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Optical properties of alumina
titanium carbide sliders used in rigid disk drives

Peter de Groot

A common material for read–write sliders is a composite of alumina ~Al2O3! and titanium carbide ~TiC!,
with a grain size of the order of 1 mm. I derive the effective complex reflectivity of this material, using
scalar diffraction theory and the known indices of refraction of Al2O3 and TiC. The effective reflectivity
is a function of the relative surface area of the exposed TiC grains as well as of the numerical aperture
of the collection optics. The theory resolves several known discrepancies between ellipsometry and
reflectometry of Al2O3–TiC. The theory also predicts a systematic error in the phase shift on reflection
calculation. These results are of considerable interest for surface shape metrology of the slider as well
as for optical flying-height testing and control of pole-tip recession. © 1998 Optical Society of America

OCIS codes: 120.3180, 120.2130, 120.2830, 120.4530, 120.4640, 120.5410.
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1. Introduction

High-precision metrology of the read–write sliders is
of critical importance in the manufacture of compo-
nents for rigid disk drives. Measurements of sliders
for pole-tip recession, air-bearing surface ~ABS! pro-
file, and dynamic flying height all depend on accurate
interferometric analysis. These measurements
make assumptions about the optical properties of the
materials that make up the ABS.

The most common material for the ABS is a com-
posite of alumina ~Al2O3! and titanium carbide ~TiC!.

nder an optical microscope the polished ABS shows
rains of brightly reflecting TiC embedded in alu-
ina ~Fig. 1!. Despite the complexity of the surface,

he common practice in interferometric metrology is
o equate Al2O3–TiC with a smooth homogeneous
aterial. One can then calculate the reflectivity by
sing the real and the imaginary parts n and k, re-

spectively, of an effective index of refraction. Ac-
cording to this point of view, the effective n and k
measured by an ellipsometer are sufficient to de-
scribe the optical properties of Al2O3–TiC composites,
including any material-dependent phase change on
reflection ~PCOR!.1

A possible physical justification for the n and k
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odel for Al2O3–TiC is effective-medium ~EM! theory,
which seeks to ascribe to a rough, composite surface
structure an effective dielectric permeability.2 The
EM theory has been successful in describing the opti-
cal properties of certain fine-grain metal–dielectric
composites such as Co–Al2O3 Cermets.3 Unfortu-
nately, the surface structure of Al2O3–TiC is inconsis-
tent with the fundamental assumptions behind EM
theory, which is valid for grain sizes far below the
wavelength of light. From Fig. 1 it is clear that the
TiC grains are typically several micrometers in extent
and separation. Thus the EM theory cannot be used
to justify the n and k model for Al2O3–TiC.

A possible empirical justification for the n and k
odel is the weak dependence of the predicted PCOR

n incident angle in a standard ellipsometer. Be-
ause n and k are intrinsic material properties, they

should be independent of the incident angle in the
measurement system. Lacey et al.4 have shown that
the ellipsometric n and k for incident angles from 25°
to 75° provide self-consistent PCOR predictions to
within 66 mrad. However, the same data, which
appear as Table 1 of Ref. 4, show that n does in fact
ary by 0.13 in an almost linear fashion from 25° to
5°. This variation is inconsistent with the n-and-k

model and is in fact a reason to suspect that the
model is not correct.

Another possible empirical justification for the
n-and-k model is the generally good success in obtain-
ing flying-height data from optical testers that rely on
n and k. The fact that most disk drives do not crash
is indirect evidence that there is some utility to using
n and k. However, given the 2-nm rms surface
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roughness of Al2O3–TiC together with the common
ractice of adding constant offsets to test equipment,
his indirect evidence has a large uncertainty. It is
onceivable that systematic errors of several nano-
eters have been obscured in optical tests of flying
eight, particularly if these errors tend toward un-
erestimating the size of the gap.
It is plausible therefore that the n-and-k model for

l2O3–TiC is an oversimplification, leading to signif-
cant errors when one is calculating the intensity
eflectivity and PCOR of read–write sliders. The el-
ipsometry community is generally skeptical of its
pplicability to Al2O3–TiC materials.5 Based on ex-
erimental evidence, and given the large size of the
iC grains, I propose in this paper that the dominant
ptical behavior of Al2O3–TiC follows from scalar dif-

fraction theory. Diffraction theory provides a for-
mula for the effective complex reflectivity that more
accurately describes Al2O3–TiC than the traditional
n-and-k model. The same theory provides guide-
lines as to how best to use and interpret ellipsometric
analysis, thereby improving the accuracy of tradi-
tional testing procedures that rely on effective n and
k.

