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METHOD AND APPARATUS TO CALIBRATE INTENSITY AND
DETERMINE FRINGE ORDER FOR INTERFEROMETRIC
' MEASUREMENT OF SMALL SPACINGS

s the operating speed of computers

has led to nJ,%%%%ﬁEﬁde ds on both data storage capacity
and access eed.. %e d disk drive has been steadily

. S U g . . ]
evolving an g}c ntinues pffer a cost~effective solution to
SN . . . ’

both capacit % 2ne~-9pCad requirements. Increases in é?ta

storage _densitie:é' and miniaturization of disk drives have
enabled even small portable computers to have access to
large amounts of on-line disk storage.

In disk drives, head-to-media speeds are such that an
air bearing is generated between the head and the disk. At
increased speeds the air bearing separation increases.
Thus, without means to counter the tendency to increase the
head/media spacing, losses will occur.

Manufacturers of hard disk drives typically measure the
flying height of all head/gimble assemblies before
asseimbling them into drives in order to avoid reworking
drives after assembly when they do not meet specifications.
While head/media spacings in excess of 1 micron can be
measured using monochromatic £fringe counting techniques,
spa#ings below 1 micron are measured using white light
interferometry due to its greater resolution in the range of
250 to 750 nm. Constructive or destructive interference
results in the generation of different color fringes which
are compared to a Newton’s color chart or analyzed Hy
spectrometer. This technique is the current industry
standai:d, however, at spacings of less than 150 nm, the
colors wash torsther and cannot be interpreted with
reasonable accuracy.

Various other techniques have been developed for the
measurement of small spacings, however, their methods are
still incapable of accurately measuring spacing down to
contact. One example is U.S. Patent No. 4,593,368 by Fridge

et al. This patent describes the use of a computerized
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spectro-photometer to analyze the color of white light
fringes produced at the interface of two surfaces, one of
which is transparent, when subject to broad-band
illumination. This measuring system and technique has the
following disadvantages: 1) At very low spacing (less than
A/5) no distinct colored fringes are produced. Therefore,
at this small spacing, relatively small changes in light
intensity as a function of wavelengﬁh are measured by the
computerized spectro-photometer. Since the measurable
change in intensity as a function of wavelength (the color)
is greatly reduced at spacings below A/5, the signal-to-
noise ratio of the measurement greatly decreases for such
small spacings. 2) The spectro-photometer empioyed.requires
0.05 seconds to acquire the intensity data for the spectrum
of light being used for the measurement. The lengthy time
required for data acquisition precludes dynamic measurement
of spacing above 10 Hz. '

In a method disclosed by Tanaka et al. (U.S. Patent No.
4,630,926) an interferometer is used to dynamically measure
head/disk spacing. A xenon light source . with a

~monochrometer produces monochromatic light which is directed

over the length of a slider which is inclined such that the-
spacing between a clear glass disk and the slider varies by
more than A/4. In such a case where the slider is incident
with respect to the disk and the spacing varies by more than
A/4, at least one maxima and one minima of intérferometric
fringe intensity occurs. Tanaka et al. teach that at the
maximum and minimum (extrema) of fringe intensity, two-beam
and multi-beam interferometric theory yield the same
spacing. Therefore, at the extrema, the simpler two-beam
theory is used. Tanaka et al. also vary the wavelength of
the light being used in order to 1) get fringe extrema and,
therefore, spacing measurement at different points along the
slider; and 2) verify which order fringe is being detected.

The system of Tanaka et al. is limited in that it
cannot measure spacing below A/4 of the monochromatic light
being used and is too slow to measure air bearing
resonances. Tanaka et al.‘s system is clocked at a
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frequency of'15.8 kHz making is'incapable of measuring
typical air bearing resonances of 20 kHz or more. '

Another method to measure slider/disk spacing is
disclosed in Ohkubo et al.’s paper "Accurate Measurement of
Gas-lubricated Slider Bearing Separation Using Visible Laser
Interferometry" which was distributed as paper 87-Trib-23 by
the American Society of Mechanical Engineers. This paper
describes the basis of operation for the FM 8801 Laser-Based
Flying Height Measuring System which is sold in the U.S.A.
by ProQuip, .Inc., Santa Clara, California. As described in
Ohkubo et al.’s paper, the system uses a HeNe laser source.
The beam from the laser goes through a beamsplitter where
part of the beam is directed toward a reference
photodetector which detects variation in the intensity of
the laser source. The remaining part of the laser beam goes
through a beam expander then through a lens which focuses
the illumination onto the slider/glass disk interface. This
illumination causes interference fringes which are focused
onto a second measurement photodetector used for measuring
intensity of the fringes. The measurement and reference
signals from the two photodetectors are sent through
amplifiers then into a divider circuit such that the
interference signal is normalized to the input laser
intensity. From the divider, the signal is sent through an
A/D converter to a desk top computer for processing. The
desk top computer digitizes interferometric intensity while
the disk changes from a high speed to a low speed.

During the change of disk speed, Ohkubo et al. show
flying height to decrease by more than A/2. Since the
flying height changes, the interferometric intensity varies
enough to detect at least one maximum and one minimum fringe
intensity. These maximum and minimum fringe intensities are
recorded for reference. With the reference maxima and
minima of fringe intensity, multi-beam inEerferometric
theory is applied to determine spacing from intensity.
However, since for a monochromatic interferometer intensity
is a periodic function of spacing, the "fringe order" must
be known to finally determine the spacing. This "fringe
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order".is precisely defined as the interval of spacing from
n/4\ to (n—l)/4A'for n=1, 2, 3. Given an interferometric
intensity, and a maximum and minimum fringe intensity for
reference, the fringe order n must be determined in order to
calculate spacing from the interferometric theory.
According to Ohkubo et al.’s paper, the fringe order is
determined by landing the slider on the disk by reducing
disk speed while monitoring interferometric intensity. The
fringe order can be determined by counting the number of
times that the interferometric intensity rises to the
maximum or falls to the minimum while the spacing is being
reduced from the measurement point to the minimum spacing
which is assumed to be the fringe order where n = 1.

The Ohkubo et al. system has the following
disadvantages: 1) the slider must have a design such that
the flying height will increase to above A/2 simply by
changing disk speed; 2) the slider must be landed on the
glass disk to determine the fringe order for the spacing
calculation; and 3) at the points where the fringe intensity
is a minima or maxima, the slope of the interferometric
intensity/spacing curve becomes zero. At these points, the
noise in electronic intensity measurement causes a large
error in spacing measurement relative to the other spacings
which are not directly on the fringe maximum or minimum.

The above-identified disadvantages may cause the
following problems: 1) new sliders with a new geometries
designed for very low flying height may not fly as high as
A/2, even at very fast disk speeds, so the Ohkubo et al.
technique will not work for such; 2) landing the slider on
the disk (required to determine the fringe order) may cause
some damage to the air bearing surface of the slider. The
possibility for damage to the air bearing surface during
test is highly undesirable since many manufacturers test
every slider assembly to insure proper flying height; and 3)
the relatively high error in spacing measurement at fringe
maxima and minima is hidden by "intensity correction" and
data "smoothing". These procedures can introduce additional
errors into the spacing which is finally calculated.
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As magnetic recording technology continues to improve,
slider flying heights should continue to decrease to below
100 nm. Also, some manufacturers are beginning to use fluid
in Ehe gap to permit smaller spacings. These, too, must be
measured. The invention disclosed in this patent is
intended to measure such flying heights, statically and
dynamically, without having to land the slider on the disk,
or have the spacing increase above A/2 by only changing disk
speed.

The method of intensity calibration and fringe order
determination disclosed in this patent can also be applied
to other measurements where spacing is decreased to the
point of contact, in particular, a micro-hardness tester
using a transparent probe could be implemented with
interferometric measurement of spacing between the surface
and the probe using this method of interferometric intensity

calibration.

Summary of the Invention

It is an advantage of the present invention to provide

a device for measuring static or dynamic spacing between a

transparent article and a reflective surface spacing where
the spacing is air or a fluid (down to contact).

Another advantage is to provide a system for measuring
flying height which does not require landing of the slider
on the disk to determine fringe order.

It is a further advantage of the present invention to
prgvide a flying height tester which uses a calibration
procedure to determine maximum and minimum intensity of
interference fringes yet is insensitive to changes in
illumination intensity or surface reflectivity.

It is still another advantage of the present invention
to provide a device capable of measurement of disk surface
roughness for an entire disk.

In an exemplary embodiment, the dynamic flying.height
tester uses a mercury arc lamp light source to provide three
distinct wavelengths of 1light so that three separate

interference fringes are generated. Light from the mercury
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arc lamp is directed substantially normal to the surface of
a transparent disk, through the disk and onto the slidexr on
which a magnetic head is mounted. The light reflected from

the slider and from the surface of the disk closest to the

slider is combined and spectrally analyzed for constructive
and destructive interferences at each of the three
wavelengths. The spectral analysis is accomplished by a
detector assembly which includes wavelength discriminating
beamsplitters, a filter for each individual wavelength to be
measured and a high speed photodetector for each wavelength.
The microscope is also connected to a video monitor for
visual monitoring of the fringe pattern.

A calibration procedure involves measurement of the
intensity of all colors while partially unloading the head
to determine the maximum and minimum intensity of the
fringes for each color being used and to identify the
correct fringe orders of the interference patterns. The
partial unload for calibration is implemented by rotary head
unload which is used to move the head away from the
detection assembly by a very small distance,-én the order of
0.25 pum. In addition to the demonstrated rotary unload
mechanism, any mechanical device which causes the spacing
between the head and disk to vafy by a quarter wavelength or
more can be used to cause the spacing change required for
calibration. |

Since some parameters such as disk speed.or head/disk
relative position may be changed after the calibration but
prior to the desired measurement, a "follow" trace is made
to determine the fringe orders of the measurement trace.
The follow trace consists of a spacing measurement which is
made during the time any changes occur between the
calibration trace and the measurement trace. The follow
trace is often required to track the fringe order when
changes are made to the head/disk system in between the
calibration procedure and the measurement.

Once the calibration trace and follow trace are
analyzed, the absolute interferometric intensity reference
is known, and the fringe orders for the measurement are
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known. Therefore, wmeasurement of €flying height -is
accomplished by comparing measured intensity with the
theoretical intensity versus spacing relationship. The
measurement of spacing can be displayed as spacing versus
angular position of the disk or spacing versus time. Also,
parameters such as average spacing, maximum spacing, minimum
spacing and others can be calculated from the dynamic
spacing data and logged for future reference.

An alternative light source can be a plurality of
lasers where each laser emits a different wavelength light,
the wavelengths preferably being relatively short to enable
measurement of small spacings.

In a first embodiment, the invention comprises an
apparatus for determining the spacing between a transparent
article and a reflective surface, wherein the apparatus
comprises: a light source for emitting light at a plurality
of wavelengths A; a microscope assembly for focusing at
least a first portion of the light along a light path onto
a target position between the transparent article and the
reflective surface and for receiving reflected light from
the .target position, the reflected light being a combination
of light reflected from an interface between the transparent
article and the spacing and light reflected from an
interface between the spacing and the reflective surface; a
support for maintaining the transparent article at
substantially a fixed elevation with respect to the target
position; a movable mounting arm for retaining the
reflective surface and for moving the reflective surface
away from the target position substantially along the light
path by at least A/4; a detector assembly comprising: a
plurality of photodetectors for converting fringe patterns
created by combination of the reflected light into one
electrical signal for each photodetector, one photodetector
corresponding to each of the plurality of wavelengths; at
least one beamsplitter for distributing each of the
plurality of wavelengths to its corresponding photodetector;
a plurality of filters disposed between the at least one
beamsplitter and the plurality of photodetectors, each

.
.
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filter selectively transmitting one of the plurality of
wavelengths to its corresponding photodetector; and a
processor for receiving each electrical signal and
generating information therefrom to determine the spacing
between the transparent article and the reflective surface.
Additionally, the processor may be calibrated for each of
the plurality of wavelengths by pivoting the mounting arm to
move the reflective surface out of the target position to
increase the spacing. Furthermore, the support may comprise
a rotatable spindle. The mounting arm may also include a
thin flexible band under tension for retaining the head
assembly. For example, the thin flexible band may be a thin
polyester f£ilm. , -

In a second embodiment, the invention comi:rises an
apparatus for determining the spacing between a head
assembly and a hard disk, at least one of the head assembly
and the hard disk having a transparent portion, the
apparatus comprising: a light source for emitting light at
a plurality of wavelengths A; a microscope assembly for
focusing a first portion of the light along a light path
onta a target position and for receiving reflected light
from the target position and directing the reflected light'
along a common path with a second portion of the light; a
support for maintaining the hard disk apart from the head
assembly at an elevation such that at least one of an upper
surface and a lower surface of the hard disk is disposed
substantially at the target position; a pivotable mounting
arm for releasably retaining the head assembly and for
moving the head assembly into and out of the target position
substantially along the light path by at least A/4; a
detector assembly comprising: a plurality of photodetectors
for converting fringe pattérns created by combination of the
reﬁlec@ed light and the second portion of the light into one
electrical signal for each photodetector, one photodetector
corresponding to each of the plurality of wavelengths; at
least one beam splitter for distributing each of the
plurality of wavelengths to its corresponding photodetector:;
a plurality of filters disposed between the at least one
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beamsplitter and the plurality of photodetectors, each
filter selectively transmitting one of the plurality of
wavelengths to its corresponding photodetector; and a
processor for receiving each the electrical signal and
generating information therefrom to determine the spacing
between the head assembly and the hard disk. The second
embodiment may further include a CCD camera and a video
monitor for viewing one of the fringe patterns. The
processor may further include an analog to digital converter
and a memory for storage of at least one of the electrical
signals. In some embodiments, the hard disk is transparent
and the first portion of light is reflected from a slider
within the head assembly. Alternatively, the head assembly

'may have a transparent slider and the hard disk may be a

magnetic storage disk. In some embodiments, the 1light
source is a mercury arc lamp and in other embodiments the
light source is a plurality of lasers.

