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We report the design and implementation of a new reflectance laser scanning confocal
system with spectroscopy imaging capabilities. Confocal spectroscopy is achieved by
using a very broad spectral range supercontinuum source capable of high precision
reflectance data in the VIS-IR spectral range thanks to an almost achromatic optical
layout. With this apparatus we collect each single scanning point as a whole spectrum
in a continuous range, associated with the optical section imaging possibilities typical
of a confocal set up. While such a microscope has been developed for bio medical
analysis of human skin and other similar applications, first test results on solid samples
produce spectroscopic results that, compared to analytical models based on the Abelés
matrix transfer methods, show a very good agreement, opening new possibilities of a
complete spectroscopic fingerprinting of samples with microscopic details. Copyright
2011 Author(s). This article is distributed under a Creative Commons Attribution 3.0
Unported License. [doi:10.1063/1.3631661]

I. INTRODUCTION

Laser scanning confocal microscopy (LSCM) has become an invaluable tool for a wide
range of investigations especially in the field of biological and medical sciences for imaging
thin optical sections in thick samples. Fluorescence imaging and related methods (Förster Reso-
nance Energy Transfer,1 Fluorescence Lifetime Imaging Microscopy,2 Fluorescence Recovery After
Photobleaching,3 Fluorescence Correlation Spectroscopy,4 etc.) is certainly the most promising and
currently more developed LSCM approach. In this framework it is possible to identify different re-
search directions like, as not-exhaustive examples, the development of tissue imaging techniques, in
vivo quantitative imaging methods, testing of functionalized fluorescent probes (Green Fluorescent
Protein, trackers, auto-fluorescence), and the development of instruments and techniques towards
nanoscale resolution like Stimulated Emission Depletion microscopy.5 Among confocal microscopy
methods, the reflectance approach has recently gained great attention especially in the field of der-
matology diagnostic thanks to the possibility to image skin tissue structures at different depths using
two or three different wavelengths.6

The introduction of recently commercially available supercontinuum sources, usually in combi-
nation with AOTF (acoustic optical tunable filters), has led to advances in several of these fields,7–11

and opens the possibility to work in the near infrared (IR) spectral range, which has been previously
used mainly to have new sources for excitation in the two-photon visible fluorescence microscopy.
Recent commercial confocal laser scanning microscopes also present a spectral mode, but, since
acquisition is performed via PMT or APD detection, it is possible to obtain the whole spectrum only
by sequentially scanning AOTFs, prisms or gratings.
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The results here presented have been obtained by using a new supercontinuum laser scanning
confocal microscope apparatus designed to perform simultaneously hyperspectroscopy in the VIS-IR
range on biological and solid samples together with the usual 3D high resolution spatial imaging.

While hyperspectroscopy imaging is not a novel realization in optical microscopy, it is not
a common feature in LSCM and until now has been used quite differently in other groups. For
example, Shi et al. use the potentiality of a supercontinuum source to explore the sample with
a suitable grating during acquisition, resolving single wavelengths at different depths, by the use
of a well-designed chromatic sample objective.12 The use of a supercontinuum source to obtain
spectroscopic data has been explored quite recently also in the CLASS (Confocal Light Scattering
and Absorption) projects,13–15 but in this case the acquired data are analyzed as light scattering
spectra based on the Mie scattering theory, in order to classify dimension and shapes of very small
scatterers. Booth and al.16 indeed use a supercontinuum laser source for reflectance spectroscopy by
their LSCM, but the used spectral range is very small (from 500nm to 650nm) and, moreover, no
effort is shown to obtain an achromatic layout. Instead, an achromatic set-up is an essential point to
be sure that all the spectrally resolved features are coming from the same sample volume, otherwise
spectroscopy becomes a pointless feature of the instrument.

The new LSCM here described was realized to obtain complete spectroscopic images by the
acquisition of a one-shot wide range reflectance spectrum, for every image pixel in the three-
dimensional sets of data typical of a confocal microscope, collecting at once the entire emission of
the supercontinuum source. The achromatic set-up makes such data collection meaningful, keeping
each wavelength contribution related to the same point of the sample.