2. Ellipsometry and Reflectometry

I begin here with a brief review of polarized light and
its interaction with a flat surface in order to introduce
notation for the balance of the paper.

For the general case of an interaction of a polarized
electric field with matter, we need four parameters to
determine the outcome. If the interaction is a sur-
face reflection, then we bundle four parameters into
two complex reflectivities rs,p as follows:

E9s,p 5 rs,pEs,p, (1)

where Es,p and E9s,p are the electric-field components
for the s- and p-polarization states, respectively, be-

Fig. 1. Microscope image of a polished Al2O3–TiC surface. The
mage width is 25 mm.
fore and after they undergo reflection from the sur-
face.

There are important situations for which the num-
ber of independent parameters in a surface reflection
is fewer than four. The most important is the case of
a reflection from a single interface between two ho-
mogeneous, isotropic media, referred to in ellipsom-
etry as the two-phase model.6 For this special case
the reflection coefficients can be calculated for any
angle of incidence by use of the Fresnel formulas7 and
the complex index of refraction, often written as

v 5 n 1 ik. (2)

he four parameters incorporated into the complex
eflectivities rs,p reduce for this special case to the two

real parameters n and k.
Because there are only two optical parameters, it is

possible to characterize the reflecting properties of a
homogeneous material completely from only two
measurements. In ellipsometry these two measure-
ments are the square root of the ratio of the s- and
p-polarization intensity reflectivities Rs,p 5 urs,pu2, ex-

ressed as the tangent of an angle C, and the differ-
nce D between the phase angles arg~rs,p!. It is well

understood, however, that just because we can calcu-
late n and k from the ellipsometric D and C it does not
necessarily follow that the sample material actually
has a single complex index v from which we can cal-
culate the complex reflectivities rs,p for all angles of
incidence.

To examine the appropriateness of using a single
complex index for Al2O3–TiC, I performed ellipsom-
etry and reflectometry experiments on four different
uncoated samples, using the small-aperture, two-
zone null ellipsometer shown in Fig. 2.8 I measured
n and k at an incident angle of 50° and then measured
he intensity reflectivity Rs at 50° and R0 at normal

incidence. In every case the measured intensity re-
flectivity was ;20% lower than the predicted value
based on the n-and-k model. The surface roughness
of Al2O3–TiC is not large enough to explain such a
large intensity loss.

Fig. 2. Null ellipsometer using a 633-nm He–Ne laser.
1 October 1998 y Vol. 37, No. 28 y APPLIED OPTICS 6655
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3. Scalar Diffraction Model

We can make a few good guesses as to what actually
happens when light reflects from an Al2O3–TiC sur-
ace. An incident electric field E0 upon a large-grain

composite ~i.e., grain size . wavelength! sees two
distinct materials. Some portions of the field reflect
from the TiC grains, whereas other portions reflect
from the Al2O3. The discontinuous surface features
scatter or diffract light into a broad range of angles,
with a resultant amplitude and phase that depend on
the size and distribution of the TiC. The imaging
optics of an ellipsometer, a flying-height tester, or a
low-magnification microscope are normally arranged
to collect light at the specular reflection angle. The
low numerical aperture ~N.A.! of the imaging optics
filters out the information about grain size and loca-
tion, resulting in a coherent superposition of the
fields reflected from the TiC and the Al2O3. How-
ever, much of the diffracted light falls outside the
aperture of the optics and is lost.

This picture underscores the importance of diffrac-
tion theory in any theoretical model of the optical
properties of Al2O3–TiC. Consequently, I will de-
velop in this section a simple scalar diffraction ~SD!
model for Al2O3–TiC as an alternative to the more
familiar n-and-k model. I should emphasize here
that I make no claim as to the novelty or generality of
this model, which is not meant to be a significant
contribution of the development of diffraction theory.
Rather, the purpose here is to emphasize the impor-
tance of treating Al2O3–TiC as a heterogeneous ma-
erial when one is interpreting the results of
nterferometric measurements.

