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Confocal thermal-lens microscope
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The use of a confocal detection scheme in a dual-beam thermal-lens microscope is presented. The scheme
allows the measurement of absorption factors down to 1.2 X 1077 in a 0.35-um? volume by use of a heating

laser power of 100 mW incident upon the sample.

Results are presented that prove that a 450-nm axial

resolution is possible when a 1.2 water immersion objective lens with a N.A. of 1.2 is used. © 2004 Optical

Society of America
OCIS codes: 180.1790, 350.6830.

Thermal lensing provides high-sensitivity measure-
ments for thermal® and spectroscopic? characterization
or detection®° and imaging® of low-absorption samples.
Thermal-lens microscopy’ combines the high sensi-
tivity of photothermal techniques® with the lateral
and axial resolution of conventional microscopy. The
detection method used in thermal-lens microscopy
does not differ from conventional thermal-lens tech-
niques®: The thermal lens generated by a heating
beam induces a change in the geometric parameters
(divergence and beam-waist position) of a probe beam
that are detected with the help of a diaphragm placed
in the path of the beam in front of a photodetector.
With this detection method the signal is maximum
when the thermal lens is located at a distance of one
heating beam’s Rayleigh range from the probe beam’s
waist; it is null when the thermal lens lies in the plane
of the probe beam’s waist.” The axial resolution
(FWHM) of the thermal lens microscope is given by
the following formula:

(D

AZstandard ~ 2.8 X 2R,

where zg is the heating beam’s Rayleigh range at
the focal point. Thermal lens microscope signals
exhibit two main drawbacks when one needs to resolve
structures in the axial direction. First, the signal’s
shape (see Fig. 1), which shows two extrema that
correspond to focusing or defocusing by the thermal
lens, and a zero point crossing make it difficult to use
efficient deconvolution algorithms. Second, it can
be shown that the relative height of the two extrema
strongly depends on the distance between the two
beam waists, and it is quite difficult to control that
parameter, which depends on the beams’ different
geometric parameters and on the chromatic charac-
teristics” of the microscope objective lens that is used.
Our detection scheme aims at eliminating these two
drawbacks. The thermal lens microscope is not an
imaging, but a scanning, instrument, so a detection
scheme similar to confocal microscopy can be used.
The axial resolution can then be improved to
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Azconfocal ~ 1.0 X 2R -

In this case the signal is now maximum when the
thermal lens lies in the plane of the probe beam’s waist
and so exhibits only one extremum (see Fig. 1). This
increase of resolution and the single maximum signal
shape can be used to study transparent stratified
samples such as dielectric multilayer coatings. It
permits discrimination of the photothermal signal
generated by the different layers and possibly by
the different interfaces. It is worth noting that this
significant increase of axial resolution is not obtained
to the detriment of sensitivity. It can be shown, on
the contrary, that a signal increase of a factor 2 can
be obtained at the same time. Figure 1 illustrates
this point by comparing calculations of classical and
confocal thermal-lens signals performed in the parax-
ial approximation (i.e., by considering Gaussian beam
propagation in the microscope). Another interesting
feature of the confocal scheme is that, unlike in the
nonconfocal case, the signal’s shape is nearly insensi-
tive to the amount of chromatic aberration caused by
the focusing objective lens.
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Fig. 1. Theoretical calculations of the confocal (solid

curve) and the nonconfocal (dashed curve) thermal-lens
signals for surface absorption. The parameters used in
the calculations were Aprope = 638 nm for the probe beam
and Apeat = 514 nm for the pump beam, a N.A. of 1.2 for
the objective lens, index of refraction n = 1.33 for the
immersion medium.
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Figure 2 shows our confocal dual-beam thermal-lens
microscope. The heating beam is an intensity-
modulated A = 514 nm argon laser, and the probe
beam is a 1-mW unmodulated red laser diode emitting
at 638 nm. The heating power is limited to 100 mW
to prevent damaging the sample. The modulation
frequency of 1 MHz was chosen such that the thermal
diffusion length in the sample is smaller than the
heating beam’s spot size. Both beams pass through a
beam expander before entering the focusing objective
lens. After crossing the sample, the beams are col-
lected by a second objective lens. The sample is fixed
on a motorized stage that permits axial displacements
in 74-nm steps. The sample is the only moving part of
the experiment, so, except for geometric modifications
of the beam parameters induced by aberrations caused
by the sample, both beams’ characteristics, in particu-
lar their beam-waist positions, do not change during
scanning. After crossing the sample, the heating
beam is then directed into a light trap while the probe
beam passes through a pinhole and then goes onto a
silicon photodetector. Pinhole diameter rp is chosen
to give the best shot-noise-limited signal-to-noise
ratio; its theoretical value is

rp =057 X wp, 3)

where wp is the probe beam’s radius on the pinhole
plane. The position of the pinhole is fixed by the
condition

