
Quantum Electronics  43 (12)  1122 – 1126  (2013)	 © 2013  Kvantovaya Elektronika and Turpion Ltd

Abstract.  We present the results of experiments on the interaction 
of nanosecond laser radiation at 532 and 1064 nm with nanostruc-
tured silicon carbide thin films of different polytypes. We have 
found the effect of optical intensity limiting at both wavelengths. 
The intensity of optical limiting at l = 532 nm (Icl ~ 106 W cm–2) is 
shown to be an order of magnitude less than that at l = 1064 nm (Icl 

~ 107 W cm–2). We discuss the nature of the nonlinearity, leading to 
the optical limiting effect. We have proposed a method for deter-
mining the amount of linear and two-photon absorption in material 
media. 

Keywords: optical limiting, nanostructured films, silicon carbide, 
polytypes. 

1. Introduction 

Optical limiting effects are of considerable interest for nonlin-
ear optics and optoelectronics due to their potential for pro-
tection of eyes and sensitive detectors from intense laser radi-
ation, as well as for the development of optical switches and 
light emission control devices in information systems of opti-
cal communication and computing. 

Studies of the last fifteen years have led to the emergence 
of three classes of nonlinear optical materials that ensure 
optical limiting based on mechanisms of different nature, 
including the reverse saturated absorption responsible for the 
optical limiting in nanoparticles of noble metals [1], fullerenes 
[2] and phthalocyanines [3], two-photon and multiphoton 
absorption responsible for optical limiting in semiconductor 
structures [4, 5], and nonlinear scattering, which is imple-
mented mainly in suspensions of absorbing nanoparticles in 
organic solvents [6]. 

In addition, there is a series of papers [7, 8] devoted to the 
study of the optical limiting effects in materials used in outer 
space, which are subjected to prolonged exposure to solar UV 
radiation, X-ray and radioactive radiation, as well as experi-
ence extreme changes in temperature, resulting not only in 

malfunctioning of optical elements, but also in their destruc-
tion. 

The aim of this paper was to experimentally investigate 
the possibility of observing the effects of optical limiting in 
nanostructured thin films of various silicon carbide poly-
types, i.e., a medium promising for use at extremely high and 
low temperatures under significant radiation loads and in a 
chemically active atmosphere [9 – 11]. 

2. Experiment 

Nanostructured silicon carbide (SiC) films were produced by 
the original technique of direct deposition of silicon and car-
bon ions on quartz or sapphire substrates at a relatively low 
(less than 1500 °C) temperature [12]. This technique allows 
one to control the process of formation of a nanocrystalline 
film, and thus to obtain samples with different polytypes of 
silicon carbide a-SiC (21R, 27R), b-SiC (3C), and with a vary-
ing degrees of crystalline phase (from 20 % to 100 %) [13]. In 
our studies we used the samples of nanostructures of different 
polytypes of silicon carbide (3C, 21R, 27R), which possess 
varying degrees of crystallinity (up to 100 %), the samples that 
have only an amorphous phase, and the samples that have 
been subjected to annealing at a temperature ~1000 °C, fol-
lowed by etching. 

Single crystal bulk silicon carbide, as is known [14], has 
a sharp fundamental absorption edge in the range of photon 
energies 2.4 – 3.4 eV, depending on the polytype. The absorp-
tion spectra of the nanostructured silicon carbide samples 
we have fabricated exhibit extended ‘tails’ of the states in the 
visible and near-IR regions of the spectrum (Fig. 1), indicat-
ing the presence of nanoparticles with different local levels 
in the band gap of the material. These are primarily surface 
defects of a developed nanoparticle surface, which itself is a 
single crystal defect generating the so-called Tamm levels. In 
addition, these states in the band gap can be associated with 
the presence (along with the main polytype of silicon carbide 
nanomaterials) of some percentage of other polytypes as 
well as by-products of synthesis in nanostructured samples. 
Thus, according to photoelectron spectroscopy [15], nano-
structured films, apart from heterobound SiC atoms, also 
contain homobound atoms of silicon Si – Si and carbon 
C – C. In this case, at the substrate temperatures of 
700 – 950 °C, silicon not bound to carbon crystallises into a 
nanocrystalline phase with crystallites similar in size to sili-
con carbide. It should be noted that the broad absorption 
band in the visible and near-IR regions, we observed in the 
spectra of silicon carbide nanoparticles, indicates that the 
concentration of these states is very high and they can form 
an impurity band inside the band gap. 
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Heat treatment of the synthesised nanostructured silicon 
carbide films by annealing at 1000 °C followed by etching 
leads to a significant depletion of these states in the band gap 
(Fig. 2). 