To make things simple, I use the Fraunhofer ap-
roximation, which makes it possible to predict the
lectric-field pattern far from the surface by using
he Fourier transform of the aperture function of
he surface. The aperture function is a two-
imensional description of the surface that com-
rises the various surface pieces according to their
ize, position, and complex reflectivity. One ap-
roach to defining the aperture function would be to
ap the surface by use of a combination of micro-

cope and scanning probe data. That is not the
pproach that I take here. Instead, I examine a
pecific and convenient surface structure that is
elatively easy to transform analytically. The hy-
othesis, which will not be proved rigorously, is that
his simplified model has all the important charac-
eristics of the more general and chaotic surface
tructure of Al2O3–TiC.
Figure 3 shows a model in which the TiC is ar-

ranged into stripes that have a period D and a width
εD. The TiC therefore makes up a proportion ε of
the exposed surface area, and the rest is Al2O3. In
this idealization there are no discontinuous features
in the y direction, so only the x direction is relevant to
the diffraction problem. As a further simplification,
the surface and the incident illumination are pre-
sumed to be of infinite extent in both the x and the y
656 APPLIED OPTICS y Vol. 37, No. 28 y 1 October 1998
irections. We now write the full aperture function
s

A 5 rA 1 DrAG, (3)

where

AG 5 comb~xyD! ^ rect~xyεD!, (4)

rA is the complex reflectivity of the Al2O3, and Dr 5
~rT 2 rA! is the difference in complex reflectivity be-
tween the TiC and the Al2O3. The comb and rect
functions will be recognized as standard functions
from Goodman’s book on Fourier optics9:

comb~a! 5 (
m52`

`

d~a 2 m!, (5)

rect~a! 5 H1 uau # 1y2
0 uau . 1y2, (6)

where d is the Dirac delta function.
Light impinging upon the sample diffracts into a

far-field pattern given by the Fourier transform U of
the aperture function A, which for the model surface
involves a single integral over x. The transform of
the aperture is

U 5 rAd~ f ! 1 εDr comb~Dfyl!
sin~pεDfyl!

pεDfyl
. (7)

Here f is the differences of the sines of the incident
and diffraction angles. The reflected light includes a
series of diffracted beams generated by the discontin-
uous structure of the surface, modulated by a sinc
function.

Real Al2O3–TiC sliders’ surfaces do not have a sim-
ple grating structure. The TiC grains are of random
size, shape, and separation. Experimentally, the
diffraction pattern appears as a bright, well-defined
specular reflection surrounded by a halo of scattered
light. One can imagine that this halo is built up
from the superposition of many grating patterns, cor-
responding to the diffracted light from various spatial
frequency components of the surface structure.
Keeping this picture in mind, it is plausible that
many of the more important optical characteristics of
the true surface structure are contained in the sim-
plified model shown in Fig. 3.

Fig. 3. Simple model of composite Al2O3–TiC that comprises
stripes of TiC embedded in Al2O3.
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4. Effective Reflectivity

From Eq. ~7! and from experimental observation of
actual reflected-light patterns it is clear that the ap-
parent optical properties of Al2O3–TiC will be a func-
tion of the N.A. of the collection optics. As it turns
out, it is possible to define an effective complex re-
flectivity r̃ only for a system that has a low N.A.

In most ellipsometers the collection optics have a
N.A. of less than 0.05 and capture only the central,
m 5 0, beam. The other beams are diffracted out-
ide the aperture of the optics. The effective com-
lex reflectivity r̃ for this case is

r̃ 5 rA 1 ε~rT 2 rA!. (8)

The intensity reflectivity and PCOR for low-N.A. sys-
tems are then

R̃ 5 ur̃u2, (9)

ã 5 arctanFIm~r̃!

Re~r̃!G . (10)

he symbol ; is meant to distinguish the SD results
from those derived from the effective n and k. Al-
though the notation does not show it explicitly, the
effective complex reflectivity r̃ is of course a function
of the polarization state and the incident angle.

