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To create nanoscale UV sensors and devices based on biomaterials, a detailed study of their optical properties and
current transport mechanisms is necessary. In this paper, we study the optical properties of a bilayer structure containing
DNA. The transfer matrix method is used. The analysis is performed considering both the real and imaginary parts of the
refractive indices of both layers. Reflectance, transmittance, and absorptance spectra are determined. At the average values
of the real and imaginary parts of the refractive indices of DNA absorptance passes through a maximum at 215-220 nm and
a minimum at 250-260 nm. When considering the spectral distribution of the real and imaginary parts of the DNA refractive
index, the absorbance shifts along the wavelength toward longer waves, passes through a minimum at 220 nm, and then
through a maximum at 257 nm. The extremes of the absorptance shift to the long-wave region with an increase in the angle
of incidence of the radiation. An attempt is made to explain the spectral behaviour of DNA absorptance and its dependence
on the value of the imaginary part of DNA refractive index and the angle of incidence of the irradiation. Using the
approximation method based on the spectral dependence of acceptance, a formula for the absorption coefficient of DNA is
obtained. The acceptability of using the transfer matrix method for studying the optical parameters of organic materials with

a complex refractive index is shown.

Keywords: Absorptance, Reflectance, Refractive index, Transfer matrix method

DNA is the main target of UV irradiation in both lower
and higher organisms. DNA containing materials are
attracting increasing attention and scientific interest for
their application in optical nanoscale devices. Properties
such as flexibility and complementary interaction with
electronic structures recommended biomaterials for
integration into several organic optical devices. Being
renewable, biodegradable and environmentally friendly,
biomaterials can lead to non-polluting technologies
and effective cost reduction of the optical devices
(biosensors, organic bioLEDs, bioFETs, bioLASERs,
capacitors, photovoltaic devices, memory devices,
amplifiers and non-linear optical modulators, efc.)"™.
DNA, RNA and nucleobases may soon become
“building blocks” in the field of nanoelectronics and
nanotechnology.

The results of the study of the optical properties
of thin-film DNA complexes based on cetyltri-
methylammonium (DNA-CTMA) applied to an optical
elastomer substrate show their suitability for the creation
of bio photonic devices’. The absorption of DNA-
CTMA rapidly increases up to 270-280 nm, then rapidly
decreases. A biosensor for detecting DNA hybridization
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via refractive index sensing has been demonstrated using
a subwavelength grating waveguide®. By varying the
RNA concentration and the precipitation process
parameters, homogeneous continuous layers of solid
RNA with thicknesses ranging from 30 to 46 nm were
successively produced’. Starting from the irradiation
wavelength of ~200 nm, the reflectance of DNA
molecules decreases with increasing wavelength, passes
through a minimum at ~228 nm, then increases, passes
through a maximum at ~260 nm and drops to zero at
~310 nm'®. The electronic spectrum of nucleobases
shows a prominent absorption peak at 260 nm, a valley
at 231 nm in the UV range, and a relatively strong
absorption peak in the IR range''. With increasing angle
of incidence of irradiation, the reflection decreases. The
behavior of the absorptance of DNA molecules in
various combinations with various substrates and in
different combinations under different circumstances
differs in minimum values at ~230 nm and maximum
at ~260 L2 At present, the technology for
producing thin layers of DNA, RNA and nitrogenous
bases is quite advanced. They can be prepared by
various methods, including organic extraction,
precipitation, laser ablation, silica-based purification and
chromatographic methods, vacuum thermal evaporation
and solution-based methods such as centrifugation and
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layer-by-layer precipitation'>"”. Polydimethylsiloxane

(PDMS) 1is often used for scientific research on
structures with organic materials. PDMS has a low
refractive index, weak absorption in the visible
region, high thermal and chemical stability, and
biocompatibility'®. The low refractive index will allow
us to achieve a noticeable difference between the
refractive indices of the layers studied. It is also
worth noting that PDMS can be prepared as a thin,
separate layer’.

