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We have used a ray optics model to calculate the optical power absorbed in the metal coating of
apertured probes for scanning near-field optical microscopy. We have then introduced the absorbed
power profile into the heat balance equation to calculate the temperature of the probe as a function
of the distance from the apex. By comparing our results with available experimental data, we
demonstrate accurate prediction of both the temperature profile along the probe, and the temperature
increase per mW of power launched into the fiber �60.7 versus 60 K/mW at 25 �m from the
apex�. © 2005 American Institute of Physics. �DOI: 10.1063/1.1999019�

The thermal regime of apertured probes1 for scanning
near-field optical microscopes �SNOM� �Refs. 2 and 3� can
significantly affect the results of both imaging or spectro-
scopic observations,4 and of near-field lithography
experiments.5

Scanning near-field optical lithography6–11 is gaining in-
creasing momentum as an affordable technique suitable for
the direct writing of a variety of nano- and mesostructures,
especially of photosensitive organic functional materials. For
such applications, it is crucial to achieve a detailed under-
standing of potential thermolithographic effects, which
should not degrade the resolution of patterning by interfering
with the materials’ photochemistry.

Several groups12,13 have reported substantial heating of
apertured probes, up to several hundred degrees, owing to
light absorption by the probe metal coating. This may affect
the fiber throughput14 and determine a relatively fast elonga-
tion of the fiber end.4,15–18 In the last ten years, significant
efforts have also been devoted to understanding the heating
mechanisms of SNOM probes, with a view to finding ways
to prevent the concomitant effects. A repeated-zone
model19,20 has provided a first description of the relevant
heating phenomena and has allowed calculation of the power
absorbed along the axis of the SNOM fiber. In other cases,21

a more general ray-tracing model has been used to take into
account different probe geometries.

In this letter, we calculate the power absorbed along a
SNOM probe with a conical shape and then use such an
absorption profile in combination with the heat balance equa-
tion to estimate the temperature of the probe along the fiber
length.

For our calculation, we model the probe as a collection
of slices of thickness dz. For each slice, we can write the
following heat balance equation:
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where we adopt the same symbol convention as Gucciardi et
al.,18 namely: ��Q�z� /�z�dz is the heat in the slice centered at
position z along the fiber axis; ��P�z� /�z�dz is the optical
power absorbed by the slice walls; ��Jconv�z� /�z�dz is the
heat transfer from the slice to the environment by thermal
convection �in the unit time�; and ��Jdiff�z� /�z�dz is the heat
exiting the slice via conduction through the metallic coating,
in the unit time.

We consider a bundle of optical rays with a circular sec-
tion �with radius R�, entering the base of the conical taper
and suffering several consecutive reflections by the metal
film on the cone walls. In our analysis, we have started to
calculate the z coordinates �zn� of the points where the more
external rays of the bundle impinge on the metal coating
after n previous reflections, as schematically shown in Fig. 1.
With the help of Fig. 1, we find that

zn =
R cos �

sin�� + 2n��
�2�

where � is the half angle of the cone, � is the initial incli-
nation of the rays with respect to the fiber walls, and R is the
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FIG. 1. �a� Schematic representation of the multiple reflections of the light
rays in the SNOM fiber-end hot region of length L. The radius of the ray
bundle �with circular section� is R. Note that the metalized cone walls reflect
light rays as mirrors and keep R constant. �b� The reflections of the more
external rays define the quotes zn and the cone lateral area illuminated by the
nth reflected bundle of rays �gray section in the picture�. After n reflections,
the angle of the bundle with the cone axis is �+ �2n−1��. The quotes zn are
then found through the relations: Ln

c = �R / sin��+2n���;Ln
ccos���=zn.
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radius of the circular bundle entering the cone �R is equal to
the cone base radius only if �=��. In general, for nonconical
probes, the coordinates zn may be calculated as the intersec-
tion of the straight lines describing the optical rays and a
polynomial describing the metal coating.21 After n reflec-
tions, the ray bundle transports a partial power of �1
−��nP0, where � is the absorption coefficient of the metal
coating ��=8% for aluminum in the visible wavelengths re-

gion�, and P0 is the total power entering the conical fiber
end. The rays reflected n times illuminate a conical area of
the coating equal to An

impact=�zntan ��zn / cos ��, shown in
gray in Fig. 1. Because of the probe conical shape, the opti-
cal power is not uniformly distributed on such areas, but
decreases as Wn�z�= �z2 /zn

2�. Thus, the intensity along z of the
bundle reflected n times is

In�z� = �P0�1 − ��nsin�� + 2n���1/An
impact�Wn�z� if 0 � z � zn

0 if zn � z � L
� �3�

where L is the length of the conical taper �Fig. 1� and the
factor sin��+2n�� is introduced to consider only the flux
perpendicular to the cone walls.

