

to shadowing effects, the edges of the iron film were gradual 

rather than sharp. This sample demonstrated the effect of the 

reflecting material's skin depth on the measurements when film 

thicknesses were sufficiently small. 
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The USAF-1951 resolution test target consisted of several 

series of lines photolithographically etched through a chromium 

film on glass. The finest set of features was 128 line pairs 

per millimeter, which corresponded to an open aperture size 

of 2. 2x11 I'm. Figure 5 shows the reflectance distribution from 

a scan over the finest-featured area of this target. This data 

was acquired using the step-stop-measure protocol for each data 

point, with samples taken every step (1 I'm interval). since 

the y-axis of this plot is logarithmic, reflectance values which 

had zero occurences in the file were offset by 0.5 counts to 

avoid a In(O) error. By setting the bottom of the plot at 0.5 

counts, the visual sense of an artificial baseline was removed. 

This procedure was followed for all reflectance histograms which 

are plotted on a logarithmic y-axis. 

Figure 6 shows three black and white images of the scanned 

area generated by choosing different threshold values in the 

reflectance distribution corresponding to reflective and 

non-reflective regions. The smallest windows (2. 2x11 J-Lms) in 

the Cr film were detected in every scan of this region, 

regardless of whether the data acquisi tion protocol was 

step-stop-measure or continuous stepping. The images from this 

region acquired under the latter protocol show erratic offsets 

on vertical edges which made images of very small features 

unattractive. This skewing was apparently due to a variable 

time delay between the onset of sample translation and the 
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Figure 5. Reflectance histogram from USAF-1951 resolution test 
target. The large peak is the reflectance of the Cr film. 
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Figure 6. Images from USAF-1951 resolution test target obtained 
by setting pixels with lower reflectances than their respective 
thresholds black. The three thresholds correspond to those 
indicated in Figure 5. 
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start of timed-interval reflectance measurements. 

The existence of a temporal offset was not surprising since 

the translation and acquisition were not hardware triggered, 

but rather initiated by separate statements in interpreted BASIC 

involving communication overheads. The reason(s) for the 

unexpectedly large variability (several milliseconds) remains 

unknown. While the offset variation does decrease image quality 

and consequently the determination of defect sizes and size 

distributions, it should not greatly affect the distribution 

of reflectance values or determination of area fractions with 

low reflectance. 

Aluminum strip sample 

When viewed through the substrate, the aluminum strip sample 

was a bright band on a less reflective background (Figure 7). 

The iron film in this case was optically thin and had a 

considerable transmittance whereas the aluminum strip was quite 

thick and thus opaque. The higher reflectance peak corresponds 

to the Al strip and the lower reflectance one to the iron 

background. The black and white image was generated by placing 

the dark/light threshold midway between the two peaks. 

The image of one end of the aluminum strip is clearly seen. 

The rough edges on the aluminum strip were also observed in 

an optical microscope, as were the pinholes within the strip. 

These were due to the crude masking technique used to define 
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Figure 7. Aluminum strip sample. The laser beam was focused 
through the substrate. The image was obtained by setting all 
pixels of lower reflectance than 100 to black. 
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the strip (scotch tape), and lax substrate cleaning procedures 

employed on this sample only. 

Since the Al strip was large on a micrometer scale, a much 

larger sample interval was chosen for this scan. The difference 

in reflectivity at 780 nm between iron and aluminum is about 

35%, and in this case was enhanced by the transparency of the 

opticallY thin Fe layer. 

Gradient Thickness sample 

Figure 8 shows the reflected signal as a function of 

position along a particular line scan across the thickness 

gradient region. As the thickness increased, the reflected 

signal increased until the sample was either constant in 

thickness or optically dense at the 780 nm wavelength of the 

CD laser diode. A distinct pinhole is clearly evident from 

the large dip just into the region of constant reflectance. 

The important observation from this test was that thickness 

effects can be observed in optically thin reflecting films. 

Thus the micro-reflectometer should also be capable of detecting 

degradation which does not completely penetrate the reflective 

layer when the sample is either thin enough or the reduction 

in thickness large enough to significantly change its optical 

density. In these cases, the reflected signal would not 

necessarily be expected to drop all the way to zero, especially 

if a reduced optical density were due to a degradation process 
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Figure 8. Reflectance vs. distance along the gradient-thickness 
iron test sample. The thickness of the iron film starts at 
zero on the left. The large dip in reflected signal is due 
to a pinhole. 
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beginning on the far surface of the reflective layer (the 

film/air interface). 

CONCLUSIONS 

The micro-reflectometer constructed from a modified CD 

player successfully demonstrated spatial resolutions on the 

order of a few micrometers. sensitivity to changes in the 

reflected signal due to differences in reflectivity and optical 

thickness was noted as well. These features make it a useful 

device for studying the degradation of rare earth-transition 

metal data storage media. 

The existence of variable time skewing between the 

initiation of sample translation and reflectance measurements 

was detrimental to imaging features near the resolution limit 

of the instrument. This short-coming detracts from the potential 

for determining the size or size distribution of small defects 

in a storage media, but does not significantly affect the 

instrument's capability to accurately determine the amount of 

degraded or non-reflecting area within a large sample area. 
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CHAPTER .. • protective properties of Al20 3 and Zro2 Films 

Produced by Xon-Assisted Deposition. 

XNTRODUCTXON 

This chapter describes an investigation of the effect of 

Ion-Assisted Deposition (lAD) on protective coatings for rare 

earth-transition metal alloys (or similarly degradable 

materials). For this proj ect we were particularly interested 

in the protective properties of the overlayer in preventing 

pitting corrosion and pinhole formation in the underlayer. 

As discussed in Chapter I, lAD is known to alter the 

microstructure of thin films, particularly the density of high 

melting point materials deposited onto unheated substrates. 

While the affect of lAD on the optical properties of several 

refractory oxides such as Si02 , Al203 , Zr02 , and Ti02 , have been 

studied in considerable detail (see, for example, 

[Gibson(l987) ]), only limited work had been done on the effect 

of lAD on the barrier properties of these coatings 

[Sainty(l984)]. 

Of the studies of optical properties alone, the most 

relevant to this project were those which demonstrated a shift 

of the spectral characteristics of coatings due to water vapor 

adsorbtion [Martin(1983) : Macleod, Richmond (1976) ]. Since water 

vapor may be the most important oxidant species of concern for 
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TbFeCo alloys [Lee, et al,(1989): Lee, Armstrong(1990)], a 

reduced permeability of water should also improve the performance 

of these materials as protective overlayers. 

Extremely relevant to this project was the previously cited 

work by Sainty, et al, on the resistance of Al and Ag to acid 

attack when protected by refractory oxide films (Si02 , Zr02 , 

and Al203) deposited with and without lAD [Sainty, et al, (1984)]. 

They found that lAD improved the resistance to etchant 

penetration of all the protective oxides studied. Zr02 , in 

particular, was found to be extremely effective. No effort 

was made in that study, however, to find an optimum set of 

deposition conditions for any of the materials, although the 

beneficial effects of a pre-deposition ion bombardment of the 

substrates was shown. 

A review of the protective overlayer literature for TbFeCo 

revealed that Si02 , SiO, and Si3N4 were the most extensively 

utilized materials for protective overlayers (see Table I in 

Chapter 2). Typically, these materials were sputtered 

immediately after deposition of the TbFeCo film. The 

effectiveness of these materials was always questionable, 

although the nitrides generally outperformed the oxides by a 

significant margin (with sio better than Si02). In these 

studies, degradation of the underlayer was determined by 

observing changes in the magnetic or magnetooptic properties 

of the TbFeCo film as a function of time during some accelerated 
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These tests have low sensitivity to local 

degradation at pits or pinholes because they typically sample 

over areas from one to several millimeters in diameter. They 

are thus a better measurement of a general surface oxidation 

than of any local degradation mechanisms which may also occur. 

We chose to study Alz03 and Zroz for several reasons: they 

had not been as extensively studied in the protective overlayer 

literature: the results of sainty, et aI, were quite promising: 

and because Zroz films tend to become less crystalline with 

increasing ion bombardment whereas Alz03 remains amorphous 

[Gibson(1987)]. Alz03 and ZrOz are more refractory than SiOz 

or sio and we therefore felt the former should be less 

susceptible to possible reduction by TbFeCo. We also felt that 

a further exploration of the lAD parameter space for these 

materials was warranted for this application. 

Since we were not equipped to deposit TbFeCo by sputtering 

or coevaporation, evaporated Fe films were used as a sUbstitute 

for a TbFeCo alloy. For the purposes of comparing the behavior 

of overlayers deposited under various conditions, a film of 

pure iron (instead of Fe66Tb23Co,,) should be an acceptable 

substitute, and in fact had some practical advantages. In 

comparing the performance of overlayers by measuring degradation 

of an underlayer, the reproducibility of the underlayer itself 

was an important consideration. Besides ready availability, 

the advantages of a simple Fe film included the potential for 
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better homogeneity and reproducibility than a multicomponent 

film, as well as the capability to be immediately overcoated 

with the overlayer of choice without prior sputtering (to remove 

a temporary protective layer). Iron is also well known to be 

susceptible to pitting corrosion reactions in aqueous 

environments and thus should be readily degradable and by a 

similar mechanism as the TbFeCo alloy. Once an optimum set 

of deposition conditions for an overlayer material was 

determined, coatings of this material could be applied to a 

set of TbFeCo films for further testing. 

EXPERIMENTAL 

sample Preparation 

All films were deposited in the vacuum system schematically 

illustrated in Figure 9. A stainless vacuum chamber was equipped 

with an oil diffusion pump (with liquid nitrogen trap), two 

resistive and one electron beam evaporation sources, a 2.5 cm 

Kaufman-type ion source (Ion-Tech), residual gas analyzer (RGA) 

(Quadrex PPC, Inficon), and a load-locked sample introduction 

system. Typical base pressures measured by an ionization gauge 

prior to heating the evaporation source were 2-4xlO-6 torr. 

Argon ions from the ion source were used to bombard the 

substrates before deposition (as a final cleaning step) as well 
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and Zr02 overlayers deposited by lAD. 
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as during deposition of the oxide overlayers. Ar ion energy 

was determined by the ion source power supplies, and ion current 

densi ty was measured near the substrates by a shielded Faraday 

cup biased at -55 volts. During operation of the ion source, 

the pressure of the system was typically lxlO-4 torr (of Argon) . 

When Ar was introduced and flowed through the ion source (at 

the same rate as during operation), no significant changes were 

detected by the RGA in the partial pressures of Hz, HzO, Nz' 

0z' or COz. 

Deposition rates and thicknesses were monitored by a quartz 

crystal oscillator (XTC, Inficon). Calibration runs were 

performed to determine accurately values for programmed 

parameters for each material (density, and geometrical 

calibration factor) necessary to accurately estimate the 

deposited rate and thickness. The actual thicknesses of 

deposited films were determined by a stylus profilometer 

(AlphaSteplOO, Tencor Instruments). Iron films were evaporated 

from iron pieces (Johnson-Matthey, 99.98%, metallic impurity 

only) in alumina coated tungsten baskets. Aluminum oxide films 

were electron beam evaporated from sapphire pieces (Crystal 

Systems 99.98+% pure). Zirconium oxide was also electron beam 

evaporated from zrOz pieces (Cerac 99.7% pure). The aluminum 

and zirconium oxides were placed directly into the hearth of 

the electron beam evaporator without crucible or liner. The 

iron and sapphire pieces were rinsed in ethanol and blown dry 
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with N2 before being used. The Zr02 pieces were porous sintered 

pieces and were used as delivered. 

Soda-lime silica glass (microscope) slides were used as 

substrates. 25x75 mm slides were scribed and broken into 25x25 

mm pieces. Substrate preparation consisted of manually scrubbing 

the slides with cotton in an ionic detergent solution (Liquinox·, 

Alconox Inc., New York, NY), rinsing with de-ionized water, 

two cycles in an ultra-sonic bath with fresh de-ionized water, 

and an ultra-sonic bath in methanol. The substrates were then 

stored in the methanol, covered, until ready for use (generally 

within one or two days). When ready for use, a substrate was 

removed from the methanol w~th clean tweezers (while wearing 

gloves), blown dry with nitrogen, loaded onto the sample holder 

in the introduction system, and blown again with nitrogen 

immediately prior to evacuation of the sample introduction 

chamber. ~o minimize exposure to particulates, the sample 

loading process was performed as rapidly as possible, typically 

within 1-2 minutes after the initial drying step. 

The sample introduction chamber was evacuated by a 

mechanical pump to approximately 200 millitor. The gate valve 

to the main chamber was then opened very gradually to finish 

evacuating the intro chamber. The pressure in the main chamber 

could easily be maintained below 1x10-5 torr during this process 

and quickly recovered to its base value. The final step prior 

to deposition was an ion sputter-etch cleaning of the substrates. 
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After pre-heating the iron source to just below the iron melting 

point, the substrates were bombarded for one minute by 150 eV 

Ar ions at 20 JJA/cm2 • 

The argon gas flow was then shut off, the iron melted, 

and deposition initiated as soon as a deposition rate between 

0.4-0.5 nm/sec could be stabilized. Typically, this was within 

2-3 minutes after finishing the sputter-etching. Iron was then 

deposited to a nominal thickness of 40 nm (according to the 

crystal monitor). This thickness was selected to be comparable 

to most of the TbFeCo films reported in the literature. 

Al203 or Zr02 was rapidly heated in the electron beam source. 

If the oxide layer was to be deposited with ion-assistance, 

the argon flow and ion source were restarted as well. Again, 

the time between iron and oxide depositions was kept as small 

as possible, typically 2-4 minutes, depending on the time 

required to set the ion source parameters and stabilize the 

deposition rate. The oxide layers were deposited to a nominal 

thickness of 100 nm. Upon removing the samples from the 

deposition system, they were visually inspected for pinholes. 

If there were more than one or two obvious defects, or if the 

iron film as viewed through the substrate appeared milky or 

water-spotted, substrate preparation or handling was considered 

poor and the sample was discarded as potentially unreliable. 

After several samples had been prepared, a gold mask was 

deposited onto the oxide layers. The mask was made by placing 
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a right-triangular shaped piece of glass on top of the samples I 

oxide layer in a DC sputter coater normally used for SEM sample 

preparation. A gold film of was then sputtered onto the samples 

and glass covers. After removing the glass covers, the uncoated 

regions underneath served as the sample areas (see Figure 10) • 

The micro-reflectometer was able to detect the difference 

in reflectance between the gold coated and uncoated regions 

due to the slight transparency of the 40 nm thick Fe films. 

By always including the right-angle corner of the mask in the 

scanned area (as depicted in Figure 10), the same area on a 

sample could be repeatably re-Iocated and tested after successive 

aging tests. All samples in this study were oriented so that 

the microreflectometer focused through the glass substrate. 

As mentioned in a Chapter 3, this practice lessened the 

sensitivity of the measurements to dust or defects on the 

glass/air interface (due to their large defocus), and reduced 

the diffraction-limited spot size (by increasing the refractive 

index of the media through which the laser beam comes into 

focus). 
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Aooelerated Aging Tests 

Several accelerated aging tests have been reported in the 

literature. These include heating in air to 200°C [van Dover, 

et al,(1986); Frankenthal, et aI, (1987)], immersion in acid 

or salt solutions [Kobayashi, et aI, (1985) ; Tanaka, et 

al,(1985)], and exposure to warm, humid environments in a 

humidity chamber [Aratani, et aI, (1985); Asano, et aI, (1987) ; 

Hatwar, et aI, (1986) Kobayashi, et aI, (1987); Tanaka, et 

al(1985)]. These tests have various advantages and 

disadvantages. We chose the latter approach (humidity chamber) 

because of its greater similarity to the actual use environment 

of magnetooptic media. 

The humidity chamber used could be set for a specified 

combination of temperature and humidity. Temperature was 

measured by a thermometer placed in the chamber. The mercury 

resevoir of a second thermometer was attached to a wick which 

was immersed in de-ionized water. This thermometer measured 

the dew point in the chamber. In a water vapor saturated 

environment, the two thermometers would read the same 

temperature. The relative humidity (RH) was determined from 

the temperature of the chamber (dry) thermometer and the 

difference in temperature between the wet and dry thermometers. 