In our geometry, despite the fact that the optical focus produces light scattering at all angles
generated by a sub-wavelength lateral dimension, the typical LSCM tight control of the light path
retains, at the end, only the pure normal-incident reflection information. In fact, experimental data
have been compared to reflectance spectra generated by first-principle optics multi-layer machinery,
by using the Abelès matrix transfer method,17 with remarkable agreement. Moreover, the ability to
precisely select the same focus position for all the available wavelengths, has permitted also back-
focusing on a silicon structure below a 400μm thick substrate, realizing at once an instrument that it
is also suitable for very specialized tasks, like failure analysis applications. The microscope has been
developed with the aim to apply a typical solid state spectroscopic approach (by dielectric function
classification) to the early detection of skin cancer, disease classification and similar applications.
The LSCM is indeed considered to be useful in such respect,18, 19 also leading towards great very local
and fast tools developed for this specific purpose.20 We are in the middle of such an achievement,
and we have yet to prove our approach useful and possible also for biologic tissues. Nevertheless,
results are so promising that encourage research into other fields of application.

II. SUPERCONTINUUM BASED CONFOCAL MICROSCOPY

The reflectance confocal microscope described here has been designed and realized completely
by our research group.21 As a source of illumination it uses a supercontinuum laser generated by a
Nd:Yag injected in a photonic fiber and characterized by continuous emission spectrum in visible
and near IR wavelength range (450 nm - 2500 nm) (NKT Photonics superKTM Power+) with a
maximum power density of the order of 1.5 mW/nm.

As shown in Fig. 1, the beam is first expanded achromatically (a 4X BE04R Thorlabs expander
based on protected Silver mirrors), and then directed to a 45◦ beam-splitter. Part of the beam is
directed to an infinite conjugate reflective objective characterized by a Cassegrain-Schwarzschild
design (Newport mod. 50102-02 with MgF2 protected Aluminum mirrors), with a working distance
of 10.4 mm and NA of 0.52, fully achromatic in a spectral range between 200 nm and 20 μm. After
sample reflection, the beam is transmitted through the beam splitter and is focused by an identical
reflective objective on a home-designed piezoelectric driven variable pinhole, with an operative
range between 0 and 150 μm. The outflowing radiation is collected and converted again to a parallel
beam by an off-axis parabolic 38 mm diameter mirror (Newport), then diverted to the optical bench
plane and focused by another parabolic mirror. On the focal plane we have placed the entrance of an
optical fiber that is connected to an array spectrometer for a spectrum recording for the VIS range
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FIG. 1. LSCM schematic. LS supercontinuum laser; BE beam expander; BS beam splitter; OB1, OB2 reflective objectives;
S sample; XYZ sub-micrometric stage; M plane mirror; PH pinhole; PM1, PM2 parabolic mirrors; AD array detector, with
a spectrograph eventually connected by an optical fiber.

(Avantes mod. AvaSpec-2048 USB2), while for the infrared range we are using a single InGaAs
detector with interference filters for wavelength selection.

The sample is scanned while keeping the beam fixed, using a combination of an XY piezoelectric
table (Physik Instruments M664), that has a scanning range of 25 mm with 300 nm step resolution,
and a Z stage (Newport GTS30V) with a 30 mm vertical range and ±0.1μm repeatability, for fine
focus adjustment.

We have generally used only mirror-like optical elements to avoid any chromatic aberration,
except, of course, for beam-splitting where shape and materials are critical features. We have tested
different optical flats, with some pros and cons for each case. For example, on thick plates some
ghosting is unavoidable, and the very wide interval of wavelengths produces somewhat different
paths that negatively impact the focusing on the pinhole. Note that other common beam splitters,
like cubes or pellicles, can be burned out because of collection of all the available radiation coming
from the laser: we can have something of the order of 6 W/cm2 deposited on the beam splitter, also
after 4X beam expansion and at only 25% of the maximum laser output. Moreover, the radiation is
pulsed at 5 psec with a repetition rate of 80 MHz, therefore with a further increase of a factor of
2500 of the instantaneous power deposition. Note also that we cannot reduce arbitrarily the power
output. In fact, the overall spectral composition of the supercontinuum source is power dependent,
being the results of complex nonlinear interactions of the Nd:Yag pump laser within the photonic
optical fiber. In particular, the visible onset and the predominance of the 1064 nm line over the
entire spectrum are both controlled by setting the power output. We usually work at not less than
15% of overall power. Quite obviously, a preliminary wavelength selection of a supercontinuum
source, especially for fluorescence works, is a much more common choice,22 and eliminates a lot of
additional problems.

