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Articles
7 Thin-Film Memory Disc Developmenl, by James E. Opfer, Bruce F. Spenner,Bangalore
a R. Natarajan, Richard A. Baugh, Edward S. Murdock, Charles C. Morehouse, and
David J. Bromley Sputtering a cobalt alloy on a disc for magnetic data recording provides
improved performance and reliability, but not without careful development.
6 M-H Loop Measurements
I A Laser ParticleScanner

.1 1 Dynamic Testing of Thin-Film Magnetic Recording Discs, by John Hodges, KeithS.
| | Roskelley,and Dennis R. Edson A modular approach is a key element.

fn-Line Sputtering Deposition System for Thin-Film Disc Fabrication, by GeorgeA.
r11
1
| Drennan, Robert J. Lawton, and Michaet B. Jacobson A sophisticatedcontrol system
and physical design moves fhe dlscs from one deposition step to the next without exposing the
dlscs to atmospheric conditions befween steps.

Thin-Film Disc Reliability-the Conservative Approach, by Clifford K. Day, C. Girvin
r;6
Harkins, Sfephan P. Howe, and Paul Poorman Wear, friction, and corrosion must be
1v)
evaluated and controlled.

31

Authors

r) A ManufacturingThin-Film Discs, by GlennE. Moore,Jr., Richard S. Seymour,and
w)a DarrelR. Bloomquist Optimizingdiscfabricationhasa majoreffecton discdriveproduct
cost and quality.

/) A Thin-Film Discs: Magnetic, Electrical, and Mechanical Design, by Michaet C. Allyn,
w)L) Peter R. Goglia, and Scott R. Smay When the magnetic and electrical parameters
require a head to fly only 200 nm above a disc, surface smoothness becomes an important
design parameter.
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In this Issue
The incorporationof a sputteredthin{ilm magneticdisc in the HP 97501A
3I/z-lnch 1O-MbyteDisc Drive culminatedseveral years of etfort at HP
Laboratoriesand HP's Disc Memory and Greeley Divisions.The thin-film
disc, in which a magneticmetalliclayer acts as the data storage medium,
representsa major technologyadvance in rigid magneticrecordingdiscs.
HP's use ol vacuumsputteringdepositioninsteadof platingfor the production
of the thin films has led to much tighterprocesscontrol,higheryields,better
manufacturability,
and lower costs.
ln 1977, Dick Hackborn,then generalmanagerof the newly formed Disc
MemoryDivision,initiatedthe program.Hackbornbelievedthat as magneticrecordingtechnology
evolved,the thin{ilm magneticdisc would play a crucialrole in future disc drives.
The initialHP investigationof thin{ilm disc technologywas done at HP Labs by Jim Opfer and
Len Cutler and their groups and is summarizedin the articleon page 4. Severalcourseswere
pursuedin parallelto establisha solidfoundationfor futurework and to determineif the technology
was feasible.In additionto theoreticalstudiesof magneticrecordingby Dave Bromley,Richard
Baugh, and Ed Murdock,characterizationequipmentwas developedto ensurethat appropriate
parameterscould be studied(examplesare describedby Robin Giffordand Vic Hestermanand
by Rich Elder in the boxeson pages 6 and 8). Variousmaterialssystemswere evaluatedby B.R.
Natarajanwith heavy emphasison the reliabilityof the disc. As the programevolved,it became
apparentthat the disc fabricationprocesswould be as importantas the disc itself,and the first
in-linesputtering(lLS) system was designed,built, and tested (see article by George Drennan
on page 21).
At the Disc Memory Division,several programswere started in magnetic recordingtheory,
processdevelopment,characterization,
and reliabilityto complementthe HP Labswork. The new
programsemphasizedtailoringthe technologyto a drive product,disc manufacturability,
and disc
cost. A key ingredientin the successof the thin{ilm disc programwas the early participationof
the drive developmentteams managed by Duncan Terry, Winston Mitchell,and Doug Mellor.
Optimizingthe disc and drive combinationrequiredextensivetesting and cooperationbetween
the teams. The articleby Mike Allyn, Pete Goglia,and Scott Smay on page 36 gives some feel
for the product-relatedchallenges.
Much attentionwas also focused on the manufacturabilityof the disc. The article by Rick
Seymour, Darrel Bloomquist,and me on page 34 summarizesthe work on the manufacturing
process, while the article by John Hodges, Keith Roskelley,and Dennis Edson on page 11
describesthe final disc test systems.The modularityof the test systemsallowsthem to be used
media.This continuesthe emphasis
for any disc and to be upgradedfor future high-performance
on a workhorsetechnology.The manufacturingeffort includedextensivecost modelsdeveloped
by Ken Wunderlichand Don Petersonto predictthe impact of demand,processimprovements,
automation,and other factors on the disc cost. Finally,Cliff Day, Paul Poorman,Steve Howe,
and Girvin Harkinsdescribethe continuingreliabilitywork in their articleon page 25.
-Glenn E. Moore, Jr., Guest Editor

Cover
One of the authorsis shown holdinga thin-filmdisc fabricatedin the HP Laboratoriessputtering
depositiondevelopmentsystemseen in the background.In the foregroundis the disc carrierused
for fabricatingdiscs for continuingthin{ilm investigations.

What's Ahead
In the Decemberissue,along with the annual index,we'll have seven articleson the designof
the HP 8642N8 RF SignalGenerator,a state-of-the-art
signalsourcefor testingcommunications
equipmentin the frequencyrange of 100 kHz to 2115 MHz.
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Thin-FilmMemoryDisc Development
Developinga new recordingmediumfor discmemories
requiredcarefulattentionto the developmentand
processes,andfesfsysfems.
characterization
of materials,
by JamesE.Opfer,BruceF.Spenner,BangaloreR.Natarajan,RichardA. Baugh,EdwardS. Murdock,
CharlesC. Morehouse,and DavidJ. Bromley
HIN-FILM DISC DEVELOPMENT at HP Laboratories
was begun to give Hewlett-Packard mastery over the
technology of a key component of disc drives. This
development,it was believed,would leadto a betterunderstanding of the recording medium and the recording processand perhapsresult in a component proprietary to HP.
A thin-film medium was chosen over the traditional particulate media because of the opportunity to make a contribution to disc performance.Along with this choice came
the attendant risk that thin-film discs would suffer from
potentially unsolvable problems. The combination of opportunity and risk justified assemblinga special team of
people.This team was to developa superiorrecordingdisc
and an expanding set of capabilities to characterize important problems of magnetic recording-both those of a general nature and those known to be specific to thin-film
discs.
Initial Definition
At the onset of the program, thin magnetic films had
alreadyexhibited considerablepromisefor useasrecording
media. Cobalt films were known to have sufficient magnetization for recording at high density when prepared in the
form of films as thin as 50 nm. The uniformity of recording
fields in these very thin films led to the expectation of high
recording performanceif other salient problems could be
solved. Cobalt films were known to be highly susceptible

to corrosion, and the wear properties of unmodified metal
films, to the extent that they had been characterized,were
not acceptable.Detailed recording properties of a homogeneous medium were not known, nor was the incidence
of defects in a thin-film layer. Finally, it had to be demonstrated that the desirable properties of thin magnetic
films could be obtained reproducibly and at a competitive
price.
To deal with these uncertainties, investigations were
begun in each area of concern. Investigation of corrosion
effects was initiated at both the practical level and a more
fundamental level. Apparatus and measurement methods
were established to characterize the wear performance.
Computerized test equipment was developed to measure
recording properties and the distribution of defects. Finally, as development and characterization of the thin-film
disc progressed,modeling of the recording physics helped
to validate the experimentalresults and design choices.
Material and Process Development
The disc material and process development required an
integrated approach. Not only was there a requirement for
certain macromagnetic properties of the thin magnetic
films, but these properties had to be uniform over a disc
surface and had to be prepared relatively free of defects on
a substratemeeting both cost and mechanical requirements.
Optimization of a disc recording systemrequires a match-
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Fig. 1. Effect on coercivity values
of adding platinumto cobaltfilms.
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ing of the recording head and disc properties. Increasing
the coercivity and decreasing the remanence-thickness
product of the magnetic recording layer increases the capability of a disc to store data at high linear density. However,
the coercivity cannot exceed a value limited by the ability
of the head to write (magnetize) nor can the remanencethickness product be less than that needed for a minimum
usable readback signal. As these considerations suggest,
an ideal property of a disc material system is the possibility
of independently varying the coercivity and remanencethickness product over a suitable wide range without degradation of the associated magnetization/applied-field (M-H)
hysteresis loop.
Cobalt or cobalt alloy films are attractive candidates because of their high value of magnetization and the possibility of high coercivity resulting from high crystalline anisotropy in the hexagonal (HCP) phase. Because of the high
value of magnetization, a very thin (e.g., 30 to 50 rrm) cobalt
film provides an adequate remanence-thickness product.
However, to achieve desirable coercivity, care must be
taken to prepare the film with the proper structure. Pure
cobalt films sputter-deposited onto most substrates exhibit
low film coercivity (e.g., 50 oersteds) because of an admixture of the cubic (FCC) phase and the associated low value
of crystalline anisotropy. This is an expected result because
of the polymorphic nature of the pure bulk cobalt. A much
larger fraction of the hexagonal phase can be realized by
depositing the thin cobalt film directly on top of a newly
deposited chromium film approximately 250 nm thick. The
coercivity of very thin cobalt films prepared in this manner
is suitably high, but decreases rapidly as the film thickness
increases. At a thickness adequate for most recording signal
requirements, the coercivity is already below a desirable
value. Furthermore, there is no way to vary the coercivity
and thickness independently over a range of values. Further
effort was required to realize the potential advantages of
these films.
The addition of platinum to the cobalt films deposited
over chromium provided the desired capability of varying
properties independently without sacrificing the squareness of the M-H hysteresis loop (Fig. 1J. As the platinum
content of films deposited onto silicon substrates increases,
the coercivity increases up to a maximum value in excess

Fig.2. Total normalized medium
notse power versus recorotng
density for various disc memory
material sysfems.
of r6OO oersteds. The addition of platinum increases the
fraction of hexagonal phase in the film and also increases
the average grain size. Both factors serve to increase coercivity. As Fig. 1 shows, the coercivity also increases with
platinum concentration when the cobalt films are deposited onto a chromium underlayer. Hence, there is a substantial range of coercivity and film thickness values that can
be chosen independently. Additional coercivity variation
can be achieved by varying the thickness of the chromium
underlayer. The chromium underlayer also causes the easy
axis of the magnetic film to orient itself in the film plane
and it serves to mask inhomogeneities in the substrate surface. To select the optimum alloy, a special cryogenic M-H
loop measurement system was developed (see box on page
6).
To provide reproducible uniform macromagnetic properties, procurement of a modular in-line deposition system
was initiated. In the conceptual design of this system every
reasonable attempt was made to provide a system that exposed locations at the same radius on a disc to equal deposition conditions, and to make these conditions identical
from disc to disc. The in-line system (see article on page
21), with its load lock chamber to isolate the deposition
chambers from exposure to ambient pressures or environments, was instrumental in making similar conditions possible as successive lots of discs were fabricated.
Because it was known that thin-film deposition could at
best replicate the topographic features of the substrate, development of sufficiently smooth substrates was given the
highest priority and became a division responsibility at an
early stage. As the quality of the substrates improved, the
process emphasis began to focus on the maintenance of
substrate perfection throughout the disc fabrication process. A high-pressure Freon" jet spray cleaner was developed to remove particulate contamination, but finding
an efficient way to measure the effectiveness of the cleaning
methods remained to be done. An important advance was
the development of a laser-based particle scanner (see box
on page B) capable of rapidly counting residual particle-like
protrusions from the disc surface. The scanner was an invaluable tool for monitoring all aspects of the process for
contamination, and was primarily responsible for the
achievement of nearly perfect finished discs.
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M-H Loop Measurements
The efficientdevelopmentof thinJilmmagneticrecordingmaterialsdependson the availability
ot suitablemeasuringtechniques. A measurementof the M-H loop-the relationshipbetween the magnetizationof the materialand a cyclicallyapplied
magneticfield-is the most basic test of the physicalproperties
of the material,and is very useful in the evaluationof process
variations.
By designingand buildingourown measuringsystem
that has an optimum combinationof measurementtime, accuracy, sample size, and convenience,we are able to obtain performancethat is significantlybetterthanwas previouslyavailable.
The equipmentthat was developedrecordsin about a minute
the M-H loop of a sample with a maximumdimensionof 1 cm
on a conductingsubstrate.The measuredvaluesof remanence
and coercivityare accurateto 3% and reproducibleto 1o/o.
Coercivities up to 800 oersteds can be measured,The measuring
system is controlledby an HP 9000 Model 216 Computerand
is reliableand very easy to use. Almost all of the measurement
parameters are software controlled, and the instrumenthas
proved to be a versatileresearchtool.
Measurement Technique
The magnetizationis measuredby a direct inductionmethod
(see Fig. 1). The sampleis placedin an in-planemagneticfield
sinusoidallyvaryingwith a peak intensityof 1600 oerstedsand
a frequencyof 0.5 Hz. The time rateof change of magnetization
inducesan EMF in a surroundingsensecoil. The time-dependence of the magnetizationis recoveredby integratingthe output
voltageof this coil.The flux caused by the excitationfield linking
the sense coil directly is "bucked out" by using a series-connected, counterwoundcompensatingcoil. Because the cross
section of the sense coil is larger than that of the sample by a
factorof morethan 105,the effectivebalancebetweenthe sense
coil and the compensatingcoil must remainconstantto about 1
part in 108duringeach measurement.
A highdegreeof balance
in the astatic pair forming the sense and compensatingcoils
also providesrelativeimmunityfrom interlerencecaused by uniform time-varyingexternalfields.
At the drivefrequencyof 0.5 Hz, eddy currentsin the conductive samplesubstrate(if uncompensated)would producean out-