Optical limiting in nanostructured samples was studied 
according to the experimental scheme shown in Fig. 3, by 
using a pulsed passively Q-switched Nd : YAG laser with a 
pulse duration  t » 20 ns at the fundamental wavelength of 
l = 1064 nm and its second harmonic wavelength of l = 
532 nm. Single-mode laser radiation was focused with a lens 
having a focal length F = 8.5 cm on the sample, and the radia-

tion emerging from the sample was collected with a similar 
lens and fed to a recording system. The input laser radiation 
intensity was controlled by an attenuator consisting of a l/2 
plate and a Glan prism. The laser pulse energy at the input 
and output of the circuit was measured using an automated 
multi-channel recording laser pulse system. The results were 
averaged by 20 pulses of the laser operating at a pulse repeti-
tion rate of 1 Hz. 

3. Mathematical model 

To analyse theoretically the experimental data on the trans-
mission of the samples under study, we should first construct 
a mathematical model. The model is usually validated by 
comparing the results of computational and physical experi-
ments. 

Of no significant objection is the assumption that in an 
optical medium having a linear absorption, the relative 
change in light intensity DI/I in the samples along the direc-
tion of propagation z is proportional to the change in distance 
Dz: 

/I I z0aD D=- ,	 (1)

where a0 is the linear absorption coefficient. 
In semiconductors, along with the processes of linear 

absorption a0, two-photon (or two-stage) absorption b and 
nonlinear scattering g are present. Therefore, in equation (1), 
instead of the coefficient a0, we should introduce the gener-
alised extinction coefficient a, which is a function of the local 
intensity: a = a(I ). Because the methodology of an ‘open’ 
aperture used in research makes it impossible to register the 
scattering processes, allowance for the contribution of these 
processes in extinction in these experiments is not possible. 

Thus, the generalised extinction coefficient can be given in 
the form 

( ) ( )I I0a a b= + ,	 (2)

where I = I(z) is the local intensity of the laser radiation in 
W cm–2.

Passing in (1) to the limit and taking expression (2) into 
account, the mathematical model can be written as an ordi-
nary differential equation 

( )
[ ( )] ( )

d
d
z
I z

I z I z0a b=- + .	 (3)

The statement of the problem to determine the intensity of 
light in the sample along the propagation direction is com-
pleted by setting the boundary condition 

I(z = 0) = Iin.	 (4)

Thus, the Cauchy problem is formulated to determine the 
intensity of light in the sample, and its solution is obtained in 
an analytical form, which, in turn, made it possible to find an 
explicit expression for the dependence of the output intensity  
I(z = a) = Iout on the input intensity Iin, i.e., 

( ) [1 ( )]exp exp
I

a a I
I

out
in

in

0 0a m a=
- -

,	 (5)

where m = b/a0. 
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Figure 1.  Absorption spectra of nanostructured thin films of different 
silicon carbide polytypes. Arrows here and in Fig.  2 show the wave-
lengths at which the experiment was performed. 
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Figure 2.  Absorption spectra of nanostructured silicon carbide films 
before ( 1 ) and after ( 2 ) annealing. 
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Figure 3.  Scheme of the experimental setup. 
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Expression (5) allows one to approximate confidently 
enough the data obtained by minimising the error of approxi-
mation of experimental data by the theoretical curves of 
mathematical modelling and, consequently, to obtain the val-
ues of the linear (a0) and two-photon (b) absorption for all 
experimental samples. 

