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Claim
1. A method for detecting properties of a near-field of 1ight

adjacent to a sample . area on a surface compricing:
generating a near-field of light adjacent to the surface, the near-field
having an increasing intensity in a direction perpendicular to and
towards the surface and having substantially constant intensity at a
substantially constant distance from the surface;
positioning a physical probe within the near-field and adjacent to the
sample area to couple with and receive light from the near-field; and
monitoring the amount of light received by the probe and producing an
output signal corresponding to properties of the near-field asiacent to
the sample area.

| 21. @& oheton scanning tunneling microscope comprising;
a surface on which a sample area is defined;
means for generating a near-field of light adJacent to the surface, said
near-field having a substantially exponent1al]y/ﬂesnasiag intensity in a
direction perpendicular o and away from said surface and, in the absence
of a sample on the sample area, having a constant intensity throughout an
area that is equidistant from the surface and is adjacent to the sample
area;
a probe for sampling said evanescent near-field, said probe receiving
photons from said near-field that tunnel between said surface and said
probe; ‘
a detector for detecting the photons received by said probe and producing
a control signal that is proportional to the number of photons received
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by said probe;

means for moving said probe and for scanning said probe through a pattern;\

in the near-field adjacent to said sample area whereby the control signal
varies as a function of the light intensity distribution adjacent to the

sample area; and
monitoring means for monitoring the control signal as said probe moves

through the pattern to produce data corresponding to the light intensity
distribution adjacent to ‘the sample area.
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(57) Abstract : N i ‘

- A method and apparatus for photon scanning tunneling microscopy (10) for examining a sample (20) in a sample area (21) |

on a surface (16) at a subwavelength resolution is-disj}losed. The method compnses generating a near-field (18) of photons-at a
surface (16) containing a sample arez, (21) The near-field (18) has an area that is larger than the sample area (21), and the near-- .
field (18) has an exponentially mcreas‘ng intensity in a direction perpendicular to and towards. the surface. The near-field (18) is. S
sampled with a probe (26) which receives photons from that near-field (18) that tunnel from the surface \l6) {o the- probe (26). The D
received photons are detected and a detectgr (30) produces an-output signal that is proportional to the number of photons re-
ceived by the probe (26). The sample area (21) is scanned with the probe (26)in at least one diréction parallel to the surface (16), |

- While scanning, the probe (26) may be maintained either at a position of a.constant near-field mtensuy or at a position of con-
stant dnstance from the surface (16). A photon scanning tunnelmg mncrosco%e for using the method is also dlscloseu.
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PHOTON SCANNING TUNNETLING MICROSCOPY

Field of the Invention. .

The present invention relates to opthalm micro-
scopes, and in particular relates to optical microscopes
with subwavelength resoluticn. The invention also relates
to microscopes which use a light tunneling phenomena.
This invention was made with Government support under a
contract awarded by the Department of Energy. The Govern-
ment has certain rights in the Invention.
Background of the Invention.

Until quite recently, the resolution of optical micro-
scopes was limited by the wavelength of the light used.
Particles smaller than one-half the wavelength could not be
resolved. Transmission and scanning electron micrascopy
(TEM and SEM) were developed to resolve structures smaller
than the wavelengthlof the visible light, but they were
limi:ted by the prerequisite of an electrically conducting
sample.

The development ¢f scanninyg tunneling microscopy
allowed the resolution of structures as small as individual
atoms. The original scanning tunneling microscope (STM)
used tunneling electrons as the signal source within the
microscope. Like TEM and SEM, this required an electrically
conducting sample to supply the electrons.

There have been many attempts to exploit the near-
field radiation of visible light photons. These near-
field scanning microscopes (NFSM) directed light onto an
aperture of subwavelength size connected to a detectqﬁ. A
near-field was generated at the aperturé which interacted
with a sample to produce a modulated nea: field as the
aperture was advanced proximate to the samy‘e. Phutons
from the modulated near-field would theh be dete-ted
Thus, as the aperture moved across the sample, ;t would

sense the modulatlons of the near-field. A raster scan cf-

the sample by the aperture produced an image of the sanple

J .
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:1n the scanned area. Variatione of this type of micro-
scope have been developed but in each case, the near-d

field phen.menon is created adjacent to a subwavelength
size aperture and the useful size of the near-field is
typically of the order of a wavelength in all dimensions.
Because of its small size, this near-field is typically
scanned across the sample. ' .

Three mehhods have been used to maintain the aper-
ture proximate to the sample during scann;pg.' Eleetron
tunneling feedback has been used to maintai{vaperture to
sample separations of less than 1 nm. The method required

coating both the sample (if the sample was non—gonducting)

and the aperture with a thin (approximately'zonm).layer of a.

conducting material (e.g. gold). A second method used a
constant'height mode. The aperture was brouéht'cioser and
closer to the sample until the desired resolution was ob-
tained. 1In operation, the method was useful only for flat
samples or flat areas of rough sampies. The third method
used a contact mode.- The aperture was advanced until it
contacted the surface, a tunneling current of photons was
measured, and the aperture was retracted. This procedure
was repeated as the aperture was scanned across the sanple

' without any source of feedback. Again, the sample nust be

fairly'flat and capable of withstanding contact with the
aperture. \ |

There are many types of samples, for example, biolog-

ical samples, which may not survive'the'mechaniCal pressure
of a contact in near-field scanning microscopes or a coating
of the sample by a conducting surface. 1In addition, the
techniques that use electron tunneling feedback to maintain
proximity to the sample may also require vacuum conditicns
‘to best use electron tunneling.

