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We present a method for estimating the thickness of
thin turbid layers using defocusing micro-spatially
offset Raman spectroscopy (micro-SORS). The
approach, applicable to highly turbid systems, enables
one to predict depths in excess of those accessible
with conventional Raman microscopy. The technique
can be used, for example, to establish the paint
layer thickness on cultural heritage objects, such as
panel canvases, mural paintings, painted statues and
decorated objects. Other applications include analysis
in polymer, biological and biomedical disciplines,
catalytic and forensics sciences where highly turbid
overlayers are often present and where invasive
probing may not be possible or is undesirable. The
method comprises two stages: (i) a calibration step for
training the method on a well characterized sample
set with a known thickness, and (ii) a prediction step
where the prediction of layer thickness is carried out
non-invasively on samples of unknown thickness
of the same chemical and physical make up as the
calibration set. An illustrative example of a practical
deployment of this method is the analysis of larger
areas of paintings. In this case, first, a calibration
would be performed on a fragment of painting of a
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known thickness (e.g. derived from cross-sectional analysis) and subsequently the analysis
of thickness across larger areas of painting could then be carried out non-invasively. The
performance of the method is compared with that of the more established optical coherence
tomography (OCT) technique on identical sample set.

This article is part of the themed issue ‘Raman spectroscopy in art and archaeology’.

1. Introduction

Non-invasive analysis of thin stratified turbid (diffusely scattering) layers is an analytical goal
pertinent to a wide range of disciplines. For instance, many analytical problems in art require
non-invasive probing of thin stratified layers of paint. The sublayer information such as chemical
make-up and the thickness is important, for example, in art to develop a deeper understanding
of the artist’s technique, artwork history and to supply background information for suitable
conservation procedures. Although this can be ascertained by invasive cross-sectional analysis,
in many such applications invasive sampling needs to be strictly minimized and in some cases
avoided completely due to the uniqueness and high cultural value of the objects often analysed.
Painted layers of panels, canvases, mural paintings and painted statues are by their nature highly
turbid and typically only a few tens of micrometres thick, often spread in multiple stratigraphy.
Owing to these properties the sublayers are frequently inaccessible by conventional Raman
microscopy [1,2]. This is just one area illustrating the analytical need but there are many others,
across multiple disciplines, where such capability would be beneficial. These include polymer,
catalytic, biological and biomedical applications and forensics sciences where highly turbid
stratified layers are present.

Recently, a new concept in Raman microscopy providing substantially higher penetration
depths than conventional Raman microscopy has emerged—micro-SORS [1,2], building on earlier
advances of its parent technique, spatially offset Raman spectroscopy (SORS) [3]. The most basic
variant of micro-SORS is defocusing micro-SORS [1] (figure 1). This approach is not the most
effective in existence because it does not involve fully separated laser illumination and Raman
collection zones as in classical SORS. On the other hand, it may be the most practical as the
existing Raman microscopes without any modifications may be used for this purpose. A basic
defocusing micro-SORS measurement on a two layer turbid system consists of collecting at
least two Raman spectra at different distances of microscope objective from sample. From this
measurement the Raman spectra of individual layers can be obtained.

In this study, we demonstrate, for the first time, an ability to retrieve not only the chemical
make-up of individual layers but also the thickness of the top layer from a set of micro-SORS
measurements. The concept builds on parallel advances of its macroscale variant, SORS, where
similar capability was demonstrated with, for example, biological tissues on the macroscale [4].
The output of micro-SORS is compared with the results of the optical coherence tomography
(OCT) technique that has emerged in substitution of invasive methods capable of recovering
the cross-sectional structural information. OCT is a well established optical interferometric
technique, particularly suited for probing semi-transparent materials in the medical field, mainly

in ophthalmology, and recently also in cultural heritage to study stratified systems of paintings
[5-9].

2. Experimental procedure

(a) Samples and cross-sectional analysis to determining their actual thickness

The specimens consisted of painted layers simulating a real artistic stratigraphy. Two common
pigments were used, red ochre (haematite—Fe;O3) and phthalocyanine blue (Cz;Hi6NgCu),
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Figure 1. Schematic of defocusing micro-SORS used to determining the thickness of overlayer, d, within a diffusely scattering
(turbid) sample. (a) Imaged and (b) defocused. (Online version in colour.)

Table 1. Investigated samples and thickness of the layers.

layer thickness (jam)

sample  top (red ochre)  bottom (phthalocyanine blue)

both mixed in acrylic media, here referred to as ‘R’ (red) and ‘B’ (blue). Red ochre was spread
on top of the phthalocyanine blue layer, which itself was deposited on a paper sheet as
substrate (500 um thick). The specimens were prepared at varying thickness of the top layer, in
a range approximately from 20 to 120pm, in an attempt to obtain semi-homogeneous layers
in each case, in terms of both thickness and distribution of the pigment within the layer.
Microscopic observations of cross-sections in reflected light using a Leitz Ortholux microscope
with Ultropack illuminator allowed verification of the actual thickness of the layers; the results
of the measurements are reported in table 1. The thickness of the bottom layer was kept constant
(between 40 and 45 pm).

