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Abstract. Using laterally ordered arrays of noble metal nanocavities as SERS substrates 

has been examined theoretically and experimentally. Simulation of the distribution of the 

electric field at the surface of nanostructures (nanocavities) has been carried out. The 

simulation results showed that cavities can be formed not only in a metal layer but in 

semiconductor or dielectric layers and then covered with a layer of a plasmon-supporting 

metal (silver or gold) 20…100-nm thick. In our work, chalcogenide glass has been used as 

a relief-forming layer. This paper presents the results of development and optimization of 

processes providing formation of SERS substrates as two-dimensional arrays of noble 

metal nanocavities by using interference photolithography based on a two-layer 

chalcogenide photoresist. Prototypes of SERS substrates were made as substrates with 

different spatial frequencies (from 1200 to 800 mm
–1

) and depths of nanocavities (from 250 

up to 500 nm). It was shown that the use of such nanocavities with the sizes larger than 

500 nm enables to efficiently analyze the structure of macromolecules by using surface-

enhanced Raman light scattering spectroscopy, since these macromolecules completely 

overlap with the regions of enhanced electric field inside the nanocavities. Technology of 

interference lithography based on two-layer chalcogenide photoresists makes it possible to 

form effective SERS substrates in the form of laterally ordered arrays of nanocavities with 

specified morphological characteristics (spatial frequency, nanocavity sizes, composition 

and thickness of a conformal metal coating) for detecting high-molecular compounds. 
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1. Introduction 

Discovered in 1974 surface-enhanced Raman scattering 

(SERS) spectroscopy [1] is a very sensitive analytical 

method for identifying chemical and biological 

molecules, and has been intensively developed for more 

than 40 years [2-10]. The high sensitivity of SERS is 

increasingly used in characterization of substances in 

chemistry, physical and biological sciences, 

environmental monitoring and medical diagnostics, etc. 

[5-7]. The giant enhancement of Raman scattering is 

explained by interaction of incident light with metallic 

nanostructures (nanoparticles, nanotips, rough surfaces, 

laterally ordered relief nanostructures, etc.), which leads 

to a significant increase in the electric field of exciting 

electromagnetic radiation and the scattered light intensity 

as a result of exciting the surface plasmons in these 

nanostructures (SERS substrates) [2]. As a rule, noble 

metals like to gold or silver are used for manufacturing 

SERS substrates. A huge Raman signal amplification 

factor (up to 10
14

) was achieved, and the possibility to 

detect even single molecules by using these SERS 

substrates has been demonstrated [8, 9]. 
Today, many different types of SERS substrates 

have been proposed, and the methods for their 
manufacturing can be separated into two classes. The 
cheapest SERS substrates are made using the methods of 
chemical synthesis and deposition of metal nanoparticles 
on substrates, or chemical/electrochemical etching of 
metal layers [11-13]. However, such substrates, as a rule, 
exhibit insufficient reproducibility, as well as 
inhomogeneous signal distribution over the substrate 
surface, which complicates quantitative measurements 
and estimates of molecule concentrations. 
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The second group of methods for manufacturing 

SERS substrates, which enables to produce periodic 

uniformly distributed nanostructures with elements of a 

set shape and size, is associated with the use of modern 

but rather expensive lithographic technologies: electron-

beam lithography [14], ion-beam lithography [15], nano-

stamping [16], optical lithography in the far ultraviolet 

range [17], etc. As a result, the cost of these structures is 

rather high, which prevents their widespread use. 

At the same time, interference lithography, which 

can be used to form ordered metallic nanostructures, is 

simpler and more technological. In previous studies of 

the authors [18, 19], it was shown that interference 

lithography using vacuum chalcogenide glass (CG) 

photoresists is a promising technology to form one- and 

two-dimensional submicron periodic structures on the 

surface of semiconductors and dielectrics, including 

laterally ordered plasmonic nanostructures, which can be 

used as SERS substrates. 

