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~ This application is a continuatiori-in-'patt of niy copending commonly owned United States
patent application entitled “Optical Gap Measuring Apparatus and Method", filed March 22, 1995,

and becoming U. S. Serial No. 08/408907.

FIELD OF THE INVENTION

The preseﬁt invention relates to high-speed, high precisio_h measurement of the distance

between two surfaces, one of which is on a substantially transparent element. In particular, the

_ .inv_ention relates to an apparatus and method for performing this measurement using polarized

_ iight and interferometry.

BACKGROUND AND PRIOR ART

A frequently-encountered problem in' industrial inspection and quality control is__ the precise
measurement of small distances between surfaces. In magnetic data storage systems, for
examplé, itis required to measure the flying height of a slider assembly near contact on a rapidly
rotating rigid disk in order to verify the performance of the Slider _assembly.' The flying height,.as
used herein, is the dfstance between the magnetic head pole and the surface of the rotéting rigid
disk;l see, e.g., M.F. Gamier, et. al,, U.S. Patent No. 3,855,625 issued Dec. 17, 1974. The flying
results from the aerodynamic effects produced by the rigid disk's rotation. The flying ‘heights are
generally less than 250nm (10p-inch) depending on the design _qf the slider, and may be as close

as a few tens of nanometers. The trend in the art is toward very low flying heights, that is, less
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rotating rigid disk in order to verify the performance of the slider
assenbly., The flying height, as - used herein, is the distance between the .
magnetd ¢ heéad pole and the surface of the rotating rigid di sk; see, e.g.,
MF. Gamer, et al., US. Patent No. 3,855,625 issued Dec. 17, 1974. The.
flying results fromthe aerodynanic effects produced by the rigid disk's
rotation. The flying heights are ~ generally |ess than 250nm (10[err]-inch)
dependi ng on the design of the slider, and may be as cl ose as a fewtens
of nanoneters. The trend in the art is toward very |ow flying heights, that
i s, | ess than 25 nanometers. The speed and reliability of the measurement is of particular imporgance,
than 25 nanoneters. The speed and reliability of the neasurenent is of
parti cul agindeTpasinginsiider nsEnniactuer sypinglle pedicks 2001900562000 slidet ggsexdlidsyper

pr oduces 200, 000- 500, 000 slider assenblies per nonth. Prior-art
appar at usmantt. net hods for neasuring the flying height of a slider assenbly
are di sclosed i n B. Bhushan, Tribol ogy and Mechani cs of Magnetic Storage
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al most invariably based on interferonetry. |Interferonmeters are capabl e of
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Chapt er - 1:péceblifgdsrate IDENA Subl2-hibeinchesdrkshgp’, Mag omdogsli ti on, edited by
Dani el Mul acara %WI ey, New York, 1992). One of the fundanental
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interferometers are capable of determining the distance to an object, the topography of the object,
or like physical parameters invo_lvin?; physical lengths (see, for example, Chapter 1 of the book
Optical Shop Testing, second edition, edited by Daniel Malacara (Wiley, New York, 1992). One of
the fundamental difficulties of optrcal techniques is that the rnterface between the slrder ABS and a
real hard disk cannot be inspected directly. Therefore there are essentially two dlfferent types of
OFHT's, those which perform a relative measurement the back side of the slider flying on a reel

disk, and those that use a transparent glass surrogate in place of a real hard disk.

An example of the first kind of OFHT is provided in an article entitled “Measurement of
tteadldisk spacing with a laser interferometer." by L.-Y. Zhu, K.F. Hallamasek, and D.B. Bogy
(IEEE Tran. Magn., NMAG-23, 2739, 1988) The disclosed apparatus is a heterodyne
|nterferometer capable of measuring the physical position of a plurality of points on the back srde
of a slider, that is, points on the side of the slider that is not in near contact with the disk. The
edvantages of this apparatus are that it functions with a real magnetic hard'disk, anditis .capable
of tneasuring the orientation (pitch and roll) as well as the height of the slider in flight. Calibration

-for zero flying height is performed by landing the slider on the disk. The principrle disadvantage of
this kind of system is that the slider/disk interface is not observed directly, and the flying height

can only be inferred from the position of the back side of the slider. Thus it must be essumed that



real hard disk cannot be inspected directly: Therefore, there are
essentlally two different types of OFHT's, those which performa relative
measur-ement the back side of the slider fIylng on a real disk, and those
that use a transparent glass surrogate in place of a real hard disk.
An exanpl e of the first kind of OFHT is Brovided in an article entitled
"Measurenent of head/disk spacing with a |aser interferometer,” by L.-Y.
Zhu, K F. Hall amasek, and D.B. Bogy (I|EEE Tran. WMagn., NM(}ZS, 2739,
1988). The di scl osed apparatus s a heterodyne interferoneter capabl e -of
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sﬁbstaﬁtially similar in function to a slider, is pressed against the lower surface of the disc by
" means of a suitable lbading mechanism. Since the disk is transparent, it is possible to view the
block through -the disk while it is in flight. The block is illuminated through the disk with a sodium
flame, 'which for the intended purpose acts as a nearly mpnothomatié, unpolarized light source.
The reflected beam is composed df a combination of the light beam reflecting from the surface of
the disk and the light beam reflecting from the block. _The combination and simuitaneous
detection of these two reflected beams results in an interference effect related to the flying height

of the block above the diak. The spacing between the block and the disk as well as the orientation

of the block is deduced by visual inspection of the interference pattern as the disk varies in speed.

Modern commercxal OFHT's that measure the slider/disk interface dlrectly are based on many -
of the same physlcal pnnc:ples as the apparatus invented by Stone, with the dlfferences being
principally in the type of source, detector and data processmg means. A transparent surrogate
disk repiaces the magnetic hard disk and the interference effects at the slider ABS provide the
flying height information. All prior-art OFHTs of this type illaminate the ABS through the disk at
substantially normal -incidence, and detect the variations in 'reﬂected intensity irreapective of

- polarization.



| ubrication" (The Comonweal th Engi neer, Nov. 1921 and Dec. 1921). Stone
was obviqusly not working with magnetic storage nedia in 1921, but the
essenti al goncepts are the sane ones that underlay the majority of nodem
OFHT' s. Stane's apparatus conprises a gl gss disc about 125mm in dianeter
-so nmounted that it can be rotated in a hdrizontal plane. A 15nm square

bl ock, substantially simlar in function to a slider, is pressed agai nst
the |l ower surface of the disc by neans of a suitable | oading mechani sm
Since the disk is transparent, it is possible to view the block through’
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i nt er f er sadain btioes of the madulation eysre, AB?spﬁistNﬁ %dqwon £f Be feflepied dniensity to
information. Al prior-art OFHIs of this t\éP | | um nate t he ABS thrﬁggh
the di sk determiggrikg aar Pefyesn therARS andathe fliskoth ISPRPARE Berrackhe TAMRY FHFS

reflect e‘i'ns'uﬂ}ngﬁé Ilr;[vzlwledr 5 Sgrgﬁggsu\a/ﬁntg:pretﬁgn { the ?Inlggsn J. M. Fleischer and C. Ll" were

the first to use a photo-electric sensor in a monochromatic OF.HT, as is described in an article
entitted “Infrared laser interferometer .for measuring air-bearing separation,” (IBM Journal of
Research and Development, 18(6), 1974, pp.529-533). A more modern example of
monochromatic OFHT is described by T. Ohkubo and J. Kishegami in an article entitied "Accurate
- Méésurement of Gés- Lubricated Slider Bearing.Separation using Laser Interferometry,” Trans.
ASME, Vol 110; pp148-155 (Jan. 1988). This article déscribes the basis of operation for the

FM8801 and FM2000 Fly Height Testers sold in the U.S.A. by ProQuip, Inc..

In that the measurg:l::]ent depends on a periodic phenomenon, a disadvantage of the

" monochromatic OFHT is tl;at it is not clear which interference cycle is being measured. There is
consequently an ambiguity and the ﬂyihg-height measﬁrement is restricted to a range équal to
one-quarter of the wavelength, i.e. typically Iesé than 150nm. A further difficulty is that theré are
significant ranges of_ﬂying height over wﬁich the sensitivity of the measurement is ﬁearly zero.
This aspect of the measurement method is particularly troublésome when the gap between the
slider and the disk is less than 25nm. Finally, it may be nécessary to land every slider in a

production test to calibrate the system for zero ﬂying height.



4 One form of OFHT uses a substantially nonochromatic source |ight,
as disclgsed for exanpler by G L. Best, D E - Hone, A Chiou and H.

- Sussner, in a paper entitled "Precise optical mneasurenent of slider

dynami cs, " | EEE Trans. Magn. MAG 22, (1986) 1017-1019. The reflected ‘light
~is modul ated by the thin-filmeffect betseen the disk and the slider ABS.
This modul ation is periodic with the flying height, and has a period equal
.to one-half the wavel ength of the source illum nation. By introducing
appropriate det ection and analysis neans, it is possible to track
variations i tﬁegﬁpfei atitingt ‘Aevighie - La¥eramefdryingter foh Rir BB Febaraton Medslifefiani t Y
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measurenent is restricted to a range equal to one-quarter of the :
wavel engt h, Several dthigriptial-arysystess avdidithe Bbiguity photilems bfanmondctrbmatislintgrfaremetlyat
there are significant ranges of flying -height over which the sensitivity
of t he meby inckiingtmiltiplen wavelgngther dfor example, a common form of OFHT is based on the

variation of the interference effect with the wavelength of the illumination, as is taught for example
in the U.S. Patent No. 4,593,368 to D. A. Fridge, et al. The apparatus in th.is' patent comprises a
co_mputerized spectro-photometer, which ana_lyzeé the wavelength-dependent modulation of white
fight reflected from the slider-disk interface. This techniqué is incorporated in commefcially
available products such as the line of Automatic Digital Flymg Height Testers formerly produced
by Pacific Precision Laboratones |nc (PPL) of Chatsworth, CA White light interferometry has the
significant advantage that there is no amblgmty in the measurement, since the spectral modulation
_phenomenon is not periodic with flying height _ l_-lowever,' .white Ii§ht methods baééd on
Spectrometers suffer from a number of limitations, the most,sévere and intra_ctable limitation being
the measurement speed. This problem is compounded by the need to compensate for the phase
change on reflection for as many as 171 aiﬁerent wavelengths (see, for eiample, an article
entitled “Flying height measurement systems and slider absorption”, by R. Paviat, IDEMA Insight
7(5), p.1 (1994)). Finally, white light techniques are most effective for gaps greater than one-half
the wavelength of the shortest wavelength used, i.e.. appro‘Ximater 200 nanometers, whereas.the

“trend is towards flying heights of less than 25nm. |



Thi s aspect of the neasurenent nethod is particularly troubl esone when the
gap between the slider and the disk is |less than 25nm Finally, it may be
necessary to land every slider in a production test to calibrate the
system for zero flying height.
5 7 In the paper entitled "A Visibl® Laser Interferoneter for Air
Bearing Separation neasurenent to Subm cron Accuracy," by A N agam
Trans.. ASME, Vol. 104, pp. 60-65 (1982) there is described an OFHT based
on nonochronatic |ight which also provides additional nmeans of determ ning
-t he i nt er f elnarddrrtd ovéreome)sorne dicthe limiltatioas] dff whiteright intedersmetonment®eed ab@aeon
lanp and a circular variable wavelength filter. The |l anp and wavel ength
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400 to 700nm As thé wavelength is shifted, the interference pattern is
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a rate of approximately 2.5kHz. Several other - prior-art systens avoid
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mul ti pl e wavel engt hs. For ex |l e, .a common form of OFHT is based on the
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illumnation, as is taught for exanpl in the U S  Paten ), . 4,593 368 to
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calibration of the apparatus, Whicl"l' involves measurement of the intensity of two or more

wavelengths while partié"y unloading the slider to determine the ma_ximum and minimum intensity
at each wavelength. Once the system is calibrated, it is capable of measuring flying heights at
rates greater than 100kHz. The apparatus disclosed in this patent is the basis of the Dynamic

Flying Height Tester manufactured by Phase Metrics.

Although three-wavelength OFHT’s are much faster than oldt;.r white-light instruments, they
still share many of the same limitations, the most serious of which is that the measurement
sensitivity approaches zero as the flying height approaches zero. Th.ese limitations are related
prihcipally, to the reliances on the variation in reflected intensity at nofmal inéidence for a range of
wavelengths. These vaﬁ:ﬁons can be extremely difficult to measure when the flying height is

small. Therefore the refiance on intensity measurements at normal incidence is a fundamental

deficiency of all of the prior-art OFHT's cited above.

The measurement difficulty at low flying heights is largely avoided if the reflection from the
slider ABS and the reflection from the disk surface can.be s'eparated'in some way, either by
polarization, physical separation of the beams, or both. The apparatus disclosed in commonly-

owned U.S. Patent No. 4,606, 638 to G. Sommargren uses a transparent di;k as a front surface



avai | abl e products such as the line of Automatic Digital Flying Height
Testers formerly produced by Pacific Precision Laboratories, Inc. (PPL) of
Chatsworthy CA. Wiite light interferonetry has the significant advantage
that there is no ambiguity in the neasurenent, since the spectra

modul ati on phenomenon is not periodic wyth fIying hei ght However, white

| i ght net hods based on spectroneters suffer froma nunber of Iimtations,
the nost,severe and intractable linitation being the neasurenent speed. "’
This problemis conpounded by the need to conpensate for the phase change
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interferonetry nentioned above, several prior-art OFHT's use a snall
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In the U S. Patent No. 5,280,340 to C. Lacey there is described a three-
wavel engtgolanedtion deaatingypdsi taaglityin ahalé,ommaggrsnmaltensplacvengsostlyaandcmvpsurms a
hi gh-intensity source of nultiple-wavel ength radiation and a detector
assenbl y imperfeciisccas pause pedblesak pwiflging Meightdet ect or  assenbl y i ncl udes
wavel ength discrimnating beansplitters, a filter for each individual
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disclosed in commonly-owned U.S. Patent No. 5, 218,424 to G. Sommargren The apparatus uses

two paraliel beams having orthogonal polarizations. Both beams are incident on the surface of the

glass disk at Brewster's angle, so that one of the beams'pasées completely through the disk

without reflection, and the other is partially reflected from the surfaces of the disk. Thé beam that

pésses through the disk without reflection is used to iluminate the ABS. The.two beams are then

récombined. resulting in an interference eﬁecf that varies sinusoidally with the flying height. Since

the apparatus taught in this patenf isﬁ a two-beam interferon;neter. it is possible to measure

- extremely small gaps withdut loss of sensitivity and precision, thus eliminating one of the principle

disadvantageous of systems that debend on interference effects resuiting directly from multiple

reflections within the gap. The disclosed apparatus also comprises an array camera for im‘agirig

the entire ABS.

