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Abstract. In this paper, we have evaluated the application of various types of highly
conductive metals for implementing the effect of spectral surface plasmon resonance (SPR)
within a visible spectrum range to achieve more efficient and productive registration of
biomolecules in a liquid medium using tricolor RGB cameras. Thin films of gold, silver,
copper, and aluminum, as well as a bimetallic coating of silver with a gold superlayer on a
glass substrate, are considered. Detailed calculations of the spectral characteristics of
reflection at SPR excitation in the Kretschmann geometry are performed, particularly when
a thin dielectric film is formed on the metal surface that imitates a layer of biomolecules.
For each of the specified metals, the width of the region of implementation of the full-
fledged SPR effect in the visible range of the spectrum is determined, and the sensitivity of
the optical response to the influence of an external dielectric layer is assessed.
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1. Introduction

The method of surface plasmon-polariton resonance is
widespread for recording the interactions of biomolecules
on the surface of a thin metal film and is widely used in
practical applications [1-4]. Today, many devices for
biomolecules registering in solution have been created
based on this method [5-9]. However, there is still a need
to increase the productivity of these devices by creating
multichannel analyzers capable of detecting the presence
of dozens of biomolecule types in the analyzed mixture.
The need for direct recording of the unfolding and
hybridization of DNA segments during polymerase
reactions remains very relevant [10, 11].

Thin gold films with developed surface chemistry
methods for the controlled binding of specific ligands are
usually used for SPR sensor applications. However, the
surface plasmon resonance (SPR) effect in gold films is
realized within the red and infrared spectral regions, and
its registration requires the use of spectrometers. This
significantly limits design options. In the case of silver
films, the SPR effect can be realized within a shorter-
wavelength region of the spectrum. Moreover, to
implement the SPR sensor in the chromatic mode, it is
possible to use other metals with high -electrical
conductivity — copper and aluminum.

Therefore, it is necessary to analyze the suitability
of all the above-mentioned highly conductive metals for
the implementation of a chromatic SPR sensor. The
question of choosing the type of metal for registering the
influence of medium refraction on the SPR effect was
raised more than 30 years ago [12], but it did concern the
possibility of chromatic registration at that time. At the
same time, modern optical technology of the visible range
(CCD and web cameras) allows easy and quick capture
of video information, relying on the registration of the
main components of white light (R, G, and B). In the
mentioned work [12], the concept of sensitivity of the
SPR effect in the Kretschmann geometry to the appearance
of a thin dielectric film on the surface of metals, namely:
Al, Cd, Cu, In, Au, and Ag, was introduced for the first
time. The authors concluded that silver possesses optical
constants providing the highest detection sensitivity.
Much later, in work [13], a method to protect the silver
surface from chemical influences with a thin polymer
film was proposed, and in [14], the use of a bimetallic
structure in the form of a thinner gold film on the surface
of a thicker silver film was proposed and optimized
(a similar conclusion was made in the review [3]).

The practical implementation of chromatic registra-
tion can be carried out in different ways. We will mention
only some of the known technical solutions. In [15],
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a sapphire semi-cylinder was used onto the axis on which
a converging white beam was focused. The reflected
beam was collimated by a cylindrical lens and passed
through a diffraction grating, which allows for recording
of the spectrum of the refractive index of a water/glycerol
solution within the red and near IR ranges
(580...710 nm). Later, in [16], the chromatic registration
of the SPR minimum was implemented using the light
pipe method (an intermediate option between a prism and
a planar waveguide) with a gold film. In work [17], a
detailed comparison of the spectral and angular options
for SPR control was carried out and it was shown that in
terms of sensitivity, the use of a goniometer (with an
accuracy of 0.001 deg.) is equivalent to the chromatic
approach with an accuracy of 0.6 nm.

Recently, significant attention has been paid to the
search for new materials suitable for SPR registration
[18-32]. This interest arises from the growing demand
for biosensing technologies in the fields of medical
diagnostics, environmental monitoring, and food safety.
However, researchers are not only exploring novel mate-
rials but, also, working to replace traditional dispersive
elements like prisms or diffraction gratings with tricolor
cameras, enabling the development of multichannel bio-
analyzers for simultaneous analysis of multiple analytes.
Thus, studies [33, 34] substantiate the use of smartphones
in medical analyzers, showcasing their accessibility and
potential for rapid diagnostics. Additionally, the work
[35] demonstrates the application of three RGB LEDs to
create an express analyzer for detecting sugar and
albumin in urine. The authors of [36] highlight the
usefulness of color shades in the RGB space for a
detailed analysis of the SPR reflection spectrum, offering
a more efficient alternative to detailed spectral data.

