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Combined photoluminescence 
and Raman microscopy for the identification 
of modern pigments: explanatory examples 
on cross‑sections from Russian avant‑garde 
paintings
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Abstract 

In conservation science, the identification of painting materials is fundamental for the study of artists’ palettes, for 
dating and for understanding on-going degradation phenomena. For these purposes, the study of stratigraphic 
micro-samples provides unique information on the complex heterogeneity of the pictorial artworks. In this con-
text, we propose a combined-microscopy approach based on the application of time-resolved photoluminescence 
(TRPL) micro-imaging and micro-Raman spectroscopy. The TRPL device is based on pulsed laser excitation (excitation 
wavelength = 355 nm, 1 ns pulse width) and time-gated detection, and it is suitable for the detection of photolu-
minescent emissions with lifetime from few nanoseconds to hundreds of microseconds. In this work, the technique 
is beneficially applied for identifying different luminescent semiconductor and mineral pigments, on the basis of 
their spectral and decay kinetic emission properties. The spatial heterogeneities, detected in the micro-sample, are 
investigated with Raman spectroscopy (785-nm in CW mode) for a further identification of the paint composition on 
basis of the molecular vibrations associated with the crystal structure. The effectiveness and limits of the proposed 
combined method is discussed through analysis of a corpus of stratigraphic micro-samples from Russian Avant-garde 
modern paintings. In the selected samples, the method allows the identification of modern inorganic pigments such 
as cadmium-based pigments, zinc white, titanium white, chrome yellow, ultramarine and cinnabar.
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materials, Pigment identification
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Introduction
In conservation science, the identification of painting 
materials is fundamental for the study of artists’ palettes, 
for dating and for understanding on-going degradation 
phenomena. The in-depth knowledge of artist materials 
plays a crucial role in the fine-tuning of restoration and 
conservation protocols. For these purposes, the study of 

stratigraphic micro-samples provides unique information 
on the complex heterogeneity of pictorial artworks.

In this contest, Raman spectroscopy is retained 
as standard non-destructive technique for pigment 
identification in polychrome artworks, as paintings, 
sculptures and ancient manuscripts [1–6]. The recent 
research has clearly demonstrated how the method can 
be highly effective both for the direct in situ analysis of 
artwork—with the aid of portable and compact devices 
[3]—and for the in-depth study of micro-samples in 
the laboratory [4–6]. The identification of materials is 
made even easier by online Raman spectra databases, 
which are accessible without any restrictions and usable 

Open Access

*Correspondence:  alessia.artesani@polimi.it 
1 Physics Department, Politecnico di Milano, Piazza Leonardo da Vinci 32, 
20133 Milan, Italy
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-5534-0630
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40494-019-0258-x&domain=pdf


Page 2 of 13Artesani et al. Herit Sci            (2019) 7:17 

also by non-expert users [7, 8]. The main limit of the 
method remains the intrinsic weakness of the Raman 
scattering phenomenon, whose scattered signal can 
be hindered by other competitive processes, first of all 
the broadband fluorescence from some samples. One 
effective way to improve the efficiency of Raman spec-
troscopy is to combine several excitation wavelengths 
as reported in [6] in order to optimized the tradeoff 
between the signal to noise ratio and the competitive 
fluorescence baseline arising from different materials. 
Another possibility is the use of a single near-infrared 
laser, for reducing the fluorescent contribution, and 
applying specific acquisition protocols, such as the 
Subtracted Shifted Raman spectroscopy (SSRS) or the 
Shifted Excitation Raman Difference Spectroscopy 
(SERDS) [9–11]. All these strategies aim at diminishing 
the limitations imposed by fluorescent samples.

Similarly, UV-induced fluorescence microscopy, based 
on the use of conventional epi-fluorescence microscope 
coupled with filtered mercury lamp for sample excitation 
and with a color digital camera for image registration, is 
a widely employed method in restoration laboratories. 
However, the fluorescence phenomenon is considered 
only for qualitative inspection, allowing one to simply 
evaluate the distribution of heterogeneities on surfaces or 
on micro-samples [12]. This is due to the limited chemi-
cal specificity of the fluorescent processes, since—when 
considering organic compounds typically encountered in 
artworks as binders and varnishes—the emission occurs 
from a variety of fluorophores [13], giving rise to a broad-
band and often poorly specific signal.