Optimization of optical properties of multilayer thin-
film structures containing organic materials depending
on the wavelength and angle of incidence of irradiation,
as well as many other purposes, is an interesting and
promising scientific direction'®?'. The main modeling
methods commonly used in the field of subwavelength
antireflection structures are the finite difference time
domain method (FDTD), the finite element method
(FEM), the rigorous coupled wave analysis or Fourier
modal method (RCWA/FMM), and the transfer matrix
method (TMM)™*. TMM is one of the most powerful
methods in modern theoretical physics. Typically, TMM
was used to model the linear propagation of
electromagnetic waves through a layered medium. The
layered structure may consist of several thin-film
materials with different thicknesses and different
refractive indices. The task becomes more interesting
from the point of view of the development of
bioelectronics and biosensorics when organic material is
used instead of layers. TMM has been successfully used
to study the optical properties of complex multilayer
structures to reduce reflection for solar cells®, to
study the wave transmission in one-dimensional
structures and allows one to calculate band diagrams,
reflection and transmission spectra, emission spectra,
guided modes, and the modeling of porosity and
thickness gradients™.

This work is devoted to the theoretical study
(modeling) of the optical properties of thin-layer DNA
under UV-B irradiation. The TMM method will be
used to study the features of the spectral dependencies
of reflectance and absorptance of the thin-layer
DNA/PDMS bilayer structure. The calculations are
carried out considering both the real and imaginary parts
of the reflective indices of both layers.

Optical parameters of DNA-PDMS Double Layered Structure

DNA stability is fundamental to the proper
functioning and existence of living systems.
Irradiation has an adverse effect on genome stability.
UV-B irradiation (280-315 nm) and longwave
part of irradiation UV-C (100-280 nm) is one of the
important mechanisms that alter the normal state
of life. Cells are constantly exposed to various
environmental influences. Under their influence,
genomic DNA is damaged, which poses a threat to
their proper functioning.

Let us consider the optical properties (reflectance
and transmittance) of a double layer structure: organic
molecules (DNA)/substrate (PDMS). Figure 1 shows
a schematic representation of the thin-layer DNA-
PDMS bilayer structure we studied under UV
irradiation. The substrate and the layer of DNA are
characterized by the complex refractive indexes fi;
and fi,, correspondingly. In Figure 1, I, is the
intensity of the incident irradiation, 8 is the angle of
incidence, and R is the total reflectance from the
surface. Within a two-layer structure, multiple
reflections will occur from the interfaces between the
layers. The angles of incidence of irradiation at the
corresponding interlayer boundaries are denoted by
64, and 0,, reflectances as R, R; and R,, T denotes
the transmittance, t; and t, are thicknesses of the
layers, ng is the refractive index of the air, 71; and 71,
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Fig. 1 — Double-layer DNA-PDMS structure under irradiation

are complex refractive indices and nq, n,, kq, k, are
real and imaginary parts of refractive indices of
corresponding PDMS and DNA layers.

Based on the presented in Fig. 1 geometric
construction with the use of TMM, the reflectance and
transmittance of light irradiation through DNA/PDMS
structure can be determined by setting the parameters
of all the layers included in it. To calculate the
absorption spectrum of DNA, it is necessary to
consider the losses of irradiation in the layers of the
structure, i.e. to also consider the imaginary parts of
the refractive indices. Refractive index is a complex
function, where the real part reflects the scattering,
and the imaginary part reflects the absorption of the
incident optical field in the medium.

The disadvantage is the extensive sequence of
operations required on a small matrix. This greatly
complicates the calculations. We will use complex
refractive indices for layers in the form

fi =n— ik. (D)

The transfer matrix method in optics is a
mathematical technique used to analyze the
propagation of light rays through an optical system by
representing each optical element as a 2x2 matrix,
allowing for the calculation of the ray's position
and angle after passing through the entire system
by multiplying these matrices together™. If the
electromagnetic field is known at the beginning of a
layer, the field at the end of the layer can be obtained
from a simple matrix operation. The stack of layers
can then be represented as a system matrix, which
is the product of the matrices of the individual
layers. The system matrices are then converted back
into reflectance and transmittance. The absorptance is
calculated from reflectance and transmittance.