The main goal of this work is to evaluate the
feasibility of using various types of highly conductive
metals to implement the SPR spectral effect within the
visible range of the spectrum to achieve more sensitive
registration of biomolecules.

2.

The spectral range of occurrence of the SPR effect in thin
metal films is determined by the optical parameters of the
metal and the dielectric. Thus, the condition for the
existence of plasmon-polariton resonance at the metal-
dielectric interface is the accordance of the relation
em< —&q4, Where gy is the real part of the permittivity of
the metal (it is negative), g4 is the permittivity of the
dielectric. Recall that the optical constants of metal n, k
are related to the complex permittivity €' + ic" as follows:
(n +ik)>=¢" +ig". In the case of the Kretschmann geo-
metry, the adjustment of the X-component of the photon
wave vector is carried out by varying the angle of inci-
dence at a given wavelength, focusing on a type of metal.
The spectral dependences of optical parameters n, k for
thin films of gold, silver, copper, and aluminum are
shown in Fig. 1a. The values of these parameters within
the visible spectral range were obtained from a publicly
available reference site [37], and in general, they corres-
pond to the literature data [38, 39]. Based on preliminary

Theoretical background

estimates of the extinction coefficients (they determine the
attenuation of a light wave in metal), the film thicknesses
necessary for implementing SPR in them were selected
within the ranges: 50...55 nm for gold, 35...40 nm for
silver, 30...35 nm for copper, and 20...25 nm for alumi-
num. As can be seen, the highest value of the k parameter
is observed for aluminum, and it is significantly smaller
for silver; copper and gold show close and slightly
smaller values. At the same time, the refractive index has
the lowest value for silver within the entire wavelength
range. Gold and copper show a decreasing dependence
with increasing wavelength, and aluminum — an increasing
one. Fig. 1b shows the corresponding values of the real part
of a dielectric function e, = n?— k’ of the specified metals
compared with the value of the dielectric constant of water
(e4=1.769, ny=1.33). As we can see, the above
condition for the existence of SPR for gold films is
realized only within the long-wave region at wavelengths
A > 500 nm. For other considering metals Ag, Cu, and
Al, such restrictions are not observed. Therefore, it can
be assumed that for some of them, it will be possible to
implement a chromatic SPR biosensor within the entire
visible range of wavelengths.

Optical constants n,k
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Fig. 1a. The spectral dependences of the refractive index n
(solid curves) and extinction k (dashed curves) for films of
highly conductive metals Au, Ag, Cu, and Al.
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Fig. 1b. The spectral dependences of the real part g, of the
permittivity of specified metals. The dashed line indicates the
value g4 for water.
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Let us calculate the spectral and angular dependences of
the reflection coefficient R on the excitation of SPR in
the Kretschmann geometry for a semi-cylindrical glass
prism with a refractive index of 1.61 in films of all speci-
fied types of metals to determine the width of the region
of implementation of the full-fledged SPR effect within
the range of visible wavelengths. The estimation of the
effect of an external thin dielectric layer (a 5...10 nm thick
film with a refractive index of 1.48 (g4 =2.19), close to the
refraction value of oligonucleotide layers) deposited on the
metal surface is also important. The calculations were per-
formed using the freely available WinSpall 3.02 program
for modeling SPR curves [40], created based on the Fresnel
formalism. The spectral dependences of the n, k values of
metals are taken from the data in Fig. 1a. For certainty,
the following film thicknesses were taken for the
calculations of reflectance spectra: 50 nm for gold, 40 nm
for silver, 35 nm for copper, and 20 nm for aluminum.
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Fig. 2a. The evolution of the reflection coefficient with the
excitation of SPR in a 50 nm thick gold film in contact with
water within the red spectrum range 500...1000 nm
(wavelength values with the step of 50 nm are indicated on the
curves). For interpretation of the colors in the figure(s), the
reader is referred to the web version of this article.