Nonetheless, the investigation of the fluorescent or 
more generally photo-luminescent (PL) emission can be 
advantageous when investigating specific categories of 
highly luminescent pictorial materials. This is the case 
of luminescent semiconductor and mineral pigments 
(see Additional file  1: Table  S1). In fact, in direct semi-
conductor pigments, the free pair electron–hole radia-
tive recombination is related to the energy of the band 
gap and hence highly specific of the semiconductor type. 
In addition in both direct and indirect semiconductors 
a radiative recombination from trap states can occur, 
associated to the defects and impurities within the semi-
conductor crystal structure. This latter emission can be 
informative of the semiconductor material and in par-
ticular of its synthesis process [14–16]. Finally, in mineral 
pigments, the presence of substitutional ions can give 
rise to a specific PL emission. An illustrative example is 
the presence of Cu2+ ions in the cuprorivaite mineral, 
which give rise to the exceptional infrared emission of 
the Egyptian Blue pigment [17]. By employing a spec-
trally-resolved and time-resolved PL approach, the char-
acteristics of the photoluminescence emissions, i.e. the 

emission spectrum and lifetime, can be retrieved provid-
ing key-parameters for the identification of luminescent 
pigments.

In this work, we investigate the combination of time-
resolved photoluminescence (TRPL) microscopy and 
micro-Raman spectroscopy for pigment identification, 
taking the advantages of the different sensitivity of the 
two methods to the phenomena described before and of 
the elevated flexibility of both systems that are custom-
built. The effectiveness and limits of the proposed com-
bined-analytical method are discussed through analysis 
of a corpus of stratigraphic micro-samples from precious 
Russian modern paintings, with a particular focus on 
semiconductor pigments—such as cadmium yellow/
orange, zinc white and titanium white—widely diffuse in 
the modern age. We considered here selected micro-sam-
ples from oil paintings by Mikjail Larionov (1881–1964) 
and Natalia Goncharova (1881–1962), leaders of the 
Russian avant-garde (also known as Rayionism), mainly 
active in the period between the 1912 and 1915 [18, 19].

Materials and methods
Materials
Three micro-samples from Russian modern paintings 
are considered in this work, coming from Archivio Gal-
lone hosted at the Physics Department at the Politecnico 
of Milan [20]. Samples were taken from two paintings 
belonging to a private collection and attributed one to 
Mikjail Larionov (following labelled as sample L5 and 
L6) and the other to Natalia Gocharova (sample G3). The 
Goncharova’s painting belong to the ‘Rayonist Forest’ 
series, while Larionov’s painting is untitled. Both paint-
ings are not dated, but they supposedly painted after the 
1914. Samples from these two paintings were prepared as 
stratigraphic cross-sections by embedding them in epoxy 
resin.

Methods
Photoluminescence microscope
The PL properties of micro-samples are probed with a 
TRPL microscope. A scheme and a detailed description 
of the setup is provided elsewhere [21] and here is briefly 
summarized. The system is based on a Q-switching laser 
source (FTSS 355-50, Crylas GmbH, Berlin, Germany, 
λ = 355  nm, pulse energy = 70  μJ, pulse duration = 1  ns, 
repetition rate = 100  Hz) and a fast time-gated intensi-
fied CCD camera, coupled together with an epi-fluores-
cence microscope. The microscope mounts a 15× and a 
50× objectives, which allows analysis of a field of view 
of 900  μm and 300  μm in diameter, respectively, with a 
spatial resolution down to 1 μm and 0.6 μm, respectively. 
The microscope is also equipped with 12 band-pass 
transmission filters (FKB-VIS-40, Thorlabs Inc, spectral 
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range covered: 370–870  nm) in the detection path. The 
time-gated camera allows the detection of a two multi-
spectral imaging datasets of the PL emission occurring at 
nanosecond and microsecond timescales, as described in 
details in the “Protocol” section.

Raman spectroscopy
The Raman device is a flexible homemade system, 
described elsewhere [1]. The system is based on a solid 
state laser emitting at 785-nm in CW mode and on a 
spectrometer coupled to a cooled Si-based CCD cam-
era. The detection of Raman peaks is made in the spec-
tral range 130–3000  cm−1 with a spectral resolution 

close to 10 cm−1. The excitation and detection units are 
connected to a micro-probe that allows the detection of 
Raman spectra at high signal-to-noise-ratio on selected 
spots of 15  μm in diameter at a working distance of 
around 2 mm.

