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Abstract

A method based on vertical-objective-based ellipsometric microscopy (VEM) is presented for
measuring lubricant film thickness in nanometer sliding gaps. It provides an image of
nanometer-thick lubricating films in real time at high lateral and thickness resolutions without any
special layers. The ellipsometric image is directly converted into the film image by using a
piezo-stage displacement method combined with a rotating compensator ellipsometry method. The
accuracy of thickness measurement is about 1 nm. The VEM-based method revealed that nanometric
deformation of the sliding surfaces arises in nanometric gaps even if the load is low, which
significantly affects the lubrication properties in small gaps. This method is useful for clarifying the

lubrication phenomena in nanometric sliding gaps.



1. Introduction

Along with progress in processing technology, narrower sliding gaps are needed to improve the
performance of advanced machines, which requires more precise lubrication technology for the
narrower gaps or the lubrication with very thin lubricant films [1], [2]. For example, the gaps
between the head and disk in computer hard disk drives are now of the order of 1 nm. In addition,
since reducing lubricant viscosity can meet social demands for energy saving, the lubrication in
small gaps has attracted much attention, such as lubrication with lower viscosity lubricants for
automotive engines. However, the lubrication in nanometric sliding gaps has not been fully
established yet, because liquids that confined in nanometric gaps exhibit properties different from
those of the bulk [3]-[7].

Measurement of gap shapes or thickness distribution of lubricating film is essential for clarifying
the lubrication phenomena in small gaps. Optical-interferometry-based methods have been widely
used for this purpose and have provided fruitful results in elastohydrodynamic lubrication in which
sliding gaps or film thicknesses are more than about 100 nm; however, the sensitivity of such
methods is too low for nanometer-thick film in principle. Since the difference in the light path length
is needed to be at least half of the wavelength to give rise to optical interference, it is difficult to
measure film thickness less than one-quarter wavelength of the light. If a typical visible light
(wavelength of 500-600 nm) is used, the one-quarter wavelength is around 100 nm. That is why the
measurement of film thickness less than about 100 nm is difficult for conventional optical
interferometry.

A number of methods have been proposed to overcome this problem. One method, which is called
spacer-layer imaging or ultra-thin film interferometry, uses a spacer layer consisting of a transparent
layer such as a silica layer and a semi-reflective layer such as a thin chromium layer [8]-[9]. The
sliding surface is coated with a spacer layer to elongate the light path. Thickness of the transparent
silica layer is needed to adjust so that its optical path length is equal to the one-quarter wavelength.
Another method, which is called relative optical interference intensity method, coats the sliding

surfaces with a semi-reflective metal film such as a thin chromium layer [6]. This semi-reflective



metal film shifts the phase of the light that reflected from the sliding gap, and increases the
sensitivity. In the former method, the test sliding surface is needed to be coated with a multilayer
film (spacer layer). In the latter method, since the measurement accuracy significantly depends on
optical properties of the semi-reflective chromium layer, the precise control of the thickness and
refractive index of the chromium layer is needed [10], [11]. In Ref. [11], it was reported that a
thickness of the chromium layer is needed to be 5 nm for precise thickness measurement. Thus, both
methods require coating of test sliding surfaces with precisely-controlled special layers, which limits
variety of test sliding surfaces and makes test surfaces different from practical ones.

Ellipsometry is widely used for measuring the thickness of thin films on substrates without any
modification of the samples, such as adding the special layer. Ellipsometers can provide the
thickness of nm-thick films at a single sample point at a thickness resolution of 0.1 nm or less [12],
[13]. Aimed at improvement in the measurement speed, ellipsometric microscopy (EM), or imaging
ellipsometry, uses an imaging device such as a CCD camera instead of a photodetector [14], [15].
Such methods could provide the thickness distribution at a time as an image; however, they have low
lateral resolution. Oblique illumination is needed to obtain ellipsometric signal as in conventional
ellipsometers. Conventional ellipsometric microscopes use oblique observation corresponding to the
oblique illumination. In this setup, the focal plane of the objective lens is not normal to the sample
plane, which narrows the focus region. This problem is more serious when a higher resolution lens is
used. For example, the focus region is only about 1 wm when an objective lens with a numerical
aperture of 0.9 is used. Therefore, the lateral resolution is larger than about 10 um.

