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The paper investigates the properties of an antireflective film for a photodetector made of indium antimonide
(InSb), configured for transmission in the infrared range (3.5-5.0 um), which coincides with the absorption peak of
carbon dioxide (COz). The film is a four-layer coating formed by the following materials: silicon dioxide (SiO2),
silicon monoxide (SiO), silicon suboxide (SiO1<x<2) and silicon (Si), which are placed in the order of increasing
refractive index: 1.45, 1.9, 2.6 and 3.2. In this way, the film provides an increase in the refractive index from 1 to
a value close to the refractive index of the active material of the photodiode (4.0). The matrix method is used to
calculate the complex light reflection coefficient for perpendicular and parallel polarization in the range of
wavelengths and angles of incidence on the film surface that correspond to the characteristics of the infrared
radiation sensor. The range of angles is selected based on the geometric characteristics of the infrared non-
dispersive sensor AK9710ADF01 developed by Asahi Kasei. The spectral composition of the light is determined
by the characteristics of the L15895 series infrared LED manufactured by the Hamamatsu company. As a result of
the conducted research, the optimal values of the thicknesses of the layers are calculated, which provide a reflection
coefficient of 22% for unpolarized radiation, which is compared to the values that are characteristic of modern
infrared photodetectors. At the same time, it is concluded that the values of the reflection coefficient are
significantly higher for waves with parallel polarization (by 40% at the central wavelength) than for waves with

perpendicular polarization.
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Introduction

Optical film materials are necessary and one of the
most important components of the production of solar
energy materials and infrared detectors. The production
technology of anti-reflective coatings involves two
fundamentally different ways of their construction:
multilayer thin films [1] or one layer made of porous
silicon with different degrees of porosity and pore
orientation [2]. The interference principle of reducing the
power of reflected radiation applies to the indicated
methods of manufacturing anti-reflective films. Modern
commercial photodetectors use almost just such films.
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They are made mainly from classic semiconductor
materials that have been used for a long time: Si, Ge,
HgCdTe and InGaAs. Such sensors require external power
supply, which limits the possibility of their application in
the Internet of Things (loT) technologies [3].
Technologies for manufacturing nanostructured surfaces
and surfaces with plasmons are complex and can lead to
the destruction of the photodiode structure [3]. Therefore,
classic multilayer films with close values of lattice
coefficients and a smooth change in refractive index
remain in the field of view of manufacturers of optical
range detectors.

Therefore, active searches are being conducted for
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materials and design solutions for optical range sensors is a jump-like increase in this index from the refractive
that do not require external power sources. The basis of index of the external environment to the refractive index
such sensors are two-dimensional materials that have a of InSh. The scheme of the layer is shown in Fig. 1.
better quantum yield than bulk materials and significantly
less or no external energy consumption. The most
common materials for the production of two-dimensional
films are: graphene, dichalcogenides of transition metals
(molybdenum disulphide MoS;), MXenes (materials
consist of a layer of atomic carbon located between two
layers of a transition metal), metal oxides that can form a
two-dimensional film: SnO,, Ga;Os, In,0s, PO and
Bi,O3, oxides of transition metals: MoO,, HfO,, WQOs,
V,0s5 and Cr,03 and semi-metallic oxides: GeO, and TeO;
[4, 5, 6]. Other technologies of anti-reflective mechanisms n=1.9, 8i0
that use the polarization properties of light [7] and

nanostructured anti-reflective surfaces [8] have also been

developed. These technologies emerged relatively -
recently, they are much more complex and require further n=1.45, SiOs
improvement.

n=4.0, InSb

n=3.2, Si

. 310 nm

n=2.6, SiOp<x<1

385 nm

525 nm

690 nm

I. Structure Materials and methods T T T T T

Fig. 1. Scheme of antireflective coating for indium

1.1. Materials of anti-reflective films and 4 :
antimonide (InSb) [9].

protective coating for photodiode production

Indium antimonide InSb is one of the most effective
materials for manufacturing photodetectors of infrared
radiation. The refractive index of this material in a wide
range of wavelengths (from visible to infrared) is 4. This
causes a high reflection coefficient, and therefore anti-
reflection coatings must be used in the design of the
photodetector. Effective for the application of a
photodetector based on indium antimonide is a 4-layer
coating, which is described in detail in [9]. Its structure is
formed by materials that are well-matched to each other in
terms of their lattice parameters and manufacturing
technology, and the refractive indices are such that there

