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MULTIMODAL PLATFORM FOR RAMAN AND NONLINEAR OPTICAL MICROSCOPY AND 
MICROSPECTROSCOPY FOR CONDENSED MATTER STUDIES 

 

Activities in 2017 were implemented in accordance with the research programme and main 

tasks listed within the theme “A multimodal platform for Raman and nonlinear optical microscopy 

and microspectroscopy for condensed matter studies” included in the JINR Topical Plan 2017.  

First of all, it should be noted that the work on the modernization of the optical platform 

conducted in 2016-2017 has made it possible to bring this instrument to the number of modern and 

unique Raman microspectrometers, which have no analogues in terms of their functional 

characteristics and capabilities in Russia and CIS countries today. The "CARS" microspectrometer 

is also quite competitive at the world level in the class of analytical instruments. 

The studies in 2017 were focused on achieving the following major results: 

1. First preliminary results on surface-enhanced micro-CARS from gold nanoparticle-

immobilized organic molecules. 
 

2. Assessment of the concentration detection limit of phospholipid molecules by SERS.  
 

3. Investigation of SERS-signal intensity dependence on the shape of silver nanostructures 

grown in the porous SiO2 template. 
 

4. A complex study of structural and spectral properties, including upconversion luminescence, 

of oxyfluoride glasses and glass-ceramics doped with rare earth elements (REE). 
 

5. Verification of tumor and stem cells by Raman microspectroscopy. 

In addition, methodological studies aimed at further upgrading and modification of the CARS 

microscope were carried out during the period under review. 

 

Surface-enhanced micro-CARS 

Surface-enhanced Raman scattering (SERS) was investigated in 2017 for a new active 

substrate where gold nanoparticles were spread over a cerium dioxide (CeO2) faceted dielectric 

film deposited on the aluminum layer. Molecules of thionitrobenzoic acid (TNB) were used as a 

reporter molecule since they are of interest for biochemical and immunological analysis. 

The aim of the present work was the experimental study of SECARS generated by 

biochemically-relevant TNB and mercaptophenylboronic acid (MPBA) molecules attached to Au 

nanoparticles. The nanoparticles were immobilized in turn on the surface of the SERS-active 

metamaterial under study. The micro-imaging of the SECARS intensity at the characteristic Raman 

frequencies of TNB (1338 and 1558 cm-1) and MPBA (1072 and 1571 cm-1) was obtained by the 

picosecond excitation in the NIR spectral range. We investigated the resonant and non-resonant 

SECARS signals and determined the imaging contrast. Moreover, we thus obtained SECARS, 

SERS, and optical images of the investigated area of the metamaterial sample. 

Epi-SECARS images were recorded using the laser scanning confocal CARS micro-

spectrometer with high spatial resolution and high laser spot scanning rate (Fig. I-2-1). The system 

is based on an Nd3+:YVO4 diode-pumped picosecond passively mode-locked laser (λs = 1064 nm, 
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7 ps, 85 MHz, 5 W) and a Lyot-filter- and temperature-tuned LBO crystal optical parametric 

oscillator which is synchronously pumped by 2 W at 532 nm (λp = 690-990 nm, 6 ps, 150-350 mW).  

The line width of tunable pump 

radiation is ~5-7 cm-1. Spatially- and 

temporally-overlapped collinear pump and 

Stokes beams of parallel polarizations are 

focused on the sample to a 1-2 μm 

diameter spot. Scanning of the laser spot 

across the surface areas up to 225x225 

μm with a spatial resolution up to 

1000x1000 pixels while detecting the 

CARS signal at a given Raman frequency 

is performed using a galvo-driven mirror 

system. Spectrally-filtered anti-Stokes 

radiation is detected using a 

photomultiplier (PMT) or a CCD. All 

measurements were performed at room 

temperature in ambient air. 

Au nanoparticles with the average diameter of 56 nm and covered with a monolayer of 

reporter molecules were spread over a faceted CeO2 film after a monolayer of polycation (PDDA) 

had been deposited on the surface. The fraction of the CeO2 surface occupied by islands of Au 

nanoparticles is evaluated to be ~ 5%. Epi-SECARS images at the Raman shifts of 1344 cm-1 

(TNB) and 1571 cm-1 (MPBA) of CeO2 film surface, with the dimensions of ~ 25x25 μm, supported 

by optical and scanning electron microscope images (Fig. I-2-2), were obtained. 

 

The highest SECARS resonant signal levels in the bright spots reach ~ 1.5 x104 bits of a 16-

bit ADC, while the nonresonant background level is almost equal to zero for our 30 s image 

 

Fig. I-2-1. Schematic of the scanning confocal laser micro-
CARS spectrometer. 

