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The properties of periodic dielectric structures coated with a thick metal layer, which allow enhancing an
inelastic light scattering signal by more than eight orders of magnitude at a laser pump wavelength of
1064 nm, have been studied. It has been shown that the giant resonance enhancement of the Raman signal
in the near infrared range is ensured by additionally enhanced plasma resonance and by geometrical reso-
nance between the sizes of the dielectric structure and the wavelength of laser radiation. The dependence of
the enhancement factor of the Raman scattering on the height of columns in periodic dielectric structures, as
well as the dependence of the enhancement factor on the thickness of the metallic coating, has been studied.
New resonance modes have been revealed, for which the height of dielectric columns is 1/4, 1/2, and 3/4 of
the wavelength of laser radiation. It has been shown that record high enhancement factors of the Raman scat-
tering can be reached in the near infrared range, which is also due to a high Q factor of plasma waves in metals
at these frequencies.
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One of the most important problems of modern
solid state physics and microelectronics is the problem
of enhancement of a local electromagnetic field near
metasurfaces, which are combinations of nanostruc-
tured metallic and dielectric resonators. The solution
of this fundamentally important problem can improve
the sensitivity of electromagnetic detectors by orders
of magnitude. This is particularly urgent for the far
infrared and terahertz ranges, where the sensitivity of
detectors is still insufficiently high. It is noteworthy
that, for surface enhanced Raman scattering (SERS)
resulting in the giant increase in the intensity of the
Raman scattering owing to plasmon effects by factors
more than 109 in the visible spectral range, there is a
well-established example of the giant enhancement of
the local field. The aim of this work is to develop com-
bined plasmon–dielectric metastructures and to study
their properties allowing the giant enhancement of the
local field in the infrared range. The enhancement
factor of the local field in the infrared range is mea-
sured by analyzing the Raman SERS effect.

Raman spectroscopy with the giant enhancement
of scattered light caused by plasmon effects (SERS
effect) [1–3] is traditionally applied at quite short laser
excitation wavelengths (450–750 nm) because inelas-
tic light scattering is stronger for shorter laser exci-
tation wavelengths. However, the problem with strong
background luminescence usually appears in this
wavelength range and the degradation of organic mol-

ecules occurs because of the strong absorption of light.
Furthermore, an increase in the frequency of radiation
is accompanied by a strong decrease in the Q factor of
plasma waves (ratio of the square of the real part of the
permittivity to its imaginary part) in almost all metals
(particularly in gold) and, as a result, by a strong
increase in their damping [4, 5]. To solve the listed
problems, longer wavelength infrared laser excitation
can be used because the damping of plasma waves is
much lower in this wavelength range [5] and, in addi-
tion, problems with intense luminescence and degra-
dation of molecules almost disappear.

We emphasize that the intensity of the Raman scat-
tering is proportional to the fourth power of the exci-
tation frequency only for the case of nonresonant
“bulk” inelastic light scattering. The situation can be
opposite for scattering with the giant enhancement of
the Raman signal on nanostructured metallic SERS
substrates. The reason is that the frequency depen-
dence of the enhancement factor, which is specified by
the square of the Q factor of plasma waves in a metal,
is more important in this case. This Q factor is the ratio
of the square of the real part of the permittivity  to
its imaginary part : . It is well known [5]
that an increase in the wavelength from 500 to 1500 nm
is accompanied by change in the Q factor of plasma
waves in silver and gold by orders of magnitude, which
compensates losses of the scattering intensity associ-
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ated with the mentioned biquadratic frequency depen-
dence of the intensity of light scattering. Thus, SERS
enhancement in the near infrared spectral range can
be much larger than that in the visible spectral range.
Moreover, as the laser excitation wavelength increases
in the case of SERS substrates, the signal can be
enhanced at a much larger distance from a substrate,
allowing the study of larger molecules [6]. It is also
noteworthy that SERS substrates operating at wave-
lengths above 1000 nm can be fabricated using photo-
lithography rather than electron lithography, which
significantly reduces the cost of production of such
structures.

Thus, one of the most important goals of bionano-
technology is to develop stable and inexpensive SERS-
active nanostructures for the near infrared range
(wavelengths of 1000–1500 nm) providing the maxi-
mum enhancement of the Raman signal [7–9].