Despite these advantages, the method. and apbaratus disclosed in .comr_nonly-owned u.s.
Patent No. 5,218,424 has significant limitations that make it an impfactical tool for automated
inspection of the flight characteristics of sliders used 'in the magnetic storage industry. These
limitations include the use of an expensive, complicated, high-speed phase modulator as an
essential componeht; a very slow data acquisition and processing rate of approximately 15Hz,

which is due in part to the method of phase modulation and the need to integrate over a full



al so conprises a mechani cal assenbly whiech is used to nove the head away
fromthe detection assenbly a very small distance, on the order of
0.25[err]m: This mechanismis required for calibration of the apparatus,
whi ch invol ves neasurenent of the intensity of two or nore wavel engths
whil e partially unloading the slider to &t ermi ne the maxi mum and mi ni num
intensity at each wavel ength. Once the systemis calibrated, it is capable
of measuring flying heights at rates greater than 100kHz. The apparatus
disclosed in this'patent is the basis of the Dynamic Flying Height. Tester

manuf act us@tondf thth eaplent disks a very siol ddiarm@atisndrae- synu@lcanat thatdctdfisticeroe much
faster than ol der white-light instrunents, they still share many of the
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sensitivity approaches zero as the flying hei ght approaches zero. These
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reflected intensity at normal incidence for a range of wavel engths. These
vari at i orsensitivity baethe ip apdrtik of the disk,ontich dao inteodsnersebstindial ertoes inltye fxipghheigiht | s
smal|. Therefore the reliance on intensity neasurenents at normal incidence
i s a fundegaswenient; ged ar pearaildrififin fhe| intgrferenne phasesdueprimadiFitthe presenck ofibee.

The measurement difficulty at low flying heights is largely avoided if the
ref | ect i dighrspeed phase modulgler. resuiing,in @namé:speys|Rbase ofisel r om t he di sk surface
can be separated in sonme way, either by polarization, physical separation

of the beangeveps| op e defidibiricddtalicdbipparalisSaiscRised in SRy WnEd U.S VPrtsht MoS.

Patent No. 4,606, 638 to G Sommargren uses a transparent disk as a front

sur face 5,218,424 are addressed in copending United States Patent Application Serial No. 08/38/232,
dated January 31, 1995, entitled “Interferometer and Method for Measuring the Distance of an
Object Surface with Respect to the-'Surface of a Rotating Disk". The principle improvements
taught in this copending Patent Application are the following: incorporation of compensation
beams that permit high-speed operation without suffering from uﬁWanted details concerning the
variations in volume, surface proﬂlé and orientation of the disk; a high-épeed phase measuring
system; and a method and means for efficiently sampling the phase at a plurality of points
corresponding to vérious positions on the slider surface at very high speed. Despite these
advantages, the apparatus _iri _ this copénding Unfted States Patent Appfication Serial No.

08/38/232 is still sensitive to some sources of phase drift, such as air turbulence and mechanical -

motion of the optical elements. Most seriously, it is excessively complicated and expensive.
L .

4

In addition to the éforeméntioned significant disadvéntages of known methods of flying height
testing, another difﬁculty-suffered by all prio_r art methods is the phase chang_e that occurs at the
slider surface upon reflection. The phase change can easily be misinterpreted as a change in

| flying height, resulting in errors as large as 20nm. To correct for this effect, we must know the
phase change exactly, using a priori knowledge of the complex index of refraction of the material.
If the OFHT uses multiple wavelengths, then the complex :mdex of refraction must be

independently measured at each one of these wavelengths. See for example, the article entitled



pol arizer, so that the reflection fromthis surface can be distinguished
fromthe reflection fromthe ABS. An additional advantage of the disclosed
apparatus §s that the entire gap is neasured by a canmera having a
plurality of detectors, thus nmaking it possible to determ ne the shape and
orientation of the.slider, as well as otfer paranmeters of interest that
require a plurality of measurenment points. However, the manufacture of
the special transparent disk with the polarization coating, as taught in

t he Sonmargren, patent, is very costly and any surface inperfections:.can
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uses two eans nhaving o ogona ari eans are

i nci dent 0.4 Aeit bf BE Sk of Rtz -tBh dRRedlh SlgnMtanPbEYE] B aff pdt@ltGnetisisidial one

of the beans passes conpletely through thé disk wthout reflection, and
the ot herpbshsRardotied iind-Ridreeb@@d. from the surfaces of the disk. The beam

t hat pasrges thrégtgh 3%‘hde 1 sk ?\ngt hout reflection is used to illum nate the
ABS. The - two beans are then _reconbined, resulti ' n interfe‘ﬁence
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sliders use e magnetic storage industry. These |imtations include
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essential conponent; a very slow data acquisition and processing rate of

appr oxi mah&hent Lpbi a test surface at an oblique angle. Ellipsometers provide information about the

complex index of refractioh of a surface, and can also providé information about multilayered
media, such as thin fims deposited 6n a substrate. Commercial ellipsometers include those
_'manufactured by Gaertnér Scientific Corporation in Chicago_, IL. A|thdugh the prior art proyides
sevéral examples of experimental ellipscmeters, including several designed for high-speed
mesurement of the complex index of refraction, none of these instruments ~are designed for optical
flying-height tesﬁng or like measurements of small géps. Therefore, the de_terminaﬁon of the

complex index of refraction is a separate task from the gap measurement.

For example, in an article entitied “an automated scanning eflipsometer,” by T. Smith (Surface
Science 56, .212-22'0 (1976)), there is described an ellipsometric apparatus that has no moving
parts. The light is incident upon a test surface at an oblique anglé. Two beam splitters are
disposed to sample spatially disparate bortions of the reflected beam. One of the beam splitters
separates out the polarizations perpendicular and parallel to the plane of incideng:é, whilst the

other is placed at a 45° angle with respect to the plane of incidence. The various beams are



which'is due in part to the nethod of phase nodul-ation and the need to
“integrate over a ful

8 srotation of the transparent disk; a very slow determ nation of the
dynami c flight characteristics of the slider, which is due in part to the.
use of  a full-frame imaging canera for 3| measurenents; a deleterious
sensitivity to i nhonegeneati es and distertions in the transparent disk; a
deleterious sensitivity to the tip and tilt of the disk, which can

i ntroduce substantial errors in the flying height neasurenent; and an

overal | %Hshreiq”bgf, ESOM%%%F& raﬁarcagtapgﬁ.?egsﬂa%a&ai OHPS islsterh Qof thiEe MRRAREEal OF

t he - hi gh-Spee e ator, re ting 1 n an anbbi guous phase offset.
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Appl i cat i e Sahb@n e disBiBiedtdppardius R FRtiohad thighYspadd, itiO Afsuitenid the esbk of

"Interferoneter and Met'hod for Measuring the Distance of an QObject Surface
Wi t h Respgedsufify thal Sapsfsuer adfhose Batcuhiery iDioptical flylityeheight testiny. eA isigoificarement s
taught in this copending Patent Application are the follow ng: -
i ncor por agrbeEmad theQspatial sampling of khecbeami, wakch pitrodaces leiroris -app @erentp és aisé with
w t hout suffering fromunwanted details concerning the variations in
vol ume, stdtdsad ebepmef bven witid ther inkodugtionoof additiohad Ielisek ;and ke dorusipe clemsnis e
measuring system and a nethod and nmeans for efficiently sanpling the
phase at Burihkrymal métiiodis tpaght ins the castictecfop bigttispepdt bigh #racisies mrRsHEEMEASOidhe t he
slider surface at very high speed. Despite these advantages, the apparatus
in this cdigemsibetvesniwasirigees ens gbwhish s ongsubsiantiplyransnaret elrgent. GimalBN932 | s
still sensitive to sonme sources of phase drift, such as air turbul ence and
mechani catnethod is taught for determining the complex index of refraction of a surface separated from
another surface by a small gap, such as a slider ABS flying in close proximity to a transparent
disk. Therefore, the apparatus described by Smith does not solve the problem of independent

measurement of the gap and 6f the complex index of refraction.

' Sohe high-speed ellipsometers use heterodyne interferometry to generate signals. In an
article entitled “interferometric ellipsométry" by H. F. Hazebroek and A. A. Holscher (J. Phys. E:
“Sci. Instrum. 6, 822-6 (1973)) thére is described a specialized doubl_e-pass ellipsometer based on
a Michelson interferometer and a scanning retrorefiector. The test surface is placed together with
a plane mirror in one arm of the interferometer, and the retroreflector is in the.other arm. The
scanning retroreflector g‘eﬁerates beat-frequency. signals.for two orthogonal polérizations in the
interferometer. These :ignals are measured photoelectrically, and their relative phase'and
amplitude provide the appropriate ellipsometric constants. A somewhat différent arrangement for
interferometic ellipsometry is described by C. Lin, C. Chqu, and K. Chang in an article entitied
“Real time interferometric ellipsometry with optical heterodyng and phase lock-in techhiques."
This article discloses- an optical heterodyne technique involving a Mach-Zehnder geometry and
two acousto-optic modulatoré to generate the beat-frequ_enc'y signal. However, neither one of

these heterodyne ellipsometers are designed for high-speed, high precision measurement of the

distance betWeen two surfaces, one of which is on a substantially transparent element. Also, no



nmotion of the optical elements. Mst seriously, it is excessively
conpl i cated and expensi ve. In addition to the aforenentioned

si gni ti cant "di sadvant ages of known met hods of flying height testing,
another difficulty suffered by all prior,art nethods is the phase change
that occurs at the slider surface upon igflection. The phase change can
easily be msinterpreted as a change in flying height, resulting in errors
as large as 20nm To correct for this effect, we nust know the phase
change exactly, using a priori know edge of t he conpl ex index of refraction

of the ma}ng bélis tau#ﬁt if %s?éﬁ&ek'?@rsde%ini | Re \é@ﬁiﬁ&)@ RALDS refrit%@n bh§ saRaER ex

I ndex. of ractlo I ndependent 'y neasured at each one of these

wavel engt gb%ara?@oefrgn%ncﬁﬁ@ma%e by BemAll Pépp lsﬁ‘ch%td $ib&ABS fiying in close proximity to a
9 I'nterferonmetric neasurement of di sk/slider spacing: The effect of

phase shi finsphrehtidke Ghb@dre, nbithelihe abgHiftMs dd3crisaidly Hazetfoek@d MoREher nbibthat
Transacti on on Magnetics). 'The need for an I ndependent neasurenent of the

i ndex of  g&dFide byQlin Sdivkeae rokiért Bf ihtigpandent HedQutertisnt 8f the Bap & dlithe cBRiphaxds
and neans for optical flying-height testing. Most often, the index of

refractlomd@&ﬁmaaﬁmmed by a separate instrunment known in the art as an
el lipsometer. Ellipsoneters analyze the change in polari zat | on of a beam

fl
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el li psonme & 1S an assenb arizers,
The type disclosed in U.S. Patent No. 4,762,414 to G. Grego generates heterodyne signals, but is

only capable of measuring one polarization at a time, and suffers from the additional difficuity that’
the reference leg of the interferometer must be protected from mechanical and thermal effects.
These apparatus are therefore unsuited to the high-speed, high precision measurement of the

distance between two surfaces, such as is required for optical flying-height testing.

A particularly unusual ferm of interferometric ellipsometer invoiving multiple passes across the
test surface is described in the article “interference ellips_ometer‘ by D. P. Pilipko and I. P. Pugach
(Instruments and Experimental Techniques 26(4) 951-952 (i984)). The disclosed apparatus is
based on a scanning Fabry-Perot interferometer. The unusual multiple-pass geometry simplifies
some stages of signal processing for extracting ellipsometric data. However, the apparatus and
method are particularly unsuited to the rrieaéurement of the distance between two surfaces, such

as is required for optical flying-height testing. .

Some forms of ellipsometer are o.r_ily suited to a particular task or kind of surface. For
example, U.S. Patent No. 5.170.049 describes a specialized ellipsometer for the sole purpose of
measuring the thickness of a chromic oxide coeting ona chrornium layeron a substrate. Another
example of a specialized interferometric ellipsometer is disclosed in European Patent No. .

EP0075684 A1 to J.-C. Chastang, W. W. Hildenbrand and M. Levanoni. This sysiem measures



retardation plates and detectors designed to measure the change in

pol ari zaL| on of a light beam incident upon a test surface at an oblique
angl e; Ellipsometers provide information about the conplex index of
refraction of a surface, and can al so provi-de information about

mul tilayered nmnedia, such as thin fil nsl2leposited on a substrate.

Comrercial ellipsoneters include t hose manuf act ur ed by Gaertner Scientific
Corporation in Chicago, |IL. Although the prior art provides. several
exanpl es of experinental ellipsonmeters, including several designed for

hi gh- speeflly messtreaginsf b dritheganahpblanzationdeandofs therefone thigbly, semsities ¢f stmblbse

I nstrunents are designed for. optical "flying-height testing or |ike

measur e mendasurefmestnetars grajdoes Mbtefueétion et alt dten dheidentrangletaf 45°. d3learl ameithen opd ex
i'ndex of refraction is a separate task fromthe gap nmeasurenent. - For
exanpl e, dfnhess miot iad| techwinues Seggestara snlutionde & problemi ofcsmdll| gaps shet @p ,are by T.
Smth (Surface Science 56, 212-220 (1976)), there is described an

el | i psonmencountergxhan zaptical t fiying hright rf@Sﬂnﬁ)vf‘ngO pheyt suggeRle 2l mgihed jfer aveidiaent
upon a test surface at an oblique an Two beam splitters are di sposed
to sanpl dndspendeat myasyresinnt efitee %vmgthetsgéarsfof theecomalex index af nslagtipn effhe shdef e
beam splitters separates out the polarizations perpendicul ar and parallel .
to the plA8% of incidence, whilst the other is placed at a 45 angle with
respect to the plane of incidence. The various beans are

10 Meas Wines) thy cdpbnias Geestdror that thaprict attalops aatquBcidegan asatitbdoor reeasy Sf em of
three mathematical fornulas provides the appropriate ellipsonetric

par anet errﬁeafsoningcﬂwgaﬁéngmlmhmg refpiag nrd aeparate deasurerearit. of Ahe lcompjex irdex of

di scl osed apparatus can function at high speed, it is unsuited to the task
of ' refraction. Therefore a principle difficulty in OFHT's and like gap-measuring instruments is that

the determination of the complex sindex of refraction is an independent task from the gap
measurement, involving an ellipsometer or fike apparatus. This requirement significantly
contribues significant cost and complexity to the measurement of small gaps, while at the same

time it reduces the level of confidence in the result.