22

z1 + 1= (za/f) ZRo, (4)
where z; is the distance from the probe beam’s waist
in the sample to the imaging objective lens, zs is the
objective lens—pinhole distance, and zp, is the probe
beam’s Rayleigh range in the sample. This condition
states that the pinhole plane is conjugate not with the
plane of the probe beam’s waist but with a plane that
is one Rayleigh range away. One can understand why
this arrangement is the correct one by looking at the
effect of a lens of focal length f with f > zp, placed at
the probe beam’s waist (for typical values take zpy =
1 um, and, for low-absorption samples, f = 1 m). In
the paraxial approximation, the presence of this lens
changes the beam’s spot size w at a distance z after
the lens by an amount equal to

(R
Sw, . f 2Ro? ZRo®
w & 2\ ‘
(1+25)
ZR0
(5)

In the confocal case one can look at a plane where
Sdw/w is an extremum; this happens when z = zgo,
whatever the sign of f. In this case Eq. (5) gives

22~ ZRo. (6)
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The signal is null when z = 0. This condition differs
from that of conventional confocal microscopy in which
the pinhole plane is conjugate with the object plane.
Fulfillment of this condition is critical because it fixes
the confocal behavior of the instrument. One can in
practice maintain the confocality condition only by
limiting z scans to a few tens of micrometers and
by using identical focusing and imaging objectives.
With these restrictions, few-millimeter-thick optical
samples, for example, structured thin-film coatings
upon transparent substrates, can be investigated.
The axial resolution was measured by use of a test
sample made from a single 180-nm-thick tantalum
pentoxide layer deposited by ion-beam sputtering onto
a synthetic fused-silica sample. The extinction and
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Fig. 2. Schematic of the confocal thermal-lens microscope.
The heating beam is an argon laser (Ar), 100 mW of which
is focused into the sample (S). Its intensity is modulated
with an electro-optic modulator (Mod). The probe laser
(LD) is a 1-mW 638-nm laser diode. Before entering the
microscope, both beams pass through a 5X beam expander
(X). M1, M2, focusing and collecting objective lenses; D1,
D2, dichroic mirrors used to direct the Ar beam into a beam
stop (LT) and the probe beam through a calibrated pinhole
(H) and onto a photodetector (PD). We performed axial
scans by moving the sample.
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Fig. 3. Experimental confocal surface absorption signal
amplitude and model. The sample is a single layer of
180-nm-thick TayO5 sputtered onto a fused-silica substrate.
The layer’s absorption factor was estimated to be 1.8 X
107%. The 900-nm resolution was achieved with a water
immersion objective of 1.2 N.A.
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Fig. 4. Nonconfocal surface absorption signal amplitude
measured with the same optical arrangement and on the
same sample as in Fig. 3; the model was used.

refraction indices of the sputtered layer were measured
with an ellipsometer, and the resultant absorption
coefficient was found to be &« =~ 10 m~! at the argon
laser wavelength. The integrated absorption factor
of the layer is thus 1.8 x 1076,

Figure 3 shows the result of this measurement.
The focusing objective lens was a water immersion lens
with a N.A. of 1.2. (Olympus Model UPLanApo X60).
The experimental signal’s FWHM was Az(exp) =
450 nm. Using a mathematical model of the
instrument, we calculated that the confocal sig-
nal’s FWHM with this objective lens should be
Az(theoretical) = 465 nm. We checked the expected
gain in axial resolution by moving the pinhole a
few millimeters and performing the same measure-
ment with a nonconfocal configuration. The result
is presented in Fig. 4. The measured FWHM is
Az(nonconfocal) = 1.5 um. We then estimated the
instrument’s sensitivity by measuring volume absorp-
tion in a neutral-density filter with an a = 255 m™!
absorption coefficient. The fraction of absorbed
power that gives rise to a thermal lens is roughly

Pubs/P, ~ alz, (7)

where P, is the incident heating power. With the
1.2-N.A. objective lens we have aAz = 2.1 X 1074,
We measured a signal-to-noise ratio of 1830 when we
integrated the signal for 1 s, so the smallest detectable
absorption factor is estimated to be 1.15 X 1077,

V. Loriette’s e-mail address is loriette@opitque.
espci.fr.
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