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Roughness of Thin Perfluoropolyether Lubricant
Films: Influence on Disk Drive Technology

C. Mathew Mate, Michael F. Toney, and K. Amanda Leach

Abstract—In disk drive technology, lubricant thickness and thickness on the disk and slider surfaces and the & their
roughness are important, but often overlooked, contributors to interface roughness must be included in the budget for the
slider—disk spacing. In this paper, we use X-ray reflectivity 0 aqnetic spacing between the recording head and disk media.
measure the thickness and lubricant—air roughness of a perfluo- . L . ) . .
ropolyether lubricant (Fomblin Zdol) on silicon wafers and carbon Th's analysis indicates that the. lubricant films at SI',der_d'S.k
overcoats. For Zdol on smooth silicon, the roughness increasesinterfaces are much larger contributors to the magnetic spacing

with increasing lubricant thickness consistent with capillary than currently appreciated.
wave roughening. For Zdol on the rougher surface of amorphous
hydrogenated carbon, the lubricant smoothes to a value limited
by the capillary wave roughening. We show that the lubricant
density above the surface does not reach the density of air untii  Thermally excited capillary waves on liquid surfaces have
approximately 3o away from the average lubricant thickness. 5 physical origin that bears a resemblance to that for su-
Ihie abricant i Inieage ol sonrbutes Subsantall 19 perparamagnetim in the disk's magnetic media. In super-
paramagnetism, the probability that thermal agitation will

cause a magnetic particle to switch its magnetization direction
is proportional toexp(—KV/kT), whereK is the anisotropy

|. INTRODUCTION constant of the magnetic materidf, is the particle volume,

N DISK DRIVES, the density of magnetic bits on eacl']E is Boltzmann'’s constant, arfl is the absolute temperature

. . : ; g KV represents the work needed to switch an individual
disk surface has increased dramatically in recent years, .. . L L
article’s magnetization direction.

This rapid increase in areal density has resulted in a Concg”?:oraliquid film with thicknes on a solid surface, the prob-
that we may soon approach the physical limits of magneti%.. '

recording. For example, numerous researchers have stucﬁeH{lty that thermal agitation will cause a displacemefat, y)

; o ility o3 ickness at the locatiorz( %) away from the mean of the
how super-paramagnetism can limit the long term stability o Lid—air i . \
- ; 2 Tiquid—air interface is proportional texp(—W (2)/kT), where
closely packed magnetic bits [1]. In this paper, we consid . ! R .
L . . W (z) is the reversible work necessary at equilibrium to impose
rather, limitations imposed by the lubricant at the head—d|%h . S :
. . ! e disturbance. For ultra-thin liquid films, the work against
interface. We show how the roughness of the lubricant films on_ . . .
: . - ; ravity can be neglected (no gravity waves), afidconsists
disk and slider surfaces limits how closely a recording head c%n : . .
. . . ; : oth of the work against surface tensigrand against the free
fly on an air bearing above the magnetic media. This roughness . A, :
L oo : : P énergy per unit are® that the liquid film experiences from the
may limit the extendibility of current disk drive technologies. . : : . .
; ) nteractions with the underlying solid, such as van der Waals
The roughness of the lubricant films comes from thermalf o
) . ; T teractions:
excited capillary waves that are physically intrinsic to al ) o\ 1/2
liquid—vapor interfaces. We have determined using X-ray W :// N <1 4 dz N 9z ) .
reflectivity that, for Zdol lubricant films, 1 to 3 nm in thickness, Oz dy
on atomically smooth silicon surfaces, capillary waves induce
a root-mean-square roughnesof 0.2-0.35 nm. When Zdol + P(h+ z)} dz dy.
is deposited onto sputtered hydrogenated carbon overcoats,
the lubricant surface tension works to smooth out the rougher 1)
carbon surface, but the smoothness of the Zdol—-air interfaceTise air pressure, which might be induced by a slider flying over
limited by the thermally excited capillary waves. We also showe surface, does not appear in (1)as dViusircant = 0.
that the lubricant density above the surface does not reach théf the distorted surface is represented as a Fourier series, the
density of air until approximately 3 away from the average first term in (1) can be linearized and distorted surface repre-
lubricant thickness. Consequently, both the average lubricaginted as decoupled harmonic waves—capillary waves—and
the density profile as a function efcan be calculated [2]. If the
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The work of K. A. Leach was supported by IBM Almaden by NSF Gransmooth solid surface, theories of the roughness of liquid—vapor