A chart was provided with the chamber to aid in setting the 

air and water resevoir heater controls and to quickly determine 

the actual temperature and humidity in the chamber. A 
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temperature of 50°C and a relative humidity (RH) of 90% was 

used for all samples. 

Reflectance maps from each sample (at the right angle of 

the gold mask) were taken by the micro-reflectometer before 

exposure and after several intervals in the humidity chamber. 

This data was used to judge the effectiveness of the overlayers 

in preventing pitting corrosion and pinhole formation in the 

iron films. 

After excluding that part of the scanned area which was 

gold coated, reflectance histograms were computed for each 

sample. The peak in the reflectance distribution due to "good" 

(not degraded) iron was used as an internal reflectance standard. 

By assuming that any reflected signal less than some fraction 

of that peak value was due to pitting corrosion, the fraction 

of the pixels with reflectances lower than that threshold was 

readily determined. 

An example of reflectance histograms before and after an 

exposure cycle is given in Figure 11. The peak in the 

reflectance distribution has shifted to a slightly smaller value. 

The advantage of this procedure was that any systematic changes 

in the reflectivity of the "good" iron peak due to a slight 

difference in the sample alignment from run to run, or to a 

change in the reflectivity of the Fe film caused by uniform 

oxidation did not affect the pitting corrosion/pinhole density 

measurement. In the example in Figure 11, applying the same 
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reflected signal value as a threshold for pitting corrosion 

would catch the edge of the undegraded iron peak and skew the 

results. 

The choice of threshold level (as a fraction of the 

undegraded reflected signal) was arbi trary , but based on 

experienced observation that the half-width of the peak in the 

reflectance histogram was always less than 10% of its value. 

As long as the same threshold level was chosen consistently, 

the trend in the results should be the same. The advantage 

of a higher threshold value was simply that the greater the 

number of pixels counted as degraded, the smaller the 

statistical uncertainty in the computed degraded area percentage. 

All of the results presented in this work use the 90% criterion. 

RESULTS AND DXSCUSSXON 

XAD-A1203 overlayers. 

The degraded area observed under several IAD-AI20 3 overlayers 

as a function of time exposed at 50°C, 90%RH is given in Figure 

12. Clearly there is a large difference in the effectiveness 

of these particular over layers. The variation in the "degraded" 

area prior to exposure was larger than expected, but did not 

correspond with the amount of change in degraded area over time. 

For example, the sample with the least change in degraded area 

started off as one of the worst, whereas the sample with the 
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Figure 12. Degraded area as a function of time exposed to 50°C, 
90%RH environment in a humidity chamber. 
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This was a good 

indication that the overlayer determined the degree of subsequent 

degradation rather than the (apparent) initial quality of the 

underlayer. Besides defects in the as-deposited iron film, 

the apparent initial quality could also be affected by substrate 

flaws, such as small scratches and pits in the coated surface 

of the glass. These defects would be in focus (unlike those 

on the substrate/air surface) and thereby reduce the reflected 

signal by scattering light out of the micro-reflectometer's 

optical path. Such defects would not be affected by the humidity 

chamber, and thus remain constant over time, so long as they 

did not themselves catalyze a corrosion reaction. 

To better observe the affect of the overlayer deposition 

conditions on overlayer performance, the change in a sample's 

defective area was obtained by subtracting the ini tal degraded 

area from that measured at all exposure times. The curves in 

Figure 13 represent this manipulation for the data presented 

in Figure 12. 

Inspection of the curves in Figure 13 suggested that as 

either the energy of the Ar ions increased at a given deposition 

rate and current density, or as the ion current density increased 

relative to the depostion rate at a given bombardment energy, 

the amount of degradation observed after 100 hours in the 

humidity chamber decreased. 
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As discussed in Chapter 1, a primary densification mechanism 

of lAD is forward sputtering, whereby atoms at or near the 

surface are driven deeper into the film by the impact of the 

incident ion. Forward sputtered atoms may come to rest in 

previously vacant lattice sites or voids, or they may drive 

other atoms out of their previous positions leading to a cascade 

of collisions that can fill voids or vacancies further from 

the film's surface. Since voids can act as fast diffusion paths 

for atmospheric water vapor and oxygen, reducing their number 

should dramatically improve the quality of a protective 

overlayer. In the case of an inert bombarding ion such as argon, 

the transfer of energy from one atom to another is usually 

modelled as a ballistic process in which momentum is passed 

from one "hard sphere" to another. 

Since the rate of void formation must be assumed to be 

proportional to the growth rate of the film, and rate of void 

elimination is, in this model, proportional to the momentum 

transferred to the film by the bombarding ions, a parameter 

reflecting these two quantities should correlate with the success 

of a corrosion preventive over layer • It must be noted, however, 

that no explicit functional dependence of the eventual density 

of pitting corrosion sites on the ion momemtum parameter can 

be predicted. In related work, Targove, et aI, (1988) and 

Hwangbo, et aI, [Hwangbo, Lingg, Lehan, Macleod, Makous, and 

Kim(1989)] found that the ion momentum per arriving evaporant 
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atom correlated well with the improvement of physical properties 

related to film density (such as the conductivity of Ag and 

Al films). 

In the present work, the ion momentum bombardment parameter 

was calculated by the formula, 

r- jofiiV (1) 
I 

where r is the momentum parameter, j is the ion current density 

(uA/cm2), eV is the ion beam energy, and r is the deposition 

rate (nm/sec). In this case, r is proportional to the Ar ion 

momentum per Al203 "molecule" incident onto the substrate. 

The increase in degraded area after 100 hours at 50°C, 

90%RH for the IAD-Alz03 samples is plotted (on a logarithmic 

axis) against r in Figure 14. The line connecting data points 

is a best-fit exponential decay, but is intended for visual 

clarity only. In this case, r adequately predicts the 

performance of the Alz03 overlayers. There are several samples 

which require additional comment, however. 

The first is the data point labelled, "no ion sputter-

cleaning" in Figure 14. On this sample, the ion-sputter cleaning 

step just prior to Fe deposition was omitted. The cathode 

filament in the ion source burned out just before sputter

cleaning. This sample stands in contrast to the other sample 
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Figure 14. Degradation under IAD-A1203 vs. the ion momentum 
parameter CEq. 1). A "best fit" exponential curve is shown, 
but is intended only for enhanced visualization of the data. 
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deposited without lAD during the Al203 deposition but whose 

substrate was sputter-cleaned prior to deposition. 

The study by Sainty (1984) also showed a marked improvement 

in their samples when the BK-7 substrates were ion bombarded 

prior to deposition of the overlayer. Pulker(1984) notes that 

long exposures of an alkaline-containing glass in water can 

result in the concentration of alkaline residues such as NaOH 

on the glass surface. Such residues could attack either the 

glass network or deposited films. The ion sputter-cleaning 

step would remove such a layer and thereby improve the stability 

of reactive metals deposited on them. 

The point labelled "first deposition after several MgF2 

runs" also had an anomalously high degradation compared to 

samples prepared with similar deposition parameters. In this 

case, MgF2 had been deposited in the system just prior to this 

run without a complete cleaning of the chamber. Chlorine and 

fluorine ions are known to catalyze pitting corrosion reactions 

in aqueous enviroments by forming insoluble iron compounds. 

The two samples with anomalously high degradation were probably 

contaminated by residues on the substrate which were not removed 

by the sputter-cleaning step in the one case, and by residual 

fluorine in the deposition system on the other. These types 

of contamination would be expected to result in an increased 

degradation rate upon exposure to the humity chamber environment. 
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The open circles were two nominally identical samples in 

which the Fe layers were also deposited with the same Ar 

bombardment as their Al203 overlayers. (The Fe layers in all 

the other samples were deposited without lAD.) These samples 

were deposited to fill a void in the oxide lAD parameter space, 

to test the repeatability of the processs, and also to test 

the conclusion of Sainty, that lAD throughout the deposition 

of both under and over layers produced the best results. The 

difference in the amount of degradation between the two samples 

is exaggerated by their position on the logarithmic scale. 

The precision of the degraded area measurements was estimated 

to be approximately +/-0.02% (in degraded area), so that in 

fact, their error bars overlap. Their average value also fell 

right along the process curve with the Fe layers deposited 

without lAD. The lAD-AI203 films tested by Sainty were deposited 

with r=570. By inspection of Figure 14, these films were by 

no means deposited under optimal conditions determined by this 

work, but should never-the-Iess be significantly better than 

a non-lAD A1203 , which was in fact the case. 

IAD-Zr02 overlayers. 

The IAD-Zr02 overlayers were deposited, tested, and analyzed 

in exactly the same manner as the Al203 over layers. Once again, 

the change in the degraded area of a film protected by the Zr02 

overlayers was not dependent on its initial quality. Therefore, 
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only the change in degraded area is presented for selected 

samples in Figure 15. A momentum parameter plot was also 

generated for the lAD-Zr02 films, and is presented in Figure 

16. At first glance, the behaviour of the zr02 overlayers was 

not well-suited to this analysis. 

After further study, however, a unifying trend was discerned 

in these results which bore further consideration. 

This observation was that there appeared to be a series of curves 

with similar trends as the single curve of the alumina 

overlayers; each for a different value of ion current density. 

As the magnitude of r increased for a given ion current density 

( either by increasing the ion energy or decreasing the deposition 

rate), the amount of degradation after 100 hours in high humidity 

decreased. As the ion current density increased, the degraded 

area increased for the entire family (or for a given value of 

r). We also noted, with great interest, that the lAD parameters 

used by Sainty for lAD-Zr02 (their best) falls in a very low 

degradation region of this parameter space map (j=15 ~A/cm2, 

r=1590), as did their zro2 deposited without lAD. 

The difficulty in such an analysis, however, was (and 

continues to be) the development of a reasonable physical model 

to explain these results. There are many possibilities, however. 

Degree of crystallinity and/or crystalline texture, stress, 

film morphology (columnar structure), surface temperature 

increase during deposition, preferential sputtering of oxygen 
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Figure 15. Change in degraded area with time for selected samples 
with IAD-Zr02 overlayers. 
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(resulting in a more highly hydrated film), and Ar implantation 

leading to fast diffusion paths are all potential explanations. 

Unfortunately, only a few are easily tested with these samples. 

The most readily tested hypothesis was the extent and 

orientation of any crystallinity. Significant crystallinity 

would introduce boundaries between adjacent grains which could 

act as a fast diffusion path for oxygen and water vapor, thereby 

degrading overlayer performance. Selected samples deposited 

with different ion current densities were analyzed for 

crystallinity with a Seeman-Bohlin type x-ray diffractometer. 

No peaks corresponding to any crystalline form of zroz were 

found. Peaks from the gold mask layer as well as the iron 

underlayer were observed, however. Since the ZrOz overlayer 

was nominally 2.5 times thicker than the Fe underlayer, 

crystallinity in the Zr02 layers should have been observable, 

and they were therefore presumed to be amorphous. 

Most of the ZrOz samples showed small amounts of stress 

failure (apparently tensile) at the edges of the samples which 

were probably associated with tweezer-handling damage. These 

samples also showed a markedly higher density of large pinholes 

formed under the gold window mask than in the open sample window 

(where the degradation measurements were made). These pinholes 

were readily observed without magnification by holding the 

samples up to a light.) The three zroz samples which did not 

exhibit any stress failure, however, did not exhibit any excess 
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pinhole formation under the gold mask (nor did any of the Al203 

samples). 

A likely explanation seemed to be that the tensile stress 

in the oxide encouraged diffusion of gold atoms from the window 

mask. contact between gold atoms and the iron film could have 

formed local galvanic cells in which the iron "lould be rapidly 

attacked, being more anodic than gold. The diffusion paths 

available to the gold atoms, however, should have also been 

available to water vapor, al though the severi ty of the 

degradation might be considerably lower. Unfortunately the 

three samples which did not exhibit the excess pinholing had 

widely different deposition parameters and degradation resistance 

measured by the micro-reflectometer. Thus, there was no 

correlation between the evidence of reduced tensile stress and 

resistance to pitting corrosion in these samples. 

Measurement of the actual stress levels in these samples 

would be difficult. Zr02 films deposited onto thin silica 

stress-curvature substrates may not have the same stress as 

those deposited on Fe films, and including an iron film on the 

stress-curvature substrates would complicate interpretation 

of the results. 

Hydration of the films, or the presence of adsorbed water 

could be detected by infrared spectroscopy (particularly FTIR). 

These techniques are not quantitative, however, and since some 

degree of hydration or water adsorbtion was expected in all 
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of the films, successful differentiation among them seemed 

unlikely. 

A mechanism for a different degree of hydration between 

Al203 and Zro2 films deposited under similar ion bombardments 

would also be required, but is straight-forward. 

difference in mass between Zr and 0, as opposed to the comparable 

masses of Al and ° would promote considerably more preferential 

sputtering of ° from zr02 than A1203• This has been observed 

at slightly higher Ar+ ion energies (3 KeV) in an XPS study 

of changes in oxide photoelectron lineshapes due to sputtering 

damage [Hoffmann (1983) ]. The amount of preferential sputtering 

at the lower ion energies used for lAD, and the extent to which 

residual water vapor in a high vacuum deposition system (as 

opposed to an ultrahigh vacuum XPS) could have compensated the 

lost oxygen as the film was deposited is unknown. 

Films of MgF2 [Kennemore(1984)], AIF3 [Targove, Bovard, 

et al,(1988)], and LaF3 [Targove, Lehan, et al,(1987)], have 

been observed to contain significantly more ° when deposited 

by IAD than when conventionally evaporated, and the same 

mechanism has been suggested. XPS studies of MgF2 

[Kennemore (1990) ] were hampered by the negligible shift in the 

binding energy of the Mg-2p line between Mg-O and Mg-OH bonding 

states and the lack of sensitivity to the ° content of those 

samples. XPS studies of these oxide films would have also been 
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inconclusive due to the tendency of oxide surfaces to hydrate 

upon exposure to the atmosphere. 

CONCLUSIONS 

Ion-assisted deposition has been shown to improve the 

protective properties of Al203 overlayers against pitting 

corrosion reactions in Fe films exposed to high humidity. 

Improvement in protective properties of IAD-A1203 overlayers 

was well modelled by an ion momentum bombardment parameter. 

The behavior of IAD-Zr02 overlayers was much more complex, 

al though most lAD parameters resulted in increased degradation 

in the Fe layers compared to conventional electron beam 

evaporation. These results could not be adequately modelled 

by the ion momentum bombardment parameter alone. 

No detectable degradation of a 40 nm thick Fe film was 

observed «0.02% by area) when protected by either the best 

IAD-AIz03 , IAD-Zr021 or conventionally evaporated zr02 protective 

overlayer. 
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CHAPTER s. A12o~sm Diffusion Barriers on TbFeCo 

INTRODUCTION 

In Chapter 4, the degradation of iron films by localized 

pitting corrosion reactions could be reduced by optimizing the 

deposition conditions of Al203 or Zro2 protective overlayers. 

The second part of the protective overlayer requirement for 

TbFeCo alloys is to prevent the preferential oxidation of the 

Tb component, which changes the magnetooptical properties of 

the film as discussed in Chapter 2. This oxidation can occur 

following the gradual diffusion of oxygen through the over layer , 

(uniform across the surface, rather than through local defects) 

or by the direct reduction of an oxide overlayer by terbium. 

Due to the relatively low temperatures normally encountered 

in the actual use or accelerated testing, the rate of this latter 

chemical reaction mechansism would normally be expected to be 

far too slow to be significant even if it was thermodynamically 

favorable. However, TbFeCo films deposited between sio or SiOz 

layers and capped with an unspecified oxygen and water barrier 

film showed magnetic property changes after annealing at 160°C 

that were consistent with Tb oxidation. When Si3N4 was used 

instead of sio or SiOz' no changes related to Tb oxidation were 

observed. [Anthony, et aI, (1985)]. While this was not conclusive 

proof that oxide reduction by terbium actually occured {no 

chemical analysis or cross-sectional electron microscopy was 
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performed), it did suggest that it was a strong possibility 

and should not be neglected. 