put signal larger by a factor of about two than that created by
the magnetic material.Eddy-currentdistortionof the M-H loop
can, however,be almostcompletelyremovedby placing in the
compensatingcoil a nonmagneticdummy samplemade of a
materialidenticalto that of the sample'ssubstrate.
An air-coresolenoidis used to generatethe applied magnetic
field.Thewindingsaredesignedto producetwo identicalregions
of extremelyhigh field homogeneitywith an axial separation
matchingthat of the senseand compensationcoils.Liquid-nitrogen cooling reduces the resistanceof the windings by a factor
of seven,resultingin a lower peak power requirementof 250W,
powersupply.The
easilysuppliedby a standardprogrammable
use of a cryogenicsolenoidrequiresa specialnonconducting,
nonmagneticDewarvesselwith a room{emperaturebore. Close
attentionwas paid to the mechanicalstabilityof the complete
assemblyand the use of strictlynonmagneticmaterials.
The electricaloutput of the pickup coils is fed to a discrete
dc-couoled amolifierwith a noise level of about 1 nYl\/Hz at
10 Hz. The outputof this amplifierdrivesa digitallycontrolled
drift-cancelling
integratorwhosefilteredoutputis digitizedat a
rate of 180 samplesper second. Residualcouplingof the drlve
signalintothe pickupcoils is nulledby feedinga preciselyregulated fractionof the drive coil current to a toroidal balancing
transformerin serieswith the input circuit.An extremelyhigh
degree of overall rejectionis achieved by digitallyprocessing
the voltagewaveformsfrom three measurementsmade in quick
succession.The averageof the first and third measurements,
made with the sample and dummy removedfrom the pickup
coils, is subtractedfrom the second measurement,for which the
sampleand dummyare in place.Usingthistechnique,it is possible to resolvea signalcorrespondingto about 1oloof the magnetizationof the samples usuallymeasured.Generationof the
lVl-Hloop, scaling,and calculationof coercivityare handledoffline by the Model216 Computer.
Robin P. Gittard
Victor W. Hesterman
DevelopmentEngineers
Hewlett-Packard
Laboratories
Flg.1. Block diagram of M-H loop
me asurement sy stem.The sampl e
and dummy are magnetized by
the field of the drive solenoid,
which is fed with a sinusoidalcurrent by the programmable power
supply. The voltage signal resulting from the rate of change of the
sample magnettzation is amplified , integrated,and digitized. The
computer calculatesand displays
the M-H loop andstoreslhe resu/ts
of all measurements.

Developmentof Characterization
Equipment
Proceeding
in parallelwith thediscprocess
andmaterial
development was the development of characterization
equipment. It was important from the beginning to understandthe advantagesand limitations of competingmethods
for making thin-film discs. Plated thin-film media from
severalvendors were evaluatedearly in the program,and
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the understanding gained led to the adoption of vacuum
sputteringasthe preferredmethod of depositingthe films.
Early characterizationdevelopmentfocusedon measuring recordingperformanceas a function of linear recording
density. Carefulobservationswere required to correlatethe
macromagneticproperties of the discs with observedrecording performance. Rapid determination of recording

properties provided the important feedback that guided
the evolution of the materials system.Accompanying improvementin the disc propertieswas an increasein sophistication of the measurementtools. The study of the noise
mechanism in thin-film discs discussedlater is one example of the characterizationwork that was done.
Another major contribution of the characterizationwas
the separationof modulation effectsinto those causedby
head flying height variations and those causedby material
property variations (seearticle on page36).The latter variations provided the most direct evidenceof the sensitivity
of disc properties to minor variations in the fabrication
process.The elimination of processfeaturesthat caused
modulation also resulted in a process providing a high
degreeof disc-to-discreproducibility.
A final important contribution of the characterization
equipment was the measurementof the distribution of defects in discs as made and in discs that had been exposed
to various controlled environments.A significant conclusion basedon thesemeasurementswas that discs could be
made by meansof sputtering to a degreeof perfection limited essentiallyby the degreeof perfection of the substrate
itself. Furthermore, the effects of hostile environments
could be quantitatively assessedin terms of variations in
defect count.
The evolution of this ability to characterizediscs led to
the capability of specifying disc performancein terms that
could be readily measured.An important contribution to
the overall development process was the creation of an
External ReferenceSpecification (ERS) for the thin-film
disc and the definition of a procedure for testing these
specifications.The combination of the specification and
the test procedure,more than any other single thing, provided a template by which the divisions could gaugethe
progress of the effort at HP Labs.
Noise Characterization
Errors in a disc memory come from many sources,one
of which is the magnetic noise of the recording medium
itself. This noise arises from random fluctuations in the
magnetizationalong a recordedtrack and resultsin random
shifts in the locations of the signal peaks.Given the mean
value of this time jitter, the bit error rate from the medium
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Fig. 3. Wear profile across a single rail path for a thin-film
disc after 10,000 contact sfart-sfop cycles.

noise can be calculated. The challenge in measuring
medium noise is to do it in a way that separatesthe medium
noise from all other noise sourcesand provides a measure
from which medium noise error rate can be predicted.
When the noise power is plotted as a function of recording density, an important trend is seen.As Fig. 2 shows,
thin metallic media of all types get noisier as the written
density increases,in pronounced contrast to the casefor
particulate media. This increasecan be understoodby noting that a spectrum analyzer takes a temporal averageof
the noise. As the recording density increases,more magnetic transitionspassunder the headper second.Therefore,
the noise curve means that in thin-film media the transitions are much noisier than the uniformly magnetizedregions between them.
The objective,then, is to devisea measurementmethod
that will enable one to predict time jitter from the noise.
Our proposal was to write on the track with a sufficiently
high density to completely fill the track with noisy transitions (i.e.,use maximum noise),and to measurethe noise
and signal at the output of the differentiator rather than
the preamplifier of the read circuitry.
This proposal was verified by computing the time jitter
to be expected from the noise and comparing it to the
measuredtime jitter. Detailsof the calculationcan be found
in reference1. The actual time jitter At was measuredwith
an HP 53704 Counter.The contribution of the electronics
noise to the jitter was measuredby making repeatedmeasurementson a single pair of transitions, and subtracting
their averagefrom the total jitter to give medium jitter.
When calculatedand measuredvalues of At are compared
for many different media, the resulting graph is a straight
Iine. Statistical analysis indicates an excellent fit of the
data to the hypothesisthat measuredAt : calculated At.
With this verification of our understanding,we propose
a new definition of the signal-to-noiseratio SNR,namely:
SNR: 20 log(signalderivative/rmsnoise voltage)
where both signal and noise are measuredat the predetection filter output and the noise is the maximum noise.With
this definition, one can use the calculation described in
reference 1 to predict the time jitter caused by medium
noise in thin-film recording media accurately.
Wear Characterization
Evaluating the wear characteristics of the thin-film
medium startedwith the first samplesproduced, Attempts
to learn the electrical performance of new disc samples
required the discs to survive a minimum of one contact
startl As one might imagine, the very earliestdiscs did not
survive many (if any) attempts to fly heads over them. It
was immediately realized that simple mechanical performancewas requiredbeforeothertestscould be performed.
Simple testers were built to rotate the disc in contact
with a head at speedswell below flying speed(speedwhen
the head is supportedby the moving air bound to the disc
surfaceJ.The motivation was to imitate the sliding of the
head at the start of disc acceleration.Testing on samples
from the processingarea was done with rapid feedbackof
results so that process improvements could be effected
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A Laser Particle Scanner
Particlescan be detectedon a smoothreflectivesurfacesuch
as a thinJilm disc substrateby illuminatingthe surface with a
bright lightsourceand measuringthe scatteredlight,ratherthan
the reflectedlight(see Fig. 1).
for a particlescannerwas simplyfor
The originalrequirement
a deviceto measurethe numberof particles1pm or largerin
diameteron the surfaceof a thinJilmdisc substratein less than
one minute.In addition,for safetyand conveniencereasons,we
wantedto avoid the use of high-powerlasersfor illuminationand
detectors,which require high volt.
the need for high-sensitivity
ages. A 2-mW helium-neonlaser was chosenfor illumination,
and a pin photodiodewith a sensitivityof 10 e watts was used
for detection.The amountof the laser power scatteredper unit
particlein the beam can be
of solid angle by a 1-pm-diameter
estimatedas follows:
Ps: P17r12lAt11l2.f1:5x10-e watts/steradian
where P1 is the laser power, r is the particle radius,and A. is
area of the laserbeam.The factor
0.05 mm2,the cross-sectional
of 1/2r comes from the assumptionthat the power is scattered
evenly over a hemisphereabove the particle,or 2zl steradians.
Therefore,scatteredlight must be collectedover a solid angle
of at least0.2 steradiansto get sufficientpowertothe detector.
a thin band
In the finaltest configuration,
the laserilluminates
radiallyacross the disc and the disc is spun to move particles
throughthe beam.The detectorhead is scannedacrossthe disc
radiusat the proper speed to cover the disc surfacein a spiral.
The detectorarea is 5 mm2,and the detector is located5 mm
above the disc surface,achievingthe 0.2 steradiancollection
area withoutrequiringcollectionoptics.
A particle passing through the beam causes a pulse of light
at the photodiodedetectorproportionalto the squareof the particle diameter.This lightpulse is turnedinto a currentpulseby
the photodiode,amplified,and sentto a comparatorcircuit.The
comparatorvoltagecan be set to differentlevelscorresponding
to differentparticlesizesfrom 1 to 40 prm.Whena particlelarger
than the set size passes through the beam, the comparatoris
triggeredand a counteris incremented.
Operation
A substrateis scanned simply by placing it on the scanner
spindle,selectinga particlesize, and pressingthe start button.
The disc is spun and the detectoris scannedacrossit automatically,a processthat takesabout 30 seconds.The particlecount
is constantlydisplayedon the frontof the scanner,and is automaticallyzeroed at the startof each scan. lf a distributionof counts
of differentparticlesizes is desired,the scanning process can
be repeatedat differentcomparatorsettings.
Calibration
The initialcalibration
was done by placinga fairlycleandisc
in the particlescanner,positioning
isolatedparticlesin the laser
beam, and measuringthe photodioderesponse.The disc was
then carried to a microscooeand the oarticle size measured
with a reticle.This process was repeatedwith various particle

quickly. As disc performanceimproved, the testing level
was elevatedto more realistic start-stoptesting.A number
of testers were built to service the processingarea since
start-stoptesting requires about a day to complete 10,000
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Fig. 1. The laser particle scanner detects particles by
measuring light scattered by the particles. Ihe dlsc surface
is scanned in a spiralpattern by rotating the drsc and moving
the detectoralong a disc radius illuminatedby the laserbeam.
sizes to derive a detector-voltage-versus-particle-size
response
curve.Thiscurve is used to set the particledetectioncomparator
voltages.
Therewere a numberof problemswith this calibrationprocedure. lt could only be used on largerparticles(4 /rm or larger),
becausethe particlehad to be identifiedvisually.With particles
much largerthan 4 pm, the individualparticleshapes had a
significanteffecton the angulardistributionand hencethe measured power of the scatteredlight. lf large numbersof particles
are measured,these differencesaverage out, but the process
was too time-consumingto take a large enough sample.
In light of this uncertainty,a methodwas devisedto verifythis
calibration.
A disc was cleaned,then measuredin the particle
scanner.A smallamountof nominal5-pm aluminumoxide particles suspendedin alcoholwas then spread over the disc and
allowedto dry. This resultedin about 2000 particlesbetween 1
and 7 pm in diameterspreadevenlyoverthedisc.Thedistribution
of sizes of these particleswas then measuredboth opticallyand
with the particlescanner.Both distributionswere found to have
a dip at 4 p,m and a large peak at 5 pm, confirmingthe initial
calibration.
Periodiccalibrationis done usinga speciallyprepareddisc.
A glasssubstratewas ion milledto produceparticle-likefeatures,
then coated with aluminumto give it a reflectivesurface.This
disc will producethe same particlesize distribution
as long as
it is kept clean, and it can be recleanedwithoutchanging that
distribution.
This periodiccalibrationis used to check for laser
powerdegradationand misalignment.
Richard E. Elder
Development
Engineer
Hewlett-PackardLaboratories

contact start-stops(CSS).
After discs routinely passedthe specification of 10,000
CSS, test-to-failuretechniques were used to characterize
the wear performance of the discs. A curious result fol-
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Fig. 4. Three-dimensionalview of wear along and across
track aftet 70,000 CSS.
lowed: discs that routinely survived 10,000 CSS would
also routinely survive 100,000 CSS. In fact, we were frustrated in our attempt to perform complete failure testing
by a lack of failure examples. Note that the 100,000 CSS
tests required about L0 days to complete! We tried to force
a failure on one disc by running a slide test for one month.
The head had traveled more than S,000 kilometers with no
disc failure observed!
Efforts were made to characterize the disc wear in discs
that seemed to show no signs of failure. Wear tracks
could be observed, but failure had not occurred. A measurement procedure was implemented using an electron beam
microprobe interfaced to an HP 9000 Model 226 Computer.
Measurements of characteristic X-ray emissions (typically
100,000 per measurement point) were used to determine
the thickness of the wear layer after start-stop tests. The
system was capable of resolving layer thickness variations
of about 0.3 nm over distances of about one micrometer.
An example of a wear layer thickness profile across a single
path worn by the head rail on a disc after 10,000 CSS is
shown in Fig. 3. The head rail dug a groove during the
wear test about 15 nm deep in a wear layer about bO-nm
thick. A foreshortened perspective image of the wear layer
material removal along the track is shown in Fig. 4.
From profiles of disc wear like those in Fig. 4, one can
calculate the actual material removed after various wear
tests. Fig. 5 shows the results of a series of tests on cobaltoxide wear layers. The quantity plotted is the actual wear
volume measured (and extrapolated to the entire wear
track) as a function of the test performed. As can be seen,
only for the thinnest wear layers can any wear volume be
measured. For 50-nm and 1.00-nm wear layer thicknesses,
no material removal was observed even after 100,000 CSS.
Hence, only an upper limit to the wear volume can be
indicated.
Modeling the Recording Process
A theoretical understanding of the recording process

