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FIBER PROBE DEVICE HAVING MULTIPLE DIAMETERS
Ba_gound of the Invention
This invention relates to probe devices, and more particularly to
metrological fiber probe devices and to methods of making 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. See "Scanned-Probe Microscopes" by H. Kumar
10 Wickramasinghe, published in Scientific American, Vol. 261, No. 4, pp. 98-105
(October 1989). In other words, the resolution of the microscope is limited by the
wavelength of the radiation. In order to circumvent this limitation, researchers have
investigated the use of, inter alia, various types of imaging probes..' Scanning '
tunneling microscopy (hereinafter "STM") devices, atomic force microscopy

15 (hereinafter "AFM") devices, and near-field scanning optical microscopy (hereinafter
"NSOM") are some examples of different tvpes of probe microscopes.

In STM, a metallic probe is brought sufficiently close to 2 conducting

sample surface such that a small tunneling current is established. The magnitude of . .
this curren: is extremely dependent or the tip-to-sample distance (i.e., topography of

20 the sample surface). The tip is allowec tc scan laterally across the (irreguiar) surface
of the sample body with several angsiroms separatior. between tip anc sample in
order to achieve imaging with atomic-scale resolution. The tunn..hng current. ané
-hence the tip-to-sampie separation, is detected and controlled by an
electroméchanica! feedback servomechanism. In AFM, imag"in\g is achieved in &
similar manner 1o tha: of the STM except that the atomic forces (either shori-range

o
Lh

repulsive or long-range attractive are detected insteac of tunneling curmren:. Ar
obvious advaniage to this techmague is that the tip anc sample do no: have 10 be
conductive, ali matenials exer azomic force
_ Ar NSOM device 1s typically comprisec of an aperture located at the iy
30 of ar elongarec optical probe. the aperture having & vlarges:! dimensior that is
smaller thar: approximately the waveiength of the opa‘_ai radialior. tha: is being usec.
During device operatior. the probe is positioned ir. ciose proximity te the surface o7
a sampie bo-df:. The ar erture of the probe is ther aliowed 0 scar 2oross the surface
of the sample body a: distances of separauorn thersirom: al. of whicr disiances are
B 35 characterizec b by mumally equa’ forces components exertec or. the probe device in
 the directior. pe"pendz-uxa: 10 the gioba. (overall: su
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scanning being detected and controlled by an electromechanical feedback
servomechanism as in the case of STM and AFM. '

For example, 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 conical) sidewalls, whereby the sidewalls do not form a cylinder of any
kind. Therefore, as the' pmbc 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 vield
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 anc expensive, especially because of the need for
drilling the aperture coaxially with the fiber.

Another example involves the fabrication of nanometric tip diameter
fiber probes for photon tunneling microscopes ("PSTM") by selective chemical
etching of the GeOZ - dopec cores of optical fibers. See "Reproducibie Fabricatior
Technique of Nanometric Tip Diameter Fiber Probe for Photon Scanning Tunneling
Microscope”, Togar Pangaribuan, et.al., Japan Journal Applied Phvsics. Vol. 31
(1992), pp. L 1302-L 1304. By selectively etching the GeO doped regions of the

fiber, a tapered tip having the shape of a small cone can be foymed on the endface of
the optical fiber. The cone angie of the fiber probe up is controflec— bv varving the
doping ratio of the fiber core and the compositior. of the etching solutior. A fiber
probe with 2 cone angle of 20° and tip diameter of less than 10 nm was fabricated
Only probes having conicai-shapec endfaces car be made with this technique. sc tha
the sidewalls do no: form. & cvlinder of any kinc. The scanning range of such & probe
is undesirably limite¢ owing ic the eiativelv large width (diameter: of the endface
or. whick the relariveiy shori-width conical tip is centerec. coupiec witk: the fact that.
during scanning, the probe is rastered from side-to-side in an arc: 2 desirec large
length of scar is anemprec. the comers of the probe s endface undesirably wil make
contac: witk. the sampis surface. Ir additior.. the conica. shape O the Ip undesiradly
limits the accurasy of measurements wherever the surface being ovooec has z sudder.

e jumg.
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Summary of the Invention

This invention involves, in a specific device embodiment, a probe
dev1ce, that can be used for surface metrology (for probing and measuring the
contours of surfaces). The device can be used as an STM, AFM, or NSOM device.

forth in the dependent claims.

