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Abstract 

The invention of the Scanning Tunneling Microscope has 
stimulated the development of new techniques for microchar
acterization of materials , which are based on the use of a very 
fine tip. Two of these technique s have emerged about one year 
ago, the Thermal Profiler and the Atomic Force Microscope . 
Both techniqu es have recently demonstrated the capability to 
profile and image conductors and insulators . The resolution 
attained varies from approximately 50 nm by the Thermal 
Profiler to a few nanometers with the Atomic Force Micro
scope, therefore competing with the resolution obtained with 
electron beam microscopy. We shall describe the principle of 
these techniques, and present recent results obtained for sur
face profiling, as well as for temperature mapping , force meas
urement and mapping of magnetic field on a nanometer scale . 

Keyword s: atomic force, thermal microscopy, surface profil
ing, magnetic imaging, near field microscopy. 
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Introduction 

As electronic device sizes get smaller and smaller, there 
is an increasing need for measurement tools to characterize 
them with high spatial resolution . In particular , new micro
scopes capable of imaging features below one micrometer are 
essential to the microelectronic industry, since conventional 
optical microscopes fail to work beyond this critical limit. The 
electro n microscope is the predominant instrument used to im
age smaller details, although it also brings about some draw
backs and limitations (need of a vacuum, electron induced 
damages , charging effects and loss of spatial resolution on in
sulating materials, difficult calibration when measuring 
linewidth or profile of structures). 

Among alternative techniques to the electron micro
scope are some recent near field techniques that followed the 
invention of the Scanning Tunneling Microscope [4,5]. They 
have in common the measurement of some interaction between 
an object and a fine tip. A non-exhaustive list of these tech
niques (and of the type of interaction that they measure) would 
include: Scanning Tunneling Microscopy (current), Scanning 
Tunneling Potentiometry (voltage) [18] , Atomic Force Micro
scope (force) [6,15,17], Scanning Thermal Profiler (temper
ature) [20,2 1), Near Field Scanning Optical Microscope 
(optical radiation) [2,9), Scannin g Capacitance Microscopy 
(charge) [16) , Scanning Micropipette Molecule Microscope 
(vapor elements) [12]. 

The high spatial resolution of the STM technique has 
made it an important tool in surface science. Surface states and 
surface reconstructions are observable as well as the atomic 
structure of small clusters, such as a few layers of metals on a 
semiconductor [1,10). A major drawback of the STM is the 
need of a conducting sample surface , together with very clean 
sample and tip surfaces. These restrictions are overcome with 
the Scanning Thermal Profiler and the Atomic Force Micro 
scope. We shall focus on these two particular techniques for 
which the spatial resolution can vary between the best of op
tical resolution (somewhat less than one micrometer) and the 
atomic resolution that was pioneered by the STM. We shall also 
identify some specific capabilities of these techniques that 
could not readily be achieved by other methods . 

The Scannina= Thermal Profiler (STP) 

The Scanning Thermal Profiler is a non-contacting high 
resolution surface characterization technique which has the 
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potential for mapping surface topography with lateral resol
ution below 100 nanometers. The profiling is achieved by 
scanning a very small temperature sensor on the end of a heated 
tip above the surface of a solid. When the heated tip is in close 
proximity to the solid, the tip temperature is reduced by the 
thermal coupling between tip and solid. Since the thermal 
loading of the tip temperature varies rapidly as the gap between 
the tip and surface approaches zero, it provides a highly sensi
tive means for measuring and controlling this gap. In a servo 
system similar to that of the STM, the detected temperature of 
the tip is fed into a servo control loop which adjusts the average 
vertical height of the tip, via a piezoelectric element, to main
tain constant the thermal coupling as the tip is scanned laterally 
over the surface. Because the conduction in any solid is so large 
relative to conduction through air, the solid surface temper
ature remains essentially unchanged during a scan and the 
thermal loading felt by the tip is dependent only on the tip to 
sample spacing . This permits the replication of the true surface 
topography while traversing structures which have substantially 
different thermal properties. · 