Continuing with this low-N.A. calculation, suppose
that we are using Al2O3–TiC in a two-beam inter-
ferometer, with the reference surface having a com-
plex reflectivity rref. If we neglect any common
coefficients, the interference intensity is

Ĩ 5 urref exp~iu! 1 r̃u2, (11)

here u is the phase delay attributable to the optical
ath difference in the interferometer. The interfer-
nce intensity works out to be

Ĩ 5 Rref 1 R̃ 1 2ÎRrefR̃ cos~u 2 aref 2 ã!, (12)

here Rref is the square magnitude of rref and aref is
the PCOR for the reference surface. This is just
what one would expect from an interferometry exper-
iment with a homogeneous material that has a true
complex reflectivity r̃. Thus, even though the value
f r̃ cannot be derived from a single complex index of
efraction, the concept of an effective complex reflec-
ivity is valid.

The high-N.A. situation is more complicated. A
igh-N.A. optical system captures light from various
iffraction orders and is capable of producing images
f the individual grains of TiC in a slider ABS. If an
lectronic camera resolves the imaged grains, then
he TiC and the Al2O3 must be treated as separate

materials. If a single, large-area detector measures
the total intensity, then the effective-surface result is
the integrated sum of the intensity from each surface
component. Assuming that we are dealing with a
large-area detector, the high-N.A. intensity reflectiv-
ity R̂ is

R̂ 5 RA 1 ε~RT 2 RA!. (13)

The high-N.A. intensity reflectivity R̂ is always
greater than or equal to the low-N.A. intensity reflec-
tivity R̃:

R̂ 2 R̃ 5 ε~1 2 ε!urT 2 rAu2. (14)

As one might expect, the high-N.A. optics gather
more light and see a brighter surface than the low-
N.A. optics. The R̂ value is the apparent intensity
eflectivity that one would measure in a simple ref-
ectometry experiment with a large collection aper-
ure.

Importantly, although we can define an apparent
ntensity reflectivity R̂ for an effective surface viewed
y high-N.A. optics, it is not possible to define a sin-
le, complex reflectivity that is valid for all types of
easurement. For example, in a high-N.A. two-

eam interferometer the measured intensity is the
ncoherent addition of interference effects for the two

aterials taken separately. The resultant interfer-
nce function Î is

Î 5 Rref 1 R̂ 1 2ÎRrefR̃ cos~u 2 aref 2 ã!. (15)

he interference phase dependence u 2 aref 2 ã and

the modulation amplitude 2ÎRrefR̃ are the same as
for the low-N.A. situation, but there is an intensity
offset R̂ 2 R̃ that reduces fringe contrast even in an
dealized system. The need for two intensity reflec-
ivities R̂ and R̃ to describe the optical behavior of the
ame surface is inconsistent with the concept of an
ffective complex reflectivity.
To conclude this section, it is possible to define an

ffective complex reflectivity r̃ for composite Al2O3–
TiC, provided that the N.A. of the optical system is
small. The effective complex reflectivity r̃ is equal to
the weighted sum of the complex reflectivities rA,T for
Al2O3 and TiC.

5. Reflectometry and Ellipsometry Experiments

The SD model provides a means for calculating an
effective complex reflectivity r̃ of Al2O3–TiC as a func-
tion of polarization state, incident angle, and appar-
ent surface composition ε of TiC. There are a variety
of experimental means for verifying the theory di-
rectly.

First, it should be possible to predict the n and k
that would be measured by an ellipsometer, even
though for the moment the usefulness of these ap-
parent n and k values is in doubt. Equation ~8! pro-
vides the effective complex reflectivity r̃ for the s- and

-polarization states, from which it is possible to pre-
ict the ellipsometric D and C from Eqs. ~9! and ~10!.
or this calculation the assumed refractive indices of
l2O3 and TiC are 1.7 1 0i and 3.5 1 2.5i, respec-

tively. From Fig. 4 and Table 1 it appears that suit-
able values for ε are 20% to 35%. Table 2 provides a
1 October 1998 y Vol. 37, No. 28 y APPLIED OPTICS 6657
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direct comparison with the four samples in Table 1.
After ε is optimized for each sample, the average
difference between theoretical and experimental n
and k values is less than 0.03. The ability to predict
the two values n and k by use of only one parameter
ε is an important validation of the theory.