Therefore, it is an object of the preseﬁt inventicn

to provide a means for high resolution optical microscepy .

applicable to a variety of specimen types including thcse

that are nonconducting, non-flat, or of deiicate-struc_-.al'

composmtlon. It is an additional object of the present
N , o
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1nvent1on to provide this mlcroscopy under a varigty of
env‘ronmental condltlons.

‘Summary of the Igventlon.

‘The present invention provides for a method and

apparatus for near-field optical microscopy. The method

uses a phenomenon of sample-modulated tunneling of photons
in a near-field to produce information about the sample. 1In
accordance with one aspect of the invention, a near-field is
generated adjacent to a surface. The near- field has an
intensity thac increases perpendicular to and towards the
surface and has substantially constant intensity in a plane
substantially parallel to the surface. A sample is placed
within the near-field and the presence of that sample
changes the intensity distribution within the near-field.
The intensity of the near-field around the sample is meas-

ured in at least two dimensions adjacent to the sample.

The measurement produces an image corresponding to the
area of the sample measured.

The preferred source of the near;field is a totally
internally reflected (TIR) light beam. In a preferred
embodiment, the light beam is reflected off an internal
surface of a prism. This provides an evaneScent field
having an exponentially decaying intensity normal to the

sample surface. A probe is movied into the evanescent field

and preferably, the probe is & sharpened quartz optical
fiber. The probe has a tip that is sharpened to a small

.dimension which can be subwavelength (i.e. less than about

500 nm). The presence of the probe will) allow photons to
tunnel from the surface to the probe.

The surface itself may also be the subject of this
microscopy. In the same manner as above, the surface
structure will modulate the near-field. The 1nten51ty of

"the near-field will- vary wath the changes and defeots in the

surface. In this way, the microscopy may be used to measure

the surface in at Jeast two-dimensions at a- subwavelength
resolution. B

In a preferred embodiment the photons are conducted
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4 :
along the fiber to a detector. The detector prodqus a
signal that is proportional to the number of photonsvthat
are tunneling to the probe and that number of photons is
proportional to the intensity of the near-field in the
vicinity of the probe. A different signal would be produced
at different positions of the probe adjacent to the sample.

In a preferred embodiment, a feedback circuit is
employed to regulate the intensity of the signal by varying
the tip to sample distance. The feedback, thus, prevents
the tip from contacting the saizple. This technigue is
particularly suited to the study of dielectric surfaces,
which are impossible to directly profile within an electron
STM due to charging effects.

In an alternate embodiment, the tip is scanned over
the sample at a constant height above the surface and the
intensity of light received by the tip is measured. By
scanning in a raster pattern at a constant height above the
surface, a two dimensional picture of the intensity of the
near-field is received by the probe. ' Varying intensity
levels as the tip is scanned would provide informuation about
a sample that is modulating the near-field or about the
surface itself.

Also, the technique of the present inventicn will
provide spectroscopic information. For example, as the
probe is scanned parallel to the surface, the detected light
could be fed into a spectrometer that would give information
on the various optical properties of the sample in local
areas with sizes smaller than the wavelength of light
used in the field. This data would provide a map corre-
sponding to the optical properties of the sample.

The resolution afforded by this invention is far
better than that of standard optical microscopes. In
addition, this invention may be used without resort to the
high vacuum environments of electron microscopes.

The present invention uses the total internal reflec-
tion (TIR) of a light beam incident on an interface ke-
tween materials of different refractive indices }“i andrng)

o
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5
“when the incident beam 1lies in the medlum of higher index .
(n;).. A prism is an example of an optical device utlllZlng_a'ﬁ
| total internal reflection surface (TIR surface). Total
internal reflection takes place when the angle of incidence 6
‘(related to the normal) exceeds the critical angle given by 9
= arc sin (n./n;) . For 6; > 6., an evanescent near-field is
produced in the medium of lesser index. The intensity of this
field decreases exponentially with increasing distance from
the interface according to Equation 1:
I = K exp(-2kz(sin?@,-(n./n;)?1"?) (1)
where K is a constant of proportionality, k is a magnitude of
the wave vector of the incident light, and z is the distance
from the interface surface. (As used herein the term
near-field is a broed category to which evanescent fields
belong. A near-field 1is any field whose effects become
important at a distance within about 1 or 2 wavelengths from
- the source. An evanescent filed is defined as that field

whose intensity is described in Equation 1.) If ariother
medium of index greater than n, is brought within the
evanescent near-field, such as the tip of a sharpened optical
fiber, tunneling occurs which is roughly analogous to that of
electron tunneling through a finite barrier in quantum -

mechanics.

The exponential nature of the evanescent near-field
leads to an '"effective sharpness" for the probe tip. At any
distance 2z from the surface, about 90% of the photoiis are
coupled into the nearest 10% of the tip. Accordingly, a tip
wﬂth a radius of R will have an "effective" radius of R/10.
Therefore, a tip that might not be suitable for cunventional
near-field scanning microscopy would be quite suitable for use
in this form of microscopy.

Photons from the incident beam tunnel through the

et < B e

region between the tip and sample and can be collected byya |

suitable detection system. The presence of a sample on the ST

TIR surface will modulate the form of the evanescent near-

field, and this modulation w111 manifest itself as spatial 1
... variations in the near-field 'npggSLty at a given height é' %
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above the sample surface. These changes in intensity provide

6

topographical information about the sample surface as well as
information about the optical properties of the sample (for
example, spatial variations in the index of refraction or the
optical absorption of the sample). The spatial resolution is
affected by the decay length of the evanescent near-field and-
by the size and shape of the tip.

