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1. Introduction
Nowadays, nanostructures are some of the most investigated objects in semiconductor
physics, especially Quantum confinement effect (QCE) in quantum dots (QDs) (Alivisatos,
1996), quantum wires (QWs) (Xia et al., 2003) and quantum wells (Fowler et al., 1966). In the
case of nano-size structures the energy band diagram of semiconductor changes strongly.
This leads to a crucial change of semiconductor properties such as: electrical, due to the
change of free charge carrier concentration and electrons’ and holes’ mobility; optical, such
as: absorption coefficient, reflectivity index, radiative recombination efficiency (Emel'yanov
et al., 2005); mechanical and heating properties.
The growth of investigations of the homogeneous structures, such as well-defined onedimensional axial heterostructures, multiheterostructures and core-shell nano-wire
heterostructures generates a great interest for their potential applications. Conglomeration
of the QDs in a line leads to formation of QWs. If diameter of QWs changes monotonously
then cones like structure is formed. The cone nanostructure properties have not only
quantitative, but also strongly qualitative characteristics and new interesting properties, for
example, formation of graded band gap structure in elementary semiconductors (Medvid’ et
al., 2008).
Fabrication of nanostructures without lithographic process, based on the self-assembling
processes is very promising for future nano-electronics. In this case the self-assembling
processes utilize the microscopic structures on the surface or the strain induced by lattice
mismatch.
Today we have only some very well elaborated methods for formation of nanostructures
(NSs) in semiconductors. They are: molecular beam epitaxy (Talochkin et al., 2005), ion
implantation (Zhu et al., 1997) chemical vapor deposition method (Hartmann et al., 2005),
and laser ablation (Morales et al., 1998, Yoshida et al., 1998) with followed by thermal
annealing in furnace. A lot of time and high vacuum or special environment, for example,
inert gas Ar is needed for nano-crystals growth using these methods. As a result, nanocrystals grow with broad distribution in size. Therefore, elaboration of new methods for
growth of NSs in semiconductors is a very important task for nano-electronics and
optoelectronics. A significant amount of effort has been dedicated to the production of nanostructured Si-based systems (Werva et al., 1996). Several studies have used ion implantation
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of group IV elements in SiO2 and heat treatment to obtain NSs that exhibit
photoluminescence (PL). Si is the basic material in microelectronics because it is cheap and
its technology is very well developed.
Photoluminescence in IR, red, and blue-violet region of spectra of Si and Ge nano-particles
implanted into SiO2 layer have been found by several scientific groups. Strong PL in the
blue-violet region was achieved, with the values of excitation and emission energy being
independent of the annealing temperature and consequently of the cluster mean size (Werva
et al., 1996; Rebohle et al., 2000). Different explanations of this PL mechanism have been
proposed. One part of scientists explain the PL by QCE (Rebohle et al., 2000)in Si and Ge
nano-particles, but the second part (Fernandez et al., 2002) – by local Si-O and Ge-O
vibration at Si-SiO2 and Ge SiO2 - interface. Phonon confinement effect model was developed
by Campbell and Fauchet (Campbell et al., 1986) for Si nano-crystals. It was shown that
using simultaneously micro-Raman back scattering spectrum and PL spectrum it is possible
to determine the origin of the PL. It means if “blue shift” in PL spectrum and “read shift” of
LO line in Raman back scattering spectrum are simultaneously present QCE takes please in
NSs. A new flexible possibility is predicted to change the semiconductor basics parameters
into QDs of SixGe1-x/Si solid solution both by change of x (concentration of Ge) and QDs
diameter. Increase both content of Ge atoms – x, and diameter of QDs leads to the same
effective shift of PL spectrum toward low energy of spectrum, so called “red shift”. It has
been shown that increase of x from 0.096 to 0.52 leads to shift of maximum position in IR
part of PL spectrum toward low energy (0.3 eV) (Sun et al., 2005). The same, “red shift” of
PL spectrum on 0.7 eV has been observed for nano-particles with diameter 5-50 nm and x =
0.237 – 0.75 in visible part of spectrum (Mooney et al., 1995). Authors explain this result by
the incorporation of the Ge atoms into Si nano-particles and associate it with surface state.
Another effect has been observed for pure i-Ge crystal. Decrease of QDs diameter till 4 nm
leads to “blue shift” of PL spectrum with maximum position up to 1.65 eV (Medvid’ et al.,
2007) in comparison with PL spectrum of bulk crystal. Therefore in this paper we will show
that the main role in control of PL spectrum and its intensity is QCE with small influence of
Ge content.
Compound semiconductor crystals such as GaAs, 6H-SiC, CdTe and ternary solid solutions
CdZnTe are very useful materials in performance of the semiconductor laser, x and γ ray
detectors (Gnatyuk et al., 2006) and recently it was found that they can be used for
construction of solar cells (Vigil-Galan et al., 2005). New possibility for these devises
construction was opened using QCE resulting in, for example, increase of laser radiation
intensity and increase of efficiency for the third generation solar cells (Green et al., 2004),
construction of light sources with controllable wave length i.e. Therefore, research of
possibility of NSs formation on a surface of the semiconductors by laser radiation and study
of their optical properties are the main tasks of the study. With this aim it is necessary to
know the mechanism of the powerful laser radiation (LR) interaction with a semiconductor.
The basic model used today for description of LR effects in semiconductor is the thermal
model (Beigelsen et al., 1985), at list for nanosecond laser pulls duration. It implies that
energy of light is transformed into thermal energy. But it is only the first step in the
understanding of this process. Different models have been proposed for explanation of selfassemble of NSs on a surface of a semiconductor by LR. One of them is photo-thermodeformation (PTD) model (Emel’janov et al., 1997). According to the PTD model conversion
of the light to the heat and deformation of the crystalline lattice of a semiconductor takes
place due to inhomogeneous absorption of the light. And formation of the periodical
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structure on the surface arises due to redistribution of interstitials and vacancies.
Disadvantage of the RTD model are following: impossibility to explain of the NSs formation
in semiconductors, for example, Ge (Medvid’ et al., 2005) and 6H-SiC (Medvid' et al., 2004)
at high intensity of LR when phase transition from solid state to liquid phase takes place,
accumulation and saturation effects (Medvid’ et al., 2002; Medvid’et al., 1999). It was shown
that at high absorption of the powerful LR in a semiconductor high gradient of temperature
occurs which causes impurities atoms and intrinsic defects, interstitial and vacancies, drift
toward temperature gradient, so called Thermogradient effect (TGE) (Medvid’et al., 1999).
According to TGE theory atoms which have bigger effective diameter than atoms of basic
semiconductor material drift toward the maximum of temperature, but atoms with smaller
effective diameter toward the minimum of temperature. As a result in semiconductor arises
compressive mechanical stress on the irradiated surface and tensile mechanical stress in the
balk of a semiconductor. An evidence of the TGE presence at these conditions is formation
of p-n junction on a surface of p-Si (Mada et al., 1986), p-InSb (Fujisawa, 1980; Medvid' et al.,
2001), p-CdTe (Medvid' et al., 2001) and p-InAs (Kurbatov et al., 1983).
A new laser method elaborated for cone like nanostructure (diameter of the nano-cone is
increased gradually from top of cone till a substrate) formation on a surface of
semiconductors is reported. Model of the nanostructures formation and their optical
properties are proposed.