It consists of silicon dioxide (SiO,) with a refractive
index n=1.45; silicon monoxide (SiO) with a refractive
index n=1.9; silicon suboxide (SiOo<x<1) With a refractive
index n=2.6 and silicon (Si) with a refractive index n=3.2.
The thickness of each layer is selected from the condition
of the maximum illuminating capacity of each layer, that
is, the equality of the optical thickness of the layer of the
fourth wavelength of the incident wave, which is chosen
according to the spectral power density of the infrared
radiation source:

i 4300 A 4300
d=—2*=—""-x=740nm;d, = > =——= 565nm
4n, 4145 4n,  41.90 )
i 4300 2 4300
dy =—>=——=~415nm; d, = —>=——=335nm
4n;  42.60 4n, 4320

In work [9], a thin passivating layer of silicon nitride application of the interference matrices of each individual
is added between the anti-reflective layer and the light- layer M7 of dimension 2 x 2. The process of wave passage
receiving surface of the photodiode, which is necessary for is described by the matrix product of each layer, starting
using the device in a wide range from infrared to visible from the outer one:
light. We are considering a device tuned to a narrow band
of the optical range with a central frequency of 4.3 um, so ) m. m!
we do not use a passivating layer. M) = ( H 1-2>

my,  my, (2)
1.2. Matrix method of calculating transmission M=T[~, MDD =M"x M1 x .. xM
coefficients
The matrix method is based on determining the phases The matrix method determines the interference
of waves that propagate in a multilayer anti-reflective interaction of rays propagating in a multilayer structure.
coating. The phase thickness of each layer determines the length of

The parameters of this method are the wavelength and the wave's optical path and its phase change. The matrix
the angle of incidence on the first layer of the film. This coefficients contain the phase thickness content of each
method uses different formulas for waves with one of two layer, which is determined by its thickness d; and the
types of polarization: in the plane of incidence (vertical  optical permeability of the layer n;, the wavelength A, the

polarization) and in the plane perpendicular to it angle ¢; of wave propagation in the layer, the value of
(horizontal polarization). The method is based on the

758



Modelling of a multilayer high-tech film for an infrared photodetector (3.5-5.0 um)

which also depends on the type of wave polarization:
perpendicular (symbol "s™) or parallel ( symbol "p")
polarization:

njdjcos(aj)
A

©)

@ =2mX

The matrix method is based on determining the phases
of waves that propagate in a multilayer anti-reflective
coating.

The matrix coefficients for both types of polarization
are determined by the phase thickness of the layer ¢, its
optical permeability n;, and the angle at which the beam
propagates in this layer «;. They also depend on the type
of wave polarization:

( mil(s,p) = COS((p]')
{2(5) =1 'Sin(‘/’j)/nj(s.p)
mél(s,p) =i 'Sin((p/) X N(s,p)

J —
mzz(s,p) - COS((p]')
where i is an imaginary unit;

m

(4)

njes) = cos(a)
e = Y ®)
(@) cos(aj)
We determine the propagation angles of
electromagnetic waves in each layer using Snellius' law:

sin(ag)/ng = sin(a;)/ny
Sin(an—l)/nn—.: = Sin(an)/nn, (6)
Sin(an)/nn = Sin(as)/ns

where a, is the angle at which the wave falls on the
surface of the device, n, is the refractive index of the
external medium, a; is the angle at which the wave leaves
the last layer of the anti-reflective coating, n, is the
refractive index of the active medium of the device.

As a result of matrix multiplication (2), one resulting
matrix is formed with two real and two imaginary
coefficients:

Knowing these coefficients, we determine the
complex reflection coefficient for waves with both parallel
and perpendicular polarizations:

L Miz(sp)
M22(s.p)

My1(s,p)

M(s'p) - (i T M21(s,p)

_ (nOmll(s,p) _nSmZZ(s,p))+i'(nonsmlz(s,p)_m21(s,p))

B (nOmll(s,p) +n5m22(s,p))+i'(nonsmlz(s,p)+m21(s,p))

Y

T'(sp)

The total reflection coefficient R depends on the
degree of polarization of the incident radiation, and is a
function of two variables: the angle of incidence on the
surface of the device and the wavelength of the incident
radiation. If the light source generates unpolarized
radiation, then its value is determined as the average value

of the coefficients |r)|” and |rg,|”:
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2 2
R(ag, D) = (Jres (o, D] + [rgn(ao D)) /2 (@)
The final value characterizing the quality of the
reflective film is the integral reflection coefficient R;:
Ay (/2
Ry =["f;" 0ao) 1) - R(ag, Ddaday,  (9)
where I;,-(1) is the spectral characteristic of the radiation
source (Fig. 2), and Q(a,) is the angular dependence of
the radiation flow, or the radiation directional diagram, or
the luminous intensity coefficient, which depends on the
mutual location and geometric characteristics of the
device and the radiation source.
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Fig. 2. Emission spectrum of the infrared LED from the
L.15895 series, manufactured by Hamamatsu.