A different approach was to use metallic oxidation-diffusion 

barriers (Frankenthal, 1987). Films of AI, Cr, and Nb were 

deposited on TbFeCo to study their resistance to oxidation and 

interdiffusion. They reported that Auger Electron Spectroscopy 

(AES) showed that the Al and Cr films interdiffused with TbFeCo, 

allowing oxidation of the Tb on the surface. Niobium, on the 

other hand, did not interdiffuse, but transported oxygen to 

the underlying TbFeCo resulting in sub-surface oxidation. Since 

the magnetooptical properties are dependent on alloy composition, 

neither interdiffusion nor oxygen transport are tolerable. 

Multilayer samples of Al (or Cr) /Nb/TbFeCo were found to perform 

better than single layers alone since the self-passivating native 

oxides of Al or Cr prevented oxygen transport, and the Nb layer 

inhibited TbFeCo interdiffusion with the Al or Cr surface layers. 

The problem with a multilayer metal diffusion barrier is 

that the magnetooptical signal is decreased exponentially with 

increasing thickness of the highly reflective, but 

non-magnetooptic metal layers. Thus, such a structure would 

probably be useful to protect one side of the TbFeCo only (the 

back optical surface). This would also prevent its utilization 

in multilayer structures which have been proposed to enhance 

the magnetooptical signal. (Balasubramanian, 1988). 
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We decided to focus our efforts on trying to determine 

some of the fundamental reaction and interdiffusion phenomenon 

at the overlayer/TbFeCo interface. XPS studies of ultra-thin 

layers of several oxide, metal, and rare earth materials on 

TbFeCo were undertaken to explore the interfacial reaction and 

interdiffusion behavior of these materials [Taylor (1988) ; Taylor, 

Gibson, Cornett, and Hatwar(1988)]. The results of this work 

will be summarized here, and discussed in greater detail later 

in this chapter. 

In the earlier study, 5-10 nm thick layers of A1203 , Zr02, 

Ti02' Pt, Ni, Zr, Gd, and Sm were evaporated onto sputtered 

TbFeCo films fabricated by T.K. Hatwar at the Eastman Kodak 

Co., Rochester, NY. The TbFeCo was originally protected by 

a 30 nm layer of AI, which was removed from the TbFeCo by in 

situ ion milling immediately prior to deposition of the test 

layer. Complete removal of the Al layer could be verified by 

transporting the sample under vacuum (P<2X10-5 torr) to the XPS 

through load-locked sample introduction systems and an ion pumped 

vacuum bottle. After deposition of the test layer, the samples 

were again transported to XPS under high vacuum via the same 

vacuum bottle technique. The metal and rare earth test layers 

were chosen for their electronegativities and mutual solid 

solubility with Fe based on equilibrium phase diagrams. 

The Ti02 and Zr02 films were found to be reduced at the 

TbFeCo interface after heating to 250°C for (up to) 17 hours. 
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The Al20 3 films were not reduced after 17 hours at 250°C, but 

were slightly reduced after heating to 350°C for the same amount 

of time. A reduced valence state of each oxide's metal component 

was observed in both angle-resolved and sputter depth-profiled 

experiments (using 3KV Ar+ ions), and was found to be 

concentrated at the oxide/TbFeCo interface. 

The transition metal diffusion barriers were similarly 

studied and were found to behave in two different ways: either 

there was extensive interdiffusion between the overlayer and 

Fe (in the case of Ni and Pt), or there was oxygen transport 

down to the underlying TbFeCo (Zr). In addition, the Zr films 

were found to be partially oxidized by the residual oxygen in 

the deposition and vacuum transfer systems. After heating, 

the amount of oxygen and metallic Zr were both found to increase 

towards the TbFeCo interface, which indicated that the Tb had 

reduced the partially oxidized Zr just as it had in the case 

of Zr02 • 

The results from the rare earth (Gd, Sm) films were more 

promising. No interdiffusion between either Gd or Sm and the 

TbFeCo was observed after 17-20 hours at a temperature 250°C. 

As with Zr, the highly reactive Gd and Sm layers were found 

to be partially oxidized as deposited. No changes in the valence 

states were detected in the proximity of the TbFeCo interface, 

although the photoelectron peaks were very broad (due in part 

to their prior partial oxidation). Thus, the sensitivity to 
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a change in valence state of the barrier layer was low. These 

results suggested that Gd or Sm might work well as an ultra-thin 

barrier layer between TbFeCo and an oxide dielectric. 

EXPERIMENTAL 

To test our hypothesis on ultra-thin Sm diffusion barriers, 

several Alz0ylSm/TbFeCo samples were fabricated. Sm was chosen 

because of an overlap in the Gd and Tb photoelectron spectra 

which complicated the analysis of samples with Gd. Alz03 was 

chosen for the oxide material because it was more resistant 

to reduction by Tb, and its deposition by lAD had been found 

to be less sensitive to processing conditions (with equal 

suppression of pitting corrosion) than was ZrOz• No lAD was 

used during deposition of the Sm or Alz03 layers to avoid 

bombardment induced mixing in the ultra-thin layers and 

concomitant complexity in the XPS depth profile analysis. The 

samples were made in individual runs so that the chance for 

uniformity over the area of each sample was improved, and so 

the sample could be transferred completely under high vacuum 

to the XPS as was done previously. A greater variability in 

layer thicknesses between samples was the disadvantage of this 

method. AI/TbFeCo/Si-wafer samples donated by Kodak were ion 

milled with Ar+ ions to remove the temporary Al layer. The 
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thickness of the Sm and Al203 layers were 5-10 nm each as 

estimated by a quartz crystal deposition monitor. 

Two improvements were made in the Al milling process over 

the previous work. The first was that the diffusion pump on 

the vacuum system had been replaced by a cryopump which provided 

a lower residual gas pressure in the system. Second, Sm was 

slowly evaporated from a resistively heated Ta boat onto a 

shutter closed directly over the Sm source. This was done from 

a time just prior to the start of ion milling until its 

termination. The freshly evaporated Sm gettered H20 and 02 

from the system and reduced the H20 and 02 partial pressures 

by factors of roughly 3 and 100 respectively. The oxidation 

of the TbFeCo surface (after removal of the Al overlayer) and 

of the Sm film were presumably reduced as well. Near the 

termination of ion milling, the Sm evaporation rate was 

increased, and the lower shutter was opened to begin the Sm 

deposition as quickly as possible after termination of ion 

milling. 

Another side effect of the reduced 02 background was that 

the ion milling rate for the Al barrier was increased from 

approximately 1.5 nm/min to over 5 nm/min, using the same ion 

bombardment energy and current density. The ion milling rates 

were estimated from the time required to completely remove the 

30 nm Al overlayer. This was probably due to a much slower 

re-oxidation of the surface of the Al layer during ion milling 
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in the reduced 02 pressure. Since the ion milling rate of Al203 

is much slower than that of AI, the less oxidized overlayer 

surface was more rapidly eroded by the Ar ions. 

After Sm deposition, the Sm source was cooled as the Al203 

was heated in an electron gun. When the Al203 source material 

was heated to its melting point, the 02 system pressure increased 

rapidly. The 02 pressure was then allowed to recover to its 

normal range for Al203 evaporation (above 10-6 torr) before 

beginning the Al203 deposition (without lAD) on the Sm. While 

this may seem counter-productive to preventing oxidation, the 

time required to achieve and stabilize the Al203 evaporation 

rate provided considerable opportunity to oxidize the surface 

of the freshly deposited Sm layer in any case. Furthermore, 

the goal of the experiment was to test the ability of the Sm 

layer to prevent oxygen transport to the TbFeCo. We felt that 

if the Sm were to be a successful barrier under oxide overlayers 

and in atmospheric oxygen or water vapor at elevated 

temperatures, that it would not be seriously harmed by this 

level of oxygen exposure. Furthermore, if the Al203 deposited 

was oxygen deficient from the outset (due to an unusually low 

02 pressure in the system) , there would be no way to tell whether 

any reduced Al which might be detected by XPS was due to oxygen 

deficient deposition conditions or an actual reduction reaction 

with the Sm or TbFeCo. Therefore, allowing the 02 pressure 
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to reach a steady state condition prior to the Alz03 deposition 

was a more reproducible process. 

The samples were analyzed by XPS sputter-depth profiling 

experiments after being either: vacuum transferred to XPS, vacuum 

transferred to XPS and heated in situ to 27SoC for 20 hours, 

heated to SOoC at 90% relative humidity for 18 hrs, or heated 

in air to 100°C for 98 hours. sputter-depth profile experiments 

were necessary because direct observation of the Sm or TbFeCo 

through the AIz03 layers was not possible (due to their thickness 

and the extreme surface sensitivity of the XPS technique). 

Lack of Sm or TbFeCo signals at the surface at least indicated 

that there was not extensive intermixing with the Alz03 layer 

and that the layers appeared to be continuous. As with all 

sputter-depth profile analyses, great care must be exercised 

in the interpretation of the results since the ion sputtering 

process can introduce artifacts and systematic changes over 

time due to implantation damage, surface atom knock-on, and 

preferential sputtering effects. 

Since the oxidation and interdiffusion results from the 

Gd and Sm samples were promising, we wanted to resolve the 

question about the possible effects of the Sm layer on the 

magnetooptical properties of the TbFeCo layer. To do this, 

two final samples were prepared. The first was 

IAD-AIz0y'Sm/TbFeCo and the second was IAD-Alz0y'TbFeCo to serve 

as a reference. The AI/TbFeCo starting material was processed 
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in the same manner as the previous Al20~Sm/TbFeco samples, except 

that the deposition of the 5-10 nm Sm layer was omitted in the 

second case. The IAD-Al203 layers were nominally 100 nm thick 

on both samples, and were deposited with the same Ar ion 

bombardment parameters that were previously found to provide 

the best resistance to pitting corrosion in underlying Fe films. 

The Al203 film provided protection for the interfacial Sm layer 

against mechanical damage as well as water vapor and pitting 

corrosion reactions. 

RESULTS 

The results of the XPS sputter-depth profiles are given 

in Figures 17-20. Binding energies were referenced to the C1s 

peak (284.6eV). For comparison, depth profiles of Zr/TbFeCo 

and Sm/TbFeCo and the interdiffusion of Ni/TbFeCo and Pt/TbFeCo 

from (Taylor, Gibson, Cornett, 1988) are given in Figures 21-24. 

The oxygen content is generally lower in the TbFeCo region 

of the Al20~sm/TbFeCo samples than in the Zr/TbFeCo or Sm/TbFeCo 

samples. Note that there is a shoulder on the oxygen profile 

from the Sm/TbFeCo sample between 18 and 25 minutes of 

sputtering. This is most likely due to oxidation of the TbFeCo 

surface between the ion milling and Sm deposition steps. This 

is not evident in the AI20~sm/TbFeCo samples which were ion 

milled with the lower 02 background. Perhaps because of this, 
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Figure 19. Sample removed from vacuum system and heated in air 
before XPS sputter-depth profile. 
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Figure 22. sputter-etch XPS depth profile of a 5-10 nm Sm layer 
on 
TbFeCo after Taylor(1988). The Sm is partially oxidized as 
deposited. 
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Figure 23. Changes in the surface composition of a 5-10 nm 
Ni layer on TbFeCo on heating (after Taylor(1988) ). Fe rapidly 
diffuses through the Ni at higher temperatures. 
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film on TbFeCo during heating [after Taylor(1988) ]. Fe diffuses 
into the Pt overlayer at the highest temperatures. 
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the oxygen appears to be better confined within the Alz0y/Sm 

layers than in the others. It certainly does not increase 

towards the TbFeCo interface as it does in the case of Zr. 

The tail on the oxygen profile in Figure 20 (high humidity 

exposure) and the flattened Fe onset suggest the possibility 

of some oxygen transport through the Sm layer in this case. 

A montage of the AI-2p and Sm-5d lines at several sputter 

times from the sample profiled as deposited is shown in Figures 

25 and 26 respectively. The existence of lower binding energy 

peaks in both the AI-2p and Sm-5d lines is observed, which 

suggests a chemical reaction at the Sm/Alz03 interface. 

Selected Kerr hysteresis loops from the IAD-Alz0y/Sm/TbFeCo 

and IAD-Alzoy/TbFeco samples measured at 632.8 nm between room 

temperature and 450K (177°C) are shown in Figures 27 and 28. 

All the loops are reasonably square, indicating that neither 

sample was significantly oxidized. It is perhaps noteworthy 

that these MO measurements were performed approximately six 

months after the samples were fabricated. In that time, the 

samples were stored in the ordinary laboratory atmosphere without 

any special care to prevent their degradation. 

The sample with Sm had a greatly increased coercivity and 

reflectance, and a reduced Kerr rotation compared to the sample 

without Sm. The important quantity for determining the read 

out signal to noise ratio is the magnetooptic figure of merit 
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Fiqure 25. Montage of Sm-3d XPS spectra from a Alz0;y'Sm/TbFeCo 
sample collected at 5 minute sputter-etch intervals. 
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Fiqure 26. Montage of Al-2p XPS spectra from a Alz0;y'sm/TbFeCo 
sample collected at 5 minute sputter-etch intervals. 
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Figure 27. Kerr Hysteresis Loops at three temperatures from 
the IAD-A120y!Sm/TbFeCo sample. 
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Figure 28. Kerr hysteresis loops at three temperatures from 
the IAD-A120y!TbFeCo sample. 
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(FM) given by: 

FM - e k*,[R (2) 

where ak is the Kerr rotation angle and R is the reflectance 

of the sample. The figure of merit for the sample with Sm was 

8-10% higher than for the one without Sm across the range of 

temperatures measured. There was also a considerable improvement 

in the squareness of the loops from the sample with Sm as the 

temperature is increased. In fact, they became more square 

than the sample without Sm and showed none of the slight shearing 

which was noticeable in that sample's hysteresis loops at higher 

temperatures. The changes in coercivity, Kerr rotation, and 

magnetooptic figure of merit with temperature for the two samples 

is shown in Figures 29-31 respectively. The temperature 

dependence of the coercivity and Kerr rotation appeared to be 

the same for the two films and consequently, the figure of merit 

remained approximately constant. The remnant magnetization 

was measured with a vibrating sample magnetometer (VSM) as a 

function of temperature to determine the Curie points of the 

two samples. This data is given in Figure 32, which shows that 

the Sm layer possibly increased the Curie point of that sample 

by 20°C or less. This change is relatively insignificant. 
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DISCUSSION 

As was stated in the introduction, one of our goals was 

to gain some physical insight into the mechanisms and reasons 

for the success (or lack thereof) of various overlayer schemes 

and alloy additives to enhance the oxidation/corrosion resistance 

of rare earth-transition metal alloys. The metallic/rare earth 

elements selected for our studies were chosen on the basis of 

their electronegativity (an empirical measure of affinity for 

shared electrons in a chemical bond) and mutual solubility with 

Fe (based on the equilibrium phase diagrams). 

The reason for the choice of equilibrium solubility was 

that if a metallic diffusion barrier was highly soluble in the 

layer to be protected, then the likelihood of interdiffusion 

even at low temperatures would be much greater than for insoluble 

materials. The high potential for interdiffusion is due in 

part to the fact that thin films are frequently porous and have 

either a columnar or fibrous microstructure when deposited at 

low temperatures. Pores and inter-columnar boundaries can act 

as short circuit diffusion paths which require much less thermal 

activation than is required for bulk diffusion. Therefore, 

interdiffusion can be quite rapid even at room temperature in 

some cases. 

On the other hand, a high density of short circuit paths 

will exist for thin films of any metallic system. Considerable 
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interdiffusion could occur along these paths irrespective of 

equilibrium solubility and diffusion mechanisms. One difference, 

however, is that metallic systems which have very little mutual 

solubility tend to be strong intermetallic compound formers. 