Vertical-objective-based EM (VEM) improves the lateral resolution [16]-[20]. A lateral resolution
of 0.1 um order was achieved for thickness measurement of thin films coated on substrates by
combining vertical observation with off-axis Kéhler illumination. It was demonstrated that this VEM
can visualize nm-thick solid thin films [16], [17] and nm-thick liquid thin films in real time [18]-[20].
In this paper, we first proposed a method that applies VEM to measurement of nanometric lubricant
thickness in sliding gaps, which does not require special layers such as spacer layers and

semi-reflective chromium layer. This VEM-based method can provide real-time imaging of



lubricating film in nm-sliding gaps at high lateral resolution along with high thickness resolution.

2. Film thickness measurement method based on ellipsometric microscopy

2.1 VEM-based measurement of lubricating film thickness

Figure 1 shows a schematic setup of film thickness measurement based on VEM. As shown in
Fig. 1(a), setting the observation system vertical to the sample surface can provide
diffraction-limited lateral resolution of the order of 0.1 um. Oblique illumination is needed to obtain
an ellipsometric signal as with conventional ellipsometers. To achieve this in VEM while remaining
compatible with the vertical observation system, the illumination light is focused onto an off-axis
point on the back focal plane of the objective lens as shown in Fig. 1(b). This enables oblique and
parallel light illumination to be generated, and provides a sufficient ellipsometric signal. Since our
method is based on ellipsometry, it has sufficient sensitivity for nanometer-thick lubricating films. In
addition, it enables the films to be visualized in real time.

In this measurement, a plano-convex glass lens was used as the slider to make the surface smooth
on the nm scale, and the lens surface was coated with a metal layer (stain-less steel layer) to simulate
the practical surfaces. Note that this metal coating layer does not require special adjustment for
improvement of measurement accuracy, unlike the spacer-layer and semi-reflective layer that
described in Section 1. Therefore, for example, a steel ball with a smooth surface can be used as the
slider. A glass plate was used as the substrate, as shown in Fig. 1. The light from the light source was
reflected at the gap between the metal-coated lens and sliding glass substrate, which is filled with the
lubricant. If the amplitude reflectivity ratio of the p- and s-polarization lights are 7, and 7,

respectively, the complex reflectivity ratio of p- and s-polarization lights, p, is given by [12]

p="2 = tan (1) 4", (1)

Ts

where tan¥ and 4 are defined as the absolute value and argument of reflectivity ratio p, respectively.



Since p changes with lubricating film thickness /4, the intensity of the reflected light from the gap
reflects film thickness /; therefore, film thickness # can be obtained by analyzing the intensity of

images obtained by VEM, called “ellipsometric images” here.

2.2 Conversion of ellipsometric image to lubricating film image

Direct conversion from the image intensity to the film thickness was attempted. Direct conversion
enables acquisition of the film image at a high frame rate, which can be equal to the maximum frame
rate of the imaging device. The conversion curve or the relationship between the image intensity and
film thickness is needed. This calibration requires a sample with known film thicknesses or gaps. As
shown in Fig. 2(b), a simple approach is to prepare different gap filled with the lubricant by
changing the separation between the lens and substrate with a precise drive mechanism such as a
piezo stage. With this approach, the physical quantity obtained is the stage displacement, which is
not the gap or film thickness but its change. A contact point can be used to convert the displacement
into the film thickness. At the points of contact between the lens and substrate, the film thickness is
equal to zero; therefore, the piezo displacement at the contact point gives the difference between the
displacement and film thickness. However, the gap around the contact point is generally difficult to
obtain precisely by using piezo displacement, because the contact surfaces generally deform due to
adhesion on the nm-scale. Therefore, another approach was introduced to measure the gap or film
thickness around the contact point.

A rotating compensator ellipsometry (RCE)-based method was introduced for measuring the film
thickness around the contact point. For larger thicknesses, the image intensity was measured while
changing the thickness or gap by moving the piezo stage, and the relationship between the image
intensity and piezo displacement was obtained. The data obtained from the two measurements were
merged, and a conversion curve was obtained so as to minimize the error between the merged data
and fitting curve. The details of this method are described here.

Figure 2(a) illustrates RCE-based measurement of the film thickness around the contact point. In

this measurement, the lens is brought into contact with the glass substrate. The various film



thicknesses are formed around the contact region such as 4 and 4> in Fig. 2(a). The ellipsometry
image intensity at each sample point is measured while rotating the compensator in the VEM. Here,
the angles of the polarizer and analyzer were respectively set at 0 and 45 degrees with respect to the

p-polarization direction. The ellipsometry image intensity / at a compensator angle C is given by

[12]
Inf
1(C)=I,—=— (e, cos(4C) + 3, sin(2C) + B, sin(4C)), )
cos” ¥
where
B, =-2sin2¥sin 4, o, =—cos2¥, B, =sin2¥ cos 4. 3)

1o is the intensity of the illumination light, and 7 is the amplitude reflectivity for the s-polarized light.
Using Eq. (3), we can obtain ¥and A from coefficients /5, o4, and S4.

