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ABSTRACT

Sanning therma microscopy employs a miniature temperature sensor
such as a thermocouple or ressance thermometer in place of the conventional
inert sharp tip used in atomic force microscopy. This can be rasered over the
surface of a gpecimen to map itstemperature digribution in a purely passve mode
in order to detect hot soots in semiconductor devices By controlling the tip's
temperature (either by illuminating the tip with alaser or by Joule heating arisng
from pasing a curent through the tip) the heat flow from the tip to the suface
can be used to obtain images whose contrast depends upon the specimen’ s
thermal trangport properties (therma conductivity and thermal diffusivity). AC
heating of the tip affords a meansto perform 3 dmensona tomographic imaging
of the sample due to the therma dffuson length of the evanescent temperature
wave being dependent on its frequency. Applications and limitations of the
technique are discussed along with progress towards quantitative measurement of
thermal properties usng this approach.

INTRODUCTION

The inventions of the scanning tunneling microscope (STM) (1) and the
atomic force microscope (AFM) (2) have alowed sub-micrometer and, at times,
atomic scae gatialy resolved imaging of surfaces Satialy-resolved
temperature measurements uang optica sysgems are dffraction limited by the
wavelength of the radiation involved which is about 5-10 pm for infrared
thermography and about 0.5 pm for vigble light. The spatia resolution of near-
field techniques (such as AFM) is only limited by the active area of the sensor
(which in the case of STM may only be afew atomsat the end of a meta wire).

The fird experiments in scanning therma microscopy (SThM) were
carried out by Williams and Wickramasnghe who employed a heated thin-film
thermocouple faricated from a conventiona STM tip (3). Asthe tip approached
a suface it was cooled due to tip-subdrate heat trander. By udng the
temperature sensed by the thermocouple as a feedback to maintain a congant tip-
ubstrate gap, this scanning therma profiler could overcome the limitations of
STM and be used to image eectricaly insulating surfaces with a latera resolution
of 100 nm. Snce the feedback sgnal was based on maintaining a congant probe
temperature, it coud not be used to obtain true thermal images of surfaces —
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ingead it effectively measured the topography of the specimen from the increase
in heat flux asthe tip neared the aurface.

In an atempt to overcome the limitations of this method of SThM,
Maumdar described the use of an AFM cantilever fashioned from a pair of
dissmilar metal wires (Chromel and Alume) which met to form a thermocouple
junction a the tip (4). In this way, the conventionad AFM force feedback
mechanism could be used to measure surface topography whils at the same time
mapping the temperature digribution of energized electronic devices with sub-
micrometer resolution. Snce this demondration, a number of dfferent probe
desgns have been developed and progress has been made towards the
measurement of absolute thermal conductivities and 3-dimensional tomographic
imagng. It is the intention of this paper to reflect on these developments
whereas more general coverage of SThM can be found in the reviews by Gmelin
(5) and Majumdar (6).

THERMAL ELEM ENT DESIGN

Three technigues have been used to comhbine the conventiona AFM
cantilever with a means of localized thermometry:

1. Thermocouple Cantilevers

The ue of M snsors with a thermoelectric element a the tip has been
described above. In an effort to improve the performance of a bare thermocouple
tip, Majumdar et al. cemented a diamond shard to the junction s asto gve a
harder tip with improved spatial resolution and reduced thermal resstance (7).
The same group also describe deposting successve layers of different metals o
asto make thermocouple pair on top of agandard “ A-frame’” AFM cantilever (8).
Fish et al. borrowed from near-field scanning optical microscopy technology to
make a thermocouple derived from gold-coated glass micropipettes containing a
platinum core (9). Workers at Gasgow Universty have fabricated thermocouple
probes usng electron beam lithography and dlicon micromachining in order to
depogt one or more thermocouple junctions at the AFM tip (10,11). Such work
leads to the posshility of bulding thermopile sensors (perhaps with the
incorporation of a heater) analogousto a miniature heat flux calorimeter.

2. Resgance Thermometry

In 1994 Dinwiddie and Pylkki described firs combined SThM/AFM probes that
employed ressgance thermometry to measure thermal properties (12,13). These
were fashioned made from Wollagzon process wire. This condgs of a thin
platinum core (ca. 5 ym in diameter) surrounded by a thick dlver sheath (ca
75um). A loop of wire is formed and the dlver is etched away to revea a small
length of platinum which acts as a miniature ressance thermometer. Thiscan be
operated in two modes a) as a passve thermosensng element (by measuring its
temperature usng a small current) or b) asan active heat flux meter. In the latter
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case, alarger current (sufficient to raise the temperature of the probe above that of
the surface) is pased through the probe. The power required to mantan a
congant temperature gradient between the tip and sample is monitored by means
of an electrical bridge circuit. In essence, this is equivalent to a power
compensation calorimeter. Mills et al. describe smilar probes in which the
resstance element is deposted acrossthe apex of a dlicon nitride pyramid smilar
to aconventional AFM cantilever (14). Both designs of sensor are commercially
available.

