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OPTIMIZATION INTERFERENCE COATINGS IN ADAPTIVE
RADIO-OPTICAL DEVICES

I. N. Sisakyan, A. V. Tikhonravov, A. B. Shvartsburg, A. V. Shepelev, and V. G. Yakushkina

Quantitative calenlation of optimization coatings based on the analysis of the
field-dependent optical properties of semiconductor matevials in the far-infrared
region has been made. The amplitude-phase characteristics of the adaptive
radio-optical devices were computed. It has been shown that optimization in-
terference coatings make it possible to increase the dynamic rauges of amplitnde
modulation systems by a factor of 3 to 4.

1. The newly developed high-speed radiation control devices based on the field heating of free carriers
in semironductors are intended 1o control flows of millimetric and sebmillimerric radiarions [1-4]. The hlgh
speed of response and the possibility to control the ampiitude and phase of a wave make such deviess suitaife
for solving urgent problems in the field of optics and laser physics in the far-infrarved region. The possibilisy,
in principle, of element optimization in adaptive radic-oprical devices with the help of special wrerfereuce
coatings was noted for the first tine in ]

2. In the millimetric and submillitnetric ranges the optical properties of a semicondicror are deternun
mainly by the interaction of the radiation with the gas of {ree carriers. The real and imaginary parts of the
dielectric permittivity are written in the form [5]
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where wp is the plasma frequency, w is the wave frequency, r is the pulse relaxation time. In the range in
question {100 pm to 3 mm) the optical phonon frequency is much higher than » and _ ., therefore, 70 hax
the meaning of a static permictivity. The relaxation time = of the pulse is deteritined by the wnteracticn
with the lattice irregularities and depends on the lattice temperature T and the carrier temperature 7. The

dependence of 7 on the above parameters is described by the relations [3]

et = AT TY ¥
n

Scattering by icnized impurities is the basic mechanism for low temperatures and the nondegenerate
semiconductor plasma. In this case, p=¢ = 3/2 [3].
The dependence of the ratio T, /T on the external field can be adequately estimared by the expression

Te/TZ%{l+[l+3;(#_OE)E]1/3}, "
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where p1g is the initial value of the mobility and ¢, is the velocity of sound. As shown in [5]. in the case of
“warm” electrons, 1.e., with a field strength much lower than c,ual. this expression adequately deseribes this
heating of the carriers during their almost elastic scattering by charged centers and energy dissipation in
the interaction with acoustic phonons. Therefore, Egs. (1)-{3) enable one to estimate the dependence of the
permittivity on the external field. The amplitude reflection coefficient and phase shift are found from the
ordinary Fresnel formulas with due account of nonzero values of £5. It should be noted that the variation of

the reflection coefficient is especially pronounced in the range of wpi/w ~ 1, which corresponds to the plasma
rescnance (Fig. 1).
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Energy reflection coefficient as a function of the w; /w ratio.

3. The total amplitude refleétion coefficient of a semiconductor elernent with an interference coating
deposited on its surface may be written in the form (7]

r(£) = exp{2ip}[ri(E) — rzl/[1 — rer{EY],

where r( F) is the amplitude coefficient of reflection from the semiconducter: r» is the aniplionde coefficiont
of reflection from the multilaver svstem, = is the sign of complex conjugate, 7 is the pliase shift when a wave
passes through the multilayer coating.

In order to make the total reflection coefficient equal to zero in the ahsence of an external magnetic
field, one must evidently satisfy the condition

r2 = rilE=0, (4)

which implies that the coating applied to the semiconductor and matching its surface with the external
medium in the absence of a field must have a reflection coefficient equal in magnitude to that of the semi-
conductor but having a phase factor of opposite sign.

As shown in [§], the problem of creating a coating with a desired amplitude reflection coefficient s
always solvable with a natural physical restriction ir-| < 1. What is more, this problem has an infinute
nomber of solutions, therefore, among all possible solutions one must find the optimal one with respect to
several parameters of the coating. Let this coating have a minimum number of lavers. Moreover. let as many
as possible layers of the coating have an optical thickness multiple to A/4, where A is the wavelength needed
1o obtain the required reflection coefficient {this condition stems from the technological requirements).

To construct the method of synthesis of an optimization coating, it is ronvenient to use the concapl
of admittance (admittance A is the ratio of amplitudes of the magnetic and electric fiells) and a geomerric
interpretation of the solution of equations on the phase plane of the admittance.