played an important role in the validation of results and
the evolution of an understanding of the limits of the recording process.
Data is stored on the HP thin-film disc by controlling
the in-plane magnetization of the CoPt layer. Much attention has been focused recently on an alternative form of
data recording in magnetic films which supports only magnetization perpendicular to the film plane. To understand
the potential of this perpendicular recording, an analysis
of the theoretical distinctions between the two formats (see
Fig. 6) was carried out.
The resulting models of the recording processes reveal
a surprising equivalence in the fundamental limiting densities of the two alternatives.2 It was concluded that the
ultimate choice between the two formats would depend
on defect densities and noise levels in the media and on
system manufacturability.
Most of the excitment over perpendicular recording was
based on the fact that the demagnetizing field of an isolated
transition (of the perpendicular magnetization) vanishes
in the center of the transition. This makes very narrow
transitions stable, much narrower than are stable in the
longitudinal mode. However, the model developed at Hp
shows that it is impossible to write such narrow transitions.
To see why, note that in a magnetic layer with a perfectly
square M-H loop, the entire transition must occur at a single
value of the total H field, called the medium's coercive
field. This constant field is achieved during the writing of
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the transition by balancing the gradients of the demagnetizing field and the applied head field. The processof writing
narrow transitions causes large demagnetizing field gradients and thus requires large head field gradients. Fundamental limitations to head field gradients give rise to a
minimum transition width that for both longitudinal and
perpendicular recording is larger than the simple stabilityversus-demagnetizationlimit.
Separateoptimization of the two formats combined with
ultimate materials limits on parameterslike the saturation
magnetization and coercivity led to the surprising, and to
some extent coincidental, equivalencebetween longitudinal and perpendicular recording. Recent experimental
study of both formats confirms this rough equivalence and
supports the idea that magnetic recording is write field
limited and not demagnetizationlimited.3 Furthermore,in
the short term, perpendicularrecordinghas a severedisadvantage because the magnetization achieved so far in the
recording media in that mode is only half that achieved
with longitudinal magnetization.Theseconclusions,combined with the mature stateof longitudinal recording, make
longitudinal recordingthe proper choicefor datarecording.
Validation of Results
In the course of the HP Labs development, a disc was
designedthat could support recording at a linear density
of 12,000 flux reversalsper inch and a track density of
1000 tracks per inch. The harmful effects of corrosive gases
in the environment were mitigated by the use of a sacrificial
filter that effectively removed these gasesbefore they could
reach the disc surface (seearticle on page 25). An oxide
overcoat provided a substantialdegreeof wear protection
for the recording layer.
A number of discs fabricated in an identical manner were
systematically characterized to verify the reproducibility
of all properties.The evaluation showed that the discs HP
had developed were superior to other available discs in
those properties that were defined in the External Reference
Specification(ERS).Later developmentswere to show that
additional properties needed to be specified,but the first
attempt to meet a set of specifications revealed several
important points about sputtered thin-film discs:
r These discs can be tailored to match existing heads for
optimum performance.
r They can be made with remarkably few defects'
r Becausethe fabrication process replicates the smooth
substratefeatures,it is possible to achieve much lower
head flying heights.

Transfer of the Program
The process of transferring the technology to the Disc
Memory Division was initiated when discs fabricated in
the in-line deposition system began to meet the ERS
routinely. This deposition system, capable of producing
one disc at a time, was transferred with the understanding
that developing methods for producing multiple discs
simultaneouslyremained a challenge.The critical component of the transfer was a fairly complete understanding
of the dependenceof disc properties upon processvariables.Handing off the tools and methods used to evaluate
the medium was essentialto ensure continuous efficient
development. The transfer of the technology from HP Labs
to DMD did not mark the completion of the development
of the technology; rather it marked the achievement of real
benchmarks of performance, quality, and test methods.
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DynamicTestingof Thin-FilmMagnetic
RecordingDiscs
by John Hodges,Keith S. Roskelley,and DennisR. Edson
YNAMIC TESTING of parameters is a major function required for the development and subsequent
production of a disc memory product. The test apparatusrequired for magneticdisc testing must be capable
of measuringmany electrical and mechanical parameters.
The operator interface is of prime importance. Production
personnel should be provided with simple, easy-to-use
equipment. Design engineers,on the other hand, require
test apparatus that has the utmost in flexibility and
thoroughness.In either case the measurementsmust be
performed with excellent accuracy and repeatability.
A Modular Approach
In the course of developing HP's thin-film magnetic recording discs, over a dozen testerswere built to measure
recording performancein both development and production phases.Developing this equipment was a significant
part of the total engineering effort that went into the disc
program. We greatly reduced the time and money necessary
to build these testers by building each of them out of a
handful of functional modules and leveraging the module
design acrossthe whole program,
Traditionally at HP's Disc Memory Division tooling development teams have been organized around specific
tools, for example,a production disc certifier for a particular disc drive. The tool engineersmet with the drive design-

ers about a year ahead of the anticipated need to set specifications for the tool. If a check with outside vendors found
no suitable product, design responsibility was turned over
to the tool engineering team, which was given freedom
over design choices and usually divided the work by discipline (electrical,mechanical,and software).
This approach frequently led to redundant design efforts
for similar needs. For example, separate teams building
research and production testers for a S-inch disc would
each design a test spindle. Requirementswould be identical, yet the engineers involved would fail to leverage the
work of the others becauseof organizational or communication difficulties. In addition, once given the charter to
design a tool, engineersoften failed to use existing, commercially available subsystems.
Much of the equipment built in this manner became
obsoleteearlier than expected.A changein required performance would cause the entire tester to be scrapped and
restarted.Tools built to year-old specificationstended to
be inflexible in meeting the rapidly changing needs of a
technology developmentprogram.
At the start of the thin-film disc development program,
we recognized that many testers of different specific capabilities would be needed,yet that there were many similarities among them. This realization led to the decision to
divide the design work by functional units rather than by

Fig. 1. fest syslern block diagram.
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tester application. We divided the disc testing into functional areasas shown in Fig. 1: disc rotation, head positioning, recording/readback, signal analysis, head flight
dynamics measurement,and control. We designedone or
more solutions for each of these areas,and defined simple
interfaces that allowed the modules to be combined easily
into a variety of configurations.
We found numerousadvantagesto this approach.Primarily, flexibility of the finished tool was greatly enhanced. If
a special experiment called for a second head and read/
write channel on a tester,it could be added with no modification to the existing modules. If requirementsfor readback signal/noise performance became tighter, the read
amplifier could easily be replaced without changing anything else.Engineeringtime could be focusedon improving
the weak unit.
Eachmodule, asit was designed,was treatedasa separate
product, with a separatetool number, documentation package,and specification sheet.Each module, once designed,
became part of our catalog of solutions that test engineers
could order by tool number.
Fewer designs,each used more widely, lead to savings
in several areas.Higher build volumes reduce unit costs.
We could predict the needsof severaltestersand combine
part build orders, allowing use of more automated fabrication methods. Document preparation work was also reduced.We developeda documentationsystemthat allowed
the document packagefor a tester to be composed of the
document packagesof its componentmodules, with crossreferencesso document revisions could be distributed to
all users. Maintenance and operator personnel had fewer
systemsto learn, reducing training time. It becamefeasible
to keep modules as spares,allowing rapid servicing by
swapping out defectivemodules.
Over time we developed a number of interchangeable
sets of functionally equivalent subsystems, optimized
around different parameters. For example, we had a lowcost spindle, a high-performance air-bearing spindle, a
high-accelerationspindle, and one designed for smooth
operation at low speed.Any of these could be installed on
any tester in a few minutes without modification. We were
able to build an inventory of tester modules, which could
be used for maintenancespares,enhancingexistingtesters,
or building new ones.Volume savingson build costsmade
keeping this inventory inexpensive.In one case,we were
able to assemble and use a new tester two weeks after a
problem with the disc createda special need for it.
Another goal of the overall system design was to
maximize use of commercially available subsystems,specifically HP-IB (IEEE 488) instrumentation. To that end,
we used HP-IB protocol to interface the test control computer to all of our specializedtest circuitry. This kept the
system architecture unified and test sequencing programs
simple.
Methods of lmplementation
Achieving these advantagesrequired forethought in establishing interfacesbetween modules, and discipline in
adhering to them throughout the program. The interfaces
had to be simple enough not to add complexity to each
module, yet general enough not to restrict expandability.
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Spindles and actuators are mounted on a flat-surfaceplate test bed. The spindle is mounted at the center of a
radial pattern of mounting holes, and an actuator can be
mounted on any of the radials (seeFig. 2 and Fig. 3). We
use two expanding mandrel pins to clamp an actuator to
the test bed. The pins provide both clamping force and
lateralrepositioningto 0.001inch. Eachactuatoris required
to fit within a 30' pie slice so it will not interfere with
otherson the sametestbed. The mounting holes are placed
every four inches along each radial so the same actuator
can be positioned for use with any disc diameter.
All special test circuits are built on the 6.75x 11.5-inch
printed circuit cards that are standard in our division. Control interfacing to the test circuits is done over a standard
microprocessordata bus assignedto one edge connector,
with B data and B addresslines. A microprocessorsystem
interfaces this bus to the HP-IB. This was simpler than
putting an HP-IB interface on every card, and allows the
microprocessor to control time-critical functions of some
cards at speeds beyond HP-IB limits. Card interface circuitry uses about a third of each breadboard card, and
provides six digital and six analog ports on each. As the
individual circuit cards were developed and went through
the printed circuit layout cycle, the designers could reuse
the interface layout, reducing layout costs.
Our control software is written in HP BASIC, which we
found gaveus much gteaterprogramming productivity than
compiled languages.We try to write the control routines
in modules that correspond one-for-onewith our hardware
modules so that test control programs can be easily configured for each different hardware configuration. We also
wanted these driver routines to provide the top level of
test control programs with simple interfaces in MKS units.
For example, the driver routine for a step motor actuator
called Seek(mm)moves the head to the given millimeter
radius. Backgroundcalculations,such as radial calibration
or the number of steps required should be transparent to
the next level of software.
A sample test program that reads the amplitude at a
particular radius using such routines might be:
Seek(ld-radius)
Erase
Write
itude.
Read/TraclLampl
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Fag.2. Actuator test-bedlayout. An actuator can be mounted
on anv radial at different distances from the spindle.

If all the driver routines for interchangeablehardware
modules have the same software interface,then this program will work with a step motor or linear motor actuator,
or with a read/write systemusing monolithic or thin-film
heads. The library of driver routines then becomesa test
extension packagefor BASIC, allowing users to program
custom tests easily with a few simple calls.
Achieving this proved our greatestchallenge.Software
modules would work in one tester.but not when combined
with certain other modules. The problem was usually
name, passparameter,or global variable conflicts, but the
fix would frequently make the module ceaseto work with
yet other modules. There were also some problems maintaining modularity with hardware.For example,a spindle
controller would work well with S-inch discs,but become
unstable when used with lower-inertia 3-inch discs. The
technician would fix this by adding new circuitry that
wouldn't work with the 5-inch discs. Thus, we would end
up with noninterchangeableunits, making problems for
documentationand spare-unitinventories.However, once
we recognizedthis problem,we could usually designfixes
that preservedthe modularity of our units.
Characterizationof the Air Bearing Surface
Reducing the flying height to increase linear density
leads to difficult and sometimescrucial characterization
of the head flight stability. The reduced flying height can
cause head flight fluctuations caused by disc surfaceasperities in the submicrometerrange.Thesefluctuationscan
lead to incorrect writing or reading of data. In some cases
the disc surfaceasperitiescan causea head-to-disccontact
leading to an eventual head crash.
Two methods are commonlv used bv the disc industrv

for the characterizationof the disc's air bearing surface.
Both of these methods involve mounting a transducer to
either the head'sflexure or its slider.The transduceroutput
is monitored while flying the head over the disc surface.
One method uses a piezoelectric crystal mounted on top
of either the leading or the trailing edgeof the slider.l The
second method uses an acoustical emission transducer
mounted on the flexure.2'3
The piezoelectriccrystalmethod is usedat Hewlett-Packard. The piezoelectric crystal is more sensitive to head
flight variations not caused by head-to-disc contact, for
example, a scratch not high enough to touch the head.
Since head flight variations that do not contact the disc
can be as fatal as head-to-disccontact, the piezoelectric
crystal method offers the best measurementtechnique.
The major problem with the piezoelectriccrystalmethod
is the calibration of the output from the head/crystalassemblies,calledglide heads.A thin-film disc with a chrome
calibration bump was developed to calibrate the glide
heads.The bump height is one-halfthe flying height of the
heads being calibrated.The design provides the long life
desired for a calibration disc.
Glide Head Calibration. A standardthin-film disc is used
for the calibration disc. This disc is coatedwith photoresist
and then exposed through a mask to define the desired
bump shape----aradial bar. This shape produces a step
stimulus for the glide head during calibration. After the
photoresist is developed, the disc is deposited with the
desired amount of chrome. The remaining photoresist is
then removed and the disc is cleaned. Since chrome is
used in the processingof standardthin-film discs,a special
setup is not required for deposition of the bump.
The edgesof the calibration bump must be smooth and
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Fig. 3. A lypical tesf system. Any
of the electricallmechanicalmodules can be easily intermixed to
form one fest system.
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free from chips or flaking. A bump without smooth edges
can chip. Chipping can ruin either the glide head or the
calibrationdisc and usually both. Roughedgeson the bump
will also collect debris and make cleaning of the disc impossible.
During normal glide head calibration, debris collects at
the leading edgeof the bump on the calibration disc. This
requires cleaning at regular intervals, or when evidenceof
debris is indicated by the glide head output (refer to Fig.
4). To remove the debris, the bump is lightly scrubbed
using a lint-free cloth and acetone.The disc is then cleaned
ultrasonicallyin a bath of acetoneto removeany residue.
The glide heads are calibrated by flying the heads at a
specifiedradius over the bump on the calibration disc. The
maximum output of the glide head as it flies over the calibration bump is recorded.This measurementis repeated
50 times. The 50 measurementsarethen averagedto determine the mean output of the glide head. The glide head
can fail calibration for two reasons:
r Head output too high or too low
r A large standard deviation of the 50 measurements.
Glide Electronics. To detect large head flight variations
and head-to-disccontact, the glide electronics system is
tuned to amplify the natural resonant frequenciesof the
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Time-.-Fig. 4. (a) Glide head output when flying on a clean calibration disc. (b) Output when flying on a calibration disc with
debris.
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Brass Shim Stock
Piezoelectric
Crystal