2. Experiments and discussion
2.1 Experiments on elementary semiconductors Ge, Si their solid solution SixGe1-x
and compound 6H-SiC single crystals.
Experiments were performed in ambient atmosphere at pressure of 1 atm, T = 200C, and
60% humidity. Radiation from a pulsed Nd:YAG laser for Ge single crystals and SixGe1-x/Si
solid solution basic frequency with following parameters: pulse duration τ=15 ns,
wavelength λ = 1.06 µm, pulse rate 12.5 Hz, power P = 1.0 MW and for Si single crystals
with SiO2 cover layer second harmonic with τ =10 ns and λ = 532 nm were used. SiO2 cover
layer, in experiments with Si, GaAs and CdZnTe, for privet evaporation of material is used.
Usually laser beam was directed normally to the irradiated surface of sample. Samples of
Ge(1 1 1) or Ge(001) i-type single crystal with sizes 1.0x0.5x0.5 cm3 and resistivity ρ = 45
Ω⋅cm were used in experiments. The samples were polished mechanically and etched in CP4A solution to ensure the minimum surface recombination velocity Smin = 100 cm/s on all
the surfaces. The spot of laser beam of 3 mm diameter was scanned over the sample surface
by a two coordinate manipulator in 1 or 2 mm steps. N2 laser with following parameters: λ
= 337 nm, τ =10 ns and P = 0.16 MW in experiments with 6H-SiC (0001) single crystals
doped with N and B atoms was used. The surface morphology was studied by atomic force
microscope (AFM) and electron scanning microscope and electron scanning microscope
(ESM). Optical properties of the irradiated and no irradiated samples were studied by
photoluminescence (PL) and back scattering Raman methods. For PL the 488nm line of a
He-Cd laser and for micro-Raman backs catering a Ar+ laser with λ=514.5nm were used.
The AFM study of Ge surface morphology after irradiation by basic frequency of the
Nd:YAG laser is shown in Fig.1
The most interesting results were found at increasing the LR intensity up to 28.0 MW/cm2,
when nano-cones arise on the irradiated surface of Ge, which are self-organized into a 2D
lattice. The 2D picture of the irradiated surface of a Ge sample as seen under ESM is shown
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Fig. 1. Three-dimensional AFM image of self-organized nano-structures formed under Nd:
YAG laser radiation at intensity of 28 MW/cm2.