A preferred embodiment of the invention is an
instrument wherein a sample is placed on one surface of a
prism and a iaser beam is internally reflected from the
opposite side of the prism surface. Thus, an evanescent field
is created by the laser beam adjacent to the surface of the
prism on which the sample is placed. A probe, a quartz fiber
which has been etched into a sharp tip, is brought near to the
Sample and into the region of the evanescent near-field of the
beam. As the probe tip enters the evanescent near-field, a
portion of the otherwise totally reflected light beam will
couple to the probe tip in a tunneling process. This light is
conducted from the probe tip by means of fiber optics to a
suitable detector, such as a photomultiplier tube. The
photomultiplier tube produces a signal that is proportional to
the number of photons tunneling to the probe tip. The
intensity of the signal from the photomultiplier tube is held
constant by a feedback circuit controlling separation distance
between the probe tip and the prism surface. The position of

=

the tip 1is controlled by mechanical and piezoelectric
elements. Imaging of the sample is accomplished by scanning
the probe tip over the surface in a standard raster pattern
substantially parallel to the surface. The instantaneous ;
light signal received by the probe tip is held constant during o
scanning by moving the prcbe in a direction perpendicular to
the surface. The separation distance between the probe tip

{
i
3
1
]

and the prism surface is monitored along with the scan posi- ;
tion of the probe tip. Visual images are produced on an ana-
log display monitor or a computer display corresponding to the
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7_separatlon dlstancn of “the probe from the prism surface as 1t
moves in the raster pettern. It will be understood that the
prism and the surroundlng medium such as air constltute flrSt'
and second substances hav1ng dlfferlng 1nd1ces of refraction.
The surface of the prism on which the sample is placedr
constitutes e planar interface between the first and second
surfaces and the near-fleld is produced adjacent to thls
planar 1nterface.
~ The present 1nventlon does not require contact of
the sample and the probe follows roughness features of the
sample unlike some near-field. scanning microscopes. Another
-advantage of the invention is that the resolutlon obtainable
greatly exceeds that of conventional optical microscopy.
Also, precise measurements of Varietions in sample topogréphy
are made available, unlike traditional optical and electron
microscopes. Since there is no need for electron tunneling
feedback or any other form of electron current between the
sampie and the probe, both insulating the conducting samples
can be prokbed and imaged, unlike samples prepared for electron
microscopy. Finally, the present invention is operable under
- a variety of environments. it is not restricted to vacnum:
operation.
Brief Description of the Inventisn. -
The present invention may be best'understood_by

reference to the following detailed description of an
exemplary embodiment when considered in conjunctidn with the
drawings in which: | _ ’

FIGURE 1la is a block schematic diagram of a

preferred embodiment of a " photon  scanning tunneling
microscope; -

FIGURE 1b is a'diagram‘of a portion of the sample ;
field show1ng the interaction of a flber optic tip with a é, i
sample-modulated evanescent near-fleld, - K\) '

FIGURE 2 is a drawing of a p*eferred emlodiment of R I
the 1nvenulon, and K\ }*~e\ § %é
FIGURES 3 and 4 are pe rgpeftlvet%rewlngs of the - & %¥1;
, probe and the sample area of a pé' rred embodln&nt of the a8
.=t . el \
e -
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‘invention, FIGURE 4 being a view rotated 45° clockwise and ‘
from an angle elevated by about 30°-with,fespeé£ to the view
in FIGURE 3. S -
Detailed Descrlptlon of the Invention.
"Referring now to the drawings in which 1like
reference characters designate like or correspondlng parts
throughout the several views, there is shown in FIGURE la a
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photdh scanniné tunneling microscope 10 embodying one form
of the present invention. The microsécpé 10 is éompriéed of
a prism 12 into which a laser beam 14 is directed at an
angle of incidence ©; such that the beam 14 is totally
internally reflected (TIR) at a surface 16. Referring now
to FIGURE 1b as well as FIGURE la, an evanescent near-
field 18 is generated by the beam 14 being totallxrrefiected
at the surface 16. A sample 20 occupies a sample area 21 on
the surface 16. The evanescent near-field 18 is much larger
than the sample area 21, and the presence of the sample 20
on the surface 16 will modulate the evanescent near-field
18.  This modulation will manifest itself as spatial varia-
tions in the near-field intensity at a given height above
the sample surface. A fiber optic probe'tip 22 is intro-
duced into the evanescent near-field 18 such that photons
will tunnel between the beam 14 at the surface 16 and the
probe tip 22. The tip 22 is formed into a point 23 that may
be, but need not be, smaller than the'wavelength of the
light of the beam 14 and it may be coated with a photon
opaguie material (such as metal) in order to produce a
small aperture in combination with tnhe small size of the
point 23. The probe tip 22, unlike the probes used in
conventiohal near-field scahning microscopes, need not be
coated with an opaque material in order to achieve subwave-
length resolution; forming the tip 22 with a point 23 less
than a particular width produces resolution at least as good
as an aperture of that width in a conventional near-field
scanning microscope probe. The probe tip 22 is at one end
of a quartz fiber 24. This end of the quartz fiber 24 makes
up a probe 26. The probe 26 is mounted to a piezoelectric
translator 28 so that the probe 26 may be scanned across the
sample 20. The translator 28 movés the probe 26 horizontal-
ly over the sample 20 in a standard raster scan. An end
opposite to the probe end of the quartz fiber 24 is connect-
ed to a photomultiplier tube 30 which detects  the photons
received by the probe 26. The tube 30 produces an output
signal that is proportional to the number of photons re-
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ceived by the probe 26. : F

The output of the photomultiplier tube 30 ié_applied
to an XYZ motion and feedback circuit 32. The circuit 3z
provides signals to the translator 28 for the raster scan
of the sample 20 by the probe 26. The circuit 32 has x- and
y-directiaﬁ cenitrollers for generating x- and y-direction
signals. These signals to the translator 28 move the
probe 26 in the x and y directions. 1In addition, the cir-
cuit 32 monitotrs the output of the photomultiplier tube 30
to maintain the intensity of the evanescent near-field 18 at
a constant value. As the probe 26 moves across the sample
20, the intensity of the evanescent near-field 18 will vary
with the scan position of the probe 26. As the intensity
varies, the feedback circuit 32 will generate a z-direction
signal from a z- direction controllzr to move the probe 26

vertically with respect to the sample 20 and the surface 16. .