 

a) b) 

Fig. I-2-2.  SEM images of CeO2/Al/Al2O3 sample surface with TNB-modified Au-NPs: a)  7.5 μm4.5 μm and 

b)  0.6 μm0.4 μm surface areas. 
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acquisition time (Fig. I-2-3). Special attention was paid to a possible active area optical damage 

under focused laser beams. 

 

The excellent chemical imaging contrast obtained is an indication of high detectability of 

reporter molecules by SECARS in the metamaterial under study. Further research will be focused 

on the study of the imaging contrast dependence on the CeO2 film thickness, estimation of 

SECARS signal sensitivity to the probed reporter molecules, and the comparison of their 

detectability by using SECARS and SERS at the surface of the metamaterial under investigation. 

Detection limit of DPPC phospholipid by SERS  

The detection limit is the smallest amount of analyte concentration in the sample that can be 

reliably distinguished from zero. Following this rule, the lowest concentration of analytes at which 

they are detectible was estimated when their least intensive Raman peak becomes unresolved at 

the background level. 

Phospholipids are ubiquitous in nature forming a bilayer of cell membranes of all living 

tissues. They are responsible for elastic properties of membranes, stabilization of proteins within 

the membrane and transportation of lipids and fatty acids. Determination of their type, 

concentration and ratio in physiological liquids helps to recognize pulmonary, hepatic, sclerotic and 

many other diseases. Thus, sensitivity of the detection technique plays an important role in early 

diagnostics. However, their practical application is limited by a complicated sample preparation, 

necessity to use specific markers and difficulties in the interpretation of the results obtained.  

Silver particles, predominantly with the size of 40–80 nm, were deposited onto porous silicon 

by immersion plating to form substrates appropriate for the detection of organic molecules by 

surface-enhanced Raman scattering technique. These substrates have demonstrated for the first 

time the possibility of detecting phospholipid molecules represented by 

dipalmitoylphosphatidylcholine at concentrations as low as 10-12 M. 

 

a) b) 

Fig. I-2-3.   SECARS Raman micro-images of a sample surface area with deposition of modified NPs: a) with 
TNB/Au-NP conjugates, b) with MPBA/Au-NP conjugates. 
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Reference Raman and SERS spectra 

corresponding to DPPC molecules are presented 

in Fig. I-2-4. The Raman spectrum was recorded 

for the solution containing 10–2 M of DPPC 

deposited onto SERS-inactive substrate. Three 

upper curves in Fig. I-2-4 represent SERS signals 

from dried solutions containing DPPC in 

concentrations between 10‒6 and 10‒12 M. The 

laser wavelength was 633 nm.  Positions of the 

SERS peaks clearly correlate with the reference 

Raman peaks while some small deviations are 

observed. One more feature of the SERS spectra 

at low concentrations is their weak reproducibility 

in the 1527–1570 cm-1 wavenumber range 

associated with COO-C stretching. The lowest 

concentration at which DPPC was detected is 

estimated to be 10-12 M. 

 

The detection of phospholipids at their concentration in a solution of about 10 -12 M has been 

experimentally demonstrated for the first time using dipalmitoylphosphatidylcholine (DPPC) as an 

example. We believe that the detection limit demonstrated in this study for silvered porous silicon 

SERS substrates can be further improved by optimizing the technological process. 

Dependence of SERS signal intensity on the shape of silver nanostructures 

The aim of this study was to determine the relationship between the signal of SERS and the 

shape of silver nanoparticles under the influence of laser radiation with different power. 

Plasmonic nanostructures were synthesized in silicon dioxide pores on a single-crystal silicon 

n-type substrate. The pores were formed using ion-track technology and selective chemical 

etching. Silver deposition was carried out by galvanic displacement method. Synthesis time was 

chosen as a parameter that allows controlling the shape of a silver deposit in the pores of silicon 

dioxide on the surface of single-crystal n-silicon during electrodeless deposition. Deposition time 

directly affects the shape of metal nanostructures. 

The analysis of the dynamics of changes in the morphology of the metal deposit showed that 

as the deposition time increases, the metal evolves from individual metallic crystallites within the 

pores at a short deposition time into dendrite-like nanostructures at a long deposition time (Fig. I-2-

5).  

 

 

 

 

 

Fig. I-2-4.  (a, b, c) SERS and (d) Raman spectra of (a) 
10-6 M, (b) 10-9 M, (c) 10-12 M and (d) 10-2 M DPPC 
collected at the at the 633 nm wavelength. 
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The dependence of the intensity of SERS spectra on the shape of the silver deposit was 

studied at a power of green laser (532 nm) from 2.5 µW to 150 µW using the model dye analyte 

Rhodamine 6G (Fig. I-2-6). The optimum shape of the silver deposit and laser power was analyzed 

from the viewpoint of further design of active surfaces for SERS with nondestructive control of 

small concentrations of substances. 