. There is therefore an unmet néed for an apparatus and method for high-speed, high precision
measurement of the distance between two surfaces, suct_\ as is required for optical flying-height
testing. Some of the difficulties which have occurred in the prior art include the inability to
measure extremely narrow gaps, i.e. down to contact, the requured use of multiple wavelengths
and the associated conplexuty in the source and detector components, the sensmwty of some
methods to air currents and mechanical distortions, and the need to determine the complex index
of refraction indépendently with an élli_psometer. These -disadvantages are overcome by the |

present invention.



measuring small - gaps such as those encountered in optical flying height
“testing.-.A significant problemis the spatial sanpling of the beam which
i ntroducesi errors and prevents its use with focused beans, even with the

i ntroduction of additional |enses and |ike focusing el enments. Further, no
.method,is taught in the article for hi gh3speed, high precision measurenent
of the distance between two surfaces, one of which is on a substantially
transparent elenment. Finally, no nmethod is taught for determning the
conpl ex index of refraction of a surface separated from another surface by
a small gap, such as a sli dSUMBARYYORITHE INWEBRTIONKI ity to a
transparent disk. Therefore, the apparatus described by Smth does not

sol ve the probl em of independent neasurenent of the gap and of the conpl ex
i ndex of refraiavértion provides HmeBns Eng nettivcor the hig8puEa! BGISpro&iSoMbAILASHENE
interferonetry to generate signals."In an article entitled

"interf erodthet gap betivieerp sanwirfagds. bPnél suffaceHestartadaedieimag tie firdt suibscban 4 J.
Phys. E: Sci. Instrum 6, 822-6 (1973)) there is described a specialized.
doubl e- pagbstaitiaiypsansparent dirmeast] apd theaothdrcdudheeoin thenswefabe phthe bejectamderatest.
scanning retroreflector. The test surface is placed together with a plane
m rror i mhetwo surfaces are Reparaiedhyf iransparent megiwh, sérh asairr anddiid gapthetweep them t he
other arm The scanning retroreflector generates beat-frequency signals
for two d&YPieRilsirss thaeloae wavalengihof ihg lightaiseq. nthersudacsrat theobjeqtiader test gambe ar e
measur ed :photoel ectrically, and their relative phase and anplitude provide.
t he appr dpiPsetrRECxINIt t5dherwtiaseof 6 iepsnarant elamensniuigh as incropteetor Agary in-eantshent

for interferonetic ell i%)somatrégi s described by C. Lin, C Chou, and K
Chang i n iR the §rstcyudfacs ¢fithe ERpspargt glemenpelnjadition; é}eofr\‘\???% f the phiesk upref 87t wi t h
optical heterodyne, and phase | ock-in _techpiques.” This article discloses
an opti CgraVﬁgtegﬁﬂagﬁﬁg% 'g%‘ﬂ?ﬁ ra%'éveilgﬁtpglﬁ{ﬁ?ﬁﬂpa&e Rﬁﬁ‘ﬁtfﬁﬁﬂaﬁt?gﬁgonet ry and two
acoust o-optic nodul ators to generate the beat-frequency signal. However,
nei t her onelnaine etribedimettaf the dogntona palazedrighbbenntis dirabtsii toweeds thefirshsugfacs peed,
hi gh precision nmeasurenent of the distance between two surfaces, one of
whi ch i s obthedrangparertrelément gt ary ehligysaanale. Ehecpiens of indidapce abthe beam defines a
polarization basis vector p, to which is associated an orthogonal basis vector s. The polarization

of the incident light beam is such that both s- and p-type polarizations are present.

" The light beam is reflected back through the transparent element by means of the combined
effect of refiections from the first surfaée of the trénsparent element and from the surface of the
object under test. The twb polarizations, s and p, ih ﬁhe reflected light beam are then caused to
interfere with each other on a phbtodetector or combiﬁation of photodetectors, in suchaway as to
provide information about the relative phase of the two reflected polarization components as well
as their amplitudes. In a method of the invention, this information is provided by divfding the
reflected beam into two or more identical beafns. each c'>f which passes through a polarizing
optical element and then onto a photodetector. Electronic processing means then calculate the
amplitudes and relative phases of the two polarizations using the signals from the photodetectors.

" A computer then calculates the gap size using the information provided by the interferometric

analysis.



method is taught in these articles for determ ning the conpl ex index of
refractiqQn of a surface separated from another surface by a small gap,
such as a slider ABS flying in close proximty to a transparent disk.
Therefore, neither the apparatus described by Hazebroek and Hol scher nor.
that described by Lin solves the probl et of i ndependent neasurenment of the
gap and of the conplex index of refraction. -Yet anot her form of
interferonetric ellipsoneter enploys a Zeenan Iaser. The type disclosed in’
an article by L. Singher, A Brunfeld and J. Shamr entitled "ellipsonetry
with a st abithk ZR@ntichefstaproVidesed mefhbd ahy AeameoL atteintrifg thertompleRindax at yeer ,
and so i-s not strictly a high-speed device. The type disclosed in U S

Pat ent Nosurfdce/ Gade1téstt OTRe nistreddngivesnatyy the tgap dstyweensthe rfiedt ssurfiuet off the onl 'y
capabl e of measuring one polarization at a tine, and suffers fromthe

“addi t i onatrardpdréntoaiérhgnt hdithe sulfecer wider estcavet e gange apheximatalyr éprbioatr greatarst be
protected from nechanical and thernal effects. These apparatus are

t her ef or ethamthei wasetlengthtofi érehgogtee digkte dfhe iatidtiop mayi b effected 2dhar dr@nmeabinicae

di stance between two surfaces, such as is required for optical
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el li psoneter involving multip passes across the test surface is

descri bedrargmetae thatt gopfrels "tf‘?ltdé’W@PBn?fethél !quppsd’l\f@leeﬂ‘e 83P (5. bping prafietkBeand
1. P. Pugach (Instrunents and Exgerl ment Techni ues 265F§% 951- 952
(1984)) . imedergmelicodad Sappaiet gk Mol SRRt eo?‘?”‘&“‘?& Fﬂ‘ﬁsnﬁ‘ BrySUSR 5t the
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di st ance

The invention also provides a means and method for measuring the position of the
measurement beam on the surface under teét relative to the boundary of the surface under test to
provide meaningful, repeatable gap measurements. The monitoring apparatus comprises a light
source, which may be an incandescent bulb, light emitting diode or the like, an optical system, an
electronic camera, and means for generating an image from the camera _signalé. The light is
directed through the transparent element under test at an oblique angle. Alternatively, the light
may be directed through an optical microscope towards the trénsparent element substantially at
normal incidence in a-manner familiar to those skilled in the art of bright-field microscopy. The

light reflected from the surface under test is imaged onto the camera with the light, when an

optica! microscope is employed being reflected from the first surface of the transparent element

and from the surface under test and'being imaged onto the camera. At the same time, a portion
of the aforementioned measurement light beam is also imaged onto the camera so that the
poéition of the measureniel;\t spot with respect to the bdundary of the surface under test can be
determined both visibly or electronically. When an optical microscope is employed, the position of
the measurement light beam which is incident at an bplique angle, is scattered by the surface

under test up towards the microscope and is also imaged onto the camera. In this way, the



as is required for optical flying-height testing. ~ Sone forns of

el lipsongter are only suited to a particular task or kind of surface. For
exanmple, U S. Patent No. 5,170,049 describes a specialized ellipsoneter for
the sol e purpose of = neasuring the thickness of a chrom c oxide coating on
a chromumlayer on a substrate. Anothet5 exanple of a specialized

. interferometric . ellipsoneter is disclosed in European Patent No. EP0075684
Al to J.-C. Chastang, W W Hildenbrand and M Levanoni. This system

measur es ' ' - 12 only

the strength of two orthogonal nolarjzations and i.s.therefor L ghl

sensi 11 vakrioRiaapparefie sRARCHE koAl 3 e el Sposierh b B P POl gt o
i nci dent r]. Clearly neither one of these prior art

t.echni qué@ensalurgaﬁée)ért'dgéﬂaeg{éol ution to the problemof small gaps such as are

.encountered in optical flying height testing, nor do they suggest a nethod
for avoi di nghe pmﬁeh@éh@nmggmfﬁétﬁmmf&eiweetiqnl ipclding eoroftational peocedures,
compl ex index of refraction of the slider ABS. It may be concl uded,

t her ef or detaily gt prefeareghembndirggnts angarethesds obimplemeatation, arRmadednese apragRY inghe
measuring flying- height without relying on a separate neasurenent of the
conpl ex iG78wRg dletailed Deserntign of the fevention™ whejt iread; | eondineiancyith yhe Atasbefs and
| i ke gap-neasuring instruments is that the determ nation of the conpl ex

i ndex of I8¥P8%tion is an i ndependent task fromthe gap measurenent, -

i nvolving an ellipsoneter or |ike apparatus. This requirenent
significantly contribues significant cost and conplexity to the.

measurenent of small gaps, while at the sane -
: BRIEF DESCRIPTION-OF THE DRAWINGS

In the drawings, wherein like reference characters denote similar elements throughout the

several views:

Fig. 1 is a drawing showing a pre_ferred' embodiment of the invention setup to measure the

distance of a flat object surface with respect to the surface of a rotating transparent disk;

Fig. 2 is a drawing showing the disk portion of Fig. 1 from the top, indicating the positions of

_ the object and of the various measurement points in the embodiment of Fig. 1;

. Fig. 3 is a drawing showing a preferred embodiment of the intensity and phase detector

assemblies employed in the embodiment of Fig. 1;

Fig. 4 is a drawing showing one alternative embodiment of the invention shown in Fig. 1

illdstrating the placement of a viewing microscope for the purpose of determining the-

r

measurement position on the surface under test;

Fig. 5§ is a graph showing the variation in the intensities for the s-polarization as a function of

the size of the distance between two surfaces for ¢=54‘f, ng=1.55, n'=25, A=633nm;

Figure 6 is a graph showing the variation in the intensities for the p-polarization as a function

of the size of the distance between two surfaces for ¢ #54°, ng=1.55, n'=2.5, A=633nm;



time it reduces the |level of confidence in the result. There is
therefore an unmet need for an apparatus and nethod for high-speed, high
preci si on = neasurenent of the di stance between two surfaces, such as is
required for optical flying-height testing. Sone of the difficulties which
have occurred in the prior art include 14e inability to neasure extrenely
narrow gaps, i.e. down.to contact, the required use of nmultiple wavel engths
and the associated conplexity in the source and detector conponents, the
sensitivity of some nethods to air currents and nmechanical distortions,
and t he neeid.0 welgaph shewinp¢heoarigtionin the cheasuraf intedéromettic pirase asl e flewtiendf| y
with an el lipsonmeter.. These dlsadvantage are Overcome by the present

i nvent i onthe size of the distance between two surfaces or?) =54° —1 55, n'=2.5,€ =0, A=633nm. 13
SUMVARY OF THE | NVENTI ON The |nvent|on provides a nmeans and net hod

for the highssnepd, g%e% 3 QsdBARNS ewgg%rt?m&rveté?ﬂme.ﬁramb&ttr\@ernertw

sur f aces. One ‘surfa herer n as irst surface, is on a

subst ant i glolyy dﬁ ERN$ ﬂl@ét?dﬁfrr% ﬁ‘ee;ﬁ'&@ﬁtly REErdd Raeh8f pitbdiff e Infeadhéménit beage of

t he obj ect under "t est e two surfaces are separated by a transparent
nmedi UM  Syiriie dgrfRk lundét skt WtCatidindsite@cystdrhiem s typically less than one
wavel ength of the |ight used. The surface of the object under test can be
in close proximty to the surface of the transparent el enent, such as

i n-cont-act or nearly in-contact wth the first surface of t he transparent
element. In additiaon, the surface of the object under test



may be either static or noving relative to the first surface of the
transparent object. I n one enbodi.nent of the invention, a polarized

|l ight:beamis directed towards the first surface of the transparent

- elenment at an oblique angle. The plane of incidence of the beam defines a
polarlzatlon basis vector p, to which i d7associated an orthogonal basis
vector s. The polarization of the incident |ight: beamis such that both s-
and p-type pol arizations are present. The light beamis refl ected back
t hrough the transparent el enent neans of the combined effect of

b
refl ections fromthe p.&Ts%llsEPf%éC&lPtTH@N O I b INVENT@Mt and fromthe

surface of the object under test. The two polarizations, s and p, in the
reflected |ight beamare then caused to interfere with each other on a
phot odet ect biguer1 sknawsi $ Brefesgd Gf“bﬁ‘l’l'i‘i‘te@}d%t“@c'f“(ﬂ"§°" ?’HP'W@%'"M?%@W §etup
provi de information about the rel ative ghase of the two reflect

pol ar i zatfPloreawiipg e ftaaee gbAr obigst 3hé 'Tacérﬁ?ﬂt i lﬁ‘&%’y '"I‘f?“ﬁ'cﬁﬂtﬂh@d“’&""? he

i nto Lo USPSTRSRTS S Ve APPHEE N RSP A Y s P RS 8T B 21 ng

Ren”cal e dion H0eaRiele ol A BT Yen SuSF O SBEE SE R ol O
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corrpl ex | ng %%’8{1% rc%hn t%ac%’r%xggk‘@?%g?%t%cﬁ?ﬁod?ﬁgﬁg%%ggebgsﬁz%@?hfahe

gap bet V\Es(?agwﬁ Iaf‘eférblglf tattaccﬂéé RC& shdid BPdriven by a motor 22, so the size of the gap may be
determined as a function the speed of rotation of disk 20. The position of test object 30 with

respect to spindle 21.-may be further clarified by reference to Fig. 2, which shows the disk 20 as

- viewed from the top, indicating the position of the test object 30.

Referring now to Fig. 1, the illumination for the measufement is preferably provided by source
1, which may be a Iight-emitting diode, a Iasef diode, a éas laser, a discharge lamp or like source |
of light. Alens 2 preférably directs the light beam 3 through a polarizing element 4, which may for
example be a diéhrbi_c linear polarizer. 'Polarized light beam 5 prefeébly propagates towards the
first surface éf disk 20 at an oblique angle. The plane of incidence of the beam preferably defines -
a polarization basis vector p, to which_is associated an orthogonal basis vector s. Preferably the

polarization of light beam 5 is such so that both s- and p-type polarizations are present.