crystal.
Fig.5. Glideheadwithbrasscladdingonpiezoelectric
slider/flexureassembly.This method allows the piezoelectric crystal to function as an accelerometer.Acceleration
of the slider as it flies over the air bearingsurfacecan now
be measured.Brass shim stock is glued with conductive
epoxy to the top of the piezoelectric crystal as shown in
Fig. 5. This increasesthe sensitivity of the crystal and improves its responseto the accelerationof the glide head.
A block diagramof the glide electronicsis shown in Fig. O.
The preamplifier is a voltage amplifier with high input
impedance.By using a voltageamplifier insteadof a charge
amplifier, variations in crystal output caused by crystal
size differencescan be minimized. As a result, variations
in output are primarily causedby differencesin the head
flight dynamics. But, using an amplifier with high input
impedance increasesthe susceptibility to electrical noise.
However, with proper attention to grounding, this susceptibility can be reduced to acceptablelevels.
For large-scalemedia production, the glide testing must
be totally automated.No pass/faildecisionsshould be made
by the test operators.This requiresthe glide electronicsto
detect undesired head flight variations.
The glide electronicscontainsan envelopedetectioncircuit and a peak detection circuit. The peak detectoris enabled when the glide head envelopeexceedsa set threshold. The threshold is selected to accept undesired head
flight variations while neglecting normal head flight variations.When flight variationscausethe envelopedetection
circuit output to exceedthe threshold, the peak detector
capturesthe maximum output. When the head flight variations return to normal, the peakvalue is read and the peak
detector is reset. An error is then reported and the peak
value of the head flight variation is recorded along with
its location (track radius and angle).
Glide Testing.During the glide test, the glide head flies at
a height lower than the electrical read/write head during
normal conditions. This ensures that any asperity high
enough to hit the electrical head will be detected.This
lower height also allows better detection of flaws in the
air bearing surface that might cause data errors or a head
crash.
If abnormal glide head flight is detected,a burnish processis performedto removethe asperity.The burnish processconsistsof reducing the flying height of the glide head
to half its normal height. The complete air bearingsurface
is then scannedat this height to allow the head to burnish
off any asperities.
Glide testing consistsof a maximum of three glide scans
and two burnish scans.First the disc is glide tested.This

Fig.6. Block diagram of glide electronics.

determines if a burnish scan is required. If no hits occur
during the glide test, then the burnish processis omitted.
If a hit occurs,a burnish scanis performed.A secondglide
scan will determine if the asperity has been removed. If
the asperity still exists,the burnish and glide scan procedure is repeated. If the asperity is not removed by the
secondburnish, the disc is rejected.
Dynamlc Electrical Testlng
Dynamic electrical testing of disc recording media requires the measurement of many parameters. Typically
these parametersare (seearticle, page 36):
r Taa (track averageamplitude of a 1f and 2f frequency)
r Resolution (ratio of 2fl1f)
r Overwrite (ability of the 2f frequency to write over the
1f frequency)
r Modulation [envelope modulation of the written track)
r Defects(voidsor missingpulsesin the recordedtransitions)
r Noise generated by the media.
A block diagram of a typical disc testing read system is
shown in Fig. 7. Signals are detected from the disc by the
read head, amplified, and passed on to a peak detector.
The output of the peak detector is a varying dc signal representing the envelope of the recorded track. This signal is
now passed through a low-pass filter to measure the T6a
and a bandpass filter to measute the track modulation.
To measureoverwrite, the amplified signal from the read
head is fed to a bandpass filter. This filter is tuned to the
1f frequency. The passband of the filter is typically less

than 1 kHz. This method requires expensive bandpass filters and very low system noise (<1 pV p-p within the 1f
passband).Since a new bandpassfilter is required each
time the 1f frequencyis changed,systemflexibility is minimal.
A series of steps is performed to make the measurement.
The first step requires the test area of the disc to be erased.
The 1f frequency is then recorded and its amplitude is read
through the bandpass filter. Finally, the 2f frequency is
recorded on top of the 1f frequency and the residual 1f
signal is measured through the bandpass filter. Overwrite
is expressedas the ratio of 1f output to 1f residual in dB.
Defect testing has been quite simplistic. The 2f frequency
is recorded on the disc and then read. During readback the
signal is passed to a threshold detector. If the signal falls
below a set threshold (usually 30 to 50% of T^^), the area
is flagged as a defect (seeFig. B). Although we know that
a defect exists, we know nothing about its characteristics.
For example, the following parameters need to be determined: the minimum track level, the number of transitions
that are below threshold, and the maximum difference in
level between any two adjacent transitions.
Conventional magnetic disc media are formed from small
iron oxide particles. If the disc is magnetized with a constant flux, the particles become separate small magnets.
When these magnetized particles passunder the read head,
white noise is generated.Typically, to measure noise, the
medium is recorded with a constant flux and then the noise
level is read. The noise performance of a disc is normally
stated in dB as the ratio of the rms noise level to the
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Fig.7. Block diagram of typical
dlsc festrng read system.
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Fig.8. Atypicaldefectresponse
withthreshold
levelindicated.
minimum peak Zf output.
To improve upon the abovetechniques,severalnew measurement methods were introduced at Hewlett-Packard.
Measurement of Too, Resolution, and Modulation
. Fig. I shows a block diagramof the read systemused for
thin-film disc measurement.As in Fig. 7, the read signal
is detectedby the head and amplified. The amplified signal
is passedthrough a linear-phaselow-passfilter to remove
unnecessaryhigh-frequencysystemnoise. This filter must
be a linear-phasetype to prevent distortion of the 1f read
signals (seeFig. 10). Following filtration, the differential
signalsare fed to two peak detectors.The outputs from the
peak detectorsrepresent the positive peak and the negative
peak levels of the read signal.Using separatepeakdetectors
allows for the testing of amplitude asymmetry (nonequal
levels) between positive and negative peaks of the read
waveform.
The bandwidth of the peak detectorsis controlled by a
low-pass filter at their outputs. The filter bandwidth is
normally determinedby the AGC characteristicsof the disc
drive for which the media is being manufactured. This
bandwidth is typically 5 kHz.
The peak detectoroutputs arefed to two analog-to-digital
converters (ADCs) where they are read by the microprocessor.During one revolution of the disc, the microprocessorsamplesthe levels 250 times. The characteristicsof
the read signal amplitudes are now stored digitally within

Fig. 10. Upper trace: linear-phase
filter response.Lower
trace:nonlinear-phase
filter response.
the processorand are passedto the HP 9000 Series 200
Computer used as the system controller.
The aboveprocedureprovidesahigh degreeofflexibility.
Once the signalhas beenstoreddigitally, it can be manipulated with software instead of hardware. Amplitude levels,
resolution, and asymmetry can be calculated.More than
one revolution of the disc can be readto provide amplitude
averaging.Averaging the signal amplitudes for five revolutions of the disc has provided measurementrepeatability
within 2o/o(2a limits) for thousands of readings of the same
disc. Modulation of the read signal can also be processed
by software.Modulation amplitudes and frequenciescan
then be determined and plotted for study.
Overwrite Measurement
To perform overwrite measurements,a new method was
adopted. Signals from the linear-phase filter are fed to an
HP 3585A Spectrum Analyzer rather than individual narrow-band filters. The HP 3585A has programmablefrequency and sensitivity, and bandwidths as low as zero
hertz. It is also capable of great dynamic range. Overwrite
is measuredusing the standard series of steps,but each
amplitude measurement is made with the spectrum
analyzer. The analyzer readings are passed to the Series
200 system controller for processing.By taking an average
of three to five overwrite readings,repeatability of 0.2 dB
can be achieved.

Linear-Phase
Preamp Low-Pass Filter
tc>5t
f"=5 kHz

Fig. 9. B/ock diagram of thinJilm
dlsc testing read system.
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Fig. 11. Calibrationsignal (a) without noise and (b) with noise.

Including the spectrum analyzer within the test system
has proven invaluable. The analyzer is used frequently to
monitor the noise performance of the test system.By setting
the analyzer to display the frequency domain for wide
bandwidths, test systemnoise can be observed.It is particularly important to check system noise during calibration.
This procedure requires the coupling of a signal generator
to the input terminals of the test system to provide calibration signals. Since the input signals are very low in
amplitude (10 g,V to 100 r.V), it is quite easy to insert as
much noise as signal into the input terminals. The HP
3585A immediately warns the operatorof the problem (see
Fig. 11).
Defect Analysis
To provide a thorough evaluation of magneticdefects,it
is necessaryto evaluate the amplitude of every transition
recorded on the disc. By sampling every transition, it is
possible to determine the number of transitions below
threshold, the minimum level reached by transitions
within the defect zone, and the maximum difference between any two adjacent transition levels. This is achieved
through the use of a high-speed or flash analog-to-digital
(A-to-D) converter. Signals are fed from the linear-phase
filter of the read system to this flash A-to-D converter, a
peak detector,and a phase-lockedloop (seeFig. 12). The
output of the peak detector provides a real-time T6,1reference for the 4-bit [16-level) flash A-to-D converter. The
phase-lockedloop provides a clock to enable transition

counting and to reset the A-to-D converter.
Data from the A-to-D converter is fed to a programmable
4-bit comparator and two PROMs (programmableread-only
memoriesl.One PROM is used to determinethe minimum
level reached,while the other PROM is used to compute
the maximum level between any two adjacent transitions.
The comparator is programmed from the microprocessor
with the desired defect threshold level. With this hardware
it is possible to analyze defects occurring at rates up to g
MHz. When a defect occurs, its length, depth, maximum
slope,radius,and anglearepassedfrom the microprocessor
to the systemcontroller.Defectscan nowbe analyzed,compared, or stored into a data base. To help separatehard
and soft defects, the operator can specify the number of
tests for each track and how many times the defect must
be present to be considered a hard defect.
Two analysis modes are available, a normal scan or a
scan with pause.During a normal scan the head is moved
along the disc radius from track to track. Each test track
overlaps the previous track by 30% to ensure total surface
testing. Defects are reported to the system controller as
they occur and the test continues. In the scan and pause
mode, the actuator stops scanning and provides continuous
reading of the track. A synchronization pulse is provided
at the defect position to allow observation with an oscilloscope.Fig. 13 shows a defect displayed using this mode.
Once the radius and angle are known, an SEM (scanning
electron microscope)photograph of the defect can be obtained as shown in Fig. 14.

From
Read
System

Fig. 12. Block diagram of defect
analysissystem.
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Fig.13. Defect displayedby the scan and pausemode.

NoiseTesting
Noisetestingof thin-filmmediadiffersfromthemethods
used for conventional particulate disc media. Thin-film
disc media are constructed of homogeneous magnetic films
that are devoid of particulate structure. This homogeneous
property produces discs that exhibit extremely low noise
when recorded with constant flux. In fact, the constant-flux
noise level (lower trace, Fig. 15b) is usually lower than the
read system's electronic noise (lower trace, Fig. 15a). Noise
is produced in thin-film media, however, when the magnetic film is recorded with transitionsn (upper trace, Fig.
15b). This noise is commonly referred to as the ac noise.
Normally ac noise is measured by a spectrum analyzer.
The procedure involves breaking the frequency domain
into many small bands of discrete bandwidth. This is easily
accomplished by using the resolution bandwidth of the
spectrum analyzer. A noise/VHz measurement can be
made in each band. If the band containing the recorded
frequency is omitted, and a replacement value is interpolated from the remaining bands, the error will be small.
The total noise can be computed using the following equations:

Fig. 14. SEMphotographof the defect found in Fig. 13.
Average noise for each segmenl - N"hr (\-BW

where N"6. : the rms noise/VHz measured by the analyzer
and BW : the bandwidth of the measured band. Then:
Total noise :

(2)

This method has high accuracybut is very time-consuming. To provide a reasonableproduction test for noise,
another method is used. Fig. 15b illustrates the fact that
the ac noise can be generatedwith recordedsignalsoutside
the normal passband.This allows the measurementof ac
noise by using a sharp-cutofflow-passfilter. Read signals
are fed from the read system through a low-pass filter to a
true-rms voltmeter. The low-passfilter passesall frequencies up to 4f and attenuatesthose beyond 4f. The filter has
a notch or point of maximum attenuation at the recorded
noise generation frequency (see Fig. 16). The maximum
attenuation is at least 60 to 70 dB. Filters with eight or
nine poles are commonly used for this purpose.
Noise testingis now trivial. First, the 2f signalis recorded
on the disc and measuredwith the true-rmsvoltmeter.This