 

Thus, a study was made of the efficiency of the use of SiO2(Ag)/n-Si structures as SERS-

active surfaces at different laser powers. It has been found that at an excitation power of 150 μW 

the analyte is gradually destroyed. Reduction of the laser power to 2.5 μW eliminates this problem. 

 

 

Fig. I-2-5.   The growth dynamics of silver nanostructures in SiO2 pores on n-type silicon substrate at deposition 
times: 5 s (a,e), 15 s (b,f), 30 s (c,g), and 60 s (d,h) (the same scale for each line). 

 

Fig. I-2-6.    SERS spectra of Rhodamine 6G with a concentration of 10-6 M measured on silver NS grown in pores 

of SiO2 on a silicon n-type substrate at a deposition time of 5 s, 15 s, 30 s and 60 s. а) spectra obtained at a laser 

power of 150 μW; b) at a power of 2.5 μW. 
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A complex study of structural and upconversion luminescence (UCL) properties of oxyfluoride glasses and 
glass-ceramics (GC) doped with rare earth elements (REE) 

In 2017 we completed our studies related to the structural properties and characteristics of 

UCL of oxyfluoride glasses and oxyfluoride glass-ceramics doped with REE. These optical 

matrices combine the advantages of low-phonon energy of fluorides, chemical durability and 

mechanical stability of oxides, as well as high optical quality of silicate glasses. We used the 

possibility of recording the response of the medium to the IR laser excitation in the anti-Stokes 

region of the spectrum for UCL studies. 

In this study transparent oxyfluoride germanosilicate glass-ceramics containing Er:PbF2 

nanocrystals is synthesized on the basis of SiO2–GeO2–PbO–PbF2 initial glass doped with Er2O3. 

For the preparation of glass-ceramics (GC), the as-cast glass was heat-treated at 350ºС (slightly 

below the Tg temperature) for 10-30 h. The glass-ceramics was transparent with a slight pink tinge. 

Its XRD pattern is shown in Fig. I-2-7a, together with the peaks corresponding to a bulk β-PbF2 

crystal. In addition to a characteristic halo of the residual glassy phase, sharp diffraction peaks are 

observed corresponding to PbF2 compound. The mean size of the nanocrystallites determined by 

the Scherrer equation is 8.5±0.5 nm.  

 

For a structural characterization of GC, we also used small-angle neutron scattering (SANS) at the 

YuMO spectrometer of the IBR-2 pulsed reactor. The scattering intensity vs modulus of the 

scattering vector Q for both as-cast glass and GC treated for 30 h is plotted in Fig. I-2-7b. The heat 

treatment induces a substantial change of the glass structure, which is clear from the scattering 

curves with a characteristic peak. To model the shape of nanocrystals (inset in Fig. I-2-7b), we 

used the ATSAS software. The mean size of PbF2 nanocrystals is around ~10 nm, which is 

consistent with XRD and HR-TEM data. 

 

 

Fig. I-2-7.    (a) XRD pattern of GC heat treated at 350°C/30 h; vertical lines correspond to the peaks of the 

bulk β-PbF2 crystal; the inset represents an HR-TEM image;(b) SANS intensity vs modulus of scattering 

vector, Q, for precursor glass and GC; the inset represents ATSAS modelled shape of the nanocrystal. 
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The morphology of GC was studied using SEM and is presented in Fig. I-2-8. 

 

The UCL process in glass and GC was excited at a wavelength of ~980 nm and is shown in 

Fig. I-2-9. Both of them are normalized to unity for comparison. For the as-cast glass, the green 

emission dominates: two closely located bands centred at 522 and 544 nm are related to the 

transitions from 2H11/2 and 4S3/2 excited states to the 4I15/2 ground state. The weak red band 

contains two components at 653/667 nm; it is related to the transition 4F9/2→4I15/2. The deep red 

bands at ~800 and 845 nm are related to the transitions 4I9/2→4I15/2 and 4S3/2→4I13/2, respectively.  

No emission at the wavelengths shorter than 500 nm was detected (at least at an excitation 

power density of ~104 W/cm2). This determines the green colour of the emission from the as-cast 

glass. The scheme of energy levels of Er3+ ions showing the potential channels of their excitation 

and observed UCL lines is shown in Fig. I-2-9 (right). Ground-state absorption (GSA) corresponds 

to 4I15/2→4I11/2 transition. Several excited-state absorption (ESA) channels exist for Er3+ ions. 