Protocol
The whole protocol is schematically represented in Fig. 1. 
The analysis starts with a first visual examination of the 
sample with a commercial epi-fluorescence microscope 
(Leica DM RE) equipped with two lamps (a tungsten one 
for observation under visible light and a mercury one for 
observation of the optical emission). The microscope is 

Fig. 1  The measurement protocol
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coupled to a colour digital camera (NIKON D750). This 
provide a first evaluation of the complexity of the stratig-
raphy and of the colour of layers, helpful for a qualitative 
description of the sample.

The cross-section is then analyzed with the TRPL 
microscope system. A sequence of PL time-gated images 
at a fixed delay is recorded in different spectral bands. In 
the present case study, analysis of the emissions occur-
ring at the nanosecond and microsecond timescales are 
achieved by employing, for the former, a gate with a tem-
poral width of w = 10  ns synchronous with laser pulse 
(delay D = 0  ns), whereas, for the latter, a gate with a 
temporal width of w = 10 μs set at a delay D = 0.2 μs after 
the pulsed excitation. Following correction for the spec-
tral efficiency of the detector, this procedure gives rise 
to the creation of two time-gated multispectral imaging 
datasets, related to the spectral emission behavior of the 
cross-section in a certain temporal regime (nanosecond 
or microsecond) of the emission decay. Each dataset is 
composed of a sequence of grey-colour images related to 
the emission intensity of the sample in different spectral 
bands.

Following this, a subset of images of the multispectral 
dataset are merged, achieving in this way a false color 
image useful for material discrimination. The PL spec-
trum is further reconstructed selecting a region of inter-
est (ROIs). In this reconstruction procedure, for the sake 
of simplicity, each bandpass filter is modelled as a Dirac 
delta function centered at the filter central wavelength 
and the spectral transmission of filters are accounted 
for in the overall spectral detection efficiency. The PL 
spectrum in each ROI is shown as the mean of intensity 
values within the ROI with error bars reporting the ROI 
standard deviation. Data obtained are compared with 
literature and standard samples purchased from Kremer 
Pigmente and Sigma Aldrich.

After micro-TRPL analysis, the cross-section is then 
investigated with Raman spectroscopy on analysis points 
selected on the basis of previous measurements and 
observations. Raman measurements are typically car-
ried out with an acquisition time between 5 and 15 s and 
an irradiance on sample between 700 and 3500 W cm−2. 
On the basis of the collected and post-processed Raman 
spectra (baseline subtraction and SSRS), material identi-
fication is achieved through comparison with reference 
Raman data from a free online published database [7, 8] 
or with Raman spectra of standard samples purchased 
from Kremer Pigmente and Sigma Aldrich.

Results
Figure  2 displays the visible and UV-excited images of 
the three sample from Larionov and Goncharova paint-
ings. The stratigraphy thickness is about 200  μm and 

characterized by not well-defined layers. In fact, colours 
are one into the other, especially in samples L5 and G3, 
possibly as a consequence of the artists’ style. In addi-
tion, the number of different colours included in these 
sample is limited: bright red and yellow are present in all 
samples, intense blue and dark green are mixed with the 
other colours, while the whites have defined boundaries 
with respect to the other layers. From the UV images 
additional details can be appreciated. In particular, within 
the yellow and orange layers in samples L5 and G3, bluish 
dots are visible, which increase the heterogeneity of these 
samples.

Sample L5
With a conventional microscope, it is possible to recog-
nize three layers in the stratigraphic sample L5 (Fig.  1). 
From the top to the bottom, a first layer (Layer 1) is con-
stituted by two shades of yellow paints (light one and dark 
one), mixed together with a greenish colour, that appears 
as stripes through the layer. Beneath, a white layer (Layer 
2) mixed with brown is superimposed to a tiny blue layer 
(Layer 3), where blue pigments grains are coarsely mixed 
with a white paint. UV photography (Fig.  1) highlights 
the complex and heterogeneous morphology of the yel-
low layer, with the appearance of reddish and greenish 
emitting region and a relevant presence of luminescent 
heterogeneities in all the paint layers. The brown colour 
does not show any visible emission, and similarly the blue 
layer. The UV image does not underline any other spe-
cific detail.