If the feedback circuit 32 receives a signal from the
photomultiplier tube 30 indicating fewer photons being
received by the probe 26, then the circuit 32 will direct
the translator 28 to move the probe 26 closer to the sample
20 angd the surface 16. The proke 26 will move further away

from thé sample 20 and the surface 16 if the photomultiplier

tube 30 detects more photons. The XYZ motion and feedback
circuit 32 provides position information to a computer
control and image processing circuit 34. This circuit 34
determines a relative scan position and a relative vertical
position of the probe 26 with respect to the surface 16 and
the sample 20. XAn image is then generated based on the
vertical position of the probe 26 with respect to the scan
position of the probe 26. For example, the X-Y position
(scan position) of the jprobe 26 corresponds to the X-Y pixel
position in a standard vigeo image, and the Z position
(vertical position) of the probe 26 corresponds to pixel
intensity. Alternatively, the 2 position corresponds to
pixel color so that the video image becomes a color coded
topographical map. m

|
Alternatively, the z-dirgctjon signal from the
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feedback circuit 32 may be bypassed. The probe 26 is advanced = : jﬁ
toward the surface 16 until a suitable photon current is
detected. The probe 26 is then scanned acrogs tlie sample 20
at a constant z-distance from the surface 16. The output of
the photomultiplier tube 30 is then sent to ‘the image
processing circuit 34. Again, a relative horizontal position
is determined as well as a relative photon current. An image
is then generated based on the scan position of the probe 26
and the output: of tube 30.

Reflerring to FIGURES 1 AND 2, the laser beam 14 from
a 7-mW helium-neon laser 36 is directed onto an internal face
38 of the prism 12 at an angle beyond the critical angle so
that it experiences TIR. The beam 14 produces. the evanescent
near-field 18 whose intensity is modified by the presence of
the sample 20 an¢ is probed by the optical fiber probe tip 22.
The optical fiber 24 delivers the 1light signal to the
photomuitiplier tube 30 which provides an electrical current
signal proportional to the detected light intensity. This
signzl drives an electronic feedback circuijt which regulates
the distance between the probe tip 22 and the sample 20. The
feedback electronics and other control electronics are located
in a control unit 40.
k The motion of the probe 26 is monitored and
controlled by a computer 42, which also serves to collect and:
process the information generated by the scan of the probe 26
over the sample 20. As the tip is rastered laterally abavg
the sample, a feedback circuit senses the current from the
photomultiplier tube 30 and a2djusts the separation of the tip
22 from tbhe sample 20 so as to maintain a constant
photomultiplizr current. The tip height at each scan point is
monitored and stored by the computer 42 and forms the
coordinates for constructing a three?dimensional image replica
of the surface of the sample 20. The computer 42 1is
subsequently used to process the data and form a gray-scale
image of the sample 20 which is displayed on a graphics
monitor 44.

The geometry of this’preferred embodiment of the . 033
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inventioh proVidgsf a probe tip 22 that is mounted oh a G
piezoelectric translator and scanned over a stationary sample. ‘_ e ;g
Referring now to FIGURE 3, the invention employs a s
pilezoelectric bimorph scanner 45 to achieve tip motion along
three orthogonal axes. The scanner 46 is made from PZT-5H
piezoelectric ceramic bimorphs and has a minimum resonant L
frequency of 1.75 kHz. The scanner provides three mutually
orthogonal motions, one each for x-, y- and 2z~ directions.
The scanner 46 has a range of 10 micrcmeters in a direction
parallel to the surface 16 and 6 micrometeré perpendicular to
it. The proke 26 is attached to the scanner 46 and the rest
of the quartz fiber 24 extends to the photomultiplier tube 30.

A sample is placed on the surface 16 of the prism 12
and coupled to it optically by an index-matching substance.
The entire sample arrangement is held rigidly in place by
clamps 48. Coarse adjustment of the tip 23~ sample 20
separation is accomplished by micrometer screws 50 with fine
adjustment being ccutrolled by an additional micrometer screw
52 via a lever reduction type of geometry. Springs 54 serve
to mecharically stabilize the entire apparatus and ensure
positiVe control of the relative position of the tip 22 above i
the sainple 20.

Referring now to FIGURE 4, electrical connection to

the control unit 40 is made via a pin connector plug 56,
Light is totally internally reflected from the sample 20 by
dirécting laser beam 14 into the prism 12 using a mirror
arrangement 58--so that the incident angle (6i in Figure 13)
is greater than or equal to the critical angle required to
achieve TIR. The fiber optic tip 22 is first mechanically
positioned over the sample 20 with the micrometer adjustment
screws 50, 52 and then it is brought into the evanescent
near-field reglon with the scanner 46.