The SD model also predicts a variation of the ef-
fective n and k as measured by an ellipsometer at

ifferent incident angles. This is quite different be-
avior from that of truly homogeneous materials, for
hich n and k do not change with angle. It will be

ecalled from Section 1 that Lacey et al. reported
easurements of n and k over a range of incident

ngles and that these results showed a small but
easurable angle dependence.4 Figure 5 shows

Fig. 4. Predicted effective n and k values as a function of the TiC
composition ε, according to the SD model in the low-N.A. limit.

Table 1. Normal-Incidence Intensity Reflectivity R0 and 50°
s-Polarization Intensity Reflectivity Rs for Four Al2O3–TiC Samples

Sample
Number Index v

Measured
Reflectivity

n-and-k
Model

Prediction
Error
~%!

1 2.16 1 0.40i Rs 5 0.242 0.286 16
R0 5 0.122 0.148 18

2 2.22 1 0.43i Rs 5 0.242 0.298 19
R0 5 0.127 0.157 19

3 2.19 1 0.56i Rs 5 0.248 0.250 20
R0 5 0.132 0.132 20

4 2.37 1 0.54i Rs 5 0.268 0.334 20
R0 5 0.144 0.185 22
658 APPLIED OPTICS y Vol. 37, No. 28 y 1 October 1998
that the predictions of the SD model dependence cor-
relate well with these independent experimental re-
sults.

It is also possible to predict and to measure accu-
rately the intensity reflectivity of a sample surface.
Figure 6 compares the intensity reflectivities for a
TiC surface composition ε 5 30%. For this figure I
first calculated the effective n and k values that
would be observed in an ellipsometer at 50° for this
composition of TiC. I then calculated the intensity
reflectivity R for each polarization state according to
the Fresnel equations for these n and k and compared
them with the results R̃ for the SD theory. The

Fig. 5. Comparison of experimental and theoretical variation of
measured n and k with incident angle for Al2O3–TiC. The exper-
mental data are from Ref. 4. For a true homogeneous material,

and k would be constant.

Composition « is Used as a Variable Parameter

Sample
Number

SD Theory Experiment

ε ~%! n k n k

1 21.8 2.18 0.38 2.16 0.40
2 24.0 2.23 0.42 2.22 0.43
3 26.2 2.28 0.47 2.19 0.56
4 30.0 2.36 0.55 2.37 0.54
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upper graph in Fig. 6 shows that there are significant
differences for all incident angles, and the lower
graph displays the difference as a relative percent-
age. The SD model predicts an ;20% discrepancy
over a wide range of incident angles, consistent with
the experimental results in Table 1.

6. Phase Change on Reflection

The one thing that we cannot measure directly, at
least not easily or accurately, is the absolute PCOR.
That this is so is unfortunate, because the absolute
PCOR has a first-order influence on interferometric
metrology. Given the difficulty in directly measur-
ing absolute PCOR, it would be convenient if the
predictions of the SD and n and k models agreed on at
east this one point. They do not. The present the-
ry shows that using the effective n and k results in

an overestimate of the PCOR.
A PCOR calculation for ε 5 30% appears in Fig. 7.

It is interesting ~and a little frustrating! that the
large discrepancy between the PCOR predictions of
the two models is invisible to ellipsometry. The el-
lipsometric D on which the effective n and k are based
is the difference between the s and the p PCOR’s, not
the absolute value for either polarization. As Fig. 7
indicates, the PCOR discrepancy between the two

Fig. 6. Comparison of the predicted intensity reflectivities R for
the n-and-k model and R̃ for the SD model. The SD model pre-
dicts a 20% relative intensity difference at normal incidence, con-
firming the experimental results in Table 1.
models is nearly identical for both polarization states
for incident angles from 0° to 60°, and the
polarization-dependent variations near 68° are diffi-
cult to resolve.