TRPL microscopy is employed on sample L5 for the 
detection of the emission occurring at both the nano-
second and microsecond timescales, as described in 
the “Methods” section, giving rise to the reconstruction 
of the related multispectral datasets. As an example, in 
Fig. 3a it is shown the nanosecond time-gated dataset. On 
the nanosecond and microsecond timescale, the differ-
ent spectral behaviour of the emission of each layer can 
be visualized by combining images acquired in different 
spectral bands in a false colour representation (Fig. 3b). 
In particular, the false colour image at the nanosecond 
and microsecond timescale of sample L5 shows the het-
erogeneous emission of the yellow layer that consist of 
a mixture of yellow paints. Further, in the blue layer it is 
possible to visualize the emission of some heterogenei-
ties, invisible in standard microscopy in dark-field and 
epi-fluorescence mode.

The spectral profile of the luminescent pigments in the 
stratigraphy are reconstructing achieving the identifica-
tion of three main luminescent pigments in sample L5. In 
details, the yellow layer (Layer 1) shows a short emission 
(lifetime of order of few ns) peaked in the spectral region 
between 450 and 500 nm and a microsecond emission in 
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the NIR region, peaked around 700  nm (Fig.  3c). These 
features can be associated to the presence of cadmium 
yellow (Cd1−xZnxS, 0 < x  <  0.25) paint, as largely dis-
cussed in [22, 23]. The white layer (Layer 2) shows an 
intense blue short emission (380–400  nm) combined 
with a green microsecond emission (500–550 nm), prop-
erties that correspond to zinc white (ZnO) paint [15, 24]. 
As already quoted, PL micro-imaging reveals the pres-
ence of luminescent heterogeneities in the blue layer 
(Layer 3), characterized by microsecond NIR emission 
beyond 800  nm, features that can be associated to trap 
state emission of cadmium based pigment, possibly cad-
mium red (CdS1−xSex, 0 < x  <  0.50) [25]. However, the 
reconstruction of the spectrum on nanosecond timescale 
(associated to the band edge emission of the semiconduc-
tor) is critical due to the very intense emission of ZnO, 
diffusing within the stratigraphy of the micro-sample.

Complementary, the Raman analysis (Table  1) reveals 
the combined presence of lead chromate and blue phth-
alocyanine in the yellow layer (see Additional file  1), 

while cadmium Raman bands are not detected with the 
employed excitation. It is worth noticing that, on the 
basis of Raman vibrations, we can infer that the detected 
phthalocyanine pigment is a copper based phthalocya-
nine, largely used as blue synthetic dye. In the white lay-
ers, only Cinnabar Raman bands are detected. Finally, 
the blue layer presents the characteristic Raman peak 
of synthetic ultramarine blue. No other compounds are 
detected on the basis of Raman analysis (Fig. 4).

Sample L6
The second analysed sample is L6, from Larionov collec-
tion, which present a simpler stratigraphy than the other 
two samples. In the following, we report a synthesis of 
the obtained results. Referring to Fig. 2, bright red layers 
(Layer 1) occur at the top and at the bottom of a white 
layer (Layer 2). The central white body of the sample has 
in addition a yellowish tone and a blue residue. In a simi-
lar way to the previous sample, the main composition of 
the sample in terms of luminescent pigments is achieved 
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Fig. 2  Images of the stratigraphic micro-samples L5, L6 and G3 taken with a benchtop optical microscope in dark field illumination (on the left) and 
in epi-fluorescence configuration (on the right). The layers are highlighted with a circled number and the stratigraphy is displayed with the inner 
layer of the painting at the bottom of the image
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through the TRPL micro-imaging analysis. As reported 
in Fig. 5, we detected an intense emission from the white 
layers, which occur at the nanosecond timescale in the 
spectral bands 380–400  nm and at the microsecond 
timescale in the green spectral bands (500–550 nm). This 
emission behaviour corresponds to the typical emission 
of the zinc white pigment [24]. Apart from this, we can 
observe that within the central white layer and on top of 
the red layer, there some luminescent dots, characterized 
by an intense emission around 500 nm at the nanosecond 
timescale and by an infrared emission (700  nm) in the 
microsecond gated window. This emission fingerprint is 
typical of Cd-yellow pigments. It is worth noticing that 
these luminescent dots within show some heteroge-
neities in terms of spectral emission at the nanosecond 