Il. THEORY FORCAPILLARY WAVES

Index Terms—Disk drives, lubrication, X-ray reflectivity.

9300131. ; ; At
C. M. Mate and M. F. Toney are with the IBM Almaden Research Center, S%ﬂterfaces give the standard deviatierof the surface fluctua
Jose, CA 95120 USA (e-mail: {mate; toney}@almaden.ibm.com). ions normal to the surface as
K. A. Leach is with the Polymer Science and Engineering Department, Uni- ET A\
versity of Massachusetts, Amherst, MA 01003 USA. o= gg 4+ —In| — (2)
Publisher Item Identifier S 0018-9464(01)05887-3. 27 As

0018-9464/01$10.00 © 2001 IEEE



1822 IEEE TRANSACTIONS ON MAGNETICS, VOL. 37, NO. 4, JULY 2001

wherea is the molecular roughness and the second termrept 2.5 e e
sents the roughness from thermally excited capillary waves ( 1
the liquid surface [3]A, and \; are, respectively, the shortest i
. . e~2.0
and longest wavelength of capillary waves that can be sustain®,
at the liquid—vapor interfacé\; is on the order of the distance S :
between the atoms or molecules in the liguiel(nm), and\, 215
is limited by the attractive interaction with the underlying sub g

Zdol-4700 )
' ]

N ]
strate, theP(h + z) termin (1). If this interaction comes mainly &, - } \average ]
from van der Waals forces, then ‘;1 oF \,_thickness ]

= [ \ ]

1/2 ® [ carbon ]

A = 27h? <27r_’y> (©) % 05F \ .

A S r surface N ]

where A is the Hamaker constant [4]. For a 2 nm thick lubri- 0.0 _ Ssoo N\ ]
cant film, typical for today’s disk drives); = 31 nm, using Theatocd o b b oo oo b e

A=10719 J[5] andy = 24 mN/m. So, capillary waves on the 3 2 -1 0 1 2 3 4 5 6

surface of lubricant films in disk drives have very short wave z (nm)

lengths, ranging from 1 to 31 nm.

Fig. 1. Mass density profile that best fits the X-ray reflectivity data. The
11l. EXPERIMENTAL RESULTS dashed line is for the initial carbon-air interface and solid line for after
depositing a 2.8 nm thick Zdol film.

As most of the experimental details of our X-ray reflec-
tivity results and sample preparation have been discuss 1.0 T rrrr T
in earlier papers [4], [6], we describe them only briefly: Ir
specular X-ray reflectivity, the reflected X-ray intensity is ‘& ]
measured as a function of incidence angle and analyzedus 08| . .
a multilayer model incorporating several parameters—thic ,o. Zdol on carbon
ness and density of the lubricant film and roughness of tlg -
lubricant—air and the substrate-lubricant interfaces—that E-;O.B i n i"--». ’
va_\rled to produ_ce the best fit to the_data. From_th|s moi ¢ theory for IR L PPN -
eling, the functional form that best fits the density proﬂle&
of the lubricant—air interface is an error function, impIying.E
a Gaussian distribution of surface heights. Fomblin Zdi g’
{HO-CH,CF,—(OCR,CF,),,—(OCF),,—~OCR,CH,—OH with & o2l
4700 g/mol molecular weight} was dip coated onto either clee A
silicon wafers with 1.5 nm of native oxide or onto the surfac
hydrogenated carbon overcoats (12 nm thick, 35% H) sput 0.0 Ls L t 1 L L
depos|ted onto silicon. ] 05 1.0 15 20 25 30 35

