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The Bragg diffraction of electromagnetic radiation by an absorption grating, which
is produced in semiconductors by a high-intensity acoustic wave because of a

redistribution of free carriers, is examined. High diffraction efficiency and a large
decrease of the total absorption in the medium (Borman effect) are demonstrated.

PACS numbers: 78.20.Hp

As a result of propagation of radiation in a periodic absorbing medium, the ab-
sorption can decrease considerably in comparison with its average value in the medi-
um. This decrease occurs due to Bragg diffraction of the radiation when a quasistand-
ing wave with nodes at the absorption maxima of the periodic structure appear as a
result of interference of the incident and diffracted waves."? This effect, initially ob-
served in the propagation of x rays in crystals, is called the Borman effect.’ In this
paper we show that an analogous effect occurs in the Bragg diffraction of IR radiation
by a high-intensity acoustic wave in a semiconductor.

An acoustic wave propagating in a semiconductor causes a rearrangement of the
electron subsystem: free carriers accumulate in the regions with minimum potential
energy. At a sufficiently high wave intensity the electrons cannot leave the potential
wells. As a result, a periodic system of electron layers, which are separated by noncon-
ducting gaps that move together with the sound wave, appears in the crystal.* The
light in such a system can be diffracted by a strain wave and by an induced electron-
density wave. Acousto-optical diffraction is usually associated with sound modulation

323 0021-3640/80/170323-05$00.60 © 1981 American Institute of Physics 323



FIG. 1. Distribution of the strain and free carriers in a

. ~ high-intensity sound wave in a coordinate system
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\ \ moving with the wave (S is the strain and » is the
/ AN ,/ \T ,.l electron density). The solid line represents the free-
/I \\ / \\ / Z  carrier distribution and the dashed line denotes the
/ \ / y.| \ J/ strain distribution.
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of the refractive index of the medium. However, the modulation of the electron density
by a sound wave can form an absorption grating in semiconductors in which the
absorption of light in the long-wave region of the spectrum is determined by the free
carriers. The scattering of IR radiation by this grating can produce diffraction effects
similar to the Borman effect.

We shall examine the propagation of an electromagnetic wave through a semicon-
ductor in which a superlattice of carriers is produced by the action of sound (Fig. 1).
The dielectric constant has the form
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Here €, = €; + i€, is the permittivity of the lattice, @, = ,/ 4me’ny/m*e; is the plasma
frequency, n, is the average density of carriers, m* is the effective mass, v is the
collision frequency, w is the frequency of the electromagnetic wave, and »{z, ¢} is the
electron distribution in the presence of a sound wave. The electrons are concentrated
in layers, whose thickness 4, determined by the amplitude of the sound wave, can be
made much smaller than the wavelength A.* The Fourier expansion of the electron
density contains a large number of harmonics. For /€A the amplitudes of the har-
monics with small numbers / are approximately identical and coincide with the aver-
age electron density: n, = n,.’

The electromagnetic wave can be diffracted by each harmonic n, of the electron

€|
[/ B/ 4 g

K Y FIG. 2. Diffraction scheme and the distri-
i \N bution of the amplitudes of the transmitted
\\ (E,) and diffracted (E,} electromagnetic
V/ q waves for diffraction by an acoustic beam

2/1 N of infinite aperture (d,>d > 1/a,).

g az '/ a 2

324 JETP Lett, Vol. 32, No. 5, 5 September 1980 Levin et al. 324



density. If the wave is incident on the sound beam at an angle 8,

I ¢
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where k is the wave vector of the electromagnetic wave and g is the wave vector of the
sound, then a Bragg diffraction by the /th harmonic occurs (Fig. 2). The electric field
in the perturbed medium is a superposition of two waves— an incident wave 1 and a
diffracted wave 2-whose amplitudes E, and E, contain a slow corrdinate dependence
that is defined by the dynamic equations
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Here y = %( —2) k is the decrement of an electromagnetic wave, which is not associat-
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mines the diffraction efficiency, and c is the velocity of light. We assume henceforth
that the light absorption is determined by the free carriers (y/ay,<1). In the diffraction
by a high-intensity acoustic wave the coupling coefficient a, is equal to the electron
decrement q,, since n;, = n,.

