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Abstract. In this paper thermal radiation from plane-parallel semiconductor layers was in-
vestigated. Shown is that spectra of thermal radiation from structures has an oscillating
character caused by multi-beam interference. It was shown that the density of thermal radia-
tion, at its interference maximum, can be equal to half the density of thermal radiation from
a blackbody source, at the same time at the interference minimum the value approached
practically zero. In addition, the angular dependence of thermal radiation does not obey the
Lambert law and demonstrates a non-monotonic character with clearly pronounced extrema.
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If the temperature of a body rises above absolute zero,
the body emits light. The characteristics of thermal ra-
diation depend on the optical and geometrical param-
eters of the emitting body as well as its temperature 7.
The spectral intensity of the emission J(®, T) from the
surface is determined in accordance with Kirchhoff’s law
by the expression:

J(@.T) = A(@,9)U (0,T) cosb;, 1)

where wis the frequency, A(w,d) is directional spectral
absorbtivity (emissivity), 6, is the angle between the nor-
mal of the emitting surface and the direction of observa-
tion. U(w,T)— density of the energy flux of black body
radiation which is determined by Planck’s formula:
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where kp is Boltzmann’s constant. The coefficient
A(®,%) determines the fraction of the energy flux of
external equilibrium radiation which is absorbed by the
body. For an absolute black body, A(w,%) = 1. In ex-
pression (1) the same coefficient determines which frac-
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tion of black body radiation is emitted by a real body.
Below, when analyzing thermal radiation, we will refer
to coefficient A(w,?;) as emissivity.

Let us consider, for example, a layer with thickness
[, coefficient of absorption a(w,T) and coefficient of re-
flection, from one surface only, R(®, ;) . When the layer
is opaque (a(w,T) [ >> 1), and the angle of total internal
reflection is small, then 4 = 1 — R(w), where R(w) is the
reflection coefficient for normal incidence. For a trans-
parent layer (a(w,T)I << 1), A=oa(w,T)! [1-3]. These
results could lead one to believe that these dependencies
describe completely all the peculiarities of thermal ra-
diation. Nevertheless, there are certain systems, thermal
emission of which deviates dramatically from that de-
scribed in [1-3]. The aim of this paper is to study the
thermal emission of semitransparent plane parallel struc-
tures (such as Fabry-Perot resonator). The peculiarities
of thermal radiation of thin layers were first predicted in
the quantum theory [4]. We show that peculiarities of
thermal radiation, which we measured in our systems,
are well described by Kirchhoff’s law (1), if classic multi-
beam interference is taken into account in A(®,d;) .

Let us consider a plane parallel layer (0<z<1/)
placed on a substrate (z > /), the surface z = 0 being in a
contact with vacuum. We will refer to these media
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(vacuum, layer and substrate) as =123, respectively.
For a plane wave incident onto the surface between the
adjacentjand i media, the Fresnel reflection amplitudes
are given by

2 2
(o) _ ki —kje () _ mikie —nikje 3)
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where the labels s, p refer to the reflection amplitudes of
waves which have s- and p-polarization. In Eq. (3),

w2

kj, = —Znﬁ—kf , (4
C

n;is the complex refractive index, kis the in-plane wave
E > >

vector: k j = kT,ij . Note, that in the case of normal

incidence (kr =0), rijp) = —rl-](-s)-
Consider a linear polarized plane wave incident upon

the layer from the vacuum with the angle of incidence

0, - In this case, k; = (®/c)sin 8, . The amplitudes of re-
flection from the layer are given by
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The amplitudes of transmission are
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Using Eqgs (5) and (6), we may write the absorptivity
of the structure under consideration as follows

k
A, =1—|rv|2—k3—z|tv|2, (7)
1z

where v =s, p. Below, we assume that Imn <<Ren.
Under this assumption, the reflection factors r;; may be
treated as real values, absorption of radiation is taken
into account only in the exponential factors in Egs (5)
and (6). While passing through the layer the decrease of
intensity is given by the factor 1 = exp(-0ol/cos8,),
where the angle 6, is related to the angle of incidence by
the relationship #n; sin8; = n, sin 6, . Finally, for absorp-
tivity A, we get