From the foregoing, it may be seen that the: present
invention provides for a method and apparatus for optical _ :
microscopy by means of sample-modulated tunneling of photons * ‘J /¢f
to a probe. The present invention prd@ides}a means for high ( L
resolution optical microscopy applicable to a variety o
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of speclmen types 1nc1ud1ng those that are noncondu ;ng,

non-flat, or of delicate struciural comp051tlon. Since oo

there is no requlrement for an e:gctronApurrent in this type {“‘
of micfoscopy, the present invention cahuprovide microscopy /fﬁ
of this high resolution under a varlety of env1ronmental 1;'[‘
conditions. g

Although a preferred embodiment is described above,
it is understood that the invention is capable of numerous
rearrangements, modifications and substitutions of parts
without departing from the scope of the invention as dz2fined
by the appended claims.

.1"7,~_ p

i
e
f‘j
;
/
N
) :
i §
{
* 1 .
y
,/,';’/ i
1
§ !
3 )
1 i
o |i
2=
% |
7 J) ™ ,;:;"

. QUBSTITUTE SHEET




weewn
o L)
ee0e
08 %o
* © [}
] o
csose
* e ®
(X ) 9
XX
[
XX XX
XXX}
[
enoe
260000
I
(X A X )
[ 2 0
o0 L]
.
eevsee
. []
[
eeo b e
[} 3
X
. (J

-13-

The claims defining the invention are as foi]ows:

1. A method for detecting properties of a near-field of light
adjacent to atsample area on a surface comprising:
generating a near-field of light adjacent to the surface, the near-field
having an increasing intensity in a direction perpendicular to and
towards the surface and haVing substantially constant intensity at a
substantially constant distance from the surface;
positioning a physical probe within the near-field and adjacent to the
sample area to couple with and receive light from the near-field; and
monitoring the amount of light received by the probe and producing an
output signal corresponding to properties of the near-field adjacent to
the sample area.

2. The method of claim 1 wherein the near-field is an evanescent
field. _

3. The method of claim 1 further comprising the step of disposing
a sample onto the sample area to change the intensity distribution of the
near-field.

4. The method of claim 3 wherein said generating step comprises:
providing first and second substances having differing indices of
refraction;
providing an interface between said first and second substances which
constitutes the surface;
directing light through the first substance to intersect the interface at
an angle of incidence sufficiently large to produce total internal
reflection and to produce a near-field adJacent to the interface in the
second substance.

5. - The method of claim 1 wherein said monitoring step further
comprises: '

scanning the probe in a scan pattern adjacent to the sample;

controlling the position of the probe in the near-field by moving the
probe in a direction subsfantia]ly normal to the surface as the probe is
scanning througn the scan pattern so that the probe receives
substantially the same amount of 1ight during the scanning; and
monitoring the probe position and outputting 1nformat1on corresponding to
the distance between the probe and the surface as the probe tip scans
through the scan pattern. ‘ .\

The method of claim 1 wherein said monitoring step ?urther
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comprises: =8 ;
scaqning the_qrbbe‘in a scan pattern adjacent to the sample are while : Q f

v holding the probe at a substantially constant distance from the surface; ' ; :
and 'Z ?
monitoring the position of the probe and the amount of light received by 3’% f
the brobe as the probe scans through the scan pattern;  and :
outputting data as to the positions of the probe as it moves through the ‘
scan pattern and ar to the amount of 1ight received by the probe at each b
of the positions.

7. The method of claim 1 wherein the probe is positioned at a
distance from the surface that is less than about two wavelengths of the
light.

8.  The method of claim 1 further comprising:
scanning the probe in a predetermined pattern adjacent to the sample

veees® area; and
*.**. measuring the light received Gy the probe during the scanning to generate ? 3
veoe light intensity distribution inf¢rmation. L

having an increasing intensity in a direction normal to and towards the
+ '+ surface;
e***s  sampling the near-field with a probe that receives photons tunneling _
between the surface and the probes, the number of photons being related g
to the intensity of the near-field at the position of the probe;
seves  detecting the photons received by the probe; f
producing an output signal that is substantialiy proportional to the
number of photons received by the probe;
scanning adjacent to a sampie area with the probe in at least one _‘ i
(irection; and \_ i
monitoring the output signal as the probe moves to produce output
information corresponding to 1ight intensity distribution adjacent to the

veos 9. The method of claim 1 wherein said positioning step comprises:

et providing a probe constructed only of a 1ight conducting substance and

.:E.. having a probe tip; and :
positioning said probe tip within said near-field and adjacent to the f
sample area ta couple with and receive 1ight from the near-field. 3;

. 10. A method of photon scanning tunneling microscopy adjacent to a E; '
#***¢  sample area on a surface, said method comprising: f}
:::': generating a near-field of light adjacent to the surface, the near-field :;

:
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: sample area.

1. The method of microscopy of claim 10 whereln ‘the near-field is
an evanescent near-field.

‘12, - The method of mlcrosc0py of claim 10 wherein generat1ng a
near-field of light further comprises:
producing a beam of light;

: introducing(a beam into a body of transparent material with at least one

surface having an inner side and an outer side; and .
disposing the beam within the transparent material to produce a totaTv
internal reflection of the beam at the inner side of said surface, the
reflection producing the near-field adjacent to the outer side of the
surtace.

13. The method of microscopy of claim 10 wherein the surface is
generally planar and wherein scanning adjacent to the samnle area with
the probe further comprises: ,
moving the probe a controlled d1stance in a first direction parallel to
the surface; and
moving the probe a controlled distance in a second direction different
from the first direction and parallel to the surface. .