Coefficients /, ca, and f4 are experimentally obtained by capturing the lubricating film images
synchronously with the rotation of the compensator. The exposure time of the imaging device is set
to fexp. If a CCD camera is used as the imaging device, the image intensity at each pixel is integrated
during fexp. If fexp is set to 7/16, where T is the period per rotation of the compensator, the integrated
intensity at each exposure is equal to the area of regions /i to [ in Fig. 3. Thus, 16 images are
captured during one rotation, and the integrated image intensities at each pixel are equal to the areas
of I to I16. Since Eq. (2) is a periodic function of compensator angle C, the coefficients in Eq. (2) can

be obtained from the areas of the 16 regionsin Fig. 3 [13].
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Thus, ¥and A are obtained from 16 images by VEM using Egs. (3) to (4).

The VEM includes mirrors and lenses, which add errors (%, 4c) to the measured values. These
errors were determined by the method described below. First, ellipsometric angles when the lens and
substrate made contact without lubricant, Yo and Amo, are measured by VEM. In this measurement,
the entire lens surface in the field of view of the microscope is brought into contact with the substrate
by applying a large load. This means that the film thickness at all point in the ellipsometric image is
set at 0. Next, the theoretically predicted (¥, 4i) at a thickness of 0 are calculated. (¥, 4i) are
obtained by substituting the respective refractive indexes of a glass substrate (Vo) and a meal-coated

lens (N2) and into Egs. (5) and (6), which is based on a two layer model (metal /glass substrate) [12]:

»
tan ¥, expl(id,y ) = 22 )

To2s
where iy = N, cos6— N, cosb, _ Nycos6),— N, cosd, ©)

Toye = .
02
N, cosf,+Nycosb, "~ N,cosby+N,cosby

Subscripts s and p indicate s- and p-polarized lights, respectively. The difference between the
measured (¥mo, 4mo) and theoretically predicted (%, 4i) are considered to be the errors (¥, 4c). In
the measurements of the thickness of lubricating films, the errors (¥, 4.) at each point of the sample
are removed from the measured values (¥, 4m).

From the measured angles (¥m, 4m) for a sample gap filled with lubricant, film thickness % is
obtained so as to minimize the error between the theoretically calculated angles (¥(#), 4(h)) and
measured angles (¥m, 4m) [20]. The theoretical angles (¥(%), 4(h)) are obtained by using Egs. (7) and

(8), which is based on a three-layer model (metal/lubricant/glass substrate) [12]:
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Here, N, is the refractive index of the lubricant, and A is the wavelength of the light. The conversion
curve is obtained by measuring the ellipsometric image intensity and film thickness using the
RCE-based method for the same point on the sample.

Figure 2(b) shows the piezo-stage-based calibration method used for larger film thickness. The
ellipsometric image intensity is measured while separating the lens from the glass substrate by
moving the piezo stage. The relationship between the ellipsometric image intensity and the
displacement of the piezo stage is obtained. Here, the compensator angle was fixed at 60 deg. As
described above, the displacement of the piezo stage is the change in the gap or film thickness. The
displacement is shifted from the true thickness by an unknown amount /,. To determine 4, the data
obtained using the piezo method and RCE method are merged, and fitted to a quadratic function. A
quadratic function is used because the theoretical curve can be well fitted by a quadratic function as
shown in Fig. 4(b). The data obtained by the piezo method is shifted in the horizontal direction so as
to minimize the difference between the merged data and fitting curve, and the conversion curve is

obtained.

3. Materials and methods

Poly-a-olefin (PAO) was used as the sample lubricant; its viscosity was about 0.07 Pa s, and its
refractive index was 1.46. A high-refractive index glass (K-LASFN23) was used as the substrate; its
refractive index is 1.94 according to the manufacturer (Sumita Optical Glass, Japan). Its thickness
was 0.8 mm. The lens consisted of BK7 glass, and its radius of curvature was 15.6 mm. Only the
lens was coated with 53-nm-thick stainless-steel film by sputtering. The refractive index of the
stainless-steel film on the flat glass substrate, as measured with a commercial spectroscopic

ellipsometer (FE-5000S, Otsuka Electronics, Japan), was 1.43-2.60i. The surface roughness of the



metal-coated lens and substrate were measured with an atomic force microscope (Icon, Bruker,
USA); the R; of the lens and substrate were 0.7 and 0.3 nm, respectively.