These theoretical PCOR results show that, if we
were to characterize a slider ABS by using ellipsom-
etry and subsequently perform interferometric mea-
surements on the same sample by using He–Ne light
at normal incidence, the average surface height
would be incorrect by 3 nm. For interferometric pro-
file measurements, such an error might go unnoticed.
An exception is a profile measurement that involves
dissimilar materials, such as in pole-tip recession
measurement. At present such measurements re-
quire a PCOR calibration that uses a coated witness
sample.10 However, there is considerable interest in
calculating the optical properties by means of in situ
llipsometry.11,12 This now appears to be less

straightforward than one might hope.
A more immediate problem arises in optical flying-

height testing. Optical flying-height testers employ
a rotating glass disk in place of the magnetic disk and
use the thin-film interference between the slider ABS
and the glass to measure the gap.13,14 Typically, an
off-site ellipsometer measures the effective n and k at
each wavelength on a representative sampling of slid-
ers to correct for the PCOR. An alternative is to

Fig. 7. Theoretical PCOR. The SD model predicts a PCOR at
normal incidence that is 4° lower than the value calculated with
the effective n and k.
1 October 1998 y Vol. 37, No. 28 y APPLIED OPTICS 6659
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combine the role of the ellipsometer with that of the
flying-height tester, by means of a high-speed polar-
ization interferometer working at a 50° angle of inci-
dence.15,16 No matter how n and k are calculated,
SD theory predicts that the calculated PCOR will be
incorrect by 4°, resulting in an offset in the direction
of underestimating the flying height.

The PCOR error raises some interesting questions.
There is so much accumulated experience with
Al2O3–TiC that one might expect to have seen such
n offset. One possible reason that this has not yet
appened is the 2-nm rms surface roughness of pol-

shed Al2O3–TiC. High-resolution surface profiles
with an atomic-force microscope show peak–valley
roughness of as much as 20 nm on 50-mm2 areas, with
the TiC raised several nanometers on average above
the Al2O3. It is difficult to gain access mechanically
to the average surface position, which is the optical
point of reference when one is defining PCOR. Me-
chanical contact measurements will tend therefore to
overestimate the PCOR in the same direction and
perhaps by the same magnitude as the n and k model.

7. Repairing the n and k Model

Judging from the results in Sections 5 and 6, the
effective n and k lead to fairly serious discrepancies,
both in the measured PCOR and in the intensity
reflectivity. It would be tempting to abandon the
concept of effective n and k for Al2O3–TiC. However,
doing so would leave the metrologist without a prac-
tical means of accommodating material-dependent
effects in the optical inspection of sliders.

Suppose that the errors that we have been talking
about were constant offsets, to some acceptable de-
gree of approximation. Then n and k as measured
by an ellipsometer would provide a relative correc-
tion, adjusting the measurement parameters to ac-
commodate differences between sliders. If this were
the case, we could resolve the discrepancies between
the n-and-k and the SD models by defining the effec-
tive complex reflectivity as follows:

r9 5 ~1 2 m!r exp~id!,

where r is the n-and-k complex reflectivity, m is the
square root of the apparent intensity loss, and d is a
PCOR offset.

Figure 8 for a 50° angle of incidence shows that a
constant offset d 5 23.8° brings the PCOR results to
within 60.4° for a TiC composition range of 15% , ε
, 40%. Similarly for the intensity reflectivity, a m of
9.5% brings the predicted intensity reflectivity to
within 60.01 over the same range of ε. At normal
incidence, the offsets are somewhat higher ~dN 5 4.2°
and mN 5 10%!, but the correlation is just as good. A
constant m and d appears to be adequate for tracking
hanges in the apparent surface composition ε of TiC.

Another way in which the composite material can
hange is with the optical properties of the TiC or the
l2O3. Suppose for example that the real part nT of

he refractive index of TiC varies from 3.2 to 3.8,
epending on variability in processing and composite
660 APPLIED OPTICS y Vol. 37, No. 28 y 1 October 1998
structure. This change has a negligible effect on the
intensity reflectivity but alters the PCOR at normal
incidence by 2° of phase. It also alters the effective
n and k as measured by an ellipsometer, indicating
hat ellipsometry is a sensitive way to detect such
hanges. Figure 9 compares the predicted PCOR
hen the effective n and k together with the con-

stants mN and dN are used for a normal-incidence
interferometry measurement.

