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Abstract—Theoretical investigations of the dependence of the optimal thickness of a one-layer
antireflection SiO4 coating on a silicon photodiode on the characteristics of the light incident to
the photodiode. It is shown that the optimal thickness of the one-layer antireflection SiOy coating
for different angular distributions of intensity increases the quantum efficiency of the photodiode by
up to 1.1 times in comparison with the classical one-layer antireflection coating with a thickness
A/4n, which is optimal in the case of the normal incidence of monochromatic light.
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INTRODUCTION

To increase the quantum efficiency of photodetectors, one uses various special antireflection coatings
which make it possible to reduce the reflection coefficient up to the values close to several percents
in a wide range of wavelengths and the normal incidence of light [I—11]. In the process of producing
photodetectors, the operation of deposition of a special antireflection coating requires the use of
additional equipment, which leads to complication of the technology of photodetector production. In
some problems, special blooming is a redundant operation; therefore, with the purpose of making the
technology of photodetector production cheaper and simpler, it is possible to use a layer of silicon dioxide
whose deposition onto silicon is a standard operation when producing silicon photodetectors [12, 13]
instead of depositing a special antireflection coating. To reduce the reflection coefficient, the necessary
thickness of silicon dioxide for the normal or oblique incidence of a parallel beam of monochromatic light
is calculated by using the formula[1]

A20+1)

d Ancosd 1=0,1,2,3,..., (1)
where A is the wavelength of incident light, n is the refraction index of the one-layer antireflection
coating, @ is the incidence angle relative to the photodiode’s normal. In the simplest case for the
normal incidence, d = A/4n, which corresponds to the quarter-wave coating in optics. However, there
are the problems in which light is not monochromatic and the incidence angle with respect to the
photodetector varies within some angle interval; at that, the light intensity depends on the incidence
angle. The examples of such problems are the cases when light is transmitted through optical or
wavelength-shifting fibers [14—17]. In such cases, the angular and spectral distribution of the light
incident to the photodetector is determined by the characteristics of the optical or wavelength-shifting
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OPTIMIZATION OF THE THICKNESS 613

fiber. Correspondingly, the optimal thickness of the antireflection coating depends on the light intensity
distribution over angles and wavelengths; therefore, formula (1) cannot be applied.

The aim of this work is to calculate the optimal thickness of the SiOq layer for the case when the
intensity of the light incident to the photodiode is bounded with respect to the maximum incident angle
and is distributed according to the Lambert law or does not depend on the angle:

10, 0) = Io(A)cosB, 0 < Omay; 2)
0, 0> Omax,
I()\,H) — -[0()‘)7 0 < 9max§ (3)
0, 0> Onax,

where 6 is the light incidence angle and 0y, is the maximum angle with respect to the fiber axis.

CALCULATIONS

To determine the coefficient of reflection from the plane layer, the ratio of the amplitudes of the
incident wave to that reflected from the air—silicon dioxide interface was calculated with consideration
of reflection at the silicon dioxide—silicon interface. It should be noted that when solving the Maxwell
equations, there is no necessity to take into account the effect of multiple reflection in the air and silicon
dioxide, since it is already considered automatically. It follows irom the boundary conditions thatatx = 0
and x = d, the tangential components of vectors E and H are continuous. Therefore, we can obtain the
system of equations for the case of polarization of the wave perpendicular to the plane of incidence (the
normally polarized wave, Fig. 1):

Eo+ Ey = E3 + E3, (4)

\/61 Eqycos 6y — \/61 FEqcosf = \/62 FE5 cos 09 — \/62 F5 cos 05, (9)
251 251 w2 w2

Ezeikgdcosé'g + Ege—ikgdCOSE'g — E4eik3dcos€3 (6)

€9 ; £9 .
\/ E2ezk2d00562 cos 92 _ \/ Ege 1kod cos 02 cos 92

H2 H2
= \/63 E,e'31¢0805 ¢o5 0y (7)
M3
where
2 5 s
k= Y (®)

e is the relative permittivity of the medium and p is the relative magnetic permeability of the medium.
The solution of this system of equations has the form

E;q o a12(1 — ZE) — (1 + ZE)

Ap = = , 9
EO a12(1—ZE)+(1+ZE) ( )
where
Zp = 1 — asgs gi2na 279 cos 2 _ cos 01 12 s = cos 0 13
1+ ass cos By €9 cos 03 €3
ni sin91 = N2 Sin92 =n3 Sin93, ny = \/sl,ul, ng = \/EQ,UQ, ng = \/63[13 . (11)

For the case of polarization of the wave lying in the scattering plane (the wave with parallel
polarization, Fig. 2), we get the following system of equations:

g g 13 13
¢1%+¢1&=¢2&+¢2&, (12)
M1 M1 M2 M2
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Fig. 1. Scheme of propagation of a normally polarized wave.
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The solution of this system has the form
Ey b12(1—ZM)—(1—|-ZM)
Ay = = , 16
M Ey bio(1—2Zy)+ 1+ Zy) (16)

where
= 1-— b23ei2n2 2rd cos0a _costh 1 by = cos By (17)
1+ bog ~ cos by €1 cos 03
nysinf; = ngsinfy = nzsinfz, ng = ./eip1, ng=./eap2, N3 = /E3U3. (18)