The key element of the STP is the ultra small thermal 
probe which provides the sensitivity and the spatial resolution 
necessary to achieve high resolution profiling. The probe con
sists of a conical tip with a thermocouple sensor at its end. See 
figure 1. As shown schematically in the figure, a thermocouple 
sensor is produced at the tip by the junction of the dissimilar 
inner and outer conductors. An insulator separates these con
ductors in all areas remote from the tip. The thermocouple 
junction produces a temperature dependent voltage which can 
be sensed at the other end of the probe across the two con 
ductors. This voltage provides the means for remotely sensing 
the thermal coupling between tip and solid as the probe is 
scanned laterally across the solid surface. The thermal probe 
tips can be made to have dimensions on the order of 100 
nanometers. The minimum detectible change in tip temper
ature is less than 0.1 millidegree . The thermal time constant 
of the tip is less than 1 microsecond. 

The thermal energy transfer between tip and sample is 
driven by a DC temperature difference between the thermal 
probe and sample. This temperature difference can be achieved 
by running a DC current through the thermocouple sensor. To 
facilitate imaging, the thermal probe is mounted on a 
piezoelectric structure which provides up to 100 micrometers 
of travel in any of the three dimensions . To avoid the problems 
of DC drift in the thermal signal, the tip to sample spacing is 
modulated at a frequency near 1 kilohertz, and the resultant 
AC thermal signal is detected and rectified before being sent 
to the servo loop . The proximity control is therefore provided 
by the gradient of the thermal loading versus tip to sample 
spacing, rather than the loading itself. Generally, the AC 
modulation of the spacing is small relative to the average spac
ing. 

Several structures were profiled to demonstrate the pro
filing capabilities of the Scanning Thermal Profilometer. Fig
ure 2 contains the profiling results on a seven micron 
photoresist film on a silicon substrate. Two interesting features 
are contained in these line scans . The first is that as the fly 
height of the probe over the resist edge is reduced, a consider
able improvement in lateral resolution is achieved. Secondly, 
the signal to noise ratio is also improved as the tip approaches 
the surface . The slight differences in the line scans can be at
tributed to a lateral drift in the scanning system. The profile of 
the edge of a 100 nm thick aluminium film on silicon is shown 
in fig.3. The imaged surface structure on the aluminium line 
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Fig . J: Schematic diagram of the thermocouple probe for the 
Scanning Thermal Profiler. 
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Fig . 2: Series of line scans across the edge of a 7 µm resist film 
on silicon as the average fly height is reduced. 

demonstrates a lateral resolution on the order of 30 nm. The 
resolution seen here is consistent with the dimensions of the tip 
used to profile the structure. 

The STP also allows the independent measurement of 
surface temperature, while profiling . Since high resolution 
temperature mapping can only be achieved if the tip is in close 
proximity to the surface, the combination of profiler and ther
mal microscope provides an ideal means for the measurement 
of high resolution surface temperature in a non-destructive and 
non-contacting way. For this purpose, the profiler feedback 
loop is locked to the gap modulation frequency/, , and the 
sample temperature is modulated at a frequency /2 so that a 
constant gap between tip and sample can be achieved without 
interference from the sample temperature variations if /2 is 
sufficiently outside the bandwidth of the profiler servo loop. In 
fig.4a, the profile of a 1 micrometer square area of an 
aluminium film indicates that a sub micrometer particle with a 
thickness of 30 nm is attached to the aluminium surface. The 
heating of the aluminium film is generated by a 4kHz current 
driven through the aluminium. The resultant temperature vari
ation is detected around 8kHz and displayed in fig 4b . The 
particle induces here a temperature change of about 1 millide
gree centigrade . The lateral resolution in the temperature map 
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Fig. 4: a)Surface profile (by STP) of a one micrometer square 
area of an aluminium film upon which a sub -micron 
particle is found, with a 30 nm height. b)Temperature 
map of the same area . The presence of the particle is 
seen in the temperature map. The measured variatio n in 
tl:lermal signal due to the particle was found to be below 
I millidegree. 

appears to be less than 100 nm. The ultimate resolution 
achievab le may be well below this value . The acquisition time 
for the image is 2 minutes. 
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Fig. 3: Scans over an edge of a 100 nm thick aluminium film 
on silicon obtained by STP. 
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Fig. 5: Block diagram of the Atomic Force Microscope. 
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Fig. 6: Magnitude of the force derivative f' and force f be
tween a silicon sample and the tungsten tip, calculated 
from the measured vibration amplit ude A as a function 
of the tip-samp le spacing d ; the force is attractive. 