| The inventive probe is set forth in claim 1. Preferred forms of the device are set

_ The fact that the lowest region of the probe device terminate in a planar
end surface--advantageously oriented perpendicular to the axis of the
cylinder--enables accurate positioning and hence position-determinations of the
probe device at locations of a surface of the sample body being scanned by the
probe, even at sudden jumps in the surface. And the fact that the lowest region of
the probe device has the form of a cylinder simplifies the determination of the profile
of the surface of the sample body. The probe’s sidewalls advantageously are coated
with a suitable layer, such as an optically refiecting laver, for confinement of the
light inside the fiber probe tip especially if and when the probe is used for NSOM

applications.
Brief Description of the Drawing

FIG. 1 is an elevational diagram, partly in cross section, of z fiber probe
device i an early stage of its fabrication in accordance into 2 specific embodimen:

of the invenuor;

FIG. 2 is 2 horizontal cross-se..nona_ diagram of the device depiclec in

FIG. 1; and

FIG. 3-6 are elevational cross-section diagrams of a fiber probe device
during successive stages of its fabrication in accordance with 2 specific embodiment

o1c the invention.

Y

'Only for the sake of clarm none of the FIGURES is to anv S-al€

Detaxled Description

Referring to FIG. . a fiber segmen: 1C. rvpicaliv an oprical fiber

Arﬁ

segment. rvpically ¢ kes the form of & solié circula- f~v1ind r having ¢ diameter 2. It

is helc by z holder 45, rvpicallv made of tefior. W1 ~the aidof 2 secm"nh of adhes:ve

tape 31. The material of the glass fiber segmen: 1C car. be but neec no: be unifore

For example. it car. have 2 central core surroundec by z peripheral cladding as

knowr ir: the ar: anc as discusse< in greater deial’ bejow. A

the fiber segmen: 1C tvpicaliy is circvlashy svmmeric.

~

1 apv rate. the mateniz’ of
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The fiber segment 10 is immersed (FIG. 3) in a wet essentially isotropic
etching solution 50, 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. The acetic and H; O components help dissolve the

5 accumulation of unwanted residual material on the fiber surface during etching. The
etching solution 50 is contained in a container 60, and it has a level "52 that intersects
the fiber segment 10, whereby an entire (lower) portion of the surface of the fiber
segment 10 is submerged in the solution 50.

After the fiber segment 10 has been immersed in the etching solution 50

10 for a predetermined amount of time, it assumes the shape shown in FIG. 3--that is, a
relatively thick upper solid cylindrical region 23--i.e., in the form of a solid circular
cylinder~terminating in a tapered intermediate (transition) region 22, in the form of
a tapered solid circular region, and terminating in a relatively thin lower cylindrical
region 24, in the form of another solid circular cylinder.

15 For example, diameter of the upper region 23 of the fiber segment is
typically equal to approximately 125 pm or more. Afier having been .ctched with the
solution 50, the thin lower region 24 has a diameter 2R (FIG. 3) tvpically egual to |
approximately 50 pm, as determined by the time duration of the immersion.

With the aid of, for example, 2 vertical-positioning-micrometer

20 - apparatus (no: showr; or 2 telescopic monitoring apparatus, the fiber segmen: is
partially withdrawn vertically from the etching solution 50 (FIG. 4) by 2
predetermined distance d. Typically this distance @ is in the approximate range of
5 pm 10 2,000 pm. advantageously approximately 50 pm to 500 pm. In this way.
the locatior of the etching solution-air interface is moved along the fiber segmen: 10

25  toward its lower endface. The immersion of the fiber segmen' in the solutior 50 is
ther: continued for another predetermined amount o time unti! the resulting width:
2R-A of the lowes: region 27 of the fiber becomes reduced to & pfedstenmn
desirec vaiue. typicaliy to approximately 30 um. At the same time ar. intermediate

_ cvlindrica! regior. 25 (FIG. 4} of heigh: € is thus formec. locatec above the etching

30 soluuor leve! anc ‘1avm° the same ma:n°te: =R as tha: of the {previous, lower
regior. 24 (FIG. 3; _

Nex, the bottor: face of this lowes: region 27 is cleaved
advantageousiy. i & piane orienteC p"p‘ndi:uia: 1 the (commor exes of the upper
region -2 and the 1owes: regior 27, as by means of z fiber cieaver aidec by opucal

35 microscopic viewing or other micrometer controliec procedurs. In this way, the
heigh of the resuiting lowes: cvlindncal regior 28 (FIG. 5; becomes equal 1c 2

g
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? termined reduce value h (FIG. 5), and the tip thereof is a planar surface
ented perpendicular to the axis of this lower cylindrical region 28. Typically, the
Eight h is in the approximate range of 0.05 pm to 30 ym, and advantageously in the
approximate range of 1 pm to 5 um. Also, it is advisable that the ratio d/h be in the
approximate range of 10 to 1,000, and advantageously in the approximate range of
10 to 100.