14. The method of microscopy of claim 10 further comprising
partially covering the probe with a photon opaque material, forming an
aperture in the opaque material on that portion of the probe most
proximate to the surface, the aperture being smaller than the wavelength
of the photons being received by the probe.

15. The method of claim 7 further comprising the step of placing a
sample into the sample area on the surface to opt1ca11y change the
intensity distribution of the near-field.

16.  The method of microscopy of claim 10 further comprising:
maintaining the probe at a substantially constant distance normal to the
surface witile the probe is scanning adjacent to the sample area;\ and

‘monitoring the output signal during said scanning to detect changes in

the Tight intensity distribution adjacent to the sample area.
17. The method of claim 16 further comprising:

dg erm1n1ng the magnitude of the output signal while scanning adjacent to
.. the sample area; e RN

N\

"generat1ng a level s1gna1 that is representatlve of the magnitude of the ‘

/’ng- utput signal o
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determining a scan position of the probe while scanning adjacent to the
sample area :

'generating a scan pOSition Signal that is representative of the scan

position; and

-displaying the level signal as a function of the scan position signal

18. The method of claim 10 wherein the monitoring_step further<
comprises: ' ' '
maintaining the probe at a position such that the ‘light ‘intensity
received by the probe is substantialiy constant while the probe is
scanning adjacent to the sample area; and ' '
monitoring the position of the probe during said scanning to produce the
output information, wheveby the output_information,indicates the prote
position which corresponds to light intensity distribution adjacent to
the sample area. |

- 19. The method of microscopy of claim 18 wherein maintaining the

=probe at a position of constant near-field intensity further comprises:

moving the probe in a direction substantially normal to the surface a

“controlled distance; and 7 7
~controlling the movement of the probe in the direction substantially

normal to the surface, by moving the probe further away from the surface
when the-output signal increaseS-and-vaing the prove closer to the

surface when the output signal decreases and holding the output signal at

a substantially constant level as the probe is scanning adjacent to the
sample area. '

©20. The method of microscopy of claim 19 further comprising:
determining distances between the probe and the surface while scanning
adjacent to the sample area;
generating a distance signal that is representative of the distances;

_determining a scan position of the probe;
-generating a scan position signal that is representative of the scan

position; and

~displaying the distance signal as a function of the scan position Signal

21. A photon scarning tunneling microscope comprising,
a surface on which a sample area is defined;

- means for generating a near-field of light adJacent to the surface, said
near-field having a substantially exponentially/decnasing intensity in a

irection perpendicuiar to and away from said surface and, in the absence

s e e e e e
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of a sample on the sample area, having a constant intensity througnout qn
area that is equidistant from the surface and is adjacent to the sample *
area;

a probe for sampling said evanescent near-field, said probe receiving

photons from said near-field that tunnel between said surface and said

probe; |

a detector for detecting the photons received by said probe and producing

a control signal! that is proportional to the number of photons received:

by said probe;

means for moving said probe and for scanning said brobe through a pattern

in the near-field adjacent to said‘sample area whereby the control signal

varies as a function of the 1light intensity distribution adjacent to the

sample area; and

monitoring means for monjtoring the control signal as said probe moves
AL through the pattern to produce data corresponding to the 1light intensity
e v, distribution adjacent to the sample area.

vees 22. The microscope of claim 21 further comprising means for

et e maintaining the position of said probe at a substantially constant

cees distance normal to said surface while said probe is scanning the sample
'Y area.

23. The microscope o\ claim 21 further comprising means for
responding to the control signal to maintain said probe at a position of
constant light intensity whereby the distance of said probe from said

':"*E surface varies as a function of fhe 1ight intensity distribution adjacent
to the sample area.
24. The microscope of claim 21 wherein said means for generating a §i
3 near-field of photons further comprises: £
.:...E a source of collimated tight for providing a beam of light;
a body of transparent material with at least one flat surface
. “5 constituting said surface on which the sample area is defined; and
3 means for introducing said beam into said body whereby said beam contacts

~an inner side of said surfaces at an angle equal to or greater than a f% :

critical angle that will produce a total internal reflection of said

beam, said reflection producing said evanescent near-field adjacent to an

outer sid@ of sald surface.

$255 The m1croscope of claim 24 wherein said body of transparent
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" 26. The microscope of claim 24 wherein said source of collimated - f
light is a laser and said beam of 1ight is a laser beam. ' i

& 27. The microscope of claim 21 wherein sajd monitoring means %

comprises:
means for monitoring the near-~field proximate to the sample area and
producing an output signal corresponding thereto; and
means for producing the output signal to correspond to the position of
said probe as it moves through the pattern.
28. The microscope of claim 27 wherein said monitoring means
further comprises:
means for determining distances between said probe and said surface while
scanning said surface and for generating a distance signal that is
representative of said distances;
means for determining scan positions of said probe in a plane adjacent to
oo, said surface while scanning said surface and for generating a position
::.:: signal that is representative of said position; and
',,,: means for displaying said distance signal as a function of said position
e ® signal.

sees 29.  The microscope of claim 27 wherein said monitoring means
..:§'° further comprises:
a first means for moving said nrobe in a first direction, said first
means being capable of moving said probe a controlled distance smaller 3}
than the wavelength of the photons of said near-field; and 1:
a second means for moving said probe in a second direction and é?
perpendicular to said first direction, said second means being capable of
moving said probe in a controlled distance smaller than the wavelength of H
the photons of said evanescent near-field. .
30. The microscope of claim 29 wherein:
said first means for moving said probe further comprises: o
a x-direction controller for generating a x-direction® signal, said signal -
having a magnitude that is representative of an x distance in a x =
direction; and :ﬁ
x-direction piezoelectric ceramic bimorphs mounted to said probe which
move said probe said x distance in said x direction when said bimorphs
receive said x-direction signal from said x-direction controller; and
said second means for moving said probe further comprises:

a y-direction controller for generating a y-direction signal, said signal i’iﬁ
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having a magnitude that is representative of a y distance inay
direction; and

y-direction piezoelectric ceramic bimorphs mounted to said probe which

move_said probe said y distance in said y direction when said bimorphs
receive said y-direction signal from said y-direction controller.