Light beam 5 is preferably reflected back through disk 20 as a light beam 6, as shown in Fig.
1. Reflected light beam 6 is the result of combined reﬂectio;ls from surface 25 of disk 20 and from
surface 35.of test object 30. The comﬁined reflectivity of the two surfaces 25, 35 depends on the
polarization sté_te of beam 5, resulting ina change in the relative phases of the two polarizations s
and p, as well as a change in the amount of light in each polarization. These changes are a
function in part of the separation between Surfaces 25 and 35. The apparatus of the present

invention preferably further comprises a polarization-sensitive intensity meter 12 for measuring



transparent element and the surface under test over a range approxi mately
equal to.or greater than the wavel ength of the source light. The variation
may be effected either by a nechanical neans for adjusting the position of
the surface under test, or by varying sone other physical paraneter that
controls the dinmension of the gap. Wild&he gap is being varied, the
Interferonetric data is acquired at high speed. The conputer stores this
data, such as the nmaxi num and m ni mrum val ues for the anplitude and phase
i nformati on, and then calculates the effective conplex index of refraction
of the suthbasRounn @ Nighteintedds ipdRritdlibs, &awall as phaddh@etectyens if@ndadramingr disi des
a neans and nethod for neasuring the position of the neasurenent beam on

t he surf agiferdnctsin phasttbetvadentthevearidp pdkizitions datie/preferred embadirient of the gessertest
to provide nmeani ngful, repeatable gap neasurenents. The nonitoring

appar at usineertipn e preferéblygintivdes aremevabletpolatizimgsierbent 44, whidhanaydmcepriarier do,
light emtting diode or the like, an optical system an electronic canera,
and neansafvavepimedordhé pugpese of eatibretirfgranrhvedfying thensereect oppnetion of iMaasity imgitar 12s
directed through the transparent el enent under test at an oblique angle.

Al t emat i vendof phase detegtar 13.phgwibie gefates detaibin Figr dugh an optical microscope
towards the transparent el enment substantially at normal incidence in a
manner fam | iag J\ogvﬁ ahld Brcferreliiid Fig s, iabehespitet 16 d.haégﬂane&édqigﬂt HEafTEOREMY. The
‘light reflecte om the surface under test is inmaged onto the canmera with
the |ight peaieiigABind ADS.I Cie RIHEHSRAE GREP 125 a6 WBPIGUE th bRyl 13Y prefirdifC inelldés am t he
first .surface of the transparent elenment " and fromthe surface under test
and bei ngpélaaaRkiamén® 110) Suchaaser WollAtontpkism $aapolkiizing, beampplitter,ovhichaleparates

af or emantloned measurenent |ight beamis also i maged onto the canera so

t hat the theawé polanzatidnstsendrpes dezre 182 andsqietts Wherhtowesip dégd plictodeteetotsoiindady  of
the surface under test can be determ.ned both visibly or electronically.
When an optd. CHie intecsity sweapaed by thags piptedetettire iprefetablyrirapsmittechelegironisally darent

| i ght beam which is incident at an oblique angle, is scattered by the
surface condentionaisompyter Wahans in Hig- 1 cr oscope and is al so i maged onto the
canera. In this way, the

Referring now fo phase detector 13, illustrated in greater detail in Fig. 3, beam. 103 is
preferably further divided into two beams 104 and 105. A polarizing element 120, which may also.
be a Wolllaston. prism or the like, is oriented so as to mix the two polarizations s and p of beam

105 into two beams l106 and 107 orthogonally polarized with respect to each other. The mixing of
the two polaﬁiations by polarizing element 120 preferably resuits in an interference effect
characteristic of the relative intensities of the two polarizations, the relative phase between the two
polarizations, the exact tc:o!c[ientation of polarizing element 120, as well as other factors of |essér
intereét. Thé intensity of bearﬁs 106 and 107 are preferably measured by two photodetectors 121

and 122, whose electrical signals are sent to a computer 99,(shown in Fig. 1).

Beam 105 pr'eferably passes through a waveplate 123, which may, for example, be a quarter-
wéve plate. The effect of waveplate 123 is to .preferably shift the relati\.fe phase of the. two

. polarizations s and .p. A third polarizing element _1 30, which may also be a Wollaston .prism or the
liké, is preferably oriented so as to mix the two polérizations s and p of beam 105 into two beams

108 and 109 orthogonally polarized with respect to each other. The mixing of the two



15 nmoni toring apparatus shows the position of the neasurenent spot with
respect to-.the boundary of the surface under test. The above set
forth.and -other features of the invention, including conputational
procedures, details of preferred enbodi ments and net hods of

i npl enentation, are made nore apparent i A9the ensuing Detailed Description
of the Invention when read in conjunction with the attached Draw ngs.

BRI EF DESCRI PTI ON OF THE DRAW NGS In the draw ngs, wherein like

ref erence characters -denote sinmlar elenents throughout the several views:

Fig. 1 isgé\a,%aansns s&um&mg SelbRf ¢id efoc PRI Msuf it N iirné/r%médcetnﬁfze%wp

to nmeasure the distance of a flat object surface wth respect to

surface ofhARadiétsB bitfle raIANE RAERIES B K two polariziliclls. Fhd MteRsifl FbbsiEs I0OWNT
the disk portion of Fig. 1 fromthe top, indicating the positions of the

obj ect ando®frel frefekdlyl AssuRIRASY VG PRBIbJSHEHE 331 Bnd HE2, QM8  elREA¢al @ignkik Gire 1;
Fig. 3 i1s a drawing show ng a preferred enbodi nent of the intensity and

phase det agb 8ént tths eshputervodsiowayrerigi ). t he enbodi nent of Fig. 1; Fi g.
4 is a drawing show ng one alternative enbodi nrent of the invention shown in

E} gd e,g' or Iml Lﬂﬁ‘tdﬁ"?{?;a% retcgfaedmy%ﬁ%g%ﬂl{lecp |];1 tﬁe X;{ %\5\4 cq]eQecrtgrg [l? F,‘F 1%,)1‘31 f19£1§1h ?32'0%5)}3 ose
| each be individual detectors, or linear array detectors, or two-dimensional array detectors. Those
“skilled in the art will also appreciate that alternative detection means may be used without
departing from the spirit of the invention. For example, although the present detailed deﬁcriptioﬁ
of the Invention describes a partiéular form of bhase detector comprising polarizing elements and
multiple detectors, alternate forms of phase detector may be substituted. One alternative phase-
estimation technique suitable for the métho’d of the present invention is heterodyne interferometry,

as described on pp.70,71,73,189 of the book “Basics of Interferometry” by P. Hariharan

{Academic Press, Boston, 1992).

Fig. 4 is a drawing depic.ting'one alternative embodiment of the present invention in which a
microscope 200 has been added for the purpose of observing the test object and determining the
position qf the measurement poiht on the surface under test in a normal incidence system,
through the presently preferred approach as illustrated in Fig. 8, is to position the measurement
beam on the surface under test with an in-line optical system as opposed to the normal incidence
system illustrated in ng. 4. Réferring now to Fig 4, a beam splitter 203 in microscope 200
preferably dirécts; a light beam 202 emitted by a source 201 through a lens 204. Beam 202 is
preferably reﬂecfed back through lens 204 and impingés upon the sensitive area of a closed-
circuit television camera 210. The electronic image generated by camera 210 may be viewed on

a monitor 220 or sent to the computer 99 (shown in Fig. 1) for further proéessing.

Figure 8 is a drawing depicting a presently preferred alternative embodiment of the invention

in which a vievw)ing s_ystém has been added for the purpose of observing the test-object and



nmeasur enent position on the surface under test; Fig. 5is a graph
showi ng the variation in the intensities for the s-polarization as a:
functi.on of the size of the. distance between two. surfaces for [err]
=54[err], n[err]=1.55, n'=2.5, [err]:633 g; Figure 6 is a graph
showi ng the variation in the intensities™tor the p-polarization as. a
function of the size of the distance between two surfaces for [err]
=b54[err], [err]=1.55 n'=2.5, [err]=633nm

16 Fig. 7 is a graph showing the variation in the neasured

i nt er f er cletgrmininggheapesitiens oh theumgasirementfpoint b thei sudacsf undaetesliis taimelmeloptisaten
two surfaces, for [err] =b4[err], [err] =1.55, n' =2.5[err] =0, [err]
=633nm system. fReferrigy pow t9 fig. Builkecogipondntigtodhgse disisinated ingdrige Meampiy the sameat i ve
enbodi ment of the invention shown in Fig. ‘1 illustrating the presently

pr ef er r edefranpR magialigiawer diyi thy leftfre"aeagsthewnang PIRSITRd 1o fig: Beass diffesecightinder
test with an in-1line o tical {ste

17 Source 201 which may beean AndapePseend dRibpa light enpitting-giode\Rretierfikens combined-i gur e

1 shows a tRref erred gngodl)mant 8 5 II’IVEI’ILI on e on ng an interferoneter
. setup source beam 2a by a beam-splitter element 203a. Light from ource 207a illuminates surface

35a of test object 30a and is reflected back through disk 20a. A beam splitter 204a reflects a
portion of the light originally emanating from source 201a onto a camera 210a. At the same time,
beam splitter 204a a!so reflects a portion” of the light originally emanating frdrp source 1a.
Electronic signals from camera 210a are displayed as an image 230a on a video monitor 220a. In
that the fight from source 1a is focused onto surface 35a, image 230a shows a bright spot 240a
corresponding to the measuremént position on surface 35a. Conversely, light from diffuse source
-201a illuminates a substantial area of surface 35a, in this way providing a clear imagé of a
substantial portion of surface 35a. Those skilled in the art will appreciate thét addition_a! image
processing means may be émployed to automatically locate the position of spot 240a with respecf

to physical features on surface 35a.

Those skilled in the art will aiso appreciate that alternative means and methods are possible
for observing the test objetfzg'and &etermining the position of the measurement point on the surfac.:e
under test. In particular, the illumination and electronic imaging may comprise a substantially
independent optical system such as a microscope, operating at either normal incidence or at an
oblique angle such as described with respect to Fig. 4. Such independent optical means may also
include independent processing means for determining the point of measurement or for facilitating
the loading of test object 30a and the independent processing means may also include
'com'plementary analysis of a gap between surface 35a and surface 25a to verify the gap

measurement or increase its range. For example, the independent optical means may comprise a



for neasuring the distance of an object 30 surface that is nearly in
contact with a rotating transparent disk 20. The apparatus in this
enbodi nent. is preferably suited to the prediction of the aerodynamc
flight characteristics of a conventional slider 30 over the surface of a
rotating . magnetic storage medi um 20. Th@lpresent invention preferably
nmeasures the gap between a surface 25 of a rotating transparent disk 20
and a surface 35 of a test object 30. Disk 20 is shown preferably
attached to a spindle 21 driven by a notor 22, so the size of the gap may
be det eritBssbpaenipidylng Gl ligahsdutve tsgieeditotn inteif@thcencolls adceitingQo kildven prigi t i on
of test object 30 with respect to spindle 21 may.-be further clarified by
r ef er enceartttéchhiq@es, 2uchnds referrsdhtovabotene di sk 20 as  viewed fromthe top,

i ndicating the position of the test object 30:. - Referring nowto Fig.

1, the ill “mrgé%' ik gﬁ%scé&n}.‘%t {?%Zér'%lﬁoﬁib%dnhéptp&eén érls'%% us%oéébé?rﬂ?ncgywuﬁnodﬂéce

1, which may aser a gas laser

di schar 93, %mpﬂ%m.b.hkaedé&%ﬂaﬁ of gfpréfafsaéat method eme;ésu%eefne rn%ardgﬁae%thsths he

l'i ght be rough a polarizing elenment 4, whi may tor exanple be a

di chroi ¢ JddaRBihveabR Wiz bProRddd? & ReteilaghiRAsTFR. A iAEEP bdank &6 QRaEAbIPS
towards the first surface of disk 20 at an oblique angle. The plane of

i nci dencaafindtdrcrebtanpcpieihriughbtizk 2Rat andacident Sgiead At PrferdbisbeanvBaiapbep, to
whi ch is associ ated an orthogonal basis vector s. Preferably the

pol ar i zatde@sm@sed | iGtBt twdeerRoBorias pokifizatisd compdneht i ahd $iNwhepe tpy pefers to the

pol ari zati ons are present. Light beam5 is preferably refl ected back

t hr ough coRigorkiht paraliel kd thbtpidne afin€ideres. The electin figld gectorfor Heéafl embye thetafgrht
beam 6 is the result of conbined reflections fromsurface 25 of disk 20 and
from surtfeaemre@mtenfbyttheséxpodssiont 30. The conbined reflectivity of the two
surfaces 25, 35 depends on the polarization state of beam5, resulting in
a change in the relative phases of the two polarizations s and p, as well
as a change in the amount of light in each polarization. These changes are
a functi onfg(e) par s of’ ﬁhe separation between surfaces 25 and 35. Thﬁ)
apparatus o the Fes‘é‘h invention preferably further conprises a "~

pol ari zati on-sensitive |nten5|ty meter 12 for measuring

where $ and [3 are unit vectors for the two polarizations. Reflected beam 6 may then be

represented by the expres_sion _

E =z} §+zpap p )

where z, , are the effactive reflectivities of the slider-glass interface, and the field components

as mclude the effect of the doubl -pass transmission through the upper surface of the glass, as

5.p
“well as the effects of any other optical components that have a polarization dependence. The '

effective reflectivities z p are given by the expressions

rptrp exp(if)
7p(P) = 1+ o p exp(iB)’

3.)



18 the amount of light in each polarization, as well as phase detector
13 for determning the -difference in phase between the s and p

pol ari zations. The preferred enbodinment of the present invention also
preferably includes a renovabl e polarizing el ement 14, ‘which rmay be a

pol arizer or a waveplate, for the purpogg of calibrating and verifying the
correct operation of intensity neter 12 and of phase detector 13, shown in
greater detail in Fig. 3. As shown and preferred in Fig. 3, a beam
splitter 101 divides #gfd@gyed light beam6 into two beans 102 and 103.

The intensiByﬂﬁwﬁié—&%;—aa;ﬁepicted in Fig. 3, preferably includes #.)

pol ari zi ng el enenf +{aBXB{fBh as a Wl I aston prismor a polarizing beam
splitter, which separates the two polarizations s and p of beam 102 and
directs themtowards two photodetectors 111 and 112. The intensity

measur ed these photodetectorg is preferably transmtted electronically
to a coﬁgémtpﬁﬁgﬁsgg%r fseqjveggwy tﬁﬁﬁs?'?f‘ Fig. 1). Referring now to
phase detector 13, illustrated in greater detail in Fig. 3, beam 103 is
preferably further divided into two beans 104 and 105. A pol arizing el ement
120, which may also be a Wllaston prismor the like, is oriented so as to
m x the tmngpgh@hbggg)pns s and p of beam 105 into two beans 106 apgh 107
orthogonal | y polarized with respect to each other. The mxing of the two
pol ari zati ons by polarizing elenment 120 preferably results in an
interference.effect characteristicc of the relative intensities of the two
pol ari zatthe neflectivities ] afel foresuffaaras didiskeewHild e, | wier tPSUrate Mbfitest Sbjedt3e. exact
orientation of polarizing el enent 120, as wel ¥ as ot her factors of |esser

i nt er est ThdlpRadet IBFrdY of the @NaRUKEP ko0 d/ 4 Othe Ah§le B iAEISSRE oY andBAS HiERACLY t WO
phot odet ectors 121 : _

# between surfaces 25 and 35.

»

Now referring once again to Fig. 3, reflected beam 6 is analyzed by intensity meter 12.