The fiber segment again is immersed (FIG. 6) in the essentially isotropic
etching solution 50, for another predetermined time duration, to 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 the resulting lowest portion 30 of the fiber segment is still a
solid circular cylinder but having a further reduced diameter equal to w, while the
height h thereof is reduced by at most an insignificant amount. Likewise, the height d
of the intermediate region 29 is reduced by at most an insignificant amount. At the
same time, the diameters of the resulting intermediate cylindrical regions 29 and 21
of the fiber are reduced. In particular, the diameter of the intermediate cylindrical
region 29 is reduced to W = A+ w. Typically, the ratio (/W) of the height d of this
intermediate region 29 to its width W is in the approximate range of 1 to 100, and is
advantageously in the approximate range of 1 to 10. At the location of the solution
ievel 52, 2 meniscus of the etching solution 50 produces 2 gradua! tapered transition
between regions of the fiber immediately above and immediately beiow the solution

level 52, as indicatec in FIG. 6.
The resulting lowest region 30 the resulting intermediate regions 29 and

21, and the uppermost region 23 all take the form of mutually coaxxa solid

cylinders, tvpically circular cylinders. The diameter w of the lowesL poruon 30--1.e

the width of the tip of the resulting probe (FIG. 6)--car. be adjustec to any desired

value by adjusting the amount of time during which the immersior. in the solution 5¢

is allowed to continue. This width w can be as srnal 2s appreximately G.OE Lm anc
Caal

as large as 150 pm or more--rvplcalh in the aDDroAmat range of C.0S um 1o
0.5 um, and advantageously ir: the aDDromate range 0Z.0.0S um ¢

- 0.2 pm--depending or the ultimately desirec me wrological use of the probe wher

measuring sample sufaces, Le.. acpcna;ng or the desired metrologica’ resolution of
the measurements tc. be made by the fiber during its subseguen: use as 2 probe
device. Typicaliv. suct use irvo"x'ﬂs'scannin's ine suace of & sampie body wilk tne
probe while hoiding the probe ‘with ar slectromechanica’ fesdback servo-
mechanism, as knowr ir the art. al! o7 whick: distances are characterized by mutuali
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f equal components of force (for the case of AFM) in the direction perpendicular to
the overa.ll surface of the sample body

The predetermined time durations of the immersions for the etchings
(FIGS. 3-4 and 6) can be determined by trial and error, or by telescopic monitoring,
in order to obtain a desired predetermined height and diameter, and hence a desired
predetermined stiffness, of the intermediate region 29, as well as thus to obtain a
desired predetermined mechanical resonance characteristic.

During operation of the resulting fiber segment as a probe device--i.e.,
as it is moved across a sample surface to be measured—a change in resonant
frequency or amplitude of a vibrating fiber probe, or of both, can be is used to detect
attractive or shear surface forces. The stiffness of the intermediate portion 29 can be
adjusted in order to enhance the sensitivity of the fiber probe. to attractive and shear
forces from the sample surface. The stiffness and mechanical resonance
characteristics of the fiber probe thus can be tailored by adjusting the height and

width of this intermediate fiber portion 29.
For use as an NSOM device, the sidewalls of the portions 22, 29, and 30

“advantageously are coated with an optically reflecting layer such as a metallic laver

like chromium, or the fiber segment 10 has a core region and 2 cladding regior as
known in the art (whereby the cladding region reflects optical radiation during the
NSOM use), or both. o

In case the fiber segment 10 (FIG. 1) has 2 cladding as well as z core.
advantageously--for use ir. an AFM device, ar: STM device, or an NSOM device
where the cladding is desirable--the diameter of the core (in which the chemical
composition is uniform) is larger thar w (FIG. 6) by ar: amount in the approximate
range of 2.5-t0-3.5 um. : ' SN