Thus, as diffusion starts along a short circuit path, formation 

of the compound could clog the path, thereby retarding or 

preventing further diffusion. This could be particularly true 

if the diffusing species is a minority partner in the 

intermetallic compound (i.e. Sm in Fe3Sm) since it would tend 

to be surrounded by the atoms with which it would like to bond 

as it starts along the path. Ideally, any intermetallic 

compounds formed would also have a low solubility with other 

intermetallic compounds and the starting materials as well. 

Since the TbFeCo alloys had a composition of Tb23Fe66Co", as 

determined by Rutherford Backscattering Spectroscopy (RBS) , 

our hypothesis was that the best barrier to intermetallic 

diffusion would be materials with a very low solubility in Fe 

that formed a few insoluble intermetallic compounds. 

Again, principle source of information on intermetallic 

solubility and compound formation is the equilibrium 

phase-stabili ty diagrams. The use of equilibrated systems to 

predict the specific interdiffusion and reaction behavior at 

interfaces formed by non-equilibrium processes such as 

evaporation is quite unreliable, however. A number of 

intermediate, metastable phases may be formed before equilibrium 



103 

is obtained. There is as yet no method to predict whether 

metastable phases will form in a particular system or what those 

phases may be. Depending on the kinetics of the system, 

equilibrium may never be reached within a reasonable time. 

(The classic example is diamond, which is only metastable at 

atmospheric pressure.) 

Nevertheless, consideration of the equilibrium behavior 

is still the best starting point. One can predict, for example, 

that interdiffusion past equilibrium solubility limits is much 

less likely than compound formation, and that the lower the 

equilibrium solubility is, the more likely interfacial compound 

formation, rather than interdiffusion, becomes. If our 

hypothesis above is correct, the knowledge of the likelihood 

of intermetallic phase formation is probably more important 

than the knowledge of what the exact phase evolution series 

might be. 

The problem of preferential oxidation barriers is only 

slightly different. In this case, the barrier layer also must 

form a passive oxide layer which prevents or greatly reduces 

further oxygen diffusion. Unfortunately, the materials which 

form the most well known passive oxides, such as AI, Cr, and 

si all possess significant solubility in Fe. As was previously 

mentioned, Al and Cr have already been observed to interdiffuse 

with TbFeCo and were thus thought to be inappropriate. Due 

to our previous demonstration of the ability of Tb to reduce 
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even very highly refractory oxides, we hypothesized that the 

large driving force for oxidation of the Tb and the extreme 

thinness required of a metallic barrier by the optical 

considerations would overcome any barrier layer that did not 

have a greater affinity for oxygen than the Tb itself. 

Pauling's electronegativity is an empirical measure of 

the relative attraction for a bonding electron, and may be the 

best determination of the relative preference of oxygen for 

two different, unoxidized metal atoms on the surface of a film. 

Oxygen, which has a high affinity for electrons and thus a high 

electronegativity, should most readily bond with the material 

with the lowest e1ectronegativity. 

One other possible criterion for selection would be the 

free energy of formation of the metal oxides. Tb and Fe each 

form several oxides, however, and which one may form upon initial 

oxidation is not definitively known. Furthermore, the free 

energy of formation is an equilibrium quantity, which may not 

be completely pertinent to the initial contact of oxygen with 

a fresh metal surface, or the driving force for diffusion of 

oxygen through a partially oxidized metal layer. In this case, 

the relative affinity of a single oxygen atom for each of the 

two materials should be a better determinant of which one would 

be preferentially oxidized. 

To summarize, the ideal ultra-thin oxygen barrier material 

according to our criterion should have minimal solubility in 
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the underlayer, a greater affinitiy for oxygen, and a passive 

surface oxide. 

To test our hypothesis, we selected a variety of materials 

with low, intermediate and high solubility (in Fe) and 

electronegativity compared to Tb, Fe, and Co. Inspection of 

the phase diagrams for Pt, Ni, Cr, AI, Nb, Zr, Gd, and Sm with 

Fe show that Nb, Zr, Gd, and Sm have extremely little solubility 

in Fe and form several intermetallic compounds. The 

electronegativity of these metals, along with Tb, Fe, Co, and 

a few others materials of interest are given in Table 2. Of 

these, only Gd(1.20) and Sm(1.17) possess electronegativities 

less than or equal to Tb(1.20). 

The last implicit requirement of all the materials mentioned 

is that their films be continous; otherwise, local oxidation 

could lead to pitting corrosion and pinhole formation. All 

of the films deposited appeared to be continuous to within the 

sensitivity of XPS (5-10%). Since the surface composition of 

the barrier layers as deposited did not show significant levels 

of Fe, Tb, or Co, the sensitivity of the XPS represents a lower 

limit to the continuity of the thin overlayers. 

Corresponding to our hypothesis, Nb, Zr, Gd and Sm were 

the materials that were not observed to interdiffuse 

significantly with TbFeCo. Ni and Cr in particular, have 

extensive solubilities in Fe (and together form the basis of 
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Table 2. Electronegativities of Selected Elements 

element electronegativity element 

Ba 0.89 

La 1.10 

Sm 1.17 

Gd 1.20 

1.20 Tb 

Zr 1.33 

Ta 1.5 

Ti 1.54 

Nb 1.6 

Al 1.61 

Cr 1.66 

1.83 Fe 

1.88 Co 

si 1.90 

Ni 1.91 

Ag 1.93 

Pt 2.28 
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stainless steels). The fact that Ni was observed to interdiffuse 

with the TbFeCo at lower temperatures and more extensively than 

Pt is also in qualitative agreement with Pt's lower solubility 

(than Ni) in Fe. The prediction regarding oxygen transport 

through the ultra-thin metallic overlayers also appears to be 

true, so far as it has been tested. Sm and Gd did not appear 

to allow oxygen transport, and the performance of the ultra-thin 

A120ylSm combination samples exposed to air is particularly 

encouraging. 

There does appear to be an interaction between the Al203 

and oxidized Sm interface. Small, lower binding energy peaks 

were observed in both the AI-2p and Sm-5d photoelectron peaks, 

which appeared to be concentrated at the AI203/ox-sm interface. 

These peaks appeared identical in all the A1203/sm samples, 

regardless of subsequent treatment. Sputter-damage is the usual 

reason for the appearance and increase of reduced-valence peaks 

in oxides with sputter time, but is most likely not the culprit 

in this case. The reason for this is that the low energy Sm-5d 

peaks tend to appear first and then decrease in intensity 

relative to the higher binding energy Sm-5d with sputtering 

time. Also, Al203 does not normally show a reduced-valence 

binding energy due to preferential sputtering of oxygen 

[Hofmann(1982) ]. The observed behavior is consistent, however, 

wi th the presence of an interfacial compound, which would enter 

the sampling depth of the XPS and subsequently be sputtered 
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away before the TbFeCo interface was detected. 
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Why the 

interfacial compound apparently has a lower oxidation state 

for both Al and Sm is a mystery. No evidence of Tb diffusion 

to this interface was observed to account for the reduced states 

by a reduction reaction mechanism. 

The effect of this apparent AI/Sm interfacial reaction 

on the oxygen barrier properties of the A120ylSm overlayers is 

difficult to evaluate. Since none of the oxidation tests 

appeared to have any affect on its thickness, and no diffusion 

of Sm into the Al203 layer was evident, it is probably not 

detrimental and could, in fact, be extremely beneficial. The 

Al203 layer can also serve as a hard physical-mechanical barrier 

to protect the MO layer from handling damage or contamination 

as well as part of an interference enhancement of the MO signal. 

The effect of the Sm layer on the magnetooptic properties 

of the samples, particularly the increase in coercivity, was 

surprising. The increase in coercivity is good in terms of 

the stability of written bits to thermal or magnetic 

perturbations. It mayor may not present problems for 

thermo-magnetically writing the bits, depending on the total 

media and optical system design. Further work on TbFeCo alloys 

of different composition (different coercivity and curie point) , 

or possibly other magnetooptic materials such as transition 

metal-transition metal multilayers is required to determine 

the extent of this effect. The most likely reason for the 
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increased coercivity is that the magnetically hard Sm layer 

is effectively pinning (stabilizing) the softer TbFeCo domains. 

CONCLUSIONS 

Our hypothesis on the requirements for a single, ultra-thin 

oxidation/diffusion barrier layer on TbFeCo was sUbstantiated 

by our results and those reported in the literature. Further 

testing of the Sm barrier layers with Alz03 in hot and/or humid 

environments and thermal cycling is required. Testing Sm 

barriers with other oxide and nitride dielectrics, as well as 

replacing Sm by other materials such as Ba, which has an even 

lower electronegativity than Sm and is not a magnetic material, 

would also be interesting. 

Finally, studies of the affect of the Sm layer on other 

magnetooptic alloy compositions or systems would also be of 

interest. Considerable effort has been expended by many 

researchers in trying to improve the coercivity of magnetooptic 

materials by alloy additives. The addition of very thin surface 

layer may well be far more effective and provide additional 

oxidation protection to rare earth-transition metal systems 

as well. 

All of the work recommended above would be best done in 

more intimate collaboration with the producers of the TbFeCo 



110 

materials than was acheived in this work. The technique 

developed utilizing a relatively thick temporary Al oxidation 

layer and subsequent removal by ion sputtering was successful 

and could be continued, but could not be considered to be 

optimal. This work was also constrained by the limited amount 

of TbFeCo material that was available, and the fact that our 

facilities and resources were not suitable for its deposition. 
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CHAPTER 6. Xntroduction to Laterally-Graded Xndex Waveguides 

Thin films of dielectric and semiconductor materials have 

often been deposited for use as optical waveguides. 

[MacLeod(1986) , Tamir(1975)] For a thin film to work as a 

waveguide, it must have a larger refractive index than the 

substrate on which it is deposited, have very low scattering 

and absorption, and be sufficiently thick to support a guided 

mode. The critical thickness for supporting a guided mode 

depends upon the refractive indices of the substrate, film, 

and cover layer (often air); and the wavelength of interest. 

Coupling light into or out of a thin film waveguide is 

accomplished by one of several methods: focusing a beam onto 

a cleaved edge of the waveguide, butt-coupling a fiber to its 

edge, contacting a high index prism onto its surface, depositing 

and/or etching a lens onto the surface, pressing a small sphere 

into a soft waveguide, or forming a diffraction grating on either 

the substrate/waveguide or waveguide/cover interface. 

[Tamir(1975)] 

For integrated optics applications, the diffraction grating 

has a number of advantages, including: reasonable efficiency, 

permanence, ruggedness/high reliability, ease of use, and 

flexibility of design (choice of optimum coupling angle, 

wavelength, focusing properties, etc.). In this work, 

diffraction gratings which couple a guided mode to a focused 
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spot in a direction normal to the plane if the waveguide, will 

be considered. Such devices are currently being studied for 

application to read-write heads for optical data storage systems. 

In one design, a laser diode would be butt-coupled to a thin 

film waveguide. The grating would focus light guided from the 

laser onto the optical media in a sub-micrometer sized spot, 

and couple the reflected beam back into the waveguide where 

it would propagate to a detector array. 

The difficulty with these grating couplers is their very 

high dispersion relative to the variability of the wavelength 

of laser diodes. When the laser's wavelength is different from 

the design wavelength of the grating (due to production 

tolerances or change~ in temperature), the focal length, coupling 

angle and coupling efficiency are changed, and the new focus 

spot contains aberration (principally coma). This last problem 

is by far the most serious, because the others are either 

tolerable or can be corrected by focus or tracking servos already 

in place. An analysis by Lawrence [Appendix A] indicated that 

without some sort of compensation, the useful operating 

wavelength range of their focusing grating designs under 

consideration was +/- 2 nm at 780 nm. Laser diodes presently 

available routinely vary by as much as +/- 10 nm. Lawrence's 

analysis also concluded that if the effective index of the 

waveguide under the grating could be varied in certain ways, 

then the aberrations could be compensated, to first order, over 
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a wavelength range as large as +/- 25 nm (at 780 nm). Such 

an operating range would allow essentially unrestricted selection 

of laser diodes for this application. The difficulty with 

implementing Lawrence I s scheme is that the maximum change 

required in the effective index of the waveguide is extremely 

large (0.2-0.5). 

One method of increasing the waveguide's effective index 

is to locally vary its physical thickness (in the fashion of 

a microlens). The focusing gratings under consideration, 

however, are fabricated by holographic exposure techniques which 

require a planar geometry, and are therefore incompatible with 

this approach. The other al ternati ve is to introduce a 

refractive index profile in the planar waveguide. This can 

be acheived by changing the composition of the film as a function 

of position. Diffusion of Ti or protons (H+) into LiNb03 , for 

instance, is the standard technique for fabricating channel 

waveguides in that material [Tamir(1985)]. The magnitude of 

the index change demonstrated by conventional diffusion 

techniques, however, is at most 0.2. Ion-exchange techniques 

have been used to fabricate waveguides in oxide glasses, with 

a maximum An of about 0.1 [Chartier(1980); Cooper(1980); 

Yao(1983); Houde-Walter(1986)]. The index change provided by 

these techniqes are insufficient for the demands of this 

application. 
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Instead, we decided to investigate materials with mixed 

anions, such as oxyfluorides and oxynitrides, because of the 

wider range of indices possible. For example, silicon oxynitride 

and aluminum oxynitride have been previously studied for their 

potential use in various GRIN applications [Baak(1982); 

Hwangbo(1990) ]. SiOxNy films have a potential index range from 

approximately 1.46 (Si02) to 2.0 (Si3N4), which has been 

demonstrated in films deposited by plasma enhanced chemical 

vapor deposition (PECVO) [Bossi(1987)]. Extensive work has 

also been performed on thermal nitrides and oxynitrides grown 

on si or Si02 for electrical applications in the semiconductor 

industry [Aroano(1982); Habraken(1982, 1983); Ekstedt(1983); 

Kuiper(1983); sugii(1984)], as well as those deposited by 

chemical vapor deposition (CVO) [Kuiper(1983); Habraken(1983)] . 

Low-loss waveguides have been fabricated by thermal nitridation 

[Zelmon(1985); Bossi(1987)]. Nitridation and oxidation in 

sol-gel derived oxynitride films has also been studied 

[Brow(1985) ; Pantano (1988) ]. AlOXNy has a somewhat smaller range, 

from 1.65 (A1203) to 1.9 (AlN) [Hwangbo(1990)]. 

We found that the index of ZrF4 films matches that of 

soda-lime glass slides (n=1.52), whereas vapor deposited Zr02 

films may have an index between 1.95 and 2.1, depending on 

deposition conditions [Gibson(1987)]. 

Many of these studies, however, utilized reactive deposition 

methods which (ideally) form uniform layers across the entire 
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surface. The deposition conditions can then be changed over 

time to produce structures which have tailored index profiles 

as a function of depth, such as rugate filters or planar (and 

possibly depth-gradient index) waveguides [Hwangbo(1990)]. 

This is very different from the requirement of this project: 

that the films be nominally uniform with depth and vary. widely 

in refractive index in a controlled manner within the film plane. 

If fabricated by a reactive deposition process, high quality 

material near the outside of the compositional ranges must be 

deposited simultaneously to approach the index differential 

between the endpoint compounds. A reactive ion bombardment 

process might satisfy this requirement with a controlled local 

ion current density, but to our knowledge, this has not been 

previously demonstrated. 

The thermal nitridation studies revealed two major problems 

for producing laterally-graded index profiles. The first is 

that the thermodynamic equilibrium between Sia2 and NH3 limits 

the oxynitride stoichiometry to a maximum N content of Si2N20 

(n=1.78) [Pantano (1988) ], and the magnitude of the index change 

to about 0.32. Unless a significantly lower index material 

than Sia2 were used as a substrate, some of the remaining index 

change would be required to form the waveguide, further reducing 

the potential index change which could be built into a lateral 

profile. Furthermore, materials with lower refractive indices 

than Sia2 are usually fluorides (MgF2 , n=1.39 for instance), 
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which would not tolerate the process temperatures for nitridation 

(1000-12000C). The second problem is that the nitride (or 

oxynitride) layer is an excellent barrier to further N diffusion. 

