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YL,NDRICAL FIBER PROBE DEVICES AND METHODS OF MAKING THEM
ack ound of the Invention

B :
This invention relates to probe devices, and more particularly to

metrological dber probe devices and to methods of making and using them.

More than 100 years ago, the famous physicist Emst Abbe described a
fundamental limitation of any microscope that relies on any lens or system of lenses
in an imaging system to focus light or other radiation: diffraction obscures (makes
fuzzy) those details of the image that are smaller in size than approximately one-half
the wavelength of the radiation. In order to cu‘cumvent this hmxtauon, researchers
have investigated the use of, inter alia, various types of imaging probes. Scanning
waneling microscopy (hereinafter “STM") devices, atomic force microscopy
(hereinafter "AFM") devices, and near-field scanning optical microscopy (hereinafter
"NSOM") are some examples of different types of probe microscapes.

U.S. Patent No. 4,604,520, describes, inter alia; a probe device having
an aperture located at the tip of a cladded glass fiber that has been coated with a
metallic layer. The aperture is drilled into the metallic layer at the tip of the fiber at
a location that is coaxed with the fiber. The (immediate) neighborhood of the tip is
composed of a section of solid glass fiber that has obliquely sloping (truncated
conicai) sidewz;.lls, whereby the sidewails do not form a cylinder of any kind.
Therefore, as the probe device laterally scans a rough surface, the calculations
required to determine the desired information on the actual contours (actual profile)
of the surface of the sample body require prior detailed knowledge of the slanting
contours of the sidewalls of the probe, and these calculations typically do not yield
accurate metrological determinations of the desired profile of the contours of the
surface of the sample body, especially at locations of the surface of the sample body
where sudden jumps (vertical jumps) thereof are located. In addition, fabrication of
the probe device is complex and expensive, especially because of the need for
drilling the aperture coaxially with the fiber.

Summary of the Invention

This invention provides a probe device and a method for making it, as
recited in claims 1 and 7, respectively. More specific embodiments of the invention
are recited in the dependent claims. As used herein, the term "maximum width"
refers to the maximum diameter--i.e., the length of the longest line segment that can
be drawn in a cross section of a cylindrical region of a fiber segment, the line _
segment being oriented perpendicular to the axis of the cylinder, from one extremity
of the cross section to another. In the case of a circular cylindrical region, the width
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(=diameter) in any direction of 2ach such cross section is thus equal to this
maximum width.

Brief Description of the Drawing

FIGS. 1-4 depict elevational cross-section diagrams of a probe device
with straight vertical sidewalls being fabricated in accordance with a specific
embodiment of the invention; and

FIGS. 5 and 6 depict elevational and horizontal cross-section diagrams,
respectively, of a probe device in an early stage if its fabrication in accordance with
another specific embodiment of the invention. |

Only for the sake of clarity, none of the FIGURES are drawn to any
scale.

Detailed Description

Referring to,FIG. 1, a fiber segment 10, typically an optical fiber
segment, typically takes the form of a solid right circular cylinder. A top portion of
the cylindrical sidewall surface of this segment 10 is coated with a polymer resist
layer 20 that is resistant to hydrofluoric acid etching, whereby a lower portion
(having a predetermined height H) is not coated. The glass fiber segment 10 has a
bottom endface 11 that is {lat and is oriented in a plane perpendicular :0 the axis of
tae {cviindricai) segment 10. The segment 10 is firmly attached to a holder 40,
typically made of teflon, by a thin segment 31 of suitable material coated with an
adhesive, such as a segment of adhesive tape.

The material of the fiber segment 10 can be, but need not be, uniform.
For example, it can have a central core surrounded by a peripheral cladding as
known in the art of optical fibers. At any rate, the material of the fiber segment 10
typically is circularly symmetric. The fiber segment 10 is immersed (FIGS. 1 and 2)
in a wet essentially isotropic etch, typically a buffered oxide etching
solution 50--such as a solution composed of 2 parts (7:1) buffered oxide etch, 1 part
hydrofiuoric acid, 1 part acetic acid, and 1 part H, O. As used herein, the term
"essentially isotropic etching” refers to those cases in which the etching rates in the

axial and radial directions do not differ from each other by more than approximately
10 per cent.

The acetic and H, O components of the solution 50 help dissolve the
accumulation of unwanted residual material on the fiber surface during etching. The
eiching solution 50 is contained in a container 60, and it has a level 51 that intersects

5 the polymer layer 20 at a predetermined height, whereby the entire (lower) portion of

the surface of the fiber segment 10 that is not coated with the polymer layer 20 is
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submerged in the solution 50.

After the fiber segment 10 has been immersed in the etching solution 50
for a predetermined amount of time, it assumes the shape shown in FIG. 2--that is, a
relatively thick upper region 23, in the form of a solid right circular cylinder,
terminating in tapered intermediate (transition) region 22, in the form of a tapered
solid circular region, and terminating in a relatively thin lower cylindrical region 21,
in the form of another solid right circular cylinder.