Another disadvantage of traditional substrates for 

SERS is the impossibility of registering the full spectrum 

of high molecular weight compounds due to the fact that 

not all bonds of these molecules fall into the places of 

localization of the plasmon excitation field. Large 

molecules (for example, protein globules) can be oriented 

in such a way that the bonds under study are not 

sufficiently close to the surface of the metal 

nanostructure, and the band corresponding to their 

vibrations cannot appear in the spectrum [20]. The above 

problems can be overcome using the so-called 

“plasmonic nanocavities or antinanoparticles” [21]. This 

opens up the possibility to obtain the SERS spectrum, in 

which all the bands characteristic of the target molecule 

are present, since it can be located inside nanocavities 

and uniformly exposed to the electromagnetic field. 

This paper presents the results of development and 

optimization of the formation processes for SERS 

substrates in the form of two-dimensional arrays of noble 

metal nanocavities by using interference photo-

lithography based on a two-layer chalcogenide 

photoresist. 

2. Modeling the distribution of electric field at the 

surface of nanocavities based on noble metals 

Simulation of the distribution of electric field (EF) at the 

surface of nanostructures was carried out using the 

COMSOL Multiphysics 5.3a platform (AC/DC module). 

The wavelengths for this modeling were as follows: 473, 

532, 633, 785 and 980 nm. The power density of the 

incident radiation was 105 W/cm
2
. Modeling was carried 

out for structures of the following architecture. 

1. Nanocavities with a rounded bottom in 

monocrystalline silicon, the walls and bottom of which 

were conformally coated with the 100-nm thick silver 

layer. The distance between nanocavities was 10 nm. The 

depth and diameter of nanocavities were 0.5 μm. 

2. Nanocavities with a rounded bottom in mono-

crystalline  silicon,  the walls and  bottom of which were 

conformally coated with the 20-nm thick silver layer. 

The distance between nanocavities was 10 nm. The depth 

and diameter of nanocavities were 0.5 μm. 

3. Nanocavities with a rounded bottom in the silver 

layer. The distance between nanocavities was 10 nm. The 

depth and diameter of the nanocavities were 0.5 μm. 

It should be noted that silver was chosen due to its 

rather high activity in surface-enhanced Raman scattering 

spectroscopy in comparison with other metals. 

Figs 1 and 2 show the results of modeling the 

distribution of the electric field in nanocavities. It is seen 

that the shape of distribution and the magnitude of the  

EF intensity for nanocavities in silicon coated with the  

100-nm thick silver layer and in pure silver practically 

coincide. 

In both cases, upon excitation by radiation with the 

wavelength 473 nm, no localization of the field is 

observed at the entrance to the nanocavity, but at the 

same time, due to internal re-reflections, the field is 

concentrated in the form of a double “cloud” at the 

bottom of the channel. The maximum value of the 

intensity due to the surface plasmon resonance at the 

entrance to the nanocavity is observed at λ = 532 nm. 

The highest electric field, due to internal re-

reflections, is about 2·10
3
 V/m in all the nanocavities. 

This value is practically the same for all the nanocavities 

in silicon coated with silver and in silver. The geometry 

of nanocavities has little effect on the maximum  

value of EF. 

The maximum EF in the “cloud”, which is formed 

due to internal re-reflection, shifts from the bottom to the 

inlet of the nanocavity with an increase in the excitation 

wavelength from 473 up to 980 nm. Localization of the 

maximum of EF in the center of nanocavities is observed 

for 633 and 785 nm. 

Similar results were obtained for nanocavities in 

silicon conformally coated with the 20-nm thick silver 

layer. The only difference is that, for samples coated  

with a thinner silver layer, the region of increased EF 

intensity is somewhat wider diffused inside the volume 

of nanocavity. 