1.04

—— 57 deg
—— 58 deg
—+— 59 deg
—— 60 deg
—— 61 deg
—— 62 deg
—— 63 deg
—— 64 deg
—— 65 deg
—— 67 deg
] 70 deg
/| ——55deg
| | —— 56 deg
| | ——66deg
. | | ——68deg
\ / ——69deg

I

Reflection, arb. un.
n

0.0

T T T T T' T 1
500 750 800 850 900 950 1000 1050

Wavelength, nm

T T
550 600

650

Fig. 2b. The family of spectral dependences of the reflectivity
of a 50 nm thick gold film at different fixed angles of light
incidence (the angle values are shown on the curves). The
vertical colored bars indicate the position of spectral
components R (at 660 nm) and G (at 560 nm).

Gold

Fig. 2a shows the calculated SPR reflection spectra R(0)
in the scale of light incidence angles for a gold film
within the range 500...1000 nm. The longest-wavelength
curve (on the left) corresponds to 1000 nm, the rest were
obtained with a wavelength value shift of 50 nm toward a
decrease. One can observe that the narrowest resonance
curve belongs to the longest IR wave. The minimum of
the curve greatly expands and practically disappears with
decreasing the wavelength to 500 nm.

Fig. 2b shows similar dependences of internal light
reflection from the glass-gold-water interface R(}),
calculated on the wavelength scale at fixed angles of light
incidence. It is seen that at angles 61...63 degrees there
is a full-fledged deep minimum of internal reflection of
light, which falls on the red component of white light.
However, starting from angles of incidence of 65 to
66 degrees, the minimum becomes increasingly shallow,
although it still partially covers the green part of the
spectrum. In fact, this weakened green band is the short-
wave limit of the possibility of implementing of SPR on
gold. Note that the blue region is inaccessible in this case.

Since the main purpose of the SPR sensor is to
register biomolecules from a solution on the metal
surface, we will simulate this process by creating a thin
dielectric layer between metal and liquid. A model
calculation of this effect is shown in Fig. 3.

We see that the appearance of a thin film leads to a
shift of the curve R(0) to the right, so that the reflection
signal on the left slope of the curve increases, and on the
right slope, it decreases (which is illustrated by pairs of
arrows 1-1', 2-2', and 3-3'). The magnitude of the shift
can be used as a basis for assessing the sensitivity S of
the SPR sensor to a change in the thickness of the dielec-
tric layer. In this case, the shift value can be recorded in
two ways: 1) by the shift of the SPR minimum angle at a
fixed wavelength, S;, and 2) by the change in the
reflection coefficient R at a fixed angle of incidence, S,.
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Fig. 3. The response of an internal reflection in a gold film to
the appeared 10 nm thick dielectric layer with a refractive index
of 1.48 at three incident light wavelengths of 720, 660, and
600 nm. The arrows (1-1"), (2-2"), and (3-3"), respectively, show
the change in the reflectivity at selected fixed angles of
incidence, as a response to the appearance of the outer film.
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Thus, based on the curves in Fig. 3, for wavelengths
corresponding to the red and near IR spectral regions
relevant for gold, we obtained the following sensitivity
ranges: S; = 1...2 degrees, S, = 0.23...0.46 arb. un.

It should be noted that the opposite signal shift can
be successfully used to enhance the response if it is
calculated as the difference between signals taken from
different sides of the minimum. Moreover, this can be
achieved in two ways: either with two fixed wavelengths
of one angle of incidence or with two fixed angles of one
wavelength. The first way of this response difference was
previously used in work [41]. For example, based on
Fig. 2b, the optimal wavelengths for this recording
principle at an incidence angle of 6 =62° can be
A1 =630...650 nm and A, = 700...720 nm, while based
on Fig. 3, accordingly, the optimal angles for A =720 nm
are 61 =60.5...61° and 0, = 62.5...63°. Thus, there is a
certain reserve for increasing the sensitivity of this
method when switching to shorter or longer wavelengths.

Thus, considering the gold films the following can
be noted. Gold films used in the chromatic SPR mode
can fully operate only within the red and infrared range at
wavelengths over 500 nm. However, working in the
long-wave range, the inconvenience is caused by the
invisibility of IR rays and the need to use synchronous
detection. On the other hand, the advantage of using gold
is the availability of well-developed methods for its
surface modification for biosensorics.