Photodetectors 111,112 measure intensities that may be represented by the expression

I,@)= 4,2, (). . ®)
Where
2
I - @
. T2 ’
Zop=lref- - ®

r

The variation in measured intensities as a function of the distance between surfaces 25 and 35 is

depicted graphically in Fig. 5 and 6.

Phase detector 13 preferably determines the difference in phase between the two

po_farizations s and p. This phase difference rﬁay be represented by the expression



~and 122, whose electrical signals are sent to a conputer 99 (shown in Fig.
1). .Beam 105 preferably passes through a waveplate 123, which may, for
exanple, be a quarter- wave plate. The effect of waveplate 123 is to
preferably shift the relative phase of the two polarizations s and p. A
third polarizing el ement 130, which may @Bso be a Wl laston prismor the
like, is preferably oriented so as to nix the two polarizations s and p of
beam 105 into two beams 108 and 109 orthogonal |y polarized wth respect to
each other. The m of the t _

19 pol arei(ﬁat:iaxg g ]-p@ﬂ ,,i(ﬁ)]m% element 130 also preferably resul@g in
an interference effect _charactéristic of the relative intensities of the
two pol arizations. The intensity of beans 108 and 109 are preferably
measured by two photodetectors 131 and 132, whose el ectrical signals are

al so sentyfdpe t he conmputer 99 (shown in Fig. 1). It wll be appreciated

by those skilled in the art that detectors 111, 112, 121, 122, 131, 132 nay . |

each be individual detectors, or linear array detectors, or two-dinmensional
array detectors. Those skilled in the art will also appreciate that
~alternative detec(thn gns may be used wi thout departing fromthe1§) irit
of the invelT T pl'e, al though the present detailed descrlfo

of the Invention describes a particular formof phase detector conprisi ng
pol arizing elenments and nultiple detectors, altéernate fornms of phase
detector may be substituted. One alternative phase- estimation technique
sui t abl e Figr7 deépictsrint Qra@hu@f form ghepyasigiant of ithey eslativeophase aaet fgmﬂdy q&the distance

interferonetry,
between surfaces 25 and 35.

Phase . detector -13 preferably functions by mathematical analysis of the intensities [ 4

measured by photodetectors 121,122,131,132 shown ‘in Fig. 3. The presently-preferred phase
measurement method preferably requires that polarizing elements 120,130 and waveplate 123 be
so selected and arranged so that the four intensities I} 4 correspond to a sequence of four

interference signals separatéd in phase by exactly -1t/2 radians. It is then possible to extract the

phase difference between the s and p polarizations by means of the formula

é=tan"'(l‘—l3) - : | (1)

This formula is frequently referred to in the art as the “four step algorithm” for phase estimation
(see for exarhple p.511 of the book Optical Shop Testing, second edition, edited by Daniel
Malacara (Wiley, New York, 1992)). Other known algorithms for phase estimation may also be

used and are described in detail in the book Optical Shop Testing.

The intensities /_,(B) and the phase 8(B) (see Eq.9) together preferably provide sufficient

information to determine the distance s between surfaces 25 and 35 unambiguously, over a

rangé defined by the expression



as described on pp.70,71,73,189 of the book "Basics of Interferonetry" by
P. Hariharan (Academ c Press, Boston, 1992). ‘Fig. 4 is a draw ng
depi cting one alternative enbodi nent of the present invention in which a

m croscope 200 has been added for the purﬁgse of observing the test object
and determ ning the position of the neastfenent point on the surface under
test in a normal incidence system through the presently preferred
approach as illustrated in Fig. 8, is to position the neasurenent beam on
the surface under test with an in-line optical system as opposed to the
normal incidence systemillustrated in Fig. 4. Referring nowto Fig 4, a
beam splitter 203 in mcroscope 200 preferably directs a |ight beam 202
emtted by a,squrge 201 through a | ens 204. Beam 202 is preferably
reflected badR ﬁ&&ugh | ens 204 and i npingés upon the sensitive aref?df a
closed- <circuit television canera 210. The el ectronic i nage generated by
canera 210 may be viewed on a nonitor 220 or sent to the conputer 99

(shown i ngFELdl. BQr eggﬁi,s' ElL o hr Inp 72 Ar.awi ; :
depi cti ngagégr%x?eaw& 'ycowgt%gggr grgf al te?dr?{a?l)tg {e\?etheewg%#?érée\%{léséfb ﬁt[ ‘ﬁelt’j’i%yeér:?\f'tgn ié’
tes

o o 2 B the i EdRabRe B8 B 8 SRE (& §ovd¥aRYY §R7< 9k HEShi BB G
o ol FRARHTGIRD L@ it §Verd HeleRBh, URASH 1 o5t

det er m ni , 0sl b iQn.
in an in- P%H@Q%g% g%‘ﬁ p8s3l/stem eferring now to onents to

those ill ua;;lga&% aaaﬁﬂegh & eéa@ésgy VahSusSRricdi fleflo8 &R ARRAERE Mest pissigwed by

€
the letter , as shown and preferred in Fig. 8, as diffuse |ight source

201a whi chaiRheRfeef thdoRCARICSERMNt Bl KhowA id the3kt, ek (phdsBrtlyBradétRdahethdieis| | ke
i's conbi neg Wi th source beam 2a by a beamsplitter el ement 203a. Light
from sour gasiiddlards ifltihg Hs"dtserbed Wh fppRC 859-661 of the book “Numerical recipes in C" by W.
" Press, S. Teukolsky, W. Vettering, B. Flannery (2nd Ed., Cambridge University Press, 1992). A
highly advahtageous aspect of the invention is that it preferably provides accurate measurements -
of the distance / all the way down to contact, for all materiats, including dielectric materials. Prior

art methods based on multiple-wavelength intensity measurements at normal incidence have very

poor accuracy near contact, particularly with dielectric materials.

Those skilled in the art will appreciate that other measurement parameters related to the

intensities I, ,(B) and the phase 8(B) may also be taken as the primary parameters for

measurement and analysis. For example, the contrast of the interference phenomenon in phase'

detector 13 is equal to tyvs times the square root of the product of the intensities 1,,(B). Aiso, -

the average of the intensities measured by the photodetectors 121,122,131,132 (Fig. 3) is equal to
the sum of the two intensities 7, ,(B). An altemative embodiment of the invention therefore
dispenses with the intensity meter 12 shown in Fig. 1 and in Fig. 3, and preferably relies entirely
on data acquired with phase detector 13. The primary measurement parameters for this -

alternative embodiment are the relative phase, the average intensity and the frin'ge contrast.

Those skilled in the art will appreciate that the data analysis presented herein assumes that

the' apparatus itself, comprised of a series of optical elements such as lenses, beam splitters and



35a of test object 30a and is reflected back through di sk 20a. A beam
splitter ,204a reflects a portion of the light originally emanating from
sourcg 201la onto a camera 210a. At the sane tine, beamsplitter 204a al so
reflects a portion of the |ight origingily emanating from source 1la.

El ectronic signals fromcanera 210a ar %isplayed as an image 230a on a
video nonitor 220a. In that the light fromsource l1la is focused onto
surface 35a, image 230a shows a bright spot 240a corresponding to the
measur enent position on surface 35a. Conversely, light fromdiffuse source

A b s M L
{o_aut omdiFie AP g&tﬁg e S f r#?:%ﬁfi%%&?ﬁ?#%@’éﬁ‘s@e E%- Msi cal
?ﬁgr?gisiat’ ufrhcgtOf glﬁct eoil)n%t1 ?:'Sré.‘erﬁ%%g] g'ﬁ% ?{pt_hotc?s zﬂ%rpqg‘g?ﬁ%csg%ngr&ogge?evi ng
the sur 1 4FEE oF REcoles T T ProPessiy, Rl R TR ¢ e Tor 07

| magi ng gg?fecglg MRl SestsS Whehifyahéed! il Woulll HAGIE NRE Phiafidtibt alateS Y6 b&dm BUSHY as a

m cr osco erating at either normal_incigence or at an oblique angle
such as drfisenaelisalmepsurement pasameters ki, (B) and P)n Thvadgreriorbavld bp selgelpd ns
may al so include independent processing neans for determ ning the point of
nMeasur eMppduntRl fdr@finimadistredsiirefiggentdie | oadi ng of test object 30a and the
I ndependent processing neans nmay ‘al so i nclude conplenentary analysis of a
gap between surface 35a and surface 25a to verify the gap neasurenent or
increase its range. For exanple, the independent optical means may conprise
a

| An additional concern in the reduction to practice of the ihvention is the influence of stress
birefringence in disk 20 shown in Fig. 1 Disk 20 may become birefrir.igent because of residual .
stress of manufacture, the stress of clamping disk 20 to spindle 21, or because of the centripetal
forces generated by rapid rotation. These effects should also be minimized or accounted for in
the data processing. For example, disk 20 should preferably be clamped to spindle 21 using a

minimum amount of force consistent with reliable and safe operation of the invention.

The presently pfeferred embodiment of the invention also provides a method and means for
determining the complex index of refraction of the surface 35. The method preferably involves
varying the distance between the two surfaces 25,35 over a range corresponding to a variation in .
the quantity B of at least 27. Referring again to Fig. 1, there is shown a mechanical arrr{ 31 used

'- to hold test object 30 against disk 20. Mechanical arm 31 is preferably actuated by a loading
- mechanism 32, such as is common in commefcial ﬂyiﬁg-h'eigt_:t test systems. In normal usage,
Ioéding mechanism 32 brings test object 30 'nearly into cbntéct with disk 20 by displacing it
gradually from a distahce greater than onelwavelengt_h of the source light along a direction
substantially perpendicular to surface 25. This process is commonly referred ‘to in the art as

“loading”. The preferred method of the present invention consists of preferably detecting and

recording the maximum and minimum values of the following quantities during the process of



21 m croscope enploying a |ight source that results in interference
colors agcording to known prior art techniques, such as referred to above.
Havi ng now described a preferred enbodi nent of an apparatus in accordance
with the present invention, a description of a preferred nethod of
measurenent in accordance with the presdt invention will now be provided.
Referring again to Fig. 1, polarized beam5 preferably illum nates test

obj ect 30 through disk 20 at an incident angle [err] = 0. Preferably beam5
may be deconposed into tmo orthogonal polarization conponents p and s,

where p rlegdﬁlrgcs]legt obﬁ&:’?3 85‘!@5@. R ﬁ“ehﬁ%y r%thé Iae% (B48n Othe | iMEASE BF $he dhE

electric vecC eam may t ore e represented by the
expr essi e t t he
fop. pol agspaten end Bid %"eaé%e o€ BEbirked W fublpcREatil | M8 GHAN A G
expr essi Qfinimum value[sercm}ured in Wiewey miag be remesentet oy afid syantiotse/ FEf | EEF i 0, es of
the slider-glass interface, and the field conponents [err] include the
ef fect ofgnimerglaukbRedasDréferablp FHaRipilRed inftompair $96 FIgDMar orserits astermiie thbe
glass, as well as the effects of any other optical conponents that have a
pol ar i zatdoRpled SRR NEfRactio @, @f dezotdanee with & eelttieviaticat procedurd trat evilgnove be by
t he expressions

presented in detail.

Define two quantity u p as

\[I .\[Imm 4 . , . .

Further define two other quantities y ; , by

. | 2 " . .
Y., =48R, +ul,(1-R,,), o (14

where R; , are the known reflectivities of surface 25. Now calculate the reflectivities of surface

- 35:

2JR,,

R, = [—.u"‘" (I _ R-w; )17 s.p }2 : B S (15.)

Next, calculate the phase difference o , between the s and p polarizations from the formula



[err] _ 22 where the
phase term[err] is given by the expression [err] The
reflectivities [err] are for surface 25 of disk 20, while [err] refer to
surface 35 of test object 30. The phase [err] depends on the wavenunber k
= 1/ [err], the angle of incidence [err]2and the distance [err] between
surfaces 25 and 35. Now referring once again to Fig. 3, reflected beam
6 is analyzed by intensity neter 12. Photodetectors 111,112 neasure
intensities that may be represented by the expression

R o

Now define a quantity

R! . :
p'= ’—R—’:- exp —iaA) ' ‘ (17.)

and calculate the complex index of refraction #' from the formula

The foregoing mathematical- procedure for calculating the complex index n' of surfaqe 35
assumes that the incident angle ¢ of beam 5 in Fig. 1 is close to but not equal to Brewster's angle

for disk 20. A suitable angle for a disk index ng=1.'5 would, for example, preferably be ¢

approximately equal to 50°.

Those skilled in the art will appreciate that alternative processing methods for determining the |

~ complex index n' ‘using data acquired during loading are possible without departing from the
sﬁifit of the invention. For example, an altemaﬁve procedure is ‘preferably based on adjusting the
value -of n' incrementally until the best possible agreeme'nt between theory and experiment is
achieved over a range of flying heights. As an additional example, an alternative embodiment
preferably involves adjusting the ratio m / JR_; in Eq. (17.) until.the best possible agree'ment
between theory and experiment is achieved oVer a range of ﬂying heights. These alternative

embodiments both require some initial estimate of the value of »', said initial estimate being



wher e [err] The variation in neasured intensities as a function
of the di.stance between surfaces 25 and 35 is depicted graphically in Fig.
5 and.6. . Phase detector 13 preferably deternmines the difference in
phase between the two polarizations s and p. This phase difference may be
represented by the expression ' 28

23 [err] wher e Fig. 7 depicts in graphical formthe variation
ofdtge relatlve phase as a function of the distance between surfaces 25

an 5

derived from the known properties of the material or from the maximum and minimum values

77,1 ,"‘,‘,“ Lo max g min according to the procedure outlined above.

'Preferably once the complex index of refraction has been determined, the complex

reflectivities r; , of surface 35 may be calculated from the Fresnel equations

= —-———tan(q) _(—E) (19.)
; tan(<|> +¢)
: sin((l) =), 20)

L '= - sin(p +¢)

where ¢ is the angle of incidence, $ is the (complex) angle of refraction, which may calculated

from Snell's law of refraction:

n’sin@): sin(p), | (21.)

‘Because the complex reflectivities g , are known in the preferred method, there is no error in the

' gap measurement due to phase change on reflection.