The results presented here have been obtained with a beam splitter made by a 6 mm thick
zinc sulfide plate, also known with the commercial name of CLEARTRANTM (by CVD inc.). This
material, because of its high refractive index (2.27 at 1 μm), if used as beam splitter combines a
high reflection, more than 15%, and low transmission, with about 13% of overall beam splitting
performance. While it is transparent below 14 μm, it can support easily UV reflection, but cannot
transmit it, making it useful for fluorescence as well. However it suffers a relatively strong index of
refraction variation in the visible range with an excess of chromatic ghosting, while greatly increasing
the efficiency of the sample illumination because of its strong reflection. This latter feature can be
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FIG. 2. The confocal image of silicon wafer edge at 542 nm in Fig. 2a) (at 1064 nm in Fig. 2b)) allows lateral resolution
evaluation. A selected number of wavelengths of a single line scan is extracted, and shown in Fig. 2c). The width �X of
every profile has been evaluated by using a Boltzmann function shape and values shown in Fig. 2d), that includes X motion
inaccuracy, together with a best fit by a quadratic curve. Note that every edge is centered in the same position, irrespective of
the selected wavelength.

useful in the case of solid samples, while it can produce an excess of thermal damage for soft matter.
The coupling of low NA objectives with the specifications of this material explains why our axial
resolution is not state of the art, however adequate for our purposes. If we reduce noticeably the
laser’s first reflection on the specimen, by using a beam splitter made of more transparent materials
(glass, CaF2), and regulate the laser well below the 25% of its maximum available power, we have
run tests that prove no damage on the biological tissue (chicken skin), although the lower signal
requires, in this case, better detectors.

Custom software, written in C++, allows real time control of the scanning process, data
acquisition and data storage of an entire spectrum for each scanning point. For a 512 x 512 points2

image, and 1024 spectral points for each XY point, we need to collect 512 MB for each Z plane
value (considering two bytes for each spectral element). Such huge files require specific tools to be
analyzed, that are again written using C++ for efficiency and flexibility.

III. SPECIFICATIONS AND RESULTS

The standard way to characterize LSCM apparatus is to assess lateral and vertical resolution.
In the present configuration the check of the lateral resolution of our LSMC is limited by XY stage
minimum step of 300 nm. As a test for lateral resolution we collect images from a cleaved edge of
a silicon sample, as suggested by a previous work.23 We show in Fig. 1 two images obtained from
a 400 μm thick cleaved silicon wafer corresponding to the wavelengths of 542 nm (Fig. 1(a)) and
1064 nm (Fig. 1(b)), two of contemporaneously acquired 1158 images available for the same focal
plane. It’s easy to point out that the edge is not perfectly perpendicular to the scanning direction.
Selecting one arbitrary cross-section over the edge we can compare the different resulting profiles
at different wavelengths, as shown in Fig. 2(c).
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FIG. 3. Evaluating the FWHM of the optical intensity, while scanning a mirror along the Z direction at a fixed XY point,
allows axial resolution definition. The shown resolution is always of the order of 5 μm, as resulting from a Gaussian fit. The
same fit produces a maximum variation of 0.3 μm in the obtained intensity position.

Taking into account the precision and the repeatability (reported as error bars in Fig. 2(d)) of
our XY scanning system, the best fit of a series of the step cross-sections by a Boltzmann function
y = A2 + (A1 − A2)/(1 + e( x−x0

dx )), performed for some selected wavelengths, indicates a lateral
resolution of about 0.9 λ in the visible side of the spectrum (0.89 λ at 536 nm), while we approach
λ/2 in the IR part (0.58λ at 1650nm). The most striking feature visible in Fig. 2(c) is that no shift
is visible in the silicon step cross-section as a function of wavelength within a maximum absolute
error of 0.17μm, as coming from the same fit, proving the achromatic behavior of the microscope.