A modified inverted optical microscope (IX-71, Olympus, Japan) was used for the VEM, as shown
in Fig. 1. The numerical aperture of the objective lens was 0.8 (M Plan 100 PC, Nikon, Japan). This
objective lens enabled us to observe the lubricating film through the glass substrate whose thickness
is around 1 mm. The incident angle was set to be 35 deg, which was limited by the aperture size of
the lens. A polarizer, compensator (quarter-wave plate), and analyzer were added to the microscope.
An LED with a wavelength of 460 nm (X-Cite, Lumen Dynamics, USA) was used as the light source,
and a highly sensitive electron-multiplying CCD camera (Cascade II, Photometrics, USA) was used
as the detector. All images of the lubricating film were the averaged image of 50 images except in
the RCE-based calibration. The five images were averaged to obtain the area of regions /; to /s in
Fig. 3.

A sliding mechanism was built up on the sample stage of the microscope. A metal-coated lens was
attached to the double cantilever, and the load was obtained by multiplying the spring constant by
the displacement of the double cantilever measured with a spectral interference sensor (SI-F1000V,
Keyence, Japan). The glass substrate was horizontally vibrated by the x-piezo stage (P-733.2DD,
Physik Instrumente, Germany). The gap was adjusted by the z-piezo stage using displacement
feedback from a capacitive sensor (P-753, Physik Instrumente, Germany). The displacement
resolution of this stage is 0.05 nm. In this experiment, we did not measure the temperature near the
contact area.

After the conversion curve was obtained as described in Section 2.2, the lubricating film image was
obtained by converting the ellipsometric image intensity into the lubricating film image. Besides the
terms shown in Eq. (2), the measured ellipsometric image intensity / includes background noise I,
which is independent of both light intensity lp and thickness 4. In addition, /o includes the
unevenness of the illumination light intensity. Letting the measured image intensities when the
thickness are 0 and % be [0 and I, respectively, and with consideration of the noises, Eq. (2) for a

film thickness of 0 and /4 can be respectively rewritten as



Lo =1, +1,1,(0),

L,=1,+1,0,(h). ©9)

where I(/) is the normalized true image intensity, which does not have any noise. To obtain I,(%),

measured image intensity / was processed using

I =Ih_1h0=[n(h)_1n(0). (10)
? IhO_Ib IM(O)

I, was obtained as the image when the light source was switched off. 7, is used in the discussion
below, instead of measured intensity /.

In the measurement of the film thickness, the glass substrate was vibrated sinusoidally by the
x-piezo stage at an amplitude of 15 um and a frequency of 9.99 Hz (Fig. 1). The maximum sliding
speed was 0.94 mm/s. The sliding speed during the sliding changed with time. Therefore,
stroboscopic image capture was introduced in which the light source LED emitted the illumination
light synchronously with the sliding, and the lubricating film image was captured only at a specific
timing. An image of the lubricating film was captured at the maximum speed with a light pulse width

of 1.8 ms.

4. Results and discussion

4.1 Conversion of ellipsometric image to lubricating film image

Figure 4(a) shows the obtained conversion curve. Blue and red circles represented data obtained
by RCE and piezo methods. The intensity was averaged over a circular area with a diameter of 9.8
um at the center of the lens. The thick black line is the obtained fitting curve, which is used to

convert the ellipsometric image into a lubricating film image.
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Figure 4(b) compares the conversion curve with the theoretically predicted one. The black line is
the experimental one shown in Fig. 4(a). The theoretical curve was calculated using Egs. (2), (3), (7),
and (8). The refractive indexes of the glass substrate, lubricant, and stainless steel film (metal on
lens) were set at the values as described in Section 3. ¥(/) and A(h) were calculated using Egs. (7)
and (8), and intensity / was obtained by substituting ¥(%) and 4(%) into Egs. (2) and (3). The good
agreement between the experimental and theoretical curves indicates the validity of our conversion

method.

4.2 Measurement of film thickness during static contact

Figure 5 shows the results of the static contact between the metal-coated lens and substrate, which
was filled with lubricant. Using the Z-piezo stage as shown in Fig. 1, the lens was pressed against the
substrate. The distribution of the film thickness was measured with VEM in the manner as described
above. The red dots show the measured film thickness profile on the center line. The film thickness
averaged over a 1.3-um-wide area is shown.

