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

Qt1antitative calculation of opti1nization coatings based on the annlvsis of the 
field-depende11t optical properties of semiconductor materials i11 the far-infrared 
region has been made. The a1nplitude-phase characte1·istics of the adaptive 
radio-optical devices were computed. It has been shown that optirn_ization in­
terference coatings make it possible to h1crease the dynan1ic rauges of a111plit11<le 
modulation systems by a factor of 3 to 4. 

1. The ne.,vly developed high-speed radiation control devices based on the field henting of free carriers 
in sen1i<:onductors are intended to control flo\\·s of n1i1lirnetric and subn1illi111erric radi<'lri,-·n:::- ;1-:.;]. 1')i,_• i1 · C!.ii 
sp~ed of response and the pos.sihility to 1~ont.rol the a1npiitude and phase of a \\'A.Ve r11ak1~ ::Oll•:h •i1;\-i<'i"'S ".'lli 1 ;ii i.-o 

for solving urgent problen1S in the field of optics and laser physics in the far-infrared region. The po.-;silJiii1: 
in principle. of element optitnization in adapt.ive radio-opr.icai devices \\·ith the help of ;:;pPc\cil interf0r•'\l,··· 

coatings \\'as noted for the first ti1ne in ~·l-]. 
2. In the inillimetric and sub1nillirnetric ranges the optical propertie:; of a ::;e1nicond1Lrtor ar<-' dett::rrui11• ·i 

ma.inly by the interaction of the radiation ·with the gas of free carriers. The real and irnag,inary parts of th1' 

dielectric permittivity are 'vritten in the form [5] 

( t j 

\\-·here WpJ is the plasma frequency, w is the 'vave frequency, ~is the pulse rela.x:ation tin1e. In the r;,111ge ln 
qnestion (100 µm to 3 mn1) the optical phonon frequency is n1uch higher than-· and -::·I· therF:f·::1 n'. :x :1;L' 

the n1eaning of a static pern1ittivity. The relaxation tirne r of the pulse is Jer~rll1ined h_;.' r lie lnteuu:T.l(;ll 

with r.he lattice irregularities and <lepe11ds on the lattice te1nperature T and the carrier ternperaJure T'". ~!'lie 

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

_-l - "_-l , -L'n, l'..!) 
n 

Scattering by icinized impurities is the basic mechanism for low temperatures and the nondegenerate 
semiconductor plasma. In this case, p = q = 3/2 [3]. 

The dependence of the ratio Tf!/T on the external field c<in be adequately estimated by the expression 

T,/T = ~ { 1 + [ 1 + 3~T ( µ:~)'] t/2 } , 

\vhere µo is the initial value of the rnobilitv and C3 is the velocitv of sound . . >\.s sho\vn in rG1 in the case 1Jf 

··\\·C1rn1·' electrons, i.e .. 'vith a field strengtl~ n1uch lo\ver than cµi 1
. tliis expression adert11a~eiy describes t lif~ 

heating of the carriers during their almost elastic scattering; by charged centers and energy dissipation in 
the interaction with acoustic phonons. Therefore 1 Eqs. ( 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 <2. It should be noted that the variation of 
the reflection coefficient is especially pronounced in the range of wp1/w - 1, \vhich corresponds to the pla.sn1a 
resonance (Fig. 1). 

73 



.\fQs~1-w U11it·~rsi1y 

Physics 81.1,lletin 

1r1• 
1 

Fig. 1 

1,1 

Energy reflection coefficient as a function of the -...,•r-1/ ... ; ratio. 
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3. The total amplitude reflection coefficient of a semiconductor elernent 'vith an interference coating 
deposited on its surface may be \vritten in the form [7] 

r(E) = exp{2i<p}[r,(E) - r2]/[l - r2r1(E)], 

\Vhere r 1(£) is the amplitude coefficient of reflection ft·o1n the semicondnctor: 1·'2 is th.e ::uuplitnd<: cot~lfici·:nt 
of reflection from the multilayer system. *is the sign of con1plex conjugate . .,: is tlle phase sliift when a \v;i\·,_: 

passes through the multilayer coating. 
In order to make the total reflection coefficient equal to zero in the absence of an externell n1agnetic 

field, one must evidently satisfy the condition 

(-I) 

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

As sho,vn in [8], the problem of creating a coating \Vith a desired an1plitude reflection coefficient i~ 
ahvays solvable \Vith a natural physical restriction lr2 1 < 1. \Vhat is n1ore, this proble1n has an infinile 
number of solutions, therefore, among all possible solutions one must find the optim<t.l one \\·ith respect to 
seYeral para1neters of the coating. Let this coating have a minimum number of layers .. \loreoYer. !<?t :.is n1:111y 

as possible layers of the coating have an optical thickness n1ultiple to A/4. \\'here/\ is the \\'a\·elength neecll.'d 
to obtain the required reflection coefficient (this condition stems from the technological requiren1ents). 

To construct the method of synthesis of an optirnization coating;, it is cOn\·~niP11t to n:::e tlH' conc1;1>1 

of i:tdtnittance (adn1ittance .-l is the ratio ,)f atnplitudes of the inagnetic and electric li1~Jd:-;} and ;1 geo1ne1ric 
interpretation of the solution of equations on the phase plane of the atln1ittance. 

Let a multilayer coating be deposited on a semiconductor having a total refractive index n1 :::: VE l + iE:!. 