In a third embodiment, the invention is an apparatus
for determining the spacing between a magnetic head assembly
and a hard disk, the apparatus comprising: a light source
for . emitting 1light at a plurality of wavelengths; a
microscope assembly for focusing at least a portion of the
light along a 1light path onto a target position, the
reflected light being a combination of light reflected from
an upper boundary and a lower boﬁndary of the spacing; a
transparent disk having an upper surface and a lower
surface, the transparent disk being mounted on a spindle for
rotation past the magnetic head, the lower surface being the
upper boundary; a pivotal mounting arm for releasably
retaining the magnetic head assembly and for moving the
magnetic head assembly into and out of the target position
substantially along the 1light path, the magnetic head
assembly being the lower boundary; a detector assembly
comprising: a plurality of photodetectors for converting
fringe patterns created by the reflected light into one
electrical signal for each photodetector, one photodetector
corresponding to each of the plurality of wavelengths; at
least one beam splitter for directing light of each of the
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plurality of wavelengths to its corresponding photodetector;
a plurality of filters disposed between the at least ohe
beamsplitter and the plurality of photodetectors, each
filter selectively transmitting one of the plurality of
wavelengths to its corresponding photodetector; and a
processor for receiving each of the electrical signals and
generating information therefrom to determine the spacing
between the magnetic head and the hard disk. The processor
may be calibrated for each of the plurality of wavelengths
by pivoting the mounting arm to move the magnetic head out
of the target position to change the spacing. The light
source may be a mercury arc lamp.

In a fourth embodiment, the invention ﬁay further be
embodied as a method for measuring spacing between a
transparent article and a reflective surface which
comprising the steps of: selecting a light source for
emitting light having a plurality of wavelengths; directing
the light along a light path toward a target .position so
that a first portion of the light is reflected by an
interface between the spacing and the transparent article
and. a second portion of the 1light passes through the
transparent article and is reflected by an interface between
the spacing and the reflective surface receiving light
reflected from the two interfaces so that the combination of
the first portion with the second portion generates fringe
patterns; optically separating the fringe patﬁerns so that
one fringe pattern corresponds to each of the plurality of
wavelengths; converting each separated fringe pattern into
an electrical signal; digitizing each electrical signal;
processing each digitized electrical signal wusing a
processor to determine maximum and minimum light intensity
of each of the fringe patterns; and determining the spacing
by comparing correlation between light intensity of each
fringe pattern and its corresponding wavelength for each
wavelength of the plurality. The method may further
comprise calibrating the processor by moving the reflective
surface away from the target position so that the spacing is
increased by at least A/4 and recording the maximum and
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minimum light intensity of the £fringe patterns for each
wavelength when the reflective surface is in motion.

A fifth embodiment of the invention includes a method
for calibrating a processor for determiﬁing the spacing
between a transparent surface and a reflective surface using
an interferometer having a light source emitting at a
plurality of wavelengths X which comprises: focusing at
least a portion of light from the light source along a light
path at the spacing; mounting one of the transparent- surface
and the reflective surface on a movable mounting so that the
spacing can be increased along the light path; receiving
reflected light from a first interface between the
transparent surface and the spacing and from a second
interface between the spacing and the reflective surface;
generating a fringe pattern from the reflected light for
each of the plurality of wavelengths A\; increasing the
spacing by moving the movable mounting; and recording a
maximum and minimum light intensity of the fringe pattern
while the movable mounting is in motion. This method may
further comprise the steps of: generating a look-up table of
intensity of each wavelength A versus spacing; calculating
a mean square error for each of a selected increment of the
spacing by comparing the recorded maximum and minimum light
intensity with a theoretical intensity from the look-up
table; and selecting an initial spacing according to the
selected increment having the smallest mean square error.

A sixth embodiment includes a method for measuring a
spacing between a head assembly and a hard disk which
comprises the steps of: replacing one of the head assembly
and the hard disk with a transparent substitute; rotating a
disk comprising one of the hard disk or a substitute disk on
a spindle with a slider comprising one of a substitute head
assembly or the head assembly biased toward the disk;
directing light having a plurality of wavelengths along a
light path through at least a portion of the transparent
substitute to be focused at a target position between the
slider and the disk; receiving light reflected from a
surface of the transparent substitute closest to the target
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position and from a surface of the slider or the disk
according to which has been replaced by the transparent
substitute, so that the reflected light from each surface is
combined to generate fringe patterns; optically separating
the fringe patterns so that one fringe pattern corresponds
to each of the plurality of wavelengths; converting each
separated fringe pattern into an electrical signal;
digitizing each electrical signal; processing each digitized
electrical signal using a processor to determine maximum and’
minimum light intensity of each of the fringe patterns; and
determining the spacing by comparing correlation between
measured light intensity of each fringe pattern and
theoretical 1light intensity at each waveiength of the
plurality. This method may further comprise calibrating the
processor by moving the slider away from the target position
so that the spacing is increased and recording the maximum
and minimum light intensity of the fringe patterns while the
slider is in motion. Additionally, the method may further
comprise utilizing the intensity measurements recorded
during the step of calibrating to determine fringe order.
The . correct fringe order may be assured by requiring a
measurement to be within a fixed range of a previous
measurement.

A seventh embodiment of the invention is a method for
simultaneously measuring roughness and hardness of a surface
which comprises the steps of: splitting light having a
plurality of wavelengths X into a first portion and a second
portion; directing the first portion along a light path
toward an interface between a transparent probe and the
surface at a first location of the surface; attaching a load
cell to the probe; reflecting the first portion from the
interface; combining the reflected first portion and the
second portion to generate fringe patterns; storing maximum
and minimum intensity of the fringe patterns for each
wavelength A; calculating spacing using the maximum and
minimum intensity; moving the probe toward the surface while
continuously generating the fringe patterns and storing

their maximum and minimum intensity; and detecting a contact



10

15

20

25

30

35

| Thxs Sheet Has Been Replaced-

R0

load between the probe and the surface while the probe

-13-

deforms the surface.
A eighth embodiment is for a method for determining

correct fringe order in an interferometric system for
measurement of spacing between a transparent article and a
reflective surface, the method which comprises: selecting a
light source for emitting 1light at a plurality of
wavelengths; detecting interference fringes generated within
the interferometric system by reflection from the spacing;
separating each of the interference fringes according to its
wavelength; generating a theoretical plot of normalized
intensity versus spacing for each of the wavelengths; and
comparing a measured normalized intensity to the theoretical
plot of normalized intensity while altering the spacing.

A ninth embodiment of the invention is an
interferometric apparatus for simultaneously measuring
roughness and hardness of a first surface comprising: a
light source for producing light having a first wavelength
and a second wavelength; a measuring probe positioned
proximate to the first surface, the measuring probe having
a surface adjacent the first surface, the measuring probe
surface and the first surface defining a probe-to-surface
spacing having a separation distance; optics for directing
the first and second wavelengths of light to the probe-to-
surface spacing having the separation distance, such that
light reflected from the first surface and the measuring
probe surface produces a first wavelength interference
signal and a second wavelength interference signal, the
first and second wavelength interference signals having
characteristics determined by the probe-to-surface spacing
separation distance; a detector for measuring the
intensities of the first and second wavelength interference
signals; a calibration controller for changing the probe-to-
surface spacing separation distance while acquiring first
and second calibration fringe patterns corresponding to the
first and second wavelengths; a processor for analyzing the
measured intensities of the first and second wavelength
interference signals and deriving therefrom the probe-to-
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surface spacing separation distance; and a load cell
attached to the measuring probe wherein the load cell
detects a contact load between the measuring probe and the
first surface when the measuring probe contacts and deforms
the first surface. The processor may further comprise: a
look-up-table which contains a first set of theoretical
interference signal intensity data which corresponds to the
first wavelength of light and a second set of theoretical
interference signal intensity data which corresponds to the -
second wavelength of light; and a comparator for comparing
the measured intensities with the look-up-table theoretical
intensities to determine the spacing. The light source may
further comprise a mercury arc lamp dr a laser.
Additionally, the optics may further comprise a microscope
assembly. In some embodiments, the detector further may
comprise one of either a photodetector or a photodetector
array. In some embodiments, the light source may further
comprise a first laser for producing the first wavelength of
light and a second laser for producing the second wavelength
of light.

. A tenth embodiment of the invention is a method for
simultaneously measuring roughness and hardness of a surface’
comprising the steps of: positioning a probe adjacent to a
surface to be measured such that the probe and the surface
define a separation distance between the probe. and the
surface; measuring the separation distance betweén the probe
and the surface interferometrically; moving the probe toward
the surface until the probe contacts and deforms the
surface; and detecting a contact load between the probe and
the surface while the probe deforms the surface.

An eleventh embodiment is for an apparatus for
positioning a slider relative to a rotating disk comprising:
a disk having a rotation axis; a drive mechanism for
rotating the disk about the disk rotation axis, thereby
defining a first plane in which the disk rotates; a slider
positioned proximate the disk; a movable support for
retaining the slider in the proximate position relative to
the disk thereby defining a separation distance between a
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surface of the disk and a surface of the slider; and a load
controller for moving the movable support along a path which
causes the slider to move along a curved path thereby
changing the separation distance. In some embodiments, the
load controller further comprises a rotary drive for moving
the slider along the curved path in a substantially circular
manner. Alternatively, the load controller further
comprises a driver for moving the slider along the curved
path thereby defining a second plane which forms an
intersection angle with the first plane such that the second
plane is substantially perpendicular to the first plane.

A fwelfth,embodiment is a method for changing the
distance between a rotating disk and a slider comprising the
steps of: mounting the slider on a movable mounting; and
moving the mounting in a manner which moves the slider along
a curved path wherein at least two positions along the
curved path correspond to two different separation distances
between the disk and the slider. In some embodiments, the
moving step further comprises moving the slider along a
substantially circular path. Alternatively, the moving step
further comprises moving the slider along a curved path
which defines a plane which is substantially perpendicular
to the rotating disk.

A thirteenth embodiment is a method of determining the
maximum and minimum interferometric intensities for a first
interference calibration signal at a first wavelength and a
second interference calibration signal at a second
wavelength, the first and second interference calibration:
signals produced by a spacing, the method comprising the
steps of:

(a) acquiring multiple measurements of each of the

first and second interference calibration signals while

altering the spacing such that each of the first. and

second interference calibration signals goes through a

maximum and a minimum of interferometric intensity;

(b) estimating an initial maximum and minimum

interferometric intensity for each of the first and

second interference calibration signals;
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(c) calculating the spacing for each of the multiple
measurements using the initial maximum and minimum
estimates;

(d) calculating a new maximum for a plurality of the
multiple measurements of the interferometric intensity
within a threshold value of the initial maximum for
each of the first and second interference calibration
signals in accordance with the expression:

(1 + Toms)

(1 + Ty (Luax = L)

Lyax,new = Lazw *

where Iy wew is the updated wvalue for the maximum
interferometric intensity, -I,, and I,, are the
previously existing values for maximum and wminimum
interferometric intensity, E;QS is the intensity
measured at that calibration point, normalized to -1
and +1 which correspond to I,;,, and I,,,, and Ipey is the
theoretical intensity for the spacing at that point,
normalized to a scale of -1 to +1;

(e) calculating a new minimum for a plurality of the
multiple measurements of the interferometric intensit?
within a threshold value of the initial minimum for
each of the first and second interference calibration

signals in accordance with the expression:

- (1 - IMEAS)

(Tony = Tarw)
(1 - T, MAX MIN

Tyrw, wew = Lrax

where I, yuw 1S the updated value for the minimum
interferometric intensity, I,, and I, are the
previously existing wvalues for maximum and minimum
interferometric intensity, Eme is the intensity
measured at that calibration point, normalized to -1
and +1 which correspond to I,y and Iy, and I, is the
theoretical intensity for the spacing at that point,

normalized to a scale of -1 to +1;
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(f) averaging the new minima for the plurality of the
multiple measurements of the interferometric intensity
within a threshold value of the initial minimum and the
new maxima for the plurality of the multiple
measurements of the interferometric intensity within a
threshold value of the initial maximum to determine a

new average maximum and a new average minimum

intensity; and

(g) comparing the new average maximum and new average

minimum with the initial maximum and initial minimum

for each of the first and second interference

calibration signals.
This method may further comprise the step of: (h) checking
for convergence of the new average maximum and the new
average minimum with the initial maximum and the initial
minimum for each of the first and second interference
calibration signals. Additionally, the method may comprise
the step of: (i) repeating steps (c) through (h). if the test
for convergence in step (h) -  is negative using the new
average maximum and the new average minimum in place of the
initial maximum and the initial wminimum. Also,the method
may comprise the step of determining the initial maximum and
the initial minimum intensities by searching the multiple
measurements acquired in step (a) for tﬂe highest and lowest
measurement points for each of the first and second
wavelengths and using these values as the initial estimates
for the maximum and minimum interferometric intensities for
each of the first and second wavelengths, respectively.