The blue line shows the theoretical curve predicted by Hertzian contact theory [21]. In the
theoretical calculation, the Young moduli of the lens and substrate were set to 79.9 and 124.9 GPa
and the Poisson ratio was set to 0.209 and 0.295, respectively, in accordance with the manufacturer’s
instruction (Sumita Optical Glass, Japan). The load was adjusted so as to make the contact area equal
to the experimental one. The estimated load was 40 mN.

The measured film profile shows good agreement with the theoretical one over the measurement
range. This supports the validity of our conversion method. The standard deviation from O in the
contact area at the center of the image was 1.2 nm, which is equal to the accuracy of the

measurement.

4.3 Measurement of lubricating film by VEM
Figures 6 to 8 show the lubricating film measured during sliding by VEM. Figures 6 (a) and (b)

show the contour map of the film thickness at a load of 1.7 mN and 8.5 mN, respectively. They are
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shown at an interval of 2.5 nm. The film thickness image at maximum speed were captured using the
stroboscopic imaging. The large bold arrows show the lubricant flow direction (x-direction). The
film thickness was smaller at the higher load. The method could detect this difference on the order of
1 nm, as evidenced by these images.

Figures 7(a) and (b) show cross sectional views of Fig. 6(a) (Iload of 1.7 mN) on the center line in
the x- and y-directions, respectively. The film thicknesses were averaged over a 3.6-um-wide area.
The blue lines represent the theoretical film thickness between the plane and a sphere as the same
diameter as the metal-coated lens as a guide for the eye. The part of the film profile, in which the
sliding surface was undeformed, closely matched the gap between the plane and sphere. This also
supports the validity of our method. In the results shown in Figs. 6(a) and 7, the nm-scale
deformation of the sliding surface on the inlet side was asymmetric in the lubricant flow direction
(x-axis) and the film thickness was larger on the inlet side whereas that in the direction normal to the
lubricant flow (y-axis) was symmetric. These results suggest that hydrodynamic pressure was
generated by the sliding at these small gaps (less than 10 nm), and this pressure gave rise to
nanometric deformation of the sliding surfaces.

Figures 8(a) and (b) show cross sectional views of Fig. 6(b) (load of 8.5 mN) on the center line. In
order to clarify lubrication mode, assuming that the region that deviated from the gap shape between
the sphere and substrate was almost flat, we roughly estimated the pressure of the region from the
results shown in Figs. 6(b) and 8. Since its rough size was about 20 x 20 pum?, the value of the
average pressure in this region was estimated to be about 6.8 MPa by dividing the load by the area.
At this load, Greenwood and Johnson’s elasticity and viscosity parameters (gg and gv) were
estimated to be 123 and 103, respectively [22], [23]. This indicates that the lubrication mode in these
experiments was fluid lubrication without elastic deformation of the sliding surfaces and viscosity
changes due to the pressure (isoviscous and rigid region). Application of Kapitza’s equation to the
data obtained in this experiment [24] gave estimated minimum film thicknesses of 180.6 nm and 7.2
nm at loads of 1.7 and 8.5 mN, respectively. In contrast, the experimental thicknesses at loads of 1.7

and 8.5 mN were 5.3 and 2.9 nm, respectively. These results demonstrate that conventional
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lubrication theory is not applicable to the lubrication in nanometric gaps. In particular, nanometric
elastic deformations of the sliding surfaces arose even when the loads were low. Although these
deformations were small, they must have significantly affected the lubrication in nanometric sliding
gaps because the deformation was comparable to the gap. The difference between the theoretical and
experimental thicknesses may have been caused by the properties of the confined lubricants. In this
experiment, reciprocating sliding was used. Since the relaxation time of a confined liquid is much
longer than that of a bulk one, the slow relaxation may have caused smaller film thickness due to
decreasing of the hydrodynamic pressure.

Thus, the nanometric deformations of the sliding surfaces along with the properties of confined
lubricants should be considered when investigating the lubrication in nanometric small gaps. Our
proposed method will thus be useful for clarifying the lubrication phenomena in nanometric sliding
gaps.