timescale, with dots emitting at 450 nm or 475  nm or 
500  nm depending on their spatial position within the 
white layer, as is shown in Fig. 5c. This occurrence sug-
gests that the yellow stripe within the white layer is made 
of a mixture of different cadmium yellows (Cd1−xZnxS, 
0 < x < 0.25), and consequently displaying a NBE emission 
tuning from 450 to 500 nm [16, 23, 25]. Going back to the 
paint stratigraphy, there is a tiny luminescent layer on top 
of it, which is not visible with conventional microscopy 
observations, but highly evident with the micro-TRPL 
analysis thanks to its specific emission at the nanosecond 
timescale centred at 630–670 nm. In the case of this layer, 
we cannot uniquely associated this emission to a specific 
compound or pigment. A clearer distribution of the lumi-
nescent layers is finally obtained by merging PL images 
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Fig. 3  a Spectral dataset of sample L5 acquired at the nanosecond timescale. In the label at the bottom of each image it is reported the analysed 
spectral band. b False colour images: ns timescale (blue = 370–390 nm, green = 455–495 nm and red = 530–570 nm) and microsecond timescale 
(blue = 530–570 nm, green = 630–670 nm and red = 830–870 nm). c Reconstructed spectra in selected ROIs of the yellow, white and blue layers at 
different timescale, compared with reference samples from Kremer Pigmente

Table 1  Pigments identified on sample L5 on the basis of Raman spectroscopy

Italic: Wavenumber peak evidenced in the Raman spectra

Mineral name Formula Pigment name Raman modes

Lead chromate PbCrO4 Chrome yellow 354(s), 375(m), 397(w), 839(vs)

– C32H16CuN8 Phthalocyanine blue 256(m), 679(s), 746(s), 951(m) and 
in SM: 1143(m), 1337(s), 1448(m), 
1523(vs)

Cinnabar HgS Vermillion 253(s), 280(sh-w), 343(w)

Lazurite Na6Al6Si6O24S2 Ultramarine blue 547(vs)
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of the emission at the nanosecond timescale, as shown in 
Fig. 5b. Finally, we note that the red layers at the top and 
at the bottom of the stratigraphy L6 do not present any 
optical emission following UV excitation.

Results of micro-Raman spectroscopy are briefly 
summarized in Table  2. The method allows the identi-
fication of Cinnabar in the red layers, that was instead 
characterized by any PL emission. In the white layer, we 
detect Raman bands corresponding to different white 
components: the Hydrocerussite, Gypsum, and Zinc 
Oxide (Fig. 6). Because of the high sensitivity of Raman 
to the presence of Cinnabar a residue of this pigment is 
detected also in the white layer (Fig. 6). The outer layer, 
put in evidence by the PL analysis for its peculiar reddish 
emission, has a thickness of 10  μm, thus below the lat-
eral resolution of our Raman system. Because of that, any 
material identification of this tiny layer was not possible.

Sample G3
Goncharova cross-section G3 is not made by a clear stra-
tigraphy. Colours are one into the others in accordance 
with the painting technique of the artist. White, yellow, 
orange-yellow and dark green are recognizable as main 
colours. Specifically, Layer 1 and Layer 2 are mainly 
composed of dark yellow and orange pigments; the lat-
ter layer includes also a dark green stripe. Layer 3 and 
Layer 5 are white, the first one with blue inclusion com-
ing from a thin layer between Layer 2 and 3. A bright 

yellow pigment (Layer 4) divides the two white layers. 
Epi-fluorescence microscopy does not add any details 
with respect to the visible microscopic image.

The TRPL micro-imaging measurements reveal that 
there are only two luminescent layers in this stratigra-
phy, Layer 3 and 5. The PL emission at the nanosecond 
timescale let us to clearly identify the use of zinc white 
as the white pigment in both the layers (Fig. 7). As shown 
in previous samples, its presence can be easily detected 
thanks to its typical emission below 400  nm ascribed 
to the direct electron–hole recombination and to the 
broad green emission associated to trap states. Beside 
this, Layer 3 has an additional emission occurring at the 
microsecond timescale and peaked in the near-infrared 
region, unexpected for the zinc white pigment. Such an 
infrared emission is instead peculiar of the rutile poly-
morph of TiO2 [26], used as a modern white pigment 
from the middle of twentieth century.