Fig. 2. SEM image of the Ge single crystal surface irradiated by Nd:YAG laser at intensity 28
MW/cm2. C6i patterns are marked by white circles.
in Fig. 2. The 2D lattice is characterized by translation symmetry along and perpendicular to
periodic lines with a pattern of C point group symmetry and repetition period of 1 µm. C6i
patterns are marked by white circles. Patterns orientation and their symmetry depending on
orientation of Ge surface were not observed. An explanation of the phenomenon was sought
in calculations of the time-dependent distribution of temperature in the bulk of the Ge
sample using the heat diffusion equation with values for Ge parameters from (Okhotin et
al., 1972; Vorobyev et al., 1996) (Fig. 3). As seen from the results, a close to adiabatic
overheating of the crystalline lattice (Lin et al., 1982; Von der Linde et al., 1982) under
conditions of the experiment; at LR intensity exceeding 28.0 MW/ cm2. A thermal gradient
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of 3⋅108 K/m is reached during the first 10 ns. According to synergy ideas, a turbulent
fluency and self-organized stationary structures of hexagonal symmetry, the so-called
Bernar’s cells, may arise at the presence of non-equilibrium liquid phase at a high gradient
of temperature.

Fig. 3. Calculations of time-dependent distribution of temperature in the bulk of Ge single
crystal at Nd:YAG laser radiation intensity of 28 MW/cm2. Black line is isotherm of Ge
melting temperature.

Fig. 4. PL spectrum of the surface of Ge after irradiation by Nd:YAG laser at intensity up
to 28 MW/cm2.
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The characteristic size of the pattern is determined by thickness of the liquid layer being
approximately 1 µm in our experiments. Unusual PL spectrum from the irradiated surfaces
of Ge was found in the visible range of spectrum with maximum at 750 nm (1,65eV), as
shown in Fig. 4. PL spectrum is usual situated at 2 µm and intensity of PL is very too low
due to indirect band structure of Ge. This “blue shift” of PL spectrum we explain by
presents of QCF on the top of nano-cones where ball radius is equal or less than Bohr’s radii
of electron and hole. Our calculation of the ball diameter on the top of nano-cone using
formula (1) from paper (Efors et al., 1982) and band gap shift from PL bands with
maximums at 1.65 eV and 1.3 eV (Fowler et al., 1966) at parameters of Ge: me=0.12 m0 and
mh=0.379 m0 for electron and hole effective masses, respectively, gives diameters of balls 4
nm and 6 nm.
Eg = E 0 g +

(π ¥ )2 ⎛ 1
1 ⎞
+ *⎟
2 ⎜
*
2 d ⎝ me mh ⎠

(1)

An evidence of our suggestion is Raman back scattering spectra of the no irradiated (black
curve) and of the irradiated (red curve) surfaces of Ge crystal by the laser, as shown in Fig.5.