Thus, the simulation results show that nanocavities 

can be formed in a semiconductor or dielectric layer and 

then covered with a layer of a plasmon-supporting metal 

(silver or gold) with the thickness from the range 

between 20 and 100 nm. In our work, a chalcogenide 

glassy semiconductor (chalcogenide glass (CG)) was 

used as a relief-forming layer. The use of nanocavities 

with the size close to 500 nm or wider in the layers of 

metals or other materials conformally coated with a metal 

layer having the thickness from the specified range can 

make it possible to more efficiently analyze the structure 

of macromolecules by using surface-enhanced Raman 

spectroscopy as compared to metal nanoparticles. The 

macromolecules will be completely covered by the 

“cloud” inside nanocavities. It should ensure almost 

uniform excitation of all bonds between atoms, which 

cannot be achieved when the molecule is located between 

nanoparticles, where localization of the region of 

increased EF is limited to a few nanometers. 
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3. Experimental 

To form nanocavities with a deep relief, it was proposed 

to use a two-layer chalcogenide photoresist consisting of 

As10Ge30S60 and As40S30Se30 layers sequentially 

deposited on a substrate [22]. The top layer As40S30Se30 is 

a high resolution light-sensitive photoresist that can be 

used to obtain an interference lithographic mask. The 

As10Ge30S60 layer is practically insensitive to light, but 

mechanically and thermally more stable than As40S30Se30. 

This layer was used to form a matrix of nanocavities of 

set shapes and sizes in it. 

The samples for research were prepared by 

sequential thermal evaporation in vacuum of 2·10
–3

 Pa 

and deposition on a substrate of an adhesive Cr layer 

with the thickness close to 30 nm, a relief-forming layer 

of As10Ge30S60 with the thickness 300 to 700 nm 

(depending on the spatial period in the matrix of 

nanocavities) and a light-sensitive layer of As40S30Se30 

with the thickness close to 100 nm. Polished glass plates 

76×76×2 mm in size were used as substrates. The 

thickness control during the deposition of the layers was 

carried out using the quartz thickness meter (KIT-1), 

after deposition – with MII-4 microinterferometer. 

Recording the interference structures in CG layers 

was performed using an interference pattern from the 

radiation of a helium-cadmium laser (wavelength λ = 

441.6 nm) with a given spatial frequency. To record a 

two-dimensional matrix of nanocavities, the double 

exposure of the sample was performed, and before  

the second exposure, the sample  was  rotated around  the  
 

 

 

normal to its surface by 90°. The total exposure was 

0.2…0.5 J/cm
2
. After the double exposure, selective 

liquid etching of the As40S30Se30 layer was carried out to 

form a lithographic mask with holes (the size of which 

depended on the etching time) reaching the surface of the 

As10Ge30S60 layer. The next steps of the technical process 

were exposure of the resulting structure to the integrated 

radiation of a DKSL-1000 xenon lamp and etching 

through the lithographic mask of the As10Ge30S60 layer. 

Such exposure before etching of the lower layer has a 

double positive effect: it strengthens the mask by 

additional photostimulated polymerization (reduction of 

defectiveness) of the chalcogenide layer in the mask, and 

also increases the rate of dissolution of the relief-forming 

As10Ge30S60 layer with a positive etch (photo-stimulated 

etching). The etchant temperature, concentration of 

active components in solutions, and etching time define 

both the parameters of the lithographic mask and the 

shape of the elements as well as the modulation depth of 

the resulting nanostructures. The etching of the 

photoresist and relief-forming layer was controlled in situ 

by recording non-photoactive long-wave light diffracted 

from the relief structure. After removing the residues of 

the photoresist, washing, and drying, the formed periodic 

structure of the cavities in the As10Ge30S60 layer was 

obtained. 