Raman spectroscopy is performed to confirm such a 
hypothesis. The results (Table 3) show that, as expected, 
the two white layers are characterized by different vibra-
tional modes. First, in Layer 5 is confirmed the presence 
of zinc white as main pigment. No other components are 
detected in this layer. On reverse, Layer 3 has the typical 
fingerprint of Anatase, superimposed to the zinc white 
peak, as shown in Fig.  8. Finally, Raman spectroscopy 
recognizes Lead Chromate in the yellow layer (Layer 4), 
which instead has no luminescent emission.
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Fig. 4  Left panel: Analysis points investigated through Raman microscopy (highlighted as black circles over the colour picture of the sample). 
Right panel: Raman spectra of sample L5. Layer 1 shows the presence of Lead Chromate (354(s), 375(m), 397(w), 839(vs) cm−1) and Phthalocyanine 
Blue (256(m), 679(s), 746(s) cm−1) (see also Additional file 1). Layer 2 shows the Cinnabar peak at 250 cm−1. Layer 3 presents a peak at 548 cm−1, 
associated to Ultramarine Blue pigment
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Discussion
The results of the pigments identification are summa-
rised in Table  1. PL approach recognizes ZnO as the 
main white pigment in all samples, while the presence of 
TiO2 is found in G3 sample. The yellow and orange pig-
ments have been associated to cadmium-based pigments. 
Raman measurements complete the list and in Larionov 

samples allowed the detection of Cinnabar (HgS) as red 
colour (which instead has any luminescent emission 
when excited with UV). In the yellow layer of L4 sample, 
the use chrome yellow (or lead chromate) can be recog-
nized, while the greenish stripes within the yellow layer is 
due to the presence of the blue Phthalocyanine dye. Two 
white pigments required a further discussion. The first 
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Fig. 5  a Detail of sample L6 investigated with TRPL microscopy. b False colour image at the nanosecond timescale (blue channel = 370–390 nm, 
green channel = 480–530 nm and red channel = 630–670 nm). c False colour image at the nanosecond timescale where blue = 430–470 nm, 
green = 445–495 nm and red = 480–530 nm. d Reconstructed spectra in selected ROIs of the Layer 1 (red) and Layer 2 (white) at different timescale, 
identified as cadmium based pigment (Cd1−xZnxS) and zinc white pigment (ZnO)

Table 2  Pigments identified on sample L6 on the basis of Raman spectroscopy

Italic: Wavenumber peak evidenced in the Raman spectra

Mineral name Formula Pigment name Raman modes (cm−1)

Cinnabar HgS Vermillion 253(s), 280(sh-w), 343(w)

Hydrocerussite Pb3(CO3)2(OH)2 Lead white 1051(vs), 1384(w),

Calcium sulphate dihydrate CaSO4·2H2O Gypsum 419(m), 490(w), 619(w), 
669(w), 1008(vs)

Zinc oxide ZnO Zinc white 331(w), 383(w), 438(s)
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Fig. 6  Left panel: Analysis points investigated through Raman microscopy (highlighted as black circles over the colour picture of the sample). Right 
panel: Raman spectra of the samples L6. Layer 1 shows the presence of Cinnabar (250(vs), 280(sh-w) and 343(m) cm−1). Layer 2 shows the peak of 
Hydrocerussite (1050 cm−1), Gypsum (1000 cm−1) and Zinc Oxide (438 cm−1). In addition, a residue of Cinnabar (250(s) cm−1) is detected in Layer 2
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identified as zinc white pigment with traces of titanium white in Layer 3. c False colour images: nanosecond timescale gated image (370–390 nm) 
and microsecond timescale gated image (BP450/40 on the left, BP750/40 on the right)
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one is lead white in sample L6. This white pigment has 
two crystalline structures (cerussite and hydrocerussite) 
and it highly absorbs above 5 eV [27]. It has been shown 
that when excited below this threshold (as in our case, 
around 3.5 eV), both crystal structure show an emission 
in the green due to trap states. In case of sample L6, this 
emission is superimposed to the green and more intense 
band of the zinc white pigment. Thus, its presence is 
hardly detectable with the use of PL techniques when it 
is mixed with other strongly luminescent pigments. On 
reverse, Raman spectroscopy has clearly inferred its pres-
ence. A second observation is related to titanium white in 
G3 sample. In this case, Raman spectroscopy allowed to 
detect the presence of the Anatase form of TiO2, whereas 
TRPL analysis it is possible to suppose the presence of 
the Rutile form of TiO2. Indeed, the two crystal forms are 
usually present in titanium white pigments, especially in 
the early production of the pigment [26]. From an his-
torical point of view, this result indicates that the par-
ticular micro-sample analyzed might belong to a series 
of Goncharova of her Paris period, since titanium white 