A fourteenth embodiment is for an interferometric
method for measuring the dimension of a small spacing
comprising: directing 1light having a plurality of
wavelengths across the small spacing; detecting interference
signals generated by reflection of the light from the
spacing; separating each of the interference signals
according to its wavelength; measuring and recording the
interference signal intensity at two or more of the
plurality of wavelengths for a range of spacing by altering
the spacing over a range which produces a maximum and a
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minimum in intensity for each 'of the plurality of
wavelengths; measuring and recording the interference signal
intensity produced by the spacing for each of the plurality
of wavelengths; constructing a table having multiple
periodic spacing dimensions for each of the plurality of
wavelengths, wherein each of the multiple periodic spacing
dimensions corresponds to the measured and recorded
interference signal intensity for each of the plurality of
wavelengths, respectively; and comparing the multiple'
periodic spacing dimensions for one of the plurality of
wavelengths with the multiple periodic spacing dimensions
for the remaining of the plurality of wavelengths to
determine the correct spacing dimension. '

A fifteenth embodiment is for an interferometric
apparatus for measuring the dimensions of a small spacing,
the apparatus comprising: a light source for producing light
having a first wavelength and a second wavelength; optics
for directing the first and second wavelengths of light to
a spacing having a separation distance, the spacing defined
by first and second boundaries, such that light reflected
from the first' and second boundaries produces a first
wavelength interference signal and a second wavelength
interference signal, the first and second wavelength
interference signals having characteristics determined by
the separation distance; a detector for measuring the
intensities of the first and second wavelength interference
signals; a calibration controller for changing the
separation distance while acquiring first and second
calibration fringe patterns corresponding to the first and
second wavelengths; and a processor for analyzing the
measured intensities of the first and second wavelength
interference 'signals corresponding to the separation
distance and deriving therefrom the sepafatiéh distance, the
processor further comprising: a table having multiple
periodic spacing dimensions for each of the measured
intensities of the first and second wavelength interference
signals, wherein each of the multiple periodic spacing
dimensions for the first wavelength corresponds to the
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measured intensity of the first waveleng:h interference
signal and each of the multiple periodic spacing dimensions
for the second wavelength corresponds to the measured
intensity of the second wavelength interference signal; and
a comparator which compares the table entries for the
multiple periodic spacing dimensions for the first
wavelength with the table entries for multiple periodic
spacing dimensions for the second wavelength to determine
the correct spacing dimension.

Brief Description of the Drawings

Understanding of the present invention will be
facilitated by consideration of the following detailed
description of a preferred embodiment of the present
invention, taken in conjunction with the accompanying
drawings, in which like reference numerals refer to like
parts and in which:

Figure 1 is a diagrammatic view of the flying height
testing assembly of the present invention;

Figure 2 is a diagrammatic wview of the  detector
assembly;

Figure 3 is a diagrammatic view of the assembly with an
alternate light source;

Figure 4 is a series of plots of spacing versus angle
of rotation;

Figure 5 is a plot of spacing versus time;

Figure 6 is an alternate configuration of the testing
assembly for measurement of disk surface roughness;

Figures 7 is a diagrammatic view of the apparatus for
attaching the head assembly to the load/unload arm;

Figure 8a is a diagrammatic top view of the rotary
unload mechanism, Figures 8b and 8c illustrate the load and
unload positions, respectively;

Figure 9 is a diagrammatic view of an alternate
embodiment in the form of an interferometric surface
roughness/surface hardness measurement instrument;

Figure 10 is a plot of intensity versus spacing;
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Figure 11 shows a schematic representatibn of a dynamic
flying height tester including a reference level photo
detector; | _ |

Figure 12 illustrates the different geometries that the
slider and disk take on at different disk radii when using

a rotary actuator; and

Figure 13 illustrates measurements of slider/disk
spacing, slider pitch and slider roll that were taken during
a continuous slider/disk motion that is geometricallf

equivalent to the motion made during rotary actuation of the

slider.

Detailed Desgscription of the Preferred Eﬁbodiments

As illustrated in Figure 1, light source 2 is directed
through microscope 3 which comprises condensing optics 4,
beamsplitter 6 and objective 8. A portion of the incident

~light split by beamsplitter 6 is directed through glass disk

10 and is internally reflected off the lower surface of the
glass disk 10. Another portion of the light is reflected by
slider 12. The reflected light is redirected through .the
objective lens and the beamsplitter 6 into detector assembly
14. The recombination of the light reflected by the lower
surface of the disk 10 and the surface of slider 12 results
in the generation of interference fringes, with one
interference fringe being generated for each individual
wavelength of 1light which has been selected by filters
within the assembly. A camera 18 sends a visual image of
the fringe patterns to video monitor 22. The photodetectors
within the detector assembly 14 convert the fringes’
intensity into electrical signals which are then converted
to digital data by A/D converter 24. The digital data are
then processed at processor 26.

Disk 10 is mounted on spindle 52 which is attached to
a variable speed drive capable of achieving speeds in excess
of 7200 rpm. In the first embodiment illustrated in Figure
1, the disk 10 is transparent glass or quartz. The slider
12 is attached to rotary load/unload arm 17, which is
further illustrated in Figure 8a, by clamping suspension 13,

THIS SHEET H+¢ BEEN
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illustrated in Figure 7, onto the end of arm 17 at a given
location. Rotary load/unload arm 17 is driven by rotary
motor 7. Slider 12 is then positioned under the disk 10 so
that light focused by objective B8 passes through disk 10 to
be reflected from slider 12 and from the bottom edge 51 of
disk 10.

In an alternate embodiment shown in Figure 6, the light
source 2°‘ and microscope assembly 3' are positioned relative
to the arm and drive so that the slider 12’ is between the

-21-

microscope assembly 3’ and disk 210, Slider 12' is
transparent, permitting glide height measurement of an
actual magnetic disk 10‘. Such a configuration provides

measurement of disk surface roughness to identify disk
asperities for mapping of asperity heights.

Rotary load/unload arm 17 pivots in such a manner that
the slider 12 moves along a line following the light path
exiting from objective 8 for at least part of the unload
motion. This allows the light to be focused on the same
spot on the slider 17 during the calibration prodedure,
which is described below. The purpose of this movement is
to scan at least one fringe maximum and minimum for each
color used by increasing the head/disk spacing. Only a
small spacing change required, on the order of 0.25 um, to
measure a maximum and minimum intensity for each color
fringe to enable calibration. The remainder of the
load/unload motion is not critical to measurement functions.

Figure 2 illustrates the elements of detector assembly
14. A first beamsplitter cube 30 reflects light .at 436 nm
toward absorptive pinhole mirror 29 and 436 nm interference
filter 31 to photodetector 32. Beamsplitter cube 30 is a
dichroic beamsplitter made from BK7. The entrance face has
an anti-reflection coating. The interface is coated for 85-
95% reflectance at 435.8 nm and 85-95% transmittance at 546
nm and 580 nm. The portion of light which passes through
beamsplitter cube 30 passes through reflective pinhole
mirror 33 to beamsplitter cube 34 which reflects light at
546 nm toward 546 nm interference filter 35 and detector 36.
Beamsplitter 34 is also dichroic and made from BK7. Its

THIS SHEET HAS BEEN
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interface coating is 90-100% reflective at 546 nm and 90-
100% transmissive at 580 nm. Each of the interference
filters are commercially available filters which transmit
light at the chosen wavelength with a bandwidth of 10 nm.
The photodetectors are silicon avalanche photodiodes with

spectral response in the range of 400-1000 nm. The
remaining light continues forward through 580 nm
interference filter 37 to photodetector 38. A separate

signal is therefore generated for each selected wavelength,
and each analog signal generated by photodetectors 32, 36
and 38 is converted to a digital signal by high speed A/D
converter 24.

The timing signal by which the sampiing rate is
controlled is 250 kHz. The timing rate is applied to the
A/D converter as a conversion rate control signal. This
rapid rate of data conversion enables dynamic measurement of
spacing between the head and disk.

In an alternate embodiment, light beams emitted £from
two or more lasers can be optically combined to generate the
illﬁmination projected onto the head/disk interface. Such
a configuration is illustrated in Figure 3 in which lasers
41 and 42 each emit at different wavelengths. The beams arée
expanded -by beam expander optics 43 and are combined at
beamsplitter 44 to be projected though the microscope
objective as above. The detector assembly 45 will have the
same number of detectors as lasers, and the-appropriate
interference filters for the selected lasing wavelengths
will be provided.

The accuracy and repeatability of the location of the
head 12 with respect ¢to the disk 10 requires that
appropriate attachment means are provided to hold the head.
12 into place. The suspension 13 must be attached to and
removed quickly from the mounting arm 17, and the attachment
must be uniform and repeatable. In order to quickly and
repeatable grip the suspension 13, the use of a flexible
band 48 of polyester film, such as Mylar®, or Kapton®, is-
used as shown in Figure 7, with a tension means 49 included
to keep the band 48 taut. Since the suspension 13 is



10

15

20

25

30

35

~23-

somewhat flexible, it may be deformed under uneven or
excessive pressure as might be applied by a steel clamp.
The flexible band 48 does not deform the suspension 13 and
is very thin, as required by the small spacing between the
suspension 13 and the disk 10.

The procedure for measuring the spacing between the
head 12 and the disk 10 is as follows:

The head 12 is attached to the suspension using the
flexible band 48, and the rotary load/unload arm 17 moves
the head 12 into the desired location, as in Figure 8b.
Light from the light source 2 is projected through the
microscope 3 onto the head 12, and the head 12 is then
partially unloaded by rotation of arm 17, as illustrated in
Figure 8c, so that a calibration trace can be generated.
The head unload motion is synchronized with the digitization
by the processor 26 such that the digitization will record
the intensity of one maximum and one minimum fringe for each
individual wavelength tested. The rotary head unload is
used so that the slider 12 has only very slight motion while
the loading pressure is reduced. The slight motion of the
slider 12 is compensated for by moving the microscope
assembly 3 by way of x-y translators S5 and 5’ in
synchronization with the unload motion so that the
measurement spot remains at the same point on the slider 12.
As previously described, the unload motion required for
calibration increases the spacing by a very small amount, on
the order of 0.5 um.

The calibration trace is digitally lowpass filtered to
reduce electronic noise. A maximum and minimum intensity
for each color in the calibration trace is found by
searching through the data collected. The trace is
normalized to the maximum and minimum intensity for each
color by multiplying a constant and adding a constant
offset. In the preferred embodiment, the maximum intensity
for each color is scaled to 1.0 and the minimum intensity
for each color is scaled to -1.0.

A look-up table for intensity of each color versus

spacing is generated for discrete steps of spacing based on
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Equation 1 which was derived from multiple beam

interferometric theory for a single film.

Tour _ 2 + 5% + 2r5cosd
Iy, 1+ r%g2 + 2rscosd

(1)

where:
= Amplitude Reflection Off Glass Disk;

s = Amplitude Reflectance Off Slider;
= Refractive Index of the Fluid in the
Spacing;
6 = 4w H/XN - v;
= Flying Height;
A = Wavelength of the Illuminating Light;
and
Y = Phase Shift on Reflection

(Material Dependent)

The values of r, s, and v are determined by
ellipsometric measurement of the surfaces using light.of the
same wavelengths as those being used for the interference
measurement of spacing.

The ellipsometer measures angles ¥ and A from which the
complex index of refraction n = n - ik can be determined.
The reflectance for the disk and slider can then be

determined from Equation 2:

= (no - ni)z +k12
(my + n,)2 + kf

(2)
where n, is the refractive index of the medium immediately
above the reflecting surface which has the refractive index
n,.-

For the internal glass reflection n, is the index of
glass and n, is the index of the fluid in the spacing. For
the reflection off the slider,-Hois the index of the fluid
in the spacing (air or liquid) and n, is the index of the

slider.
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From the ellipsometric measurements, the phase chaﬁge
upon reflection Yy can be calculated using Equation 3:
2nyk,

= -1
y = tan

2 2 2

ng - -k

(3)

For use in Equation 1, ¥ = Yajaer = Yglass aisk-

In the present embodiment, a look-up table is generated
using Equations 1, 2 and 3 with intensities for spacings for
0 to 1,000 nm with steps of 1 nm. The theoretic intensity
look-up. table is normalized to fringe intensity extrema
using the same convention as that used for the measured
traces, i.e., +1 is maximum, -1 is minimum.

Table 1 illustrates the form of the loock-up table for

intensity versus spacing:

SPACING INTENSITY
Ay Az A,
0 -1 -1 -1
5 -0.8 -0.7 -0.6
10 -0.6 -0.4 -0.2
TABLE 1 |

Once the measurements are made and the loock-up table is
generated, a calculation is made to determine the spacing
for the first point in the calibration curﬁe. The
calculation of spacing is made as follows:

A "mean square error" is calculated for each discrete
step of spacing (H) in the range of interest. Here, steps
of spacing from 0 to 1,000 nm in steps of 1 nm are used.
These steps conveniently correspond to the wvalues in the
theoretical look-up table above. The mean square error (e)
is calculated as follows:

e(h) = w, (T, - Mj)? + wo(T, - My)? + wy (T, - M,)?
(4)
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where T, is the theoretical intensity of color x for the
spacing H (from the look-up table) and M, is the measured
intensity of color x.

The symbols w, are used to indicate weighing functions
which help reduce error. While all of the w’s can be set to
one, accuracy can be improved by choosing the w’s such that
W, + W, + W; = some constant and setting each w higher for a
color when the signal-to-noise ratio of that color’s
intensity measurement is higher. Additionally, w, may be a
function of spacing because, near the maximum or minimum of
a given color’s intensity, a small amount of electrical
noise corresponds to a relatively large change in spacing.

For reference purposes, the "first poiﬁt" of a trace
requires intensity measurements for all three colbrs, AL A,
and A;. The measured intensity of all colors are stored
together and they, as a group, will be referred to as a
single point in the intensity trace.

Once (e) has been calculated for each step of spacing,
the smallest value of (e) corresponds to a first guess for
the initial spacing for the first point in the calibration
érray. Occasionally, noise in the intensity signal .may
result in the calculated value being the wrong fringe order.
For example, considering only one color, if the normalized
intensity is -1, the spacing is given by nA/2 where A is the
wavelength of light and n is the fringe order (n = 0, 1, 2,
3, 4...). This result comes from a simple.model which
assumes the disk and slider are made of dielectric
materials.