4. Results and discussion 

The experimental results of investigation of the optical limit-
ing effect have shown that in the sample of silicon carbide, 
which is characterised mainly by an amorphous phase, the 
optical limiting effect both at the fundamental wavelength of 
a neodymium laser (l= 1064 nm) and at its second harmonic 
(l = 532 nm) is absent (Fig. 4). A similar result was obtained 
for the sample, which, due to additional annealing, consisted 
of a perfect (nearly 100 %) nano-sized 3C-SiC (Fig.4). 

In contrast to these samples, all other nanostructured sili-
con carbide samples of different polytypes, obtained by direct 
ion deposition without any further treatment, exhibited a dis-
tinct effect of optical intensity limiting both at the fundamen-
tal wavelength of the neodymium laser (l = 1064 nm), Fig. 5, 
and, at its second harmonic (l = 532 nm), Fig. 6. One can see 

from these figures that the intensity of limiting Icl ~ 106 W cm–2 
at l = 532 nm is an order of magnitude less than the intensity 
of limiting at l = 1064 nm. 

We performed an analysis of the experimental data of the 
samples under study in which we observed the effect of opti-
cal intensity limiting using our mathematical model. After 
averaging the intensity of the laser beam in Gaussian spatial 
and temporal (t = 20 ns) profiles [16] and using expression (5), 
we were able to reliably approximate the experimental data 
by the results of the mathematical model based on the mini-
misation of the approximation error, which made it possible 
to obtain the values of the linear and nonlinear absorption for 
all experimental samples. The points in Figs 5 and 6 show the 
experimental data, i.e., dependences of the transmitted radia-
tion intensity Iout on the incident intensity Iin of the investi-
gated samples of nanostructured silicon carbide at l = 
1064 nm (Fig. 5) and l = 532 nm (Fig. 6). The curves in these 
figures are the result of mathematical modelling. Table 1 
shows the main parameters of the investigated samples, as 
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Figure 4.  Intensities of radiation transmitted through the sample as 
functions of incident radiation intensity for the amorphous and 100 % 
crystalline sample at l = (a) 1064 and (b) 532 nm. The points show the 
experimental data and their vertical dimension approximately corre-
sponds to the measurement error. 
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Figure 5.  Output radiation intensities as functions of incident radiation 
intensity for the samples of different nanostructured silicon carbide 
polytypes at l = 1064 nm. The points show the experimental data and 
their vertical dimension approximately corresponds to the measure-
ment error. The curves represent the results of mathematical modelling.  
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Figure 6.  Output radiation intensities as functions of incident radiation 
intensity for the samples of different nanostructured silicon carbide 
polytypes at l = 532 nm. The points show the experimental data and 
their vertical dimension approximately corresponds to the measure-
ment error. The curves represent the results of mathematical modelling. 
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well as the values of a0 and b obtained by minimising the error 
of approximation of the experimental data by the results of 
mathematical modelling. 

To confirm the validity of the proposed mathematical 
model and the accuracy of determining the coefficients of lin-
ear and nonlinear absorption, we have independently mea-
sured the linear and nonlinear absorption in some of our 
samples using the known z-scan technique [4], in which the 
laser radiation transmission is measured as a function of posi-
tion of the sample with respect to the point of radiation focus-
ing, z = 0 (i.e., as a function of radiation intensity on the 
sample). The diameter of the laser beam in front of the lens 
with F = 14 cm was equal to 2 mm. Measurements were car-
ried out at laser radiation wavelengths of 1064 and 532 nm 
and a pulse duration t = 20 ns. Typical experimental curves 
(z-scans), obtained for one of the investigated samples 
(No. 7377.10N) are shown in Fig. 7. The linear and nonlinear 
absorption coefficients for sample No. 7377.10N obtained in 
this experiment are as follows: a0 = 19359 (±10 %) cm–1, b = 
0.2588 (±15° %)  cm kW  –1 at l = 1064 nm and a0 = 93630 
(±10 %) cm–1, b = 0.9533 (±15 %) cm kW –1 at l = 532 nm. In 
minimising the approximation error of the experimental data 
by the results of mathematical modelling (see Table 1), we 
have a0 = 19435 cm–1, b = 0.2769 cm kW –1 at l = 1064 nm and 
a0 = 93468 cm–1, b = 0.99395 cm kW –1 at l = 532 nm, which 
is consistent with the values obtained experimentally. 