is expected in oil painting after the 1920, when a French 
firm started an intense production [28, 29]. As final 
observation, the use of these pigments has been detected 
in other works belonging to the Russian avant-gard, as 
reported in already published literature [30–32].

The results of the case studies presented in this work 
put in evidence the sensitivity of TRPL and Raman spec-
troscopies to different materials. We have illustrated how 
in case of artist materials, the complementarity of these 
two methods can be highly advantageous: the time-
resolved PL microscopy is highly sensitive to the pres-
ence of luminescent semiconductor pigments. Further, 
it gives an insight on the distribution of the luminescent 
compounds and on the material heterogeneity, whereas 
Raman spectroscopy can confirm and/or complement 
the information through a vibrational pattern specific 
of the chemical composition. The use of micro-Raman 
spectroscopy alone does not allow the identification of all 
the pigments present in a complex stratigraphy: indeed, 
as illustrated in the present case, modern semiconduc-
tor pigments are not or are hardly detectable with Raman 

Table 3  Pigments identified on sample G3 on the basis of Raman spectroscopy

Italic: Wavenumber peak evidenced in the Raman spectra

Mineral name Formula Pigment name Raman modes (cm−1)

Zinc oxide ZnO Zinc white 331(w), 383(w) 438(s)

Anatase TiO2 Titanium white 147(vs), 198(vw), 396(m), 515(m) 640(m)

Lead chromate PbCrO4 Chrome yellow 354(s), 375(m), 397(w), 839(vs)

VIS Image
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Fig. 8  Left panel: Analysis points investigated through Raman microscopy (highlighted as black circles over the colour picture of the sample). Right 
panel: Raman spectra of the samples G3. Layer 3 shows the presence of Anatase (147(vs), 198(vw), 396, 515, 640 cm−1). Layer 5 is composed by Zinc 
Oxide (332(w), 383(w) 438(s) cm−1), whereas Layer 4 is made of Lead Chromate (354(s), 375(m), 397(w), 839(vs) cm−1)
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microscopy, even when employing a proper post-pro-
cessing data (like SSRS). Similarly and complementary, 
TRPL microscopy has allowed only the identification 
of luminescent pigments and cannot add any informa-
tion on materials that do not have a specific luminescent 
fingerprint. Instead, when considered together, the two 
methods have provided a clearer view of the complexity 
of the paints and pigment mixture employed by the two 
Russian artists, as deeply discussed above.

The high-complementarity of Raman and PL spec-
troscopy has already been exploited in the past [33–35]. 
The great advantage of combining these two techniques 
is that they are both optical ones. Indeed, many efforts 
have been devoted to develop hybrid setups based on 
a common pulsed laser source and capable of in  situ 
recording Raman and time-resolved photoluminescence 
spectra from the same analysis point with applications 
relevant to the geoscience [36] and conservation science 
field [37, 38]. With the same idea in mind, in the future it 
could be possible to develop an hybrid microscope, with 
exchangeable laser excitation, dichroic and transmission 
filters, capable of combining Raman and TRPL measure-
ments in a unique set-up (Table 4).

