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BACKGROUND OF THE INVENTION

[0001] This invention relates to probes for high resolution

thermal analysis, and in particular a cantilever probe with an

integral heating element .



[0002] The family of thermal analysis techniques, collectively

called micro-thermal analysis (micro-TA) , has been in existence

for nearly a decade now. Micro-TA methods are based on a

scanning probe microscope in which the conventional passive

probe, typically a cantilever arm with integral tip, is enhanced

to measure temperature and be resistively heated. This type of

scanning probe microscopy (SPM) is called scanning thermal

microscopy (SThM, specifically in this application, SThM in

which the probe is actively heated rather than the sample) . This

form of microscopy allows thermal properties such as thermal

conductivity and diffusivity to be mapped on a sub-micron scale.

The heated probe will cause highly localized surface effects due

to temperature. Used with an SPM, which is extremely sensitive

to height variations, measured by changes in the deflection of

the cantilever probe, heating the surface will cause cantilever

deflections due to local thermal expansion or material softening

or both. Additionally, the amount of power fed to the heater

can be plotted independently or compared to the changes in

cantilever deflection. Also, the power fed to two probes, one

on the sample surface and one away from the sample surface can

be compared to create a differential signal. The differential

signal is used either (1) to produce localized analysis plots

versus temperature that provide calorimetric or temperature

dependent information at a specific position on the sample, or



(2) to construct an image whose contrasts represent variations

in thermal conductivity and/or diffusivity across a scanned

area.

[0003] The general acceptance of this technique has been

greatly hampered by the commercially available thermal probes

having a tip diameter in the order of 3 microns which restricts

the spatial resolution to this regime. Currently available

Micro-TA probes are typically fabricated from fine wire, and the

sharpness that can be achieved is limited. There are several

fields, the two most prominent of these being Semiconductors and

Polymers, where a spatial resolution of sub 500nm will give

information to scientists that could lead to revolutionary

breakthroughs in scientific understanding and corresponding

technology breakthroughs.

[0004] Probes having tips sharper than those made from fine

wire can be produced from silicon, silicon nitride and other

materials using microfabrication techniques such as used to make

conventional SPM cantilever probes. Heating elements can be

added to the cantilever. The heating element, which can be

heated through resistive, inductive, or other heating

approaches, may be produced on a cantilever body in a number of

ways. One approach, described in US patent number 6,932,504, is



to deposit metal film traces, such as used in normal

semiconductor manufacturing for interconnects. This approach

does not allow for suitably high temperatures. The low

resistance of most metal films will require a significant

current in order to achieve any reasonable heating. If there

are any defects in the film or any contact of the film to any

other conductive surface the heating element can fail even at

low temperatures and at higher temperatures the element will

likely fail due to alloying, electro-migration, melting, or

other failure mechanisms.

[0005] Another approach, used by researchers at IBM and other

laboratories (see IEEE Journal of Microelectrical Mechanical

Systems, Vol. 7 , No. 1 , March 1998, pp 69-78) is to dope

portions of the cantilever using an ion implant process. The

doped regions become electrically conductive. A high doping can

be used for conductive traces which connect to a heating

element. The heating element can be doped at a lower level,

resulting in a higher resistance, thus constraining the

resistive heating to just the area of lower doping. Such an

approach produces heaters that can achieve very high

temperatures on probes with sharp tips. The doping process

lends itself well to manufacturing the cantilever using

conventional microfabrication processes, as implanting is a



common step in silicon processing. However all current examples

of thermal probes with implanted heating elements have the probe

tip and the heating element overlap. This, for reasons that

will be explained below, results in a very short, typically 1

micrometer or less in length, tip. Such a short tip is suitable

for some applications, but in general, use of such a short tip

constrains the probe to interrogating surfaces with topography

having roughness less that the length of the tip, thus unduly

limiting the application of the technique. Another benefit to

having a longer tip is that the technique can be used to measure

film thicknesses and thermal properties of thin films or

multilayer films. The probe, if sufficiently long can melt

through one layer and interrogate a layer below.

[0006] Thus the object of this invention is the design of a

probe that can perform nanoscale thermal analysis with a spatial

resolution of less than 500 nm and is applicable over a wide

range of sample surface topography.

BRIEF SUMMARY OF THE INVENTION

[0007] The invention is a microfabricated thermal probe,

which includes a planar cantilever having a free end and a fixed

end; a probe tip, which narrows from a base to a sharp end, with

the end extending out of the plane of the cantilever and the



base located near the free end of the cantilever; at least two

separate electrically conductive traces formed by an implant

process on the cantilever and; at least one heating element with

an active area, formed by an implant process on the cantilever,

electrically connected to and bridging the traces. The key

aspect of the probe design is that there is no spatial overlap

between the base of the probe tip and the active area of the

heating element.