The axial resolution is estimated, as usual, by scanning a mirror at a fixed XY position over a
Z range. Figure 3 shows one of the trials shown for only few wavelengths, after normalization. The
FWHM of the resulting intensity curve is around 5μm between 500 nm and 1.064 μm.

Again, the most relevant result is that all the wavelengths have the same focus, as demonstrated
by the same peak position within 0.3μm after a fit with a Gaussian shape, which confirms the achro-
maticity of the entire optical apparatus. If the standard expressions for lateral and axial resolution24, 25

are used, namely �x = 0.4λ/N A and �z = 1.4λ/N A2, we obtain a fair agreement using the value
of 0.52 as NA for our reflective objective. For instance, at λ=1.65μm we have an estimated lateral
resolution of 0.96μm with respect to the expected value of 1.27μm, while at λ=0.536μm we obtain
0.48μm with respect to the expected value of 0.41μm. In this latter case, however, we have to
consider a systematic 0.3μm error in the lateral positioning due to limitations of our XY table.
Generally speaking, we can expect a lateral resolution a little better than the theoretical one based
on a standard Airy shaped PSF function. In fact, while the determination of the exact expected
resolution of our Schwarzschild objectives is out of the scope of this paper, pupil obscuration, one
of the major characteristic of Schwarzschild objectives, has been well known to be able to produce
better resolved images in microscopy.
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FIG. 4. A bilayer metallic deposition of Au/Ti is deposited over a 400 μm silicon substrate and shown in picture a). A
magnification made by an ordinary optical microscope is shown in b), together with a sketch of the multilayer structure (c)).
Two confocal images of different magnification are shown in d), respectively of 5 mm x 5 mm, and 10 mm x 10 mm. Single
point or averaged reflectivity spectra, derived from the two zones marked in d), are shown in e).

A. Results for the VIS range

As an exemplificative result that can be obtained with this microscope, we show data obtained
for a test pattern realized with the mask shadowing evaporation of letters and other structures (demo
by Metrigraphics LLC, USA) that has produced bi-metallic layer objects on silicon, namely by
evaporation of 10 nm of titanium and 60 nm of gold over a 400 μm silicon wafer. As we show below,
our instrument gives us more than simple images, providing detailed information about the chemical
composition by additional spectroscopic information. This result is obtained via the analysis of the
resulting reflectivity, having assumed the complex dielectric function of different components and
their thickness as given by the growth parameters.

In Fig. 4(a) it is possible to see the picture of the sample surface, in Fig. 4(b) a micro-
photography, and in Fig. 4(c) a sketch of the layered structure. The confocal images obtained at
670 nm and shown in Fig. 4(d), have been acquired in two scanning ranges, namely 5 mm x 5 mm,
sampled with 5122 points, and 10 mm x 10 mm, sampled with 2562 points. In Fig. 4(e) the available
reflectivity spectra are shown for the two regions marked with colored circles. Note that no noticeable
difference exists between single point reflectivity and 600 points area-averaged spectra. The overall
shape and the intensity of every single wavelength are both the results of several factors, like the
intensity distribution of the laser source, the transfer function of the microscope, and the sensitivity
of the detecting spectrometer. A cumbersome normalization is always possible, for instance using
a Spectralon reference or other well-known and well characterized samples. But there is another
possibility.
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In fact, it is possible to compute the reflectivity ratio between points of regions of different
nature, that is quite easy in this case, but always possible in the more general case by adequately
selecting a region of interest based on morphology or other features of the sample. With this approach,
the ratio normalizes the image by itself and the so normalized reflectivity can be directly compared
to analytical expressions. Because points are acquired one after each other, the laser source, the
microscope and the detector are all well compensated. The first step is therefore to derive a general
expression for the reflectivity of a double layer between two semi-infinite media, each medium
characterized by its optical constants and thickness. Because the very wide spectral range, we have
to consider a complex dielectric function for each component, obtaining an expression that is of
general validity, except for the adoption of a single angle of incidence, that is, in this case, simply
equal to zero. It is possible to write a formula using the Abelés matrix approach,17 writing the
complex reflectivity coefficient r in terms of the elements mi j of a characteristic matrix:

r = (m11 + m12 pN ) p1 − (m21 + m22 pN )