The use of two or more colors gives additional
information which theoretically indicates the correct fringe
order. However, the addition of some noise to the measured
signals will occasionally cause this technique to calculate
an initial spacing which is significantly incorrect because
it is on the wrong fringe order. The principle by which
fringe order is determined can be explained by iooking at a
plot of intensity versus spacing for interference fringes
generated for two or more colors. Figure 10 illustrates
such a plot for two colors. The intensity function 81 for
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A, has a different period than that for A, (82). By
comparing the normalized measured intensity with the
normalized theoretical intensity for both colors the spacing
can be determined but there may be some uncertainty as to

fringe order. For example, the normalized intensity
difference between A, and A, at points 84 and 85 is the same
at different orders. - This is solved by measuring the

intensity continuously while the sgpacing between the
transparent article and the reflective surface is changed
(increased) which shows the slope of the respective
functions beyond the initial point 84. This enables
identification of the correct order.

To determine the correct fringe order, the entire
calibration intensity trace is used as follows:

Several different first guesses are made for the
spacing for the first point in the calibration trace. The
criteria for selection of the first point initial guesses
for spacing are that each spacing must have a low value of
(e) . Additionally, each guess must be at least 100 nm away
from all the previously-selected initial guesses for
spacing. Once several of the initial guesses are obtained,
one of the guesses in.correct, but the correct one must be
determined.

In order to determine which first guess is correct, a
cumulative mean square error for each initial guess in
calculated. The cumulative error is calculated by assuming
that the spacing does not change by more the 100 nm between
each point. The following process is used to calculate the
cumulative mean square error for each initial guess cf
spacing.

First, the cumulative error is set to the (e) which
corresponds to the initial guess for the spacing at the
first point in the calibration trace. Next, the spacing at
the second point is calculated by searching though all

" spacing values within 1100 nm from the first point. The (e)

determined for the second point is added to the cumulative
error. The second step is repeated for all remaining points

in the calibration trace with the condition that each point
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must not be more than 100 nm away from the previous point.
Once the cumulative error is calculated for each initial
guess for spacing of the first point in the calibration, the
spacing with the lowest cumulative error is determined to be
the spacing for the first point in the calibration.

Analysis of the data taken during calibration has
yielded the maximum and minimum intensity for each fringe
and the fringe order for the spacing measured during the
calibration step.

Since operational parameters may change after the
calibration but before the measurement, the fringe order may
change, hence a "follow" trace is recorded while any
operation parameters are changed. It is assumed that the
first point in the follow trace is within 100 nm of the
first point of the calibration trace.

The spacing for each point in the follow trace is
calculated as follows:

Point-by-point, the mean square error is determined for
spacings with values from -100 to +100 nm away from the
previous point. Note that, since the first point in the
follow trace does not have a previous point, the spacing is
calculated from the first point in the calibration trace.
The spacing with the lowest (e) is determined to be the
spacing, and the process is repeated for all points in the
trace. Bv limiting the calculation such that each
successive point must be within 100 nm of the previous
point, the calculation can never jump to an incorrect fringe
order.

Once the spacing for the follow trace is calculated, it
can be assumed that the spacing for the first point in the
measurement trace is within 100 nm of the last point of the
follow trace. Since the approximate spacing for the first
point of the measurement_trace in known, the-spacing for the
measurement trace is performed using the same procedure used
to calculate the spacing for the follow trace.

It should be noted that the 100 nm difference limit is
arbitrarily selected and that other wvalues may be used as
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allowed by the wavelengths of light used for measurement,
i.e., the limit should not exceed ¥ wavelength.

In the preferred embodiment, the flying height tester
measures at least 256 points per revolution. A typical test
involves storage of data of intensity versus angle for two
revolutions. Thus, at least 512 points are taken for each
data set. The processor converts intensity versus
revolution data into spacing versus revolution and provides
an output display in either the form of a video monitor or
a printout. Since air bearing thickness is a function of
disk speed, testing of the spacing between a given head and
disk is-preferably performed at a number of disk rotational
speeds. Figure 4 illustrates a series of plots of spacing
versus angle for two revolutions. Figures 4a, b and c show
plots at 3,600 RPM, 900 RPM and 225 RPM, respectively.
Figure 4d 1is a plot of spacing versus disk speed
illustrating the principle of - increased spacing ‘with

increased rotational speed.
Figure 5 is a plot of spacing versus time to show

measurement by the system of dynamic variation of head/disk
spacing after the head flies over a flaw in the disk.

Interferometric fringe intensity calibration is used to
calibrate maximum and minimum intensity of light and dark
interferometric fringes. The maximum and minimum fringe
intensity} is measured at one or more points on the
interferometric image while altering'ihterferometric path
length by at least ¥ of the wavelength of the light being
used to produce the interferometric image. By comparison of
interferometric intensity to the maximum and minimum
intensity, it is possible to obtain spatiél measurement with
a resolution of a small fraction of the wavelength of light
used.

While a number of flying height testérs use
interference to measure the spacing between the head and
media, the system of the present invention utilizes a unique
calibration technique in which the head is unloaded in a
controlled manner to increase the relative path lengths of
the two light rays while monitoring and storing the

THIS SHEET HAS BEEN
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intensity information in order to utilize interferometric
fringe intensity for calibration of the measurement. Thus
the need for expensive and difficult control of system
components such as light sources, detector drift and disk
quality is eliminated. The apparatus of the present
invention provides high speed measurement of head/disk
spacing simultaneously using multiple wavelengths of light,
thus offering a more economical and faster measurement
system and technique for dynamic . measurement of £flying
height than systems that are currently available.

Shown in Figure 9 is another use of the intensity
calibration method, here used for a micro-hardness
tester/surface profiler. 1In Figure 9, light.from source 61
which could be a Mercury arc, a multiple laser, or other
multi-wavelength source, goes though beamsplitter 62, then
through microscope objective 63, being focused on the
interface between transparent probe 64 and the surface to be
analyzed 65. The probe is lowered onto the surface using

computer-controlled actuator 67 which could use piezo-

electric or other means of mechanically moving the probe 64
toward the surface 65. The contact load between the probe
64 and the surface 65 is detected by a load cell 66. Light
reflected from the surface of the probe 64 which is closest
to the sample surface and the surface itself 65 recombines,
producing interference effects. Monochromatic images of the
interference fringes are projected onto TV caﬁeras 73, 74,
and 75 after going through beamsplitters 62, 68 and 69, as
well as narrow band interference filters 70, 71, and 72.
Each TV camera then produceé an analog video signal
corresponding to the interferometric image for the narrow
band of light associated with each interference filter.
Note that filters 70, 71, and 72 each transmit a different
color of light. The analog video signals are directed into
the RGB color frame grabber 76 which is under control of the
personal computer 77.

To make a surface roughness and hardness measurement,
the computer controlled actuator 67 lowers the probe 64 onto
the surface 65. During the time that the probe is coming
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into contact with the surface, the frame grabber .76
continuously acquires images of the three different
interference images and the computer processes such images,
storing the maximum and minimum intensity of each color at
each pixel on each image. Before the probe 64 comes into
contact with the surface 65, a minimum and maximum intensity
of the fringes for each color will have been detected for
each pixel of each image of the fringes. These maximum and
minimum £fringe intensity wvalues are the normalization
intensity values required to determine spacing between the
probe 64 and the surface 65. The spacing between the probe
64 and the surface 65 is calculated in a manner identical to
that described for the Dynamic Flying Height Tester, except
the spacing is calculated for a 2-dimensional area rather
than a single spot, and the spacing is measured statically,
not dynamically. Since the probe 64 shape in known
beforehand, the surface profile of the surface 65 can be
readily calculated from the spacing between the probe 64 and
the surface 65. This surface profile indicates the
roughness of the surface.

The surface hardness and other surface properties can
be measured by pressing the probe 64 onto the surface 65.
The force with which the probe is being pressed onto the
surface is measured using load cell 66. The surface profile
can continue to be measured interferometrically while it is
being deformed by the probe. The wmeasurement of surface
deformation as a function of contact pressure will allow a
measurement of surface hardness while causing a minimum

amount of damage to the surface.

SPACING MEASUREMENT APPARATUS WITH REFERéNCE DETECTOR

The spacing measurement apparatus may also be
implemented wusing an additional reference channel to
compensate for light source instabilities. Referring to
Figure 11, lighi from a source 2 is directed through
condenser optics 4 toward a half-silvered mirror or beam
splitter 6. A portion of the light goes through lens
assembly 8 and is projected toward the bottom surface 51 of

. e
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the glass disk 10. A portion of the light internally
reflects from the bottom surface 51 and a portion of the
light transmits through the bottom surface 51, then reflects
off the top surface of head/slider assembly 12. A portion
of the reflected light transmits back into the disk 10 and
a portion reflects back toward the head/slider assembly 12.
A part of the light continues to reflect back and forth
between surface 51 and the surface of 12, with a portion of
the 1light transmitting through surface 51 for each
reflection. A portion of the 1light £from each of the
multiple reflections from the interface of the disk 10 and
the slider 12 is directed back through the lens assembly 8
and the half-silvered mirror 6 to the opt';ical detector
assembly 14. Lens assembly 8 is designed to form an optical
image of the interface between glass disk 10 and head/slider
assembly 12 on the mirror 33 within the detector 14 (see
Figure 2).

As shown in Figure in 2, the beamsplitter 30 sends a
portion of the light toward the absorptive plate 29 and a
portion to the mirror 33, with the lower surface 33L of
mirror 33 and the right surface 29R of pléte 29 both being
image planes for the interface of glass disk 10 and
head/slider assembly 12 from optical assembly 8. Both the
absorptive.plate 29 and the mirror 33 have small holes, 29H
and 33H, épproximately 0.030 inches in diametgr'near their
centers. The plate 29 and the mirror 33 are aligned such
that the holes 29H and 33H occur in substantially the same
portion of the image which is the point on the interface at
which the spacing is measured (the measurement spot). After

- proceeding through the hole 29H in the plate 29, light is

filtered through a narrow-band-pass filter, commonly called
an interference filter 31. This filter allows a 10 nm wide
band of light to pass through to the avalanché photo diode
32. Simultaneously, light passes though the hole 33H in the
mirror 33 toward the second beam splitter 34 which causes a
portion of the light to pass through the second interference
filter 35 to the second photo diocde 36 and a portion of the
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light passes through the third interference filter 37 to the
third photo diode 38.

The three interference filters (31, 35, and 37) are
selected to have pass bands centered at three substantially
different wavelengths of light. The intensity of each of
the three different wavelengths is converted into an
electrical signal by photo diodes 32, 36, and 38. The
electrical signals are amplified and buffered then sent to
the digitizer 24 via three cocaxial cables.

Referring again to Figure 11, a portion of the light
from source 2 goes through condenser optics 4 and through
the half-silvered mirror 6 to a reference detector 201.
Reference detector 201 converts the intensity of the light
into an electrical signal which is sent to digitizer 24 via
coaxial cable. Within digitizer 24, the reference channel
signal can be used in several different ways. Each of the
measurement signals from detectors 38, 36, and 32 can be
divided by the reference signal using analog electronic
circuits in order to compensate for intensity drift of the
light source. Alternatively, digital electronic circuits
can. be used to divide the measurement signals by the
reference signal after all four signals are digitized.
Another alternative is to digitize all four signals and send
them all to the microcomputer/processor 26 where the
measurement signals can be adjusted to compensate for light
source drift using the reference signal information.

The digitizer 24 is interfaced to
microcomputer/processor 26, which is used to process the

digitized intensity information.

THEORY OF OPERATION
The amount of light traveling back through the disk 10
including the first and all of ‘the higher order reflections
between the lower surface of the disk 51 and the top surface
of the slider 12 is given by Equation 1—(reproduced below)
which is commonly referred to as the equation describing

multi-beam interferometry.
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Loy . r? + s? + 2rscosd
I, 1 + r?s? + 2rscoséd

(1)

In Equation 1, r is the amplitude of reflection off the
lower surface of the glass disk 51, s is the amplitude of
the reflected light off the top surface of the head/slider
assembly 12 and & is the phase shift between the two
reflected wave fronts given by the as following

relationship:

5= 41;11[’!_7

(5)
where H is the spacing between the lower surface of the
glass disk 51 and the top surface of the head/slider
assembly 12, n is the refractive index of the fluid in the
spacing (1 for air), A is the wavelength of the light, and
v is the phase shift on reflection. |

The wvalues of r, s, and ¥ are determined by
ellipsometric measurement of the surfaces using light of the
same wavelengths as those being used for the interference
measurements of spacing. In general, the technique of
ellipsometry can be used to determine the phase shift upon
reflection off the slider even in cases where the slider is
coated with one or more optically thin films.

‘For the simpler case where the slider is a bulk
material, commercially available software can calculate the
complex index of refraction (n - ik) of the slider based on
the angles A and ¥ which are measured using an ellipsometer.
One such program is entitled "Ellipsometric Data Reduction
Software" which is available from Rudolph Research, One
Rudolph Rd, Flanders, NJ 07836.
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once n,jigers Keriders @D4A nNg,;e are known, s, the amplitude
reflection off the slider can be calculated as follows:

- 2 2

= (nflu.id nsl.idez) + ks.l.ider
2 2

(Bejusa * Dsriger)® + Kalider

(6)
based on the assumption that the fluid is a transparent

material (i.e., Kegupa = 0).