Still another way in which the PCOR can change is
with a change in relative surface height between the
TiC and the Al2O3. The TiC grains are in fact a few
nanometers higher on average than the Al2O3, which
has the effect of introducing a different phase delay
between the TiC and the Al2O3. The net result is
similar to changing the index of refraction of the two
materials, with the greatest effect on the PCOR.
Here again, the use of effective n and k provides a
means of tracking these changes to reduce the net
error.

8. Carbon Overcoats

The use of thin-film overcoats has become common to
improve the lubrication properties of the slider–disk
interface. Most often, the coating is diamondlike

Fig. 8. Theoretical s-polarization PCOR and intensity reflectivity
with the constant m 5 9.5% and d 5 3.8° offsets, as a function of the
TiC composition ε at an incident angle of 50°. The m and d make
it possible to continue to use n and k to map changes in Al2O3–TiC
omposition.
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carbon ~DLC; index, 2.4 1 0.5i! over an adhesion
layer of silicon dioxide ~SiO2; index, 1.46!. These
oatings have an important effect on the optical prop-
rties of the slider. If Al2O3–TiC were homoge-
eous, it would be a straightforward ~although not
asy! exercise to determine the effective PCOR for
oated sliders. Lue et al. performed this calculation
nd concluded that the error that results from apply-
ng traditional ellipsometric methods to coated slid-
rs would be negligible.17

The results of the SD model are somewhat differ-
ent. In the SD model the Al2O3 and the TiC are
treated as entirely independent surface features.
Coatings are incorporated into two polarization-
dependent effective complex reflectivities z9A and z9T,

hich replace the bare-surface complex reflectivities
A and rT in Eq. ~8!. One way to calculate z9A and z9T

is first to define a function G, given by the Drude
formula

G~r1, r2, f9, h, v9! 5
r1 1 r2 exp@ikhv9 cos~f9!#

1 1 r1 r2 exp@ikhv9 cos~f9!#
. (16)

The function G provides the effective complex reflec-
tivity of two surfaces separated by a medium of thick-
ness h and index v9. The surfaces have complex

Fig. 9. Theoretical s-polarization PCOR and intensity reflectivity
at normal incidence as a function of a variable refractive index for
TiC. The n and k results include the constant offsets mN 5 10%
and dN 5 4.2°. The TiC composition ε is fixed at 30%.
reflectivities r1 and r2, and f9 is the transmission
angle through the medium. A sequence of G func-
tions accounts for multiple layers ~see Fig. 10!.

hus for a DLC coating with a SiO2 adhesion layer we
have

z9A,T 5 G~rC, zA,T fC, hC, vC!, (17)

where

zA,T 5 G~rS, rA,T, fS, hS, vS! (18)

Fig. 10. Simple model of Al2O3–TiC with a DLC coating and a
iO2 adhesion layer.

Fig. 11. PCOR at normal incidence and at an incident angle f of
50° for the n-and-k and the SD models, for variable DLC thickness.
For a fixed relative TiC composition, ε 5 20%. The ellipsometry
for n and k in both cases is calculated at 50°. The n-and-k model
prediction includes the offsets d 5 23.8° and dN 5 24.2°.
1 October 1998 y Vol. 37, No. 28 y APPLIED OPTICS 6661
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Table 4. Observed TiC Surface Composition When Conventional

6

for

sin~fC! 5
sin~f!

vC
, (19)

sin~fS! 5
sin~f!

vS
. (20)

The complex reflectivities for the air–DLC and DLC–
SiO2 interfaces, denoted rC and rS, respectively, are
calculated from the Fresnel formulas.

The results in Fig. 11 show that a constant PCOR
offset d brings the PCOR prediction close enough to
the SD model prediction to justify using n and k as an
approximate correction with DLC coatings. The re-
sidual error is larger than that predicted by Lue et
al.17 but is nonetheless constrained to 61° up to a
25-nm coating thickness for both normal incidence
and 50°. A more difficult problem is the intensity
reflectivity, which relates to the m factor. Figure 12
shows that the intensity reflectivity changes rather
dramatically as the DLC coating thickness increases.
Consequently, the optimum value of m decreases with
coating thickness.18 Recall that the m factor is ap-

roximately equal to half of the intensity reflectivity
ifference; it would appear that a better value for m at
-nm DLC thickness would be m9 5 5%. This is what

Fig. 12. Intensity reflectivity at normal incidence for variable
DLC thickness for a nominal scatter-loss coefficient mN 5 10%.
The ellipsometry for n and k is calculated at a 50° incident angle,
and the TiC composition is ε 5 20%. The large divergence forces
a reduction of the mN factor from 10% to a compromise value of 5%.