First we shall examine the effects occurring in the diffraction of electromagnetic
radiation in a layer of finite width d, 0<z<d, by an acoustic wave of infinite aperture
(Fig. 2). The electromagnetic wave, which is incident on the layer at an angle 6,
emerges from the layer through the z =0 plane, after being partially transmitted
through the layer and partially diffracted by it, thereby forming a reflected wave. The
solution of Eq. (2) shows that the amplitudes of both waves decreases inside the layer

and, if the layer thickness is less than the characteristic dimension d, = (\/ 2ya, )",
this decrease will be linear:

a_z/ sin 0 a.f{z- d)sin 0
Ee)ec,  [1- 2 2 ) Ez)ec,, 2 B
1+ a,d/gin 0,5 1'+a, d/sin 0,5 ’

where €, is the amplitude of the incident light. For d > d,, it becomes an exponential
distribution:
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FIG. 3. Diffraction scheme and the distribution of the amplitudes of the transmitted (E,) and diffracted (E,)

. . . . . 1
electromagnetic waves for diffraction by an acoustic beam of finite aperture { — «<d < —).
o

Ey(e) = Bylz) = coqexp(=7/g )- “

It follows from an analysis of Egs. {3) and (4) that the acousto-optical diffraction effects
are important at g,d > 1. In this case the radiation penetrates the layer to a depth

Z~dy~(sin 0,3)/\/ 2ya, . This value is much greater than the penetration depth of
electromagnetic radiation in an acoustically unperturbed medium z~(sin 6,;)/a,,
which is determined by the electron absorption it it. Nonetheless, there is no absorp-
tion in the medium, since E,(z=0)= — €y, and the incident radiation is almost
totally reflected from the layer. As a result of interfering with each other, the incident
and diffracted waves produce a quasi-standing wave

E(c, t)=2E (2 pink x - wt)singz . (5)
Its nodes occur in the region of electron layers and there is no absorption of the

electromagnetic energy.

Let us assume that the electromagnetic radiation passes through a sound beam of
finite width d {0<x<d ) that is propagating along the z axis (Fig. 3). As a result of Bragg
diffraction, two wave come out through the x = d plane: the incident wave and the
diffracted wave. The amplitude distributions of these waves have the form
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At x <(cos 0,5)/a, the absorption is determined by the electrons; at x > (cos 8,5)/a, it
is not determined by electronic mechanisms, since the incident and diffracted waves
interfere in this region and produce a quasi-standing wave (5). At
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(cos 8,5)/ay, < d < (cos 8,5)/y the intensity of the radiation leaving the sound beam is
equal to one-half the intensity I, of the incident radiation, regardless of the thickness
of the sound beam,; this energy is equally distributed between the transmitted and the
deflected waves: I, = I, = L,.

We give estimates for a piezosemiconductor. To retain the electrons trapped by
the electric field of the sound wave, the depth e¢ = 2BeA /€}S (B is the piezoelectric

modulus, S is the strain amplitude, and A is the sound wavelength) of the potential
well must be greater than the thermal energy kT e¢ /kT > 1. In addition, the electric

field E, .. = 2menq A, which is produced as a result of the formation of electronic
€
layers due to separation of charges, must be compensated for by the electric field of the
wave E_ = .2LS. For a transverse, wave in tellurium (8 =310’ cgs units, v,
€

= 10° cm/sec, and n, = 10" cm™?) with a frequency f = 17 MHz, it is necessary to
generate sound fluxes P~40 W/cm? in order to produce an effective absorption grat-
ing. An interaction length of a few centimeters is required to observe the above-de-
scribed acousto-optical diffraction effects for IR radiation with a wavelength of 337

pm.
The diffraction effects indicated above can also occur in formation of a periodic,
spatial absorbing medium, such as that for infrared quenching of photoconductivity.
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