A comparison of the proposed approach with other 
more-conventional approaches/techniques applied to 
the analysis of paint stratigraphy is finally provided and 

summarized in Table  5. Scanning Electron Microscopy 
coupled to Energy-Dispersive X-Ray (SEM–EDX) spec-
troscopy allows one to infer the elemental composition of 
paint layers with a lateral resolution close to hundreds of 
nanometres. The method is often combined with micro-
Attenuated Total Reflectance (ATR-FTIR) spectroscopy 
for detecting and identifying organic and inorganic com-
pounds [6]. The two methods are highly complementary 
and display a high material sensitivity, nonetheless their 
main experimental limit is that they can require specific 
sample treatments and thus cannot be retained com-
pletely non-invasive. In fact, for SEM–EDX analysis the 
sample surface needs to be metallized and subsequent 
sample investigations require a gentle polishing action 
that inevitably would remove the first micrometres of 
the sample surface. In case of ATR-FTIR analysis, the 
measurement requires the contact between the diamond 
probing head of the system and the surface of the sample 
and this contact may induce mechanical damages (inden-
tations) at the sample surface, especially in presence of 
soft materials as paints.

In this context, our approach—based on Raman 
and TRPL studies—add further information to the 
ones achieved with the conventional approach based 
on SEM–EDX and ATR-FTIR, providing clues on 
the presence of materials with specific Raman or PL 

Table 4  List of pigments found in the Russian avant-garde painting cross-sections [30]

Colour Pigment On the market Sample Identification provided 
by Raman

Identification 
provided 
by TRPL

White Lead white Antiquity L6 x –

Gypsum Antiquity L6 x –

Zinc white 1834 L5, L6, G3 x x

Titanium white 1940 G3 x x

Yellow–red Vermillion Antiquity L5, L6 x –

Chrome yellow 1814 L5, G3 x –

Cadmium red 1921 L6 – x

Cadmium yellow 1840 L5, L6 – x

Blue Ultramarine 1828 L5 x –

Phthalocyanine 1936 L5 x –

Table 5  Principal conventional techniques applied to the analysis of paint stratigraphy

The main material identification, lateral resolution, sample preparation requirements and possible damages associated to the measurements are reported
a  Raman and PL applications do not cause any damages to the sample as long as the powder density is kept far below the damage threshold [39]

Technique Identifies Lateral resolution Sample preparation Possible damages

SEM–EDX Elements (Z > 10) ~ 100 nm Metallization Surface cleaning

ATR-FTIR Organic and Inorganic compounds 1–10 μm None Indentation

Raman Organic and Inorganic compounds 1–10 μm None Nonea

Micro-TRPL Luminescent compounds 1–10 μm None Nonea
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fingerprints. Moreover, being non-contact and non-
invasive the proposed approach can be considered as 
mandatory in presence of high-valuable samples, for 
which any surface pre-treatment is allowed, or for the 
rapid and non-invasive screening of a large number of 
samples. In a future research, it will be of interest to 
study—on the same paint stratigraphy—how many pig-
ments can be identified with the combination of TRPL 
and Raman measurements with respect to the combi-
nation of SEM–EDX and ATR-FTIR or ATR-FTIR and 
Raman.

Conclusion
In this work, we have applied two techniques, based on 
TRPL micro-imaging and on micro-Raman spectros-
copy, that have been rarely used together as micros-
copy methods. We propose here this novel approach 
for the investigation of pigments and artist materials. 
The method instead of being alternative to other con-
ventional analysis protocol (as the previously quoted 
SEM–EDX and ATR-FTIR analyses) provides comple-
mentary data for further understanding the complex 
and heterogeneous material composition of paint lay-
ers in paintings. In the future, taking into account the 
high sensitivity of the two methods to the detection of 
minerals, the proposed approach could be extended 
to other case studies, as stratigraphic micro-samples 
taken from ancient sculpture, wall painting and herit-
age stones.

Additional file

Additional file 1: Table S1. List of the main semiconductor and mineral 
pigments that can be found in modern paintings. For every pigment is 
reported (i) the general name, (ii) the chemical formula and the crystal 
structure, (iii) the band gap energy in eV (and the corresponding wave-
length/nm) known from literature. (iv) and (v) report the near-band-edge 
(NBE) and trap state (TS) wavelength emission under near UV excitation, 
respectively. (vi) the origin of trap state emission as found in literature. 
Figure S1. Raman spectrum of Layer 1 in sample L5 detected with the 
grating 600 lpmm in the spectral range 200–2000 cm−1. It shows the pres-
ence Lead chromate (354(s-br), 375(sh-m), 839(vs)) and Phthalocyanine 
Blue. Blue numbers highlights the Raman bands used for the identification 
of Phthalocyanine blue (256(m), 679(s), 746(s) 951(m), 1143(m), 1337(s), 
1448(m), 1523(vs)).
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