[0008] In one embodiment, the cantilever is a single lever

arm. In a preferred embodiment the cantilever is formed from two

lever arms joined by a cross piece between the arms near the

free end. Each arm is implanted to form a conductive trace, and

the probe tip base and heating element are carried on the cross

piece.

[0009] In a version of the probe, the probe tip length from

base to end is preferably > 3 microns, but typically less than

15 microns. The heating element is > 50% of the total

electrical resistance of the trace-heating-element circuit,

preferably > 90% and the total electrical resistance of the

trace-heating-element circuit is between 50 Ohms and 50 kohms,

preferably between 400 Ohms and 8 kohms.



BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The invention will be better understood by referring

to the following figures.

Figure 1 illustrates a thermal probe cantilever of the prior

art, probe tip not to scale.

Figure 2 shows an exemplary implanted region in cross section of

the prior art lever.

Figure 3 shows a thermal probe cantilever according to the

invention, probe tip not to scale.

Figure 4 shows some exemplary cantilever shapes

Figure 5 shows the heater area in cross section of the novel

thermal probe.

Figure 6 shows the details of the doping of a probe according to

the invention.

Figure 7 shows the dimensions that are given for a preferred

embodiment of the invention.

Figure 8 shows the positioning and order of the doping steps.

DETAILED DESCRIPTION OF THE INVENTION

[0011] Figure 1 shows schematically a cantilever probe with an

integral resistive heater. The figure and all of the remaining

figures are drawn to illustrate various features of the

invention. It is to be understood that the figures are not to

scale, particularly the dimensions of the probe tip, which are



in fact less than 10% typically of the cantilever length-width

dimensions, so drawing the tip to scale would diminish the

illustrative value of the drawings. The novel lever is suitable

for use as the probe in many varieties of SPM.

[0012] In figure 1 , cantilever 4 , in this case consisting of

two parallel arms with a cross piece at the free end, extends

from substrate 3 . Probe tip 2 extends out of the plane of the

lever and is typically situated near the free end of the lever.

Although two parallel arms with a cross piece is the

configuration shown in the drawings, other configurations are

also possible and known, such as triangular levers, both one

piece or two arms, and one-piece solid rectangular levers. The

shape of the lever is not part of the novelty of the invention.

[0013] A heating circuit, consisting of two conductive

traces bridged with a heating element, is shown at 4 . All known

microf abricated thermal probe levers have the probe tip base

residing directly on top of the heating element. For the case

where the heating circuit is formed by implant-doping areas of

the lever to form the circuit elements, the existing arrangement

leads to restrictions on the tip, which severely limits the

applicability of the thermal probes.



[0014] The problem is illustrated in Figure 2 . The depth

that the heating circuit implant layer 4 depth extends into the

surface of the lever 2 depends upon several factors including

the shape of the cantilever surface The implant process is

typically performed by exposing one plane of a semiconductor

surface to dopant ions shown schematically as the arrows at 5 .

When dopants are presented to a topographic feature such as the

sharp probe tip, the dopants will diffuse into the tip in a non

uniform manner, as shown, rendering the preferred probe heating

operation impossible. Nόn-uniform doping leads to non-uniform

heating. Non-uniform heating can create reliability problems as

some areas will be hotter than others and more prone to failure.

Moreover it is difficult to know the temperature of the tip-

sample interface if the tip is non-uniformly hearted. The type

of doping profile created by doping an angular feature such as

the probe tip causes non-linearity in the voltage/resistance

curve associated with the heating circuit, making some

applications of Micro-TA difficult. Although there are several

methods for producing tips on microfabricated levers in a batch

fabrication mode, the sharpest and therefore highest spatial

resolution tips, are produced by a process that etches away

material, leaving the tip. Therefore the tip etching has to be

done before the implant step, if the tip height is any

reasonable fraction of the implant depth so as to achieve a



uniform implant across the surface of the cantilever. So as

shown in the cross-sectional view, the heating element in fact

isn't under the tip, it is on the tip and is non-uniform. The

result is that to achieve suitable heating characteristics, if

the heating element is implanted on the tip, the tip is

restricted in terms of geometry and aspect ratio. As described

above, tips have been limited to about one micron or so in

height before the non-uniform doping becomes unacceptable, which

.restricts the application of Micro-TA to very flat surfaces .

Also, on a conductive surface, current can flow from the tip

into the sample surface which is an undesirable effect in this

application.