In [10, 11], we developed and studied combined
dielectric and metallic resonators for the giant
enhancement of the inelastic light scattering signal. In
this case, dielectric resonators were fabricated on
Si/SiO2 substrates, where periodic structures (dielec-
tric square columns 10–400 nm in height) with the
planar size a (and period p = 2a), which varied from
50 to 1500 nm, were fabricated by means of electron
lithography and plasma etching. To produce a com-
bined dielectric–metallic resonator, a thick metal
layer was deposited on this periodic dielectric struc-
ture by the method of thermal spraying. In [11, 12], we
detected oscillations in the enhancement factor of the
Raman signal as a function of the period (and the pla-
nar size) of dielectric columns with various fixed
heights. The detected oscillations of the enhancement
factor of the Raman signal are determined by modes of
the combined resonator, and the enhancement is max-
imal when the parameter a is equal to half the wave-
length of laser radiation.

In this work, the dependences of the enhancement
factor of the Raman scattering on the height of col-
umns in periodic dielectric structures and on the
thickness of the metallic coating layer are studied for
the case of 1064-nm laser radiation. New resonance
modes are detected at the heights of dielectric col-
umns of 1/4, 1/2, and 3/4 of the wavelength of laser
radiation. It is shown that record-high enhancement
factors of the Raman scattering can be reached in the
near infrared spectral range because of the high Q fac-
tor of plasma waves in metals at these frequencies.

We studied the structures fabricated by the method
described in detail in [10–12]: 2 × 2-mm active (with
dielectric columns) regions were prepared on a 5 ×
5-mm thermally oxidized silicon substrate with an
oxide thickness of 1200 nm. Active regions contained
square columns with the height h, side  nm,
and period  nm, which corresponded to the
maximum enhancement of the Raman signal at a laser
radiation wavelength of 1064 nm [12]. The height of
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dielectric columns h was varied in various structures
from 10 to 1000 nm. The entire structure (all active
and inactive regions) was coated with a thick metallic
layer (silver with the thickness t from 10 to 160 nm) by
the method of thermal spraying. The spatial distribu-
tion of the intensity of the Raman scattering on such
structures was studied using a Raman microscope,
which ensured a spatial resolution to 1 μm, but we
chose an optimal diameter of 10 μm for the spot of the
focused laser beam (the scanning step in this case was
also 10 μm). The Raman microscope used in our work
allowed measurements at a wavelength of 1064 nm and
(for comparison) at wavelengths of 488, 532, and
568 nm. It was found that an almost identical Raman
spectrum was observed on the 2 × 2-mm region con-
taining 2000 × 2000 columns after the drying of the
analyte (thiophenol) aqueous solution drop with a
very low concentration (down to 10–8). We note that
the intensities of all lines of this spectrum remained
the same (with an accuracy to 10%) at the scanning of
the large area of the SERS substrate.

It was found that the suppression of luminescence
and inelastic scattering signals was observed in places
with a smooth metallic coating, which were located
between regions with periodically modulated struc-
tures, instead of the enhancement of the Raman scat-
tering. On the contrary, the giant (more than eight
orders of magnitude) enhancement of the Raman
scattering signal was observed in places where periodic
dielectric structures with the thick metallic coating
were located. In this case, the enhancement factor
depended both on the height of dielectric columns of
the periodic structure and on the thickness of the
metallic coating. It was shown that the observed reso-
nance enhancement of the Raman signal is due to the
transformation of electromagnetic radiation to local-
ized plasmon-polariton modes, and the efficiency of
such transformation is determined by the commensu-
rability of the wavelength of a plasmon-polariton
mode and the height of dielectric columns of the peri-
odic structure.

When studying the SERS effect at a laser excitation
wavelength of 1064 nm, we used various organic ana-
lytes (4-aminobenzenethiol, thiophenol, etc.) and
found that the enhancement factors obtained for the
Raman scattering were almost the same for all used
analytes. Below, we present the results obtained for
thiophenol, because the Raman spectra measured on
the SERS substrate and in bulk contained many iden-
tical lines at almost identical spectral positions. This
fact allowed the most direct comparison of the scatter-
ing intensities and obtaining reliable results for the
giant enhancement of the Raman signal. Figure 1
shows the Raman spectra of thiophenol (C6H6S) mea-
sured for laser photoexcitation at a wavelength of
1064 nm in the case of bulk liquid thiophenol (con-
centration of 100%) and in the case where the thio-
phenol solution drop with a concentration of 3 × 10–7
JETP LETTERS  Vol. 112  No. 1  2020
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Fig. 1. Raman spectra of thiophenol (C6H6S) measured
for laser photoexcitation at a wavelength of 1064 nm in the
case of bulk liquid thiophenol (concentration of 100%)
and in the case where a drop of thiophenol solution with a
concentration of 3 × 10–7 was dried on the SERS sub-
strate. The inset shows the electron microscopy image of
one of the studied SERS structures with the geometrical
parameters  nm,  nm,  nm, and
t = 80 nm.