1.3. Characteristics of the source of optical
radiation

In every real case (except for the use of a completely
black body model), it is very difficult to determine the
coefficient of thermal radiation of a body. Therefore, the
laws of radiation are used only in the case of the use of
special models. Such methods can be applied for the
approximate determination of the expected radiation
parameters of real bodies.

To calculate the transmission spectra of films the
spectral composition of the radiation falling on the film is
taken into account. This characteristic is well known in
solar energy, and by analogy we can write:

Amax
fimex i ar

Tpn = (10)

Amax !
f’lmin Ig(M)ada

where the interval of radiation, which is converted by the
device into a photocurrent, is given by the lower and upper
wavelengths: A € [Ain; Amax], the spectral composition
of the radiation source I, (1) and the spectral characteristic
of the transmission of the optical film T(1).

Another important characteristic of the radiation
source is the angular dependence of the radiation intensity
(the so-called optical field of view).

The technical characteristics of the infrared radiation
source are obtained on the basis of the data of the infrared
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LED manufacturer Hamamatsu [5]. The emission
spectrum of the product from the L15895 series, which has
an emission peak at a wavelength of 4.3 microns, and
which is suitable for use in optical gas sensors, is shown
in Fig. 2.

A significant difference between the application of the
matrix method for photovoltaic solar energy devices and
detectors of radiation generated by artificial sources is the
need to take into account the unevenness of the directional
pattern for artificial radiation sources. This is due to the
fact that the surface of the Sun radiates according to a law
close to the Lambertian law, the brightness of which does
not depend on the direction of observation.

Modern  production technologies provide an
opportunity to form narrowly collimated beams of infrared
radiation with an angular width of the cone of 10°;+10° in
order. Such a device is described in [6], where the use of
an infrared light-emitting diode in wireless optical
communication is described. Another common model of
the source of infrared radiation in instrumentation is the
black body model given in [7] for the infrared optical
sensor AK9710ADF01 produced by Asahi Kasei
Microdevices, which is used to measure the concentration
of carbon dioxide. The ray propagation scheme for this
model is shown in Fig. 3. The proposed hybrid
microsystem for biomedical applications can be used to
estimate the intensity of radiation absorbed by the diode
[12].

100mm

Photecdiode

(M 00G6=1) Apog >oe|g sInjosay

Fig. 3. Emission spectrum of the infrared LED from the
L.15895 series, manufactured by Hamamatsu.

Based on the distribution scheme, it becomes clear
that the distribution of the intensity of incident radiation in
the plane of the photodiode surface can be neglected (the
area of the photosensitive surface for the photodiode
AK9710ADF01 [7] is 1.21 mm?).

An important feature of the model of an absolute
black body is that the energy or spectral characteristics of
radiation in any region of the optical range from 0.2 um to
100 um can be calculated based on the known temperature
of its emitting surface and dimensions (diameter of the
output aperture). If the surface of the photoreceptor is at a
distance L from the emitter, then the energy illuminance
E, is calculated by the formula:

o-F-(e1T—€0Ty)
TL?

E, = : (11)

where L =100 mm is the distance from the emitting
surface to the surface of the photodiode, F is the area of
the radiating surface, which according to the scheme is:
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F=n-4"/,~387x10"*m? (12)
where T; = 500 K is absolute blackbody temperature,
T, =300 K is the temperature of the surface of the
photodiode (we assume that the device is not cooled),
g =1 is absolute black body emissivity, g, is the

emissivity of the photodiode surface,
0=567%x10"8Br-M2-K* is Stefan-Boltzmann
constant.

Based on expression (11), we see that the emissivity
g, becomes a parameter of the problem, since, in
accordance with Kirchhoff's law, it is related to the value
of the film reflection coefficient R, which we optimize.

The maximum difference in the path of the rays from
the surface of the absolutely black body to the surface of
the photodiode is approximately equal

V1002 + 11.12 - 100 = 0.61 mm. With such a stroke
difference, the difference in the intensity of the light flux
absorbed by carbon dioxide is negligibly small, so we can
ignore the angular dependence Q(a,) in formula (9), and

set the frequency range of integration according to the
11.1

scheme in Fig. 3 equal to [—arctg (1;'0) ;arctg (%)] z
~ [—6.3%6.3°).