Fig. 5. Micro Raman spectrum of the no irradiated (black curve) and of the irradiated
surfaces of Ge single crystal by Nd:YAG laser (red curve) at intensity up to 28 MW/cm2.
Line at 300 cm-1of the no irradiated surface of Ge attributed to bulk Ge (Ge-Ge vibration, LO
line). Red shift of the LO line in Raman back scattering spectra on 6 cm-1 after irradiation of
Ge surface takes place. Calculated line width and peak frequency Raman spectrum as a
function of average crystal size (dave) for spherical Ge particles from paper (Kartopu et al.,
2004) are shown in Fig.6. “Read shift” of the LO line on 6 cm-1 in the Raman spectrum
correspond to 4 nm diameter of Ge nano-ball on the top of nano-cone. This value is in good
agreement with our precious calculation from formula (1) using the PL spectrum.
An AFM 3D image of Si surface after irradiation by second harmonic of Nd :YAG laser at
I=2.0 MW/cm2 of SiO2/Si structure, and the same AFM 3D image of Si surface after
subsequent chemical etching by HF are shown in figure 7a and figure 7b, respectively.
Photoluminescence spectra of the irradiated (curves 1 and 2) and non-irradiated (curve 3)
surface of SiO2/Si at intensity of laser radiation up to 2.0 MW/cm2 are shown in figure 8.
The surface morphology of SiO2 layer is smooth “stone-block” like, but really under SiO2
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layer are very sharp Si nano-cones (Fig. 7b), which arise on the SiO2/Si interface after
irradiation by the laser. SiO2 layer was fully removed by HF acid from SiO2/Si structure.
Photoluminescence of the SiO2/Si structure in visible range of spectrum with maximum at
2.05 eV (600 nm) obtained after irradiation by the laser at intensity I =2.0 MW/cm2, is shown
in figure 8. PL of this structure after removing of SiO2 layer by chemical etching in HF acid is
similar and is obtained in the same range of spectrum and having the same positions of
maximums. It means that PL is not connected with local Si-O vibration at Si-SiO2 interface
(Fernandez et al., 2002). Therefore, we explain our results by Quantum confinement effect in
nano-cones. Decrease of the PL intensity can be explained by increase of reflection index of
the structure after removing of SiO2 layer. We can see that the visible PL spectrum of

Fig. 6. Calculated line width (FWHM) and peak frequency Raman spectrum as a function of
average crystal size (dave) for spherical Ge particles [4].

а)

b)

Fig. 7. AFM 3D images of: (a) SiO2 surface after irradiation of SiO2/Si structure by Nd:YAG
laser at I=2.0 MW/cm2 and (b) Si surface after subsequent removing of SiO2 by HF acid.
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Fig. 8. Photoluminescence spectra of the SiO2/Si structure irradiated by the laser at intensity
2.0 MW/cm2 (red and black curves), after removing of SiO2 layer by chemical etching in HF
acid (black curve). Blue curve correspond to PL of the no irradiated surface.

Fig. 9. A schematic image of a nano-hill with a gradually decreasing diameter from p-Si
substrate till top, formed by laser radiation - a. and band gap Si structure b. c. A calculated
band gap structure of Si as a function of nano-wires diameter using formula (2) from ref. [37].
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SiO2/Si structure is wide and asymmetric with gradual decrease of intensity in IR range of
the spectra. It is typical for graded band gap structure. These results present a dramatic rise
of PL with energy much higher than the indirect band gap of Si. Schematic image of a nanocone with graduated decrease of diameter from p-Si substrate till top is shown in Fig.9.
Increase of energy of a radiation quantum from substrate till top of the Si single crystal at
photoluminescence of nano-cone takes place due to Quantum confinement effect in nanowire, according to formula (Li et al., 2004)
ΔEg =

2 ¥ 2ζ 2
,
m* d 2

(2)