C6H6S

= 500a = 1000p = 200h

Fig. 2. Raman SERS spectra of thiophenol (C6H6S) mea-
sured upon laser photoexcitation at a wavelength of
1064 nm for concentrations of 10–4, 10–6, and 10–8. The
inset shows the intensity of the SERS signal versus the
concentration of thiophenol. Closed circles are the mea-
sured linear concentration dependence of the Raman sig-
nal in the case of bulk thiophenol.
was dried on the SERS substrate. It is seen that the
inelastic scattering spectra are in good agreement with
each other, demonstrating close Raman modes, and
the level of the signal from the SERS substrate is com-
parable with the bulk signal, although the concentra-
tions of the analyte are different by seven orders of
magnitude. The SERS spectrum shown in Fig. 1 was
obtained from the SERS substrate, which was incom-
pletely optimized in the structure parameters h and t.
To find the maximum of the SERS enhancement, we
varied (a) the height of dielectric columns h and (b)
the thickness of the silver film t.

The inset of Fig. 1 shows the electron microscopy
image of one of the SERS structures with dielectric
columns, which was coated with a thick silver layer.
The geometrical parameter of this structure were

 nm,  nm, h = 200 nm, and  nm.
Our previous studies [10–12] demonstrated that

the enhancement of the Raman signal in such periodic
SERS structures is maximal when the period of the
structure is equal to the laser excitation wavelength. In
the case of laser excitation at a wavelength of 1064 nm
and the parameters  nm,  nm, h =
200 nm, and  nm, we reached record enhance-
ment factors of the Raman signal up to 2 × 108 [12].
Figure 2 shows how inelastic light scattering spectra
measured on the SERS substrate with the above geo-
metrical parameters change when the concentration of
thiophenol in the solution was varied from 10–4 to
10‒8. It is seen in this figure that the three main scat-
tering lines are clearly seen in the Raman spectrum
even at lowest concentrations and the signal/noise

= 500a = 1000p = 80t
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ratio remains acceptable down to a concentration of
10–8. An increase in the collection time allows record-
ing the SERS signal down to a concentration of
3 × 10–10.

According to the inset of Fig. 2, the use of the
SERS substrate allows measuring the Raman signal
from thiophenol with a concentration down to 10–9

and below. This certainly indicates a giant enhance-
ment factor of the Raman signal on the studied SERS
substrates: this enhancement factor is noticeably
higher than 108 upon pumping at a wavelength of
1064 nm. We note that the further optimization of the
metallic coating consisting of a combination of metal-
lic layers with different thicknesses made it possible to
increase the SERS enhancement factor by an addi-
tional order of magnitude and to attain the enhance-
ment factor up to 2 × 109. The corresponding results
will be reported elsewhere.

A colossal SERS enhancement factor exceeding
2 × 108 observed under laser excitation at a wavelength
of 1064 nm is a quite surprising result and requires
explanation. As mentioned in the beginning of this
paper, the SERS enhancement factor is determined by
the square of the Q factor of the metallic film

. Both permittivities  and  strongly
depend on the frequency [5]. In particular, 
and  for gold at a wavelength of 532 nm; con-
sequently, the Q factor of a gold film at 532 nm is
about 9.0. At the same time,  and 
for gold at a wavelength of 1064 nm; correspondingly,
the Q factor of a gold film at 1064 nm is 650, which is
larger than that at a wavelength of 532 nm by a factor
of 72. Since the SERS enhancement factor is propor-
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Fig. 3. Intensity of the Raman scattering versus the height
of dielectric columns according to the measurements for a
series of 16 SERS structures with the fixed parameters

 nm,  nm, and t = 80 nm and the param-
eter h varying from 10 to 1000 nm. All measurements were
performed at the same concentration of analyte and the
same laser power.

Column height

= 500a = 1000p
tional to the square of the Q factor, it can be expected
that the SERS enhancement factor for gold at a wave-
length of 1064 nm will be almost four orders of magni-
tude greater than that at a wavelength of 532 nm. A
similar analysis of the dependences of the parameters
of permittivity components for silver shows that it can
be expected that the SERS enhancement factor for sil-
ver at a wavelength of 1064 nm will be more than two
orders of magnitude greater than that at a wavelength
of 532 nm.