Silver

Fig. 4a shows a family of model SPR reflectance curves
R(0) for 40 nm thick silver films in contact with water
within the visible wavelength range. Unlike gold, a full
minimum of SPR reflection is observed here throughout
the entire visible range of waves from 700 nm up to
400 nm, allowing the use of this range for RGB
registration. The minimum broadens with shortening the
wavelength, but it will be shown below that the angular
sensitivity to the appearance of a dielectric layer on the
silver surface also increases with broadening the minimum.

The spectral reflection curves calculated in the
wavelength scale R()) at fixed angles of light incidence
in the case of pure silver are shown in Fig. 4b. One can
see that these curves have a U-shaped form with a deep
minimum of reflection for all angles within the range
59°...70°. The vertical colored bars indicate the positions
of all three spectral components R (at 660 nm), G (at
560 nm), and B (at 460 nm).

As can be seen from Fig. 4b, in the case of pure silver,
to enhance the response as the difference of signals at
two fixed wavelengths obtained from either side of SPR
minimum, responses at two wavelengths can be used,
either on the blue and green bands (at angles 67°...68°)
or on the green and red bands (at angles 61°...62°). If all
three color components are used and an optical scheme
with angles of incidence of the white beam at 61 and 67
degrees is chosen, one can expect a doubling of the
magnitude of the registered effect.
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Fig. 4a. The spectral dependences of the reflectance coefficient
on the excitation of SPR in a 40 nm thick silver film in contact
with water; the initial wavelength of 700 nm is shortened
stepwise by 20 nm up to 400 nm.
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Fig. 4b. The spectral dependences of the internal reflection for
a 40 nm thick silver film at different angles of light incidence.
The colored bars indicate the positions of spectral components
R, G, and B.

Let us evaluate the reaction of the reflection
coefficient R to the appearance of a thin dielectric film on
the surface of silver. This assessment for three wave-
lengths corresponding to the R, G, and B components is
shown in Fig. 5. As we can see, the obtained sensitivity is
quite high. According to the criteria introduced above,
the angular shift of the SPR minimum S; at a fixed
wavelength and the change in the magnitude of the
reflection coefficient S, at a fixed angle of incidence lies
within  the following ranges: S; =1...4 degrees,
S, =0.36...0.5 arb. un.

A well-known drawback of silver is its chemical
reactivity, which necessitates covering the surface of the
metal that contacts the aqueous environment. For this
purpose, the use of a thin polymer coating on silver that
can neutralize its chemical activity can be proposed. In
this case, the polymer coating can simultaneously perform
as a selective and sensitive layer for the SPR sensor [42].
However, a more traditional approach, in this case, is to
apply a sufficiently thin layer of gold onto the silver [14].
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Bimetallic layer silver-gold

Let us simulate the application of a thin (5 nm) gold over-
layer onto a silver film of 40 nm thick. This bimetallic
coating was proposed in [14]. The results of calculating the
family of the spectral dependences of reflection in the
angular scale at different wavelengths for this case are
shown in Fig. 6a.

A comparison of the obtained curves with similar
ones for a pure silver film (see Fig. 4a) shows that after
applying a thin gold overlayer on silver, the SPR
excitation spectrum significantly shortens within the
short-wavelength region, shifting from 460 nm (blue
region) to 500 nm (beginning of the green region) at the
same angles. At the same time, there is a noticeable
narrowing of the SPR minimum within this range.

The dashed curves in Fig. 6a show the result of the
appearance of thin “adsorption” 5nm layer with a
refractive index of 1.48 on the bimetallic film. As can be
seen, the appearance of the thin layer on the surface leads
to a characteristic shift of the SPR curve towards larger
angles. However, within the green region, there is a
narrowing of the minimum of the curve, and with further
movement towards the blue region of the spectrum, the
excitation of the plasmon-polariton is disrupted precisely
due to the appearance of the thin gold overlayer. The
reflection curves for the examined bimetallic structure,
presented in the wavelength scale at fixed angles (within
the range 59°...70°), are shown in Fig. 6b. The vertical
red and green bars correspond to the regions of
successful registration of the color components R and G.
However, the blue region turns out to be inaccessible.