where 1/(m*) =1/(me*)+ 1/(mh*), (me* and mh* are electron and hole effective-masses,
respectively) and d is the diameter. For QWs, ζ =2.4048. In our case the diameter of nanocone/nano-wires is a function of height d(z), therefore, it is graded band gap semiconductor.
Our calculation of Si band gap as a function of nano-wires d from PL spectrum using
formula (2) from paper (Li et al., 2004) is shown in Fig.9. We can see that the dependence is
nonlinear and decreasing function of diameter, especially very rapidly at the small size of
diameters. In our case the maximum of band gap is 2.05 eV which corresponds to the
minimal diameter 2.3 nm on the top of nano-cones /nano-wire.
We have found a new method for formation of the graded band gap in elementary
semiconductor. Graded change of band gap arises due to Quantum confinement effect.
Usually graded band gap semiconductor structure is formed by conventional method molecular beam epitaxy, changing molecular components concentration layer by layer.
Crystal Si1-x Gex alloys were grown on Si(100) wafers by Molecular Beam Epitaxy (MBE). Si1x Gex films were grown by MBE on top of a 150 nm thick Si buffer layer on Si. Alloys
containing 30% Ge were used in the experiments. The surface of a Si Ge /Si structure was
irradiated by basic frequency of the Nd:YAG laser. The three-dimensional surface
morphology of Si1-x Gex/Si hetero-epitaxial structure recorded by AFM measurements after
irradiation by the Nd:YAG laser at intensities of 7.0 MW/cm2 (a) and 20.0 MW/cm2 (b) is
shown in Fig. 10.
In Fig. 10(a) are seen the nano-cones of the average height of 11 nm formed by laser
radiation at the intensity of 7.0 MW/cm2. Similar nano-cones of the average height of 27 nm
seen in Fig. 10(b) have been obtained by irradiation intensity of 20 MW/cm2. Due to higher
irradiation intensity they are more compact in diameter and higher. After irradiation of the
Si Ge/Si hetero-epitaxial structure by the laser at intensity of 7.0 MW/cm2 the surface
structure begins to look as spots on unwetting material, for example, it looks like water
spots on a glass, Fig.10(c). It means that laser radiation induces segregation of Ge phases at
the irradiated surface of the material. This conclusion is in agreement with data from paper
[38] where it was shown that Ge phase starts formation at 50% concentration of Ge atoms in
SiGe solid solution. According to the TGE (Medvid’ et al., 2002), it is supposed that laser
radiation initiates the drift of Ge atoms toward the irradiated surface of the hetero-epitaxial
structure (Medvid’ et al., 2009). PL spectra of the Si1-x Gex/Si hetero-epitaxial structures with
the maxima at 1.60 -1.72 eV obtained after laser irradiation at intensities of 2.0 MW/cm2, 7.0
MW/cm2 and 20.0 MW/cm2 are shown in Fig. 11. The spectra are unique and unusual for
the material, because, depending on Ge concentration, the band gap of SiGe is situated
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between 0.67 eV and 1.12 eV (Sun et al., 2005). As seen from Fig. 11, the Si1-x Gex structure
emits light in the visible range of spectrum and the intensity of PL increases with the
intensity of irradiation. The maximum of the PL band at 1.70 eV is explained by the QCE
(Efors et al., 1982). Position of the observed PL peak compared with the bulk material shows
a significant “blue shift”. The maxima of PL spectra of the Si1-x Gex /Si hetero-epitaxial
structure slightly shift to higher energy when the laser intensity increases from 2.0 MW/cm2
to 20.0 MW/cm2, which is consistent with the QCE too. Our suggestions, concerning to Ge
phase formation, are supported by the back scattering Raman spectra are shown in Fig.12.

Fig. 10. Three-dimensional AFM images of Si1-xGex/Si surfaces irradiated by the Nd:YAG
laser at intensity a)7 MW/ cm2 and b) 20 MW/cm2 and two-dimensional surface
morphology of the same spots of structure at intensities: (c) 7.0 MW/cm2 and (d) 20.0
MW/cm2.
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Fig. 11. PL spectra of Si0.7Ge0.3/Si heteroepitaxial structures before and after irradiation by
Nd:YAG laser

Fig. 12. Back scattering Raman spectra of Si1-xGex/Si heteroepitaxial structure before (blue
curve) and after irradiation by the laser. Appearance of the 300cm-1 Ge-Ge vibration band in
Raman spectra is explained by the new phase formation in Si1-xGex/Si heteroepitaxial
structure.
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After laser irradiation at the intensity of 20.0 MW/cm2 a Raman band at 300 cm-1 appears in
the spectrum. This band is attributed to the Ge-Ge vibration and is explained by formation
of a new Ge phase (Kamenev et al., 2005) in the Si1-x Gex/Si hetero-epitaxial structure. There
is proposed to use modified formula (3) from paper (Efors et al., 1982) for determination of
concentration x in the nano-cones of Si1-xGex/Si hetero-epitaxial structure formed by laser
radiation using PL spectra.
Determination of x for diameter of nano-dot d = 4.2 nm on the top of nano-cone from AFM
measurements and band gap from maximums of PL spectra at Eg1 =1.74 eV, Eg2=1.69 eV and
Eg3=1.60 eV, and E0g= 0.95eV for 30% of Ge in Si (Hogarth, 1965) were found Ge
concentration in the nano-cones are x1 =34%, x2 =55% and x3 =66%, respectively, where E0g
is band gap of bulk material, me,h*Ge,*Si are the electron and hole effective mass for Ge and Si,
respectively. In this preliminary analysis we used the same value of d.
(π ¥ )2
Eg = E g +
2d2
0

⎡ ⎛ 1
⎛ 1
1 ⎞
1 ⎞⎤
⎢ xGe ⎜ * Ge + * Ge ⎟ + ( 1 − x )Si ⎜ * Si + * Si ⎟ ⎥
mh ⎠
mh ⎠ ⎥⎦
⎢⎣ ⎝ me
⎝ me

(3)

The following model is proposed for explanation of dynamics of nanostructures formation.
Model