After 9 days at 12000C in flowing NH3 , the thickness of the 

nitrided layer on SiOz was only 290 nm, which was barely 

sufficient to confine a guided mode [Zelmon(1985)]. We thus 

concluded that thermal nitridation was not a useful technique 

in this system, and therefore most likely not in the AlOXNy system 

as well. Local oxidation of a nitride film is another 

possibility [Brow(1986) ]. In this application, this would mean 

oxidizing all but a small region of nitride, which is less 

attractive than nitriding a small region, because of the lower 

loss requirement for the waveguide region. 

We are not aware of any previous studies on the potential 

of the ZrOXFy system for GRIN optics. This may be because ZrF4 

based glasses such as Zr-Ba-La fluoride and Zr-Ba-La-Al-Na 

fluoride are mainly studied for their infrared transparency. 

In fact, extreme effort is made to minimize the ° content of 

these glasses [Robinson(1985); Folweiler(1985); Tran(1984)], 

because it reduces the long-wavelength cutoff and increases 

scattering due to crystallization. 

Previous studies of ZrF4 evaporation from various fluoride 

glass starting materials resulted in condensated of nearly pure, 

amorphous ZrF4 films [Poignant(1985); Jacoboni(1987)]. Vapor 

pressure data on the pure fluoride components compiled in the 
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paper by Poignant show that ZrF4 is by far the most volatile, 

and thus dominates the evaporation process. In fact, sublimation 

is one of the methods which has been used to purify zrF4 (from 

other transition metal fluorides) for this very reason 

[Robinson(1985)]. 

Our experimental work concentrated on the AlOXNy and ZrOXFy 

systems. AIOXNy films were deposited by evaporation of Al or 

Al203 source material with a reactive gas background (02) and/or 

simultaneous bombardment with reactive ions (N2 , NH3). ZrOxFy 

films were similarly produced by sublimating ZrF4 with 02 ion 

bombardment. Post-deposition oxidation of ZrF4 films was also 

briefly studied with both furnace and CO2 laser beam heating. 
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CHAPTER 7. zirconium oxyfluoride for Laterally-Graded 

Xndex Profile waveguides. 

XNTRODUCTXON 

Zirconium oxyfluorides have been formed by post-deposition 

oxidation of ZrF4 films as well as by reactive 02+ lAD of ZrF4 • 

As was discussed in the previous chapter, these two approaches 

have various theoretical advantages and disadvantages for 

fabrication of lateral-GRIN profiles in a planar waveguide. 

The question to be addressed in this chapter is how well each 

method might work in the ZrOXFy system. 

EXPERXMENTAL 

All of the films described in this chapter were deposited 

in the cryo-pumped deposition system described in Chapters 4 

and 5. The ZrF4 starting material was found to be quite variable 

in quality. zrF4 powder obtained from CERAC, Inc. outgassed 

profusely and flew out of a Mo boat or BN crucible unless heated 

extremely slowly over a period of several hours. Even so, films 

deposited from this material always contained a large number 

of specks (pieces of the source powder) from the source material, 

most of which could be removed from the surface by blowing Nz 

gas over the sample. Inspection of the film with an optical 

microscope showed that the films were absorbing around the specks 

and deeply pitted where specks had been removed, suggesting 
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that the particulates landed on the film during deposition (when 

they were hot) rather than after deposition when the system 

was vented. "Fiber grade" (99.995% purity) ZrF4 chunks from 

BDH Chemical, on the other hand, were found to sublime without 

spitting. Exceptionally stable evaporation rates were obtained 

using a resistively heated, baffled Mo box source (obtained 

from the R.D. Mathis Co.), which also reduced the risk from 

any residual spits. This was the technique used to deposit 

all of the ZrF4 and ZrOXFy films described here. 

zrF4 films were deposited onto soda-lime glass microscope 

slides, as well as fused silica substrates. The microscope 

slides were inexpensive, and were found to be a nearly perfect 

index match to the zrF4 films. This latter property made it 

easier to observe refractive index changes. As-deposited films 

appeared completely colorless, having neither an index mismatch 

to create a modulation of the transmitted and reflected spectrum 

due to interference effects [MacLeod (1985) ], nor any absorption 

at visible wavelengths. Subsequent color changes due to 

increases in the refractive index were thus more readily 

observed. 

The index of the fused silica substrates was low enough 

for the ZrF4 films to support one or more waveguide modes at 

reasonable thicknesses «500 nm). Waveguide losses of zrF4 

films were measured by a technique developed and described by 

Himel (1988). To summarize his technique, a coherent fiber bundle 
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wass used to image light scattered out of the waveguide at the 

far side of the fiber bundle. A photomultiplier equipped with 

a narrow slit aperture was scanned along the fiber bundle to 

measure the decrease in the intensity of the scattered light 

image as a function of distance along the guide. The loss of 

the waveguide (in dB/cm) was calculated by assuming that the 

scattering power was constant along the waveguide fitting an 

exponential decay to the data. 

ZrF4 films were oxidized by heating in a furnace or by 

a CO2 laser beam in air. In the case of the furnace oxidations, 

the atmosphere could be flowing dry °2, or either 02 or He bubbled 

through HzO or HzOz. For the COz laser oxidations, the oxidizing 

atmosphere was simply ambient air. The laser oxidation 

experiments were performed at the Frank J. Seiller Research 

Laboratory at the U. S. Air Force Academy. Their COz laser was 

a variable pulse-RF excited model (Melles-Griot) capable of 

a maximum of 40 watts (CW) at 10.6 ~m. The frequency, width 

and intensity of the RF pulses (and hence the laser output) 

could be independently controlled. Unfortunately, 

instrumentation for measuring the laser output was not available. 

Thus, precise control and repeatability of the CO2 laser power 

was not possible from sample to sample. Nevertheless, some 

qualitative comparisions could be made, and some definite 

conclusions could be drawn from the experiments. 
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ZroxFy films were deposited by reactive IAD onto fused silica 

and C (graphite) substrates. The C substrates were primarily 

for compositional analysis by Rutherford backscattering 

spectroscopy (RBS). The fused silica substrates were used 

primarily for determination of refractive index by visible-near 

infrared optical spectroscopy. The composition of the 

oxyfluoride films was varied by changing the ratio of the 02+ 

ion current density to the deposition rate. 

RESULTS AND DISCUSSION 

Environmental Instability 

The as-deposited ZrF4 films were found to be moisture 

sensitive. While stable under normal laboratory conditions, 

accidental exposure to high humidity, such as steam from a coffee 

maker, or prolonged hand-carrying during hot weather, for 

instance, caused some films to turn milky in color (strongly 

scattering) and become highly non-uniform. X-ray diffraction 

patterns from these films showed strong crystalline peaks, but 

could not be exactly matched to diffraction patterns indexed 

in the Joint committe on Powder Diffraction Standards (JCPDS) 

index, which included ZrF4 (monoclinic), Zr709F10 (orthorhombic), 

two hydrated forms of ZrF4 , and three forms of Zr02• The closest 

diffraction pattern match was not one of these, but hydrated 

zirconium oxychlorides. 
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Lu(1984) also reports an unidentified crystalline phase 

in bulk fluoro-zirconate glasses. The d-spacings calculated 

from the x-ray peaks of the oxidized ZrF4 film is given in Table 

4, along with those of LU, ZrF4 , Zr709F,o' and the hydrated 

oxychlorides from the JCPDS tables. While the oxychlorides 

cannot be a reasonable assignment for this sample, no analagous 

hydrated oxyfluoride was listed in the JCPDS tables. The x-ray 

diffraction peaks from a hydrated oxyfluoride should be very 

similar to the oxychloride and is the most likely explanation 

for these results. 

An electron beam evaporated Si02 overlayer about 20 nm 

thick was found to greatly reduce the susceptibility of the 

films to the water vapor induced crystallization. Si02 was 

chosen over the previously studied oxides for its low refractive 

index, and the fact that successive oxidation treatments would 

not significantly alter its refractive index, as might be the 

case with other low index materials such as MgF2 • The success 

of the overlayer might be due to its diffusion barrier 

properties, or by its reduction of the surface energy and 

mobility of the ZrF4 surface atoms, or both. Surface 

crystallization [Bansal(1983)], and the dissolution kinetics 

in water [Doremus (1985) ] of bulk Zr-Ba-La fluoride glasses has 

been previously noted and studied. The proclivity of ZrF4 films 

to adsorb water has also been previously noted [Poignant (1985) ]. 
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Table 3. d-spacings from X-ray diffraction 

(All data 1n nm) 

oxidized 
ZrF4 LU'S Zr709F10 ZrOC~ ZrOCl2 

(this work • 3 H20 ·8H2O 
work) (JCPDS) (JCPDS) (JCPDS) 

0.804 0.79 
0.672 

0.665 0.69 0.69 

0.560 0.582 
0.542 

0.407 0.408 0.407 0.414 0.412 
0.367 

0.348 

0.328 0.332 0.330 
0.322 0.323 0.324 
0.320 

0.291 
0.276 

0.272 0.273 0.273 0.274 
0.269 

0.260 0.256 
0.253 
0.252 

0.235 
0.221 0.219 0.228 0.222 

0.212 0.215 
0.211 

0.205 0.206 0.207 
0.204 
0.199 0.199 

0.194 0.194 0.195 

0.191 0.192 
0.188 

0.181 
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Non-surface crystallization has been studied [Lu(1984)], 

in which an unident~fied crystalline form was noted whose 

description was similar to those observed in this study (grown 

around a central black speck). The d-spacings, however, are 

not a particularly good match. 

The ZrF4 films used for waveguide loss measurements and 

laser oxidation experiments all had a protective Si02 overlayer, 

whereas the films which were furnace oxidized did not. 

zrF4 waveguide properties 

Figures 33 and 34 show the data from waveguide loss 

measurements. The intensity of the light scattered out of the 

waveguide is plotted (on a logarithmic axis) as a function of 

distance. The best-fit exponential curve determined waveguide 

losses of 5.5+/-0.5 dB/cm at 632.8 nm and 9.5+/-0.5 dB/cm at 

543.0 nm. These losses are adequate for proof of concept 

devices, although losses of 1 dB/cm or less would be preferred. 

Such very low losses are unusual in films deposited by physical 

vapor deposition methods. 

One series of ZrF4 films was deposited with Ar+ ion 

bombardment. These films had a noticeable absorption (to the 

eye) which decreased as the ion current density was reduced. 

After either furnace oxidation or laser heating in air, the 

absorption was greatly reduced, most +ikely due to oxygen or 
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Figure 33. ZrF~ waveguide loss at 632.8 run. The scattered signal 
(normalized) 1S plotted as a function of position. 
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hydroxyl compensation of a fluorine deficiency caused by 

preferential sputtering. 

Furnaoe oxidation Experiments 

To test the extent to which ZrF4 films could be oxidized, 

sample films (without Si02 overlayers) were heated in a tube 

furnace with a flowing oxidizing gas. The first test used He 

gas bubbled through H20, with a furnace temperature of 400°C 

for 45 minutes. Upon removal, the film was highly scattering 

and had obviously crystallized. Optical spectroscopy in a CARY 

spectrophotometer showed a greatly increased index. The visible 

wavelength transmittance of the film is shown before and after 

oxidation in Figure 35. A program based on Manifacier's envelope 

technique [Macleod(1986) ] estimated refractive indices (within 

0.02) of 1.92 at 820 nm, 1.95 at 640 nm 2.00 at 499 nm and 2.05 

at 430 nm. These indices are consistent with complete conversion 

of the film to Zr02. Inspection under an optical microscope 

showed spherulitic crystallites ranging in size from typically 

10-30 ~m in diameter. X-ray diffraction revealed peaks from 

both the tetragonal and monoclinic forms of Zr02. 

Jacoboni reported a crystallization temperature for 

amorphous evaporated ZrF4 films of 224°C [Jacoboni (1987) ]. To 

attempt to lessen the severity of the crystallization problem, 

subsequent furnace oxidations were performed near this 

temperature with flowing 02 bubbled through H202• These 
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oxidations produced much smaller index changes, as shown by 

the smaller increase in the amplitude of the transmission 

envelope (see Figure 36). This suggests that the oxidation 

process proceeds through one or more oxyfluoride compounds, 

and that the one of the intermediate reactions requires 

temperatures in excess of the crystallization temperature of 

ZrF4 to proceed. 

Comparing the "before oxidation" transmission spectra in 

Figures 35 and 36, it is obvious that the films also appeared 

to have changed in the time between deposition and the second 

set of oxidation experiments. In Figure 36, considerable 

inhomogeneity is suggested by the shape of the transmittance 

spectra. The most likely explanation is that the surfaces are 

more highly oxidized, resulting in the inhomogeneity in 

refractive index. Methods exist to estimate inhomogeneities 

from transmittance and reflectance data using a linear model 

[Borgogno(1981, 1982, 1983)], but the assumption of a linear 

profile would be invalid in this case. Thus, no reliable 

estimate of the surface index or index profile is possible. 

CO2 Laser oxidation Experiments 

A CO2 laser permitted local heating of the ZrF4 

films to drive a localized oxidation reaction. We found that 

we were easily able to form spots on the films without focusing 



Furnace Oxidation: He + H20. 45 min.. 400°C 
100.--------------------------------------, 

90 

---~ 
Q) 80 
() 

C 
o 

-+oJ 

~ 
E 70 
(/) 
c 
2 
I- 60 

glass substrate 
380nm ZrF4 • as deposited 

after oxidation 
(losses due to scattering) 

400 600 800 1000 
Wavelength (nm) 

1200 

128 

Figure 35. Cary spectrometer trace of the transmission of a 
ZrF4 film before and after furnace oxidation. 
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the CO2 laser, using low settings on the laser power control. 

These "spots" were colored, initially a purplish-red, and yellow

green after longer times, and were much more reflective than 

the unheated film nearby. Both the color change and reflectivity 

increase were consistent with an increasing index. The spots 

were too small to be satisfactorily characterized. 

The challenge, in fact, was to heat gently enough to avoid 

grossly damaging either the spot or the surrounding film area. 

We were never completely successful in this. If heated too 

vigorously, or for too long, glass substrates were quite readily 

cracked by thermal expansion stresses. (Fused silica substrates, 

on the other hand, would melt wi thout cracking.) More 

problematical, however, was mechanical failure and 

crystallization of the area just outside the center of the heated 

spot. The films on fused silica were particularly susceptible 

to this problem. 

A scanning electron microscope (SEM) image of a fractured 

ZrF4 film on a fused silica substrate is given in Figure 37. 

This sample was cleaved through a laser heated spot, mounted 

on edge, and coated with a Au-Pd alloy for electrical 

conductivity. The ZrF4 film cleanly delaminated from the fused 

silica on one side of a crack through the ZrF4 • It was 

impossible to determine whether the region shown in the SEM 

micrograph had been heated by the laser, or whether the crack 

occured when the sample was cleaved. In either case, the 
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adhesion of the ZrF4 film to the fused silica substrate was 

poor. The lack of cracking of laser heated ZrF4 films on 

microscope slides was most likely due to the microscope slide IS 

larger coefficient of thermal expansion, which more nearly 

matched the thermal expansion coefficient of the ZrF4 film. 

Index modified spots were made on the waveguide films 

discussed earlier. An attempt to estimate the index of the 

best oxidized spots by measurement of Brewster I s angle was made 

in a similar manner as those of Gibson [Gibson, Frejlich(1984)]. 

This method suggested an index change of only 0.03, but could 

be greatly influenced by the existence of an index gradient 

as a function of depth. After laser oxidation, a guided mode 

was propagated to the heated spots. As expected, the guided 

mode was completely dissipated by the crack network around the 

oxidized spots. 