The aforementioned dependences of the intensity
of the Raman SERS signal on the concentration of
thiophenol, which provide a record high SERS
enhancement factor of 2 × 108, were obtained at a
fixed height of dielectric columns  nm. In [12],
we established that this height of columns is nearly
optimal, but we did not study the dependence of the
SERS enhancement factor on the height of columns h.
It is noteworthy that detailed measurements of the
dependence of the SERS enhancement factor on the
height of columns in metastructures necessary to
determine optimal parameters of the structure are still
absent. Instead, the parameters (periods, height of
columns, and thickness of the metallic coating) of fab-
ricated metastructures were usually chosen using the-
oretical calculations. However, according to our
experiment, the real geometric parameters the struc-
tures at which the enhancement of the SERS effect is
maximal are inconsistent with calculations. In partic-
ular, in [13, 14], where a similar structure was used to
study the SERS effect in the case of laser radiation
with wavelengths of 488 and 514 nm, respectively, the
optimal heights of columns were chosen from theoret-
ical calculations and were 70 nm (about λ/7) [13] and
50 nm (about λ/10) [14]. As will be shown below, these
“theoretical” heights of columns did not correspond
to the optimal h value. To determine the optimal
parameter h and to study the mechanism of additional
SERS enhancement associated with the formation of
standing plasmon-polariton waves in columns, we
analyzed a set of 16 SERS substrates that differ only in
the height of columns varying from 10 to 1000 nm. All
16 substrates were coated with the same silver layer
with a thickness of t = 80 nm. Figure 3 shows the
dependence of the Raman intensity measured under
the same conditions (same analyte concentration and
same laser power) on all 16 SERS substrates. This
dependence demonstrates that at least three geometri-
cal resonances caused by the formation of standing
plasmon-polariton waves in these structures are
achieved. The first (main) geometrical resonance
occurs at h = 250 nm, the second resonance appears at
h = 500 nm, and the third geometrical resonance
occurs at h = 800 nm. These three resonances corre-
spond to the ratios of the height to the wavelength of
laser radiation of 1/4, 1/2, and 3/4, respectively. It is
remarkable that such a set of resonances is a rather
extraordinary. The standard condition on the forma-

= 200h
tion of standing waves implies the following relation
between the size L and the wavelength λ:

At the same time, as shown in [15], this standard
relation is satisfied only in the case of symmetric
boundary conditions. It was also shown in [15] that the
resonance condition under asymmetric conditions
when one end of a strip is short-circuited by a metal
and the second end is free and not short-circuited has
the different form

This condition appears because that the condition
of zero field amplitude is absent on the free end of the
strip and, therefore, resonance corresponds to the old
condition but with the doubled length of the strip.
Since our case with dielectric columns coated with a
metal on one side corresponds to asymmetric bound-
ary conditions, it should be expected that geometrical
resonances will be observed at ratios of the height to
the wavelength of laser radiation of 1/4, 3/4, …. Just
such resonances are observed as the main resonances
in the experiment (see Fig. 3). The manifestation of an
additional resonance at  obviously corre-
sponds to a standing wave, which is formed at edges of
columns, and resonance in this case is established
between two metallic surfaces in the upper and lower
parts of columns. This case corresponds to the sym-
metric boundary conditions and, consequently, the
ratio  is a natural result.

Although the geometry of resonators used in our
work is simple and traditional, results on the depen-
dence on the height of columns seem interesting and
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Fig. 4. Intensity of the Raman scattering versus the thick-
ness of a silver coating measured in two SERS structures
with the parameters  nm,  nm, and h =
(structure 1) 250 and (structure 2) 500 nm and the param-
eter t varying from 10 to 160 nm. All measurements were
performed at the same concentration of analyte and the
same laser power.