Irradiation of SiGe/Si heterostructure by Nd:YAG laser initiates Ge atoms drift to the
irradiated surface due to gradient of temperature - Thermogradient effect. Concentration of
Ge atoms is increased at the irradiated surface. Ge atoms are localized at the surface of Si
like a thin film. A mismatch of Si and Ge crystal lattices leads to compressed stress of Ge
layer. The stress relaxation takes place by plastic deformation of the top Ge layer and
creation of nanostructures on the irradiated surface according to the modified StranskyKrastanov’ mode.
In our experiments on SiC the nano-cones is formed on the surface of 6H-SiC after
irradiation by the pulsed N2 laser with following parameters: wavelength 337 nm, pulse
duration 10 ns, energy of pulse 1.6⋅10-3 J. These nano-cones are situated along the circular
line with diameter about 400 nm as is shown in Fig.13, which is approximately 20 times
smaller than the diameter of the spot of the focused laser beam. Usually the focused laser
beam forms a crater of a cone shape on the surface of a semiconductor or a metal due to
rapid spattering of the melted matter (Kelly et al., 1985). We have used crystals of 6H-SiC,
produced by the Lely method doped with N and B or N with following concentrations: nN =
2⋅1018cm-3 and nB= 5⋅1018cm-3. The experiments were carried out at room temperature and
atmospheric pressure. The PL and the Friction Force Microscope (FFM) were used to detect
the laser-induced changes in the chemical composition of the irradiated surface, while the
AFM was used for studies of the surface morphology. A C surface of samples was irradiated
by the laser. The threshold of average intensity of LR for formation of nanostructures is
estimated as <Ith > ≈5GW/cm2. The FFM studies of the 6H-SiC(N) samples have shown that
the chemical composition of nano-cones, which had arisen after the laser irradiation, differs
from that of the no irradiated surface.
Luminescence spectra of the laser irradiated and no irradiated 6H-SiC(N) samples are
shown in Fig.14, curves 3 and 4, correspondingly. Arising of the 2.8 eV band after laser
irradiation is observed. As it is known this luminescence is assigned to the NC centres (a N
atom substituting for C in the lattice) (Gorban’ et al., 2001). The observed phenomenon
speaks in favor of increase of the nitrogen concentration in laser irradiated surface including
the nano-cones.
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Fig. 13. Morphology of the 6H-SiC(N,B) the C surface after irradiation by N2 laser at
average intensity 5 GW/cm2.
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Fig. 14. Spectral distribution of photoluminescence of 6H-SiC samples: curves 1, 2 with
impurities N, B and curves 3, 4 with impurity N; solid curves – no irradiated surface, dashed
curves - after irradiation by N2 laser at average intensity up to 5 GW/cm2 .
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The simultaneous formation of nano-cones with the changed chemical composition together
with the emergence of the 2.8 eV luminescence band, ascribed to NC centres allows us to
suppose that these luminescence centers could be mainly located in the nano-cones.
Consequently, it allows us to propose that the luminescence from the nano-cones is much
more intensive than that of the total surface of the sample. Therefore, light emission from
the nano-cones could be very bright. Normalized spectra of photoluminescence from no
irradiated and laser irradiated 6H-SiC(N, B) sample are shown at Fig.14, curves 1 and 2,
correspondingly. As it is seen from this picture the exposure of the surface of the sample to
LR causes the decrease of both the 1.9 eV band, which is known to be originated by the
recombination of charge carriers in donor-acceptor (D-A) pairs and 1.78 eV band (of the
unknown origin) in comparison with the 2.1 eV band corresponding to electron transition
from the conduction band to the boron acceptor level (EB= 0.65 eV) [42]. “Blue shift of PL
spectrum and its maximum on 120 meV after irradiation of the sample by N2 laser at
intensity up to 5MW/cm2 take place, as can see in Fig.14. This effect is explained by QCE on
the top of nano-cones.
The threshold character of the effect together with the necessary condition for the energy of
the laser light quantum hν>Eg (where the Eg is a band gap) for appearance of nano-cones, as
well as the increase of N band on PL spectra and the decrease of D-A band of PL under
numerous irradiation pulses (80-100 pulses at a point) allow us to suppose the presence of
the TGE in these conditions (Medvid’ et al., 2002). The TGE leads to redistribution of
impurity atoms, vacancies (V) and interstitials as a result of their motion in the temperature
gradient field of the crystalline lattice. According to the TGE in the case of SiC(N) the atoms
of nitrogen are shifted towards the irradiated surface of the sample, because their covalent
radii are larger than that of carbon atom. Due to their motion the N atoms fill the carbon
vacancies VC, resulting in the rise of the 2.8 eV luminescence band. In the SiC(N, B) crystals
atoms of boron are shifted towards the opposite direction, because the radius of boron atom
is smaller, than that of carbon. As a result, D-A pairs are disarranged and the 1.9 eV
luminescence band decreases. We explain the appearance of nano-cones on the surface of
6H-SiC under exposure of a focused N2 laser radiation by the so-called «lid effect».
“Lid effect” model