Reactive IAD of zrF4 

CARY visible-near infrared transmission spectra from a 

series of ZrOXFy films deposited by reactive IAD are shown in 

Figure 38. A range of 0; current density to deposition rate 

ratios were used to explore the process space. The thickness 

of these films was intentionally kept below 200 nm to allow 

separation of the ° and F peaks in the RBS spectra. consequently, 

fewer maxima and minima are observed in the transmission spectra, 
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although the films appear to be homogeneous, and without 

detectable absorption (by this relatively insensitive technique) . 

The refractive indices of these films were calculated at 

the wavelength of the transmittance minima, and are plotted 

in Figure 39 as a function of their 02+ current density to 

deposition rate ratio. The film deposited at zero current 

density had a higher refractive index than the previous ZrF4 

films deposited without lAD because the same 02 backfill 

(approximately 5x10-s torr) was used for this film as was required 

for the other reactive lAD films. 

The purpose of this was to simulate the situation where 

the ion beam was masked such that only a small region of the 

sample was bombarded (as would be required to produce a lateral

GRIN profile). This resulted in more oxygen being incorporated 

into the film and therefore a slightly increased index. The 

maximum index change acheived by reactive lAD was approximately 

0.23. 

The composition of the ZrOXFy films was determined by RBS 

and XPS. The o/Zr and F/Zr ratios are plotted against the ion 

current density/deposition rate ratio in Figure 40. 

The films studied here were uniform across the 1 "xl" fused 

silica substrates used for the optical transmission measurements. 

A local composition profile should be possible by masking the 

broad-beam Kauffman-type source, or by using an ion source with 

a focused, electrostatically deflectable beam. (Such sources 



ZrO.Fy Visible Transmittance Spectra 
l00~~~-r~~~~-r~~~-r~~~~-r~~ 

95 

........... 
t'R 

.......... 90 
<V 
() 
c 
..8 85 
........ 

E 
en 80 c 
~ 
I-

75 

300 

(samples as deposited) 

a - ZrOF2 
b - ZrOF4 
c - ZrOF6 
s - Si02 substrate 

400 500 600 
Wavelength (nm) 

700 800 

133 

Fiqure 38. CARY transmittance spectra of ZrOXFy films deposited 
by reactive lAD. 
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Figure 40. composition of the ZrOXFy films determined by RBS 
and XPS as a function of the ion current density/deposition 
rate ratio. 
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are commercially available. ) Possibly the easiest way to mask 

the broad-beam source, without interfering with the evaporant 

flux, would be to rotate the substrates and alternately deposit 

a few monolayers and then bombard for a short period of time 

through a mask. This would be repeated until a patterned film 

was deposited to the thickness desired. 

The very limited lifetime of the tungsten filaments in 

the 0z plasma strongly suggests that either a filamentless 

Kauffman-type source or a cold cathode type source be used in 

the future. A differentially pumped ion source would also be 

useful, to reduce the background 0z pressure in the system and 

restore some of the 0.03 index increase in the unbombarded film 

in the high oxygen background to the maximum index change of 

the profile. 

CONCLUSIONS 

The ZrOXFy system shows potential for the fabrication of 

laterally-graded index profile structure with a very large index 

change. The best results were obtained by bombarding the ZrF4 

film with 0z+ ions during deposition. Patterning of the deposited 

film by masking a broad ion beam or by rastering a focused beam 

is quite feasible. 

Post-deposition furnace oxidation of ZrF4 films was less 

successful due to very slow reaction kinetics at the temperatures 

required to avoid crystallization. COz laser oxidation was 
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hampered by lack of critical beam diagnostic information as 

well as by poor adhesion to fused silica substrates, thermal 

expansion stresses, and possibly intrinsic film stresses as 

well. 
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CHAPTER 8. Summary 

Protective overlayer materials for magneto-optical data 

storage media (TbFeCo alloys) were studied using a modified 

compact disk player as a micro-reflectometer. This instrument 

was capable of detecting local degradation due to pitting 

corrosion (pinhole formation). Defects as small as 2-3 

micrometers in diameter which reduced the local reflectivity 

by 10% or more were readily detected. Changes in defect 

densities as small as a 0.02% by area were observed. 

Argon ion-assisted deposition (lAD) of A1203 and Zr02 films 

was found to alter their value as protective overlayers. Mirco

reflectometer measurements of A1203 overcoated iron films 

indicated less pitting corrosion when the overlayer was deposited 

by lAD. This result is consistent with the observation by 

Sainty, et ai, [Sainty, 1984] that lAD improved the resistance 

of Al203 films to acid penetration. Higher bombardment 

intensities than those used by Sainty were found to provide 

even further improvement in the protective properties of the 

overlayers. The decreased degradation of the iron films over 

time was found to be directly correlated with the total ion 

momentum per deposited A1203 molecule. 

The protective properties of Zr02 films, on the other hand, 

were only improved within a select range of lAD parameters and 

were generally inferior to films evaporated without lAD. The 
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best lAD-Zr02 protective overlayers were formed under conditions 

of slow evaporation rate and low current, high energy ion --bombardment. Sainty, et aI, had also used similar conditions 

to these to produce films with superior acid penetration 

resistance. The ion momentum parameter did not correlate well 

with the success of the Zro2 protective overlayers. Trends 

somewhat similar to those in the Al203 films (decreased 

degradation with increased ion momentum) were observed within 

groups of lAD-Zr02 films that were deposited with the same ion 

current density. Higher ion currents, however, gave poorer 

results which could be only improved to a limited degree by 

slower evaporation rates or higher ion energies. The difference 

in the behavior of Al203 and Zr0
2 

is probably due to preferential 

sputtering of oxygen from zr02 resulting in a more hydrated 

film. 

The oxygen-barrier behavior of 5-10 nm thick samarium 

interlayers between TbFeCo alloy and Al203 films were studied 

along with their effects on the magnetooptical constants. X-ray 

photoelectron spectroscopy (XPS) studies indicated no 

interdiffusion of Sm with the TbFeCo after 17 hours at 275°C. 

Additionally, no penetration of oxygen through the Sm layer 

from either the atmosphere or a 5-10 nm Al203 overlayer was 

observed. The best lAD conditions from the pinhole studies 

were used to deposit 100 nm thick Al203 films onto TbFeCo and 

sm/TbFeco for magnetic testing. While neither sample showed 
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any evidence of TbFeCo oxidation, the samarium interlayer 

increased the coercive field by approximately a factor of 2. 

A decrease in magnetization and Kerr rotation angle for the 

sample with samarium was offset by a large increase in 

reflectivity and resulted in a slight (10%) increase in the 

magnetooptic figure of merit. The Curie point of the samarium 

interlayer sample was possibly raised by 20°C or less. 

Finally, lAD of ZrF4 using reactive 02+ ions was found to 

produce zroXoy films whose composition and refractive index could 

be controlled by varying the 02+/ZrF4 arrival ratio. Refractive 

index changes as large as +0.23 from the unbombarded ZrF4 films 

were obtained. Losses in optical waveguides of unbombarded 

ZrF4 were measured at 5.5 dB/em at 632.8 nm, and 9.5 dB/em and 

543.0 nm. Laterally graded refractive index profiles might 

be produced using a localized ion bombardment which could be 

useful for integrated optical devices and chromatic aberration 

compensation of focusing-grating couplers. 
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APPENDIX A. An overview of Lawrence's Analyis of 

Aberration Compensation of Focusinq Gratinq Couplers 

by Laterally-Graded Index Profiles in Planar wavequides. 

The following is a brief overview of the analysis by 

Lawrence (1989) of how the introduction of a laterally-graded 

index profile placed under a focusing grating coupler (FGC) 

on a planar waveguide can be used to compensate aberration 

arising from a mismatch between the design wavelength of the 

grating and the actual wavelength being used. It is not intended 

to be a thorough introduction to either waveguide theory or 

optical design. The interested, but unsatisfied reader is 

referred to Prof. George Lawrence at the University of Arizona 

Optical Sciences center for further explanation or discussion. 

Aberration compensation of FGC's with GRIN Profiles 

When the wavelength of light is slightly shifted from the 

design wavelength of the grating, the optical path length 

changes, thus altering the phase relations of the light in 

various pieces of the optical system (see Figure 41). 
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Figure 41. Optical paths in a focusing grating coupler with 
lateral-GRIN aberration compensation. 
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The change of the waveguide phase, t w' is given by: 

(3) 

where 1 is the wavelength, n(y) is the refractive index which 

is a function of position, y, along the propagation direction 

in the waveguide. The phase of the grating itself, t g , is 

"frozen" by the physical grating itself and is thus independent 

of wavelength. The change in the radiated phase, t r , is given 

by: 

1 .... --R 
't'r 1 (4) 

where R is the length of the radiated path. The radiation path 

phase, t r , measured at the orignal focus point simply scales 

with R, but the focus is no longer there. The radiation path 

phase at the new focus point, where the energy is, has 

aberration. 
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The total optical path length, W, is the sum of these three 

parts: 

where R has been replaced the vector components x, y, and L. 

L is also defined to be the focal length of the grating. mr (x, y) 

is a representation of the b-ro dimensional grating func·cion. 

The total differential of this equation is: 

(6) 

where 

dW --dL 
(7) 

is the derivative with respect to focal length, 

(8) 

is the derivative with respect to the length of the guide, and 

(9) 
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is the derivative with respect to wavelength. Differentiating 

the two terms of this equation separately yields: 

d~ w _ _ .l:...fn (y) dy 
d'- '-2 

(10) 

which depends on the integrated index over the waveguide, and 

(11) 

which depends on the wavelength shift. Assuming an index profile 

of the form, 

n(x,y) - no + An-f(x,y) (12) 

where f(x,y) is some normalized function of position and solving 

for zero aberrations by setting AW(A'-)=O and keeping only first 

order terms yields: 

- A'-/Anaf(X,y) dy + '-2 
(13) 

A'- r 4 
) AL ( 3r4 

) Ay V ( 8L3 - a a a + '- 8L4 + - - - + T 

An/f(x,y) dy - (~) - L( 3r4) - noL( r
2y

3
) (14) 

8L 3 8L 4 2L 
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(15) 

This is the solution for zero aberrations, assuming no refraction 

in the waveguide, i.e.: 

f Ilnof(x, y) dy - J Ilnof(s) ds (16) 

where s is the true ray path. 

Therefore, by choosing an appropriate combination of f(x,y) 

and An, the new focus spot will be aberration free, to first 

order. Sample f(x,y) and An with their spectral range of 

satisfactory operation is given in Table 4. These values were 

computed assuming a wavelength of 780 nm, a focal length of 

3 mm, a numerical aperture of 0.4, a base index no of 1.7, and 

a strehl ratio of 0.8. 
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Table 4. Free spectral range (dlambda) over which a lateral 
GRIN profile provides aberration compensation (to first order). 

profile shape 

f(x,y) = 0 

f(x,y) = 3ay2 

f (x, y) = a (X2+3y2) 

An 

0.0 

0.227 

0.3 

Al(nm) 

2 

6 

25 
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APPENDIX B. Micro-Reflectometer Data ACquisition Software 

This program is presented with minor modifications for 

clarity of presentation. When lines of code have been wrapped 

around the screen by the word processor, I have indented them 

a few spaces on the following line. In a few instances, compound 

lines were broken up into two separate lines with a new line 

number. The original code is available from the author on floppy 

disk. 

This program requires two external files: BIB.M and 

SCANASM.ASC. BIB.M is part of the National Instruments IEEE-488 

card software package. SCANASM. ASC contains several compiled 

assembly language routines written by the author, the source 

code for which is listed after the BASIC data acquisition 

program. To produce SCANASM.ASC, the assembly source code was 

assembled, linked, and converted by the DOS utility EXE2BIN. 

The resulting binary file was converted to ascii by a simple 

program written by the author in TurboPascal called BIN2ASC, 

which is listed after SCANASM. While ardUOUS, this was the 

most flexible me'thod I could find to load assembly routines 

into IBM's BASICA. I do not recommend this process except in 

cases (such as this one) of dire necessity. The data processing 

performed would have been intolerably slow in an interpreted 

BASIC. 
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The data acquisition is handled by calls to Keithley's 

SOFT500 package, which operates as a shell around BASICA or 

GWBASIC. These calls take care of initializing the data 

acquisition hardware, acquiring data, and transferring it to 

memory. At the time, Soft500 was also available, at considerable 

extra expense, for C compilers. By now, it may be available 

for QuickBasic and TurboPascal as well. 

10 
'******************************************************** 
20' Program SOPHSCAN.BAS Ken Cornett 2-29-88 
30 ' 
40 ' A program to run the Micro-Reflectometer based on a 
50 ' modified CD Player, an Aerotech Unidex XI, and a 
55 Keithley 570 Data Acquisition system. Hysteresis is 
60 removed after rough visual alignment and prior to each 
70 ' line scan. Data from each line is processed by 
imported 
80 ' assembly language routines. 
90 ' 
******************************************************* 
100 ' Master Program Block 
110 CLS : OPTION BASE 0 
120 CLEAR ,59000! ' Reserve space for SCANASM, BIB.M 
130 PRINT "Micro-Reflectometer Data Acquisition Program" 
140 GOSUB 270 ' Init. BASIC parms, Load SCANASM.ASC,BIB.M 
150 GOSUB 450 'Init. SOFT500 & create I/O names 
160 GOSUB 590 'Init. GPIB, Aerotech, create GPIB strings 
170 GOSUB 1130 ' Get Scan Parameters from User 
180 GOSUB 1640 ' Scan & Acquisition Loop 
190 BEEP:BEEP:DEF SEG:CALL IBWRT(A%,C$) , Reset Aerotech 
210 DEF SEG : CALL TMODE! ' Restore text screen 
215 SYSTEM ' Exit to DOS 
220 ' ***************************************************** 
230 ' N.B. - all GPIB calls require the def seg default. 
240 ' - all SOFT500 commands require def seg=20. 
250 ' - a FATAL CRASH awaits him who neglects this. 
260 ' 
270 DEF SEG ' Set external function locations: 
280 GMODEi=S9000! ' Base Location of named External calls 
290 TMODE!=Gl-lODE!+3 DREDUC!=GMODE!+6 
295 GDISP!=GMODE!+9 : FMAKE!=GMODE!+12 



300 FHEADR1=GMODE1+15 : FWRITE1=GMODE1+18 
305 FCLOSE1=GMODE!+21 : GINIT1=GMODE1+24 
310 N%=O : PRINT: PRINT "Loading SCANASM.ASC ••• "; 
320 OPEN "I",1,"SCANASM.ASC" 
330 WHILE NOT EOF(1) : INPUT#1,A% : POKE GMODE!+N%,A% : 

N%=N%+1 : WEND 
340 CLOSE#1 : PRINT N%;" bytes loaded at";GMODE! 
350 IBINIT1 = 597451 : IBINIT2 = IBINIT1 + 3 
360 PRINT "Loading BIB.M ••• "; 
370 BLOAD "C:bib.m",IBINIT1 
380 CALL 
IBINIT1(IBFIND,IBTRG,IBCLR,IBPCT,IBSIC,IBLOC,IBPPC, 

IBBNA,IBONL,IBRSC,IBSRE,IBRSV,IBPAD,IBSAD,IBIST,IBDMA, 
IBEOS, IBTMO, IBEOT, IBRDF , IBWR'l'F) 

390 CALL IBINIT2(IBGTS,IBCAC,IBWAIT,IBPOKE,IBWRT,IBWRTA, 
IBCMD,IBCMDA,IBRD,IBRDA,IBSTOP,IBRPP,IBRSP,IBDIAG, 
IBXTRC,IBRDI,IBWRTI,IBRDIA,IBWRTIA,IBSTA%,IBERR%, 
IBCNT%) 

400 PRINT "done" 
410 RETURN 
420 ' 
****************************************************** 
430 ' Initialize Keithley Soft500 & create some ionames 
440 ' 
450 DEF SEG=20 : CALL IN IT 
460 DION$="JOYBOX" : ' digital input port A (8 bits) 
470 CALL IONAME'(dion$,4,"A") 
480 A=O : B=O : ' used to store the byte from port A. 
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490 ASEG1 = 01 :' Define a variable compatible with ARSEG 
500 AION$="CD" : LABL$ = "dummy" 
510 CALL IONAME'(AION$,6,0,12) 
520 CD1=0 : ' will store AID reading from CD system 
530 ' Here be room for other IONames to be set up and 
called 
540 RETURN 
550 ' 
****************************************************** 
560 ' Initialize Aerotech ' 
570' Create Aerotech Command strings and associated vars. 
580 ' 
590 CRLF$=CHR$(13)+CHR$(10) 
600 EOB$ = "*"+CRLF$ 