A distinct and quite narrow minimum is observed
for angles of 60 to 64° (see Figs 6a, 6b). At an angle of
60°, the minimum is located close to 700 nm, and
“adsorption” leads to its shift to 680 nm. Increasing the
angle of incidence gradually moves the minimum to the
left. However, the response to “adsorption” gradually
decreases with increasing the angle of incidence. The
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Fig. 5. The responses of internal reflection in a silver film to the
appearance of a 10 nm thick dielectric layer with a refractive
index of 1.48 at three incident light wavelengths corresponding
to the R, G, B components: 660 nm (shown by arrows 1-1'),
560 nm (2-2"), and 460 nm (3-3").

1.04
Ag40-Au5

0.9 Jmm— -

0.84

<
< 0.6 4

Reflection,

LN

o 580

760 660 620 6O
T

T T T
56 58 60 62 64 66 68 70 72
Angle of incidence, degree

Fig. 6a. The angular dependences of SPR for the bimetallic
film Ag40-Au5; wavelength values with the step of 20 nm are
indicated on the curves. The dashed curves show the effect of
an external 5 nm dielectric film (n = 1.48).
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Fig. 6b. The spectral dependences of reflection for the
bimetallic structure Ag40-Au5 for fixed incidence angles within
59°...70°. The vertical colored bars indicate the position of
spectral components R (at 660 nm) and G (at 560 nm).

optimal angle of incidence in this series of curves can be
considered close to 63° as the signal at the green
wavelength increases with “adsorption”, while at the red
wavelength, it decreases. Thus, the advantage of RGB
registration can be realized to enhance the response.

The reaction of the reflection coefficient R to the
appearance of a thin dielectric film on the surface of the
bimetallic layer for three wavelengths corresponding to
the relevant red and green spectral regions for this case is
demonstrated in Fig. 7. One can see that the obtained
sensitivity is quite high. According to the criteria for the
angular shift of SPR minimum and the change in the
magnitude of the reflection, it lies within the following
ranges, respectively: S; = 1°...2°,S,=0.31...0.46 arb. un.

Thus, we can conclude that the option of bimetallic
film is noticeably worse than that of a pure silver film
because the spectral range of the existence of SPR within
the short-wavelength range of the visible spectrum is
significantly reduced.
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Fig. 7. The internal reflection responses in the Ag40-Au5
bimetallic structure to the appearance of a 10 nm thick
dielectric layer with a refractive index of 1.48 at three incident
light wavelengths: 660 nm (shown by arrows 1-1'), 600 hm
(2-2"), and 560 nm (3-3").

Let us now consider other highly conductive metals
as potential candidates for the principle of chromatic
detection of adsorption using the registration of the R, G,
and B components.

Copper

Figs. 8a and 8b show the angular dependences of internal
reflection within the range of SPR excitation and the
corresponding spectral dependences at different angles of
light incidence; for a copper film of 35 nm thick. One can
see that SPR is well excited only within the red range of
the spectrum, as in the case of gold. As noted above,
copper and gold have close optical constants within the
visible range. However, compared to gold, copper still
has a slightly larger real part of the permittivity within
the short-wave region (see Fig. 1b). Nevertheless, this
circumstance does not provide a noticeable advantage for
copper, which is evident from the spectral characteristic
of reflection (see Fig. 8b): within the green range of the
spectrum, reflection is practically independent of the
wavelength. Sharp signal fluctuations occur within the
longer-wave red and near IR ranges. As a result, such
characteristics do not allow the full use of copper for the
realization of the chromatic mode of the SPR biosensor.

As follows from Fig. 8b, we can obtain a significant
gain in sensitivity using the difference in signals at 660 nm
(component R) in the mode of switching between two fixed
angles of light incidence within 61°...62° and 65°...66°,
since the responses at these angles have different signs.

Let us estimate the sensitivity of the reflection
coefficient R for copper to the appearance of a thin
dielectric film on the metal surface. This estimation
for three wavelengths corresponding to the red range of
the spectrum, relevant for copper, is demonstrated in
Fig. 9. It is evident that the sensitivity is quite low.
According to the above-introduced criteria S; and S,
it varies within the limits, respectively: S; =1°...1.6°,
S, =0.22...0.31 arb. un.
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Fig. 8. The angular (a) and spectral (b) dependences of the
reflection coefficient within the range of SPR excitation in a
copper film of 35 nm thick.
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Fig. 9. The internal reflection responses in a 35 nm copper film
to the appearance of a 10 nm thick dielectric layer with a refrac-
tive index of 1.48 at several incident light wavelengths: 700 nm
(shown by arrows 1-1'), 660 nm (2-2"), and 620 nm (3-3").

