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1. Introduction

Different types of surface structures created by laser 
radiation are of great interest in science and technique. 
For the first time, these structures were observed 30 
years ago at the surface of semiconductors Ge and Si 
under the ruby laser pulse radiation [1]. Then similar 
structures were observed not only in semiconductors but 
also in metals (Ni, Cu, Pb, Al, steel, brass) and 
dielectrics (NaCl, fused and crystalline quartz). The 
special interest is caused by the laser-induced spatially 
periodic surface structures. As a rule, they are created at 
interference of a few laser beams on solid surface [2-10]. 
This technology has already found practical application, 
in particular, during melting metals [6], and making 
printing plates [11]. 

Spatially periodic structure created on a condensed 
matter surface can substantially change its optical 
properties. In particular, an interference pattern on 
semiconductor surface produces the laser-induced 
grating of the refraction index [12]. The optical 
parameters of the condensed matter on the surface of 
which an interference pattern is formed change in 
accordance with the division of interference pattern 
intensity J. Thus, a medium in which spatially periodic 
distribution of refractive index N (or absorption 
coefficient α) is created can come forward as a special 
diffraction grating.

In this work, the Raman-Nat diffraction on the thin 
grating of refraction index in semiconductor, which 

created by interference pattern of two coherent laser 
beams was studied. Numeral calculations of the 
diffraction efficiency inherent to this grating were 
carried out. In particular, shown is that the maximal 
diffraction efficiency for the Rahman-Nat diffraction of 
the first order is equal to 28.2 % for a purely phase 
grating with the thickness z ~ 200, and 4.8 % for a 
purely amplitude grating. It is also worth mentioning 
that waves belonging to the nearby orders of diffraction 
differ from each other by π/2 phase in their phase.

2. The laser-induced surface structures

Up o recent years, to form laser-induced surface 
structures in solids, interference of two or more laser 
beams has been used [4-10]. In practice, a system of the 
interference beams can be formed by both one source 
with a light divider and a proper system of mirrors or 
slits and by a bunch (a grating) of the identical lasers 
[13]. We consider the first case, when an interference 
pattern is created by one source. A point source of light 
is assumed to be so far from an observer that its wave 
front can be considered as a flat propagating 
electromagnetic wave

   0sin,  rktAtrE


, (1) 

where ω – wave frequency, k


– wave vector, φ0 – initial 
phase. A source of light is regarded also as 
monochromatic, i.e. it radiates light of only one 
frequency ω. Dividing this light beam by two ones (for 
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example, using two closely located slits or a light divider 
with semitransparent mirrors in its way) and orienting 
them at the angle of 2θ0 to each other result in a spatially 
periodic modulated pattern of the intensity. In the places 
where the phase difference of these two beams is 
multiple of 2π, the amplitudes of the electric field 
intensity of both beams will be summed, i.e. the 
oscillations will strengthen each other, and we will see 
light stripes bright enough. In those places, where the 
phase difference is multiple an odd number of π, we will 
see dark stripes (Fig. 1). 

Now a short mathematical description of the 
interference phenomenon will be given. Let us consider 
that each of these interfering waves is described by the 
expression (1), for the total field which is created as their 
sum, the following expression will be valid:
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When i = 2, from the expression (2) it follows that
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Using (2), the total light intensity of these two 
interfering beams can be written as 
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averaging over the time much greater than 1 .

Fig. 1. Schematic presentation of the interference picture from 
two symmetrically-oriented beams (θ0 and θ are the angles of 
the beam convergence in the air and in the semiconductor 
material).

The distance L between neighbor stripes with the 
maximal intensity (the period of the interference pattern) 
for these two beams that converge at the angle of 2θ0

(Fig. 1) is given as

.
sin2 


L (5)

Let us carry out the calculation of the interference 
pattern on the х, у plane. Instead of the formula (2), the 
similar expression for the total electric field intensity 
forming on the х, у plane as a result of the flat wave 
summing can be written as
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where αi is the angle between the i-beam wave vector 
and the normal to the plane, βi – angle between the i-
beam wave vector projection on the plane (х, у) and the 
(i + 1)-beam projection on this plane, λ – laser radiation 
wavelength, k = 2π/λ – wave vector. 

For the interference of two beams (i = 2), we have 
one dimensional linear interference pattern. Indeed, 
assuming that 
E01 = E02 = E0, α1 = α2 = α, β1 = 0, β2 = π, (7)
the intensity of this interference pattern can be written as 
follows

  sincos4 2
0

2
0 xkEEJ . (8)

For the interference of three beams (i = 3) from the 
equation (6), with the assumption that

E01 = E02 = E0, α1 = α2 = α3 = α, β1 = 0, 
3

2
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we have the following expression for the interference 
pattern intensity 
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Thus, during irradiation of solid surface by several 
laser beams in accordance with the interference laws a 
spatially periodic distribution of light intensity J is 
formed on it. 
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3. The laser-induced grating of the refraction index 
in semiconductors