Fig. 15. (a) Upper trace: dc noiselevel from conventionalparticulate disc media. Lower trace:
test system noise level. (b) Upper trace: ac noise level from thin-film disc media. Lower trace:
dc noise level from thin-film disc media.
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Iong-term changein the measurementresults).
The operation of a tester can also be verified during the
processof characterizing the measurementenor. If the type
of distribution for a measured parameteris known, then
variationsin the distribution will indicate when a measurement technique is due for calibration. For example, if a
measurement usually has a normal distribution, and the
tester being characterizedgives a binormal distribution,
the testis not functioning properly. The sizeof the measurement errors can also be used to warn of tester problems.
By comparingthe measurementerrorsof one testerto another
or to earlier measurementerrors on the same tester. the
testercanbe verified to be operationalor nonoperational.
Measurement Precision. The precision of the tester is estimated by repeatingthe production test without changing
any parameters.Typically, the production test is repeated
100 times. The repetition rate is as fast as the tests can be
run without changing either the heads or the disc. The
population of valuesobtainedfor eachparametermeasured
is then checkedto determineif it fits a normal distribution.
If the values are normally distributed, then the precision
of the testeris specifiedin terms of the estimatedstandard
deviation of the parameter.A few measured parameters,
such as defect courit, are not normally distributed. To determine the precision of these parameters,other methods
must be used.
Graphical Analysis. Graphicaltechniquesprovide an easy
and quick method for analyzing a set of measurements.
Plotting the data as a histogram, as a scattergram, and on
normal probability paper allows easyanalysisof measurement precision. Fig. 17 shows example plots for the measurementof Taa.
When using these graphical techniques, certain guidelines should be followed to ensure that the data is inter-

Fig. 16. Besponseof ac noisefilter.Thenotchis placedat
the recordednoise-generation
trequency.
value is multiplied by 7.a1,4to obtain the peak value (2f
signalsare typically sinusoidal).Next, the disc is dc erased
and the noise frequency is recorded and read by the voltmeter.The noise performanceis now expressedasthe ratio
of ac noise to 2f peak amplitude in dB.
Characterizationof Measurement Errors
Before a tester can be used on a production line, its
measurementerror must be characterized.Knowledge of
the measurementerrorsis necessaryto understandthe risks
of shipping bad parts or scrapping good parts. There are
two types of errors to be determined for each parameter
being measured.The first is the precision of the measurement (the ability to reproduce the same result given the
sameconditions).The secondis the measurementdrift (the
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preted correctly.s To determine if a set of measurements
is normally distributed, a straight line is drawn through
the points plotted on normal probability paper.If the points
fit the straight line, the measurementscan be estimated as
being normally distributed. The data shown in Fig. 77 carr
be estimated as a normal distribution. If the data does not
fit a straight line, either the tester is uncalibrated or the
measurementdistribution is not normal.Athoroughunderstanding of the measuredparameteris then relied upon to
make that decision.
Fig. 18 shows an example of how a scattergram can be
used to help diagnosetester problems. By fitting a straight
line to the points on the normal probability plot in Fig. 18,
the data looks like a normal distribution. But when the
scattergramis examined there is a continuous drift in values as the tests are performed. Therefore, the data in Fig.
18 is not actually normally distributed.
Measurement Drift. The measurement drift in a tester may
be causedby several mechanical and/or electrical factors
that can change on a daily basis. These changescannot be
determined when the precision of the tester is measured.
To determine the random day-to-dayvariations, the production test is repeated 20 or more times every day for five
or more days. Each day the heads and disc are removed.
Using the techniquesfor determining measurementprecision, the results of the 20 or more tests run each day are
tested for normal populations. Populations that are not
normally distributed usually show that a tester is uncalibrated. To determine if the variations from day to day are
significant comparedto the measurementprecision,a twoway analysis of variance is performed. This analysis establishes confidence intervals for determining if the measurement drift and measurementprecision are statistically different. If this occurs, the means of the dailv tests are

analyzed.
The means of the daily measurements are analyzed by
plotting scattergramsand normal probability plots. Deviations in the means from a normal distribution indicate a
variable that is not under control. When this occurs, the
variable must be isolated and the necesstuycorrections
made. When the means fit a normal distribution. the measurement drift is calculated by using the standard deviation
of the means. When calculating the measurement drift,
Student's distribution is used. This distribution will accurately estimate the area under the normal distribution for
small sample sizes.By using Student's distribution, accurate estimates of the measurement drift can be estimated
with only five days of testing.
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equipmentoperators.The feedbackprovided by these
peopleguaranteed
an efficientand accuratetestsystem.
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ln-LineSputteringDepositionSystemfor
Thin-FilmDisc Fabrication
by GeorgeA. Drennan,RobertJ. Lawton,and MichaelB. Jacobson
O SATISFY the increasing performance requirements for magnetic recording media, several improvementson the technologyexisting in 1979were
necessary.The thickness of the magnetic layer had to decrease,the head-to-discseparationhad to be smaller, the
occurrenceof defectshad to be reduced,the magneticparameters had to be enhanced (specifically, the magnetic
remanence had to be increased),and the electrical and
magneticproperties had to be controlled more closely.
In 1979,rigid magneticrecording media were fabricated
by evenly spreading a layer of gamma-ferric-oxideparticles
(held in a slurry of epoxy and aluminal onto an aluminum
substrate.This processwas adequateuntil the storagedensity requirements exceeded 1012bits per square inch. At
these densities, the size of the particles in the layer approached the size of the magnetic bits, and the roughness
of the particulatemedia surfacelimited the recordinghead
flying performance.
Sputteredthin-film deposition technologywas an obvious answer to these limitations, since it can produce
homogeneousfilms that areextremelythin (<100 nm). The
advantagesof thin-film processingdo not, however, include a friendly environment. First, it must be performed
in a chamber capable of being evacuatedto a pressureof
10-6 torr, then the chamber must be filled with an inert
gas whose pressuremust be controlled within a few pm
of Hg, and, as if thosewere not rigorousenoughconditions,
the entire deposition processis fastidiously intolerant of
contaminantsof any kind, particulate or chemical.
Sputteredthin-film depositionprocessinghas beenused
for over twenty years in the manufacture of solid-state devices and integrated circuits. Typically, the process involves sequentialstepsof pattern definition and deposition
of multiple layers with intricate and accurate features,but
has a forgiving toleranceto pm-sized defects.By contrast,
sputtered deposition for thin-film discs is totally featureless.but is most intolerant of the smallestof defects.HP's

thin-film media are specified to have less than one defect
per 250,000bits of information.
Design Evolution
In 1979, there was no commercially available system
tailored to the needsof thin-film magneticdisc fabrication.
The fundamental requirements for such a systemwere multiple, isolatable,modular vacuum chambers,each capable
of the simultaneousdeposition of a specific thin-film layer
on both sides of a vertically held substrate.
One concept was to gather several deposition systemsin
a clean room and cany the substrate from one system to
the next, each accounting for its own thin-film layer, until
the desiredcompositelayer of films was completed.However, this approach is extremely vulnerable to contamination of the partially processedsubstrates.In addition to
the airborne particulates present in all clean rooms, contaminants such as oxygen and water vapor would createserious oxidation and corrosion problems.
We decided that if any processingwas to be done in a
sputtering deposition system, then oll of the processing
should occur in that deposition system. Faced with the
task of designingequipment capableof depositing several
thin-film layers on each disc, we decided to build several
deposition systems (one for each thin-film layer) and link
them togetherin a line. This in-line-system(ILS,Fig. 1 and
Fig. 2) is ananged with large high-vacuum valves between
each chamber. These slit valves allow each chamber to be
isolated from adjacent chambers, but permit the interchamber transfer of the disc substrateswhen the valves are
opened. Each chamberhas systemsfor vacuum pumping,
processgashandling, pressureinstrumentation,sputtering
sources,and materialshandling. Eachchamberis equipped
with its own step motor robot drive system.The step motors
are coupled to optical angular encodersfor step confirmation information.
An important design feature of the chambers is that they
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are modular. Modularity provides the system with a versatility that greatly facilitated the process development
cycle. The chamberscan be easily configuredfor either dc
magnetronor RF diode sputtering.It is possibleto add or
delete an entire chamberwith minimal effort. The line of
chambershas a load chamber on one end and a mirrorimage unload chamber on the other.
The ability to isolate each chambermakesit possibleto
optimize each deposition processindependently. Process
parameterssuch as depositionrate (cathodepower), deposition time, and processgasconditions (composition,flow
rate, and pressure) can be adjusted to produce the best
possiblefilm for each layer.
Planetary Carrier
The sputteringdepositionof a thin film of targetmaterial
onto a substrateis easily controlled, but not perfect. The
sputtering rate can vary up to'l,OVoacrossthe surfaceof
the sourcetarget.If the disc substrateis held fixed relative
to the target,this variation will show up as a nonuniform
film thicknessacrossthe disc surface.This thicknessvariation affects certain magnetic properties (coercivity and
thickness-remanenceproduct), and results in an undesirable modulation in the read/write performanceof the disc
drive. Passingthe disc substratesin front of the source
targets in a unidirectional manner during the sputtering
operation can reduce this variation to approximately 5%,
but cannoteliminate it. Ideally, the substratesshould move
in front of the targetssuch that each bit of substratearea
experiencesan equal encounterwith all areasof the target's
surface.
Of all the equipment requirements the one easiestto
describe was the most confounding to satisfy-hold the

substratesuch that neither side is maskedor marred during
the deposition processes.The added requirement of presentingmultiple substratesto eachsputteringtargetsimultaneously in a random fashion without contamination did
not simplify the matter. A mechanicaldevice that approximates the desired motion is a simple planetary carrier. A
special version of this planetary concept has been implemented in the ILS substratecarriers (seeFig. 3). Each
substratemovesin a compound rotation-about the center
of the carrierplate and simultaneouslyabout its own center.
The averagingof deposition nonuniformities by the planetary motion is somewhatanalogousto the high-quality surfacesobtained by a circular lapping process.
The planetary carrier is made up of a circular plate with
round openingsthat are slightly larger than the substrates.
Supportedin the centerof each opening is a sheavewhose
flange diametersare slightly smaller than the inside diameter of the substrate.The discs are loaded onto the carriers
by hangingthem onto the sheaves.As the planetarycarrier
is rotated about its center, the inside diameter of the substraterolls on the minor diameterof the sheave.This rolling
motion approximatesa rotation of the substrateabout its
center. The speed of this rolling rotation is influenced by
the ratio of the inside diameterof the substrateto the minor
diameter of the sheave.
By presenting the disc to the targets with a planetary
motion, uniformities oI O.Lo/"
can be achievedon both sides
simultaneously.In addition, the rolling motion of the disc
on the sheaveproducesno measurableparticulatecontamination. The planetary carrierscan be made for the various
disc sizeswith essentiallyno other systemchanges.Thus,
an ILS can be used to processmany disc sizes and need
not be dedicatedto any particular disc size.

Flg. 1. lnJine deposition system
developed by HP for fabrication
of thinJilm magnetic discs.
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ILS Control System
The ILS is a versatile,complicatedassemblyof sophisticated equipment. Coordinating the simultaneous control
of the sputteringparametersin multiple chamberswith the
manipulation of the materials-handlingrobotics requires
an automated control system that provides several levels
of interaction to the human operator.The ILS control system is a combination of hardware and software designed
to take advantageof the vast capabilities of the system
without overwhelming the operator with an extremely
complex set of instructions.
The control systemarchitectureemphasizescentralized
control with convenient accessto the elemental facilities
of the machine.The centralcontrol elementaccountsfor the
interactionsof over 200 mechanicalactuatorsand measurement transducers.It can also be altered easily to meet the
changingneedsof a developingmedia depositionprocess.
The HP 1000A-SeriesComputerwas chosenfor the central control elementbecauseit provides multitasking, multiuser capabilities.It meets the requirementsof industrystandard IEEE 488 (HP-IB) and RS-232-Cinterfaces,and
has the potential for handling the protocols required for
interfacing to measurement and control devices such as
the HP 3457A Data Acquisition Unit. It also has the capability for networking multiple control systemstogether and
supporting them from a central location.
The HP 1000'sability to perform at many levelsof control
has been an invaluable feature for production quality and
capacity, processdevelopment,and maintainability. The
levels rangefrom the ultimate sophisticationof one-button
control of the entire deposition processto the equivalent
of a panel of toggleswitches for each of the more than 200
ILS devicesfor fundamental troubleshooting.Some of the
highlights of the HP 1000 control system for the ILS are:
I Many levels of interactive and automatic control:
n Primitive-the operatorhas completecontrol of every

device in the system.
n Function-the
operator can initiate simple actions involving many of the ILS's devices.
tr Process-the operator can choose to initiate any of
several independently executed processes.
tr Automatic-the
operator can initiate the automatic
processing of an entire load of planetaries (one-button
control).
r A soft configuration allowing the process parameters to
be adjusted while the system is in operation.
I Complex processing can be implemented by programming in Pascal and using the ILS software libraries.
The ILS control system contributes to the quality of HP's
thin-film disc media by operating the deposition processes
in a consistent manner. It contributes to throughput by
making it possible to process in more than one chamber at
a time; and to operational reliability and safety by isolating the operator from the details of machine operation.
Some of the notable features of the ILS control system
are the color graphics display of the system status (Fig. 4),
a trace file that logs operations to both the operator's terminal and a disc file for future reference, and a menu-driven
operator interface. In addition, the hardware configuration
can be modified without changing any programs, and operations can be performed on individual devices or groups
of devices.