The purpose of the polymer layer 20 is to create an etching boundary
that is spaced from the air-to-etching-solution interface whereby a shorter undercut
portion 20 enhances the overall stability of the probe.

For example, the height (length) H (FIG. 1) of the bottom portion of the
fiber segment 10, which is not coated with the resist layer 20, is typically equal to
approximately 2.5 cm;y and the diameter D (FIG. 1) of the fiber segment 10is
typically equal to approximately 125 pm or more. After having been etched with the
solution 50, the thin lower region 21 has a diameter 2R (FIG. 2) typically equal 10
approximately 30 um or more, as determined Dy the duration of the immersion.

Next, the bottom face of this lower region 21 is cleaved in a plane
oriented perpendicular 10 the (common) axes of the upper region 23 and the lower
region 21, as ’:;y means of a fiber cleaver aided by optical microscopic viewing or
other micrometer controlled procedure. In this way, the height of the lower
cylindrical region 24 becomes reduced to a predetermined value h (FIG. 3), and the

 tip thereof is a planar surface oriented perpendicular to the axis of this lower

cylindrical region 24. This height h is typically in the approximate range of 0.05 pum
10 30.0 um, advantageously in the approximate range of | um to 10 um. The
polymer layer 20 is then removed ("stripped"), or it can be removed prior to the
cleaving. More specifically, some (or all) of the polymer resist layer 20 is removed
such as by immersion in acetone.

The fiber segment again is immersed (FIG. 4) in the essentially isotropic
etching solution 50, for another predetermined amount of time, t0 a solution level 52
that intersects the segment at a level located typically above the top of the tapered
region 22 and that isotropically etches those portions of the fiber with which it comes
in contact. In this way another intermediate solid cylindrical region 44 formed; and
the resulting lower region 41 of the fiber segment is still a solid right circular
Cylinder but having a reduced diameter equal to w, but the height h thereof is not
Rduced by a significant amount. That s to say, the height h remains essentially
Unchanged. At the same time, the dianieters of the various portions of the resulting
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mpered intermediate region 42 of the fiber segment are reduced. At the location of
he solution level 52, a meniscus of the etching solution 50 produces a gradual
apered transition between regions of the fiber immediately above and immediately
pelow the solution level 52, as indicated in FIG. 4.

The etching solution level 52 (FIG. 4) optionally can be adjusted to be
the same as, or 10 be slightly below, the top of the tapered, intermediate region 22.
In such a case, théfé will be no intermediate cylindrical region 4. The lower region
41, intermediate region 42, the intermediate region 44 (if any), and upper region 43
thus all take the form of mutually coaxial solid cylinders, typically circular
cylinders. The diameter w of the lower portion 41--i.e., the width of the tip of the
resulting probe (FIG. 4)--can be adjusted to any desired value by adjusting the
amount of time during which the immersion in the solution 50 is allowed to
continue. This width'W can be made in the approximate range of 0.01 um and
150 um, typically approximately 0.05 um to 0.5 pum, and advantageously in the
approximate range of 0.05 um to 0.2 pm--depending on the uitimately desired
metrological use of the probe when measuring sample surfaces, i.e., depending on
the desired metrological resolution of the measurements to be made by the fiber
during its subsequent use as a probe device.

Typically, such metrological use involves scanning the surface of a
sample body with the probe while holding the probe with an electromechanical
feedback servo-mechanism, as known in the art, all of which distances are
characterized by mutually equal components of force (for the case of AFM) in the
direction perpendicular to the overall surface of the sample body.

The predetermined time durations of the immersions for the etchings
(FIGS. 1-2 and 4) can be determined by trial and error.

FIGS. 5 and 6 depict an alternative manner by which the fiber
segment 10 can be held. Specifically, the fiber segment 10 is not coated with the
polymer resist layer 20, and it is held in place by a segment of adhesive tape 31 that
is affixed to a holder 45. This holder 45 can be the same as the holder 40 previously
described. In such a case, immersion of the fiber segment in the solution 50 causes a
meniscus to form between the solution 50 and the fiber segment 10, whereby the
lower region 21 and the intermediate region 22 are defined.