31. The microscope of claim 23 wherein said means for maintaining

said probe at a position of constant 1ight intensity further comprises:

a third means for moving said probe in a direction normal to said
surface, said third means being capable of moving said probe in a
controlled distance smaller than the wavelength of the light; and

means for monitoring the control signal of said detector and for
controlling said third means for moving said probe whereby the control
signal of said detector is held at a substantially constant level as said
probe is scanning said sample area, said third means moving said probe
further awey from said surface when the control signal increases and said
third means moving said probe closer to said surface when the control
signal decreases.

32. The microscope of claim 31 wherein said third means for moving
said probe further comprises:

a z-direction controller for generating a z-direction signal, said signal
having a magnitude that is representative of a z distance in a z
direction; and

z-direction piezoelectric ceramic bimorphs mounted to said probe which
move said probe said z distance in said z direction when said bimorphs
receive said z-direction signal from said z-direction controller.

33. The microscope of claim 21 wherein said means for monitoring
further comprises:
an optical fiber probe havirg a tip for being introduced into said
near~field whereby photons ¥rom said field will be received by said tip,
in a number corresponding to the light intensity of the near-field at the
position of the tip.

34. The microscope of claim 33 wherein said tip of~said fiber
probe is partially covered with a photon opaque material and an aperture
is formed in the cpaque material, said aperture being smaller than the
wavelength of the photons being received by said probe.

\ 35. The microscope of claim 33 wherein said means for producing
\output signal comprises, in part, a photomultiplier tube mounted at
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an end of said fiber opposite said tip. »
36. The microscope of claim 21 wherein said probe is constructed

~only of a light conducting substance.

37. The microscope of claim 21 wherein said probe is a quartz
optical fibe having a sharpered tip.

38. A photon scanning tunneling microscope comprising:
a source of laser light for providing a beam of laser light;
an optical medium with a substantially flat surface on which a
area is defined; v
means for introducing said beam of laser light into said optical medium,
said beam striking an inner side of said surface at an angle that will
produce a total internal reflection of said beam, said reflection
producing an evanescent near-field adjacent to an outer side of said
surface, said field having a substantially exponentially decreasing
intensity in a direction perpendicular to and away from said surface;
a probe for sampling said evanescent near-field, said probe being able to
receive photons from said near-field, said photons tunneling between said
surface and said probe;. N
a tip on said probe formed into a point for receiving photons tunneling
from said surface to said probe;
a photomultiplier for receiving photons from said probe and producing an
output signal that is proportional to the number of photons received by
said probe;means for scanning adjacent to said sample area with said :
probe, said means further comprising: ;Q
a x-direction controller for generating a x-direction signal, said signal %
having a magnitude that is representative of a x-distance in a
x-direction which is parallel to said surface;
a y-direction controller for generating a y-direction signal, said signal
having a magnitude that is representative of a y-distance in ay ;
direction which is parallel to said surface and perpendicular to said P
x-direction; | '
x-direction piezoelectric ceramic bimorphs mounted to said probe which
move said probe x distance in said x direction when said bimorphs receive f@
said x-direction signal from said x-direction controller, said bimorphs ‘
being operable for moving said probe a controlled distance smaller than s
the wavelength of the photons in said field; and : ;
direction piezoelectric ceramic bimorphs mounted to said probe which i f 3
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‘move said probe said y-distance in said y-direction when said blmorphs
receive said y-direction from said y-direction controller; said bimorphs
being operable for mdving'said probe a controlled distance smaller than
the wavelength of the photons in said field;
a z-direction controller for generating a z—direction'signal having a
magnitude that is representative of a dlstance inaz dlrectlon. said z
direction peing normal to said surface _
z-direction p1ezoe]ectr1c_ceram1c blmorphs'mounted to said probe which
move said probe said z-distance in said z-direction when said bimorphs
receive said z-direction signal from said z-direction controller;
means for monitoring said output signal of said photomuitiplier tube and
for controlling said z-direction controller whereby the output signal of
said photomultiplier tube is held at &'éubstantially constant Tevel as
said probe is moved directions parallel to said surface and whereby said
z-direction bimorph moves said probe further away from said surface when
the output sigral of said photomultiplier tube increases and said
z-direction bimbrph moves said probe closer to said surface when the
output signal of said photomultiplier tube decieases and the distance of
~ said probe from said surface varies as a function of the interaction of

‘'said sample area with said surface; and
means for producing an output signal correspondlng to the x, y and z
direction slignals.