ProcessingSequence
Discs are fabricated in the ILS using a combination of
batch loading and continuous processing. Several planetary carriers are held on a supporting rack and placed into
the load chamber. After the load chamber has been evacuated, a loader mechanism places a planetary carrier onto
a robot sled. The slit valve separating the load chamber
from the first deposition chamber is then opened and the
robot carries the planetary carrier from the load chamber
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Fig. 2. Schematicdiagram of inline deposltlonsystemand itscontrol systern.
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Fig.3. Deposltionuniformity
acrossthesurtaceof a thin-fitm
magneticdlsc rs assuredby usinga planetarycarrierwith
eachdiscmountedon a sheavethatallowsfree discrotation
as the carrieris rotated.
to the center of the first deposition chamber. A plunger
from the back wall is then inserted into the hub of the
planetary carrier. The plunger tip lifts the hub from the
robot sled and then securelv holds it. The sled is then

moved from between the planetary carrier and the sputtering target. After the chamber is isolated by closing the slit
valve, the plunger rotates the carrier (imparting planetary
motion to the substrates),and the deposition processbegins. When the first layer has been deposited,the plunger
places the planetary carrier onto a second sled for transfer
to the next deposition chamber while the first sled returns
to the load chamber for another carrier.
Each planetary carrier is sequentially processedin each
of the chambers and finally placed into a holding rack in
the unload chamber. As soon as a planetary carrier exits a
particular chamber, the next carrier takes its place in that
chamber for processing.Once the ILS pipeline is filled,
deposition processingoccurs in all chamberssimultaneously. The discs arriving at the unload chamber are completely finished and are ready for certification of their electrical and magnetic specifications.
Maintenance and Beliability
From the beginning, the reliability and maintainability
of the ILS were key considerations. The extensive capital
investment representedby the ILS demands that it operate
as intended over a long production lifetime, with very little
downtime. These reliability considerationshave been accounted for in many ways. First, representativesfrom our
maintenance team were included in every design review.
Second,if possible,we selectedstandardcomponentswith
known performance(vacuumpumps, power supplies,vacuum instrumentation,computer hardware,cathodes,etc.).
Third, the design of all mechanical equipment included
gteater than normal stressmargin. Extensive training of the
maintenancetechniciansand a comprehensivedocumentation package have also been very effective. Finally, the

Fig. 4. Display showing slatus o/
in-line deposition system.

24 HgwrerT-pncKARD
JoURNALNovEMBER
1ggs

power of the HP 1000 Computer controller has been used
to prevent downtime through fail-safe interlocks and status
graphics and to aid troubleshooting by providing system
diagnosticsand self-testprograms.
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Thin-FilmDisc Reliability-the
Approach
Conservative
by Clifford K. Day,G. Girvin Harkins,StephanP. Howe,and Paul Poorman
HEN A COMPANY with a reputation for reliable
products introduces a new technology, it has the
obligation to ensure that this technology
will achieve at least the same level of customer satisfaction
through reliable performance as did the technology it replaces.
This is particularly important when implementing a new
disc memory technology, since dataintegrity and reliability
are primary performancecriteria. Hence,when Hewlett:Packard undertook the developmentof thin-film discs for its new
memory products, a significant part of the program was concerned with evaluating and improving the reliability of the
new technology.
Reliability Goals and Testing
Reliability experience was reviewed for HP disc drives
that used the older particulate media head/disc technology.
Basedon this experience,two goalswere establishedthat
would representa considerableimprovement in disc reliability. The first represented the warranty period, which is
the easiestmeasure of reliability successsince it can be
measured in stressful lab and field environments within a
reasonable amount of time. The second was a long-term
goal equivalent to ten years of drive use by the customer.
Thesetwo goalsbecamethe focus for our acceleratedtesting
efforts.
Several acceleratedtests were devised to simulate different customer environmental stresses.These included:
Wear tests that evaluate effects caused bv head takeoff

and landing on the disc surface
r Friction tests that evaluate start-up and dynamic head/
disc friction as a function of wear and humidity
r Atmospheric pollutant and galvanic corrosion tests
I Oxygen diffusion tests
I Shock and vibration tests
r Thermal stability tests (including some that simulated a
customer transporting the disc drive in the cold trunk
of a car and then using the drive in a warm office environment).
The major challenge facing the engineer responsible for
qualifying the reliability of a new disc memory materials
system is the need for realistic accelerated tests that will
establish the failure rate of the disc to various stresses.
Typically, one wants a test that can be completed in a few
hours, days, or weeks that would simulate ten or more
years of customer use. Someenvironmental stresses,such
as atmosphericpollutants, are difficult to simulate in the
laboratory.In such cases,extensivefield tests are needed
to supplement lab results, and additional design precautions may be required to ensure reliability with a high
degreeof confidence,
As the thin-film disc testingprogramunfolded, it became
apparent that the major areas that would contribute most
to disc failures were wear, friction, and corrosion.The rest
of this article will focus on the testing done to ensure that
these stresseswould not result in problems for HewlettPackard'sdisc drive customers.
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Wear
Ensuringadequateprotectionfor customerdataduring
drive power-up and power-down was one of the biggest
challengesthe designersof the thin-film disc faced.Since
the head restson the disc after power is removedfrom the
drive, it is important that the disc surfacesupport many
head takeoffs and landings without suffering damagethat
could lead to drive failure.
We chose as our goal for the initial phasesof testing
10,000 starVstops,according to the guidelines offered by
the American National StandardsInstitute. This simulates
a customer powering the drive up and down three times
per day, 365 days per year, for over nine years.
Later, as the disc reliability improved becauseof new
developments,it became apparent that 10,000starUstops
were not adequateto determinethe reliability margin that
existed.Hence,we instituted a test-to-failureprogram.Now
the discs are routinely testedto 100,000start/stopsor failure, whichever comesfirst.
The main disc wear failure mechanismsare severehead/
disc contactthat gougesout disc material (known as a head
crash) and localized demagnetizationof magneticrecording material becauseof stresscausedby head-to-disccontact. A head crash can result from a weaknessin the disc
thin-film structure,a head that has been improperly manufactured, or head or disc contamination. The result is
severefilm damagein the landing zone accompaniedby
either failure of the head to fly (lift off the disc) upon disc
rotation or data degradationby head-to-disccontactin the
data zone from debris attachedto the head.
To make a high-confidencestatementabout the reliability of the disc, it is necessaryto test a large number. To
shorten the feedbacktime neededto accomplish this test-

ing, the thirty testers shown in Fig. 1 were constructed.
These fully automatedtestersallow a wide variety of disc
sizesand head types to be evaluated.The accelerationand
decelerationprofiles of the disc can be conveniently modified by software changes.This ensuresthat the head and
disc contact time are properly simulated for a given disc
drive product.
Two types of wear tests are used. The first simulates a
dedicatedlanding zone common to most of today's drives.
The secondsimulatestaking off and landing on sometype
of recorded data (e.g.,information to help start the drive
or customer data). The latter is important to drives that
want to maximize storagecapacityby using all of the available disc surface.Thesetestsdiffer in the way the reference
data is recorded.The land-on-datatest records70 reference
tracks spaced0.002 inch apart while the landing zone test
has the referencedata outside the landing area.
Nearly 1500 wear tests were completed as part of the
reliability qualification testing before releasing the thinfilm disc to manufacturingand the ongoingreliability audit
program. These acceleratedtests have demonstratedthat
thin-film head/disc wear characteristics are excellent and
exceedthe drive designteam'scomponentreliability goals.
Friction
When the disc starts spinning, the recording head drags
on the disc surfaceuntil, at higher disc speeds,the head
lifts (flies) and the two are separatedby a thin layer of air.
During this process,there are two friction coefficients that
are important to the drive designer. The static coefficient
of friction describesthe amount of initial force required to
break the disc free from the head while the kinetic coefficient defines the amount of force neededto keep the disc

Fig. 1. Thirty wear test systems
allow a quick sfatistlca/ comparison o/ dlsc process changes or
different disc drive design alternatrves.

1g8s
NovErvBER
26 nEwren-pecxlRDJoURNAL

spinning at 50 revolutions per minute.
As data recording densities increase, head flying heights
must be reduced to maintain adequate signal levels. This
requires both the head and disc surfaces to be extremely
smooth to prevent head disc contact and possible data loss
during operation. However, smooth surfaces in contact can
mean unacceptably high friction coefficients.
Typical engineering surfaces are quite rough, so that
when they are placed together, contact occurs only over a
small percentage of the apparent contact area. The smooth
head and disc surfaces have a higher percentage of their
area in contact and thus have more area available for chemical bonding. Smoothness, combined with high humidity
and disc wear, can lead to very high values of both static
and kinetic friction coefficients. These high values can prevent the disc from spinning up or cause damage to the
head or disc.
Several researchers have studied friction on smooth surfaces in the presence of liquids.l'2 Many factors such as
disc and head materials and roughness, head load, moisture
affinity, humidity, dwell time, wear, moisture condensing
and drying, surface area, and resting separation are important in determining friction coefficients. For HP's thin-film
disc, most of these variables are fixed by other design considerations.
After the thin-film materials system was selected, based
on all of the design criteria, our studies focused on the
environmental and customer use factors and how they affected the reliability of the head-to-disc interface. A combination of one-factor and factorial experiments implicated
start/stop wear and humidity as major effects on the static
friction coefficient and start/stop wear as the major influence on kinetic frictiorr.

Smooth heads and discs can become a concern at relative
humidities above 50% where an adsorbed water layer condenses between the head and disc from capillary action.
The water enables Van der Waals forces to act over a larger
surface and increase the force required to separate the two
materials.
Every time the drive is powered up or down, the head
and disc slide relative to one another for some time. This
sliding action increases the friction in a way that is not yet
understood in detail. One theory suggests that wear shaves
off the peaks and fills in the valleys of the sliding surfaces,
which leads to smoother surfaces. Another suggests the
increased friction results from the formation of frictional
polymers. The energy dissipated by friction shows up as
heat and active bonding sites in the interface. If hydrocarbons are present in the air, they polymerize on the active
sites, leaving a tar-like deposit. This residue could act much
like moisture does to increase the friction. In all likelihood,
both effects are important.
Knowing the important environmental effects for friction, we were ready to design a testing program to simulate
actual drive conditions and determine if our reliability
goals would be met. Five stress levels were selected ranging
from low humidity (20%) and few start/stops to high
humidity (95%) and thousands of start/stops. We used a
custom strain gauge head arm (Fig. 2) to measure the force
components and two high-speed HP voltmeters to digitize
the data. An HP 9000 Series 226 Computer fformerly HP
9826) processed the data and plotted the friction coefficient
as the disc spun.
Test results demonstrated that the static friction coefficient averages 0.26 at low humidity and start/stops. After
2000 start/stops and 95% humidity, the average increases
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Fig.2. Straingauge head assembly used to measure fncilon
forces.
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Fig.S. Electrochemicalcell model
for corrosioninitiated by water adsorption and atmospheric pollutants.
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to 1.18. Somehead/disccombinationsresulted in friction
levels high enoughto preventthe low-power spindle motor
from spinning up the discs. The disc drive team overcame
this by moving the heads slightly with the head/arm step
motor as power was applied to the spindle motor. This
was only done when the controller sensed the spindle
could not start by itself. This action freed the head and
disc and allowed the drive to operateproperly in the most
severeenvironmental conditions.
Our testingprogramhas demonstratedthat thin-film disc
friction coefficientsare higher than those for headson the
older technology gamma-ferric-oxidediscs that are lubricated.However,reliable drives can be built in spite of the
higher friction levels.

baniers at the metal/environment interface. Coatings and
inhibitors are two examples of this principle. From a
physics viewpoint, however, adding a nonmagnetic layer
to a magnetic recording surface increases the head-to-disc
gap and exponentially decreasesthe recording signal level.
To satisfy the physics requirement for thinness, one must
generally sacrifice the continuity and damage resistance of
applied hard coatings. Any pinholes and scratches are potential corrosion initiation sites. The simultaneous requirements of thinness and film continuity are more easily obtained with adsorbed organic films, but in this application,
organic films often show unwanted adhesive properties,
or serve as the precursors for "frictional polymers."
Thermomelel

Corrosion
The electronic structure of a ferromagneticmetal provides for interestingphysics, becauseof the large amount
of chemical energy stored in that structure when the metal
was reduced from its ore. The tendency to releasethis
energy and return to an ore is the driving force for thin-film
discs to suffer atmosphericcorrosion.One result of corrosion on a thin-film disc is loss of ferromagnetism(and
stored information) at the reaction site. Another result is
the accumulationof reaction products leading to mechanical failure (headcrashes,wear)on datatracksnot corroded.
Corrosion-relatedproblems are not common in conventional ferric oxide media since those materialsare already
"rust." Compensation for this basic difference between
metal and oxide recording media has been a long-known
prerequisite to bringing thin-film disc technology to the
marketplace.
During HP's thin-film disc development,corrosion engineering was an integral part of the disc materials research
ratherthan a postdevelopmentafterthought.Eventhis ideal
developmentapproachproved an interestingchallengebecause (1) indoor atmosphericcorrosion researchis a relatively new and complex field, (2) the analytical chemical
techniquesneedto be pushed veryhard but very carefully,
and (3) the boundary conditions of magneticrecording itself severelylimit the application of many standardcorrosion control strategies,especiallythose in which material
is added to the disc.
Additive Technologies for Corrosion Control
Most corrosioncontrol relies upon establishingchemical
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Fig. 4. Cross secfion of test chamber for evaluating environmental corrosion eflects.