(b) Defocusing micro-spatially offset Raman spectroscopy

Defocusing micro-SORS measurements were carried out using a Senterra dispersive micro-
Raman spectrometer (Bruker Optik GmbH) that included a standard confocal optical microscope
(Olympus BX51). The Raman spectra were acquired using 20x objective (WD 1.3 mm, NA 0.4)
and a laser of 785nm excitation wavelength (nominal power 100mW), a Peltier cooled CCD
detector (1024 x 256 pixels), 1200 grooves mm™~! grating and the largest available confocal slit
(50 x 1000 um). The spectra were acquired with acquisition time of 10s and 20 accumulations
(i.e. the total acquisition time per sample position was 200s). Combined sample illumination
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and collection area at the ‘imaged’ position (Az =0) with the 20x objective was estimated to be
approximately 4 um in diameter.

A sequence of nine measurements at defocusing distances, Az =0, 20, 50, 70, 100, 200, 500, 800,
1000 um was acquired for each (S1-8) sample in five different locations.

(c) Micro-spatially offset Raman spectroscopy data analysis

The standard multivariate method (PLS) partial least-squares was used to provide thickness
prediction capability. The analysis was performed using software package Eigenvector Solo 8.1.1
(Eigenvector Research Inc., Manson, WA, USA). The method was first trained on a calibration
sample set consisting of three sets of independent measurements performed on each sample.
Subsequently, the prediction was performed on a set of two different measurements carried out
on each sample. All the five sets of SORS measurements were carried out at different sample
locations separated by approximately 1 mm from each other. As the sample thickness varied from
a location to location by a small amount (approx. £5pm and +10 um in depth per mm lateral
displacement for S1-3 and S4-8, respectively), the data were subject to a small depth error. The
nominal thickness to the set was assigned as a result of a measurement at several locations around
the probed zone.

The depth predictions have been carried out using two representative Az shifts, ‘0’
corresponding to conventional Raman microscopy and 500pm representing micro-SORS
measurement. In the PLS analysis the relative intensities of Raman spectra of top and bottom
layers are analysed globally across the spectrum (the technique in principle senses the relative
intensities between the two layers which encode the depth). It should also be noted that reference
spectra are shown in figures only for comparison—these were not used in the analysis.

Pre-processing consisted of taking first derivative to eliminate background followed by
normalization to area. The spectral range from 900 to 1700 cm™! was analysed and three latent
variables were used.

(d) Optical coherence tomography

The OCT technique returns stratigraphic sections at high spatial resolution of transparent or
diffusely scattering (semi-transparent) objects with no need of sample contact. In the OCT
prototype used here for stratigraphic analyses, a time-domain set-up is associated with confocal
microscope optics, which allows for a lateral resolution down to 2.5 um [9-11]. The spectral width
(A =100nm) of the light source centred at A =1550nm determines the axial resolution (approx.
10 pm in air). The working distance of the objective from the surface was about 3 mm.

The OCT thickness values are calculated as an average of six estimates extracted from two
15 mm long OCT profiles acquired with 5 pm lateral sampling step for each sample. One estimate
is a mean of 100 um (20 lateral pixels on OCT scan). The OCT results presented are corrected for
the refraction index of the top (red) layer at 1550 nm estimated to be 1 ~ 2.

3. Results and discussion

Representative micro-SORS spectra for defocusing distances of 0 (imaged) and 500 pm used in
the subsequent PLS analysis are shown in figure 2. The spectral variation of the surface layer and
sublayer as a function of top layer thickness is clearly seen from the data on visual inspection.
As mentioned above, each micro-SORS measurement was repeated five times at different
sample locations and these were split into three sets for calibration and two for prediction in the
PLS analysis. As the data were stripped of baseline and normalized, the thickness information
was retained in the relative change between the Raman spectra of the two layers present. The 0
(imaged) and defocused data at 500 um were analysed separately by PLS. The former representing
conventional Raman microscopy approach and the latter micro-SORS measurement.
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Figure 2. Representative micro-SORS spectra for 0 and 500 pum defocusing distances for (a) 20 um top layer thickness (S1) and
(b) 120 pam top layer thickness (S8), where the 500 um spectrum is enhanced ( x ) to better visualize the Raman pattern. (Online
version in colour.)
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Figure 3. (a) Calibration (R% = 0.969, RMSEC—root mean square error of calibration = 5.46 um) and (b) predicted thickness
(R? = 0.968, RMSEP—root mean square error of prediction = 5.84 um) derived from non-invasive defocusing micro-SORS
data at Az =>500 um using PLS analysis plotted as a function of thickness measured using optical microscopy on sample
cross-sections. (Online version in colour.)

Good thickness predictability was reached with micro-SORS for all available sample depths
with the prediction error of approximately 6 um (figure 3). Conventional Raman microscopy
also enabled the determination of thickness but with twice as large error of prediction (£12 um;
figure 4).