Let us consider a condensed matter (semiconductor), an 
outer surface of which is irradiated by two coherent light 
beams (CLBs) with an equal frequency that satisfies the 
inequality, g   (   is the carrier average 

energy and εg is the bandgap of this semiconductor). 
These CLBs, as known [2-10], form an interference 
pattern on a condensed matter surface an interference 
pattern (Fig. 1). Let us look, how the CLBs can influence 
on the refractive index of semiconductor. As the energy of 
the CLB quanta is less than the forbidden gap value,

g , then the oscillations of charge carriers 

(electrons) do not happen, and only their redistribution 
under the CLBs action is observed. The electrons will 
move from the illuminated areas to the dark ones, 
reserving regions of a positive charge. This causes an 
appearance of electric field between areas of positive and
negative charges. Its action gives rise to a strain of a 
semiconductor crystalline lattice. This strain is the reason 
for light to move faster through one area and move slowly 
through another one. It implies periodical changes in the 
refraction index. Thus, we obtain the spatially-periodic 
laser-induced structure  the grating of the refractive 
index of semiconductor. The laser-induced grating of the 
refractive index obtained in such manner will be shifted in 
space by a quarter of the period in comparison with an 
interferential picture created by the CLBs on the 
semiconductor surface. 

Now some analytical calculations confirming 
occurrence of the laser-induced grating of the refractive 
index in the semiconductor will be presented. As it is 
known, all the substances are characterized by the 
complex refraction index N that determines a decrease of 
the light velocity inside the substance in comparison 
with that in empty space

 cN , (11)

where ε and μ are dielectric and magnetic permeabilities
of semiconductor, respectively. These quantities are 
related (in linear approximation) to the medium 
properties by the following relations 

μ41,41  e , (12)

where e  and  are dielectric and magnetic 

susceptibilities of semiconductor, respectively. 
Substituting (12) into (11), the following expression for 
the complex refractive index is obtained

  .4141 μ
22  ecN (13)

First, we calculate ε for a semiconductor in the high 
frequency field of the CLBs, using the well known 
Lorentz model. In this model, condensed matter is 
considered as a set of one-electron atoms. The 
movement of an electron in each atom is featured in the 
approach of elastic interaction of the electron with the 

nucleus. The force of their interaction is considered to be 
proportional to the electron shift from its equilibrium 
position in the absence of external field f = –qr. Here, 
q (q > 0) is the coupling constant, and the negative sign 
means that the elastic force arising from the electron 
shift is directed oppositely to the shift. Instantaneous 
coordinate of an electron r


that is under action of the 

force fE = –eE, caused by the CLBs can be determined 
from the second Newton law
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where m and e are the mass and charge of an electron, 
respectively. Taking into account in (14) the force, 
which brakes an electron, rft


 2  (γ − some constant 

factor), the expression (14) yields
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where mq /2
0  . 

The electric intensity of the light wave E
propagating in semiconductor can be found from the 
Maxwell equations. For the simplicity, we are restricted 
by the one-dimensional case 
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where the dielectric constant of semiconductor ε is 
determined by the dipole moment quantity induced by the 
field of the CLBs:

EP
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 in the Lorentz model is equal 
to the product of an electron charge (–e), an electron shift 
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, described by the equation (15), and the electron 
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Thus, Eqs. (15) and (16) form the system of the 

equations for the determination of  tr
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where c.c. means complex conjugate quantity to the first 
addend.

Substituting (19) into (18), the expression for the 

polarization vector P


 can be obtained 
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Substitution of Eq. (20) into Eq. (17) gives the 
following expression for the dielectric constant of 
semiconductor at the frequency ω
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The change of the semiconductor refraction index 
ΔN in the CLBs field can be easily obtained from Eq. (14) 
under the conditions ,0 ,2

2

2

2 


mN

en
N .   (22)

It is known [13, 14] that at g   the

CLBs in semiconductors redistribute the bulk charge 
carriers creating a static laser-induced grating of charge 
carriers concentration. In other words, in this case, the 
concentration of charge carriers can be defined as 

 zkzknn zz 12110 2sin2cos1  (23)

(where n0 is the concentration of electrons in 
semiconductor in the absence of the CLBs field). The 
amplitudes 1  and 2  depend on both the CLBs electric 

field amplitude and the semiconductor parameters. The 
method of their calculation can be found in [13, 14]. 

Using Eqs. (22) and (23), the following expression 
for the non-linear component of the semiconductor 
refraction index caused by the redistribution of charge 
carrier concentration in the field of the CLBs can be 
obtained
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where N  is the average value of the semiconductor 
refractive index.  

Thus, it follows from (24) that the change of the 
semiconductor refraction index caused by redistribution 
of charge carrier concentration in the CLBs field will 
have spatially periodic modulation, i.e. in the 
semiconductor in the interference field of the CLBs a 
laser-induced grating of the refraction index is formed. 

Since the absorption index of light in semiconductor 
α is proportional to the carrier concentration as
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( 0  is the electron free path time), so it will be also 

spatially modulated in a periodic manner.
So, the optical parameters of the media n and α, on 

the surface of which the interference pattern is created 
change according to the interference pattern intensity 
distribution J that gives rise to the spatially periodic
modulation of n and α, what is the reason for possible 
occurrence of diffraction of additional falling light 
beams [15].