Considering copper as a candidate for use in the
chromatic SPR mode, we can summarize that copper
films can fully operate only within the red range at
wavelengths over 600 nm. Neither the green nor the blue
ranges of the spectrum are accessible to them.

Kukla O.L., Shirshov Yu.M., Biletskiy A.l., Fedchenko O.N. Spectral SPR effect in thin films of high-conductive ...

483



SPQEO, 2024. V. 27, No 4. P. 478-488.

Aluminum

As follows from Fig. 1, aluminum is a very promising
material for the SPR realization within the short-wave-
length range of the visible spectrum, since the real part of
its dielectric function &, is negative and significantly
exceeds the corresponding values of other metals. Due to
the high extinction coefficient k in aluminum, the
electromagnetic wave attenuates very quickly, so in the
Kretschmann geometry it is necessary to use very thin
metal films. Fig. 10a shows the angular dependences of
SPR for an aluminum film of 20 nm thick. As can be
seen, the SPR curve has a pronounced narrow minimum
within 57°...60° for the short-wavelength range of
400...560 nm. It is worth noting that the increasing part
of the angular dependence very quickly reaches saturation
and the maximum reflection does not exceed 0.6...0.7,
unlike gold, copper, and silver films, where this value is
0.8...0.9. This is also a consequence of the high value of k.

However, the spectral dependences of reflection
(see Fig. 10b) within 400...600 nm do not exhibit a pro-
nounced U-shape. Only the curve at an incidence angle
of 59° demonstrates some semblance of a minimum close
to 430 nm. Thus, SPR is quite successfully realized only
within the blue range of the spectrum.

By analogy with the other considered metals, let us
estimate the sensitivity of reflection coefficient R to the
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Fig. 10. The angular (a) and spectral (b) dependences of the
reflection coefficient within the range of SPR excitation in an
aluminum film of 20 nm thick.
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Fig. 11. The internal reflection responses in a 20 nm thick
aluminum film to the appearance of a 10 nm thick dielectric
layer with a refractive index of 1.48 at three incident light
wavelengths: 560 nm (shown by arrows 1-1'), 460 nm (2-2"),
and 400 nm (3-3").

appearance of a thin dielectric film on the aluminum
surface. Fig. 11 demonstrates this estimation for three
wavelengths corresponding to the blue part of the spectrum
relevant just for aluminum. The obtained sensitivity is
larger than the corresponding value for copper but less
than for other considered metals. According to the above
criteria S; and S,, it lies within the limits, respectively:
S;=0.9°...1.5° S,=0.4...0.65 arb. un.

Thus, as follows from the above-obtained results,
the excitation of a full-fledged SPR in an aluminum film
is possible only within the blue range of the visible
spectrum. Therefore, aluminum should also be excluded
from the candidates for realizing a chromatic SPR sensor.

3. Results and discussion

Based on model calculations of the sensitivity of the SPR
sensor to the appearance of a thin dielectric film on the
metal surface (in fact, the sensitivity to the adsorption of
the biomolecular layer), we carried out a quantitative
analysis of the data obtained in the previous sections. In
this case, the change in the reflection coefficient at a
fixed angle of incidence for a given wavelength (the
parameter S, introduced above) was taken as the main
parameter. This parameter is important for the chromatic
mode of the SPR. This quantitative data for all
considered metals is presented in Table.

As can be seen from the provided data, silver has
the highest sensitivity to the appearance of an external
dielectric layer (simulating the adsorption layer of
biomolecules), it has the largest changes in the value of
the reflection coefficient at fixed angles of incidence
within the entire visible range of the spectrum. This is
obviously due to the presence of a resonance curve with
steeper slopes compared to other metals.

The second (most sensitive) metal among the
considered ones is the bimetallic structure of silver with a
thin gold overlayer, and the third is pure gold. In general,
the characteristics of these two variants are very close,
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Table. The values of response to the appearance of a 10 nm
thick dielectric layer with a refractive index of 1.48 for: (a)
50 nm thick gold film, (b) 40 nm silver, (c) bimetallic structure
of 40 nmsilver — 5nmgold, (d) 35nm copper, (i) 20 nm
aluminum. The values of response are taken as the change in

the reflection value at the indicated wavelengths.