, ASCII values of <CR><LF> 
, End of Block marker 

610 N$="N"+CRLF$ 
620 J$="J"+CRLF$ : 
630 PX$="PX"+CRLF$ 
posits. 
640 C$="C"+CRLF$ 
defaults 

, Enter Hex-Ascii Mode 
K$="K"+CRLF$ , Enable, Disable SRQ Mode 
: PY$="PY"+CRLF$ , Print X,Y axis 

'Clear ALL settings to power-up 

645 AD$ = "AD O"+EOB$ 
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650 IN$="IN"+EOB$:AB$="AB"+EOB$ I Increment, Absolute Modes 
660 XPOS$=SPACE$(13):YPOS$=SPACE$(13) I space for X,Y 
posit. 
670 DEV$="STEPPER" I Name assigned in GPIB config file 
680 R$="I" : STP$="IS" I init. for later use 
690 H$=IIIHXY"+EOB$ I send X,Y axes to HOME position 
700 STPO$=IIXF1000D500YF1000D500"+EOB$ I X & Y out 500 
steps 
710 DIM SP$(3) I Speeds for Joybox 
720 SP$(0)=IF50" : SP$(1)=IF150" 
725 SP$(2)="F450" : SP$(3)="F1000" 
730 I 

740 I Set Up Controller & Initialize stage Positions 
750 DEF SEG I MUST use default segment for GPIB Calls 
760 CALL IBFIND(DEV$,A%) , Find Aerotech's address 
770 IF A%<O THEN PRINT "Aerotech not found. HALT" : STOP 
780 CALL IBWRT(A%,N$) , Put Aerotech into Hex-Ascii Mode 
790 CALL IBWRT(A%,IN$) , Use Incremental Positioning Mode 
800 CALL IBWRT(A%,J$) 'Enable SRQ mode 
805 CALL IBWRT(A%,AD$) , Make sure accel/decel time = 0 
msec 
810 I N.B.-bit 6 of Sere Poll Resp. Byte set if SRQ was 
sent 
820 RETURN 
830 I 

****************************************************** 
840 ' The JOYBOX Routine 
850 ' 
860 DEF SEG : CALL IBWRT(A%,K$) , Disable SRQ mode 
870 DEF SEG=20 : Q%=O 
880 WHILE Q%=O 
890 CALL DIGREAD' (dion$, a) 
900 IF (A AND 128)<>128 THEN 1090 
910 IF (A AND 64)<>64 THEN Q%=l : GOTO 1060 
920 IF (A AND 15)=15 THEN 1060 
930 IF (A AND 32)<>32 THEN SP%=2 ELSE SP%=O 
940 IF (A AND 16)<>16 THEN SP%=SP%+l 
950 IF (A AND 1)<>1 THEN R$=R$+"X"+SP$(SP%)+"R+" 

960 

970 

980 

990 
1000 
1010 
1020 
1030 

STP$=STP$+"X" 
IF (A AND 2)<>2 THEN R$=R$+"X"+SP$(SP%)+"R-" 

STP$=STP$+"X" 
IF (A AND 4)<>4 THEN R$=R$+"Y"+SP$(SP%)+"R+" 

STP$=STP$+"Y" 
IF (A AND 8)<>8 THEN R$=R$+"Y"+SP$(SP%)+"R-" 

STP$=STP$+"Y" 
R$=R$+EOB$ : STP$=STP$+EOB$ 
DEF SEG : CALL IBWRT(A%,R$) 
DEF SEG=20 
CALL DIGREAD'(dion$,b) 
IF B=A THEN 1020 



1040 DEF SEG : CALL IBWRT(A%,STP$) : R$="I" : 
STP$="IS" : DEF SEG=20 

1050 R$="I" : STP$="IS" : DEF SEG=20 
1060 WEND 
1070 DEF SEG : CALL IBWRT(A%,J$) :1 Re-enable SRQ Mode 
1080 RETURN 
1090 PRINT : PRINT "Master Halt Switch Closed" : STOP 
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1100 1 *************************************************** 
1110 1 Create & Download Scan Program to Aerotech 

1120 1 

1125 PRINT 
1130 PRINT "Enter descript. of scan, sample, history, etc." 
1140 LINE INPUT HEADR$ 
1150 INPUT "Enter # of sample points per line: ":NPTS! 
1160 NPTS% = CINT(NPTS!) 
1170 INPUT "Enter # of lines to scan: ";NLINES% 
1180 INPUT "Enter desired sample interval (1, 2, or 3 urn): 
" 

;SINTVL% 
1190 TDEL% = 1000 * SINTVL% 
1200 INPUT "Enter threshold value for monochrome graphics 

display: ";THRESH% 
1210 PRINT: PRINT "file heading: ":HEADR$ 
1220 PRINT" # points per row:":NPTS!:" # of lines:" 

:NLINES% 
1230 PRINT "sample interval:";SINTVL%;" graphics 
threshold:" 

:THRESH% 
1240 PRINT: INPUT "All OK? (yjn) ";OK$ 
1250 IF «OK$ <> "y") AND (OK$ <> "Y"» THEN 1130 
1260 CALL IBWRT(A%,J$) 1 Make sure SRQ mode enabled 
1270 CALL IBWRT(A%,STPO$) 1 Step out to be sure not at home 
1280 CALL IBRSP(A%,SPR%):IF (SPR% AND 64)=0 THEN 1280 
1290 PRINT "Sending X & Y axes home •• "i : CALL 
IBWRT(A%,H$) 
1300 CALL IBRSP(A%,SPR%):IF (SPR% AND 64)=0 THEN 1300 

ELSE PRINT II Done." 
1310 PRINT: INPUT "Align Sample? (yjn): "iYORN$ 
1320 IF «YORN$="n") OR (YORN$="N"» THEN 1340 
1330 PRINT "Align Sample Now" : GOSUB 860 
1340 INPUT "Start scan at a Pre-set location or use Current 

one? (pjc): ";YORN$ 
1350 IF «YORN$="c") OR (YORN$=IIC"» THEN 1360 ELSE 1420 
1360 DEF SEG : PRINT "Getting current X,Y from Aerotech .•. " 
1370 CALL IBWRT(A%,PX$) : CALL IBRD(A%,XPOS$) 1 Get X 
posit. 
1375 PRINT" xO =lIiXPOS$; 



1380 CALL IBWRT(A%,PY$) : CALL IBRD(A%,YPOS$) , Get Y 

PRINT " yO ="YPOS$ 
XPOS$=LEFT$ (XPOS$, 11) , strip <CR><LF> 
YPOS$=LEFT$(YPOS$,ll) , from XPOS$, YPOS$ 
GOTO 1433 

INPUT "Enter XO,YO: ";XPOS$,YPOS$ 
XPOS$=SPACE$(ll-LEN(XPOS$»+XPOS$ 
YPOS$=SPACE$(ll-LEN(YPOS$»+YPOS$ 

CALL IBWRT(A%,STPO$) 
CALL IBRSP(A%,SPR%) 
IF (SPR% AND 64)=0 THEN 1434 ELSE PRINT" done." 
CALL IBWRT(A%,H$) : PRINT "sending axes home ••• "; 
CALL IBRSP(A%,SPR%) 
IF (SPR% AND 64)=0 THEN 1437 ELSE PRINT" done." 
INPUT "Enter name for output datafile: ";ODFILE$ 
XO$="IXF1000D"+XPOS$+EOB$ 
XOYO$=LEFT$(XO$,LEN(XO$)-3)+"YF1000D"+YPOS$+EOB$ 
DSTO! = SINTVL%*NPTS! + 300 '# of steps per line 
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posit. 
1390 
1400 
1405 
1410 
1420 
1430 
1431 
1433 
1434 
1435 
1436 
1437 
1438 
1440 
1450 
1460 
1470 
1480 
1490 

DSTB! = DSTOI ' # of steps to take towards home 
DO$ = STR$(DSTO!):DB$ = "-"+STR$(DSTB!) 

YU$ = STR$(SINTVL%) 
1500 PRINT "stepping out to XO,YO ••. ";:CALL 
IBWRT(A%,XOYO$) 
1510 CALL IBRSP(A%,SPR%) 
1511 IF (SPR% AND 64)=0 THEN 1510 ELSE PRINT "done." 
1520 PG$="E1*XF1000D"+DO$+"*XF1000D"+DB$+"YF1000D"+YU$+"*%" 
1523 ERA$ = "E$Ol"+EOB$ 
1526 PRINT "Erasing previous Aerotech program ••• "; 
1527 CALL IBWRT(A%,ERA$) 
1528 PRINT "done." 
1530 PRINT "Downloading ";PG$;" .• " 
1531 DEF SEG : CALL IBWRT(A%,PG$) : PRINT "Done" 
1540 SCAN$ = "A"+STR$(l)+CRLF$ 
1550 CALL IBWRT(A%,SCAN$) : ' Do 1 to get all warmed up 
1560 CALL IBRSP(A%,SPR%):IF (SPR% AND 64)=0 THEN 1560 
1570 CALL FMAKE(ODFILE$,FERR%) 
1571 IF FERR%<>O THEN 1%=8000 : GOTO 1840 
1580 CALL FHEADR(HEADR$,YPOS$,XPOS$,SINTVL%,NPTS%,NLINES%, 

FERR%) 
1590 IF FERR%<>O THEN 1%=9000 : GOTO 1840 
1600 RETURN 
1610 ' 
1620 ' 
***************************************************** 
1630 ' Data Acquisition Loop 
1640 DEF SEG : CALL GMODE! : CALL GINIT! 
1650 FOR 1%=1 TO NLINES% 
1660 DEF SEG : CALL IBWRT(A%,CRLF$) : DEF SEG=20 
1670 CALL ANINQ' ("cd%" , NPTS! , "CD" , TDEL%) 



1680 CALL ARLABEL' ("cd%", LABL$) 
1690 CALL ARSEG' ("cd%" ,ASEGl) 
1700 ASEG%=CINT(ASEGl):DEF SEG:CALL DREDUC!(ASEG%,NPTS%) 
1720 12% = 1% MOD 326 : IF 12% = 0 THEN CALL GINIT! 
1725 CALL GDISPl(I2%,ASEG%,NPTS%,THRESH%) 
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1730 CALL FWRITEl(ASEG%,NPTS%,FERR%):IF FERR%<>O THEN 1830 
1735 CALL IBRSP(A%,SPR%):IF (SPR% AND 64)=0 THEN 1735 
1740 I$=INKEY$:IF 1$="" THEN 1770 ELSE IF I$<>CHR$(27) 

THEN 1740 
1750 CALL TMODEI : PRINT "type 'cont' to continue" : STOP 
1760 CALL GMODE! 
1770 DEF SEG=20 : CALL ARDEL' ("cd%") 
1780 NEXT 1% 
1790 DEF SEG : CALL FCLOSE!(FERR%) : IF FERR%<>O THEN 1830 
1800 RETURN 
1810 ' **************************************************** 
1820 ' File Handling Error Trap 
1830 CALL TMODE! ' Get out of Graphics Mode 
1840 PRINT "file error";FERR%;" in line";I% 
1850 CALL FCLOSE!(FERR%) , Try to close the data file 
1860 IF FERR%=O THEN PRINT"file closed" ELSE 

PRINT"error";FERR%;" closing file" 
1870 STOP 
1880 ' **************************************************** 
1890 ' The following is very useful to have lying around: 
1900 INPUT F$ : OPEN"I",3,F$ 
1905 WHILE NOT EOF(3) : LINE INPUT#3,L$ : PRINT L$ : WEND 
1910 CLOSE#3 : STOP 
1920 INPUT F$ : OPEN"I",3,F$ 
1925 WHILE NOT EOF(3) : LINE INPUT#3,L$ : LPRINT L$ : WEND 
1930 CLOSE#3 : STOP 
1940 ' **************************************************** 
1945' BailOut Escape Hatch 
1950 DEF SEG : CALL TMODE! 
1960 CALL FCLOSE!(FERR%) 
1970 CALL IBWRT(A%,C$) 
1980 STOP 
1990 ' ++++++++++++++++++++++++++++++++++++++++++++++++++++ 
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;********************************************************** 
; SCANASM.ASM 
; 8088/86 Assembly Language Subroutines 
; for Micro-Reflectometer Data Handling 
· , 
; 

· , 
· , 

written by Ken Cornett 
last modified on 3-01-88 

; These procedures are written to be called by Keithley 
;Instruments,Inc. SOFT500 using either BASICA or GWBASIC 
; interpreters. My procedure is to ASSEMBLE, LINK, EXE2BIN, 
;and then convert the values in the binary file 
; (which is machine code) into ASCII with a program written 
;in TurboPascal. The BASIC program can then load these 
;routines by CLEARing a region of its default data segment, 
;reading the values from the ASCII file, and POKEing them 
;sequentially into the CLEARed area. The value of offs 
;declared below has been chosen 'arbitrarily' to be 
;compatible with assembly language code also loaded to run 
;a GPIB card. It may be changed, but the code MUST be poked 
;into BASIC's DEF SEG starting at whatever value is given 
;t~ offs. 
; Calls to Keithley's SOFT500 routines use segment 20 
; (DEF SEG = 20). Unless a DEF SEG is used to set the 
;default segment before loading or issuing a CALL to one of 
;these routines, a fatal crash is sure to result. 
;Similarly, a DEF;SEG = 20 MUST be set before issuing a 
;CALL to a SOFT500 routine. YOU HAVE BEEN WARNED. 
; This program uses Hercules Graphics page 1 (instead of 
;page 0) for the graphics display because all of BASIC's 
;screen I/O falls on page o. writing the graphics data to 
;page 1 preserves whatever text was on the screen, or may 
;appear on the text screen (like error messages, for 
; instance) while the program is running with the screen in 
;graphics mode. A separate procedure to initialize (erase) 
;the graphics screen has been provided so that it is 
;possible to break into the program during a scan, switch 
;back to text mode (remembering to set the def seg first!), 
;do whatever is necessary, switch back to graphics mode 
;without disturbing the graphics screen, and resuming 
;program execution (being sure to switch back to def seg=20 
;if necessary)! 
; 
offs equ 59000 . , 
; Hercules and Hercules+ Monochrome Graphics Card Specs. 
; HGC port address 
index equ 03B4h 
cntrl equ 03B8h 
config equ 03BFh 



· , 
; control 
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port codes 
gfx_en equ 03h ;enables graphics select bit & puts pg 
1 

; into memo map 
equ 01h ;inhibit graphics select bit & take pg 

gmodoff 
; out of map 

equ 82h ;02h = gfx mode, pg 1 [B8000-BFFFF], 
; screen blanked 

equ 8Ah ;OAh = gfx mode, pg 1 [B8000-BFFFF], 
; screen on 

gmodon 

tmodoff equ 20h ;20h = text mode, blink enabled, screen 
i blanked 

tmodon equ 28h i28h = text mode, blink enabled, screen 

· , 
; on 

Public scanasm, gmode, tmode, setmd, parms 
Public dreduc, dproc, around, gdisp, ahead, loopst, 10, 
next 
Public fmake, lenok, makerr, fwrite, wrterr, fclose, clserr 
Public fheadr, hederr, filler, ginit 
· , 
xcode segment byte public 'code' 

assume cs:xcode, ds:xcode 
· , 
scanasm proc far ; subroutine jump table 

jmp gmode ;BASIC call to gmode at 
jmp tmode ;BASIC call to tmode at 
jmp dreduc iBASIC call to dreduc at 
jmp gdisp :BASIC call to gdisp at 
jmp fmake ;BASIC call to fmake at 
jmp fheadr ;BASIC call to fheadr at 
jmp fwrite ;BASIC call to fwrite at 
jmp fclose ;BASIC call to fclose at 
jmp ginit ;BASIC call to ginit at 