4. Diffraction on a thin grating of the refraction index 
in semiconductors

Let us consider the diffraction of the falling 
electromagnetic wave on the laser-indused grating of the 
refraction index of the thickness z0 that is much greater 
than the length of the falling light wave λ. In this case, 
the variation of the falling wave amplitude on the 

coordinate can be assumed smooth, and the second-order 
derivative of the amplitude with respect to the coordinate 
along the wave propagation is negligible in comparison 
with the first-order derivative. Let us assume that a flat 
electromagnetic wave propagates along the OZ axis
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(where c.c. means complex conjugate quantity to the first 
addend, the constant component of the phase φ0 is 
included in the value of E0), the “lines” of the grating are 
directed perpendicular to the OZ axis, the polarization 
vector of the wave is directed along the OY axis (Fig. 2). 
When z0 << L (L – the grating period), in the Maxwell 
equation 
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the derivative with respect to x, in comparison with the 
derivative with respect to z, can be neglected. So, in 
assumption of amplitude smoothness, substitution of 
Eq. (25) into Eq. (26) gives:
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The values of the parameters α and ε are considered 
to be the spatially periodic functions of x coordinate that 
can be written as
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We are restricted by the case of small modulation 
of the ε and α values, Eq. (27) yields
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Fig. 2. Scheme of the Rahman-Nat diffraction on a thin 
grating.
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The solution of Eq. (29) is as follows

     0,, 00 EzxTzxE  , (30)

where  00E  is the amplitude of a wave falling on the 

illuminated surface z = 0 of the grating, and the value of 
T(x,z) is the function of the transmission that can be 
written as

      .cosexpexp, 0 qxzizzxT   (31)

As follows from Eq. (31), the amplitude of a beam 
passing through a thin grating (z0 << L) is defined as a 
simple product of the initial amplitude  00E  and a 

function of the grating transmission Т.
The transmission function T(x, z) can be easily 

presented as the Fourier series, the coefficients of which 
are obtained from Eq. (31),
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where the indexes l and m take the integer values 
0, 1, 2,...   up to infinity; Jm – the Bessel function, 

Im – the Bessel function of the imaginary argument.
In the case of purely phase grating α1 = 0, so in the 

sum with respect to m in Eq. (32) only the term with 
m = 0 is left, and the transmission function will be 
written as

    z
l

l
l ezJizT 0 . (33)

For a purely amplitude grating, when 0 , in the 

sum with respect to m in Eq. (32) only the term with 
m = l is left, and the transmission function will be 
written as

    z
ll ezIzT 0

1
 . (34)

Thus, in accordance with Eqs (30) and (32), a flat 
electromagnetic wave (25), propagating through the 
laser-induced diffraction grating of the refraction index 

is converted into a set of flat waves  lqxkzie   (Fig. 2). 

In this case, one of the waves with l = 0 passes through 
the grating without change (the zero order of 
diffraction), and the others are the maxima of the higher 
orders when the intensity decreases with the increase of 
l . The diffraction of this type is called the Rahman-Nat 

diffraction. It is worth to mention that the intensity 
distribution in the maxima is determined by the grating 
type (amplitude or phase) and its thickness z0. The 
diffraction pattern is numerically described by the ratio 

of the intensity of diffraction wave 
2

ll EJ   to the 

intensity of the falling wave 
2

00 EJ  , which is called 

by the efficiency of the diffraction grating

Fig. 3. The dependence of the diffraction efficiency of the 
phase grating on its thickness value.

Fig. 4. The dependence of the diffraction efficiency of the 
amplitude grating on its thickness value.
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For the phase grating in accordance with Eq. (33), 
the diffraction efficiency is equal to

  z
ll ezJ 022  , (36)

and for the amplitude grating in accordance with 
Eq. (34) we have

  z
ll ezI 02

1
2  . (37)

In Figs 3 and 4, the dependence produced by 
numerical calculations for the diffraction efficiency of 
the phase 2  and amplitude 1  gratings on the free 

carriers that are created by the interference pattern from 
two coherent laser beams on the thickness of grating z it 
is shown. As one can see the value of the maximal 
diffraction efficiency for the Rahman-Nat diffraction of 
the first order is approximately equal to the 28.2 % for 
the purely phase grating at the thickness value z ~ 200 
and to the 4.8 % for the purely amplitude grating at the 
thickness value z ~ 150. In accordance with Eqs (33) and 
(34), the waves belonging to the nearby diffraction 
orders differ from each other by π/2 in their phase.
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5. Conclusion

In this paper, it is shown that on the laser induced 
grating of the refraction index on the free charge carriers 
that is created as a result of illumination of 
semiconductor surface by symmetrically oriented laser 
beams, the Rahman-Nat diffraction can be observed. 
Numeral calculations performed by us show that the 
maximal diffraction efficiency for the Rahman-Nat 
diffraction of the first order is 28.2 % for a purely phase 
grating at its thickness z ~ 200 and 4.8 % for a purely 
amplitude grating. It is also worth mentioning that waves 
belonging to the nearby diffraction orders differ from 
each other by π/2 in their phase.
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