For the case where the disk and the fluid are both
transparent (i.e., XKeya = Kasx = 0), ¥, the amplitude of
internal reflection off the lower surface of the disk is

given by:

~ 2
___J (Bgige ~ Dgapig)

2
(Dgisx * Depyia)

(7)

The phase shift upon reflection off the slider is given

2 Dgyyia Ksiiger

- -3
Ysiider = tan 2 2 2
Nfyyig ~ Nsiider — Kslider

{8)

For the case of a transparent fluid and disk, with the
index of refraction of the disk highef than the index of
refraction of the fluid, the phase shift upon reflection off
the lower surface of the disk is zero. However, more
general conditions such as a disk with an optically thin
film on it will result in a condition where the phase shift
on internal refection off the disk will not equal zero. 1In
such cases, the total effect of phase shift on reflection (y
in Equation 1) is given by ¥ = Ysiider - Ydisk-

Although Equations (1) and (5) through (8) apply to the
specific case where the slider is a bulk, absorbing material

and the fluid and glass disk are transparent materials, the

Sy
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technique disclosed herein (calibration by measuring
intensity while moving one of the surfaces) can be applied
to more general situations where the lower surface has one
or more optically thin films on it and the upper surface or
the fluid are not perfectly transparent. For the more
general cases, different equations may be used other than
Equations (1) and (5) through (8).

To measure spacing with interferometry wusing the
apparatus and equations described herein, a calibration
process 1is greatly beneficial to determine the wvarious
optical losses and background (ambient) illumination in the
system. Additionally, the calibration process helps to
compensate for small variations in reflectance on different
sliders or even different points on the same sliaer.

The calibration process is accomplished by altering the
spacing between the slider and the disk by substantially at
least A/4 while simultaneously detecting the intensity using
photo sensors 32, 36, and 38. Since the relationship given
by Equation (1) between phase § and intensity I,,./I;, is
periodic, the measurement of any of the peaks or valleys is

‘identical to all the other peaks and valleys. Once the

maximum and minimum intensities for each wavelength are
measured, the system is calibrated. Future measurements of
interferometric intensity are always referenced to the
maximum and minimum interferometric intensities that were
measured during the calibration. By referencing the
measured intensity of illumination to the measured maximum
and minimum intensity, factors such as optical losses in the
system optics, ambient lighting, electronic gain in the
detector circuits, and small variations in the reflectance
of the surfaces are substantially eliminated from the

calculations.

~ ITERATIVE PEAK DETECTION METHOD
A special iterative peak detection method was developed
to extract the maximum and mwminimum interferometric
intensities from the three color data measured during the
calibration process. In the following paragraphs, the
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nature of the noise in the calibration signal is described
together with the technique that was developed to extract
the interferometric maximum and minimum from the signal.

The calibration data is subject to two significantly
different types of "noise" that makes the detection of the
maximum and minimum interferometric intensities difficult.
The first type of noise is called "electronic" noise for the
purpose of this disclosure. The electronic noise is
predominantly caused by shot noise and thermal noise from
the detector together with EMI from motor assemblies and
other components in and near the Dynaﬁic Flying Height
Tester. The electronic noise tends to be symmetric, i.e.
the noise will tend to increase and decrease the voltage
signals in nearly equal amounts such that a time average of
a noisy DC signal from the detector will tend to eliminate
the electronic noise.

The second type of "noise" present in the calibration
signal is called "vibration" noise for the purpose of this
disclosure. Vibration noise is not actually noise but is a
relatively high-frequency variation in the intensity that is
caused by slider vibration during calibration. Since the
interferometric intensity is a function of flying height,
variations in flying height cause variations in
interferometric intensity which appear as a type of "noise"
in the calibration data. Near the maximum and minimum
interferometric intensity, the vibration noise has a
characteristic very different from the electronic noise.
The vibration noise is not symmetric. The asymmetry in the
vibration noise is a result of the non-linear relationship
between intensity and spacing. Small perturbations from a
spacing that produces a maximum intensity always decrease
the intensity. I.e., at the maximum intensity, both an
increase and a decrease in spacing will cause a reduction in
interferometric intensity. Therefore, a time average of a
noisy DC signal of maximum intensity from the detector will
tend to be low due to vibration noise. Similarly, a time
average of a minimum intensity signal will tend to be high
due to vibration noise. The amount that the signals are low
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and high is a function of the slider vibration during
calibration. 8liders that are perfectly stable experience
no vibration noise and sliders that are unstable experience

-38-

significant vibration noise.
Due to the vibration noise, typical peak detection
techniques that use some type of low-pass filtering to

‘reduce electronic noise do not work satisfactorily. The

problem is that the low pass filtering causes the maximum
intensity to be reduced due to the non-symmetric vibration
noise. Due to the low-pass filtering of vibration noise,
sliders that vibrate at different amplitudes can have
significantly different measurements of maximum and minimum
interferometric intensity even though the actual maximum and
minimum intensity is identical.

In order to reduce electronic noise by averaging
without significantly altering the maximum and minimum
intensity due to vibration noise, the following iterative
technique was developed.

Step 1. At a relatively high data rate, make many
measurements of interferometric intensity for
three colors while altering the spacing such that
all three colors substantially go through a
maximum and minimum of interferometric intensity
(i.e., collect the calibration data for all three
colors). -

Step 2. Use any method to initially estimate the maximum
and minimum interferometric intensity for each
color. One such method to determine an initial
estimate of the maximum and minimum intensities is
to search the digitized data acquired in Step 1
for the highest and lowest measurement point for

- each color and use these values as the initial
estimates for the maximum = and minimum
interferometric intensities for each color,
respectively.

Step 3. Calculate the spacing for each measurement point

made during Step 1 usf
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(Step 2.) or the updated maximum and minimum
'intensity for each color (Step 6). '

For all intemnsity wvalues in the calibration
measurement close to (i.e. within a threshold

value of) the maximum, calculate a new maximum

using equation (9).

For all intensity values in the calibration
(i.e. within a threshold
calculate a new minimum

measurement close to
value of) the minimum,
using equation (10). _
Determine the new maximum and minimum intensity by
averaging all the calculated maximum and minimum
values from Steps 4 and 5.

Check convergence of the maximum and minimum
intensity for each color by comparing the new
maximum and minimum for each color to the previous
If the
If they

maximum and minimum for each color.
maximum and minimum have converged, stop.
have not, go back to Step 3.

(1 + IMEAS)

- Irp)
(L + Tpypy) e

o+

Trax, wew = Lyry ( Ty

(9)

(Imu “-nuw)

vy = —  MEAST
MIN, NEW (1 - T)

(10)

The symbols Iy ygzw and Iy, wew are the updated values for

maximum and minimum interferometric intensity,

Iy and Iy

25 are the previously existing values for maximum and minimum

interferometric intensity, E,ms is the intensity measured at

that calibration point,
correspond to I, and I,
intensity for the spacing at that point,

30 scale of -1 to +1.

-1 and +1 which
and I, is the theoretical

normalized to

normalized to a
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One important aspect of this iterative method is that
the intensity points at and close to the extrema during

calibration are used to help calculate the extrema using the

additional information that the spacing is approximately
known at each point. For each iteration, the spacing is
calculated based on the previous values of maximum and
minimum fringe intensity for each color. Based upon the
spacing calculations, an intelligent recalculation of
maximum and minimum intensity is made so as to average out
electronic noise and not alter the maximum and minimum
values due to simple averaging of the vibration noise.

METHOD INCLUDING A DEcAY TERM IN EQUATIO& (1)

While Equation (1) is periodic, in practice, the peaks
may tend to become lower and the valleys may tend to become
higher as the spacing increases due to loss of coherence of
the illumination and/or a reduction in the measured
intensity of reflection off the slider caused by the angular
changes in the slider position relative to the incoming
light. The decay of amplitude of the ihtensity function can
be .compensated for by adding a decay term to Equation 1.
With a decay term in Equation 1, it is important to know
which peak or valley was measured during calibration since
different peaks and valleyslwould be at different heights.
Since the purpose of this machine is to measure spacing, it
is not difficult to determine which peak is measured since
the peak position 1is directly related to spacing.
Therefore, this calibration process can be used even when
there is a decay term in the spacing/intensity relationship.
The details of this disclosure neglect the decay term in the
intensity vs. spacing relationship. One such example of

equation (1) with a decay term is:

Loue =( r24-524-2rscosﬁ)(“q
Iy, 1 + r?s? + 2rscosé

(1)
where o is in the range of from 0.0 to 1.0. Smaller values
of o give higher decay rates, i.e., I,,./I;, gets smaller for

e

-

-
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higher values of 6. More complicated decay terms which also
control the shape of the decay may be used.

ANALYTIC METHOD TO DETERMINE FRINGE ORDER AND
CALCULATE SPACING WITHOUT USING ‘A Loox Up TABLE

An alternative to the lookup- - table approach for
calculating spacing and determining fringe order is
described in the following paragraphs. The maximum and
minimum values of intensity measured during calibration are
used in order to scale the measured value of intensity into
units consistent with I,,./I;, as used in Equation (1).

Lout (Tygas = Iearur)
= - ) (Irmmnax = Tramvuaw) * Trarvaon
I1n (Teamax = Learwrn
(11)
where

Iweas = The intensity measured for which the spacing is
desired;

Tearzy = The minimum intensity measured during calibration,
i.e. Toaugy = Iynwew @5 determined from equation
{10) upon completion of the iteration;

Tepmax = The maximum intensity measured during calibration,
i.e. Tcouwx = Tax new @S determined from equation (9)
upon completion of the iteration;

Ipgnae = The minimum intensity based on Equation (1) and
the measured values of r and s;

Tmmuax = The maximum intensity based on Equation’ (1) and
the measured values of r and s;

with

T _ Ir*+ 52 +2rs
THRWMAX 1 + 1252 + 215 _
(12)
I _ I*+s*-2rs
THRYMIN ~

1 +r%s?2-2rg
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Solving Equation (1) for 6 yields

8 = cos™? ;“ 1o
21:5(—giE -1]
11

(14)

Considering a single color measurement, the 6

determined by Equation {(14) is inserted into Equation (5)
which can be solved for spacing yielding

g, = Y-8 +im ,

1 41n
and
Hiyy = Y2 -2% +461”'; in A
(15)
for
i=0,2,4,6...

Based on a single color measurement, there is no unique
solution for the spacing H as shown by Equation (15). 1In
order to determine a unique solution for the spacing, two or
more different wavelengths are processed simultaneously.

Considering the case of three different wavelengtﬁs, a
maximum and minimum calibration intensity is determined for
each color by measuring the intensity while varying the
spacing over a range that produces a maximum and minimum in
interferometric intensity for all three wavelengths. Once
the calibration values for all three colors are known, the
intensity is measured to determine the spacing. Using the
three values of measured intensity together with the three
maximum and minimum calibration values, Equations (11) -
(15) are used to determine a table of possible £flying
heights (spacings) based on the order i and the wavelength.

K]
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Table 2: Spacing for three different colors at dlfferent
fringe orders i.

2 H, H, H,

0 41 60 89

T | 159 [ 191 |177

2 | 259 | 333 | 379

3 377 | 464 |467 |
2 477 | 605 | 669
B 595 | 737 | 757

6 695 | 879 | 959
"7 | B13 | 1010 | 1047 |

Note that when implementing equations (11) - (15) for
the three different colors, different values are used for n
and k for each of the colors with the result that each color
will generally have different values for r, s, v, and of
course A.

The spacing values in Table 2 are searched to determine
one or more consistent flying heights. 'Thé flying heights

"for each of the three colors are generally not identical due

to system imperfections and electronic noise. For this
particular set of values, a consistent spacing occurs at
H,=477, H,=464, and H;=467. The average value of these
spacings.is 470 and the standard deviation is 5.9. Another
possible set of consistent values occurs at H,=159, H,=191,
and H,=177. The average of these measurements is 175 and
the standard deviation is 13.5. Since in this case the
standard deviation of the measurement at 470 is
significantly smaller than the measurement at 177, the
correct flying height (spacing) is 470. Instead of a simple
average of the three flying heights, the flying height may
also be determined using a weighted average of the flying
heights where the weight is based on the intensity signal-
to-noise ratio of each color channel.'-Furthermore, the
weight values may be dependent upon spacing because at

different spacing values, the intensity vs. spacing curve
i signal to

has different slopes which affect the sps

THIS SHEET Hz’:% BEEN
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noise ratio. For example, near the minimum and maximum
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values of intensity, a small change in intensity results in
a relatively large change in spacing. Therefore, where the

intensity is near a maximum or minimum, the weighting may be

selected to be lower than when the intensity is not near a
maximum or minimum.

While in this case, one spacing value (470) was
obviously better than the next best match (177), some f£lying
heights have ambiguities where it is not possible to select
one flying height simply based upon the agreement between
the colors. The ambiguity exits because the three spacing
vs. intensity curves are periodic and significantly
different flying heights exist where the inéensity of each
of the three colors are nearly identical. When such
situations occur, the spacing is altered in some manner such
as changing the disk rpm in order to alter the spacing away
from the ambiguous flying height. Once the flying height is
determined in the altered situation, the intensities are
repeatably measured at a high data rate while the disk rpm
is brought back to the desired value. The set of points
acquired are analyzed in sequence where each point is
assumed to be within some range of the previous poiht.
Using this method, the flying height is determined at the
ambiguous flying height by perturbing the flying height to
an unambiguous position then following the flying height
back to the position of interest. -

ROTARY LOAD /UNLOAD
In order to calibrate, the spacing between the slider
and the disk must be altered in some manner. For this
purpose, a rotary load/unload scheme is utilized. As shown
in Figure 8a, the slider 12 and spring 13 assembly is
mounted on an arm 17 that is attached to a rotating spindle
7. The axis of rotation of 17 is aligned to be

substantially in line with the flexure point on the spring

13 which is shown within the small circle, C;, in Figure 8c.
By pivoting the mounted portion of the spring 13, the spring
force which holds slider 12 against the disk 10 is reduced

THIS SHEET HAS BEEN
REPLACED
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in a controlled manner. For the purpose of calibration as
described herein, a partial unload is used where arm 17
pivots only enough to reduce the loading force on slider 12
such that the air bearing developed between the disk 10 and
the slider 12 causes the spacing to increase as needed for
calibration purposes. Alternatively, the calibration may .~
also be performed by increasing the loading force on slider
12 such that the air bearing developed between the disk 10
and the slider 12 causes the spacing to decrease as needed
for calibration purposes.