Those skilled in the art will appreciate that several -altemative ‘embodiments of the present
invention are possible without departing from the spirit 'of the invention. For exémple. an
 alternative “embodiment of the invention for flying-height testing involves a su_bstaintially
transparent surrogate slider flying on a real di.sk coated with mégnetic media. In another

embodiment, the transparent element comprises a plurality of surfaces to measure discontinuous

features on an object or objects under test. In still another embodiment, the transparent element



Phase detector 13 preferably functions by mathematical analysis of the
‘intensities [err] neasured by photodetectors 121,122,131, 132 shown in Fig.
3. The presently-preferred phase neasurenent nethod preferably requires
that pal arizing el enents 120, 130 and wavepl ate 123 be so sel ected and
arranged so that the four intensities [err] correspond to a sequence of
four interference signals separated in phase by exactly [err]/2 radi ans.
It is then possible to extract the phase difference between the s and p
pol ari zati ons by neans of the formula [err] This fornula is
frequently referred to in the art as the 24dour step algorithm for phase
estimation (see for exanple p.511 of the book Optical Shop Testing, second
edition, edited by Daniel Malacara (Wley, New York, 1992)). Oher known
al gorithns for phase estimation may al so be used and are described in
detail in the book Optical Shop Testing. The intensities [err] and the
phase [ erSF|ves @F 2 jeferense fergprofiling dpeehiest syfase ewhigh (ap beatalienasy pf incnetion in
information to determ ne the distance h between surfaces 25 and 35
unanbi gustPse Proximityto the traaspgeentilemeitd by t he expr essi on
24 :

All of the embodiments benefit from the advantages of the disclosed invention, which include

the ability to measures gaps with high sensitivity over a wide range using a single-wavelength
source, the ability to measure very small gaps down to actual contact between the surfaces, the
ability to measure and compensate for the complex index of refraction of the test object, and the

inSensitiVity of the inventive apparatus to air currents and small mechanical distortions.



[err] g \
(12.) .Briefly explained, conputer 99 preferably conpares the neasured
val ues of Jerr] Terr]  and [err]"with the theoretical predictions (see

Egs. (6.) and (9.) < [err] < 2[err]. The value of [err] that
provi des the best“m'ﬁ H“H"mmm)et ween 3Beory and experinment is then
preferably used to* c¢al ¢éulttesthe distance h (see Eq.(5.)). Various
nunerical methods for finding the best possible match between theory and
experinment are known in the art. The presently-preferred nmethod is

| east -squares fitting, as described on pp. 659-661 of the book "Nunerical
recipes in C' ianhatié clafiedids, S. Teukol sky, W Vettering, B. Flannery (2nd
Ed., Canbridge University Press, 1992). A highly advantageous aspect of-
the invention is that it preferably provides accurate nmeasurenents of the
di stance h all the way down to contact, for all materials, including
dielectric materials. Prior -art methqgi AP@ged on rrultlple wavel engt h
intensity measurenments at nornmal inci dence have very poor accuracy near
contact, particularly with dielectric materials. Those skilled in the
art will appreciate that other nmeasurenment paraneters related to the
intensities [err]([err]) and the phase [err]([err]) may al so be taken as

t-h t f t d

i P S At e ARl
0 e eSSl Bl BB AT B
121, 122 131, 132 t h t t t
128122, el Bt Sk A B R B 0,5, ThenSr S

di spenses with the intensity neter 12 shown in Fig. 1 and in Fig. 3, and

preferably rditectrg anpolarizdylighb heatm tawasdt said disl suifade Haisebliges argic rsaigzbearth e

primary neasurenent paraneters #or this alternative enbodinent are the

relative phdupa pleheotinddeagedefinind agolagzatienibasiferepior ﬁaév'r&ﬁn gsgegiated orthogerighs e

skilled inthe art will appreciate that the data anaeé_%/ms gﬁ;es ted here| n
qi Sulfres 5 B

assumes t lhasis veeter apprid heam being dngident gpysridtEansparenf &

el enents such as | enses, beam-splitters and
polarization such that both said s and p type polarizations are present;-

reflecting said light beam back through said substantially transparent element fo' providing a
reflected beam comprising said s and p polarization components, said reflected s and p

polarization components having a relative phase with respect to each other and associated

amplitudes;



- 25 the like, does not significantly alter the polarization state of
beans 5 and 6 shown in_Fig.-1--tf—-in practice such optical elenents alter

t he pol ari-zation state_ of surenent beans, the influence of such
optlca.I el emantsmm mwm&mmnt paranmeters woul d necessarily need to be
m nim zed or acc dat-a pBacessing. For exanple, if lens 7
in Fig. 1 were 'not per?ectly free of stress birefringence, it would nodify
the pol arization state of beam 6 and influence the nmeasurenent paraneters
Terr]([err]) and [err]([err]). Thus lens 7 shoul d be sel ected and nounted

for mni n“”]n?etr(eﬁ;%f sl r%{e{:ﬂeﬂg%g o olarization cof on%ggl 1% 993 eﬂe%%g Cb%arlrg m'ntrﬁ dalf

reduction to pr ac I nv nt I on. uence o

bi rf | NGRE o fo {nﬁ& SRR Sholflsdid qeuat.%e s%kar%o?aﬁaiiés&a?@gf‘anﬂ:p{ugég shgen!

because o stress manu actur the stress sk 20

to spi ndlRefhining sald fHEE b&¥ed hb&h SRNLEIRShate aridoarsg&%t&%%ﬁhéﬂ;o%troﬂpl f'

rotation. These effects shoul | so be m.nim zed account ed

data processing. For d| sk 20 shoul d:preferably be clanped to
spindl e 21 @sfimet %Pd o m?ﬁgﬁmg%ﬂﬁ?mapf ? syrfage e&ﬁs‘? 'mdy W%‘Pﬂ'tf‘é?ﬁpa‘l?flt‘éa and
saf e operation of the resentl referred enbodi nent of
the i nverstff3ss °§P§Hb§5?'3'§'ﬂc}@§s°3r%?'ﬁ'aﬂmmc %’?F?“f'tﬁrca"@éf"@?ﬁ"r‘?ﬁﬂé”%scoml ex
i ndex of refrac n of the surface The method preferably -involves
varyi ng 'ta}ﬁees?ﬂa?ﬁeéﬁ & %‘é’fﬁﬁt@ﬂxhﬁ‘épﬁrﬁ% medHices 25,35 over a range
corresponding to a variation in the quantity [err] of at |east 2[err].

Ref erri ng agah method Fir gneadyring lerdistanse sftacswrface ofec bbjactaaterdgsthwitlressaetito & 0 hol d
test object 30 against disk 20. Mechanical arm 31 is preferably actuated by
a | oadi ngurface of a substantially transparent element in accordance with claim 1 wherein said distance to

he

be measured is less than one wavelength of the light comprising said light beam.

4. A method for meésuring the distance of a surface of an object under test with respect to a
surface of a substantially transparent element in accordance with claim 3 wherein said reﬂectihg
stép comprises the step of reﬂ'ecting' said light beam back by means of the combined effect of

reflections from said object surface and said transparent element surface.

5. A method for measuring the distance of a surface of an object under test with respect to a
surface of a substantially transparent element in accordance with claim 4 wherein the surface of

said object under test is static relative to said disk surface.

6. A method for measuring the distance of a surface of an object under test with respectto a
-surface of a substantially transparent element in accord'ance with claim 4 wherein the surface of

said object under test is moving relative to said transparent element surface.

7. A method for measuring the distance of a suface of an bb_ject under test with respect to a
surface of a substantially transparent element in accordance wfth claim 1 wherein said reflecting
stép comprises the step of reflecting said light beam back by means of the: combined effect of

reflections from said object surface and said transparent element surface.



mechani sm 32, such as is common in commercial flying-height test systens.
I n nor mal. usag_e,___l_pading mechanism 32 brings test object 30 nearly into

contaet with disk 20 b M"WIE it gradually froma distance greater

. than one wavel e(r“mllm light along a direction substantially
per pendi cuI ar t process32s commonly referred to in the

art as "l oading". The preferred met hod of the present invention consists
of preferably detectlng and recording the maxi num and m ni num val ues of
the follow ng quantities during the process. of

26 | oadighg iy f&hﬁ&%nnﬁ%ﬂ?{}%c@ 'o?gsrﬁ'ece 5&[ | O%Eﬁmgértt st& ;eggec? tof

pol ari zation, the intensit arl za % erence

0 bet
e weens.rriaeéer até’éBstQﬂlaWﬂrﬁ‘éﬁér&ﬁ%lemermﬁargﬁrﬁaﬁw@ iy W\n{ﬂéﬂg}r\%e\[’ Gt f"?‘fer .

acquired in this way may be represented err|

[err]. Thesso @Jtu@reregﬁs%w@ramtarsmaéregéeﬁ%méatmter 99 of Fig. 1in
order to determ ne the conplex index of refraction [err], in accordance

with a math rocedure t now be resented in detail.
Define two gng r{ogf ré?ea]sur%gzhe J.' s?ance o}a surface Tf@pronect under test with respect to a

(13.) surface of a substantially transparent element in accordance with claim 1 wherein the surface of

T

said object under test is moving relative to said transparent element surface.

10. A method for measuring the distance of a surface of an object under test with respect to a
surface of a substantially transparent element in accordance with claim 1 further corrrprising the

steps of:
”

varying the distarice between said object surface and said transparent element surface over a
range approximately substantially equal to or greater than the wavelength of the light comprising -

said light beam;

providing said amplitude and phase information while said distance is being varied for

providing maximum and minimum values for said amplitude and phase information; and

determining an effective complex index of refraction of the surface of thé object under test

based on said maximum and minimum values.

11. A method for meaguring the distance of a surface of an object under test with respectto a
surface of a substantially transparent element in accordance with claim 10 further comprising the
step of storing said provided' maximum and minimum values, said effective complex index of

refraction being determined from said stored values.

12. A method for measuring the distance of a surface of an object under test with respect to a
surface of a su‘bstentially transparent element in accordance with claim 1 further comprising the
step of monitoring the position of said incident light beam on the surface of the object under test

relative to the boundary of the surfaee of the object under test.



Further define two other quantities [err] by [err] where [err]
are the known reflectivities of surface 25. Now cal cul ate the -
reflectivities of—surface -35——Terr] Next, cal cul ate the phase

difference [err] p polarizations fromthe fornul a
27 [err] Nci ma ggéﬂm ty 33 and cal cul ate the conpl ex
I L oM e

index of refract ormul a

13. A method for measuring the distance of a surface of an object under test with respect to a
surface of a substantially tranéparent element in accordance with claim 12 wherein said

monitoring step comprises the steps of:

providing a second light source through a microscope toward said transparent element

surface substantially at normal incidence;

reflecting said light provided through said microscope from said disk surface and said surface
of the object under test and imaging said reflected light ontoa camera means for enabling the

boundary of the surface of the object under test to be viewed,

imaging at least a portion of said incident light beam onto said camera through said
microscope for enabling the position of the incident beam on the surface of the object under test to

be viewed; and

Viewing the position of said imaged incident light beam with respect to the boundary of the

surface of the object under test.

14. A method for measuring the distance of a surface of an object under test with respect to a

surface of a substantially transparent element in accordance with claim 1 wherein said relative

phase difference is represented by the expression 0(B) = arg[z,(ﬁ)]— arg[zp (B)]+§ where
z,, (B) are the effective reflectivities of the object under test and the disk surface taken together,

and where & = arg(a_;' - arg(a;’)_ , where a’; are the electric field components of the incident

5P
beam for the s and p polarizations, and where 3 =2khcos(<]>), where k is the angular
wavenumber of the source light, ¢ is the angle of incidence, and # is the distance of the object

under test with respect to the transparent element surface.

15. A method for measuring the distance of a surface of a substantially transparent object
under test with respect to a surface of a substantially non-transparent element, said object surface

~ beingin ‘close proximity to said disk surface, said method comprising the steps of.



- The foregoing mat hemati cal procedure for calculating the conplex index n'
of surface 35 assunes that the incident angle [err] of beam5 in Fig. 1 is
close.to but notequal to Brewster's angle for disk 20. A suitable angle

for a disk index ' , for exanple, preferably be [err]

appr oxi mat el y eq““mw\lﬁ‘mmmﬂﬂw Thosa4skilled in the art will .
appreci ate that alternati vB ptocessing methods for deternining the conplex
i ndex n' using data acquired during |oading are possible w thout departing
fromthe spirit of the invention. For exanple, an alternative procedure is

pref erably Bashdh 0Ba@eli S ibaiGuant 3ok Suftbeetr SHAYBHERL bohstiibid onfebe bes

St
possi bl e agre et wee eory and experinen I'eved” over nge

of flyi ngn&‘?it&b%tsand%ﬁ J[}gg@déasd HRAR haeasgm[ﬁlaﬁe ﬁ%@é@ﬁg&@%g%@%ﬁagﬁg best

preferably 1nvolves a ng the rati err] 1n ) unti

possi bl e v@ﬂé@ﬁ%@ihg dieissbadled BRNIGSNA Nhsi8 R8Il 9B Bdid Ib8ard AdIrgViRdddAY 8h said ange
of flying heights.  These alternative embodinents both require some initial
esti mat e y@fis bt \eiinéAt Qlirfdte ardi@halirighht poldriz&thi sRR @h&ChAY said s and p type

28 derived fromthe known properties of the material or fromthe

‘maxi mum aedizisisBrepesdages [err], [err], [err] according to the procedure
outlined above. ' : .

reflecting said light beam back through said substantially transparent object under test for
providing a reflected beam comprising said s and p polarization components, said reflected s and
p polarization components having a relative phase with respect to each other and an a.ssociated

amplitude;

_interfering said reflected s and p polarization components in said reflected beam with each
other for providing information about said relative phase and said associated amplitudes; and

determining séid distance based upon said relative phase and associated amplitude information.

- 16. A method for measuring the distance of a surface of a substantially transparent object
under test with respect to a surface of a substantially non-transparent disk in acédrdance with
claim 15 wherein ;said disk comprises a rotating magnetic storage medium and said objebt under
test comprises a slider ovef said surface of said rotating magnetic storage medium; whereby
aerodynamic flight chararcteristics of said slider over said transparent element surface may be
r.>redicted. R

17. A method for measuring the disténce of a surface of a substantially trans_paren-t object
under test with respect to a surface of a substantially non-transparent element in accordance with

claim 15 wherein said distrance to be measured is less than one wavelength of the light

comprising said light beam.