(@)
QU 50 Wavelength, nm Angle,
esponse, d
arb. un. 600 660 720 egree
0.23 65.5
-0.14 73
Difference 0.37
0.36 62.5
-0.23 66
Difference 0.59
0.46 61
-0.29 63
Difference 0.75
(b)
Ag 40 Wavelength, nm Angle,
Response, d
arb. un. 460 560 660 egree
0.36 69
-0.27 78
Difference 0.63
0.44 62
—-0.26 65
Difference 0.7
0.5 59.5
-0.3 61.3
Difference 0.8
(©)
Ag40-Aus Wavelength, nm Angle,
Response, d
arb. un. 560 600 660 egree
0.31 64.5
-0.21 68.5
Difference 0.52
0.40 62.3
-0.26 65
Difference 0.66
0.46 60.5
-0.28 62.5
Difference 0.74
(d)
Cu 35 Wavelength, nm Angle,
Response, d
arb. un. 620 660 700 egree
0.22 64
~0.13 69.5
Difference 0.35
0.25 62
-0.14 66.5
Difference 0.39
0.31 60
-0.17 62.5
Difference 0.48

()
Al 20 Wavelength, nm Angle
Response, ,
arb. un. 400 460 560 degree
0.48 59
-0.17 62
Difference 0.65
0.4 58
-0.13 61
Difference 0.53
0.32 57
-0.08 59.5
Difference 0.40

which is no coincidence, since it is the outer layer of the
bimetallic structure near the metal-dielectric interface
that essentially determines the conditions for generating
plasmon-polaritons. Next in value of sensitivity is
aluminum, which is significantly inferior to the previous
options, but has a very effective blue region with good
sensitivity within this range. Finally, copper has the
lowest sensitivity among all considered metals.

To achieve higher sensitivity, we emphasize the
possibility of using as a response not just a change in the
value of reflection during adsorption of the biomolecular
layer, but the difference in responses at various angles of
light incidence, taking advantage of the opposite signs of
the corresponding responses (see Table). In this way, it is
possible to increase the value of response up to 1.5 times.
Moreover, we can take into account the difference in the
value of responses simultaneously for several different
wavelengths close to R, G, and B components. This is
realized especially effectively for silver films, where all
three R, G, and B components work perfectly. Then the
total difference response can reach more than 200 %.
Note that a similar approach has already been
experimentally tested by us in [43]. At the same time, for
other metals, with a shortened range of SPR realization,
such large responses as on silver cannot be achieved.

4. Approaches to the realization of a chromatic
SPR biosensor

The proposed method of chromatic registration of
molecular adsorption by monitoring the R, G, and B
components of reflected light under conditions of
plasmon-polariton resonance excitation can be realized
when the lateral surface of a glass prism (with a refractive
index greater than 1.61 for liquid media) is illuminated
by a parallel collimated beam from a white light source.
A thin layer of plasmon-active metal is applied to the
base surface of the prism. Since in the previous sections
we noted the advantages of silver in the realization of the
chromatic mode, we will assume that a silver layer of
38...45 nm thick is used as a plasmonic metal, protected
from above by a thin superlayer (units of nm) of chemi-
cally resistant polymer. The angle of incidence is selected
within 50°...70° (relevant for liquid media). The reflected
beam is directed to the video camera of the smartphone,
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which can record and store the colored image of the
illuminated surface in the X and Y coordinates.

A pattern of ligands that specifically react with
analyte molecules (antibodies, DNA fragments, etc.) is
applied to the silver surface. After the surface is brought
into contact with the buffer solution, the initial
distribution of RGB, (X, Y) values is recorded and stored.
The liquid medium is then replaced with a sample
containing a set of the studied molecules that have an
affinity for the applied ligands and after the interaction of
the analyte and ligand (receptor), a new distribution map
of RGB; (X, Y) is recorded. To increase the sensitivity
and reliability of molecule detection, it is advisable to
record responses not only by changes in the color
components AR, AG, and AB but also (considering the
often opposite direction of the response) by changes in
their differences AR-AG, AG-AB or AR-AB, which
leads to at least a doubling of the difference signal.