Although the invention has been disciosec in detail in terms of 2 specific

embodiment, various modmvauonc can be made withou: departing from the scope of

the invention. For example. instead of optical fiber, the fibe - segment 10 car be
made of any material tha: can be etched as described above, and tha: car. be cieaved
to form z (plana-; tip endface. The we! etchings car be enhancec by ujtrasonic -

agitatior. The rwo etching soluuons (FIGS. 3. 4. anc 6: car: be chemicallv differen:

- or can be phvsically differen: {i.¢.. car: be essentially isotropic drv etchings i any of

~

the etchings. a: some sacrifice of processing spesd;. The etchings indicated ir

FIGS. 2, 4. anc ¢ advaniageousiv are 21, bu: peed no: de. essentially isoropic
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The solution level 52 (FIG. 6) optionally can be adjusted to be the sam
as, or to be slightly below, the top of the tapered intermediate region 22. In such )
case, there will be no intermediate cylindrical region 21. e
Instead of attaching the fiber segment 10 to the holder 45 and
assembling them as indicated in FIGS. 1 and 2, a protective polymer resist la
coat the sidewalls of the upper portion of the fiber segment 10, while the ¢ it
of the fiber segment is bonded to the holder 45 by méans of ax; adhesive °I:ﬁ°ndfa°°
this vs.ray a sharper meniscus is formed when the fiber segment is immers:iefoui :
ﬁrs.t time (FIG. 3) in the etching solution 50, the protective resist layer bein o
resistant to the etching. This polymer resist layer, however, is advaniageoufl
removed (at least in regions that otherwise would come in contact with the . i
solution) prior to the second wet ewching (FIG. 4). Fiehine
Finally, the fiber segment 10 need not have a circular cylindrical sha:
bt_n. can have, for example, an elliptical, a rectangular, or a square shape, so that P‘j
of its cross sections have 2 maximum width that differ from eacin other. ,Such et
circular cross sections can be obtamcd simply 1 by cumng 2 glass body into SU»: "

shapes.
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1. A probe device comprising: |
a fiber segment having a relatively thick upper region (23) terminating at

its lower extremity in a first tapered region (22) |

characterized in that the first tapered region terminates in a cylindrical
interfnediatc region (29), the cylindrical intermediate region terminating at its lower
extremity in a second tapered region that terminates in a lowest cylindrical region
(30 o

the upper region, the cylindrical intermediate region, and the lowest
cylindrical region having respective maximum widths that are monotonically
decreasing; _ . .
the lowest cylindrical region having 2 maximum width (w) in the
approximate range of 0.01 pm to 150 pm and terminating at its lower extremity in an
esscnna}lv planar end surface oriented perpendicular to the axis of the lowest
cylindrical region; and . |

the intermediate cylindrical region having 2 height and 2 maximum
width in a ratio in the approximate rate of I to 100.

2. The probe device of claim 1 characterized in that the Jowest

3
o
(93 ]
o
™
=
2]

P i 008 1
cylindrica! regior has a height in the approximate range of .05 um
e

3. The probe device of claim : further characterizec in that the lowes:
. N X A < I
cvlindrical region has 2 height in the approximate range of ! pm to 5 um.

‘4. The probe device of clann 2 furtnc' characterized ip'tha: all the
-c’viindxicﬂ rt:g'icrnc are essentially silica glass and in which the heigh: of the
intermediate region is ir: the approximate range of 5 pm to Z.000 pm and in whick
the ratio of the heigh: of the intermediate regior. ic the maximum: w ld‘n. ol the

intermediate regior. is in the approximate range of I 1¢c 100

5. The probe device of claim 2 further characterize ir tha: al: the
cyhndncm regions are essentially smf‘a glass anc ic r whick: the heigh: of the
intermediate regior, is ir: the approximate range of 5C Lirz to 500 1. anc in which

[ K il T PN arinta rariAr 12 3 *he
. ] Tu i 1 M L - L2l i AV AL ben whiw
the Tatic of the heigh: tc the maximurm. widt o7 the intermediats regior it it th

_ approximate range of X to 18
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6. The probe device of claim 1 further characterized in that the maximum
width of the lowest cylindrical region is in the approximate range of 0.05 pum to

0.2 um.

7. The probe device of claim 1 further characterized in that the maximum
5 width of the lowest cylindrical region is in the approximate range of 0.05 pm to

0.5 um.

8 The probe device of claim 1 further characterized in that the upper
region coaxial with the lowest cylindrical region.
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