A Hitachi-4800 scanning electron microscope and 

Dimension 3000 Scanning Probe Microscope (Digital 

Instruments Inc., Tonawanda, NY, USA) were used to 

determine  the profile  shape of the  relief elements in  the  

 

                                    a)                                                              b)                                                             c) 

 

d) 

 

                                         e) 
 

Fig. 1. Distribution of electric field in the silicon-based nanocavities with a rounded bottom, coated with the silver layer 100 nm 

thick, exposed to electromagnetic radiation with the wavelength 473 nm (a), 532 (b), 633 (c), 785 (d), and 980 (e). Section plane – yz. 
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periodic structure and their sizes. The spatial frequency 

of the nanocavity matrices was determined using the 

optical stand based on a G5M goniometer with the 

accuracy ± 3 lines/mm. 

To obtain the desired effect from using the two-

layer resist, i.e., to create a reliable lithographic mask of 

the required profile, it is necessary to select not only the 

composition of corresponding layers, but also the 

composition of etchants for them. The main requirement 

in this case was the absence of etching of the As40S30Se30 

layer when etching the As10Ge30S60 layer and vice versa – 

the As10Ge30S60 layer should not be dissolved in the 

etchant for the As40S30Se30 photoresist layer. Earlier, a 

series of studies was carried out on the kinetics of etching 

of these layers in a number of organic and inorganic 

etchants for chalcogenide glasses. It was found that the 

optimal etchant for As40S30Se30 is a negative-type organic 

etchant based on ethylenediamine (C2H8N2), and for the 

relief-forming layer As10Ge30S60, an aqueous solution of 

KOH in the low concentration (0.1%) [22]. The selected 

anhydrous etchant is characterized by good selectivity for 

the As40S30Se30 layer (the selectivity value, i.e., the ratio 

of the dissolution rates of unexposed and exposed layers 

reaches 13) and almost does not dissolve the As10Ge30S60 

layer. It enables to form an interference relief on the 

upper light-sensitive layer of As40S30Se30. In its turn, the 

etchant for As10Ge30S60 based on 0.1% KOH solution is 

virtually neutral for compounds based on As40S30Se30 

without dissolving either the freshly deposited or 

exposed films of the upper resist layer. At the same  time,  

 

 

the As10Ge30S60 layer is dissolved at a high, but 

controlled, rate, which makes it possible to form a 

deeper (as compared to the upper layer) relief in the 

As10Ge30S60 film. 

To study the SERS activity of arrays of metal 

nanocavities fabricated using interference lithography in 

CG and subsequent deposition of metals, a lysozyme (an 

aqueous solution of lysozyme, concentration 10
–6

 M) was 

used as an analyte with a high molecular weight. Liquids 

for analysis were obtained preparing the base 0.01 M 

solutions by mixing analyte powder with water, which 

were subsequently diluted to achieve the predetermined 

concentration. The substrates, on which the arrays of 

metallized nanocavities were formed, were cut into the 

samples with dimensions 3×10 mm. Each of the samples 

was kept for 30 s in the weak solution of hydrochloric 

acid (4.5%) to remove contaminants on the developed 

metal surface, which appear as a result of adsorption of 

organic molecules from the environment. After cleaning, 

the samples were washed three times in deionized water 

and twice in ethanol, then immersed in the aqueous 

solution of lysozyme (concentration 10
–6

 M) and then 

washed again with deionized water for 10…20 s to 

remove unadsorbed analyte molecules from their surface. 

SERS measurements were carried out using a 

Confotec® NR500 3D scanning laser Raman microscope 

equipped with a 633 nm laser. The spectra were recorded 

by focusing the laser radiation on the sample surface 

through the ×40 objective. The signal accumulation time 

was 1 s. 

 

                               a)                                                                  b)                                                                  c)  

                   

                                                        d)                                                                                      e) 

 

Fig. 2. Distribution of electric field in the silver-based nanocavities with a rounded bottom under action of electromagnetic 

radiation with the wavelength 473 nm (a), 532 (b), 633 (c), 785 (d), and 980 (e). Section plane – yz. 
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4. Production of experimental samples of SERS 

substrates 

After optimization of the parameters corresponding to the 

processes of vacuum deposition of layers, interference 

exposure of the selected two-layer photoresist, post-

exposure processing and taking into account the 

simulation results, prototypes of SERS substrates with 

different spatial frequencies (from 1200 down to 

800 mm
–1

) and depths of nanocavities (from 250 up to 

500 nm) were manufactured. 