According to TMM the optical characteristics of a
multilayer structure can be represented by the 2 X 2
matrix”®:

( cosd;
M= "
lyjsind;

isin6j/y]->’ L@

cosé;

where the phase angle is
27 [

Here A is the irradiation wavelength, j takes the
values 1 and 2.

Because
det M; = cos?6; +sin?8; =1 # 0,
it can be argued that is not a singular matrix.

The quantity i;tjcos 6; is called the «effective
optical thickness» of the layer for the angle of
refractiond;, at;is the thickness of the corresponding
J-th layer, and y; is “the effective refractive index”,
which, depending on whether the incident irradiation
is polarized parallel or perpendicular to the plane of
incidence, is given by

B fi;/cos 6; parallel
Vi= fi; cos 0; perpendicular

. (4

In further computations, we accept perpendicularly
polarized incident radiation to the surface of the
structure.

According to the Descartes-Snell law for bordering
media x and y with complex refractive indices ny, n,,

and ky, ky,, we have?’:

sinfy _ Ny 1— (k_y)z
sinf, T ony ny,/) |
Usually the condition

(ky/ny)" « 1

is easily satisfied for the materials we use. This allows
us to retain only the real parts of the refractive indices
in the Descartes-Snell law, and to write the law as
follows:

nysinfy = n,siné,, n,sinf, = n,sind;. ... (5

The overall optical behavior of the double layer
structure presented in (Fig. 1) is represented by the
product matrix M:

myq

M= MM, = (m21

%D- ... (6)

From Eqns. (2) and (6) we have:

( €056,

isin61/y1) ( cosé,
iy15ind;

isinéz/yz) _ (mn le)
cosd; iy,sind, ’

cosd, Ma1 My

(c056160562 + iy,sind, isind, /v,
iy18ind;cosd, + iy,sind,cosd;
(mu le)
My Myp/)?

co0s8, isind, /[y, + icosstin(Sl/yl) _
iy,Siné, isind,/y, + cosd,cos8, ) ~

(D
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2T ¢ o 21 .
6; = - (n]-tj cos 9}-) = [(nj — ij)tj cos 9]-],
Y =fijcos6; = (n]- - ik]-) cos 6;.
Elements of the right side of the matrix (7) can be

represented as the sum of real and imaginary parts as
follows:

— ! TSN J A — ! ian!! . —
myqp = Mqq + 1My My = My + 1My My =

’ T _ ’ "

My1 + 1Myy; Myp = Myp + Mpp.

After long and complex mathematical calculations
for matrix elements m;; and m;; we obtain complicated
expressions, which are presented below in the
equation box. All the notations used in the
calculations are also given there.

_ ’ +i "o, _ ’ +i "o, _
My1 =My T1IMyq; Myp = My T UMy, My =

7 T _ [ 72
My1 + 1Myq; Myp = Myp + Myp;

[

M1 = €16,41 — 62630, — 01(€1€,0; — €26341) —
0561684 + €3€,43);

my, = €16,05 + €36, — 01(€16,0, + €5€,A3) +
02(€1€407 — €2€341);

my, =

—B1[n(€1628, — €36481)+hi(€1€44, +

€26303)] =B[Ny (€364, — €16,41) + kp(€1€485 + €3634,)];
my, = P1[ni(€1€,84 + €36343) — ky(€16,4, —
€36,01)] + 52 [N, (616,05 + €2634,) — ky(€3€,0, —
€16241)];

my, = kycos0,(€1€,44 + €,€303) — ny cos 0, (€,€,A, —
63E4A1) - n2C0592(6364A2 - ElezAl) +
k,cos0,(e1€405 + €,630,);

my; = ky cos 0; (€,6,0, — €3€,A1) + 1y cos 0, (616,44 +
€,6303) + nyc050,(€,€,05 + €,650,) +
kocos0,(€3€4; — €16,11);