18. An apparatus for measuring the distance of a surface of an object under test with respect
to a surface of a substantially transparent element, said object surface being in close proximity to

said transparent element surface, said apparatus comprising:



Preferably once the conplex index of refraction has been determ ned, the
conplex .reflectivities [err] of surface 35 may be calculated fromthe
Fresnel equations err] where [err] is the angle of

, [ |
i nci dence, [err]i Hllmﬂllﬂmmleﬁm,angl e of refraction, which may cal cul at ed
fromSnell's l.aw [errB5 Because the conpl ex

reflectivities [;err*] are“ knowd i the preferred nethod, there is no error
in the gap neasurenment due to phase change on refl ection. Those
skilled in the art will appreciate that several alternative enbodi nents of

. e art wil : : ! ! f
e Presers mebABrhofAng BRRSS Rl Enthiibah (ABRRLI R bEPRhEERIA o
f1yi ng- heg ghbpiqas Ehdwwiltﬂ‘é!%?(@& iriceHESlAM deflhds¥a po‘d’ri@ﬁ%ﬂ%ﬁﬁ{'&ecﬁ:’r’ g g:ﬁgﬁ&?

slider flying on a teal disk coated with magnetic media. In an r _
enbodi MeRy assbbisteli bA BRIYORA bash RIRAS, HRMPRHARight tebMpAb Whith Rfassdtidtacms t o

nmeasure di scontinuous feéatures on an object or objects under test. In

still anetthegonarde@iveBibis, shild polérizad ight b&dm patarRERIAlbeing such that both said s and p
type polarizations are present, said light beam being reflected back through said transparent
eI_emen't as a reflected beam comprising reﬂected s and p polarization components and having a
combiﬁed reflectivity of said surfaces, said combined. reflectivity being depeﬁdent upon the
pdlarization state of said incident light beam and resulting in a change in the relative phases of

said s and p polarization components and the amount of light in each polarization corhponent asa

function of the separation between éaid surfaces;

means for mixing said reflected beam polarization components for providing an interference
effect charaéteristic of the relative intensities of said polarization components and the phase
difference between said s and p polarization components and for providing information comprisirig

: said phase difference and said intensities; and

means for determining said distance based upon said information comprising said phase
difference and said intensities of said polarization components; whereby high-speed, high-
precision measurement of the distance between the surface of an object under test and the

's,u_rfaée of a substantially transparent element may be accomplished.

' 19. An apparatus for measuring fhe distance of a surface of an object under test with respect
toa surface of a substantially transbarent element in accordance with claim 18 wherein said
.means for mixing said reflected beam polarization components and for providing said information

comprises a polarizing element for mixing said polarization components.

20. An apparatus for measuring the distance of a surface of an object under test with respect
" . to a surface of a substantially transparent element in accordance with claim 19 wherein said

polarizing element comprises a Wollaston prism-like means.



29 - serves as a reference for profiling the object surface, which nmay be
statidnary or Ln_nDLLQn_Ln close proxinity to the transparent el enent.
he advant ages of the disclosed

Al of

|nvent|on whlc "ﬂl "u ' ﬂ t" I|ty to measures-gaps wth high
sensitivity ove ng a S|ngle wavel ength source, the
ability to nmeasure very small gaps dowd®to actual contact between the

surfaces, the -ability to neasure and conpensate for the conplex index of
refraction of the test object, and the insensitivity of the inventive

appar at us tg. ah bpsddstiSfak &eé’d@ﬂnétﬁ@ﬂ‘staﬁ@&%@uﬁé’ée AbS bt uRIRS test with respect
What is clained Is: _ CLAI M5
to a surface of a substantially transparent element in accordance with claim 19 wherein said
means for mixing said reflected beam polarization components and for providing said information

further comprises photodetector means for measuring said intensities.

22. An apparatus for measuring the distance of a surface of aﬁ object under test with respect
to a surface of a substantially transparent element in accordance with claim 21 wherein said
means for _mixing said reflected beam polarization components and for providing said information
further comprises means fO( shifting the relative phase of said s and p polarization components
and means for mixing said phase shifted polarization coﬁxponents into a pair of beams
orthogonal!y.polarized with respect te each other for providing an interference effect characteristic

of the relative intensities of said two polarizations.

23. Ar_i apparatus for measuring the distance of a surface of an object under test with respect
to a surface of a substantially transparent element in accordance With claim 22 wherein said
means for mixing said reflected beam polarization compopents and for providing said information
further corﬁ'pn‘ses photodetector means for measuring the intensities of said mixed phase shifted |

polarization components.

24, An appératus for measuring the distance of a surface of an objéct under test with respect
to a surface of a substan"t.ia‘.ﬂy transparent element in accordance with claim 18 wherein said
means for mixing said refilected beam polarization components and for providing said information

~ comprises polarization sensitivé intensity meter means for rr;easuring the amount of light in each
polaﬁéation in said reflected beam, phase detector means for determining the dffference in phase
between said s and p polarizations, and beam splitter means for dividing said reflected beam into
two _beah'ns', one of said two beams being directed to said polarization sensitive intensity meter

means and the other of said two beams being directed to said phase detector means.



1. A nethpd for neasuring the distance of a surface of an object under test
W th respect toa—surface of -a-substantially transparent elenent, said

obj ect surface ' ' roximty to said transparent el enent : '
surface, said Hﬂ"mﬂﬂ m@w the steps of: directing a polarized
| i ght -beam t owa¥ d said @l face at &y oblique angle, said beam having

a plane of incidence defining a polarization basis vector p having an
associ ated orthogonal basis vector s, said beam being incident on said
transparent elenent surface and having a polarization such that both said

s and p typgspgy ﬁsdawefenﬁeémgm&aagﬁoe ofasuﬁafzeBJ&C&'éagurﬁxa.it_@st!mtabésppaam

back through said substantially transparent elenent To providing a

ref | ect ed, e GUTRsubitiHkafiafspardhDeleMen f RicbréadeQith CRIMEDRRrSIn siidi d
reflected s and p polarization conponents having a relative phase with

respect tQe£RG6 rﬁﬂ(ih?3 Eaid Rfle ASSIRB mBoRMzatBA BorhdMEMRS and for providing said information
interfering said reflected s and p polarization conponents in said

ref | ect ededpfpmses/pdidtizatidn Rensitivb flentify matéandaib R nieBéing Blel aaidumivp light Ridjath
rel ati ve phase and said associ ated anplitudes; and determ ning said

di stance juiaRstionnwsais riflectedbeatn ptaasp betactoranehna &5 detembisioly thediffetenictein phase '
I nformati on. 2. A nethod for neasuring the distance of a surface of an
obj ect unsktweednesaid s/ardlp polssipations, ead beansspiite ceans foadigiding sai teffledtéd belamentopar ent
el ement in accordance wi'th claim1 wherein said surfaces are separated by
a subst anwodeams, tangeésrid watbeamsibaing directed to said polarization sensitive intensity meter

means and the other of said two beams being directed to said phase detector means, said phase

detector means comprising said polarizing element, said photodetector means, and said phase

shifting means.

26. An apparatus for measuring the distance of a surface of an object under test with respect
to a surface of a substantially transparent element in accordance with claim 18 further comprising
microscope means di_sposéd with resbect to said object surface for determining.the position of the

measurement point on the surface of said object under test.

27. An apparatus for.fneaéuring the distance of a surface of an object under test with respect
to-a surface of a subétantially transparent element in accordance with claim 18 wherein said
" means for providing said polarized incident light beam comprises a light source and a polarizing

element through which the light from said light source is directed.

28. An apparatus for measuring the distance of a surface of an object under test with respect

to a surface of a substantially transparent element in accordance with claim 27 wherein said

polarizing element comprises a dichroic linear polarizer like means.

29, Aﬁ apparatus for measuring the distance of a surface of an object under test with respect
to a surface of a substantially transparent element in accordance with claim 27 wherein said light

source comprises laser means.



3. A nethod for neasuri ng the distance of a surface of an obj ect under test
with respect to a _surface of.a substantially transparent elenent in
accordance with claim1 wherein said distance to be neasured is |less than

one wavel engt r"“mml““ugmnﬂmprl si ng sa| d light beam 4. A nethod
for neasuring surface g§ an object under test with -
respect to'a surfacs of a’-substantiall y transparent el emrent in accordance

with claim3 wherein said reflecting step conprises the step of reflecting
said |ight beam back by neans of the conbined effect of reflections from

.sai d -obj ect 35Uk df é’ﬁb@ra@&%rﬁﬁééﬁuﬂﬁgﬂﬁ%@@ﬂ@b@ﬁ@@bf hlobfedtamder test witlrespediret hod
for measuring the distance of a surface of an object under test with

respect tg adurfsdd df a@abstintiallytrahsiarint élenént inf dcaoraarre edth claime2Tontierdimsait tight dance
with claim4 wherein the surface of said object under tést is static

rel ative gdarceabshpeides igiterditreadiode meand. A net hod for neasuring the distance
of a surface of an object under test with respect to a surface of a

substant i al l3§ a&r{j‘%%% us%'rtm c#s Qlli didlarts oP4 Qﬂﬂgg?f"% tolﬂjeeggttﬁﬁépte St Wit FesbLt t he

surface of 'S NOVI N 0 sa| transparent

el ement S{égsﬁﬁg ce of a subszantlélly Eg%fient Qémgﬁm&a cb 0tn ?l'aﬁ PR sfd ﬁ%‘ﬁf face

of an obj er tes to a sur ace 0 subst ant 1 al

transpare I IR R IEE': %ggfvlth claim1l wherein said reflectlng
step conp%hﬁjgcgscsﬁﬁgéegt efo: o?é)r e? EC?I ng said |ight beam back by rreans of the -

conbi ned effect of reflections fromsaid obkect surface aP
t ranspar ent 38! ARapparatys fog measuring the distance of a suffacg of ?\SVFEFH%V rgr}spﬂtggl‘stchhg t he

di stance of a surface of an e nder test with r
under test with respect to a sur?ac£ fc a su%stantlrally non-transparent elgr%ent salaQ object surface '

being in close proximity to said disk surface, said apparatus comprising:

. -
means for providing a polarized incident light beam toward said surface of said substantially

transparent bbject under test at an oblique angle with a plane of incidence which defines a '
polarization basis vector p to which fs associated an orthogonal basis vector s, said polarized light
beam polarization being such that both said s and p type polarizationis are presént. said light |
beam being reflected back through said substantially transparent object under test as a reflected
beam comprising reflected s and p polarizatiori components and having a combined reflectivity of
said surfaces, said combined reflectivity being dependent upon the polarization state of said
incident light beam and resulting in a change in the relative phases of said s and p polarization

components and the amount of light in each polarization component as a function of the

separation between sai_d surfaces;

I

means for mixing said reflected beam polarization components for providing an interference
effect characteristic of the relative intensities of said polarization components and the phase
difference between said s and p polarization components and for providing information comprising

. said phase difference and said intensities; and

means for determining said distance based upon said information éomprising said phase

difference and said intensities of said polarization components; whereby high-speed, high-



surface of a substantially transparent elenment in accordance with claim1l
wherein the surface-of-_said object under test is static relative to said
transparent ele face 9. A nethod for neasuring the distance of
a surface of anm !&E‘Uﬂﬂiﬂ’m t with respect to a surface of a
substantial ly t in accqrdance with claim1 wherein the
surface of said object undér fest is no ng relative to said transparent
el enent surface. 10. A method for neasuring the distance of a -ssurface
of an object under test with respect to a surface of a substantially

L anSPa" Qi SfBMnehiAnfu SR SARABE UMb (i Bl of Wi 8GaHBRPYA b

st eps of varyi ng stance between sal ace and said
transpargg cﬁJneﬁﬁeét aﬁa'mfeessaﬁac%% sﬁstahmgﬁo@ms%knw{&ﬁaﬁt mepsd antial Iy equal
to or greater than the wavel ength of the [ight conprising "said |ight beam
provi di ngcahdhsiddP! i tude and phase information while said distance is being
varied for ~ providing maxi nrum and m ni nrum val ues for said anplitude and

phase i nformation; and determ ning an effective conpl ex index of
refraction of the surface of the object under test based on said maxinmm
and m ni num val ues. 11. A met'hod for measuring the distance of a

surface of gm Abastatuyfoahedsadig thd distarice P elirfdce oba substahtialie trasparent object
substantially transparent elenment in accordance with claim210 further

conpri si ngdérhest with egspedt tosa surfecepf asubistantielly rdedransparentielemant iméacondemmewathues,
said effective conplex index of refraction being determ ned fromsaid

st ored valaine§2 wherein sgR.disk camprisetia falatingmegoeticistpradeanetiium antdcsaiddest gbjeetr f ace of
an object under test with respect to a surface of a substantially

t r anspar sampegesasiideriorerseid SHdrea OESAjd folating mpgRetic stgragh medd®npri sing the step
of nmonitoring the position of said'incident light beamon the surface of
the object under test relative to the boundary of the surface of the

obj ect under test. -

34. A method for measuring the distance of a surface of an object under test with respect to a
surface of a substantially transparent element in accordance with claim 1 further comprising the
step of flood illuminating the surface under test for enabhng accurate placement of a

measurement spot relative to the boundaries of the surface under test.

35. A mefhod for measuring the distance of a surface of an object under test with respectto a
surface of a substantially transparent élement in accordance with claim 1 further comprising the
steps of varying the distance between said object surface and said transparent element surface
;ver arange appro‘ximately substantially equal to or greater than the wavelength of the light
comprising said light beam; providing said amplitude and phase information while said distance.is
being varied; and determining an effective complex index of refraction of the surface of the object

under test base on said information.

36. A method for measuring the distance of a surface of a substantially transparent object

under test with respect to a surface of a substantially non-transparent disk in accordance with



13. A nethod for neasuring the distance of a surface of an object under
test wit-h respect to a surface of a substantially transparent elenent in
accordance with claim 12 wherein said nonitoring step conprises the steps

of 1 . provi dmﬂmmnmmmmk source through a mcroscope toward said
transparent ele tantiajpy at nornal incidence;

*

refl ecting said |1 gt bro{'/i ded through said m croscope fromsaid disk
surface and said surface of the object under test and imaging said
reflected light onto a canera neans for enabling the boundary of the

sur f ace " @hint f5fuairesiprisingalie $teSof ib6d IMENINAIAYEE: surface unlsraekt il eAdbiib$ast a
portion of said incident |ight beamonto said canera through said

M cr oscopeufaty placemizint ofg hémBupoRntispotTelafiveltt BeibBeidaaes of gt dnder testr f ace of

t he object under test to be viewed; and view ng the position of said
i maged incident |ight beamw th respect to the boundary of the surface of
the object under test. . - 14. A nethod for. neasuring the distance of a

surface of an object under test with respect to a surface of a

subst ant i al37yAmethed fermeaasuriig dhrecdistarica ofiz swifade ofzcsubstattially tianspdrentiobject n sai d
rel ati ve phase difference is represented by the expression [err]([err]) =
ar g[ z[ er ¥nde[ test il respeeldp 2[sevace Of @ Pylisiantiqliy pen-trgpsparent diskin acco(denge]withar e t he
effective reflectivities of the object under test and the disk surface

t aken t ogj@ifHrfurthes semppisingdhe siensiof vargpgihp distange batwean) sgjdabiery surfageeand spidr r |
are the electric field gn’gonents of the incident beamfor the s and p

pol ari zal3nsprentEiRINeHt YSF £ rangs EERrPYIEReY [substqnyially feudldo prerqaeritianitie,
angul ar ELEIHTRL (0l oS R b vl prb i s 1.2 8 Sl 1 ot dence.
information while said distance is being varied; and determining an effective complex index of

refraction of the surface of the object under test based on said information.