As an example, Fig. 3 shows a SEM image (section) 

of this SERS substrate for detecting the Raman spectra of 

macromolecular compounds. This substrate is a periodic 

matrix of nanocavities, which is covered with a layer of 

gold, silver, or a two-layer Ag-Au layer. The period  

of this matrix is 895 ± 0.5 nm (spatial frequency 

ν = 1117 mm
–1

). For this period, the initial thickness of 

the relief-forming layer was 350 nm, and the thickness of 

the photosensitive layer was 100 nm. The ratio of the 

cavity depth to its width is slightly higher than 0.4, and 

the cavity width is about 600 nm, which is close to the 

values used to simulate the distribution of the electric 

field. 

A similar method was also used to fabricate relief 

structures with a binary arrangement of cavities with a 

slightly increased period of matrix – 1207 ± 0.5 nm 

(spatial frequency ν = 829 mm
–1

). The parameters of 

layers deposited successively onto a glass substrate for 

this period were as follows: Cr – 35 nm, As10Ge30S60 – 

600 nm, As40S30Se30 – 100 nm.  

When making these samples, we used the repeated 

exposure by the integrated radiation of the DKSL-1000 

lamp during etching of the As10Ge30S60 layer. These 

additional exposures enabled to obtain structures with a 

higher modulation depth. The samples were also coated 

with the layers of metals: Al (40 nm), Ag (100 nm), and 

Au (50 nm) in combinations (Al+Ag) and (Al+Ag+Au). 

 

 

 
 

Fig. 3. SEM images (cross-section) a SERS substrate for 

detecting high-molecular compounds manufactured using the 

two-layer chalcogenide photoresist. 

 
 

 
a 

 
 

 
b 
 

Fig. 4. AFM image and cross-section of a SERS substrate for 

detecting high-molecular compounds with an increased period 

and different duty cycle 
 

 

Figs 4a and 4b show the AFM image, as well as the 

cross-sectional profiles of two similar SERS substrates 

with an increased period. Both substrates have the same 

spatial period equal to 1207 ± 0.5 nm (spatial frequency 

ν = 829 mm
–1

), but different modulation depths: for  

the substrate (a), the depth of the cavity was 430 nm,  and 
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Fig. 5. Average SERS spectra of lysozyme molecules adsorbed 

on SERS substrates in the form of ordered matrices of 

nanocavities coated with silver (1) and gold (2) from the 

solution with the concentration close to 10–6 M. 

 

 

the ratio of the depth of the cavity to its width was 0.57, 

whereas for the sample (b), the corresponding values 

were 380 nm and 0.44 nm (remind, that simulation of the 

distribution of electric field was carried out for the 

cavities  with  the depth-to-width ratio close to 0.5). The 

duty cycle of these two matrices is also different – for the 

sample (a), the width of cavities on the sample surface 

was about 750 nm, and for the sample (b), it was 870 nm. 

These two characteristics can be changed independently 

of each other: the duty cycle of the matrix is defined 

mainly by the duty cycle of the lithographic mask, which 

is formed in the upper layer of the two-layer photoresist 

(i.e., the time of interference exposure and etching of this 

layer). And the depth of cavities (and, accordingly, the 

modulation depth) is defined by the etching time of the 

relief-forming layer below. 