Thus, we have confirmed the validity of the proposed 
mathematical model and proposed a method for determining 
the linear and nonlinear absorption in material media. 

The analysis performed has shown that nonlinear 
absorption that leads to the effect of optical intensity limit-
ing is associated with the levels located in the band gap of 
the material of silicon carbide nanoparticles, which are 
absent in samples with an amorphous phase and largely sup-
pressed in samples with an almost 100 % crystalline phase. 
These levels can obviously take part in two-stage absorption 
both as the ground states, from which the carriers can be 
injected in two stages in the conduction band, and interme-

diate states. Besides, the nonlinear absorption should be 
supplemented by absorption of radiation by excited non-
equilibrium carriers, which will also be nonlinear because 

Table  1. 

Sample No Polytype lex/nm Thickness/nm  a/cm–1 b/cm kW–1 Relative error (%)

7173.11 27R+3C
1064

0.67
4247 0.6593 1.7

532 56905 0.8904 4.1

7228.10 3C
1064

1.0
33546 0.5383 5.0

532 34092 0.6482 2.5

7228.30T 3C 1064 1.0 6039 0.4625 2.1

532 23946 0.2241 3.5

7266.11 3C 1064 1.0 7185 0.09642 4.4

532 33847 0.5561 1.3

7360.102 3C 1064 0.4 18098 0.9548 4.6

532 72613 0.2745 3.6

7377.10 21R+3C 1064 0.55 17199 0.3823 1.5

532 70904 0.7863 2.1

7377.10H 3C 1064 0.5 19435 0.2769 2.2

532 93468 0.99395 2.6
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Figure 7.  Experimental curves of z-scanning of sample No. 7377.10H 
(open aperture) at l = (a) 1064 nm and (b) 532 nm. 
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the concentration of these carriers increases quadratically 
with intensity. The two-stage mechanism of nonlinear 
absorption is supported by the data of the measurement of 
the nonlinear absorption coefficient itself, b. Indeed, in the 
case of two-photon absorption, the nonlinearity coefficient at 
l = 532 nm must always be greater than at l = 1064 nm because 
of the greater photon energy at l = 532 nm, and hence a larger 
energy band gap of the excited levels. In the case of two-stage 
transitions, such a condition is not mandatory, since of 
importance here is the concentration of the intermediate local 
states in a certain area of the band gap. As can be seen from 
Table 1, in samples No. 7228.30T and No.  7360.102 the non-
linear absorption b at l = 1064 nm substantially higher than 
that at l = 532 nm. 

Thus, the results obtained show that the nonlinear absorp-
tion leading to optical intensity limiting is most likely due to 
the two-step excitation of charge carriers from the local levels 
in the band gap into the conduction band and due to the 
absorption by excited nonequilibrium carriers. 

5. Conclusions 

The results presented demonstrate that in nanostructured 
films of wide bandgap silicon carbide semiconductors there 
arises an optical nonlinearity in the visible and near-IR 
ranges, leading to the effect of optical limiting of the output 
intensity. The nonlinearity is due to the nonlinear photogen-
eration of carriers from local defect levels located in the band 
gap of the material into the conduction band and to the sub-
sequent absorption of radiation by excited nonequilibrium 
carriers. 

These effects observed in the nanostructured silicon car-
bide films are promising for the development of optical 
switches and radiation limiters and can be used at extremely 
high and low temperatures under significant radiation loads 
and in a chemically active atmosphere. 
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