In addition to calibration, the rotary unloader is also
useful for loading and unloading spring/slider assemblies
from the rotating disk. Other machines that load and unload
spring/slider assemblies from rotating disks for testing
purposes typically utilize a blade or wire that physically
pushes the spring away from the disk surface. However, due

to the on-going miniaturization of hard disk drives and
components, the space between the spring 13 and the disk 10
has reduced to the point where it is very difficult to keep
the mechanisms that protrude between the spring and slider
from either damaging the rotating disk or touching and/or
disturbing the spring assembly. Therefore, the rotary
unload technique described herein provides an advantage over
other technologies for loading and unloading spring/slider
assembliés from rotating disks. This load/unload concept
may be applied not only to the Dynamic Flying Height Tester,
but also to any other piece of test equipment that requires
spring/slider assemblies to be loaded and unloaded from
rotating disks. The rotary load/unload technique may be
applied to electrical testers, drag testers, start/stop
testers and any other kind of equipment or machinery that
requires the slider to be unloaded in a precise and

carefully controlled manner from a rotating or stationary

disk surface.

CONTINUOUS MEASUREMENT APPLICATION
The high-speed data acquisition capabilities of the

Dynamic Flying Height Tester al1gu; it to be used for

THIS SHEET HAS BEEN
REPLACED
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" complete characterization of the slider flying position over

all the different positions on the disk it assumes. Figure
12 illustrates a typical rotary actuator as used on a hard

disk drive for computer applications. The slider 12 and

spring 13 assembly is mounted on the rotary arm 301 that

pivots about point 303. In order to read the magnetic .

information that is encoded on different tracks which are
located on different radii on the disk, the rotary actuator
moves to position the spring/slider assembly at the proper
position on the disk. As the slider moves from the inner
track 305 to the outer track 307, the disk surface speed
relative to the slider changes. In addition, the slider
angle (skew angle) relative to a radial line around the disk
changes. Since the slider must operate under a range of
disk radii and skew angles, it is useful to be able to
characterize the slider throughout the range of operational
skew and radius positions. Figure 13 shows flying height
measurements that were made on the Dynamic Flying Height
Tester while moving the disk in an arc motion which is
geometrically equivalent to the range of radius and skew
that the slider experiences due to the rotary actuator
mechanics of a typical disk drive as shown in Figure 12.
While continuously moving over the range of radius and skew,
over 1000 measurements of flying height were made at the
four corner positions of the slider. Typical data taken
during such a continuous scan are presented in Figure 13.
Line 401 indicates the flying height or spacing between the
leading outer corner of the slider 12A and the disk. Line
403 indicates the flying height at the leading inner corner
12B of the slider. Line 405 indicates the flying height at
the outer trailing edge 12C of the slider and line 407
indicates the flying height at the inner trailing edge 12D
of the slider. In addition to the raw data of flying height
at the corners, the pitch and roll of the slider is also
plotted. Line 409-§hows the pitch which was calculated by
subtracting the average trailing edge flying height from the
average leading edge trailing height. Line 411 shows the
roll which was calculated by taking the difference between
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the inner and outer trailing edge flying heights. The high
speed capability of the Dynamic Flying Height Tester allows
it to quickly measure a large number of data points in a .
continuous mode that characterizes the range of slider radii
and skew positions. _

Both the Dynamic Flying Height Tester and the .~
Interferometric Micro-hardness Tester illustrate ways that
the Method to Calibrate Intensity for Interferometric
Measurement of Small Spacing can be used. The feasibility
of the measurement has been demonstrated by the measurements
of flying height illustrated herein. It will be understood
that the apparatus and method of the present invention to
calibrate intensity and determine £fringe oxrder for
interferometric measurement of small spacings may be
employed with many types of devices including flying height
testers. Thus, there are numerous other embodiments of the
invention which will be obvious to one skilled in the art,
including but not limited to hardness testers, electrical
testers, drag testers, start/stop testers and any other kind
of equipment or machinery that requires the slider to be
unloaded in a precise and carefully controlled manner from
a rotating or stationary disk surface. The apparatus and
method of the present invention may be embodied in other
specific forms without departing form its spirit or
essential characteristics. The described embodiments are to
be considered in all respects only as illustrative and not
restrictive. The scope of the invention is, therefore,

. indicated by the appended claims rather than by the

foregoing description. All changes which come within the
meaning and range of equivalency of the claims are to be

embraced within their scope.
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1. A method of determining the maximum and minimum
interferometric intensities for a first interference
calibration signal at a £first wavelength and a second
interference calibration signal at a second wavelength, said
first and second interference calibration signals produced
by a spacing, said method comprising the steps of:
(a) acquiring multiple measurements of each of said
first and second interference calibration signals while
altering the spacing such that each of said first and
second interference calibration signals goes through a
maximum and a minimum of interferometric intensity;
(b) estimating an initial maximum and minimum
interferometric intensity for each of said first and
second interference calibration signals;
(c) calculating the spacing for each of said multiple
measurements using said initial maximum and wminimum

WE _CLAIM:

estimates;

(d) calculating a new maximum for a plurality of said
multiple measurements of said intexrferometric intensity
within a threshold value of said initial maximum for
each of said first and second interference calibratiocn

signals in accordance with the expression:

(1 + IMEAS)

Lygax, wew = Liazw 1+ 7 )
THRY

(IMAX - IMIN)

where Igwew 1S the updated wvalue for the maximum
interferometric intensity, I, and I,, are the
previously existing values for maximum and minimum
interferometric intensity, E;Em is the intensity
measured at that calibration point, normalized to -1
and +1 which correspond to I, and I,,, and Enmy is the
theoretical iﬁtensity for the spacing-at that point,
normalized to a scale of -1 to +1;

(e) calculating a new minimum for a plurality of said
multiple measurements of said interferometric intensity

within_anrhrnehnlﬂ wradsia of said initial minimum for
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each of said first and second interference calibration
signals in accordance with the expression:

(1 - IMEAS)

I - I
(1 - Imy) ( MAX MIN)

IMIN NEW IIMX

where Iy is the updated value for the minimum-~
interferometric intensity, I, and I,, are the
previously existing values for maximum and minimum
jinterferometric intensity, Iums is the intensity
measured at that calibration point, normalized to -1
and +1 which correspond to I, and I, and Iy is the
theoretical intensity for the spacing at that point,
normalized to a scale of -1 to +1;

(f) averaging said new minima for said plurality. of
said multiple measurements of said interferometric
intensity within a threshold wvalue of said initial
minimum and said new maxima for said plurality of said
multiple measurements of said interferometric intensity
within a threshold wvalue of said initial maximum to
determine a new average maximum and a new average
minimum intensity; and

(g) comparing said new average maximum and new average
minimum with said initial maximum and initial minimum
for each of said first and second interference

calibration signals.

2. A method as defined in Claim 1 further comprising
the step of: (h) checking for éonvergence of said new
average maximum and said new average minimum with said
initial maximum and said initial minimum for each of said
first and second interference calibration signals.

3. A method as defined in Claim 2 further comprising
the step of: (i) repeating steps (c) through (h) if the test
for convergence in step (h) is negative using said new
average maximum and said new average minimum in place of

said initial maximum and said initial minimum.
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4. A method as defined in Claim 1 further comprising
the step of detefmining said initial maximum and said
initial minimum Aintensities by searching said multiple
measurements acquired in step (a) for the highest and lowest
measurement points for each of said first and second
wavelengths and using these values as said initial estimates

for said maximum and minimum interferometric intensities for
each of said first and second wavelengths, respectively.

5. An interferometric method for measuring the
dimension of a small spacing comprising:

directing light having a plurality of wavelengths
across said small spacing;

detecting interference signals generated by
reflection of said light from said spacing;

separating each of said interference signals
according to its wavelength;

measuring and recording the interference signal
intensity at two or more of said plurality of
wavelengths for a range of spacing by altering said
spacing over a range which produqeé a maximum and a
minimum in intensity for each of said plurality of
wavelengths;

measuring and recording the interference signal
intensity produced by said spacing for each of said
plurality of wavelengths;

constructing a table having multiple periodic
spacing dimensions for each of said plurality of
wavelengths, wherein each of said multiple periodic
spacing dimensions corresponds to said measured and
recorded interference signal intensity for each of said
plurality of wavelengths, respectively; and

comparing said multiple éériodic spacing
dimensions for one of said plurality of wavelengths
with said multiple periodic spacing dimensions for the
remaining of said plurality of wavelengths to determine

the correct spacing dimension.

.
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6. An 1nterferometr1c apparatus for measurlng the

dimensions of a small spacing, said apparatus comprising:

a light source for producing light having a first
wavelength and a second wavelength;
optics for directing said first and second

wavelengths of light to a spacing having a separation .

distance, said spacing defined by first and second
boundaries, such that light reflected from said first
and second boundaries produces a first wavelength
interference signal and a second wavelength
interference signal, said first and second wavelength
interference signals having characteristics determined
by said separation distance;

a detector for measuring the intensities of said
first and second wavelength interference signals;

a calibration controller for changing said
separation distance while acquiring first and second
calibration fringe patterns corresponding to said first
and second wavelengths; and

a processor for analyzing said measured
intensities of said first and second wavelength
interference signals corresponding to said separation
distance and deriving therefrom said separation
distance, said processor further comprising:

' a table having multiple periodic spacing
dimensions for each of said measured intensities
of said first and second wavelength interference
signals, wherein each of said multiple periodic
spacing dimensions for said first wavelength
corresponds to said measured intensity of said
first wavelength interference signal and each of
said multiple periodic spacing dimensions for said
second wavelength corresponds to said measured
intensity of said second wavelength interference
signal; and

a comparator which compares said table
entries for said multiple periodic spacing
dimensions for said first wavelength w1th th said

THIS SHLYT HAS BEEN
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table entries for multiple periodic spac?.ng
ine
0 '~ © ~ dimensions for said second wavelength to determ
4 . ’ ] » - ')
the correct spacing dimension.
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ABSTRACT

METHOD AND APPARATUS TO CALIBRATE INTENSITY AND
DETERMINE FRINGE ORDER FOR INTERFEROMETRIC
MEASUREMENT- OF SMALL SPACINGS

The apparatus and method for measuring a small spacing
down to contact uses an interferometric fringe intensity
calibration to calibrate maximum and minimum intensity of
two or more monochromatic or quasi-monochromatic

interference patterns caused by a spacing between two

articles, one of which is transparent. The intensity
calibration is done by measuring maximum and minimum fringe
intensity of each color while altering the spacing by at
least ¥ of the wavelength of the 1light or other
electromagnetic radiation being used. The calibration by

changing spacing allows the fringe order to be calculated

for each wavelength of the radiation being used. This
calibration procedure allows the maximum and minimum
intensity of the radiation to be known, as well as the
fringe order of the interference patterns to be calculated.
With the maximum and minimum intensities and the fringe
orders known, the spacing is readily calculated from

interferometric theory.
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1. A method for measuring the dimension of a small

spacing comprlslng

e

(a) directing ilght havzng a_glurallty of wavelengths

across a small spacing;
vem—— iy

(b) detecting

interference signals generated by

reflection of said light from said small spacing;

(c) measuring and recording a first wavelength

interference signal for a first wavelengt:h of said

plurality of wavelengths and a second wavelength

interference signalffer a second wavelength of said

plurality of wavelengths for a range of dimensions by

altering said small spacing over a range which produces

a maximum and a minimum in intensity for each of said

first and second wavelength interference sigmals;

(d) estimating an .initial maximum interferometric

5

“intensity and an initial minimum interferometric

intensity for each of sald first and second wavelength

%1nterference signals;
{e) calculatlng a spacing which corresponds to each of
azitiple measyrement points on said first and second
wavelength interference signals using said initial
maximum and minimum interferometric intensity

estimatea;
(f) calculating

.

a plurality of new maximum

interferometric intensities for a plurality of said

multiple measurement points on said first and second
wavelength interference signals which are within a

threshold value of said initial maximum interferometric
intensity for each of said first and second wavelength

interference signals in accordance with the expression:

where I, 1S

intensity, Iy, and
minimum interferometric intensities,
———

interferometric

1
(1 + Laxums)(r L)

(1 + Tux, ramy)

said new maximum interferometric

intengity measured at one of

Iy are said initial maximum and
Tuax.usas 15 an

said
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plurality of mult::.ple measurement po:.nts within sal;d
threshold value of said initial maximum 1nterferomet:r.1c

1ntens:.ty, normalized to -1 and +1 which correspond to

Ly and Iy, and I“x,,.,,” is a theoretical

interferometric intensity for 2 spacing corresponding
to said one of said pluralit:y of said multiple
measurement points within said threshold value of said _ 3
initial maximum interferometric intensity, normalized

to a scale of -1 to #1;

{g) calculating a plurality of new minimum
interferometric intensities for a plurality of said
multiple measurement points on .said first and second
wavelength interference signalé which are within a

threshold value of said initial minimum interferometric;
intensity for each of said first and second wavelength
interference signals in accordance with the expression:

- (1 IMINMEAS) (I -

IMAX (1 - !ﬂ'N)

Im.m =

Im I?!RI’)

where Ty ey is said new minimum interferometric
intensity, Iy, and Iy, are said initial maximum and

minimum interferometric intensities, Turn.neas 1S an
interferometric intensity measured at one of sa‘;:i'
plurality of multiple measurement points within said
threshold value of said initial minimum interferometric
intensity, normalized to -1 and +1 which correspond to
Iyy and I,,, and m is _a theoretical
interferometric intensity for a spacing corresponding
to said one of said plurality of said multiple

measurement points within said threshold value of said

initial minimum interferometric intensity, normalized

to a scale of -1 to +1;
(h) averaging said plurality of new minimum

interferometric intensities for said plurality of said
multiple measurements of said interferometric inténsity
within said threshold value of said initial minimum

interferometric intensity and averaging said plurality

of new maximum interferometric intensities for said

EHIS SHEET HAS BEEN
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plurality of said multiple mda ts of |said

interferometric intensity withintsaid threshold vajue
of said initial maximum interferometric intensity to
determine a new average maximum interferometric

intensity and a new average minimum interferometric

intensity, respect:.vely, and
{i) comparing said new average maximum :Lnterferometrlc\

intensity and said new average minimum interferometric
intensity with said initial maximum interferometric

intensity and said initial minimum interferometric
intensity, respectively, for each of said first and
second wavelength interference signals.