As for micro-SORS, even larger penetration depths can be expected from the deployment of
full micro-SORS, a micro-SORS variant consisting of fully separated laser illumination and Raman
collection points, which, as demonstrated earlier, can achieve considerably higher penetration
depths than defocusing micro-SORS [12,13]. On the other hand, the usable range of depths for
full micro-SORS is anticipated to be smaller for a given spatial offset than that for defocusing
micro-SORS for a given defocusing distance. This is due to larger selectivity of full micro-SORS
to a specific depth. As such, the top layer might become undetectable for larger spatial offsets
with full SORS despite satisfactorily rendering the depth of deeper layers as the majority of
the signal can originate from the deeper layers and very little from the surface layer yielding
its Raman signature potentially undetectable. This effect can, however, be readily mitigated by
using different spatial offsets for different ranges of thickness with full micro-SORS, with each
offset tailored to a particular thickness range.
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Figure 4. Comparative () calibration (R =0.876, RMSEC=10.9um) and (b) predicted thickness (R* = 0.857,
RMSEP =11.7 um) derived from conventional Raman microscopy (0 um defocusing) using PLS analysis plotted as a
function of thickness measured using optical microscopy on sample cross-sections. (Online version in colour.)
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Figure 5. Representative OCT scan of sample S4.

An alternative method for the non-invasive thickness estimate of such layers is OCT. We have
performed measurements on the same sample set to provide comparative data. An example
of an OCT scan acquired on sample S4 is shown figure 5. The results of OCT measurements,
corrected for the refractive index, were reported in comparison with those achieved with the
defocusing micro-SORS (figure 6). The data provided a high-quality prediction exceeding or
comparable with that of micro-SORS. Notably, the OCT reached the limit of detection at 73 um in
the concerned situation due to the high turbidity of the top red layer. We were unable to discern
the stratigraphy above this thickness as all the incoming radiation was scattered /absorbed by the
top layer. The blue (sublayer) layer is more transparent at the used OCT wavelength and probably
thicker samples could be tackled if this one was present as an over layer. By contrast, micro-
SORS provided deeper visibility within the red layer—the detection limit has not been reached
up to the maximum red layer thickness of 120 pm analysed. It should be noted that micro-SORS
requires a priori calibration on a samples set made of the same or similar physical and chemical
constituency. On the contrary, OCT may provide the real thickness values, without any calibration
sample set, as long as the index of refraction of the layer can be determined.

The above results point at the beneficial application areas of micro-SORS. Where applicable,
OCT provides a faster, simpler non-invasive method. Micro-SORS can, however, become relevant
in situations where OCT is not applicable. For example, where real-layer thickness exceeds the
maximum accessible depth of OCT. The higher accessible depth of micro-SORS is facilitated
by the fact that the method relies on the diffuse component of light and can, in principle,
therefore, achieve large penetration depths in turbid samples as demonstrated, for example,
in this study. By contrast, OCT by its nature relies on direct imaging within the sample and
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Figure 6. Comparative OCT (R? = 0.952, RMSEP = 430 um) and defocusing micro-SORS predicted thicknesses plotted as
a function of thickness measured using optical microscopy on sample cross-sections. (The straight line represents a 1:1
correspondence with optical measured thickness).

therefore on transparency, or at least partial transparency, of sample at the probe wavelength.
This limits its applicability to depths and materials from which non-scattered component of light
can be recovered.

In general, the micro-SORS method has its limitations restricting its applicability in some
areas. These include inapplicability to highly absorbing samples with extremely thin (a few
micrometres) sublayers relative to the surface layer and compounds with low Raman cross-
sections at the subsurface position. In addition, samples possessing very high heterogeneity
across their surface or within sublayers may require the adoption of a more complex data
acquisition methodology [2]. For further insight into the related concepts and underlying
processes the readers are directed to a study of Conti et al. [14] that contrasts differences and
commonalities of conventional confocal Raman microscopy with micro-SORS.

4. Conclusion

In this proof-of-concept study, we have demonstrated that micro-SORS is capable of predicting
the thickness of thin turbid layers of paints in situations where a calibration sample set can
be obtained a priori. Considerably, higher prediction accuracy was achieved using micro-SORS
compared with conventional Raman microscopy.

The technique was also compared with OCT. In the studied situation, a higher penetration
depth was attained with micro-SORS compared with the OCT approach. However, micro-SORS
requires calibration on a dataset of known thickness whereas OCT is a high-resolution imaging
method capable of precise description of layer distribution including local inhomogeneities.
On the other hand, OCT is limited, to date, to physical or functional characterization while
micro-SORS may provide both chemical and thickness information and specificity.

The micro-SORS technique promises further extension of accessible depths using fully
separated collection and illumination zones [12]. Given the wide applicability of the technique
and the potential for further improvements, the concept of micro-SORS is expected to find a
number of practical application niches in a several areas including art, archaeology, forensics,
catalytic research, biology and biomedical sciences. It provides a complementary analytical
capability to conventional Raman microscopy, in particular, in situations where the accessible
depths of conventional Raman microscopy are inadequate.
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