The subsurface area of the 6H-SiC crystal could melt in the region of the Imax of LR (Fig.15)
because the temperature of the surface is lower than that in the bulk material. Such
distribution of the temperature is caused by the low sublimation energy for SiC. The
pressure of light is distributed along the surface according to the Gauss function, in Fig.15
dashed curve, and the average pressure is <P>=1.5 atm. The pressure of liquid phase is
balanced by the pressure of light only in the area of Imax. Beyond this area liquid matter is
extruded on the surface in the form of nano-cones presumably along dislocations.
X0Y crossection of the semiconductor on the focused spot of the laser beam is shown
together with the distribution of the laser beam intensity I along X coordinate-dashed curve.
The dark areas on the surface of the semiconductor are nano-hills and the big dark ring is
liquid matter. The black arrows show the pressure of light and the light arrows – the
pressure of liquid matter. 〈P〉 = 1.5 atm is average pressure of light.
An evidence of the presence of the “lid effect” in these conditions can be gained from
temperature distribution in the depth of the SiC crystal at irradiation by N2 laser with
intensity I= 4⋅108 W/cm2, which is shown in Fig.16. As shown in Fig.16, maximum of
temperature is situated in the bulk of the SiC crystal. This black line is isotherm of the
melting temperature.
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Fig. 15. Scheme of physical model for nano-hills formation on a surface of 6H-SiC caused by
N2 laser radiation λ=337 nm.

Fig. 16. The calculated distribution of temperature in the depth of SiC crystal after radiation
by N laser at intensity I=0.4 GW/cm2.
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Fig. 17. AFM 3D image of GaAs surface after irradiation by YAG:Nd laser at I=5.5 MW/cm2.
2.2 Experiments on binary GaAs and ternary Cd1-xZnxTe compound semiconductors
The same methods for study nano-cones on a surface of binary compound GaAs and ternary
compound Cd1-xZnxTe semiconductors were studded. Nano- The increase of exciton energy
on 2.5 meV proves the presence of the exciton quantum confinement effect at the top of
nano-hills. The energy of band gap of the Cd1-xZnxTe crystal increases along the axis of the
nano-hill perpendicular to the sample surface. Thus, a graded band gap structure with
optical window is formed in the nano-hill ere formed on the surface of GaAs and Cd1-xZnxTe
with x = 0.1 by the second harmonics of Nd:YAG laser radiation at intensity within 4.0 –
12.0MW/cm2.
Morphology of the irradiated surface of the GaAs single crystal has shown formation of very
sharp self-organized nano-cones, as shown in Fig. 17, which arise on the irradiated surface
after irradiation by the laser with intensity I = 5.5 MW/cm2. In the PL spectrum of irradiated
GaAs single crystals (Fig.18) with maximum of spectrum at 750 nm we have also observed
band gap blue shift on 100 nm. Intensity of PL at the maximum of the irradiated surface is 4
times more that intensity of PL no irradiated surface. But its intensity is much lower
comparing to PL of Ge quasi QDs. The evidence of QCE presence in nanostructures on the
irradiated surface of GaAs single crystal is back scattering Raman spectra, as shown in Fig.
19. We can see that spectral LO phonon line at 292 cm-1 is characterized by “red shift” after
irradiation of the surface by the laser. Calculations of quasi quantum dots diameter on the
top of nano-cones using band gap shift from PL spectra of GaAs and formula (1) gives d =
11 nm.
Irradiation of Cd1-x ZnxTe (x=0.1) crystals by the Nd:YAG laser radiation at intensities below
the threshold intensity of 4 MW/cm2 does not change the surface morphology(Fig.20,a). The
nanostructures begin forming at intensities I ≥ 4 MW/cm2 on the irradiated surface, as are
shown in Fig.20.a and b, correspondently (Medvid’ et al., 2008).
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Fig. 18. PL spectra of the irradiated and nonirradiated surface of Si at intensity of LR up to
7.5 MW/cm2.

a)

b)