In the course of studies by using the Raman 

spectrometer, it was found that all substrates exhibit 

SERS activity. As mentioned above, lysozyme was used 

as a macromolecular compound. To establish the 

possibility of obtaining reproducible spectra, each 

substrate, kept in a lysozyme solution, was scanned 

using a Confotec Raman spectrometer and a laser with 

the wavelength 633 nm. It is this radiation that allows 

location of the “cloud” of electric field at the center of 

nanocavity with account of the simulation results. The 

size of the scanning area was 20×20 μm, the scanning 

step was 1 μm. Fig. 5 shows the reproducible SERS 

spectra of lysozyme, which were obtained using the 

optimized samples with nanocavities of 750 nm in 

diameter. Raman spectroscopy provided registration of 

28 – 41 SERS spectra of lysozyme out of 400 (Fig. 5), 

and SERS spectra that have 4 bands typical for proteins 

were considered as reproducible. As seen from the 

figure, the SERS signal from lysozyme molecules 

adsorbed in silver nanocavities was three times higher 

than that in the gold ones. 

5. Conclusions 

As a result of numerical simulating the distribution of 

electric field in nanocavities based on noble metals 

during the incidence of a light wave and excitation of 

surface plasmons, it has been ascertained that a region of 

increased field is formed inside the cavity and, for certain 

cases, spreads over a considerable part of its volume. 

This effect is practically identical both for cavities in 

silver layers and in layers of other substances 

conformally coated with a silver layer. The use of these 

nanocavities larger than 500 nm enables to efficiently 

analyze the structure of macromolecules by using 

surface-enhanced Raman light scattering spectroscopy, 

since the macromolecules can completely overlap with 

regions of increased field inside the nanocavities. 

It has been shown that technology of interference 

lithography based on two-layer chalcogenide photoresists 

makes it possible to form effective SERS substrates in 

the form of laterally ordered matrices of nanocavities 

with specified morphological characteristics (spatial 

frequency, nanocavity sizes, composition and thickness 

of a conformal metal coating) for detecting the 

compounds of high molecular mass, which has been 

confirmed by registration of reproducible SERS spectra 

of lysozyme. 
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Формування латерально упорядкованих масивів нанопорожнин благородних металів для SERS 

підкладок з використанням інтерференційної фотолітографії   

В.A. Данько, I.З. Iндутний, В.I. Мінько, П.M. Литвин, M.В. Луканюк, Г.В. Бандаренка, A.Л. Долгий,  

С.В. Редько 

Анотація. Недоліком традиційних SERS підкладок є неможливість зареєструвати повністю спектр 

високомолекулярних сполук у зв’язку з тим, що не всі зв’язки такої молекули потрапляють у місця локалізації 

поля плазмонного збудження. Зазначену проблему можна подолати шляхом використання так званих 

плазмонних нанопорожнин або антинаночастинок. З метою створення SERS підкладок у вигляді нанопорожнин 

в роботі проведено моделювання розподілу напруженості електричного поля біля поверхні наноструктур 

(нанопорожнин). Результати моделювання показали, що порожнини можна формувати в шарі напівпровідника 

або діелектрика і потім покривати шаром плазмон-несучого металу (срібла або золота) товщиною 20–100 нм. У 

роботі як рельєфоутворюючий шар використовується халькогенідне скло. Наведено результати розробки та 

оптимізації процесів формування SERS підкладок у вигляді двовимірних масивів нанопорожнин благородних 

металів з використанням інтерференційної фотолітографії  на основі двошарового халькогенідного 

фоторезисту. Показано, що технологія інтерференційної літографії з використанням двошарового 

халькогенідного фоторезисту дозволяє формувати ефективні SERS підкладки у вигляді латерально 

впорядкованих матриць нанопорожнин із заданими морфологічними характеристиками (просторовою 

частотою, розмірами нанопорожнин, складом та товщиною конформного металічного покриття) для 

детектування раманівського спектра високомолекулярних сполук, що, зокрема, підтверджується реєстрацією 

відтворюваних SERS спектрів молекул лізоциму. 
 

Ключові слова: SERS підкладки, інтерференційна літографія, халькогенідний фоторезист, раманівська 

спектроскопія. 