The Atomic Force Microscope (AFM) 

The atomic force microscope is a combination of the 
principles of the Scanning Tunneling Microscope (STM) and 
the stylus profilometer. In the initial design of the instrument 
[6], a diamond tip at the end of a cantilever spring follows the 
surface of an object. The force between the object and the tip 
deflects the cantilever, and this deflection is accurately meas
ured by a second tip which is part of an STM. A lateral spatial 
resolution of 3 nm has initially been achieved [6], and more 
recently, atomic resolution has been obtained on graphite [3]. 

Our version of the Atomic Force Microscope includes an 
optical detection instead of an STM detection . An overall dia
gram of the technique is shown in figure 5. A tungsten tip at the 
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end of a wire is mounted on a piezoelectric transducer . The 
transducer vibrates the tip at the resonance frequency of the 
wire , which acts as a cant ilever. A laser heterodyne 
interferometer [ 19, 7) accurately measures the amplitude of the 
a .c.vibration. The gradient of the force between the tip and 
samp le modifies the comp liance of the lever, hence inducing a 
change in vibration amplitude due to the shift of the lever res
onance. Knowing the lever characteristics , one can measure the 
vibration amplitude as a function of the tip-sample spacing in 
order to deduce the gradie nt of the force, and thus, the force 
itself (6,8). Figure 6 shows the vibration amplitude as well as 
the deduced force derivative and force , as a function of the 
tip-sample spacing. The accuracy of the measurement can be 
one percent or less. In the active field of intermolecular and 
surface forces (11), this technique appears therefore as a new 
tool for precise measurement of forces on a sub-micron -and 
perhaps atomic- sca le. 

The vibration amp litude of the lever also provides a 
feedback signa l for profiling applicat ions. The feedback signal 
applied to the piezoelectric transducer of the lever moves the 
tip in the direction normal to the surface in order to follow the 
profile of the surface. It is recorded as a function of the tip 
position , and displayed either in the form of line scans or of 
grey scale images. 

Figure 7 shows the topography obtained over an 
anisotropically etched silicon wafer. A high contrast is obtained 
over small step-like structures, having dimensions of severa l 
tens of nanometers , resulting from the etching process, and that 
would be barely visible under an SEM. Figure 8 shows an en
largement of one of these small steps, which demonstrates that 
the spat ial resolution achieved is somew hat below 5 nm. Figure 
9 shows the capability of the force microscope to inspect non
conducting surfaces; in this example, an electron resist grating 
deposited on silicon. The periodicity of the grating was 200 nm 
and the thickness 90 nm. Small structures at the top of the lines 
are observable. However , the grooves themselves show no de
tail and appear narrow er since the tip end has a diameter com
parable to the width of the grooves . A tip thinner than 50 nm 
over a length of 100 nm or more at its end would enable one to 
resol ve most of the structure at the bottom of the grooves. 

We believe that the heterodyne interferometric detection 
has severa l advantages over the tunneling detection. The 
tunneling tip induces a significant force and force gradient on 
the cantilever when operated in air (8, 13). The force caused by 
the laser beam is negligible and the force gradient is null. The 
interferometric detection is also somewhat more reliable, easier 
to implement , insensitive to the roughness of the lever, and has 
a smaller sensitivity to thermal drifts. The laser probe used here 
is described in references 19 and 7. It can measure the amp li
tude and phase of a.c. displacements as small as 10- 5 nm , in a 
I Hz bandwidth. In additio n, it is totally insensitive to thermal 
drifts in the optics, an att ribut e of the heterodyne technique . 
Hence , the distance between the lever and the optical probe 
need not be accurate ly controlled. Furthermore, the optica l 
detection scheme enables one to monitor the vibration of the 
lever even when it is excited into vibrations having amp litudes 
of several 10 nm, which would prove extremely difficult by 
tunneling techniques 