In Fig. 1 shows an example of the density profiles fitted to tF average thickness (nm)
X-ray reflectivity data for Zdol on a carbon overcoat. The Zdol
profile exhibits a dip in density at the Zdol-carbon interface dugd. 2. Standard deviation of surface heights versus average Zdol thickness,
t0 the adsorption of a hycrocarbon layer between the Zdol FIR, Seerned b ey selecthaty. Open symbole v for 6ol on sion,
and the carbon overcoat [6]. The Zdol-air interface is narrowefe diamond is for Zdol thermally bonded (120 for 1 h) to the silicon surface.
than for the bare carbon surface, due to the surface tension trylihgsolid line is the theory for roughening by capillary waves, while the dashed
to pull the liquid surface flat, but still has a finite width due td"® 'S @ guide for the carbon data.
roughening by capillary waves.

In Fig. 2 we plots as a function of Zdol thickness on theandA; = 1.0 nm. The agreement of the data with the solid line
silicon and carbon substrates as determined from the X-ray 880ws that the Zdol-air interface roughness on silicon wafers
flectivity results. The following trends are apparent: can be accounted for by thermally excited capillary waves in the

1) The initially smooth sample—air interface of the silicorzd0l: butonly if a long wavelength cutoff determined by attrac-
wafer becomes rougher with the addition of the Zdol. tive van der Waals is used. That the bonded film has the same

2) The rougher sample—air interface of the carbon beconf@¥ghness indicates that the polymer-air interface can support
progressively smoother with the addition of the Zdol antpermally excited cap_lllary waves even though the polymer ends
eventually converges to approximately 0.35 nm, the sarft§® bonded to the silicon surface.

o value as the Zdol-air interface on silicon.

3) Both bonded and unbonded Zdol have the same IV. CAPILLARY WAVE LIMIT TO SLIDER-DISK SPACING
polymer—air interfacial roughness. The right side of Fig. 3 shows schematically how the lubri-

The solid line in Fig. 2 shows thepredicted from (2) and (3) cant contributes to the slider—disk spacing when a slider with a

usingZ = 300 K, A = 10712 J,v = 24 mN/m,oo = 0.1 nm, recording head is flown near a disk surface. In today’s drives,

capillary waves .

o O zdol on silicon
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same as the disk roughness. This is shown in Fig. 4, where the
points and lines come from the X-ray reflectivity data in Fig. 2
and from the theory for capillary waves, (2) and (3); therefore,
the solid line represents the theoretical limit for the minimum
lubricant contribution to physical spacing.

Data already exist in the literature to support a large lubri-
cant contribution to the slider—disk spacing. First, when takeoff
heights (the smallest possible fly height without contact) are
measured as a function of disk roughness and are extrapolated to
zero roughness, a positive intercept with the takeoff height axis
is found, ranging from 2.8 nm [8] to 6.8 nm [9]. While this in-

Fig.3. Left: Density profile for lubricant films and air gap between a slider antercept has several contributors, our results indicate that several
disk surfaces with a 14 nm physical spacing. Right: Schematic representaiifinometers come from the roughness of the lubricant-air in-

of the lubricant and air at a slider disk interface.
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Fig. 4. Estimated contribution of lubricant to the slider—disk spacing.

disk surfaces are typically coated with 0.5 to 2 nm of lubri-
cant. When a slider is flown close to the disk, it can pick up

terfaces. Second, force-vs.-distance curves measured by atomic
force microscopy show that, when a sharp tip is brought into
contact with lubricant, the tip experiences a meniscus force at a
distance 3 to 5 nm larger than expected from the film thickness
[5], due to lubricant transfer to the tip and lubricant—air inter-
face roughness.