Fig. 20. Atomic force images of the Cd1-xZnxTe (x=0.1) surface (a) before irradiation and (b)
after irradiation by the laser at intensity of 12 MW/cm2.
The “blue shift” of exciton bands in PL spectra of the irradiated Cd1-xZnxTe is explained by
Exciton quantum confinement effect in nano-cones (Brus, 1984). A new PL band at 1.88 eV is
found. Appearance of the PL band is explained by formation of CdTe/Cd1-xZnxTe
heterostructure in the bulk of the semiconductor with x =0.7 due to TGE (Medvid’ et al.,
2002). The increase of exciton energy on 2.5 meV proves the presence of the Exciton
quantum confinement effect at the top of nano-cones. The energy of band gap of the
Cd1-xZnxTe crystal increases along the axis of the nano-cone perpendicular to the sample
surface. Thus, a graded band gap structure with optical window is formed in the nano-cone.
The energy of band gap of the Cd1-xZnxTe crystal increases along the ZO axis of the nanocone perpendicular to the irradiated surface of the sample, as s shown in Fig 22. Thus, a
graded band gap structure with optical window is formed in the nano-cone.
The Thermogradient effect plays the main role in the redistribution of Cd and Zn atoms at
the irradiated surface of Cd1-xZnxTe at low intensities of LR from 0.2 MW/сm2 till 4.0
MW/сm2. Two layers are formed near the irradiated surface of semiconductor: the top layer
consists of mostly CdTe crystal but the underlying layer – ZnTe crystal, as is shown in
Fig.22.a. A mismatch of lattices of CdTe and ZnTe crystals is equal up to 5.8%. This
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Fig. 22. a) Scheme of physical model for nano-cones formation on a surface of Cd1-xZnxTe
crystal caused by Nd:YAG laser radiation λ=532 nm, the laser beam direction, Cd and Zn
atoms drift in gradient T field and crossection of the irradiated sample; b) The energy of
band gap of the Cd1-xZnxTe crystal increases along the symmetry axis Z of the nano-cone
perpendicular to the irradiated surface of the sample. Thus, a graded band gap structure
with optical window is formed in the nano-cone due to QCE; c) Distribution of Zn and Cd
atoms in Zo direction in the sample before (curve 1) and after irradiation by the laser (curve 2).
plastically deformation of the top layer leads to creation of nanostructures of the irradiated
surface according to the modified Stransky-Krastanov’ mode.This result is in a good
agreement with PL measurement data, as shown in Fig.21.b. A built-in quasi electric field,
generated by graded band gap, is directed in the bulk of the semiconductor as a result
decrease of surface recombination velocity. The photoconductivity spectra of CdZnTe
samples were recorded at room temperature before and after irradiation by Nd:YAG laser,
as shown in Fig.23. The photoconductivity spectra show, that at laser intensity up to
4MW/cm2 the shift of maximum spectrum to the longer wavelength, “red shift”, of spectra
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and increase of photocurrent at short wavelength take place, as shown in Fig.23, green
curve. This effect is explained by decrease of surface recombination velocity. The irradiation
of the sample by higher intensity of the laser causes the “red shift” of spectra and the total
increase of photocurrent up to 2 times, as shown in Fig.23, red and black curves, are
explained by formation of graded band gap structure on the top of nano-cones and increase
of electron-hole pares life time due to increase concentration of D-A pares after irradiation
by the laser.

Fig. 23. Photoconductivity spectra of the irradiated surface of Cd1-xZnxTe before and after
irradiation by the laser.

3. Conclusion
For the first time was shown the possibility of graded band gap structure formation in
elementary semiconductors due to the presence of Quantum confinement effect in cone-like
nanostructure.
Thermogradient effect plays a main role in initial stage of nano-cones and graded band gap
structure formation by laser radiation in semiconductors.
The new laser method for nano-cones formation on a surface of semiconductors Si, Ge,
GaAs, 6H-SiC crystals, SiGe and CdZnTe solid solutions is elaborated.
The model of cone-like nanostructure formation on the SiGe surface has been proposed.
According to this model, irradiation the semiconductor by strongly absorbed laser radiation,
leads to a huge temperature gradient (108K/m). It causes the drift of Ge atoms towards the
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irradiated surface. Concentration of Ge atoms is increased at the irradiated surface. Ge
atoms are localized at the surface of Si like a thin film. A mismatch of Si and Ge crystal
lattices leads to compressed stress of Ge layer. The stress relaxation by plastic deformation
of the top Ge layer and creation of nanostructures on the irradiated surface according to the
modified Stransky-Krastanov’ mode takes place.
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