2. A method as defined in Claim 1 further comprising
the step of: (j) checking for convergence of said new
average maximu;n-— interferometric intensity and said new
average minimum interferometric intensity with said initial
maximum interferometric intensity and said initial minimum
interferometric intensity for each of said first and second

wavelength interference signals.

.

3. A method as defined in Claim 2 further comprising
the step of: (k) repeating steps _(e) through (j) if the test
for convergence in ;.step (j} is negative using said new
average maximum interfero;;tric intensity and said new
average m:.n:.mum J.nterferometrn.c 1ntens:.ty in place of said
initial maximum :.nterferometr:.c :.ntens:Lty and said initial

minimum interferometric intensity.

4. A method as defined in Claim 1 further comprising

the step of determining said initial maximum interferometric

intensity and said initial minimum interferometric intensity
by searching said multiple measurement points acquired in

.step (e) for a highest and a lowest measurement point for

each of said first and second wavelength interference

.

signals and using said highest and lowest measurement point

values as said initial estimates for said maximum and
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S. An interferometric method ~“for measuring the

dimension of a small spacing comprising:

directing light having a plurality of wavelengths P
across said small spacing; >

detecting interference signals generated by
reflection of said light from said spacing;

separating each of said interference signals
according to its wavelength; .

measuring and recording the interference signal
intensity at two or more of said plurality of
wavelengths for a range of spacing by altering said
spacing over a range which produces a maximum and a
minimum in intensity for each of said plurality of
wavelengths;

measuring and recording the interference signal
intensity produced by said spacing for each of said
plurality of wavelengths; ' '

constructing a table having multiple periodic
spacing dimensions for each of said plurality of
wavelengths, wherein each of said multiple periodic
spacing dimensions corresponds to said measured and
recorded interference signal intensity for each of said
plurality of wavelengths, respectively; .and

comparing said multiple periodic spacing
dimensions for one of said plurality of wavelengths
with said multiple periodic spacing dimensions for the
remaining of said plurality of wavelengths to determine

the correct spacing dimension.

6. An interferometric apparatus for measuring the

dimensions of a small spacing, said apparatus comprising:

a light source for producing light having a first

wavelength and a second wavelength;
optics for directing said first and second
wavelengths of light to a spacing having a separation

THIS SHEET HAS BEEN
REPLACED
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distance, said spacing definedi b irgt—-and—second
boundaries, such that light reflécted frqmmgéhdwf&rst

and second boundaries produces a first wavelength
interference signal and a second wavelength

interference signal, said first and second wavelength

interference signals having characteristics determined .-

~
ot

by said separation distance;

a detector for measuring the intensities of said
first and second wavelength interference signals;

a calibration controller for changing said
separation distance while acquiring first and second
calibration fringe patterns corresponding to said first
end second wavelengths; and

a processor for analyzing said measured
intensities of said first and second wavelength
interference signals corresponding to said separation
distance and deriving therefrom said separation
distance, said processor further comprising: )

a table having multiple periodic spacing
dimensions for each of said measured intensities
of said first and second wavelength interference
signals, wherein each of said multiple periodic
spacing dimensions for said first wavelength
corresponds to said measured intensity of said
first wavelength interference signal- and each of
said multiple periodic spacing dimensions for said
second wavelength corresponds to said measured
intensity of said second wavelength lnterference .
signal; and 3

a comparator which compares said table
entries for said multiple periodic spacing
dimensions for said first wavelength with said
table entries for multiple periodic spacing

- dimensions for said second-wavelength to determine

the correct spacing dimension.
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7. A method for measuring the dimgnsion of a small

spacing comprising:

(a) directing light having a plurality of wavelengths
across a small spacing;

(b) detecting int_erfererice signals generated by'

reflection of said light from said small spacing;

(c) measuring and recording a first wavelength
interference signal for a first wavelength of said
plurality of wavelengths and a second wavelength
interference signal for a second wavelength of said
plurality of wavelengths for a range of dimensions by
altering said small spacing over a range which produces
a maximum and a minimum in intensity for each of said
first and second wavelength interference signals;

(d) estimating an initial maximum interferometric
intensity and an .initial minimum interferometric
intensity for each of said first and second wavelength
interference signals;

(e) estimating an initial spacing value which
corresponds to each of said initial maximum
interferometric intensity and said initial minimum
interferometric intensity for each of said first and
second wavelength interference signals; '
(f) calculating a new maximum interferometric
intensity and a new minimum interferometric intensity
for each of said first and second '-wavelength
interference signals using said estimates of said
initial spacing values which correspond to each of said
initial maximum interferometric intensity and said
initial minimum interferometric intensity for each of
said first and second wavelength interference signals;
and

(g) comparing said new maxiﬁum interferometric
intensity and said new minimum interferometric
intensity with said initial maximum interferometric
intensity and said initial minimum interferometric
intensity, respectively, for each of said first and
second wavelength interference signals.

N
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8. A method as defined in Claim 7 LJur =3 S inc
the step of: (h) checking for convergemee—of—said new
maximum interferometric intensity and said new miniwmur
interferometric intensity .with said initial maximumr,
interferometric intensity and said initial minimunr
interferometric intensity for each of said first and seconcé

wavelength interference signals.

19 JAN 1991

9. A method as defined in Claim 8 further comprising
the step of: (i) repeating steps (e) through (h) if the test
for convergence in step (h) is negative using said new
average maximum interferometric intensity and said new
average minimum interferometric intensity in place of said
initial maximum interferometric intensity and said initial
minimum interferometric intensity.

10. A method as defined in Claim 7 further comprisingc
the step of determining said initial maximum interferometric
intensity and said - initial minimum interferometric
intensities by searching said first and second wavelength
interference signals for a highest and a lowest measurement
point value and using said highest and lowest measurement
point values as said initial estimates for said maximum and
minimum interferometric intensities for each of said first
and second wavelengths, respectively.
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ABSTRACT | (..

METHOD AND APPARATUS TO CALIBRATE INTENSITY AND
DETERMINE FRINGE ORDER FOR INTERFEROMETRIC
MEASUREMENT OF SMALL SPACINGS

The apparatus and method for measuring a small spacing
down to contact uses an interferometric fringe intensity
calibration to calibrate maximum and minimum intensity of
two or . morxe monochromatic or quasi-monochromatic
interference patterns caused by a spacing between two
articles, one of which 1is transparent. The intensity
calibration is done by measuring maximum and minimum fringe
intensity of each color while altering the spacing by at
least K of the wavelength of the 1light or other
electromagnetic radiation being used. The calibration by
changing spacing allows the fringe order to be calculated
for each wavelength of the radiation being used. This
calibration procedure allows the maximum and minimum
intensity of the radiation to be known, as well as the
fringe order of the interference patterns to be calculated.
With the maximum and minimum intensities and the fringe
orders known, the spacing is  readily calculated from

interferometric theory.

Figure 1

e

e
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load between the probe and the surface whil

deforms the surface.
A eighth embodiment is for a method@ for determining

correct fringe order in an interferometric system for
méasurement of spacing between a transparent article and a
reflective surface, the method which comprises: selecting a
light source for emitting 1light at a plurality of
wavelengths} detecting interference fringes generated within
the interferometric system by reflection from the spacing;
separating each of the interference fringes according to its
wavelength; generating a theoretical plot of normalized
intensity versus spacing for each of the wavelengths; and
comparing a measured normalized intensity to the theoretical
plot of normalized intensity while altering the spacing.

A ninth embodiment of the invention is an
interferometric apparatus for simultaneously measuring
roughness and hardness of a first surface comprising: a
light source for producing light having a first wavelength
and a second wavelength; a measuring probe positioned
proximate to the first surface, the measuring probe having
a surface adjacent the first surface, the measuring probe
surface and the first surface defining a probe-to-surface
spacing having a separation distance; optics for directing
the first and second wa;éiengths of light to the probe-to-
surface spacing having the separation distance, such that
light reflected from the first surface and the measuring
probe surface produces a first wavelength interference
signal and a second wavelength interference signal, the
first and second wavelength interference signals having
characteristics determined by the probe-to-surface spacing
separation distance; a detector for measuring the
intensities of the first and second wavelength interference
signals; a calibration controller for changing the probe-to-
surface- spacing separation distance while acquiring first
and second calibration fringe patterns corresponding to the
first and second wavelengths; a processor for analyzing the
measuréd intensities of the first and second wavelength
interference signals and deriving therefrom the probe-to-

E
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(£) averaging the new minima.for the plurality of the
multiple measurements of the interferometric intensity
within a threshold value of the initial minimum and the
new maxima for the plurality of the multiple
measurements of the interferometric intensity within a
threshold value of the initial maximum to determine a - °
new average maximum and a new average minimum
intensity; and

(g) comparing the new average maximum and new average

minimum with the initial maximum and initial minimum

for each of the first and second interference

calibration signals.
This method may further comprise the step of: (h) checking
for convergence of the new average maximum and the new
average minimum with the initial maximum and the initial
minimum for each of the first and second interference
calibration signals. Additionally, the method may comprise
the step of: (i) repeating steps (c) through (h). if the test
for convergence in step (h)  is negative using the new
average maximum and the new average minimum in place of the
initial maximum ‘and the initial minimum. Also,the method
may comprise the step 9f determining the initial maximum and
the initial minimum intensities by searching the multiple
measurements acquired in step (a) for tﬁe highest and lowest
measurement points for each of the first and second
wavelengths and using these values as the initial estimates
for the maximum and minimum interferometric intensities for
each of the first and second wavelengths, respectively.

A fourteenth embodiment is for an interferometric
method for measuring the dimension of a small spacing
comprising: directing 1light having a plurality of
wavelengths across the small spacing; detecting interference
signals generated by reflection of the 1light from the
spacing; separating each of the interference signals
according to its wavelength; measuring and recording the
interference signal intensity at two or more of the
plurality of wavelengths for a range of spacing by altering
the spacing over -a range which produces a maximum and a
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minimum in intensity for each of the plurality ' of
‘wavelengths; measuring and recording the interference signal
intensity produced by the spacing for each of the plurality
of wavelengths; constructing a table having multiple
periodic spacing dimensions for each of the plurality of
wavelengths, wherein each of the multiple periodic spacing
dimensions corresponds to the measured and recorded
interference signal intensity for each of the plurality of
wavelengths, respectively; and comparing the mwmultiple
periodic spacing dimensions for one of the plurality of
wavelengths with the multiple periodic spacing dimensions
for the remaining of the plurality of wavelengths to

o™

determine the correct spacing dimension.

A fifteenth embodiment is for an interferometric
apparatus for measuring the dimensions of a small spacing,
the apparatus comprising: a light source for producing light
having a first wavelength and a second wavelength; optics
for directing the first and second wavelengths of light to
a spacing having a separation distance, the spacing defined
by first and second boundaries, such that light reflected
from the firsti and second boundaries produces a first
wavelength interference signal and a second wavelength
interference signal; the first and second wavelength
interference signals having characteristics determined by
the separation distance; a detector for measuring the
intensities of the first and second wavelength interference
signals; a <calibration controller for changing the
.separation ,distance while acquiring first and second
calibration fringe patterns corresponding to the first and
second wavelengths; and & processor for analyzing the
measured intensities of the first and second wavelength
interference signals corresponding to the separation
distance and deriving therefrom the sepafatidﬁ distance, the
processor further comprising: a table having multiple
periodic spacing dimensions for each of the measured
intensities of the first and second wavelength interference
signals, wherein each of the multiple periodic spacing
dimensions for the first wavelength corresponds to .the
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Figure 11 shows a schematic representation of a dynamic
flying height tester including a reference level photo
detector;

Figure 12 illustrates the different geometries that the
slider and disk take on at different disk radii when using
a rotary actuator; and

Figure 13 illustrates measurements of slidexr/disk
spacing, slider pitch and slider roll that were taken during
a continuous slider/disk motion that is geometrically

equivalent to the motion made during rotary actuation of the

slider.

Detailed Description of the Preferred Eﬁbodiments

As illustrated in Figure 1, light source 2 is directed
through microscope 3 which comprises condensing optics 4,
beamsplitter 6 and objective 8. A portion of the incident
light split by beamsplitter 6 is directed through glass disk
10 and is internally reflected off the lower surface of the
glass disk 10. Another portion of the light is reflected by
slider 12. The reflected light is redirected through .the
objective lens and the beamsplitter 6 into detector assembly
14. The recombination of the light reflected by the lower
surface of the disk 10 and the surface of slider 12 results
in the generation of interference fringes, with one
interference fringe being generated for each individual
wavelength of 1light which has been selected by filters
within the assembly. A camera 18 sends a visual image of
the fringe patterns to video monitor 22. The photodetectors
within the detector assembly 14 convert the fringes’
intensity into electrical signals which are then converted
to digital data by A/D converter 24. The digital data are
then processed at processor 26.

Disk 10 is mounted on spindle 52 which is attached to
a variable speed drive capable of achieving speeds in excess
of 7200 rpm. In the first embodiment illustrated in Figure
1, the disk 10 is transparent glass or quartz. The slider
12 is attached to rotary load/unload arm 17, which is
further illustrated in Figure 8a, by clamping suspension 13,
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illustrated in Figure 7, onto the end of arm 17 “zt—agiven
.location. Rotary load/unload arm 17 is driven by rotary
motor 7. Slider 12 is then positioned under the disk 10 so
that light focused by objective 8 passes through disk 10 to
be reflected from slider 12 and from the bottom edge 51 of
disk 10.