The dependencies obtained of the reflection coefficient on the light incidence angle for different
polarizations coincide with the dependence obtained by using the matrix method in[1].
For a monochromatic light, the total reflection coefficient as a function of A, d, and 6, is calculated
by using the formula
[omax (| AN, d,01)2 + |Anr(N, d, 01)|2) (A, 61) sin 6, oy

Ri(\ d, ) = ° (19)
a ) 2 [9m I(X, 0y) sin 0 dby

For the case with a nonmonochromatic light source, the reflection coefficient R(\,d, Omax) Was
additionally averaged over wavelengths:

Jom Iy (A R(A, d, Omax) dX

Rt t(d, Omax) —
i S Io(A) dA

(20)

Since these integrals are not calculated analytically, the value of Ryt (d, Oax) Was analyzed numeri-
cally.
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Fig. 2. Scheme of propagation of a parallel polarized wave.
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Fig. 3. Example of the dependence of the reflection coefficient of the value nad/A for a Lambertian light source: solid
curve Omax = 1°, dotted Omax = 90° curve.

RESULTS

To determine the optimal ratio of the coating thickness to the wavelength, the dependence of the
reflection coefficient on the value of nad/ A of the wave was calculated with a step 0.01.

Examples of the dependence of the reflection coefficient on the value of nad/A are shown in Fig. 3.
The positions of the first three minima of the reflection coefficient were determined numerically.

The optimal ratios nod/A for the first three minima depending on the maximum angle are shown in
Fig. 4.

At small light incidence angles, the results of calculation are expectedly in accordance with (1). It is
seen that in the case of an uniform source (2) and large angles in Figs. 4b and 4c, the optima shift by
nearly a quarter of wavelength, which corresponds to the maximum of reflection coefficient in the case of
normal incidence.

The practical value of this calculation is demonstrated by the dependence of the ratio of the transmis-
sion coefficient at the optimal thickness to the transmission coefficient at the thicknesses obtained for
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minimum (curves /—incident light has an uniform angular distribution; curves 2—incident light is distributed as a
Lambert source).
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Fig. 5. Digitalized fluorescence spectrum of the wavelength-shifting O—2 fiber at a distance of 10 cm from the place of
fluorescence.

the normal incidence (1) on Opax:

1—- Rtot (dopt (amax)7 omax)

Q=
L — Riot(dx/(ans)s Omax)

) (21)
where dopt (0max) is the optimal thickness of silicon dioxide for the maximum angle 6,2 and d/(4ny) 18
the silicon dioxide thickness obtained for the case of normal light incidence by using (1).

Calculation is performed for the wavelength shiiting O-2 fiber produced by Kuraray, which was used
in [15] with a PIN photodiode with an antireflection coating made of SiOs. In the calculations, the
fluorescence spectrum of the wavelength shifting fiber O-2 shown in Fig. 5 [18] was used. In the
scientific literature [ 19—24], the spread of the values of refraction coefficients of silicon dioxide and silicon
is about 1%; therefore, for the maximum of fluorescence of the wavelength shifting fiber O-2, we used
the values 1.47 and 3.99, respectively. The imaginary part of permittivity was not considered, since it
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Fig. 6. Example of the dependence of the coefficient of quantum efficiency amplification of diode calculated by using
(21). Denotations: curve /—3rd minimum, curve 2—2nd minimum, curve 3—1st minimum.

is very small. The dependence of the relative permittivity on the wavelength was not considered, since
in the range of the fluorescence spectrum of the wavelength shifting fiber O-2, its value is insignificant.
The relative magnetic permeability was assumed to be 1.

As an example, Fig. 6 shows the diode’s quantum efficiency amplification coefficient for the light with
the spectrum of the wavelength shifting fiber at a length of 10 cm (see Fig. 5) and an intensity uniformly
distributed over angles (3).

The results shows that the coating with a thickness obtained by using (1) is optimal at the angles
smaller than 30°. At the angles larger than 30°, the above calculation makes it possible to increase the
quantum efficiency by the value from 1.02 to 1.10 times depending on the characteristics of the light
incident to the photodiode.

CONCLUSIONS

The calculations of the optimal thickness of the one-layer antireflection coating of SiO4 at a silicon
photodiode are performed for the cases when the light incidence angle to the photodiode is bounded
and its intensity is either distributed according to the Lambert law or does not depend on the angle.
Application of the coating thickness calculated by using (1) can lead to a reduction of the photodiode
quantum efficiency by 1.1 times as compared with the thickness calculated by using (20). The results
can be used when designing photodiodes for their application in the detectors based on fiber optics or in
scintillators.
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