The third additive approach is to mix other metals with
the ferromagnetic ones in hope of obtaining a conosion-resistant alloy, just as chromium is added to iron to make
stainless steels. Unfortunately, the amount of metal that
must be addedto provide a self-repairingcorrosionproduct
film at the alloy surface is usually more than enough to
alter the magnetic properties of the original metal. The
general result of alloying experiments is that good recording films show poor corrosion resistance,while good corrosion-resistantfilms show poor recording properties.
Atmospheric Corrosion Processes
If it is not feasible to establish a chemical barrier at the
disc surface,then it becomesnecessaryto addressthe question "Why are ferromagnetic films so sensitive to atmospheric corrosion in indoor environments?"
Part of the answer is that ferromagnetic elements are
good electricalconductors,and they reactwith oxygenand
water vapor at low temperatures to form hydrated oxide
surface films containing both chemically and physically
adsorbed water. The remaining requirement to complete
an electrochemical corrosion cell on the metal surface is
an accumulation of ions into the surface water layer to
form an ionic conductor. Atmospheric particulates.such
as small salt crystals,are concentratedsourcesof ions, and
are often controlling factors in outdoor atmospheric corrosion. However, even in conventional disc drives, particulates are removed by filters to prevent head crashes. In
many indoor environments, and certainly in the filtered
environment of a disc drive, gaseous pollutants such as
H2S, SO2,Clr, and NO, not removed by these filters are
the default sourcesof the ions dissolvedin the water layer
on the disc surface.
This electrochemicalcell model is summarized in Fig.
3. Atmospheric oxygen also plays a role, establishingan
oxygen concentration cell that defines the center of the
droplet asthe metal anodewhere actualmetal lossoccurs.
This model also helps explain why the ratesof corrosion
and the chemistry of the resulting corrosion products can
be quite variable. Relative humidity is a major parameter
determining both the continuity and the thickness of the
electrolytelayer on the disc surface.The composition and
concentrations of trace pollutants in the air and the rate at
which they are transported to the disc surface determine
the electrolyte conductivity and the mixture of corrosion
products. The average concentration of these pollutants
rangesbetween 0.1 and 10 micrograms/cubicmeter of air,
Essentially only one molecule in a billion is a pollutant
molecule, and this requires either analytical techniques
that are very sensitive or the sampling of very large air
volumes.
Laboratory Gorrosion Testing
Analytical techniquedevelopment,materialsevaluation,
quantitativecorrosionmeasurements,and acceleratedtests
are several rea$ons to set up laboratory test chambers
mimicking conditions in working disc drives. Fig. 4 indicates a few features distinguishing our particle-free, partsper-billion (ppb) pollutant disc testing from standard
ASTM or commercial co-rrosiontests.
When a gaseouspollutant in concentrationsof 5 to 10

External Environment
(o2, cl2, No2, H2s, so2, H2o)

HeadFl

Internal Environment (H2O, c)2)

Fig.5. Thin-filmdisc driveprotectionagainstcorrosionand
pollutants.
parts per billion can be an acceleratedcorrosion environment, the starting materials must be much purer. Our test
air is synthesized from oxygen and nitrogen evaporating
from their liquids so that any background pollutants and
water are frozen out. These dry gasesare particle-filtered,
humidified by bubbling through distilled water, and refiltered to eliminate water droplet entrainment. Pure "pollutants" carried in dry nitrogen are then added to the humid
gas stream.As indicated in Fig. 4, this test mixture flows
across the lower disc surface in the same radial direction
as flow in a typical disc drive. Special samplessized for
various analytical techniques are also placed in the gas
stream.
All chamber,tubing, and flow control devices exposed
to wet gasesare made from fluorocarbonsto provide an
inert water-repellent surface. Then, the chambers are run
severalhours beforethe metal samplesare added.Gasconcentrations are measuredby various techniques, such as
coulometry, colorimetry, and gas chromatography. Weight
change,X-ray fluorescence,and ion chromatographyare
used for measuringcorrosionrates.The ultimate detection
of disc corrosionis, of course,the error mapping, exposure,
burnishing, and remapping of full discs before and after
environmental exposurein the test chambers.
The general result of the laboratory corrosion studies
was confirmation of the previously reported synergismin
the reactivity of pollutant species.3Mixed gas tests are
required to mimic the ratesand the mixed conosion products found in field testsand to provide accelerationfactors
not available simply by increasing the concentration of
single gases.
Subtractive Technology for Corrosion Control
Since water and the molecular pollutants are critical to
disc corrosion, an alternateapproachto corrosion control
is not to let these speciesaccumulateat the disc surface.
Instead of adding a surfacebarrier, we subtract the electrolyte. For the pollutants, the final scenario is to intercept
them upstream of the disc in a multicomponent filter developed for this specificpurpose.The laboratorytest chambers proved invaluable in testing various combinationsof
filter layers for the selectiveremoval of pollutants.
Removingwater from the disc drive environmentis much
more difficult since it is normally presentat the parts per

NOVEI\iIBER,1985
HEWLETT.PACTERO
IOUNUI 29

thousand level rather than the parts per billion concentrations of the pollutants. Dessicants were tested for this purpose, but their capacity is quickly reached unless a diffusion control restriction is used. Even then, permeation of
water through polymeric gasket material is a significant
water source unless gaskets are made from materials
selected for low permeability constants. AII four of these
subtractive or molecular impedance technologies developed for reducing corrosion in HP's thin-film disc drives
are summarized in Fig. 5.

ffiky

FieldTestsfor LaboratoryTest Verification
Correlation of accelerated laboratory tests with field exposure and confirmation of the effectiveness of the composite pollutant-removal filter under operating conditions
were the objectives of a two-year field testing program.
Sample cards made from printed circuit boards carried
both filter-protected and freely-exposed ferromagnetic
alloy samples. Sets of these cards, illustrated in Figs, 6 and
7, were installed at a variety of operating industrial electronic and computer equipment locations. Cards were removed at 3, 6, and 1,2or 24 months and the samples,filters,
and circuit boards were analyzed for corrosion product
composition and corrosion rate. The distribution band of
corrosion rates of unprotected thin-film samples located
in chamber 1 of the sample board is summarized in Fig. B.
We expected reduced but similar distributions for the
thin-film samples protected by the multilayer filters in
chamber 2. These samples corroded far less than expected
under field conditions, since the thin-film samples remained protected below our detection level in sites severe
enough to destroy the traces on the circuit board. The re-

\
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sults imply that the corrosion reliability of subtractively
protected thin-film disc drives can be determined by components other than the disc, and that a basic difference
between conventional and thin-film
discs has been
technologically compensated.
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ManufacturingThin-FilmDiscs
by Glenn E. Moore,Jr., RichardS. Seymour,and DarrelR. Bloomquist
HE HP THIN-FILM DISC provides significant performanceadvantagesin rigid disc drives. To realizethe
full potential of the thin-film disc, however,its cost
must be minimized. The disc manufacturingprocess(Fig.
1) offersa perfectvehicle for production optimization and
cost reduction,becausein contrastto disc drive production
at the one extreme and IC fabrication at the other, it combines a minimum part count with a small number of relatively simple processes(no patterndefinition, for example).
The challengesare to optimize the individual processes
within the framework of the overall production sequence
and to integratethe disc into the disc drive in an optimum
manner.
Product Cost
In a rigid disc drive, the disc and accompanyingheads
representthe largestsingle component of the drive material
costs.Becauseof an inadequateunderstandingof the disc
and head and their magnetic, electrical, and mechanical
interactions, discs and heads often also account for the
bulk of manufacturingreliability problemsassociatedwith
rigid disc drives. Basedon this experience,the disc costs
should be minimized first at the product level and then at
the component level. This leads to a better understanding
of the true cost of the disc and better cost trade-offs.
The total cost of the disc at the drive product level is
the sum of the disc component,incrementaldrive manufacturing, and reliability costs. The disc component cost is
discussedin the next section.The incremental drive manufacturing costs consist of direct costs and costs incurred
becauseof disc quality problems. Direct manufacturing
costs include the cost to test, or certify, the disc and the
cost to incorporatethe disc into the drive. Since, in many
drive production lines, discs are mechanically and electrically certified on different test beds, the disc certification
cost can be nearly half the cost of the disc. Thus, elimination of disc certification can result in significant savings
at the drive product level.
The cost to incorporatethe disc into the drive includes
indirect costs as well as assemblycosts. As an example,
the error correction electronicsin a drive can be reduced
or eliminated by reducing the defect count on the discs.
By working with the drive product design teams, disc
specificationscan be set that minimize the disc cost to the
product. The challengethen becomesto minimize the disc

componentcost within thesespecifications.Thus, the disc
is not designedto the drive, or vice versa,but rather the
systemis optimized.
The drive manufacturing costs caused by disc quality
problems are easier to quantify, that is, the cost of poor
disc quality : scraPcosts + rebuild costs.Becauseof the
complexity and cost of the top-level drive assembly,the
rebuild costs are significantly larger than the scrap costs.
Drive production yields of lessthan 100%result in rapidly
escalatingcosts.This problem is aggravatedin multidisc
drives becausethe probability of drive rebuild : 1 - Pil,
where Pp : the probability a disc works in the drive, and
N : the number of discs in the drive. Thus, disc quality
becomeseven more critical in multidisc drives.
Drive reliability costs caused by discs are potentially
larger than either the disc-related manufacturing or component costs.The direct costsof disc-causedreliability problems are quantifiablein terms of scrap,rebuild, field stocking, and servicecosts.The indirect costs(customerdissatisfaction becauseof data loss and system downtime) are potentially much larger.
The product cost can be minimized by thoroughly understanding the failure mechanismsof the disc in the drive,
by defining a specification that assuresadequatemanufacturing and reliability margins and optimum drive cost, and
by minimizing the disc componentcost within the specifications. The first two objectivesare met by working with
the drive teams during the drive design phase (seearticles
on pages25 and 36). Achieving the third objectiverequires
a thorough understanding and optimization of the disc
manufacturing processes.
Gomponent Cost
Low disc production cost is dependenton such obvious
factors as high volumes, high process yields, and high
throughputs. Other, less apparentmeans can also be used
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to reduce the disc cost.Three examplesare cost modeling,
sample testing, and processrisk minimization.
Although the disc fabricationis a relatively short process,
a number of complex trade-offsmust be made. To understand these trade-offs and minimize the disc cost, a cost
model of the entire manufacturing processwas developed
early in the program.Using this model, the various alternatives for eachprocesscanbe quickly evaluated.As an example, it was apparentthat final test representeda large component of the cost and that the most effective way to reduce
test costswas to minimize the number of discs tested.This
Ied to a study of sampling theory and criteria for sampling
levels with lot pass,100%test, and lot reject actionsbased
on the percentageof the sample that passed.
For any given parameter,three independent variables
affect the yield and, more important, the customer'sand
producer'srisk. Fig. 2 illustratesthesefactors.The producer's risk includes componentsthat meet the specification,
but fail the test becauseof measurementerror. Such parts
increasethe producer'scost.The customer'srisk represents
parts that do not meet the specification,but passthe test.
Since theseparts may go on to drive production or beyond
before failing, they are potentially more costly than parts
that fail the test. The customer'sand producer's risks are
reduced by minimizing the measurementerror and/or optimizing the processwith respectto the specification.
During HP's disc development,the measurementerror,
processdistribution, and specificationfor each parameter
were measuredand compared,and appropriateaction was
taken to reduce the error and improve processyield. Fig.
3 showsan acceptable(high-yield)process.Fig.4 illustrates
an unacceptableprocess.In the latter case,measurement
accuracywas improved first and then the processdistribution was tightened to achieve high yields and acceptable
customer and producer risks. Once the three variablesare
optimized for each critical parameter, statistical quality
control (SQC) is implemented to ensure that the entire
processremains under control.
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Fig. 4. A low-yieldparameterexample (magneticremaproduct).Processstandarddeviation:
nence-filmthickness
2.3. Yield: 801".
important, top-level drive production yield lossesas a result of discs were reduced by nearly two orders of magnitude compared to earlier drive products. Early results
indicate that the field reliabilitv has also improved.
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Conclusion
By using the above techniques while developing HP's
thin-film disc manufacturing process,the cost of the HP
97501A Drive was quickly minimized. Within six months
of manufacturing release,the component yield goals had
been exceededin all but one area(subsequentdevelopment
resulted in the necessaryyield improvements).Even more
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Thin-FilmDiscs: Magnetic,Electrical,and
Mechanical
Design
by MichaelC. Allyn, PeterR. Goglia,and Scott R. Smay
HE DISC RECORDINGMEDIUM is the memory in a
disc drive, providing either a sourceor a destination
of user information. The rest of the drive exists
to facilitate the rapid recall or storageof information on
the medium. The details of the write and read processes
(storageand retrieval) depend strongly on the physical
properties of both the disc and the read/write head. For
this reason.it is convenient to think of the head and disc
togetherforming a recording system.
The head/disc system figures prominently in the disc
memory performancespecificationsof error rate, capacity,
and reliability. Error rate refers to the probability of incorrectly retrievingstoreddata.A typical disc memory specification requires that the error rate be less than 10-10,that
is, less than one bit read incorrectly for every 1010bits
transferred. Capacity refers to the amount of information
that can be stored. At the head/disc level, it refers to the
density of stored information. Reliability at the head/disc
level refers to the permanence of stored data over the life
of the disc drive, degradation of error rate performance
over time and under various environmental conditions,
and the probability of catastrophic mechanical failure of
the head/discinterface(headcrash).The goalsof HP's thinfilm disc designwere to realizevery high-densityrecording
capability with excellent error rate and reliability performance.