The ref~active index of the external medium is denoted as no. The coordinate axis .: is normal to the la:'ere<l 
system and is directed from the semiconductor substrate to the external mediuni. ~.\.ssun1e that the coordinate 
of the interface bet,veen the layered medium and the substrate is 0 and the coordinate of its boundary \\·ith 
the external medium is Z . • .\.ssume also that the layered medium is nonabsorbing; the refractive indices of t.!1e 
layers take on t\\"O values: ni and n:i. To reduce the an1ount of calculations, consider the normal incidenc~ 
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 ~4( Z) at the boundary \Vi th 
the external medium (input ad1nittance) are related by a single-valued relationship 

A(Z) = no[l - r(Z)]/[1 + r(Z)], 

therefore, the purpose of obtaining the required amplitude reflection coefficient. \vhich \vould. in particular
1 

n1eet condition ( 4_L is equivalent to the purpose of obtaining the corresponding adn1ittance. 
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Phase trajectory of the admittance: the initial (M) and the final (A) value of the admittance 
found. from condition (5). 

The expression for the admittance A in a layer \Vith a constant refractive index n is •vritten as [.SJ 

\vhere ( = - cot( kn(= - Z)),?: is the coordinate of the left-hand layer boundC1ry, .~ = .~(:?). k is the 1\·:1\·.:~ 
nu1nber of the incident \vave. ·rhe ad1nittance is a co1nplex quantity and can he represented by a poi11t '~·n 

the admittance phase plane. The A.(:) n1otion trajectory in the adnl.itta11ce phase plane i:-; ;1 circle 1vi111 .1 

center(~, 0) and a radius R, 1vhere 

1.41' + n' 
~ = 2Re,4 ' 

1,4' - n'I 
R= ~ . 

2ReA. 

The parameters of the circle (the coordinate of the center C and the radius R), along 1vhich the adn1ir­
tance moves, is fully determined by the refractive index of the layer, n, and the a<lnllttance at the left-hand 
layer boundary. When moving to a layer \vith another refractive index, the admittance trajectory passes to a 
ne1v circle \vith other paran1eters. Since the interference coating consists of layers with the refr::1cti\·e in, ii•:.';-; 
n1 and n2, there are t\vo families of circles on the a<ln1ittance phase plane that corresponJ to these refnict 1\·e 

indices, each family filling the entire rig:ht-hand half-plane_ In so doing. the circle of one f<linily intersects ;111 

infinite set of circles of the other fan1ily. Therefore, n1oving along the trajectories corn posed of circulnr :1n> 
of both far-nilies. one ca.n reach the point A. corresponding; to any preset input adrttittnncc \,·Jiiclt rneet..-, : !1·: 
physical feasibility condition Re _-t > 0. One can easily see that the trajectory tern1inating at the point _·l.!.:: J 

n1ay be considered as corresponding to the case. 1vhen all the layers of the interference coating, excepr for 
the last t\VO. have an optical thickness A/4, 'vhereas the thicknesses of the remaining layers are to be found. 

Figure 2 sho,vs a typical admittance trajectory in the calculation of a particular matching coating. This 
coating consists of three layers. The arc JJ~v corresponds to a quarter-1\·avelength layer \vith the refrn.cti\·i~ 
index n 1 . The transition to the layer \Vith the refractive index n2 occurs at the point .\·: tlte arc .\- JJ 
corresponds to the second layer, and the arc P.4- corresponds to the third layer ha.ving; t.l1e sa1ne refra1.:ti\e 
index as the first layer. The optical thicknesses of the external layers are equal to 2.08 and 0.56 in fractions 
of >./4. 

4. The above-described technique \Vas used to calculate optin1ization coatings of sen1iconductors. i11 

\vhich the dependence of the optical properties on the field paran1eters are described by relations ( 1)-(:3). \\·c 
assumed that rhe initial semiconductor n1obility (i.e., the inability \Vith a zero external field and the S<lll1c 

temperature of the lattice and the electron subsystem) is equal to 8000 cm2 v- 1 s- 1 , the phonon gas is rnostly 
frozen out (scattering by ionized impuriries is predominant), and there is the plasma resonance (w = :...tni). 
Typical field dependencies of the refractive indices are given in Fig. 3 a and c. YVith an optin1ization 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, c) and the reflected wave phase (b, d) as functions of the 
external field strength for control elements 'vithout a coating ( ai b) and '\'ith an opti1nization 
coating (c, d): the angle of incidence is 0 {l), 45' (2), and 80' (3). 

angles of incidence, the range of variation increasing monotonically \vith the angle of incidence. It should h,~ 
noted that a strictly definite optin1ization coating corresponds to each angle of incidence. 

·The phase of the reflected electron1agnetic \Vave varies significantly, by more than t\\'O rC1dians. depend­
ing on the field intensity (Fig. 3 b and d). This effect can be used to perfor1n phase 1no<lulation in the 
far-infrared and submillimetric ranges. as \vetl as (according to [1]) in systems for scanning and adapti\·e 
focusing. 

\Vhen the phase varies linearly along the surface of the control element, the angle of rotation 0 o[ tlle 

reflected \Vave relative to the direction of the mirror reflection is defined by the obvious relation 

!:,,<p 
e =kl' 

\Yhere -1..; is the total phase change along the surface. l is the characteristic size of rhe co11t.rol elenit~IH-. 

k is the \vave number of the electromagnetic \vave. For /\ = 0.4 1ran, l ~ :) n11n. n.nd at ...1,,: ~ 2.2 rad 
(corresponding to Fig. 3 b ), the value of B is about 3°. Such a value of the scanning angle on one ele111e11t is 
acceptable for solving a nurnber of practical problems of precision location. 
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