39. The microscope of claim 38 wherein the intensity of said

evanescent near-field changes with a normal distance from said surface -~ = ,.

substantlally according to the equat1on
I = Kexp{ - 2kz[sin e —(n /n >2 ]/ 2}

where;
I = the intensity of said field having ‘units of power/area
K = a proportionality constant having units of power/area.
k = a magnitude of a wave vector of the incident laser beam having
units of inverse distance (1/distance); ' -~
Zz = said perpendicular distance from said surface;

61 = an angle of incidence of said laser beam with a Tine normal to
sald surface; B

1ndex of refraction of said prism; and

index of refraction of a medium on said outer side of said surface.
40. The microscope of claim 38 wherein sa1d_t1p of said fiber is

b=
n
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partia]iy covered with a phbton opaque material whereby an aperture is
formed in the opaque material, the aperture being smaller than the
wavelength of the photons received by said probe. '

41. The microscope of claim 38 further comprising:
means for determining distances between said probe and said surface while
movihg éaid probe in directions parallel to said surface and for
generating a distance signal that is representative of said distances;
means for determining positions of said probe in a plane parallel to said
surface while moving said probe in directions parallel to said surface
‘and generating a position signal that is representative of said
positions; and ' '

means for displaying said distance signal as a function of said position
signal. )

DATED this TWELFTH day of NOVEMBER 1991

Spiral Recherche et Developpement S.A;R.L.

Patent Attorneys for the Applicant
SPRUSON & FERGUSON

" e

3800M/LPR



TUBE

FIGAA Nyipy N s ;
ﬂ |

PIEZOELECTRIC
TRANSLATOR |
28

COMPUTER CONTROL

AND , |
IMAGE PROSESSING | L
p , XYZ MOTION |
N\ AND |
3

FEED BACK | 20
: ’ | 32

T

=

FIBER OPTIC
2 1P -

. ~‘P‘AQ)

AL R .

e 38

gpeadl
s

T

NN

< | | TOTALLY INTERNALL = |
N\ T REFLECTED LIGHT 7

- “\"1~ 23 EVANESCENT g VUi & 3
e M TRED R X

20 /\
T

" INCIDENT LIGH O .' L SRR T VR B

L ' Cy . . P
gﬂi’.\ih«.*w e = i e A 8

&

e { | 10

wsmeeea,




133HS 3LNLILSANS

esLomsom’

FIG.2

,/f/ _ 36 . o

2
!

— muh

i il ‘
‘ =\ I
i N\ [ ”; ”numl‘lnllL.'nnuu. N
il ]l\\.\"l\ : \ '!!'lhg . Ny [} l,’ v i :
Fiis ;"\i’-r’-’\hi- | e T il
e M ki
\Ill\\\n it ﬂ\\\\l\ﬂh Hn . AR N




N

WO 90/04753 - e S PCT/US89/04725

/

24

(341
N
8

—

N il
"Illll

N
AN

SUBSTITUTE SHEET




v wosonarss o=

. pcr/ussonass

R
RO
M

 SUBSTITUTE SHEET 3
' u [




~ INTERNATIONAL SEARCH REPORT

L .

enst Avolcation NoPCT/US89/04725

ril.'C,LASS!'lCAﬂO,N OF SUBJECT MATTER (it several ciassification symtols apoly. indicate ail) ¢

, ;:cf;cmufé ta rgmago;ad ZM'.&: 6!5&"2’?:7605& or to both National 'Cun-ﬁcauoc_\. and IPC

U.S.CL. 356/3763356/301:356/317;250/306;574

Il. FIELOS SEARCHED

M D« ation Searched 7

Ciassifcaon System | ' Classification Symbols N
' : '356/376,301,317 RS -
U.s.CL. 250/458:1,481.1,461.2i462.1z306,485:574 :
Documommdn'iioaicnoe.otho;thnh Minimum ©

“to the-Extent that such Documents dre Ircluded in the Figlds Searched ¢

IIl. QOCUMINTS CONSIDERED TO 38 RELEVANT ¢

Category ® _ Citation ot D t, 1" with indi . where appropriate, of the relevant pasaages 2 Relevant to Claim No. '3
_ : ) . o, = ) : ) -6
Y us, A, 3975084 Block 17 August’ 1976 5 1
' (17.08.76) Figure 1; column 2 lines 43-53;
column 5-lines 60-67.
etic Th For Engineering 33-34
A Electromagnetic Theory g S 9
' Application W.L. Weeks Dec 1963. page 219,
239.
*Ss teg: of cited d nte: 0 “T" Iater cocm’no:\! ou:mnoo atter "t‘ho lm:n::nonl‘:&!;?o n.a;u‘
A" i i ’ or prionty date and not in conflict witl @ ADON! 10 u
A ::::S::'.':.': oot ';.'.,‘3;’:,'.;:‘,:}:3,’.,?:,"" an ‘which is not cited ":”znaommd the principle or theory underlying the -
“ge aa:::% ;" Dut published on or atter the intarnational ux" dac "’":‘. of “g‘c “L.'” ;:—‘:;':';“: the ‘b':'m“ i""_";'w':
“L q%cu'r‘lvgnt wr:’ie'h. maey tmow" n““" on priority cl:nm(s) or * involve an inventive step . ’ '
which is cited to hsh the publi date o ] wyn . ) S -
ion of other Special reason (a8 epecied) v" document of paricular relevance; the clalmed e
“O™ document referring to an oral disclosure, use, exnibition or . document is combined with one or MOre other such aocu-
other means . ments, such bination being obvious to & parson shiled
“P~ document published prior to the international filing date but . inthearn. -
iater than the priority dete claimed ) “4" document member of the same patent family
Iv. CERTIFICATION X L - L
Date ot the Actual Completion of the lmom'u_iomt Search © . Data ol Mailing of this interfiational Search Report
; § | 2 JAN 1990
22 November 1989 (22.11.89) .. 0._, AN )
International Searching Authority . - Signature ot Authorized Officer
ISA/US _ ~ Hoa Pham

D A 22 er L —

Fonm PCTABAQ10Q tascand sheed) (Rev.11-87) _ _ : o Ry /

1
H
3