Replacing the tungsten tip with a magnetized iron tip 
(14), we have been able to map magnetic fields with a high 
spa tial resolution by relying on the magnetic force interaction 
between the magnetized tip and the sample . Fig. IO shows lhe 
magnetic image over a thin film magnetic recording head of the 
typ e used in the high density magnetic storage system . The 
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magnetic field is coming out of the left pole and entering back 
into the right pole . The enlargement obtained over the left pole 
demonstrates a spatial resolution of I 00 nm. 

Conclusion 

The Scanning Thermal Profiler and the Atomic Force 
Microscope are lwo tip techniques among several others that 
have recently proven their capability to visua lise or characterize 
electron ic materials with spatia l resolutions varying from I 00 
to a few nanometers. They could become alternat ive tech
niques to the SEM when non-destructive criteria are severe and 
prevent the use of vacuum and electron ic beams , or in 
micrometrology, when the measurement of edges , linewidth 
and profiles demands cannot be met by SEM. Tip techniques 
have also some unique capabilities such as the mapping of 
temperature , force , magnetic field or even charge , with high 
sensitivity and spatia l resolution , which will make them attrac
tive in microelectronics , as well as in other fields of science 
such as biology. 
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Discussion with Reviewers 

H. Van Kempen: Co uld the auth ors indic ate the expec ted 
(theoretical or practical) resolution limit of the STP and AFM? 
Authors: We believe that atomic resolution may be achievab le 
with the STP . Although the classical notion of heat is not de
fined on this sca le, energy transfer does exis t, and may provide 
the means for ato mic resolution. Such resolution has already 
been achieved by the Atomic Fo rce Microscope (Reference 3 ). 

U. Fischer: At which scan speed were the STP and AFM im
ages recorded? 
Authors: At present, a typi ca l scan rate for both STP and AFM 
is several seco nds per line scan. 

U. Fischer: Wh at limits are there principally to the speed of 
STP? 
Authors: The ultimate limit to the speed of the STP is the 
thermal time constant of the thermal probes. At present, the 
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time co nstant is on the order of I microsec ond . Howeve r, if 
speed is desired , smaller tip s ca n be made with res ponse times 
below IO nan oseco nds. 

H . Van Kempen: What is the bottl enec k for incr eas ing resol
utio n and sensitivity? 
Auth ors: Th e limit for incr eas ing reso lution is tip size and 
interaction strength . In the case of the STP , prob es with 
smaller dimensions ca n be made. Th e ultim ate limit is un
known . Th e sensitivity is limited by the material s used to make 
the thermal prob e tips. Th e sensitivity of the A FM is limited 
by the excit ation of the tip leve r by thermal noise. Coo ling the 
tip would prov ide an increased sensitivity. 

U . Fischer: Wh y is a dec rease in amplitud e assoc iated with an 
attr active for ce? 
Auth ors: Th e decrease in the vibra tion amplitud e is ca used by 
the fact that the tip is being drive n above its natur al reso nance 
frequency. Since the attrac tive int eraction force increases as 
the tip appro aches the surfac e, the effective sprin g co nstant of 
the leve r is lowered. With a wea ker sprin g constant , the natur al 
resona nce frequency of the lever is lowe red and the fixed drive 
freq uency becomes furth er separa ted from reso nance . This 
produces a lower vibrat ional amplitud e. 

P. Mur alt : How do you deter mine the flying height of the 
STP-pro be, as was done for Fig. 2? 
Auth ors: The fly height of the thermal prob e ca n be deter
mined by allowing the tip to actually touch the sa mple surface, 
and piezoe lectri cally meas urin g the distance as it is bro ught 
back to the operating co nditi on. 

P. Muralt : How does the hea t flow vary in fun ction of the gap 
distance? 
Auth ors: Initi al meas urement s have shown that the hea t flow 
va ries rap idly with dista nce . T hese meas urements will be pub
lished elsew here, as they do not fit the sco pe of the prese nt 
paper. 
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