I1. Results and discussion

The results of modelling reflection coefficients for
light with parallel and perpendicular polarization are
shown in Fig. 4.

The modelling of the film showed that both for light
with parallel and perpendicular polarization, there is a
significant dependence of the reflection coefficients on the
wavelength even for a small range that corresponds to the
spectral intensity of an infrared LED (Fig. 2), and for
angles of incidence in the range[—6.3°; 6.3°] reflection
coefficients do not change. But at the same time, the
reflection coefficient from the entire film has quite high
values. Therefore, the thickness of the film layers should
be optimized. For this, one optimization parameter is
chosen, which is equal to the reference wavelength [,
relative to which the thickness of each layer is calculated,
and on which the total interference effect for the entire
film depends (13):

di=-2,i=1234

o (13)

Criterion (13) is a well-known criterion for
determining the optimal thickness of a single-layer film.

Further, the d; values are used in formula (3), which
determines the optical thickness of each layer, which now
depends on the optimization parameter - the reference
wavelength .

To find the optimal solution, the integral reflection
coefficients for waves with parallel and perpendicular
polarization, which depend on the optimization parameter
Lo, are calculated. The reflection coefficients for values of
the parameter [, are from the range [0.1 pm; 8 um].
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Fig. 4. The absolute values of the squares of the reflection coefficients for light with parallel |r(s) |2 (@)
and perpendicular |r ) |2 (b) respectively.

The result of solving this optimization problem is
shown in Fig. 5.

According to this result, the optimal wavelength for
adjusting the layer thicknesses is [, ~ 820 nm. Then the
thicknesses of the layers of silicon dioxide, silicon oxide,
silicon suboxide, and germanium are: lg;p, ~ 140 nm;
lsio # 105 nm; lgip,_,., ® 75nm; lg ~ 63 nm. The
integral reflectance for parallel polarized light is 40%,
with perpendicularly polarized light is 3%, and for
unpolarized light the reflectance is 22%.
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Reference wavelength,microns
Fig. 5. Optimization of reflection coefficients for waves

with perpendicular, parallel polarization and unpolarized
light by reference wavelength.

4

The spectral composition of reflected radiation for
parallel and perpendicular polarization, as well as for
unpolarized light for a film with an optimized layer
thickness, is shown in Fig. 6.

Based on the obtained results (Fig. 6), it can be
concluded that the optimized films continue to show a
significant difference for the reflection coefficients of
waves with parallel and perpendicular polarization. This
may be the key to further optimization when using a
polarized light photodiode for operation, but this will
reduce the overall emission intensity. The spectral
composition of the radiation reflected from the film
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(Fig. 6) is almost identical to the spectrum of the incident
radiation (Fig. 2).

Reflection coefficient,%

5.5

3.5

4

Radiation wavelength ,microns

Fig. 6. Spectral composition of reflected radiation for
parallel and perpendicular polarization, and unpolarized
light for a film with optimized layer thickness.

The integral reflection coefficient for unpolarized
radiation is 22%, which is comparable to the data given in
the technical characteristics for infrared radiation sensors.

Conclusions

Based on the study of interference processes of
reflected and refracted radiation in the infrared
wavelength ranges [2.5 pm; 5.5 pum] and angles of
incidence [0°;6°], the reflection coefficients of waves with
parallel and perpendicular polarization for a four-layer
film (SiOy, SiO, SO1«< and Si) on the surface of indium
antimonide (InSb) are determined by the matrix method.
The analysis of the results shows that for the studied range
of incidence angles, the angular dependence of the
reflection coefficient is practically not observed.
Calculated integral reflection coefficients for the entire
investigated range of wavelengths. The integral
coefficient for waves with parallel polarization exceeds
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the coefficient for waves with perpendicular polarization
by 40%. At the same time, the integral coefficient for
waves with perpendicular polarization does not exceed
0.5%. For a source of unpolarized light (with the same
intensity of light with parallel and perpendicular
polarization), calculations are made of the optimal
thickness of four layers, which turned out to be 140 (SiO>),
105 (Si0), 75 (SO1«x<2) and 63 (Si) nm. At the same time,
the integral reflection coefficient for unpolarized light is
22%, and the total thickness of the film is 383 nm, while
the thickness of the antireflective film intended for
detection in the visible and infrared ranges was 740 nm

[9].
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P. JI. Ionitancekuii!, I.T. Koryr?, M.B. Bicbrax®, 3.M. Muxkutiok?, O. [llumunmma®,
I. JlickoBChKuMit®