[0015] The inventors have discovered, as shown in Figure 3 ,

that the heating circuit 4 can be implanted such that the

heating element is adjacent to, but not overlapping the tip 2 ,

thereby eliminating the problems described above. For clarity,

the heating element is shown as a simple rectangle, offset from

the tip. However it is to be understood that the active area of

the heating element and the doped region are not necessarily the

same- Practitioners of the art will appreciate that the doping

profile and heating element geometry can be designed so that the

majority of the current flow, and therefore the heating action,

take place in an active area of the doped region. So in all of



the figures and following discussion it is to be understood that

this active area portion of the implanted region is the heating

element. The heating element is to b e offset from the tip, not

necessarily the entire dopant implanted region, which may-

overlap the tip. In the novel probe design, the heater i s

located sufficiently close to the tip that heat will flow from

the heater to the tip, thereby raising its temperature

sufficiently to locally heat the underlying sample surface. The

cantilever and heater must be designed such that there is a

significant thermal link between the heater and the tip. A

sufficient amount of heat must flow from the heater to the tip

such that the tip temperature is raised sufficiently to locally

heat the underlying sample surface. In the case where the low

doped highly resistive cantilever is to be used as a temperature

sensor, then the heater element must b e close enough to the tip

for heat to flow from the tip into the heater. Therefore, the

cantilever must have high thermal conductivity, which for

silicon, the preferred material, is adequate. The inventors

have shown that for a silicon cantilever, with the active area

of the heating element adjacent to the tip, within a distance

achievable by silicon processing techniques, uniform heating of

tips with lengths of up to 15 microns can b e achieved. The

etched silicon tips on such cantilevers are sharp enough to

achieve the goal of thermal analysis with resolution < 500 ran,



and are high enough to accommodate a wide range of surface

roughness.

[0016] A preferred embodiment is now described, referring to

Figures 6-8. Again the configuration of two parallel arms

joined at the free end is preferred by the inventor, but no

limitation in scope of the invention as applied to different

shaped probes is implied. A partial sampling of possible probe

shapes is shown in Figured 4a, 4b and 4c. Referring to Figure

6 , the substrate base 3 is undoped. Each leg of the circuit 4

is heavily doped to minimize resistance while the heating

element is more lightly doped, so that most of the resistance of

the circuit, and therefore most of the heating, is accomplished

in the heating element. The tip must be immediately adjacent to

the heater but with no overlap. The doping of the legs extends

into the base to provide for electrical contact to the heater

power source.

[0017] The following parameters have been found effective by

the inventor :

1 . The heating circuit (other than the heater) is preferably

doped to achieve a surface concentration of dopants > 5el9 /cm3,

so as to achieve a resistance of less than 100 ohms.



2 . The heater is > 50%, preferably > 90%, of the overall

electrical resistance of the circuit.

3 . The heater is preferably as uniformly doped as possible, and

the two conductive legs as close to identical as possible.

4. The overall resistance of the heating circuit should be

between 50 ohms and 50 kohms r preferably between 400 ohms and 8

kohms .

[0018] The dimensions of an exemplary probe of the preferred

embodiment, as illustrated in Figure 6 are given below:

Length: 300 microns

Half Width: 20 microns

Spring Constant: 0.05 to 1.5 N/m

Resonant Frequency: 7 - 21 kHz

Thickness: 2 +/- 1 microns

Tip Height: > 3 microns, tip heights of up to 15 microns

Achievable

Heating element: 10 x 20 microns

[0019] Figure 7 illustrates the doping process. In the

first doping step, only the part of the lever supporting the tip

is masked, and the remainder of the cantilever is lightly doped

to the amount desired for the Heater. The inventors have used



doping levels of IeI 6 /cm3 to 5el8 /cm3 in the preferred

embodiment. Then the heater and support area are masked, and

the legs are doped heavily, > 5el9 /cm3 to achieve low

resistance. The circles indicate areas where mask alignment is

critical to achieve both a balanced circuit and a probe tip

tightly coupled to the heater.

[0020] A further advantage of this approach to making thermal

probes of greater size is that this facilitates their use for

thermally assisted nanosampling. In this technique the probe is

placed on a solid surface and heated until the surface beneath

the tip is rendered fluid. At this point the probe can be

allowed to penetrate the sample and further manipulated, for

example by moving the probe forward or backward, so as to

encourage the fluid material to flow onto the tip so that, when

the tip is retracted, a small amount of material remains on the

probe (the nanosample) . With small tips the scope for this is

reduced because part of the cantilever might contact the surface

and become contaminated by a broad region of the surface rather

than the small area that is contacted by the tip of the probe.

