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ABSTRACT 

 
A fluorescent particle settled at the extremity of an atomic 
force microscope tip is used as a scanning temperature 
sensor. Since fluorescence is an effect that depends on 
temperature, by collecting the amount on light emitted by 
the particle as a function of its position on a sample, we 
are able to map the heat distribution on its surface. To 
validate the technique, we have imaged the heating of a 
stripe resistor. 

 

1. INTRODUCTION 
 
An important and useful application of scanning probe 
microscopy concerns the study of thermal effects on 
inhomogeneous materials or microelectronic circuits [1]. 
These effects are for example linked to the determination 
of intrinsic physical parameters of materials such as their 
thermal conductivity [2] or to the mapping of the thermal 
conductivity on phase-separated compounds and artificial 
structures [3,4]. Another technological issue is related to 
the visualization of hot zones in operating microelectronic 
circuits [5]. The visualization of hot zones is an important 
application since it can allow to determine the position of 
possible defects and weak points as well as to find out 
how heat can be dissipated in the circuits. 

Until now, scanning thermal probes have mainly 
used two main types of sensors located at the extremity of 
atomic force microscope (AFM) tips: a thermocouple or a 
resistive wire. Thermocouple-based probes are fabricated 
by several technological steps in clean rooms [5]. Two 
metallic stripes are generally evaporated and connected at 
the end of the tip to form a thermocouple junction. They 
allow the determination of the local temperature of a 
sample with a submicron lateral resolution [6]. Resistive 
probes [4,7] are formed by a metallic wire (a platinum 
rhodium alloy for example) that forms the tip of the 
AFM. Its section is reduced to the micrometer range to 

allow the measurement of topographies as well as thermal 
effects. The temperature variations and heat transfers 
between the tip and the sample surface are determined by 
monitoring the variations of the filament resistance. Such 
a probe has also demonstrated a lateral resolution much 
smaller than the micrometer [1,4]. 

Recently, a technique that employs a layer of 
europium-based fluorescent dyes spin-coated on a 
microheater has been developed to monitor temperature 
variations of the device [8]. The fluorescent dyes, spread 
all over the circuit, emit less light on hot zones than on 
cold ones allowing to map the temperature distribution on 
the sample. 

In this communication, we will present a technique 
based on a similar effect, but that employs a single 
fluorescent particle as a temperature sensor. In our case, 
the fluorescent fragment is settled at the extremity of an 
AFM tip and behaves like a scanning thermal probe. By 
monitoring the fluorescence intensity variations of the 
particle as a function of its position on the surface of a 
microelectronic circuit, we are able to determine the 
absolute temperature of the particle and therefore of the 
zone of the device it is in contact with.  
 

2. THE TEMPERATURE DETERMINATION 
PROCESS 

 
The fluorescent particles are glass ceramic fragments that 
contain erbium and ytterbium ions [9]. A scanning 
electron micrograph of such a particle settled at the 
extremity of an AFM tip is given on Fig. 1. The particle is 
glued at the tip end using nanomanipulators [10] with a 
temperature resistant, UV curable, polymer glue. The 
particle is excited using a 980 nm laser diode (by a 2-
photon absorption process). It emits light at different 
wavelengths: in the visible, fluorescence occurs at 
520nm, 550nm and 670nm.  

The excited energy levels (2H11/2 and 4S3/2) involving 
the 520nm and 550nm lines have the peculiarity of being 
in thermal equilibrium. This means that the relative 
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Fig. 1 :  Scanning electron micrograph of a fluorescent 

particle glued at the end of an AFM tip. 

population of the two levels depends on temperature. 
The relative area of the two fluorescence peaks are 

therefore linked by an exponential law that directly 
depends on temperature [11] : 
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where I2 and I1 are the area of the peaks located at 520nm 
and 550nm, α and β are coefficients and T is the 
temperature. When temperature increases, the peak 
located at 550nm diminishes more rapidly than the one 
located at 520nm (see Fig. 2). Therefore, it is possible to 
determine the temperature of the particle by measuring 
the amount of fluorescence emitted at 520nm and 550nm. 
Since the particle is in contact with a sample during a 
scan, its temperature reflects the temperature of its 
surface. 