It should be noted that surface roughness of the sliding surfaces affects the accuracy of ellipsometry
because ellipsometry basically premises smooth surfaces as the optical-interferometry techniques. In
this experiment, the surface roughness was much smaller than the wavelength; therefore, it can be
thought that the influence of the roughness was negligibly small. The results that shown in Figs. 4
and 5 support the validity of this assumption. It was reported that surfaces with a roughness of less
than one tenth of the wavelength of the light, which is around 50 nm for visible lights, can be treated
as flat surfaces using an effective medium approximation [13], [25]. Rougher surfaces than that used
in this experiment may require modification of the theory that considers the roughness effect.

In this experiment, the thickness of the glass substrate # was 0.8 mm. The thickness of the substrate
was limited up to about 1 mm by the working distance of the used objective lens (Fig. 1). This
limitation requires adjustment of the dimensions of the substrate and lens for high-pressure contact
experiments by VEM such as those for elasto-hydrodynamic lubrication that done by interferometry
techniques [6], [8]-[11]. For example, when the radius and thickness of circular substrate are
respectively set at s = 2.5 mm and # = 1.0 mm, and the radius of curvature of the lens is set at 0.5

mm, the maximum pressure and radius of the contact area are estimated at 2.5 GPa and 43 pum for a
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load P = 10 N, respectively, using Hertzian contact theory [21]. VEM can image the contact area in
terms of its field of view. Moreover, the deflection of the substrate w; is estimated at 0.11 pm if the
load is concentrated onto the center of the substrate (ws = Pri¥/16nD where D = Eit/12(1-v2), Es:
Young’s modulus, vs: Poisson’s ratio of the substrate) [26]. This deflection is smaller than the depth
of field of VEM dy, which was estimated at 0.36 pum for this setup (df = /2NA?, NA: numerical

aperture of the objective lens); therefore, it does not affect observation by VEM.

5. Summary

We have developed a method based on vertical-objective-based ellipsometric microscopy for
measuring lubricant films in nm sliding gaps without any special layers, and demonstrated its
feasibility. Direct conversion from an ellipsometric image into the film thickness by using the piezo
stage method combined with the RCE method, enables to provide thickness measurement accuracy
of about 1 nm. The measurement of the film thickness using this method indicated that nanometric
deformation of the sliding surfaces arises in lubrication in nanometric sliding gaps, which
significantly affects the lubrication properties of small gaps. Our proposed method is thus useful for

clarifying lubrication phenomena in nanometric sliding gaps.
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Figure Captions

Fig. 1 Schematic setup for measuring lubricating film thickness by VEM: (a) setup and (b)

magnified view around gap (region enclosed in blue line in (a)).

Fig. 2 Calibration of ellipsometric image intensity to film thickness: (a) RCE-based method, (b)
piezo-based method. %, is the difference between thickness measured by RCE-based and piezo-based
methods. Blue and red lines represent data obtained by RCE- and piezo-stage-based methods,

respectively.

Fig. 3 Relationship between ellipsometric image intensity and compensator angle. Areas numbered 1

to 16 indicate the integrals of the ellipsometric image intensity /; to /is.

Fig. 4 Conversion curve from ellipsometric image intensity to film thickness. (a) Experimental
results. Blue circles and red circles were obtained by RCE- and piezo-stage-based methods,
respectively. (b) Comparison between experimental and theoretical curves. Black curve is a fitting

curve shown in (a) for experiment. Red curve was theoretically obtained using Egs. (2), (3), (7), and

(®).

Fig. 5 Measured film thickness in static contact. Red dots show measured film thickness, and blue

line shows film thickness predicted by Hertzian contact theory.

Fig. 6 Film thickness in sliding gaps measured by VEM: (a) contour map of film thickness at load of

1.7 mN and (b) that at 8.5 mN.

Fig. 7 Film thickness in sliding gaps measured by VEM at load of 1.7 mN. (a) Film profile at center

line of Fig. 6(a) in x-direction (parallel to lubricant flow direction). (b) Film profile at center line of

17



Fig. 6 (a) in y-direction (normal to lubricant flow). Blue lines represent film thickness between plane
and sphere as same diameter as metal-coated lens as a guide for the eye. Arrow shows direction of

lubricant flow.

Fig. 8 Film profile in sliding gaps measured by VEM at load of 8.5 mN. (a) Film profile at center
line of Fig. 6 (b) in x-direction (parallel to lubricant flow direction). (b) Film profile at center line of
Fig. 6 (b) in y-direction (normal to lubricant flow). Blue lines represent film thickness between plane
and sphere as same diameter as metal-coated lens as a guide for the eye. Arrow shows direction of

lubricant flow.
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