5. Conclusions

It has been shown that the best option for realizing the
SPR of biosensors in the chromatic mode is silver, it
allows with equal success to obtain a full-fledged SPR
effect within the widest visible range 400...700 nm. The
calculations also have shown that silver is the best metal
in terms of sensitivity to the appearance of an external
dielectric layer (simulating the adsorption layer of biomo-
lecules) by changing the value of the reflection coefficient
at a fixed angle of incidence of the beam and shifting the
angle of the SPR minimum at a fixed wavelength. For the
first case, more important for assessing the chromatic
SPR sensor, detailed quantitative characteristics were
obtained for all the considered metals. Based on these
characteristics, as well as the range of implementation of
the full-fledged SPR effect, the considered metals can be
arranged in descending order of quality as follows: silver
— bimetal silver-gold — gold — aluminum — copper.

The second (most functional) variant is a bimetallic
structure of silver with a thin gold overlayer. Although it
is noticeably inferior to pure silver in the breadth of the
SPR realization range, however, includes, in addition to
the red, also a full green region of the spectrum. Another
advantage of this structure is the chemical resistance of
gold to oxidation. Third in this list is pure gold, which is
only slightly inferior to the bimetallic structure. The
other considered metals have a significantly lower
potential, realizing SPR only within one specific range of
the spectrum (copper — within the red, aluminum — within
the blue), and thus cannot claim to implement a full-
fledged chromatic SPR sensor.

The spectral analysis of the SPR effect using wide
ranges of wavelengths and angles of light incidence also
showed the possibility of successful operation of the
sensor in a quasi-chromatic mode. In this case, for highly
sensitive recording of responses, it is possible to use only
a few selected wavelengths of the visible range at a fixed
angle of incidence or several fixed angles at one
wavelength. This approach can significantly simplify the
design of a chromatic SPR sensor.
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Cunextpaabuuii edext IIMNP y ToHKUX MJiBKax BHCOKONMPOBIIHUX MeTaJiB Ta ocodauBocTi peanizamii ITIIP-

OioceHCOpiB Y XpOMATHYHOMY pPesKUMI

0.1. Kykaa, FO.M. Mupuos, A.I. Bineubknii, O.M. ®equeHko

AHoTanisi. Y po0oTi NPOBENEHO OINIHKY 3aCTOCYBaHHS PI3HMX THUIIIB BHCOKOIPOBIAHMX METATIB Ul peamizarii
cnekTpanbHoro edekry [P (moBepXHEeBHIl TIA3MOHHHUI PE30HAHC) Y BUAMMIN 00NaCTi CIEKTpa Ui JOCATHEHHS
OiTpII e(peKTHUBHOI Ta MPOAYKTHBHOI peecTpallii 0iOMOJIEKYI y PiIKOMY CEpPEeIOBHIII i3 3aCTOCYBAHHSAM TPUKOJIOPHHUX
RGB-kamep. Po3ristHyTo TOHKI IUTIBKH 30J10Ta, Cpibia, Mili Ta aTIOMIHIIO, a TaKOX OIMETaIIYHOTO MOKPUTTS cpidia i3
HAAIMIapoM 30J0Ta Ha CKIIHIN migkmaami. [IpoBemeHo meTanmbHI pO3paxyHKH CIIEKTPAaIbHHUX XapaKTEPHCTHK BiIOUTTS
npu 30ymxenHi [P y reomerpii Kperumana, 30kpema npu yTBOpEHHI Ha MOBEPXHI METally TOHKOI Ji€NeKTPHUYHO]
IUTIBKH, IO iMiTye map Oiomosekysa. JJis KOXKHOTO i3 3a3HAYEHMX METANIB BH3HAYECHO HIMPHHY 00JacTi peaizarlii
moBHOIIHHOTO edekry IIIIP y BuamMoMy niama3oHi CHEKTpa, a TaKOX MPOBENCHO OIHKY YYTIUBOCTI ONTHYHOTO
BIATYKY JI0 BIUTUBY 30BHILIHBOTO AICIIEKTPUYHOTO MIapy.

Karouosi cioBa: cnexrpanbauii edekr [MI1P, xpoMaTn4Huil pexuM, BHCOKOINPOBIIHI METald, CIIEKTPH BiIOWUTTS,
R, G, B KOMIIOHEHTH, BUAMMHUH Iiama3oH CIIeKTpa.
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