In an alternate embodiment shown in Figure 6, the light
source 2’ and microscope assembly 3’ are positioned relative

to the arm and drive so that the slider 12’ is between the

microscope assembly 3’ and disk 10‘. Slider 12’ is
transparent, permitting glide height measurement of an
actual magnetic disk 10-. ‘Such a configuration provides

measurement of disk surface roughness to identify disk
asperities for mapping of asperity heights.

Rotary load/unload arm 17 pivots in such a manner that
the slider 12 moves along a line following the light path
exiting from objective 8 for at least part of the unload
motion. This allows the light to be focused on the same
spot on the slider 17 during the calibration procedure,
which is described below. The purpose of this movement is
to scan at least one fringe maximum and minimum for each
color used by increasing the head/disk spacing. Only a
small spacing change required, on the order of 0.25 um, to
measure a maximum and minimum intensity for each color
fringe to enable "calibration. The remainder of the
load/unload motion is not critical to measurement functions.

Figure 2 illustrates the elements of detector assembly
14. A first beamsplitter cube 30 reflects light .at 436 nm
toward absorptive pinhole mirror 29 and 436 nm interference
filter 31 to photodetector 32. Beamsplitter cube 30 is a
dichroic beamsplitter made from BK7. The entrance face has
an anti-reflection coating. The interface is coated for 85-
95% reflectance at 435.8 nm and 85-95% transmittance at 546
nm and 580 nm. The portion of light which passes through
beamsplitter cube 30 passes through reflective pinhole
mirror 33 to beamsplitter cube 34 which reflects light at
546 nm toward 546 nm interference filter 35 and detector 36.
Beamsplitter 34 is also dichroic and made from BK7. Its
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allowed by the wavelengths of light used for measurement,
the limit should not exceed ¥ wavelength.

In the preferred embodiment, the flying height tester
measures at least 256 points per revolution. A typical test
involves storage of data of intensity versus angle for two
revolutions. Thus, at least 512 points are taken for each
data set. The processor converts intensity versus

i.e.,

revolution data into spa01ng versus revolution and provides
an output display in either the form of a video monitor or
a printout. Since air bearing thicknes; is a function of
disk speed, testing of the spacing between a given head and
disk isiﬁféférabiy'performed at a number of disk rotational
speeds. Figure 4 illustrates a series of plots of spacing
versus angle for two revolutions. Figures 4a, b and c show
plots at 3,600 RPM, 9S00 RPM and 225 RPM, respectlvely

Figure 4d is a plot of spacing versus disk speed
illustrating the principle of increased spacing -with
increased rotational speed.

Figure 5 is a plot of spacing versus time to show.
measurement by the system of dynamic variation of head/disk
spacing after the head flies over a flaw in the disk.

Interferometric fringe intensity calibration is used to
calibrate maximum and minimum intensity of light and dark
interferometric fringes. The maximum and wminimum £ringe
intensity; is measured at one or more points on the
ihterferometric image while altering interferometric path
length by at least ¥ of the wavelength of the light being
used to produce the interferometric image. By comparison of
interferometric intensity to the maximum and minimum
intensity, it is possible to obtain spatial measurement with
a resolution of a small fraction of the wavelength of light
used. : _

While a number of flying height testers |use
interference to measure the spacing between the .head and
media, the system of the present invention utilizes a unique
calibration technique in which the head is unloaded in a
controlled manner to increase the relative path lengths of
the two light rays while monitoring and storing the
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and high is a function of the slider vibration during
calibration. Sliders that are perfectly stable experience
no vibration noise and sliders that are unstable experience

significant vibration noise.

Due to the vibration noise,
techniques that use some type of low-pass filtering to
reduce electronic noise do not work satisfactorily. The
problem is that the low pass filtering causes the maximum
intensity to be reduced due to the non-symmetric vibration
Due to the low-pass filtering of vibration noise,

typical peak detection

' noise.
sliders that vibrate at different amplitudes can have

significantly different measurements of maximum and minimum
interferometric intensity even though the actual maximum and
minimum intensity is identical.

In order to reduce electronic noise by averaging
without significantly altering the maxihum and minimum
intensity due to vibration noise, the following iterative

technique was developed.

Step 1. At a relatively high data rate, wake many
measurements of interferometric intensity for
three colors while altering the spacing such that
all three .colors substantially go through a
maximum and minimum of interferometric intensity
(i.e., collect the calibration data for all three
colors) . .

Step 2. Use any method to initially estimate the maximum
and minimum interferometric intensity for each
color. One such method to determine an initial
estimate of the maximum and minimum intensities is
to search 'the digitized data acquired in Step 1
for the highest and lowest measurement point for
each color and use-these values as the initial
estimates _for the maximum and minimum
interferometric intensities for each color,
respectively.

Step 3. Calculate the spacing for each measurement point
made during Step 1 using the initial estimate
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higher values of 6. More complicated decay ‘fexms which also

control the shape of the decay may be used.

ANALYTIC MeETHOD TO DETERMINE FRINGE ORDER AND
CALCULATE SPACING WITHOUT USING ‘A Loox Up TABLE

An alternative to the lookup table ' approach for
calculating' spacing and determining fringe order is
described in the following paragraphs. The maximum and
minimum values of intensity measured during calibration are
used in order to scale the measured value of intensity ‘into

units consistent with I,,./I,, as used in Equation (1).

Lou {Zyzas = Icavaw)
£ = = (Irmnax = Trarpaw) * Lomnaw
Iln (ICALMAX ICALMIN)
(11)
where

Iumas = The intensity measured for which the spacing is
desired; _ _

Teazy = The mipimum intensity measured during calibration,
i.e. Iopugw = Iymmw a5 determined from equation
(10) upon completion of the iteration;

Icaax = The maximum intensity measured during calibration,
i.e. Topax = Tux,mew @S determined from equation (9)
upon completion of the iteration;

Ingnay = The minimum intensity based on Equation (1) and
the measured values of r and s; -

Inmvax = The maximum intensity based on Equation’ (1)_ and
the measured values of r and s; '

with

I . I*?+ 5% +2rs
THRWAX 1 4+ r2s? + 215 -
(12)
. r?*+s?-2rs
ITIIRI’MIN =

1 +r%s?-2rs

(13)
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Table 2: Spacing for three different coiofE"EEfTﬁﬁﬁ%ﬁﬂﬂﬂr“”
fringe orders i. '
H, 0, H,
41 60 89
159 | 191 [177
259 333 579
377 464 467
477 605 669
595 | 737 | 757
695 878 959
813 1010 | 1047

QQW'#NNHOH.

Note that when implementing equations (11) - (15) for
the three different colors, different values are used for n
and k for each of the colors with the result that each color
will generally have different values for r, s, v, and of
course A. |

The spacing values in Table 2 are searched to determine
one or more consistent flying heights. The flying heights
"for each of the three colors are generally not identical due
to system imperfections and electronic hoise. For this
particular set of values; a consistent spacing occurs at
H,=477, H,=464, and H,=467. The average value of these
spacings-is 470 and the standard deviation is 5.9. Another
possible set of consistent values occurs at H,=159, H,=191,
and H,=177. The average of these measurements is 175 and
the standard deviation is 13.5. Since in this case the
standard deviation of .the measurement at 470 is
significantly smaller than the measurement at 177, the
correct flying height (spacing) is 470. Instead of a simple
average of the three flying heights, the flying height may
also be determined using a weighted average of the flying
heights where the weight is based on the intensity signal-
to-noise ratio of each color channel. Furthermore, the
weight values may be dependent upon spacing because at
different spacing values, the intensity vs. spacing curve
has different slopes which affect the spacing signal to
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noise ratio. For example, near the minimum and maximum

values of intensity, a small change in intensity results in

a relatively large change in spacing. Therefore, where the

intensity is near a maximum or minimum, the weighting may be '
selected to be lower than when the intensity is not near a
maximum or minimum.

While in this case, one spacing value (470) was
‘obviously better than the nekt best match (177), some f£lying
heights have ambiguities where it is not possible to select .
one flying height simply based upon the agreement between
the colors. The ambiguity exits because the three spacing
vs. intensity curves are periocdic and significantly
different flying heights exist where the inﬁensity of each
of the three colors are nearly identical. When such
situations occur, the spacing is altered in some manner such
as changing the disk rpm in order to alter the spacing away
from the ambiguous flying height. Once the flying height is
determined in the altered situation, the intensities are
repeatably measured at a high data rate while the disk rpm
is brought back to the desired value. The set of points
acquired are analyzed in sequence where each point is
assumed to be within some range of the previous point.
Using this method, the £flying height is determined at the
ambiguous flying height by perturbing the flying height to
an unambiguous position then following the flying height
back to the position of interest. '

ROTARY LOAD/UNLOAD.

In order to calibrate, the spacing between the slider
and the disk must be altered in some manner. For this
purpose, a rotary load/unload scheme is utilized. As shown
in Figure 8a, the slider 12 and spring 13 assembly is
mounted on an arm 17 that is attached to a rotating spindle
7. The axis of rotation of 17 is aligned to be
substantially in line with the flexure point on the spring
13 which is shown within the small circle, Cp, in Figure 8c.
By pivoting the mounted portion of the spring 13, the spring
force which holds slider 12 against the disk 10 is reduced

TCTLACEMENT SHE.
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in a controlled manner. For the purpose of palibration as
described herein, a partial unload is used where arm 17
pivots only enough to reduce the loading force on slider 12
such that the air bearing developed between the disk 10 and
the slider 12 causes the spacing to increase as needed for
calibration purposes. Alternatively, the calibration may .
also be performed by increasing the loading force on slider
12 such that the air bearing developed between the disk 10
and the slider 12 causes the spacing to decrease as needed
for calibration purposes.

In addition to calibration, the rotary unloader is also
useful for loading and unloading spring/slider assemblies
from the rotating disk. Other machines that load and unload
spring/slider assemblies from rotating disks for testing
purposes typically utilize a blade or wire that physically
pushes the spring away from the disk surface. However, due
to the on-going miniaturization of hard disk drives and
components, the space between the spring 13 and the disk 10
has reduced to the point where it is very difficult to keep'
the mechanisms that protrude between the spring and slider
from either damaging the rotating disk or touching and/or
disturbing the spring assembly. Therefore, the rotary
unload technique described herein provides an advantage over
other'technologies for loading and unloading spring/slidexr
assemblies from rotating disks. This load/unload concept
may be applied not only to the Dynamic Flying Height Tester,
but also to any other piece of test equipment that requires
spring/slider assemblies to be loaded and unloaded from
rotating disks. The rotary load/unload technique may be
applied to electrical testers, drag testers, start/stop
testers and any other kind of equipment or machinery that
requires the slider to be unloaded ig' a precise and
carefully controlled manner from a rotating or stationary

disk surface.

CONTINUOUS MEASUREMENT APPLICATION
. The high-speed data acquisition capabilities of the
Dynamic Flying Height Tester allow it to be used for
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each of said first and second interference calibration

signals in accordance with the expression:

(1 - I,pno)
I =7 - T MEAST (7 - Torr)
MIN, NEW MAX (1 - T, MAX MIN

where Iyuwmw 1S the updated value for the minimum-
interferometric intensity, I, and I,, are the
previously existing values for maximum and minimum
interferometric intensity, TIums is the intensity
measured at that calibration point, normalized to -1
and +1 which correspond to I,y and I, and Ty i the
theoretical intensity for the spacing at that poiﬁt,
normalized to a scale of -1 to +1;

(f) averaging said new minima for said plurality. of
said multiple measurements of said interferometric
intensity within a threshold wvalue of said initial
minimum and said new maxima for said plurality of said
multiple measurements of said interferometric intensity
within a threshold wvalue of said initial maximum to
determine a new average maximum and a new average
minimum intensity; and

(g) comparing said new average maximum and new average
minimum with said initial maximum and initial minimum
for each of said first and second interference.

calibration signals.

2. A method as defined in Claim 1 further comprising
the step of: (h) cﬁecking for éonvergence: of said new
average maximum and said new average minimum with said
initial maximum and said initial minimum for each of said

first and second interference calibration signals.

3. A method as defined in Claim 2 further comprising
the step of: (i) repeating steps (c) through (h) if the test
for convergence in step (h) 1is negative using said new
average maximum and said new average minimum in place  of
said initial maximum and said initial minimum.
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6. An interferometric apparatus for !measuring the |
dimensions of a small spacing, said apparatus comprising:

a light source for producing light having a first
wavelength and a second wavelength; '

optics for directing said first and second
wavelengths of light to a spacing haviné a separation - -
distance, said spacing defined by first and second
boundaries, such that light reflected from said first
and second boundaries 'produces a first wavelength
interference signal and a second wavelength

interference signal, said first and second wavelength
interference signals having characteristics determined
by said separation distance;

a detector for measuring the intensities of said
first and second wavelength interference signals;

a calibration controller for changing said
separation distance while acquiring first and second
calibration fringe patterns corresponding to said first
and second wavelengths; and

a processor for analyzing said measured
intensities of said first and second wavelength
interference signals corresponding to said separation
distance and deriving therefrom said separation
distance, said processor further comprising:

' a table having multiple periodic spacing
dimensions for each of said measured intensities
of said first and second wavelength interference
signals, wherein each of said multiple periodic
spacing dimensions for said first wavelength
corresponds to said measured intensity of said
first wavelength interference signal and each of
séid.multiple.periodic spacing dimensions for said
second wavelenéth corresponds to said measured
intensity of said second wavelength interference
signal; and

a conparator which compares said table
entries for said multiple periodic spacing
dimensions for said first wavelength with said
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