Magnetic and Electrical Design
The inherent error rate of a recording system depends
on its ability to locate the symbols of the write and read
processes.The write symbol is a magnetization reversal,
or transition, which is created by rapidly reversing the
magnetic field applied to the rotating disc by the head.
Transitions may be shifted during the write process from
their intended locations by interfering fields from previously written transitions, and by inhomogeneity in the recording medium (medium noise).
The read symbol is a voltage pulse which is generated
when a magnetizationreversal on the disc passesunder
the head gap. The location of these pulses is determined
by amplifying and differentiating the head output signal
and detectingthe zerocrossingscorrespondingto the pulse
peaks.Thesepeaksmay be shifted from their desiredlocations (the centersof the transitions) by severalmechanisms.
At high densities, magnetic flux from several transitions
can affect the head at the sametime, resulting in peak shift.
Overwritten previous data may not be sufficiently erased,
which will cause shifts in current data. If the head output
signal is small, noise in the electronics can also cause a
significant shift in the apparent peak locations.
A good designtradesoff theseseveralsourcesof symbol
mislocation to minimize the chances that any mislocation
will become great enough to result in a data error. The
system requirements for limits on symbol jitter are translated into a set of requirements for the head readbacksignal
under various written conditions (e.g.,various data patterns or overwritten data). The main parameters are:
I Peak amplitude, a requirement set by signal/noise ratio
r Peak shift caused by intersymbol interference
I Overwrite, so that a rewrite erasesan previous write
r Medium noise,which causesrandom transition mislocation during write.
The estimated requirements on these parameters can be
translated further to specifications concerning magnetic
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F19.2. Totalmagnetic moment versus applied field for magnetic disc media.

properties and head/disc geometry. Fig. 1 shows a cross
section of the head/disc interface. The important parameters are:
I Head-to-medium separation (d)
r Medium thickness (6)
I Gap length (g) and head geometry
I Medium remanent magnetization
r Medium coercivity
I Medium coercive squareness.
For adequate read/write performance, the head-tomedium spacing must be quite small. Designing a recording
system with the very small separations required (approximately 0.2 g.m) is a significant mechanical engineering
challenge (see"Mechanical Design" on page 39). There is
no recording penalty for decreasing the separation-only
a challenge to realize and maintain it reliably.
The product of the medium thickness and the remanent
magnetization, DM,, is another important determinant of
recording performance. The remanent magnetization is
fixed by the material chosen for the magnetic layer; it is
very high for the cobalt alloy used in HP's thin-film disc.
This allows HP to use a very thin (:9.94 pmJ magnetic
layer, compared with conventional particulate media (typically 0.5 pm thick). The thinner layer effectively decreases
the head-to-medium separation, an advantage for read/
write performance. The optimum 6M, product is determined experimentally. Signal amplitude and magnetic
transition length are both roughly proportional to 6M., indicating a trade-off between signal-to-noise ratio and intersymbol interference.
Another trade-off is available in the choice of H"-the
medium coercivity. The coercivity indicates the magnetic
field strength required to reverse the magnetization of the
magnetic layer. Large values reduce the transition length,
and therefore intersymbol interference, but they increase
the magnetic field required to write on the disc and overwrite obsolete data. The write field available is limited by
the head material and geometry as well as the head-tomedium separation.
The coercive squarenessSx is a measureof the switching
properties of the magaetic layer. Largevalues (approaching
unity) are desirable, indicating the potential for writing
and maintaining short transitions. S* is determined primarily by the choice of the material system selected for the

magnetic layer.
The choice of a recordinghead is a critical part of implementing a head/disc system. Industry standard head
geometries have been used in most HP drives to date. A
few key parameters in these geometries are specified by
the designer, such as track width, number of windings, and
gap length. Air bearing surfacespecifications, such asthose
discussedlater, are also user specified.
Medium noise is possibly the leastunderstoodof recording phenomena.Thin-film media, unlike particulate media,
exhibit a rise in the apparent background noise level as
the density of transitions on a track increases.This suggests
that, for thin-film media, the transitions themselves may
be thought of as a source of noise. This noise manifests
itself as apparent random shifting of transition locations
during the write process, that is, an uncertainty in the
ability to create transitions precisely. Good correlation
exists between transition length and medium noise, and
shorter transitions appear to improve the ability to locate
transitions precisely. The specific relationship between
error rate and medium noise is not known.
The design of a head/medium system is an iterative process. Once the initial design is complete, a substantial
amount of characterization is required to determine if the
fabrication process is capable of producing the desired
properties, and if the desired properties realize the performance goals set down by the application. Feedback from
these two types of characterization may result in a final
design substantially different from the first pass.
Characterization
Component-level characterization of the magnetic and
dynamic recording performance of a thin-film disc provides fast feedbackto the designer.Teststhat measurethe
bulk properties of the disc are typically fast and can be
implemented in a production processafter the design cycle
is complete. While these tests are no substitute for in-drive
qualification, they allow for process control and the isolation of process variables. The parameters of interest are
measures of bit shift or are related to bit shift. since this
is the medium's contribution to error rate. The spectrum
of tests extends from window margin testing in the drive
itself to measures of the bulk magnetic properties of the
medium alone. In general,the more direct measuresof bit
shift are of most value in the ultimate qualification of the
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medium but are farther removed from its process parameters (depositiontimes, film composition, etc.).
A vibrating sample magnetometerprovides information
about the bulk magnetic properties of the disc. Together
with film thicknessmeasures,this data is used to steerthe
thin-film sputtering processto the desired magnetic parameters. Fig. 2 shows a typical M-H loop obtained from an
HP thin-film disc with a vibrating sample magnetometer.
The parameters of interest include the coercivity H. (the
H-axis crossing point), the thickness-remanenceproduct
(the 6M-axis crossing point), and the coercive squarcness
$*, (relatingto the slope of the loop at the H-axis crossing
point), where:

s*:1-+rgl
I
H.(dM/ l*r:H.
Many dynamic recording tests are available to characterize the head/medium system.With a careful choice of
test head, medium performancecan be evaluated.Following are some of the key parameters used throughout the
disc memory industry to characterize media. Each parameter relates to a different mechanism for shifting the location of the readbackpulse peak. (Implementationsof tests
that measure these parametersare described in the article
on page11.)
Track average amplitude (T^r*). This is a measure of the
readback signal strength from the head and relates to the
distribution of flux at each magnetization reversal in the
recording medium.
Resolution. This is a measure of the wavelength response
of the magneticmedium. The resolution is defined as the
ratio of the 2f T61 to the 1f TAA. 1f and zf refer to the
extremesin frequency that are used in an MFM-code drive.
Hence,they produce the worst-caselinear densitieson the
disc. Fig. 3 is a typical plot ofTaaversus transition density
along the track. T^^ decreasesat higher transition densities

ct2

becauseof interactions of adjacentpulses during both the
write and readprocesses.Resolutionis useful in estimating
the amount of interaction and its effect on final transition
placement.
Overwrite. This measuresthe ability of the system to obliterate previous data by writing new data over it. Expressed
in dB, the overwrite value is the ratio of the strengths of a
1f signal before and after being overwritten with a 2f signal.
This is important because any remaining old data cannot
be filtered out and becomescoherentnoise, adding to the
bit shift.
Signal-to-noise ratio (S/N). This parameter relates to the
medium noise in the disc.
Amplitude modulation. This is the amount of low-frequency modulation around a track, expressedas a percentage of TAr\. It relates to the mechanical and magnetic circumferential uniformity of the disc. Its value is important
to the drive electronics designerfor determining AGC bandwidths, servo considerations,etc.
Defects. Defect densities and size distributions are important to drive engineersdesigning sparing and error recovery
schemes.
All of the above parametersare basedon amplitude measurementsand can be implemented asfast production tests.
They are all functions of processparametersand, to some
degree,can be optimized independently.The designtradeoffs between physical parameters such as H" and 6M,
show up as trade-offs in these parameters. For example,
the film thicknesses may be changed to give more T6,1 on
small discs, which may have lower outputs because of
lower linear velocities. This increase in Tas is often at the
expense of some other parameters such as resolution and
medium noise. Likewise, the T6,1 performance of large
discs can be traded off for gains in other parameters.
In addition, the above parameters are functions of the
current applied to the recording head during the write process.Saturation plots are typically used to determine the
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Fig. 5. Head-to-disc spacrng
components of a recording head
flying over a disc moving at a velocity V. Spacing components d1,
dr, and d" are the thicknessof the
barrier and wear layers,the flying
height, and the magnetic pole recession in the head, respectively.
Theair flow created by the moving
dlsc surface forms a wedge that
lifts the head against the spring
force F.

proper write cunent. Typical saturation plots for TAA (1f
and 2f) and overwrite are shown in Fig. 4. A resolution
saturation plot can be obtained by dividing the 1f Taa by
the 2f Ta,1 at each write current.
Since these amplitude-based tests are very sensitive to
test head parameters, the design of the magnetic medium
must be tested with heads of varying performance so that
the specificationson each parameter'sdistribution can be
set. Once these are set, the specifications on the medium
process parameters can be derived,

MechanicalDesign
A hydrodynamic air bearing is formed between the spinning disc surface and the air bearing pads on the recording
head (seeFig. 5). Air is carried around by the disc surface
as the disc spins. This air is forced into a relatively wide
converging wedge section taper at the front of the recording
head air bearing pad. The air continues through a much
nanower converging wedge formed between the air bearing
pad of the recording head and the disc surface.Pressure
generated by the hydrodynamic action of the air flow balances the applied spring load force F and lifts the head a
small distance away from the disc surface. The air finally
exits at the trailing edgeof the air bearing pad. The geometry
of the air bearing pad is shown in Fig. 6.
Flying height is the thickness of the air film separating
the magnetic recording head and the disc wear layer surface.Theflyingheightisamajorcomponentofthehead-tomedium separationd. The IIP 97501A recording systemis
designedto work with a o.2i-p,mhead-to-mediumseparation at the innermost track. The flying height accounts for
o.2o p.m of this, while the ba*ier layer and ii;'i;;;
thicknessesaccount for the rest. These
#i;;
""*p.";;;
separation are shown in Fig. 1. The barrier
layer and wear
layer are thin films deposited over the actual magnetic
recording layer and are discussed in the article on p.age4.
These small flying heights provide a significant challenge
in head, media, and disc drive manufacturing.
The required properties of the disc surface are evaluated
by simulating and measuring the flying characteristics of
the recording head in responseto various surface features,
Head flight simulation is done by modeling the head as a
mass-inertia system responding io p."rrrr.", generated at
the air bearing surface of the head and restrained by a
spring force opposing the pressure. A detailed ma.noj thg
pressureacting on the head air bearing surfaceis calculated

using a finite-difference solution to the equations of motion
of a fluid applied to thin spacings (Reynolds equation).
The flying height at the recording head gap is held within
limits to ensure the performance of the head/disc system.
Head flight is modeled for many casesof surface waviness. The frequency responseprofile of the head to surface
waviness is used to set the specification for the disc surface.
The basic description of thl surfacewave model is shown
in Fig. 7. The wave is sinusoidal with amplitude Z and
wavelength I. The waveform is described below by equations 1 to 3 for the time domain and 4 to 6 for the spatial
domain. The vertical velocity is given by equation 2 while
the spatial equivalent, slope, is given by equation 5. Acceleration in the vertical direction is given by equation 3 and
the spatial analog, curvature or surface profile, is given by
equation 6.
z : z sin (2rft)

(1)

dzldt : (2rI) z cos [2Tft)

(2)

dzzldt2 : - (2rll2 Z si.' (zdt)

(3)

z = z sin (2n'xl\)

(4)

)_t)-. _ (zrllt)z
to_t\\ v cos
^^^ ro_--l\r
(2txl)r)
dzldx:

,F\
(5)

dzzldx2 : - (zrlli2 Z sin (zrxllt)

(6)
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domain and the spatial
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.,ll^",,']t"
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The surface wave amplitude limit versus frequency is
shown in Fig. B for velocity and head location correspond_
ing to the innermost track of the HP 97501A Disc Drive.
Each data point represents the amplitude of surface wavinessto produce a a0.025-pr.mdynamic flying height. Also
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Fig. 6. Vlews of recording head showing air bearing pads
and tapered edges.
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Fig. 7. Drcc surtace wayrnessmodel. L : length of air bearing surtace.
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shown on the $aph is a line representing a constant acceleration o1 2.2 mlsz. The data on the curve points naturally
to a disc surface specification that covers three regions. At
very low frequencies, the waviness amplitude to produce
the acceptableacceleration limit would cause severehead
mounting height problems. The surface waviness is
amplitude limited below 66 Hz (I : 120 mm, or a little
less than once around the disc). At intermediate frequencies, the disc surfaceis acceleration limited. A line of constant acceleration closely bounds the acceptable surface
waviness amplitude between 66 Hz and 3.5 kHz ()tbetween
120 mm and 2.3 mm). At higher frequencies,the head is
not moving in response to the surface waviness; therefore
the dynamic flying height consists of the waviness
amplitude. For disc surface features corresponding to fre-

quenciesabove 3.5 kHz (I < 2.3 mm), the disc is surface
profile limited. A similar study was used to determine the
disc surface specification at the outermost track of the disc
drive. Table I lists the specifications for the discs used in
the HP 975014 Drive.
Table I
HP 975014 Media SurfaceSpecification
Innermost Track:
Radius = 25.4mm, V : 72.4mls
Waviness <0.025 mm (p-p), 0 to 66 Hz
Acceleration <4.4 mlsz (p-p), 66 to 3500 Hz
Profile <0.025 pm (p-p),f>3500 Hz
Outermost Track:
Radius : 45.5 mm, V : 22.7 mls
Waviness<0.025 mm (p-p),0 to 110 Hz
Acceleration <72.2 mlsz (p-p), 110 to 6250 Hz
Profile <0.025 pm (p-p), f>625O Hz
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A specification is meaningful only if there is a way to
confirm that the system is meeting it. The discs are monitored for runout and acceleration on the heterodyne laser
interferometer and associateddata acquisition system.This
system has a wider bandwidth, better resolution, and a
lower noise floor than the conventional capacitive probe
technique. The innermost and outermost tracks are measured for compliance with the specifications. The surface
profile is sampled with a stylus or optical profilometer.
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Fig. 8. P/ot of peak surface waviness amplitude versusfrequency for innermosttrack of HP 97501A Disc Drive. Surface
velocity = 0.75 inchls, radius : 1.0 inch, and variation in
flying height = +1.0 microinch.
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