If current trends continue, the areal density in disk drives is
expected reach 100 Gbitsfimithin the next five years, with a
magnetic spacing of about 10 nm [10]. From Fig. 4, we see that
1 nm of disk lubricant would result in lubricant taking up a third
of the 10 nm spacing budget, even if the slider and disk surfaces
are perfectly smooth. This large contribution comes from the
need to have two liquid—air interfaces, roughened by capillary
waves, for an air gap to exist between the slider and disk. An ob-
vious way to reduce the lubricant—air contribution to magnetic
spacing would be to eliminate the need for an air gap between
the slider and disk, resulting in contact recording.

ACKNOWLEDGMENT

The authors would like to thank R. White for kindly sputter
depositing the carbon overcoats.

REFERENCES

a similar thickness of lubricant from the disk [7], either through [1]
vapor transport across the small air gap or during the occasional
contacts with the disk surface. The left side of Fig. 3 shows|[2]
how the Zdol density should vary from disk to slider surface
using the X-ray reflectivity result shown in Fig. 1 for the lubri- 3]
cant profile on both surfaces, but with density now plotted on a
logarithmic-scale. Only atl3away from the surface mean does
the Zdol density become equal to a typical air density in the air 4]
bearing gap. [For the error function density profile found by the
X-ray reflectivity analysis, the density &+ 3o corresponds
to the density of air at 2.3 atmospheres.] From Fig. 3, we see[S]
that, with a 14 nm physical spacing between the slider and disk
surfaces and with 2.8 nm average thickness of lubricant initially [6]
deposited on the disk, only 5.5 nm is available for the air gap,(7
with lubricant films and the lubricant-air interfaces taking up
the remaining 8.5 nm of physical spacing. (8]
We can estimate how the thickness of lubricant deposited on
the disk will impact the slider—disk spacing by plottiagh + [
30) versus the average lubricant thicknésen the disk. This
analysis assumes that the slider picks up a lubricant thickness

S. H. Charap, P.-L. Lu, and Y. He, “Thermal stability of recorded in-
formation at high densitiesJEEE Trans. Magn.vol. 33, pp. 978-983,
1997.

F. P. Buff, R. A. Lovett, and F. H. Stillinger, “Interfacial density profile
for fluids in the critical region,’Phys. Rev. Lettvol. 15, pp. 621-623,
1965.

A. K. Doerr, M. Tolan, W. Prange, J.-P. Schomka, T. Seydal, W. Press,
D. Smilgies, and B. Struth, “Observation of capillary waves on liquid
thin films from mesoscopic to atomic length scaleBHys. Rev. Lett.

vol. 83, pp. 3470-3473, 1999.

M. F. Toney, C. M. Mate, and K. A. Leach, “Roughness of molecularly
thin perfluoropolyether polymer films,Appl. Phys. Lett.vol. 77, pp.
3296-3298, 2000.

C. M. Mate and V. J. Novotny, “Molecular conformation and disjoining
pressure of polymeric liquid films,"J. Chem. Phys.vol. 94, pp.
8420-8427, 1991.

M. F. Toney, C. M. Mate, K. A. Leach, and D. PockérColl. Inter. Sci,

vol. 225, pp. 219-226, 2000.

C. Gao, P. Dai, and V. Vu, “Flying stiction, lubricant pick-up and carbon-
overcoat wear of magnetic head3, Tribol,, vol. 121, pp. 97-101, 1999.

D. Gonzalez, V. Nayak, B. Marchon, R. Payne, D. Crump, and P. Dennig,
“The dynamic coupling of slider to the disk surface and it's relevance to
take-off height,” MMM-Intermag, 2001, submitted for publication.

Z. Jiang, M. M. Yang, M. Sullivan, J. L. Chao, and M. Russak, “Effect
of micro waviness and design of landing zones with a glide avalanche
below 0.5 for conventional pico sliderslEEE Trans. Magn.vol. 35,

pp. 2370-2372, 1999.

equal to that on the disk and that the slider roughness is theo] “NSIC/ReadRite magnetic spacing roadmap,”.