38. A method for measuring the distance of a surface of a substahtially 'transparent object
under test with respéct to a surface of a substantially non-transparent disk in accordance with
claim 36 wherein said flood fliuminating step comprises the step of ﬂ'ood"illuminating said surface

under test through an in-line optical system.

39. A method for measuring the distance of a surface of an object under test with respectto a
surface of a substantially transparent element in accordance with claim 34 wherein said flood
illuminating step comprises the step of flood illuminating said surface under test through an in-line

optical system.



under test with respect to the transparent el enment surface. 15. A

nmet hod for neasuring the distance of a surface of a substantially
transparent object under test with respect to a surface of a substantially
non-transparent el ement, said object surface being in close proximty to
said disk surface, said nmethod conprisingg the steps of:

directing a polarized light beamtoward said surface of said substantially

t ransparePtiCh) cCAP MPASURING{ ARPARATO®! i XNi® MG Sai d beam having a
pl ane of incidence defini ngPrRAIAF Y HE 8T 1SosAEECT P having an
& . .

associ ated orthogonal basis vector s, sald beam being incident on said
transparent el enment surface and having a polarization such that both said s

and p typeooRQd FhdthH LA meahe & RigRBiced measufeRich ol ity dRaihék Ibkdkbn hgam back
t hrough sai ﬁ substantially transparent object under test for providing a

ref | ect aghrB@aMnE 9irStof WhiBlg(252253) & FUACHRd SaBtartiafPirdrRPare RN, 264)id
reflected s and p polarization conponents having a rel ati ve phase with

respect th@s@padoOWIET (38/B5apiS pars 6108 iesfi dbfbct (30]H0aS. Ul first step, & Rhe (J)@iredigasai d
reflected s and p pol arization conponents in said reflected beamw th each

ot her f aightearn (d) thepugh b @olamdingooorpboerit (43 Eiwdrdsatha filsy surfabe steanaubtiqueadngie of.
associ ated anplitudes; and determ ning said distance based upon said
rel ati vangidense Tardheaswenperdbeain enap bbe positioneddrothestifaze. under test (35, 3%%) mithlaod f or
measuring the distance of a surface of a substantially transparent object
in-line optical system or a normal incidence one. In a next step, the polarized light beam (5)
- reflects back through the transpareht element by means of the combined effect of reflections from
the first surface of the transparent element and from the surface of the test object (30). In a
further step, a polarization-sensitive intensity detector (12) and a phase detector (13) measure the
' strehgth and relative phase of the polarization components defined by the plane of incidence. A
computer (99) then analyzes these measured parameters to determine the size of the gap
between the two surfaces (25,35). An additional method and means are provided to measure the

complex index of refraction of the object surface (35) by changing the gap between the surfaces

(25,35).

FIGURE 1



under test with respect to a surface of a substantially non-transparent

di sk in .accordance with claim 15 wherein said disk conprises a rotating
magneti c storage nmedi um and said object under test conprises a slider over
said surface of said rotating magnetic storage medi um whereby aerodynanic
flight chararcteristics of said slider over said transparent el ement
surface may be predicted. 17. A ngetghod for nmeasuring the distance of
a surface of a substantially transparent object wunder test with respect to
a surface of a substantially non-transparent el enent in accordance with
claim 15 wherein said distrance to be neasured is | ess than one wavel ength
of the Iight - conprising said |light beam: 18. An apparatus for
measuring the distance of a surface of an object under test with respect

to a surface of a substantially transparent elenent, said object surface
‘being in close proximty to said transparent elenent surface, said

appar atus conpri si ng: means for providing a polarized

i nci-dent |'i ght beamtoward said t el enent surface at an oblique

angle with a plane of incidence ich defijjpes a pol ari zation basis vector p
to which is associated an or @nal basifig vector s, isaid polarized |ight

beam p to which is associ at e an ljjort hogo Tr'ba§r§1vectors said pol arized

| i ght beam pol ari zati on bei ng suck—Rra—=bath said and p type

pol ari zati ons are present, said eing reflected back through
said transparent elenent as a reflected beam conp |S|ng reflected s and p
pol ari zati on conponegts and having a ¢ 13

32 31 30

Sy : Figure 1



conbined reflectivity of said surfaces, said conbined reflectivity being
dependent’ upon the pol arization state of said incident [ight beam and
resulting«4n a change in the relative phases of said s and p polarization
conponents and the anount of light in each pol ari zati on conponent as a
function of the separation between said surfaces; means for m xing
said reflected beam pol ari zati on conponenjgs for providing an interference
" effect characteristic of the relative intensities of said polarization
components and the phase difference between said s and p pol arization
components and for providing information conprising said phase difference
and said intensities; and nmeans for determning said distance based
upon said |nfornat|on conprising said phase di fference and said
intensities of said polarization conpg ereby hi gh-speed, high-
preci si on neasurenment of the distan surface of an object
under test and the surface of a bstantially trapsparent el enment may be
acconpl i shed. 19. An apparatus for neasuring t di'stance of a surface
of an object under test with respect to a surface qf a substantially
-transparent el enent in accordange with c 18 wherlein said neans for

)

m xi ng said reflected beaquQLgrization anents and for providing said
information conprises a polariz el enent” f or
conponents. 20. An apparatu measuring the
of an object under test with respsct Tio amsurfac
transparent el enent in accordance
el enent conprises a Wl laston prismlt

Xxi/ng said pol arization
idtance of a surface
of a substantially
erein said polarizing

10

Figure 2



21. An apparatus for neasuring the distance of a surface of an object under
test with respect to a surface of a substantially transparent elenent in
accor.dance with claim 19 wherein said neans for mxing said reflected beam
pol ari zation conponents and for providing said information further
conprises photodetector neans for neasuring said intensities. 22. An
~apparatus for measuring the distance of 3ggsurface of an object under test
with respect to a surface of a Substantially transparent el enent in
accordance with claim 21 wherein saird neans for mxing said reflected beam
pol ari zati on.conponents and for providing said information further
conprises neans for shifting the relative phase of said s and p

pol ari zation conponents and neans for nixing said.fphase shifted

pol ari zati on conponents into a pair of beams orthogenally polarized with
respect to each other for providing an interference eﬂfeéé characteristic
of the relative intensities of said two pqLdrizations.\// 23. An
apparatus for neasuring the distance of .& surface of an‘object under test
with respect to a surface of. a subspaﬁtﬁgbly_transparenf\elenent in
accordance wth clainﬂ@Z‘mhéreLn sard__fieans for mxing said refl ected beam
pol ari zati on conponents_&nd forpkoyd dRig i nformatipp further

conpri ses photodet ector meapgl2or. hpaﬁ 1goteddft yes of said nixed
phase shifted polarizatignbconponents. ¥Par s for measuring

the di stance of a surfagpRf\ an objett u tr, to a
éﬁ% ce wi'th claim 18
zat’i on conponents

surface of a substantially
wherein said neans for mxi efy g

and for providing said:*| nfigryatyon _ -ctonpxi se QrizatLoh sensitive
intensity neter neans for nedsuling the gmsunt ot 7light” in each

pol ari zation in said reflected-b ph&se.det ect or.-reans for determ ning
the difference in phase Dbethedf2 S dp palarizations, and beam
splitter means for dividing said regfl ¢d beaminto two beans, one of
said two beans being dir%Fted 0 said pol arization sensitive intensity
\

met er _
/ 101

Figure 3



means and the other of said two beans being directed to said phase detector
nmeans. . 25. An apparatus for neasuring the distance of a
surface ofs an object under test with respect to a surface of a
substantial ly transparent elenent in accordance with claim23 wherein said
means for mxing said reflected bean1po|ar|zat|on conponents and for
prOV|d|ng said information conprises palf/8rization sensitive intensity

nmet er means for nmeasuring the anount of light in each polarization in said
refl ected beam phase detector neans for determning the difference in
phase between said s and p polarizations, and beamsplitter neans for
dividing.-said reflected beaminto two beans, one of_said two beans being

~directed to said polarization senS|t|#e—rﬁ%eﬂsFPy—¢et means and the
other of said two beans belng dlrﬁcteﬂ‘tb sai d phage ecth nmeans, said
phase detector neans conp i ng’ saifd |ng elle , § i d
phot odet ect or neans, and sai phase Ss—’i? nmeangs 26. . An appar at us
for measuring the di stance o éa acgof an object und test W th
respect to a surface obpaq sUbs? | I'y: transpar ent %Q in

accordance.with claim18 rthernéﬁ ,|S|ng m cr oscope neans di sposed with
respect to said object sur ) rm ning e pos{/t/i on of the

measur enent poi nt dn the sur e sald obj ect er 27. An
apparatus for meast the_dlstance‘bf a surfac éwV6bject under test
wWith respect to a surfgge of a substantlally tra arent el ement in
accordance with claim 18 ein said npd@é provi ding said polarized

i ncident |ight beam conpri ' a polari zing

@)
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el ement through which the
-28. An apparatus for
test wth.espect

light fromsaid |light source is directed.

nmeasuring the distance of a surface of an object under

to a surface of a substantlally transparent elenent in
accordance with claim27 wherein said polarizing el enent conprises a
| i ke neans. 29. An apparatus for neasuring

dichroic linear polarizer
t he di stance of a surface

surface of a substantially transparent element

wherein said |ight
apparatus for
W th respect

measuring t

accordance with claim 27 wherein said light

emtting di ode neans.

surface of an object unde
substantially transparent
| ight source conprises d
measuring the di stance of
under test wth respegt .t

el ement, said object 8urf
surface, said appar atis -c
i nci dent |ight beam tgwar

obj ect under test at &n o
~defines a -

of an obj ect r test with respect to a

i n accordance myth cIa|n127

source conprises |aser neans. 30. An
he di stance of a surface of an object under test
to a surface of a substantially transparent elenent in

source conprises |ight

suring 't he di stance of a

St— AT apparatus
a B8¥face of a

test_m&th respett
Benent!in acchrdance \ith claln127 wherein said
sc¢harge; | anp 32. An'apparatus for
a\surfate of /a substanti\ally transparent obj ect
p a\surface a substantihally nan- transpar ent
pce \belng |d close proximjity to;said disk" _
onpr\5|ng / means for rOV|d|ng a polarized
d said surféce of said substantiaglly transparent
bl i qué angl with a plane o i nci‘dence whi ch

\ /

il’ :

min

200 ‘600

Height (nm)

400
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pol ari zati on basis vector p to which is associated an orthogonal basis
vector s, said polarized |ight beam polarization being such that both said-
s and«p-type pol arizations are present, said |ight beambeing reflected
back through said substantially transparent object under test as a
reflected beamconprising reflected s and p pol ari zati on -conponents and
having a conbined reflectivity of saideéeg8rfaces, said conbined
reflectivity being dependent upon the polarization state of said incident
| ight beam and resulting in a change.in the relative phases of said s and p
pol ari zation ' conponents and the anmount of |ight in each polarization
conponent as a function of the separation between said surfaces;
means for mxing said reflected beam pol arization conponents for providing
an interference effect th nsities of said
pol ari zati on conmponents arjd t he phase aid s and p
pol ari zati on conponents and Ror prOV|d|ng i tion conprising said

.

phase difference and said tenS|t|es eterm ning said
di stance based upon said i rnatvon co difference and
said intensities of sald pola |zat|on onponents; er eby hi gh-speed, high-
preci si on neasurenente@f tfthe dis tqnc bet ween the suiNface of said
substantial 'y transpagent | obje\t der test and the _surfate of a.
substantially non-trargparlent el enent nay be acconplished.

Inte

. - e - .
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33. An apparatus for neasuring the distance of a surface of a substantially
transparent object wunder test with respect to a surface of a substantially
non-t ka@sparent el ement in accordance with claim 32 wherein said disk
conpr|§bs a rotating magnetic storage nmedi um and said test object

conprises a slider over said surface of said rotating nagnetic storage

medi um. ' 34. A nethod for neasur?7h§ the distance of a surface of an
obj ect under test with respect to a surface of a substantially transparent
el ement in accordance with claim1 further conprising the step of flood
illumnating the surface under test for enabling accurate placenent of a
measur enent spot relative to the boundaries of the surface under test.

35. A nethod for nmeasuring the distance of a surface of an object under
test with respect to a gurface of a substantially transparent elenment in
accordance with claim21 further conp ing the steps of y@rylng t he

di st ance between sai d obj €ct surfac said transparent /el ement surface
over a range approxi mately substan¢ al 'y\equal to or greqfer t han t he

-wavel ength of the light ¢ npr|3|n; { ght beam proV|d|ng sai d
anpl i tude. and phase infornation whyl e sald. istance is being varied; and
dex of raction of the surface of t he

determ ni ng an effectige conplex i}
obj ect. under test bas&d dn said |nfornat|on 36 A met hod for
measuring the distancegof |
under test with respecg to
- disk in accordance ‘wit \

-~ =200 0 200 400 600
Height (nm)
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claim 15 further conprising the step of flood illum nating the surface ,
under tegt for enabling accurate placenent of a measurenent spot relative
to the bouyndaries of the surface under test. 37. A nethod for
measur ihg the distance of a surface of a substantially transparent object
under test with respect to a surface of a substantially non-transparent

di sk in accordance with «claim15 furthd&/8onprising the steps of varying
the di stance between said object surface and said transparent el enent
surface over a range approxi mately substantially equal to or greater than
the wavelength of the light conprising said |ight beam providing said
anpl i tude and phase information while said 4lisf ance i s being varied; and
determ ning an effective conplex index of refraction of the surface of the
obj ect under test based on said information. } 38. A nmethod for '
nmeasuring the distance of a surfagmy off=e—tBAaAnt bahky transparent object
under test with respect to a surfate ffant)l al | y non-transparent

. disk in accordance with__clai m36 whef ikéod illumnating step
conprises the step of f2QK i I uni nat ) gurface under test through
“an in-line optical system._ 39. ATmethgd for medéaring the distance of
a surface of an object under st with resp >

xsubsrantially'tran enent in accorda
flood illumnating nprises the step of
surface under test thro an in-line optical

203a
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