The calibration of the coefficients α and β is 
performed by measuring the fluorescence spectrum of a 
micron-sized particle deposited on a substrate heated at a 
known temperature. The thermal conductivity of the 
particle is 0.8 W.m-1.K-1. 

 
3. THE EXPERIMENTAL SET-UP 

 
The experimental setup is a homemade AFM combined 
with an optical microscope able to detect the fluorescence 
emitted by the particle with a high sensitivity. It is 
sketched on Fig. 3. A 980nm laser diode is focused on the 
tip extremity and the sample surface. The diode is 
internally modulated at around 620Hz. Two different 
interferential filters are placed in front of two 
photomultiplier tubes (PMT): one is centered at 520nm 
and the other one at 550nm. The bandwidth of these 
filters is 10nm. The fluorescence of the peaks can then be 
measured independently and simultaneously when the tip 
is scanned on the surface. The fluorescence of the 
fragment is collected with a high numerical aperture 
objective followed by a beam splitter that sends the 

emitted photons towards the two PMTs. Afterwards, the 
signals are detected by two lock-in amplifiers 
synchronized to the laser diode modulation frequency and 
are sent to a computer for recording and processing. 

 
Fig. 2 :  Dependence of the particle fluorescence as a 

function of temperature. 

The tip is scanned in intermittent contact on the 
sample surface, in the tapping mode. Its oscillation 
frequency is around 5kHz (around ten times higher than 
the fluorescence modulation frequency) and its amplitude 
is around 10nm.  

In order to validate our experimental technique, an 
operating microelectronic circuit seemed to be a good 
candidate. Three images are acquired. The first one is the 
topography of the chip. The second and the third ones are 
the fluorescence images at the two different wavelengths. 
As it can be seen in eq. (1), the ratio of the two 
fluorescence images permits to determine if some zones 
are hotter than others.  

 
Fig. 3 :  Experimental set-up. 
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4. VISUALIZING THE HEATING OF AN 
OPERATING MICROELECTRONIC CIRCUIT 

 
The microelectronic circuit we have tested is a polysilicon 
resistor stripe implemented on a standard 0.8µm CMOS 
process. The stripe has a width of 20µm and a height of 
approximately 600nm. The experiment has been 
performed at two different DC voltages. The current 
flowing in the device is therefore constant. We first 
describe the experimental procedure used to visualize the 
temperature heating. Afterwards, we will present the 
experimental results and discuss on the uncertainties and 
the different factors that can influence the measurements.  
 
4.1. Description of the experimental procedure 
 
First, measurements have been achieved when no current 
is flowing through the resistor. This allows to have a 
reference for the optical contrast at room temperature. We 
can expect that two zones made of a different material 
(for instance, the resistor and the substrate) will have a 
different optical image at the two wavelengths. Indeed, 
the reflection coefficient of both the exciting laser beam 
and the fluorescence lines will not be the same on the 
resistor and on the substrate. Therefore, even if the 
temperature of the whole system is the same, the ratio of 
the two fluorescence images will be different on different 
materials. 

For the second scan, a DC voltage of 25V is applied 
to the stripe generating a constant current of around 
50mA. Under this high current, the stripe is heating and 
the heat is spreading all around the substrate.  

The ratio of the two fluorescence images and its 
comparison with the reference one at room temperature 
allows to see if the sample has heated and where. The 
results are shown on Fig.4. 

 
4.2. Experimental results 

 
The optical image (b) corresponds to the ratio of the 
fluorescence signals of the particle (I520 / I550) when no 
current is flowing. The temperature is the same 
everywhere. Since the polysilicon resistor and the silicon 
substrate have different optical properties, they appear 
contrasted on this image. The resistor appears darker than 
the substrate. The values of the scale bar indicated on the 
right are arbitrary units.  