Let a multilayer coating be deposited on a semiconductor having a total refractive index ny = 2| + iz,
The refractive index of the external medium is denoted as ng. The coordinate axis z is normal to the layerad
system and is directed from the semiconductor substrate to the external medium. Assume that the coordinare
of the interface between the layered medium and the substrate is 0 and the coordinate of its boundary with
the external medium is Z. Assume also that the layered medium is nonabsorbing; the refractive indices of the
layers take on two values: ny and na. To reduce the amount of calculations, consider the normal incidence
of the electromagnetic wave onto the system. It is obvious that this reasoning may also be extended to the
case of oblique incidence. '

The amplitude reflection coefficient r{Z) of the coating.and the admittance A({Z) at the boundary with
the external medium {input admittance) are related by a single-valued relationship

A(Z) = noll = #(Z)}/[1 + r(2)], )

therefore, the purpose of obtaining the required amplitude reflection coefficient. which would. in particular,
meet condition (4), is equivalent to the purpose of obtaining the corresponding admittance.
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Fig. 2

Phase trajectory of the admittance: the iitial (M) and the final { A) value of the admitrance
found from condition (3).

The expression for the admittance A in a layer with a constant refractive index n is written as 3]

Ay=[n+ i_:i{]/{f( -+ I/m
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where { = —cot(kn(z — 2)}, T is the coordinate of the left-hand laver boundary, 1= AT ks the wave
nuinber of the incident wave. The admittance is a comnplex quantity and can he represented by a polnt o
the admittance phase plane. The A(z) motion trajectory in the admittance phase plane is a cirele with «
center (&, 0) and a radius R, where

AR +R? e |42 — n?|

¢ 9Re d 2Re 4

The parameters of the circle (the coordinate of the center £ and the radius R), aleng which the admir-
tance moves, is fully determined by the refractive index of the layer, n, and the admittance at the left-hand
laver boundary. When moving to a layer with another refractive index, the admittance trajectory passes to a
new circle with other parameters. Since the interference coating consists of lavers with the refractive iniices
n1 and na, there are two families of circles on the admittance phase plane that correspond to these refractive
indices, each family filling the entire right-hand half-plane. In so doing, the circle of one family intersects an
infinite set of circles of the other family. Therefore, moving along the trajectories cornposed of circular aces
of both farnilies. one can reach the point A corresponding to any preset mput adinittance which meets s
physical feasibiiity condition Re 4 > 0. One can easily see that the trajectory terminating at the point -4z
may be considered as corresponding to the case, when all the layers of the interference coating, except for
the last two, have an optical thickness A/4, whereas the thicknesses of the remaining lavers are to be found.

Figure 2 shows a typical admittance trajectory in the calculation of a particular matching coating. This
coating consists of three lavers. The are A/ V corresponds to a quarter-wavelength laver with the refractive
index n;. The transition to the layer with the refractive index no occurs at the point V: the arc VP
corresponds to the second laver, and the arc PA corresponds to the third layer having the same refractive
index as the first layer. The optical thicknesses of the external layers are equal to 2.08 and 0.56 in fractions
of A/4. .

4. The above-described technigue was used to calculate optimization coatings of semiconductors. in
which the dependence of the optical properties on the field parameters are described by relations (1)-(3). WWe
assumed that the initial semiconductor mobility {i. e., the mobility with a zero external field and the sane
temperature of the lattice and the electron subsystemn) is equal to 8000 cm® V=1 571, the phonon gas is most!ly
frozen out (scattering by ionized lmpurities s predominant), and there is the plasma resonance (w = wp).
Typical field dependencies of the refractive indices are given in Fig. 3 a and ¢. With an optimization coating
one observes a significant, by several-fold, increase in the range of variation of the reflection coefficient at all
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Energy reflection coefficient (a, ¢) and the reflected wave phase (b, d) as functions of the
external field strength for control elements without a ceating (a, b) and with an optimization
coating (¢, d): the angle of incidence is ¢ (1), 45° (2), and 80° (3).

angles of mecidence, the range of variation increasing monotonically with the ansle of incidence. Tt should be
noted that a strictly definite optimization coating corresponds to each angle of incidence.

The phase of the reflected electromagnetic wave varies significantly, by more than two radians. depend-
ing on the field intensity (Fig. 3 b and d). This effect can be used to perform phase modulasion in tie
far-infrared and submillimetric ranges, as well as (according to [1]) in systems for scanning and adaptive
focusing.

When the phase varies linearly along the surface of the control element, the angle of rotauen 8 of the
reflected wave relative to the direction of the mirror reflection is defined by the obvious r‘eiatiou

g = 2¥

TR
where Ay is the total phase change along the surface, { is the characteristic size of rhe comtrol element.
£ is the wave number of the electromagnetic wave. For A = 0.4 mm, { = 3 mm, and at Ay = 2.2 rad

(corresponding to Fig. 3 b), the value of ¢ is about 3°. Such a value of the scanning angle on one element is
acceptable for solving a number of practical problems of precision location.
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