The above-described method of probe device fabrication does not rely
on a doping profile of the fiber segment 10 or the composition of the etching
solution 50 (FIG. 4). The cylindrical tip is formed by reducing the diameter of the
fiber primarily by the second etching (FIG. 4) in the radial direction. The flat end
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 face results from the cleaving step (FIG. 3). Throughout the second etching step
(FIG. 4 the lower region 41 maintains its shape, even as its dimensions (in all
Jirections) decrease. Any structures created on the bottom endface, such as a cone
o point, are eliminated as the diameter w becomes smaller than approximately
1 um. For large diameters, the formation of features on the end face is prevented by
f the cleaving step (FIG. 3) because not enough etching occurs in the axial direction
j to produce a significant variation in the amount of etching at different radii of the
fiber. If a large amount of etching in the axial direction is desired, a flat endface can
still be achieved by using a fiber segment with uniform doping profile or (even in the
10 presence of a radial gradient of doping concentration in the fiber segment) by

Wn

solution, or by doing both,
Althoﬁg‘h the invention has been disclosed in detail in terms of a specific
embodiment, various modifications can be made without departing from the scope of
15 the invention. For example, instead of optical fiber, the fiber segment 10 can be
made of any material that can be etched as described above, and that can be cleaved
to form a (planar) tip. The wet etching can be enhanced by ultrasonic agitation.
Instead of isotropic wet etching, other kinds of etching techniques can be used , such
as dry plasma etching. The etchings are advantageously, but need not be, isotropic.
20 The two etchings (FIGS. 1-2 and 4) can be chemically different or physically
different (i.e., can be essentially isotropic dry etching in any of the etchings, at some
sacrifice of fabrication speed). The etchings indicated in FIGS. 1-2 and FIG. 4
preferably are both, but need not be, essentially isotropic.
For use as an NSOM device, the sidewalls of the regions 41 and 42
25 advantageously are coated with an optically reflecting layer such as a metallic layer
like chromium, or the fiber segment 10 has a core region and a cladding region as
known in the art (whereby the cladding region reflects optical radiation during the
NSOM use), or both.
In case the fiber segment 10 (FIG. 1) has a cladding as well as a core,
30 advantageously--for use in an AFM device wherein the cladding is optional, an STM
device wherein the cladding is optional, or an NSOM device wherein the cladding is
described--the diameter of the core (in which the chemical composition is uniform)
is larger than w (FIG. 4) by an amount in the approximate range of 2.5-t0-3.5 pm.
The shape of the cross section of the fiber segment 10 can be other than
circular--such as elliptical, rectangular, or square--as can be obtained by cutting a
glass body into such a shape. In such a case, the cross section of each cylindrical

} properly adjusting the concentration of the chemical components of the etching
¢
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1. A probe device comprising:
a {iber segment having a relatively thick upper cylindrical region (43,44)
Lzﬂ,rrmnaurlo in a tapered region (42) that terminates in a relatively thin right
cylindrical lower region (41); the lower cylindrical portion having a maximum width
in the approximate range of 0.01 um to 150 um and terminating at its bottom
extremity in an essentially planar end surface oriented perpendicular to the axis of
the thin right cylindrical region.

2. The probe device of claim 1 in which the thin cylindrical region has a
height in the approximate range of 0.05 pm to 30 pm.

3. The probe device of claim 1 in which the thin cylindrical region has a
height in the approximate range of 1 um to 10 um.

4. The probe device of claim 1 in which the maximum width of the thin
cylindrical region is in the approximate range of 0.05 um to 0.2 um.

5 The probe device of claim 1 in which the maximum width of the thin
cylindrical region is in the approximate range of 0.05 um to 0.5 um.

6. The probe device recited in claim 1 further including a metallic layer
located on the sidewall of the lower cylindrical region.

7. A method of making a probe device comprising the steps of:

(a) providing an initial cylindrical fiber segment;

(b) etching, prior to step (c), a lower cylindrical region of the fiber
segment for a first predetermined time duration, whereby the maximum width of the
lower cylindrical region becomes less than that of an upper cylindrical region of the
fiber segment;

(c) cleaving the tip of the lower region of the fiber, whereby a cleaved
lower region of the fiber is formed; and

(d) etching, subsequent to step (c), the lower cylindrical region of the
fiber for a first predetermined time duration, whereby the width of the lower
cylindrical region is reduced to a predetermined value, but the width of the upper
Cylindrical region remains essentially unéhanged.
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8. The method of claim 7-in which the predetermined value is in the
approximate range of 0.01 um to 150 pm.

-8-

9. The method of claim 7 in which the predétermined value is in the
approximate range of 0.05 um to 0.2 pm.

10. The method of claim 7 in which the cleaving is perpendicular to the
axis of the lower cylindrical region.

11. A method in accordance with claim 7 followed by coating the
sidewalls of the lower cylindrical region with an optically reflecting layer.

12. A methed in accordance in claim 7 further comprising, prior to the
step (b), the step of coating the sidewalls of an uppermost cylindrical region of the
fiber segment with a protective layer that is not etched by the etching of the step (b)
and removing a lower portion of the protective layer prior to the step (d).

13. The method of claim 7 in which the etchings of steps (b) and (d) are
essentially isotropic and in which predetermined value is in the approximate range of
0.01 um to 150 pm.

14. The method of claim 13 in which the predetermined value is in the
approximate range of 0.05 um to 0.2 pm.

15. The method of claim 7 in which the cleaving is perpendicular to the
axis of the lower cylindrical region.