(m11 + m12 pN ) p1 + (m21 + m22 pN )
(1)

Here the P1(PN) is the optical quantity p1 = ñ1 cos(θ1) (pN = ñN cos(θN )) as considered for
the semi-infinite medium from which the radiation is coming (the last encountered semi-infinite
medium). Here we consider only normal incidence, hence no polarization is involved and transverse
electric (TE) formalism is used.

Within this formalism, the optical properties of i-th specific layer are represented by the matrix
Mi:

Mi =
[

cos(k0 ñi di cos(θi )) −i sin(k0 ñi di cos(θi ))

−i sin(k0 ñi di cos(θi )) cos(k0 ñi di cos(θi ))

]
(2)

where k0 = 2π/λ0 is computed in vacuum, ñi is the complex dielectric function for the specific
layer and di is its thickness. The angle θi in every layer is computed by the generalized Snell law,
but in this case it is merely zero. The characteristic matrix elements that enter in the expression
(1) are the elements of a matrix M = ∏N−1

i=2 Mi that results from multiplication of each matrix
layer, where we have assumed that the index 1 and N are reserved for the two surrounding semi-
infinite media. The full expansion of (1) is quite a long exercise also for normal incidence and only
two layers. For this particular case the small thickness of the two metallic layers could imply a
simpler linearized version,26, 27 but we want to retain the full formulation as a tool for future tasks.
Therefore a full analytical expansion of (1) is made with the aid of a commercial mathematical
package (MapleTM), including the final conversion to a real expression of reflectivity R = |r̃ |2. The
mathematical expression, several pages long, has been translated to a C function and then compiled
as an independent routine. The results of such a computation are shown in Fig. 5. The optical
parameters needed to perform the computation are taken by well-known reference of Palik.28

The curve labeled a) (black) in Fig. 5 is the experimental ratio between the two parts marked in
Fig. 4(d). The b) (red) curve is the calculated ratio between silicon reflectivity and the full multilayer
approach, including the design thicknesses, for the metallic surface. The usual normal incidence
reflectivity expression is used for the silicon part:

(n − 1)2 + k2

(n + 1)2 + k2
(3)

The c) curve (green) is obtained using expression (3) also for the metallic part, barely considering
gold as a bulk. The dotted line d) (blue) is similar to the curve b), but using a gold thickness of 70 nm
instead of 60 nm, as designed and realized, simply to show how this approach is highly dependent
on the parameters involved. It is clear that the best result is obtained with a full multilayer approach,
although toward the infrared region no sensible difference exists between multilayer computation
and bulk gold assumption. A small variation of only ten nanometers in the Au layer means a
relatively great variation of the overall calculated result: reflectivity is therefore extremely sensitive
to the thickness, increasing the usefulness of such a method, because this dimensional control can be
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FIG. 5. The curve labeled a) (black) is the ratio between the experimental signals extracted from silicon and gold area
respectively as marked in Fig. 4(d). The calculated ratios are made between the silicon reflectivity, using a semi-infinite
reflectivity expression, and the reflectivity of the metallic part using a full multilayer approach (b) curve, red), or a gold
semi-infinite formulation (c) curve, green), or the same as b), but intentionally changing the gold thickness from 60 nm to
70 nm (d) curve, dashed blue). Materials and parameters as in Fig. 4(c).

realized on a very local scale. A small disagreement exists in the region of 550 nm, corresponding
to the region of maximum variation for the optical constants of gold. Actually, it can be considered
quite a success that the shown agreement exists between experimental and calculated reflectivity
ratios. Instead, there are good reasons for which optical parameters have a strong dependence on
Au film preparation due to the small involved thickness, as originally known from the fundamental
works of Aspnes,29 and confirmed more recently.30–33 The Au optical constants can have, indeed, a
variation that well explain the small variation in that spectral region and could be easily computed
by a best fit, if the interest is to derive the actual optical parameters of the system.