· , 
gfxtbl db 
35h,2Dh,2Eh,07h,5Bh,02h,57h,57h,02h,03h,OOh,OOh 
; 
txttbl db 
61h,50h,52h,OFh,19h,06h,19h,19h,02h,ODh,OBh,OCh 

offs 
offs + 3 
offs + 6 
offs + 9 
offs + 12 
offs + 15 
offs + 18 
offs + 21 
offs + 24 

; 
fhand 
fname 
string 

dw? ;reserve a word for a file handle 

· , 
db 33 dup (20h) ires. 33 bytes for ASCIIZ 

filename 
; initialized as ASCII spaces 

;********************************************************** 
; Screen Control Routines 



· , 
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;GRAPHICS MODE - Programs the 6845 CRT controller for the 
;720 x 348 graphics mode. The active page for both writing 
;and display is set to the default value of page 1. 
iON ENTRY - no parameters. 
· , 
gmode: 

lea 
mov 
mov 
out 
mov 
mov 
out 
mov 
jmp 

· , 

si,gfxtbl+offs ;point ds:si at grafx data table 
dX,config 
al,gfx_en 
dx,al 
al,gmodoff 
dX,cntrl 
dx,al 

;enable full graphics mode 
iset mode with screen off 

bl,gmodon iscreen on control code 
setmd 

i----------------------------------------------------------
iTEXT MODE - Programs the 6845 and control register to 
i produce text mode. 
· , 
iON ENTRY - no parameters. 
· , 

si,txttbl+offs 
dx,config 
al,gfx_inh 

tmode: 
lea 
mov 
mov 
out 
mov 
mov 
out 
mov 

dx,al iinhibit setting graphics mode 
al,tmodoff 
dx,cntrl 
dx,al iset text mode with screen blanked 
bl,tmodon iscreen on control code 

· , i----------------------------------------------------------
; Program the 6845 CRTC for graphics or text mode 
· , bl = screen on control code 
i si = appropriate 6845 parameter table offset 
i 
setmd: 

mov 
mov 
xor 
cld 

parms: 

dx,index 
cx,12 
bh,bh 

mov al,bh 
out dx,al 
lodsb 
inc dx 
out dx,al 
inc bh 

ipoint output at 6845 index reg. 
i12 parameters to be output 
ibh = index, start from reg. 0 
idf clear so si, di increment 

;set input register number 

ial=ds:[si] & incr si by 1 
ipoint at data register 
iwrite data to 6845 data reg. 
iincrement register index 
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dec dx ;point dx back at index register 
loop 
mov 
mov 
out 
ret 

parms 
dX,cntrl 
al,bl 
dx,al 

;screen on control code 
;turn screen back on 
;we're outta here! 

; 
;********************************************************** 
; Data Processing & Display Routines . , 
; Subroutine DEREDUC 
; This subroutine performs a 12 bit to 8 bit data 
;reduction of values stored in a SOFT500 word array. The 
;calling syntax is: 
; CALL DREDUC(aseg%,npts%) 
; where npts% is the depth of the array, and aseg% is 
;the segment address where the array starts (at offset 01). 
;The data is presumed to be the raw AID readings in which 
;0 = -Vmax and OFFFh = +Vmax, and that the result will 
;always be <= 2048 = 0.0 volts. An absolute value operation 
;is performed such that 0 = 0.0 V and that OFFh = -2.5V. 
;The 8 bit results are stored over the original data in a 
;continuous manner (wiping out the first half of them). 
; 
dreduc: 

push 
mov 
mov 
mov 
mov 
mov 
push 
push 
mov 
mov 
xor 
xor 
cld 

dproc: 

bp 
bp,sp 
bX, [bp+6] 
cx, [bx] 
bx, [bp+8] 
ax, [bx] 
ds 
es 
ds,ax 
es,ax 
di,di 
si,si 

;point bp @ current top of stack 

;cx = npts% 

;ax = aseg% 

;point ds,es at SOFT500 array's segment 

;point index registers at its beginning 

lodsw ;load w at ds:[si] into ax, incr si by 2 
cmp aK,7FFh 
jbe around 
mov ax,7FFh 

around: 
xor ax,OFFFFh 
shr ax,l 
shr ax,l 
shr ax,l 
stosb 
loop dproc 

;ifax > 7FFh (2047d) set it to 7FFh 

;logical NOT operation 
;shift unwanted bits into bit bucket 

;save the 8 bit result & incr di by 1 



. , 

pop es 
pop ds 
pop bp 
ret 4 
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;----------------------------------------------------------
; Routine to display a line scan (HGC screen already in 
; graphics mode). 
; Calling Syntax: CALL GDISP(LNUM%,ASEG%,NPTS%,THRESH%) . , 
gdisp: 

push 
mov 
mov 
mov 
mov 
div 
mov 
mov 
div 
push 
mov 
xor 
mov 
mul 
mov 
pop 
mov 
mul 
add 
push 
mov 
mov 
mov 
mov 
mov 
mov 
mov 

seg 
mov 
push 
mov 
cmp 
jbe 
mov 

ahead: 
mov 
xor 

byte 

bp 
bp,sp 
bx, [bp+OCh] 
ax, [bx] ;ax = lnum% 
bx,348 :wrap to the top of the HGC screen 

lines on the screen. 
MOD 348 

bx :if lnum% > # of 
ax,dx :ax = dx = lnum% 
bl,4 
bl 
ax 
al,ah 
ah,ah 
bX,2000h 
bx 
di,ax 
ax 
bl,90 
bl 
di,ax 
es 
aX,OB800h 

;quotient in aI, remainder in ah 
;save al for later 

;ax = (lnum% MOD 4) 

;dx:ax = ax * bX, but dx will be 0 
; since the max. result is 6000h 
;al = (lnum% idiv 4) 

;ax = al * bl 
;di is offset into Herc Graphics Page 
; for pixel #0 of line lnum%. 

es,ax ;point es:di at graphics screen 1 
bx, [bp+8] 
cx,[bx] ;cx=npts% 
bx, [bp+6] 
dx,[bx] ;dl=thresh% (dh=O) 
bx,[bp+OAh] ;addr of var wi Soft500 array's 

ax, [bx] 
ds 
ds,ax 
cx,719 
ahead 
cx,719 

dh,lOOOOOOOb 
aX,ax 

;array's segment itself 

;point ds at SOFT500 data array 
;max # of points per line on HGCs 

;only do the 1st 719 

;dh is a bit select mask 
;clear ax for first grafx data 



xor bx,bx 
array 

cld 
loopst: 

cmp [bx],dl 
jbe 10 
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;clear bx to pt at 1st val in 

;is byte above threshold? 

;set current bit in al or al,dh 
10: shr dh,l 

jnz next 
stosb 

;move bit select to next lower bit 
;finished this gfx byte? If not, repeat 

;yes, write byte to grafx screen & 
inc di 

next: 

mov dh,10000000b 
xor al,al 

;reset the mask bit to bit 7 
;clear grfx data byte 

inc 
loop 
pop 
pop 

bx 
loopst 
ds 

ipoint at next byte in data array 
;until entire line of data is done 

es ;clean up the shop 
skip: 

pop 
ret 

bp 
8 

;********************************************************** 
; File_Handling_Routines . , 
; Routine to Create a File 
; Calling Syntax is: Call FMAKE(fname$,error%) . , 
fmake: 

push bp 
mov bp,sp 
mov bx,[bp+8h] 
xor 
mov 
cmp 
jbe 
mov 
jmp 

lenok: 

cx,cx 
cl, [bx] 
cX,20h 
lenok 
ax,13h 
makerr 

;address of string descriptor 
;clear cx 
;# of bytes in the string 

;if cx <= 32 length is ok 
;set error code 
;and handle it 

mov si,[bx+1] ;starting address of string 
push es 
mov ax,ds 
mov 
lea 
push 
cld 

es,ax 
di,fname+offs 
di 

repz movsb 
mov al,O 
stosb 
pop dx 

;make sure es points at ds 
;point es:di at fname's space 
;save this address 

;mov cx bytes from ds:si to es:di 

;terminate moved string with 0 
;pop fname address back into dx 
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xor 
mov 

cx,cx 
ah,3Ch 

:clear cx for normal file attribs 
:OOS fcn call code 

int 
pop 
jc 
lea 
mov 
mov 

21h 
es 
makerr 
bx,fhand+offs 
[bx],ax 
ax,O 

:err occured if CF set, code in ax 

:store file handle 
:error code = 0 

makerr: 
mov bX, [bp+6] 
mov [bx],ax 
pop bp 
ret 4 

· , 
;----------------------------------------------------------
; File Header Routine - writes a header to the data file. 
· , Writes 384 bytes of descriptive info to a file opened 
~ by fmake. 
· , 
; Calling syntax: 
; CALL FHEAOR(headr$,yO$,xO$,stepsize%,npts%,nlines%,ferr%) 
: where: 
; headr$ - an ascii string (0-255 bytes) 
: yO$ - Y-axis start pt of the scan. (11 byte ASCII string) 
; xO$ - X-axis start pt of the scan. (11 byte ASCII string) 
; stepsize% - dist. between points in micrometers. (word) 
; npts% - number of data points on each line scan. (word) 
: nlines% - the number of lines in the scan. (word) 
; ferr% - error code to be returned. (word) 
· , 
fheadr: 

push bp 
mov bp,sp :locate current top of stack 
lea si,fhand+offs :get file handle assigned in fmake 
mov bx,[si] : into bx 

; write nlines% to disk file 
mov cx,2 :write two byte integers to data file 
mov dX,[bp+8] ids:dx => nlines% 
mov ah,40h iOOS fen code for file writing 
int 21h 
jc hederr icf set on an error 

; write npts% to file 
mov dx,[bp+OAb] ids:dx => npts% (points per line) 
mov ah,40h 
int 21h ;write npts% to file 
jc hederr 

; write stepsize% to file 
mov dx,[bp+OCh] :ds:dx => stepsize% 
mov ah,40h 
int 21h 



jc hederr 
: write xO$ to file 

mov Cx,OBh :save 11 bytes 
mov si,[bp+OEh] :[si] => xO$ string descriptor 
mov dx,[si+1] ;ds:dx => xO$ 
mov ah,40h 
int 21h 
jc hederr 

: write yO$ to file 
mov si,[bp+10h] :[si] => yO$ string descriptor 
mov dx,[si+1] ;ds:dx => yO$ 
mov ah,40h 
int 21h 
jc hederr 

; fill space so headr$ is at the end of file header area 
; this leaves a convenient space for additional header 
; info. to be added later on with minimal mods in this 
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; program, or in programs which look at the files created 
; here. 

lea 
mov 
mov 

filler: 

dx,fname+offs 
cx,2lh 

;fill space with the filename 
;33 bytes in filename string 

si,3 

mov ah,40h 
int 21h 
jc hederr 
dec si 
jnz filler 
mov cx,l 
mov ah,40h 
int 21h 
jc hederr 

;write 33 bytes to file 

;do it 3 times 
;fill that last byte 

; write # of bytes in 
mov dx, [bp+12h] 
mov ah,40h 

headr$ to file 
;ds:dx => # of bytes in headr$ 

int 21h ;write the # of bytes in header to disk 
jc hederr 

; write headr$ to file 
mov si,dx 
mov dx, [si+1] 
mov cx,OFFh 
mov ah,40h 

int 
jc 

; if the 
mov 

hederr: 

21h 
hederr 

code gets 
ax,O 

mov bx, [bp+6] 

;ds:dx => headr$ 
;headr$ may not have FF bytes, but it 
;won't hurt to write whatever follows 
;into the file because it won't really 
;be looked at. 

to here then no errors were detected. 
;code for no errors detected 

mov [bx],ax ;return error code to BASIC via ferr% 



pop bp 
ret OEh 
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:pop 14 bytes off stack & return 
;----------------------------------------------------------
: Routine to write data to a file created by fmake. 
· , Calling Syntax: CALL FWRITE(ASEG%,NPTS%,ERR%) 
· , fhand = valid handle for an open file 
· , NPTS% returns an error code (0 = no error) 
i 
fwrite: 

mov 
mov 
mov 
mov 
mov 
lea 
mov 
push 
mov 
xor 
mov 
int 
pop 
jc 

cmp 
jz 
mov 
jmp 

wrtok: 

push bp 
bp,sp 
bX, [bp+S] 
cx, [bx] 
bx,[bp+OAh] 
ax, [bx] 
si,fhand+offs 
bX, [si] 
ds 
ds,ax 
dx,dx 
ah,40h 
21h 
ds 
wrterr 

ax,cx 
wrtok 
ax,20h 
wrterr 

;cx = npts% 

;seg addr of soft500 array 

;bx = file handle 

;point ds:dx at start of data 
iah = DOS fcn code 

;cf set en error in int 21h, 
;error code in ax 
;# of bytes written = # specified? 

ilet 20h = space problem 

mov ax,O ;return error code 0 (no errors) 
wrterr: 

· , 

mov bx, [bp+6] 
mov [bx],ax 
pop bp 
ret 6 

;----------------------------------------------------------
; file closing routine 
i Calling syntax is: CALL FCLOSE(err%) 
· , 
fclose: 

push 
mov 
lea 
mov 
mov 
int 

bp 
bp,sp 
si,fhand+offs 
bX, [si] 
ah,3Eh 
21h 

;move the file handle into bx 
iDOS fcn code 

jc clserr 
mov ax,O 

clserr: 

;CF set if error, code in ax 
;return "no errors" code to BASIC 



· , 

mov bx, [bp+6] 
mov [bx],ax 
pOp bp 
ret 2 
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i----------------------------------------------------------
; procedure ginit 
· , calling Syntax: CALL GINIT - no parameters 
; erases Graphics Page 1 (fills it with zeros). 
· , 
ginit: 

mov 
mov 
push 
mov 
mov 
xor 
cld 

cx,4000h 
ax,OOOOh 
es 
bX,OB800h 
es,bx 
di,di 

repz stosw 
pop es 
ret 

;4000h words on the page 
;fill it with zeros 

;point es:di at beg. of graphics page 
imake sure df clear so di increments 

:********************************************************** 
scanasm endp 
xcode ends 
end 



Program BIN2ASC; 

{ Program to convert binary files created by exe2bin 
to ASCII files readable by BASICA, GWBASIC. 
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written by Kenneth D. Cornett for TurboPascal ver. 5.5 } 

USES DOS,CRT; 

CONST 
count = 64000; 

VAR 
bfname, tfname : string[32]; 
bfile : file; 
tfile : text; 
nbytes : longint; 
buff: array[l •• count] of byte; 
i, result : word; 
yorn : char; 
goahead : boolean; 

BEGIN 
clrscr; 
write('enter name of binary file: I); 
readln(bfname) ; 
assign(bfile,bfname); 
{ open file with record length set to 1 byte } 
{$I-} reset(bfile,l); {$I+} 
if IOResult <> 0 then 

begin 
writeln(bfname,' does not exist'); 
halt; 

end; 

nbytes := filesize(bfile); 
if nbytes > count then 

begin 
writeln(bfname,' too big (>64,000 bytes) '); 
close(bfile); { probably the wrong file} 
halt; 

end; 
blockread(bfile,buff,count,result); 
close(bfile); 

write('enter name of ascii file to be written: I); 
readln(tfname) ; 
assign(tfile,tfname); 
{$I-} reset(tfile); {$I+} 
if IOResult = 0 then 



END. 
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begin 
write (tfname,, exists. overwrite it? (Yin) '); 
repeat 

repeat until keypressed; 
yorn := readkey; 
writeln; 
if «yorn = In') OR (yorn = 'N'» then 

begin 
close(bfile) ; 
halt; 

end 
else 

if «yorn = 'y') OR (yorn = 'Y'» then 
goahead := true 

else 
goahead := false; 

until goahead; 
end; 

rewrite(tfile); 
for i := 1 to result do 

writeln(tfile,buff[i]:3)i 
close(tfile); 
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