Table 3. Predicted Intensity Reflectivities and Effective Optical
Constants of an Al2O3-TiC Sample Known to Have 6 nm of DLC over a

2-nm SiO2 Adhesion Layer

Parameter Experiment
n-and-k
Model

SD Model
~ε 5 18.3%!

n 2.09 – 2.17
k 0.34 – 0.28
Rs 0.242 0.270 0.249
R0 0.122 0.136 0.127
662 APPLIED OPTICS y Vol. 37, No. 28 y 1 October 1998
I observed experimentally for an Al2O3–TiC sample
known to have a DLC coating ~Table 3!. If the DLC
oating thickness is unknown, it appears most rea-
onable to chose a compromise value of m9 5 5% as
he default.

9. Independent Measurement of Surface Composition

The SD model has a single adjustable parameter ε,
which is the relative exposed surface area of TiC.
This ought to be something that one could measure
independently, for example, by microscopy. The pic-
ture in Fig. 1 shows that the TiC grains are signifi-
cantly brighter than the surrounding Al2O3. By
ectioning the image according to brightness, it
hould be possible to estimate the ε independently of
he SD theory.

It turns out that an independent microscope mea-
urement is more subjective than would be desirable,
ecause the intensity distribution is not binary.
here are shades of gray around each TiC grain, and

t is difficult to establish an objective cutoff level for
ounting statistics. Nonetheless, I reproduce as Ta-
le 4 the results of such a brightness-based analysis,
n comparison with the ε values previously estab-
ished to optimize agreement between the SD model
nd ellipsometric tests. The agreement is satisfac-
ory in that the magnitude and the relative ranking of
he materials are in reasonable agreement. In par-
icular, there is a clear confirmation that sample 1
as a much smaller exposed TiC grain area than
ample 4, leading to lower values of n and k.

10. Summary and Conclusions

The existing paradigm for approximating the optical
properties of Al2O3–TiC is to substitute an effective
homogeneous medium for the true composite struc-
ture. The effective n and k of this medium are tra-
ditionally presumed to be adequate for the accurate
calculation of derived quantities, such as intensity
reflectivity and phase change on reflection.

In reality, because of the large grain size of Al2O3–
TiC, the optical properties of this material are dom-
inated by diffraction. Scalar diffraction theory
applied to a simplified surface structure provides
much better estimates of reflectivity. If we accept
the scalar diffraction model as accurate, there are
some important consequences. The intensity reflec-
tivity in low-N.A. systems is 20% lower for uncoated

Microscopy is Used Compared with the « Found by Optimizing for Best
Match to the Effective n and k

Sample
Number

Observed
TiC ~%!

Optimized
ε

1 22.8 6 2 21.8
2 27.6 24.0
3 26.1 26.2
4 28.1 30.0
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5. R. Synowicki, “Difficulties associated with analysis of compos-
Al2O3–TiC than the n and k prediction. In large-
N.A. systems the optical behavior of this material is
such that it is not possible even to define a self-
consistent effective complex reflectivity. Further,
the apparent PCOR for Al2O3–TiC for all optical sys-
ems will be several degrees of phase smaller than
he predicted value for the n-and-k model.

Despite these discrepancies, it is still possible to
use ellipsometry to characterize Al2O3–TiC, provided
that we include constant offsets m and d for the in-
tensity and the PCOR, respectively. With these two
corrections, n and k measured ellipsometrically pro-
vide a means of tracking PCOR variations related to
changes in composition, refractive index of the con-
stituent materials, surface texture, and DLC coating
thickness.19

I thank Gregg Gallatin for his careful review of this
research and his many helpful suggestions. K. L.
Babcock of Digital Instruments Corporation, Santa
Barbara, Calif., and G. P. Bernhard, University of
Maine, Orono, Maine, performed scanning-probe mi-
croscopy analysis of Al2O3–TiC samples that were
extremely useful in this study.
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