Because of this the spatial resolution of the sampling process

would be greatly reduced. Furthermore, larger tips offer greater

scope for customizing the shape and composition of the tip so as

to encourage nanosampling. For example, a notch might be cut



into the tip to create a nano-trowel that could scoop up small

amounts of material; alternatively it could be made into the

form of a tube that would work like a cookie-cutter to remove a

nano-sized disk of material form the surface. The tip could be

made of, or be coated with various materials such as metal which

could be more easily chemically functionalized in order to

encourage material, once rendered fluid by heating, to stick to

the probe .

[0021] Once the nano-sample has been taken from a selected

point it can then deposit the nano-sample into a suitable matrix

so that it can be analyzed. For example, the probe could be

placed on a small well containing frozen solvent. The tip ±s

heated thus rendering the solvent fluid so that it can dissolve

the material from the tip. The tip is then retracted leaving

behind the nano-sample. This sample can then be put into, for

example, a capillary electrophoresis-MS instrument and so be

analyzed. Many alternative procedures exist, the tip might

simply be placed on a surface that the nanosamples easily wets

and so the tip is placed on the surface, heated to cause the

nano-sample to flow which it then does onto the solid surface.

The recipient of the nanosamples might be, for example, a glass

bead that can then be dropped into a small quantity of solvent



to dissolve the nanosamples so that it can be analyzed by a wide

variety of techniques, including HPLC-MS. Alternatively the

sample might be deposited onto a surface suitable for use in

MALDI-MS analysis so that it is then placed in a MALDI

instrument and analyzed (possible after suitable chemical

processing such as digestion with enzymes) . It could also be

arranged that the nanosamples would be placed directly into

suitable entry point to a chromatographic column.

[0022] The advantage of the nanosampling approach is that it

brings much greater analytical power to analysis on a very small

scale. In many forms of analytical microscopy, such as Raman

microscopy, for example, have great difficult in coping with

complex mixtures that contain many, possible hundreds, of

components in a small volume. In such cases the Raman spectra

cannot be readily interpreted because it can only give a single

spectrum for the sum of all materials. Also Raman might not be

the appropriate tool for analyzing the analyte of interest (the

same comments apply to all other forms of spectroscopy) . By

nanosampling, chromatography can be used as part of the

analytical process prior to analysis by some form of

spectroscopy. This greatly increases the analytical specificity

that can be achieved. With nanosampling all analytical

techniques are potentially available to analyze a series of



samples taken from a point of interest on a surface. In this

way very much more detailed analytical information can be

combined with sub-micron microscopy.

[0023] Thus a design for a novel thermal probe which is much

more versatile than previous designs has been presented. Detail

necessary to manufacture a particular embodiment of the probe

has been presented as well. However variations on cantilever

geometry and dimensions will occur to a skilled practitioner,

both due to preference and exigencies of particular

applications. Also variations on the geometry and implant

pattern which achieve beneficial results will also suggest

themselves to skilled practitioners. Such variations should be

considered within the scope of the following claims.



CLAIMS

We claim:

1 . A microfabricated thermal probe, comprising;

a planar cantilever with a free end and a fixed end,

a probe tip, which narrows from a base to a sharp end, with

the end extending out of the plane of the cantilever, with the

base near the free end of the cantilever,

at least two separate electrically conductive traces formed

by an implant process on the cantilever; and,

at least one heating element with an active area, formed by

an implant process on the cantilever, electrically connected to

and bridging the traces, wherein;

there is no spatial overlap between the base of the probe

tip and the active area of the heating element.

2 . The cantilever of claim 1 comprising a single lever arm,

3 . The cantilever of claim 1 comprising two lever arms joined by

a cross piece between the arms at or near the free end, wherein

each arm is implanted to form a conductive trace, and the probe

tip base and heating element are carried on the cross piece.

4. The probe of claim 1 wherein the probe tip length from base

to end is > 3 microns.



5 . The probe of claim 4 wherein the probe tip length is between

3 and 15 microns.

6 . The probe of claim 1 wherein the heating element is > 50% of

the total electrical resistance of the trace-heating-element

circuit .

7. The probe of claim 7 wherein the heating element is > 90% of

the total electrical resistance of the trace-heating-element

circuit.

8. The probe of claim 1 wherein the total electrical resistance

of the trace-heating-element circuit is between 50 Ohms and 50

kohms .

9 . The probe of claim 8 wherein the total electrical resistance

of the trace-heating-element circuit is between 400 Ohms and 8

kohms .
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