! —
My, = €16401 — €630, — 04(€1€640; — €363A1) +
03(€16204 + €3€443);

Myy = €16,05 + €36,0, + 04(616,44 + €3€,4A3) +
03(€1€48; — €2€3A,);

Bt = (nf + ki) cos 61; B3 = (n3 + k3) cos 6;;
B3 = zjntl cos 01; By = zjntz cos 0;

251 = eﬁ1k1 + e—ﬂ1k1; 262 = eﬁzkz — e—ﬁzkz;

263 — eﬂlkl — e_Blkl; 264 — eBZkZ + e—ﬁzkz;

o1 = B1(nyny + kiky)cosOy; 05 = B (nk, —
kiny) cos 0;; 03 = a(nyk; + kyny) cos 6y;

oy = P (nyny — kiky) cos 64;

Ay= cos(f3ny)cos(Byn,); A=

sin(Bzny)sin(Banz); Az= cos(Bznq)sin(Ban,);
Ay= sin(Bzny)cos(Banz).
The amplitudes of reflection and transmission

coefficients r and tare given by the following
expressions™?:

YomM11+YoM12—Mp1—My3 £ = 2Yo
) - .
Yomi1+YoMi2+M21+My2 Yomi1+YoMi2+My1+My2

As aresult

! ! ! . n n n n

r= +Yomip—Myq —Mmp, +i(yomih +vemiz —mys —my)

- [ ! ! i . 1" 1" 1" 11\
Yoty +Vomyp +myy +mp,+i(Yomy +vomyp +my] +my)y

2Yo
- ! i ! ! . 1" " 1" 1\
Yomiy+Yomyp+myg +myy +i(Yomy'y +Yomyp+my] +my)

Here for air yy = nycosf,.

The intensity of reflectance R and transmittance
T are determined through the amplitudes r and ¢:

R=Ir2, T =Lt
Yo

Then:

’ ’ I 1 2 " " " 1 y\2
R = (Yomi1+yomip—my1—m35) " +(yomy1 +yomyz—my) —my)

’ ; ’ 1 2 " " " "
(Yomyq+vomiz+myy+my,) " +(vomyy Hromyp+my +my,

25

.. (8)
T = 4;/01’1 ;
(Yomiy+vomiz+myy +m3;) " +(vomiy +yomis+myy +my)
.. (9
The absorptance A is defined as follows:
A=1—-R-T. ... (10)

Absorption coefficient of DNA in the range 187-297 nm

In many theoretical problems related to the
calculation of optoelectronic characteristics of bio-
optical organic devices (sensors, receivers, emitters,
efc.), it is necessary to have an analytical formula for the
absorption coefficient a. The latter can be determined
from the spectral dependence of absorptance
A. Absorption coefficient can be calculated from this
simple relation (see, Appendix):

a =2.303%, ..(11)
Where t is the sample (DNA molecule) thickness.

Results and Discussion

As already noted, elastomeric PDMS (n; = 1.4,
k, = 107°) is used as a substrate'®.

There is data in the literature on the technology of
obtaining small values of the thickness of uniaxial
nitrogen bases’. Following these studies, for
numerical calculations we chose a real DNA thickness
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Fig. 2 — (a) Spectral dependency of reflectance, transmittance and absorptance of thin-layer DNA at the 6,=30° and (b) Spectral
dependency of reflectance, transmittance and absorptance of thin-layer DNA at the 6,=60°
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Fig. 3 — (a) Spectral dependence of reflectance. Blue curve is plotted for 6,=30°, the red one for 6,=60°; and (b) Spectral dependence of