B. Results for the IR range

As already pointed out, we can use our instrument also in the infrared region. While in the
next future we will use an IR array for full spectroscopy activity, in this experiment we have used
an infrared detector (Thorlabs InGaAs photodiode SM05PD4A), which, in combination with a
long-pass filter, allows a detection centered at 1650 nm wavelength with a bandpass width of about
100 nm.

In this configuration, it is possible to observe the same upper patterned surface of test sample
facing the objective (as shown in Fig. 5) in the IR region, but it is more interesting to turn the sample
upside down, so that the patterned surface is the buried surface. In this way, focusing the light beam
through the 400 μm thick silicon substrate it is possible to look at the same structure looking from
the other side of the sample (Fig. 6). This deep imaging is also possible because the used reflective
objective is characterized by long working distance, which opens a world of possibilities if compared
to the focus characteristics of objectives for many LSCM.
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FIG. 6. Confocal image taken at 1650 nm. The same part of the sample surface seen in Fig. 4(d), that appears now mirrored,
is obtained reversing the sample upside down and back-focusing through the 400 μm of silicon thickness. The marked zones
are used to compute a reflectivity ratio of 0.44, as compared to a computed value of 0.4 using the same full multilayer
approach used in Fig. 5.

The experimental reflectivity ratio between zones as marked in Fig. 6 is RSi/Rmetal |λ=1.65μm =
0.44, as compared to 0.4 computed with the same method as defined before. The agreement is quite
good, but not as good as for data taken observing the surface upper face. Now, looking at the sample
upper face the optical sequence for light propagation to the metallic part is air-gold-titanium-silicon,
while just the reverse if looking to the buried patterned surface. Now, from the comparison of results
shown in Fig. 5(b) and 5(c), it is clear that gold is thick enough to make the simple bulk reflection,
by using expression (3), an adequate approximation, although a full multilayer approach is slightly
better. On the opposite, if titanium is encountered first, the optical properties of a 10 nm film should
be very close to those of a titanium bulk to realize an optimal agreement. Actually, that is not true,34

as obvious for the very small thickness of the titanium film.
It is possible, however, to combine the information of the same interface as seen from two

different sides of the samples and derive the best optical constants that make the best overall
agreement. But all this is outside of the scope of this paper and will be the object of a subsequent
work.
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IV. CONCLUSIONS

In this paper we have presented some results of a new reflectance laser scanning confocal system
that we have designed and realized. The spectroscopic imaging capabilities are achieved with the
help of a very broad spectral range supercontinuum source, opening the possibility of an effective
spectroscopic characterization.

On the experimental side, we can note that scanning the sample is a weak point if one considers
greater scanning speeds, as requested, for instance, for biomedical applications. While we will
integrate a beam scanning dispositive in the next future, the used solution is the best for large
surfaces, like for semiconductor inspection or similar applications.

Also, the used detectors are good for high-reflective surfaces, but not sensitive enough for
highly scattering systems, like biological ones. We have recently acquired better performing cooled
CCD and InGaAs array detectors for visible and infrared ranges, to be coupled by free propagation
into their respective spectrometers, therefore without an exit fiber. New results obtained with this
arrangement will be available very soon.

The test results on a metallic-silicon sample have been analyzed using the classical framework
of the matrix transfer method, showing a very good agreement. The fact that the agreement is quite
satisfactory means that the LSCM behavior is strictly conformant to normal incidence reflectometry,
with the additional advantage of superior lateral resolution and the possibility to isolate the interface
of interest, thanks to the axial resolution.

If this type of analysis can be extended to highly scattering materials is an open question which
we intend to answer. But, in any case, the possibility of a spectroscopic fingerprinting, via the inner
normalization of the various intensities as measured within the same image, or by other methods,
seems to be very accurate and really promising, also when the strict meaning of “dielectric function”
cannot easily be assigned in some other specific situation.
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