A = (1_7122X1+77”223X1—77) (8)
TP 2,202
Hary3 €082k 1) + r3753M

where r; = rl-j(-s’p ) is used for Ay ,- When the incident
light is totally non-polarized, the absorptivity is deter-
mined as A = (A, + A, )/2
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Ifin Eq. (8) 2k, = ¢ >>1, the absorptivity A, (@) is
a fast oscillating function of . Averaging A, (@) over
the phase ¢ (the situation which is realized for a nonplane-
parallel structure) gives the expression

~ (=R Nt +nRy3 X1 -7) )
v — ) s
1—=Rj>Ry3M

where R;; = rijz. For the optically thin layer (either be-

cause of weak absorption or small thickness) which is
placed in vacuum (R;, = R3 = R), and for radiation
propagating close to the normal, absorptivity (9) is re-
ducedto Ay =@, T) .

If the plate is partially transparent and strictly plane
parallel, then general expression (8) for the absorptivity,
which takes into consideration interference, should be
used in calculations of thermal emission. Thus, in order
to calculate the spectral intensity of thermal emission
and its polarization properties, we will use the expres-
sion

J, (@.6,)= A, (@,6, U (w)cos 6 -

where emissivity A, (@, ) is given by Eq. (8). From Egs.
(8) and (10), it follows that the spectral intensity of ther-
mal emission of a plane-parallel plate oscillates as a func-
tion of the frequency and of the angle of observation. The
amplitude modulation depends on polarization of emit-
ted radiation.

The spectral emissivity calculated from Eqs (8) and
(9) as a function of a wavelength A is shown in Fig. 1. The
calculation was carried out for §; =0 using the follow-
ing parameters: /=40 pum,n=3.4,R=0.3, «=110cm™!
(we assumed that n, R, a do not depend on A). As seen
from Fig. 1, the emissivity of a plane-parallel plate (curve
1) ranges from 0.21 to 0.46. At the same time, the emis-
sivity of a non-plane-parallel plate that has the same pa-
rameters, does not depend on Aand equals to 0.31.

The similar behavior of the emissivity was measured
experimentally (Fig. 2). Emissivity of a plane-parallel
plate of n-GaAs (curve 1) oscillates around the emissiv-
ity of the non plane-parallel plate (curve 2). The non
plane-parallel plate was made of the same material with
a small angle between its faces (about 0.1 degree), its
mean thickness was equal to

(10)
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Fig. 1. Spectral emissivity of plane-parallel (1) and nonplane-
parallel (2) plates.
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Fig. 2. Experimental spectral emissivity, 4(4) for plane-parallel
(curve 1) and nonplane-parallel (curve 2) plates of n-GaAs.
Curve 3 represents the dependence of the optical thickness of
the plates, o/, on A. The plate thickness is / = 110 pum, the concen-
tration of noncompensated impurities is Ny— N, = 1-108 cm=, 7=
=360 K.

The amplitude of the oscillations (A4(A) = Aax —
— A min) depends on A non-monotonically. With increas-
ing A, the amplitude A4(A) gradually increases, passes
over maximum (at A= 8.3 um), then decreases and drops
practically to zero at A > 12 um due to strong absorption
(the optical thickness o/ > 1.6). The spectral position of
the maximal amplitude (A4 ,,x) is determined by the val-
ues of the optical parameters values R and o.

If R value is known and frequency dispersion of 7 is
weak, the spectral position of A4 ,,x makes it possible to
determine o/ magnitude (or vice versa, to determine R
value if o/ is known). However, an attempt to determine
R from the data presented in Fig. 2 has resulted in over-
stated value of od. This is explained by the fact that the
material used has a noticeable dispersion of the refrac-
tive index. The dependence n(A) removes A4« to the
short-wavelength range. For the same reason, in the spec-
tral range 12—14 pum, where the sample is opaque (inter-
ference is not recorded), the emissivity increases [5].