The optical image (d) corresponds to the same ratio 
but a current of around 50mA is flowing through the 
resistor (V=25volts). The stripe is still clearly visible but 
some features have appeared. First, on the stripe, a gray, 
curved zone is visible. It corresponds to a hot zone 
through which the majority of the electrons are probably 
passing. Second, in the middle, a bright zone is also 

dominating the image. This area corresponds to a hot 
zone of the substrate which is created by heat diffusion 
from the elbow of the stripe nearby.  

 
 

Fig. 4: (a) Topography of the stripe and (b) ratio of the two 
fluorescence images (I520  / I550) when no current is flowing 
through the resistor ; (c) topography of the stripe and (d) ratio 
of the two fluorescence images when a voltage of about 25V is 
applied. The fluorescence images have been treated using a 3x3 
median filter to eliminate noise. 

Note that, if we look at the scale bar of Fig 4d, the 
values are much higher than in the image obtained at 
room temperature (Fig. 4b), indicating that the whole 
scanned area has heated. A rough estimation, not detailed 
here, indicates that the temperature is approximately 
equal to 70°C on the lower part of the substrate and 90°C 
in its hot area of the middle. On the stripe, the 
temperature also varies from around 80°C in the ‘cold’ 
zone to 100°C in the hot one. The time necessary to 
perform a thermal image is around half an hour.  
 
4.3. Discussion 
 

The first point we would like to discuss is the 
influence of the tip on the measurement. Does the tip 
modify the real temperature of the device? As can be seen 
on Fig. 1, the size of the particle is smaller than one 
micrometer and the tip that holds it is very sharp. The 
point of contact with the surface is therefore very small. 
Besides, it is intermittent since the tip is oscillating on the 
surface in the tapping mode. We do not think that the tip 
perturbs enormously the temperature and the operation of 
the device, at least no more than most other scanning 
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probe microscope tips that have a spatial extension much 
larger above the surface.  

The other question we can ask is linked to the signal 
measured by the tip. How close is it to the real 
temperature of the surface? Indeed, since the tip is in 
intermittent contact with the sample, the heat transfer 
mechanisms are complicated. The oscillation amplitude of 
the tip is around 10nm. During its movement, the time the 
tip remains in direct contact with the surface depends on 
the offset used for the feedback mechanism. By varying 
this parameter and by changing the oscillation amplitude, 
we do not have observed a noticeable variation of the 
signals. Besides, almost no significant difference could be 
observed when the tip was in contact with the surface and 
when it was situated at several hundreds of nanometers 
from it. This shows that the heat transfer mechanism in 
air was important in this experiment. This is not 
surprising since the size of the device is significantly 
larger than the tip itself. A different behavior would 
probably be observed on submicron devices or structures 
like carbon nanotubes for which air heating is much 
smaller due to their reduced spatial extension. 

Regarding the spatial resolution of the 
measurements, we can expect it to be of the same order as 
the particle size in the best case. In principle, a 100nm 
resolution could be obtained for a 100nm sized particle. 
Since the tip is very sharp, indirect heating from its far 
zones and from the cantilever is small. For the device we 
have studied, it is not possible to determine the real lateral 
resolution of the method since the heat is diffusing over 
distances much larger than the particle size. Experiments 
carried out on smaller circuits will soon be performed. 
 

5. CONCLUSION 
 
The technique we have developed allows to visualize the 
hot zones of operating microelectronic circuits. It is based 
on the measurement of the fluorescence of a submicron-
sized particle settled at the extremity of an AFM tip. The 
method permits the determination of the absolute 
temperature of the device. We are currently performing 
experiments to determine the limits of the technique in 
terms of lateral resolution and sensitivity. In particular, 
we are studying well-defined resistor with integrated 
diodes which allow the precise temperature calibration of 
the technique.  
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