absorptance. Blue curve is plotted for 6,=30°, the red one for 8,=60°

of 10 nm. In the wavelength range 181-300 nm the

real part the refractive indices of DNA molecules take

values from 1.6 to 1.78 and imaginary part takes

values from 0.27 to 0.052"2,

For numerical calculations in the wavelength range
180 - 310 nm we use the following parameters:
ty =100 nm, ¢, =10 nm, nyg=1, n; =14,
k, =107 Two cases of incidence angle will be
analyzed: 6, =30° and 6, = 60°. Numerical
modeling was carried out in two cases:

e The case of averaged constant values of n, =
1.68 and k, = 0.26 for the considered spectral
region of 180-310 nm (the results are presented in
Figs. 2 and 3);

o The case considers the spectral dependence of
n,(4) and k,(1) according to the data of Ref.
[12] (the results are presented in Fig. 5).

The spectral dependences of reflectance and
absorptance have a well-known behaviour with

characteristic extrema (Figs. 2-5). Such extremes have
been repeatedly detected experimentally'''*. As can
be seen from (Fig. 2a), as expected, the behaviour of
the absorptance almost mirrors the behaviour of the
reflectance. This is seen more clearly on (Fig. 2b).
The spectral dependence of the reflectance
clearly shows a minimum (220 nm) and maximum
(260 nm), which shift slightly towards short waves,
correspondingly 215 nm and 250 nm with a decrease
in the angle of incidence of irradiation (Fig. 3a).
Clearly manifested extremes not only in behaviour,
but also numerically completely coincide with
experimental data""''"*,

At smaller angles 6, =30°, absorptance is shifted
toward shorter wavelengths on ~15 nm: maximum
from 215 and 270 nm shifted to 200 and 260 nm,
minimum from 250 nm shifted to 233nm (Fig. 3b).
Such weak shifts in the behavior of absorptance
probably can be explained by the activation of excited
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energy states HOMO and LUMO of DNA molecules
(from 60° to 30°) and creating more favorable
conditions for absorption of high-energy photons
at the decreasing of incident irradiation angle.
The dependence of the position of extreme points
on the absorption spectrum on the angle of incidence
of irradiation can be used to create an angle of
incidence sensor. When DNA molecules are exposed
to UV-B light, they absorb the light energy
at a specific wavelength of around 200-220 and
250-260 nm.

Figure 4 shows the dependences R(4), T(1) and
A(1) of a thin DNA film with a change in the
refractive index of DNA according to the data'’, and
at an incidence angle of 60°. Unlike Figures 2 and 3,
the curves in (Fig. 4) are constructed using the
spectral distribution of the real and imaginary parts of
the DNA refractive index. The reflectance has a
maximum at 220 nm, then decreases. Up to 257 nm
absorptance exhibits almost mirror behaviour, passing
through a minimum at 220 nm and taking a maximum
value at 257 nm. The dependencies presented in
(Fig. 4) do not change significantly when the angle of
incidence of irradiation changes. Comparing the
behaviour of the absorptance from (Fig. 3b and
Fig. 4), for 8, = 60° we see that:

v' Instead of two maximums in 213 nm and
270 nm there is one maximum in 257 nm, their
absolute values are very close.

v" Minimum in Figure 4 at 220 nm is very
different from minimum in (Fig. 3b) (red curve,
250 nm). Their absolute values are very close.
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It is obvious that the spectral dependency of
absorptance presented in (Fig. 4) is more realistic and
agrees quite well with the known experimental data
presented in"''',

A comparison of the ratios of the amplitudes of the
absorption maxima and minima shows a virtually
complete match between our data (~1.56, Fig. 4) and
the experimental data of work" (~1.67, Fig. 1) in
work"®. This confirms the acceptability of TMM for
biomaterials.