Our analysis shows that the maximal swing of emis-
sion, i.e. the difference between the intensity that corre-
sponds to the nearest neighbor maximum and minimum,
is realized when R — 1 and a(w,T)! — 0 . This makes it
possible to create effective thermal IR-sources that have
a modulated intensity of radiation. The use of semicon-
ductor materials, where the condition R — 1 can be pro-
vided in a relatively simple way using a dielectric coat-
ing, looks promising.

The study of angle and polarization dependencies of
thermal radiation were carried out for Si samples. The
emissivity of the plane-parallel sample, A(®;), normal-
ized at the emissivity A of the nonplane-parallel sam-
ple, which has analogous parameters, is shown in Fig. 3.
As can be seen, the angle dependencies of the normalized
emissivity, A*(6;)= A/ A, for unpolarized radiation (Fig.
3a) and radiation which is polarized in the plane of inci-
dence (s — polarization, Fig. 3b) are qualitatively similar
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Fig. 3. Dependencies of normalized emissivity 4*(6,) of plane
parallel plate of Si on the angle of observation 6;; A = 10.57 um,
/=90 um, T = 360 K, a — unpolarized radiation, b — s-polariza-
tion, ¢ — p-polarization. The solid lines show the theoretical re-
sults, the dotted lines show the experimental data.
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to each other. They have non-monotonic character with
clearly noticeable extrema. For the s — polarized radia-
tion, the magnitudes of the extrema increase as the angle
of observation increases. For radiation which is polar-
ized in the plane of incidence (p — polarization, Fig. 3c),
the dependence A*(6;) differs qualitatively from the de-
pendencies presented in Figs 3a, 3b. In the angle range
55°-75°, extrema practically vanish, which indicates a
violation of the resonance due to decreasing the reflec-
tion coefficient almost to zero.

The difference between the angle distribution of ra-
diation which is emitted by plane-parallel and nonplane-
parallel plates is well seen from Fig. 4. In this figure the
calculated angle dependence of the spectral intensities of
unpolarized thermal radiation, the function A(d)cos?d,
is presented by curve 1 for a plane-parallel plate and by
curve 2 for a non-plane-parallel plate. The calculations
were carried out for silica plate with the thickness
/=90 um. The dependence presented by curve 2 (in this
case, A(Y)) = Z(ﬁl) ) is described by a law close to Lam-
bert’s law [6], the possible deviations from this law at
large angles are caused by the angle dependence of the
reflection coefficient R(¢%) . On comparing curves 1 and
2, one can see that multi-beam interference of thermal
radiation exerts a sufficient influence on the angular dis-
tribution of radiation. For a semi-transparent plane-par-
allel plate, the angular distribution of thermal radiation
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Fig. 4. Theoretical angular dependencies of unpolarized radia-

tion from plane-parallel (curve 1) and non-plane-parallel (curve
2) plates of Si, / = 90 um.
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does not obey Lambert’s law. This theoretical result is
well confirmed by our experimental measurements.

Thus, the thermal radiation spectrum of a plane-par-
allel plate differs significantly from the thermal radia-
tion spectrum of an identical non-plane-parallel plate.
Due to multi-beam interference, a smooth spectral de-
pendence of radiation is transformed into an oscillating
dependence with sharp peaks. In addition, the angular
dependence of thermal radiation does not obey Lambert’s
law and demonstrates a non-monotonic character with
clearly manifested extrema. The density of thermal ra-
diation, at its interference maximum, can be equal to half
the density of thermal radiation from a black body
source, at the same time at the interference minima the
value approached practically zero. These limiting char-
acteristics of radiation are realized if R —1. This makes
it possible to create effective thermal IR-sources, opera-
ting spectral band is given by the emission element pa-
rameters. Such sources can work in different regions
of IR-spectrum. Best of all is to use semiconductor plates,
because of their optical parameters, and hence the den-
sity of radiation can be modulated by various known
modes.
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