= 500a = 1000p
surprising. In particular, in similar silver structures
fabricated for laser radiation with a wavelength of
532 nm (with a period of about 500 nm), the depen-
dence of the SERS enhancement factor on the height
contains only one maximum at a height of 130 nm
(about λ/4) and does not contain an additional
enhancement at 260 nm (λ/2). This fact means that
the efficiency of various enhancement mechanisms of
the electromagnetic field depends on the wavelength
of laser radiation. As mentioned above, there are two
contributions to the enhancement of the SERS effect,
one of which is associated with localized surface plas-
mon-polariton modes and the second contribution is
determined by propagating plasmon-polariton modes.
The first and second mechanisms can be attributed to
resonances at h = λ/4 and λ/2, respectively. According
to the results obtained in this work, the role of propa-
gating plasmon-polariton modes increases with the
wavelength of laser radiation. A similar conclusion can
be made by comparing two dependences of the SERS
enhancement factor on the height of columns, which
were measured for identical metastructures prepared
for a laser radiation wavelength of 1064 nm, but are
coated with different metals. This dependence in the
case of silver coating exhibits enhancement maxima
both at  and at , whereas only one
maximum at  is observed in the case of gold
coating. This result appears because the Q factor of
plasma waves at a wavelength of 1064 nm in gold is
much smaller than that in silver; for this reason, the
contribution of propagating plasmon-polariton modes
in gold-coated structures is suppressed compared to
localized modes.

In addition, we studied the effect of the thickness
of the metallic coating t on the SERS enhancement
factor in the case of the SERS substrate, where the
parameters of the dielectric structure a, p, and h are
optimized and correspond to the maximum enhance-
ment. To this end, we fabricate two SERS substrates
with the parameters a = 500 nm and p = 1000 nm and
the heights h = 250 and 500 nm. The former and latter
structures allow the study of the modes with 
and 1/2, respectively. It is noteworthy that the varia-
tion of the thickness of silver coating from 10 to
1000 nm made it possible to completely remove the
silver layer, to return to the initial dielectric structure,
and then to deposit a fresh silver layer with a different
thickness.

Figure 4 shows the dependences of the Raman
scattering intensity on the thickness of the silver coat-
ing measured under the same conditions (at the same
analyte concentration and the same laser power) on
these two SERS substrates. It is seen that the SERS
enhancement factor increases strongly with the thick-
ness of silver and reaches the maximum value t =
80 nm. This increase is certainly due to an increase in
the Q factor of plasma waves in the metallic layer

= λ/4h = λ/2h
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because the perfection (homogeneity) of the metallic
film is improved.

The drop of the efficiency of the SERS effect at
 nm seems surprising because the same result

(with the maximum at a thickness of about 80 nm) is
observed in our experiments not only for silver coating
but also for gold coating. Since the morphologies of
the gold and silver film surfaces are different, the drop
of the efficiency of the SERS effect at thicknesses of
the metallic film above 80 nm is not due to change in
the roughness of the surface. We note that the depen-
dences of the SERS enhancement factor with a maxi-
mum at t = 80 nm are observed for both resonance
modes with  and 1/2.

We emphasize that our results are important not
only (and not so much) for the SERS effect but also for
the increase in the sensitivity of detectors for the far
infrared spectral range up to terahertz frequencies,
where the sensitivity of detectors is insufficiently high.
It is important that the enhancement factor of the
local field does not decrease but even increases by sev-
eral times as the frequency decreases from 564 THz
(wavelength of 532 nm) to 282 THz (wavelength of
1064 nm). This effect occurs primarily because a
decrease in the frequency in this range is accompanied
by an increase in the Q factor of plasma waves in the
metal and by an increase in the mean free path of
propagating plasmon-polariton modes. However, this
behavior obviously cannot be sustained and, begin-
ning with certain frequencies, the enhancement effect
will decrease. The detailed study of the frequency
dependence of the enhancement of the local field on
such metastructures in the interval from the near
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infrared to far infrared ranges is an important unsolved
problem.

To summarize, the properties of periodic dielectric
structures coated with a thick metal layer, which allow
enhancing an inelastic light scattering signal by more
than eight orders of magnitude at a laser pump wave-
length of 1064 nm, have been studied. It has been
shown that the giant resonance enhancement of the
Raman signal in the near infrared spectral range is
ensured by additionally enhanced plasma resonance
and by geometrical resonance between the sizes of the
dielectric structure and the wavelength of laser radia-
tion. The dependence of the enhancement factor of
the Raman scattering on the height of columns in peri-
odic dielectric structures, as well as the dependence of
the enhancement factor on the thickness of the metal-
lic coating, has been studied. New resonance modes
have been revealed, for which the heights of dielectric
columns are 1/4, 1/2, and 3/4 of the wavelength of
laser radiation. It has been shown that record high
enhancement factors of the Raman scattering can be
reached in the near infrared range, which is also due to
a high Q factor of plasma waves in metals at these fre-
quencies.
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