MopaeoBaHHsI 6araTomapoBoi BUCOKOTEXHOJIOTIYHOI IUIIBKH JIJIsI
doronerexkTopa iHPppauepBoHOro aAianazony (3.5-5.0 mxm)

YYepuiseywvxuii nayionansnuii ynisepcumem imeni IOpis @edvkosuua, Yepuisyi, Yrpaina
2[Tpuxapnamcvkuil HayionansHuull ynigepcumem iveni Bacuns Cmegpanuxa, Ieano-®panxiscvk, Ypaina, igor.kohut@pnu.edu.ua
3/Tvsiscoruii nayionansnuti meduunuil ynicepcumem imeni Januna I'anuiivkozo, , Yrpaina
*Hayionanenuii ynisepcumem «JIvgiscora nonimexuixa», Jlvsis, Ypaina

Y poGoTi mpoBedeHEe MOCTIMKCHHS BIACTHMBOCTECH AaHTHBIAOMBAaKOYOi IUTBKH Uit  (OTOAETEKTOpA,
BHTOTOBJICHOTO 13 aHTUMOHI Ry iHIit0 (InSb), HanmamToBaHOTO HA MPOMYCKaHHSA Y iH(ppadepBOHOMY Aiama3oHi (3.5-
5.0 MKM), IO cHiBMajae 3 MiKOM MOTIHHAHHA Byriekucioro razy (COg). IlniBka sBisie coO00I0 YOTHPHIIAPOBE
HOKPHUTTS, YTBOPECHE TaKMMH Matepianamu: miokcun kpemHioo (SiO2), moHookcun kpemHio (SiO), cyOokcun
kpeMHir0(SiO1<x<2) Ta KpeMHii (Si), sAKi po3MiIieHi y mopsAKy 30iIbIIeHHs TOKa3HUKa 3aMoMiIeHus: 1.45, 1.9,2.6
i 3.2. TakuM 4MHOM IITiBKa 3abe3Medye 3pOCTaHHS MOKa3HMKA 3aJOMJICHHS BiJ 1 10 3Ha4YeHHs, HAOIMKEHOTO 10
MOKa3HHUKA 3aJIOMJIEHHS aKTHBHOTO Matepiany ¢otomiona (4.0). 3a 1oMOMOro0 MaTpUYHOTO METOJY MPOBEICHE
00YNCIIeHHS KOMIUIEKCHOTO KoeillieHTy BiTOMBAHHS CBITIA IS HEPIIEHIUKYJIIPHOI Ta MapaseilbHOl MoIIpHu3arii
y Aiana3oHi JOBXKWHM XBHIIi Ta KyTiB ITaAiHHS Ha IOBEPXHIO [UTIBKH, L0 BiIMOBIJAl0Th XapaKTEPUCTUKAM CEHCOpa
iH(ppadepBOHOTO BUNPOMiHIOBaHHA. Jliama3oH KyTiB BHOpaHW Ha OCHOBI TEOMETPHYHHX XapaKTEPUCTHK
iHppauepBoHoro HexaucrepciiiHoro cencopa AK9710ADF01, po3pobmenoro kommaniero Asahi Kasei.
CroekTpanbHHUI CKJIQJ CBIiTJa BH3HAYCHUH 3a XapaKkTepUCTHKaMH iH(dpadepBoHOro cpitomioma cepii L15895,
BUTOTOBJIEHOTO KoMmmaHielo Hamamatsu. B pe3ynbrari npoBeqeHHX DOCIIPKEHb MigiOpaHo ONTUMANbHI 3HAYCHHS
TOBIIMH MIAPiB, AKi 3a0e3MeuyroTh KoedillieHT BinOuBaHHs 22% Al HEMOJISIPHU30BAHOTO BHITPOMIHIOBAHHS, IO
MOPIBHSHO 13 3HAYEHHIMH, SIKi BIaCTHBI Cy4acHHM QoTonpuiiMadaM iH@ppauepBoHOTro miana3oHy. Pazom i3 tum
3pO0JICHO BHCHOBOK MpO 3HAYHO OUIBINI 3HAUeHHS KOe(imieHTy BIAOMTTS IUISI XBWIb i3 IApaJIeNIbHOIO
nonsipusattiero (Ha 40% Ha LEeHTPaIbHIH JOBKHMHI XBHIII), HDK VIS XBIJIb 13 HEPIICHANKYJISIPHOIO MOJISAPU3ALIELO.

KurouoBi cioBa: xBuiboBa iHTEp(EpEHIlis, MAaTPUYHUNA METOJ, iHPpauepBOHUN NaT4YHK, iHOpadYepBOHUI
CBITJIOHION
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