Undoubtedly, the differences between curves in
Figs. 3 and 4 is due to a change in the absorption
spectrum. Such a shift of the extreme points is
probably because the imaginary part of the refractive
index for the upper curve in Fig. 3b (plotted at
k, = 0.26) is comparatively greater than the
imaginary parts of the refractive index for the
minimum (k, = 0.20) and maximum (k, = 0.12) of
the corresponding curve in Fig. 4. Since the A(1) has
an ambiguous spectral dependence (Fig. 4), the
modeling of dependency a(Ad) is carried out as
follows. Dividing the spectrum into two parts and
using the extrapolation method, we construct the
following dependencies:

a) Region with minimum acceptance at 220 nm

A,(2) =034 +20 (2= - 1)2;

2 2
o, (A) = 2.3 x 106 [0.34+20 (=-1) ] .. (12)
b) Region with maximum acceptance at 257 nm
2
A,(1) = 0.60 — 23.21 (,ﬁ—7 - 1) :
2 2
a, (1) = 2.3 x 10° [0.60 — 2321 (E‘ 1) ] .. (13)

In (12) and (13) the absorption coefficients are
given in cm™'. When obtaining formulas (12) and (13),
the DNA layer thickness value of 10 nm was used and
condition of equality of @;(1) and a, (1) is applied at
the wavelength 237 nm. Total absorption coefficient
a for wavelength diapason 190-290 nm will be the
sum a4 (1) and a,(1).

Figure 5 shows spectral dependency of absorption
coefficient (1) of thin DNA layer. Its behavior is
the same as absorptance behavior (Fig. 4, green
curve). The magnitude of the absorption coefficient is
quite large, which is due to the small thickness of the
DNA layer.
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Conclusion

Theoretical simulation of optical properties of a two-
layer structure containing a thin-layer DNA was
performed wusing the TMM. The analysis was
performed considering both the real and imaginary
parts of the refractive index of the layers. Reflectance,
transmittance and  absorptance  spectra  were
determined. In the case of constant average values of
the real and imaginary parts of the refraction indices of
DNA, the behavior of the reflection (absorption)
coefficient, passing through a minimum (maximum) at
the wavelength 215-220 nm and through a maximum
(minimum) at 250-260 nm. When DNA molecules are
exposed to UV light, they absorb light energy at
specific wavelengths around 220 and 260 nm. In the
case of considering the spectral distribution of the real
and imaginary parts of the refractive index of DNA in
the calculations, the behavior of the reflection and
absorption coefficients shifts along the wavelength
towards long waves: reflection has maximum value
at 220 nm and then decreases tending to zero;
absorptance have minimum value at 220 nm and
maximum at 257 nm. It is shown that the position of
the extreme points on the reflectance and absorptance
is not only mutually related but also depends on the
angle of incidence of the irradiation. An attempt was
made to explain the spectral dependence of the
absorptance of DNA both on the value of the imaginary
part of the refractive index and on the initial angle of
incidence of UV irradiation. Using the approximation
method, on the base of spectral dependency of
acceptance a formula is obtained for the DNA
absorption coefficient for the wavelength range 185-
295 nm. The correspondence between the behavior of
reflectance and absorptance is generally consistent with
known experimental data. The absorption of UV light
at specific wavelengths provides important information

that can be used in a variety of applications such as
spectrophotometry and sensorics.

The results of this work can be used to create
organic nanoscale biosensors for UV irradiation and
nanoscale devices based on biomaterials. Intensive
research is being conducted in this direction'®. The
results will also be useful in studying the optical
properties and mechanisms of electric current transfer
in various biomaterials.

Appendix
From the Beer-Lambert law we have:

(). (A1)

Here I and I, are the intensities of transmitted and
incident light, respectively, a 1is the absorption
coefficient and t is the thickness of the thin layer.
Acceptance A is decided as:

at =

A=log(2), (A2)
or

A = log (170) =lIn (170) X In(e) = 0.4343 X at.
Then

a= 2.303% (A3)

By extending the Beer-Lambert law to a thin layer of
DNA and assuming that it is a homogeneous medium,
the absorption coefficient of DNA can be determined
through the absorptance using formula (A3).
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