The lateral area of each cone slice of thickness dz is
Alat=2� z tan ��dz / cos ��. The power of the nth reflected
rays that is absorbed by the slice at quote z is, therefore,

pn�z� = �In�z�Alat. �4�

Combining the previous expressions we are now able to
write the absorbed power profile function �P�z� /�z as
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where the sum must be extended over the total number N of
forward and backward reflections. In Fig. 2�a�, we report the
behavior of �P�z� /�z versus z for different probe shapes �dif-
ferent values of �� and for a fixed laser power P0=1 mW
entering the conical tip. As the tip gets sharper �decreasing
��, the maximum increases and gets closer to the apex, in
agreement with previous work.20 This phenomenon may ap-
pear counterintuitive, but can in fact be explained easily
within our model by considering the crucial role of the back-
reflections. For sharper tips, the total number of reflections N
increases, and the position where the backreflections start
from gets closer to the apex. Therefore, the point at which
the sum of the optical power losses reaches a maximum also
moves closer to the tip apex.

The results here reported are encouraging, although the
model is not yet complete, because so far we have only con-
sidered a single bundle, characterized by a single propaga-
tion direction. In fact, rays can propagate in a fiber with a
distribution of angles �measured with respect to the fiber
axis� up to the critical angle. To account for the possible
propagation directions, we have considered ten bundles char-
acterized by different propagation angles ��� in the range
0°–10°, and then substituted �P�z� /�z in Eq. �1� with a
weighted sum of �P�z� /�z calculated for such ten angles.
The weights were selected according to a Gaussian distribu-
tion, and account for the fact that the surface density of rays
�optical flux� decreases with increasing inclination with re-
spect to the optical axis. The plot of the function substituted
to �P�z� /�z in Eq. �1�, is reported in Fig. 2�b�.

To check the validity of our model, we have applied it to
the case of an aluminum-coated probe with �=3°34�48�,
L=1 mm, and P0=3.3 mW, whose temperature profile has
been reported by Stähelin and co-workers.12 In this case, we
have considered Eq. �1� at steady state �� /�t��Q�z� /�z�=0�
and turned the heat balance equation into a second-order dif-
ferential equation for the temperature profile function by ex-
pressing each term in Eq. �1� as function of T�z�.18 As bound-
ary conditions, of the heat balance equation, we have then
taken �T /�z=0 at the tip apex �i.e., z=0�, as in Ref. 22,
whereas for the fiber shaft �from L on�, we have considered a
fix temperature of 34 °C, as measured in Ref. 12. The calcu-
lated temperature profile is shown in Fig. 3 �solid line� and is
in excellent agreement with the experimental data12 �dots�.
The agreement could perhaps be even better if all the experi-
mental parameters were known, such as the fiber numerical
aperture, here assumed to be 0.17 and corresponding to a
maximum ��10°. Note that the temperature is maximum in
the region of the tip apex even though the point of maximum

FIG. 2. �a� Power absorbed by a fiber slice of thickness dz as a function of
the quote z. Note that the maximum is greater for smaller angles ��
=2°34�48�, L=1 mm�, i.e., is for sharper conical profiles. Due to multiple
reflections by the cone walls, light is focused close to the tip apex. Note that
the focusing effect is greater for sharper tips �smaller angles�. �b� Graphical
representation of the power absorbed by a fiber slice of thickness dz as a
function of the quote z in the case of a weighted distribution of ten angles in
the range 0–10°.
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absorbance is slightly displaced from the apex. This may
appear counterintuitive, but is in fact consistent with the ex-
pected loss of efficiency of the dissipative mechanisms Jconv
and Jdiff due to the small dimensions of the apical region.

As an additional check of the validity of our model, we
have also calculated the coefficient describing the probe tem-
perature increase per unit power of optical radiation
�K/mW�. We found that the coefficient is 60.7 K/mW at
25 �m from the tip apex, in excellent agreement with that
measured by Stähelin and collaborators12 of 60 K/mW in the
same conditions. Using the function �P�z� /�z, we have
evaluated that most of the power �about 99.9%� is absorbed
in the region where the fiber diameter is greater than one-half
of a wavelength of injected light. This is why our simple
model leads to surprising agreement with experimental data
despite neglecting the evanescent nature of the electromag-
netic field at the tip apex.

Our description provides important information for the
understanding of the potential influence of thermal effects in
apertured near-field lithography processes.5 More generally,
a simple evaluation of the tip temperature, as that reported
here, is of general interest for apertured near-field micros-
copy, although additional effects, and in particular heat trans-
fer from the surrounding medium or to the sample surface
should be taken into account by considering other dissipative
channels in Eq. �1�.23,24
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FIG. 3. Calculated �solid line� and measured �dots� probe temperature pro-
file for an aluminum coated probe with �=3°34�48�, L=1 mm, and P0

=3.3 mW. The experimental temperature profile is taken from previously
reported data �Ref. 12�.
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