The UCL intensity depends on the lifetime of the excited state, from which the radiative 

transition occurs (Fig. I-2-10). For the green UCL, these are the states 2H11/2 and 4S3/2; for the red 

 

Fig. 2-8.     SEM images of precursor (left) and glass-ceramics (middle and right). 

 

Fig. I-2-9.      Left: UCL spectra for GC treated at 350°C/30 h and as-cast glass (a,b); Right: scheme of energy 
levels of Er3+ ions. 
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UCL, this is 4F9/2. Also, IUCL depends on the lifetime of the intermediate state, from which the 

excitation steps (like ESA) occur. If this lifetime is long enough, the probability of further excitation 

increases. However, the shortening of the lifetime of the intermediate state can also work as a 

switch of different emission channels. This occurs for the 4I11/2 state of Er3+ ions. If its lifetime is 

long, the 4I11/2→4F7/2 ESA process dominates, resulting in the strong green UCL. If it is short, fast 

non-radiative decay leads to the 4I11/2→4I13/2 relaxation and alternative 4I13/2→4F9/2 ESA channel, 

leading to the strong red UCL. The change of the environment of Er3+ ions from oxyfluoride 

(glassy) to pure fluoride (crystalline, PbF2) can disturb all the above-mentioned lifetimes. 

After the heat treatment of the as-cast glass, the lifetime of 4S3/2 state increases only to 

3.2 μs, which means a slight enhancement of the green emission. For a less intense transition 

from 2H11/2 state, the lifetime is nearly the same (3.6 μs). In contrast, the lifetime of 4F9/2 state 

increases more than 100 times (to 71 μs). This is a key point to understanding the redistribution of 

intensity from green to red bands in the UCL spectrum of glass-ceramics. The lifetime for the 

intermediate state, 4I11/2, is nearly 16 times longer (as compared to the as-cast glass). This 

prevents complete suppression of the green UCL for the glass-ceramics. 

Novel transparent oxyfluoride germanosilicate glass-ceramics containing Er:PbF2 

nanocrystals have been synthesized on the basis of SiO2-GeO2-PbO-PbF2 initial glass doped with 

Er2O3 using secondary heat treatment. GC is characterized by intense yellow-green emission. The 

redistribution of intensity between green and red emissions during the heat treatment is explained 

by the changes in the lifetime of the corresponding UCL bands. The UCL mechanisms for 11 lines 

in the UV, visible, and near-IR regions are described. 

 
 

 

Fig. I-2-10.  Decay curves for the visible and IR luminescence of Er3+-doped glass and GC. 
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Verification of tumor and stem cells by Raman microspectroscopy 

In the present study (2017) we compared Raman scattering spectra of undifferentiated glial 
tumor (C6 glioma cell) and mesenchymal stem cells (MSC). Raman spectroscopy is a sensitive 
analytical technique capable of providing highly detailed biochemical information on biological 
samples. In particular, it can be used to distinguish between normal and malignant tissues. Our 
goal was to find out whether the difference exists at the stage when cancerous and wholesome 
cells are undifferentiated.  

Raman spectroscopy (Fig. I-2-11, left) and CARS microscopy (Fig. I-2-11, right) revealed a striking 

similarity of scattering spectra from rat’s MSC and C6 glioma cells. This is in contrast to the study 

comparing spectra from the formed tumor versus normal differentiated tissue. In our opinion, there 

is one important detail in the obtained data: we compared undifferentiated MSC and C6 glioma 

cells. Therefore, namely the fact of insufficiency (or absence) of differentiation is the basis of the 

revealed identity of Raman scattering spectra of MSC and C6 glioma cells. Thus, the accumulated 

data from Raman spectra and CARS microscopy speak for being them a potential instrument for 

differential diagnostics and especially for intraoperative demarcation of tumor and healthy tissue. 

 

 

Our results suggest possible relations between MSC and C6 glioma cells, which is in 

accordance with the studies reporting the expression of common antigens in stem cells and 

various types of tumor.  

Thus, it has been demonstrated that at some stages of development and metabolic activity, 

malignant cells and normal stem cells can have nearly identical spectral “fingerprints. This 

phenomenon helps to understand the difficulty encountered by the immune defense system in a 

tumor-bearing organism, showing one of the ways for tumor cells to escape from the protective 

activity of immune cells. Our results also show potential pitfalls in cancer diagnostics. 

 

  

 

Fig. I-2-11.   The comparison of Raman spectra of rat’s MSC and C6 glioma cells (left). Micrographs and 
CARS images of rat’s MSC and C6 glioma cells (right). 