In a passve mode, such devices function like thermocouple probes
described above. These can be used (for example) to map the temperature
digribution in energized electronic devices Smultaneoudy with their topography.
If the surface is illuminated with infrared radiation, the phototherma effect
arigng from the absorption of energy ecific to the IR active modes of the
gecimen may be used to obtain the ssmple’ s IR spectrum (15). In the active
mode, the heat flow from the tip can be used to detect surface and subsurface
defects of different thermal conductivity than the matrix (14,16). Furthermore, by
placing the probe at selected locations on the sample, its temperature can be
changed in a controlled fashion o that the power required to heat the tip can be
used to carry out a form of satialy resolved caorimetry (17,18). In addition,
gnce the probe posgtion is monitored by the AFM dage, locaized
thermomechanicad measurements may be carried out concurrent with the
caorimetry (19). Binnig et al. have inverted this approach and used the
indentations in a polymer substrate produced by localized Joule heating of a
resgive probe (or array of probes) asameansof high dendty data sorage (20).

3. Bimetallic Sensors

Nakabeppu et al. described the use of composte cantilevers made from tin or gold
depodted on conventiond dlicon nitride AFM probesto detect soatial variations
in temperature across an indium-tin-oxide heater (21). Differentiad therma
expandon of the bimetallic elements causes the beam to bend. T his deflection is
Oetected usng the AFM. In order to separate thermal deflection of the beam from
dsplacement of the cantilever caused by the sample topography, an intermittent
contact mode of operation was employed. Measurements were made under
vacuum S0 asto minimize heat loss A more practical use of thistechnology isin
the form of miniature chemica and therma sensors (22). This approach has been
used to perform thermal analysison picoliter volumes of material deposited on the
end of a bimetallic cantilever (23). Arrays of such devices have applications as
sengtive electronic “ noses’ .

THERM AL CONDUCTIVITY MEASUREMENTS AT THE NANOSCALE

Small-scale measurements would benefit the semiconductor and other
indusries where thermal trangport properties are sgnificantly dfferent to and
cannot be inferred from measurements at higher scales Examples of key areas of
modern technology and science which might be expected to benefit include
microelectronics, celluar biology, forenscs, pharmaceuticals, polymer science
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etc. In theory, heated therma probes are capable of measuring the absolute
therma conductivity of materias by the heat flux between the tip and the surface.
In practice, heat losses A0 occur both within the probe and to the atmosphere.
Futhermore, the contact area between the tip and the specimen is usualy
unknown. Ruiz et al. developed a smple method for converting heat flux to
thermal conductivity by usng hard materials of known therma conductivity to
cdibrate the sygsem (25). This procedure was used to determine the thermal
conductivity of damond-like nanocompostesto a precison of £15%. Gorbunov
et. al. measured the change in heat flux as the probe approached the sample
surface or was ramped in temperature in contact with the specimen o asto derive
its thermal conductivity — again by calibration with samples of known response
(26,27). Fiege et. al. u=d AC heating of the tip to measure the thermal
conductivity of dlver and diamond usng gold as a snge point reference materia
in order to edimate the contact area of the tip (28). One mgor problem in this
area is the deconvolution of the effects of surface roughness upon the thermal
conaductivity contras — sharp changes in the dope of the suface (such as a a
ridge or valey on the sample) change the contact area of the tip (16). It is
therefore usefu to compare the topographic image with the thermal image in
order to determine what features in the latter are due to true oatia variations in
thermal conductivity.

3-D TOM OGRAPHIC IMAGING

The decay length of therma waves produced by AC hesating of atip varies
as a function of the reciproca of its frequency. Thus it is possble to detect
variations in therma response a shalower depths by usng a high frequency
temperature moduation superimposed on the conventional DC hesating of the tip
(19). Severa goups have employed this technigue to dudy the thermal
dffudvity variations in materials (17,28,29). Gomes et al. have theoreticaly
examined this process (30) and there is great potentid for the use of multiple
frequency modulated-temperature SThM as a means to provide non-desructive
three dmendona imaging of optically opague samples usng smilar principlesto
those employed for medical imaging by electrical impedance tomography (31).

CONCLUDING REMARKS

This paper presents a lrief overview of the technology of scanning
thermal microscopy, its applications, limitations and potential. Details of recent
progress in the field of localized physcal and chemica characterization usng
thermal probes can be found esewhere (32-34). AFM s rapidy gaining
acceptance in all areas of materias characterization. The growing commercia
availability of SThM ingrumentation will broaden its scope of usage and lead to a
better undergandng of the mechanians of heat trangport from the tip to the
aurface. This can be expected to make routine measurements of absolute thermal
properties possble. T he thermodynamic limit of measurement (kT) isabout 1021 J
a room temperaure (7). The atia resolution of STM is around 10*° m. The
maximum temperature resolution of the mog sengtive thermal probes (bimetallic
cantilevers) is 10° K with an estimated senstivity limit of ~10? J and a atid
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resolution of “107" m. Improvements in both senstivity and resolution can be
expected and presentsintriguing challenges for the future.
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