We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



18

Nonlinear Optoelectronic Devices
Based on Nanocrystalline Silicon Films:
Acoustoelectrical Switchers for

Optical Modes, Nonlinear Optical
Switchers and Lasers

Dmitry E. Milovzorov
FLUENS TECHNOLOGY GROUP, LTD, Moscow
Russia

1. Introduction

Since 2000, the nanostructured materials have received a great application in optoelectronic
devices development. Nanocrystalline silicon films are used now as for performing the new
memory devices as to make thin film transistors for displays. Optical switches are used
already two decades in optical communication systems. The switching times were varied
from ps to ns. However, the possible increasing the rate of switching can be results in new
optical computer creation the main principal of which are based on nonlinear switches.
Accordingly, the high degree of integration of elements is, also, very attractive. Because, the
miniaturization of switch is significant.

This investigation is devoted to possible nonlinear switch design the main principle of
which is based on the control of the nonlinear-optical response enhancement for
nanostructured silicon films by applying external electrical field. First, it is discused a
suitable nonlinear optical system based on various types of silicon films: amorphous,
nanocrystalline and polycrystalline (D. Milovzorov et al., 1998, 1999, 2001). Also, each silicon
film differs from the other in crystal phase fraction, size distribution of nanocrystals, their
crystal orientation, by various types of chemical bonding and defects, their densities, and
density and sizes of nanoscale holes. The next type of proposed devices is acoustoelectrical
switches for optical modes inside the laser cavity. Acoustoelectric effect was detected in
various materials such as n-type germanium (Weinreich et al.,, 1959), GaAs/LiNbO3
structure (Rotter et al., 1998). In present work the acoustoelectrical effect is studied in
nanostructural silicon thin films by applied external electric field due to their specific
structural and chemical properies. The third type of optoelectronic devices is lasers based on
silicon films such as Raman laser and laser with nonlinear two-photon resonant pumping.
The new electronic devices based on natural luminescent and nonlinear properties of
oxidized nanocrystalline silicon film can be easily resolved numerous problems of
communications and computing by using combination of new spectral lines in IR, visible
and UV ranges. Theoretical approach assists to find the main mechanisms of evolution of
inverted population and appearance of laser generation modes.
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460 Nanocrystal

2. Acoustoelectric effects by Raman scattering

2.1 Raman scattering from silicon films

The Raman spectra for poly-Si films consist of a narrow line near 520 cm?! arising from a
crystalline phase and a broad line around 480 cm! from an amorphous phase. The p value
was estimated from the ratio of the Raman integrated intensity for the crystalline
component to the total intensity, using the ratio of the integrated Raman cross-section for
the crystalline phase to that for an amorphous phase. The random silicon network Gauss-
distributed in their bond lengths with various deviations, and phonon wave numbers is
spread. The regular bonding network has the Lorentz shape of its spectral line. Our possible
interpretation of a-Si Raman spectra decomposition is a possible recognition the role of
point defects and inserted impurities which cause the changes in structural properties of
film. It is assumed, that the a-Si film with high density of defects such as silicon vacancies
causes the spectral peak around 465 cm-1, but after annealing there is a spectral shift in
wavenumber 465 cm1->475 cm! . By hydrogen dilution of gas mixture by PECVD of a-Si the
Raman peak position is changed from 475 cm- to the 480 cm (D.V.Tsu et al., 2001). It is
supposed, that the Raman data of hydrogenised amorphous silicon film result in the
spectral peak around 45-447 cm! (D. Han et al., 2000) corresponds the LO mode, but the 480
cm? for TO mode. For the higher structural relaxed silicon thin film by high level of
hydrogen dilution the TO mode reflects in 490 cm-! value of peak position. The spectral peak
width changed from the value of 40 cm-! for a-Si to the 70 cm-! for a-Si:H.

There are many interpretations of Raman spectral data concerning the optical response from
crystalline silicon phase around 520 cm-!, various kinds of intermediate, pic-Si or nc-Si, or
grain boundary response around 494-501 cm-!, and amorphous silicon phase at the wave
number value of 480 cm, ( D. Han et al.,, 2003). Figure 1 shows the various types of
decompositions of Raman spectrum for microcrystalline silicon film with thickness around
100 nm. This film was deposited at 380 °C. By using this procedure we use three or four
peaks approximations. Figure 1 a illustrates the three peak decomposition with c-Si related
spectral line around 520 cm-!, nanocrystalline or intermediate spectral line in range 500-510
cm! and for amorphous silicon is 480 cm-1. The next Fig. 1 b shows the Raman data with
noise signal for comparison and fourth spectral component (~490 cm?) is related to
hydrogenated amorphous silicon network. According to the Matsuda work (Matsuda, 1999,
2004) it is possible to deposit the pc-Si:H film with low content of Py, defects at relatively low
temperatures 200-300°C. By these temperature conditions the hydrogen diffusion is effective
compare to the diffusion rates of SiHz and SiH, radicals. The hydrogen terminates all the
dangling bonds. The defects levels spectral intensity of Raman spectra becomes lower. The
spectral characteristics of amorphous-related peaks are changed by the hydrogen saturation
of dangling bonds.

2.2 Raman spectroscopy from thin crystalline silicon films on glass substrate
For additional confirmation the nature of optical response from silicon thin film we tried to
carry on the analysis the Stocks components of Raman scattering spectral lines and physics

of laser light absorption by surface layer. Absorption of radiation by c-Si film on glass
substrate can be written as: 1 =1 exp(-aZ, )exp(— ,BZg,m) :

i

The spectral intensity of radiation by Raman Scattering can be distinguished as following;:
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Fig. 1. Raman spectra deconvolution by using a) 3 peaks approximation: c-5i, for 520 cm-; a-
Si for 480 cm! and intermediate or nanocrystalline for 500-510 cm-; b) 4 peaks
approximation: for c-Si (520 cm1); a-Si (480 cm-?); nanocrystalline (500-510 cm1) and
hydrogenated a-Si:H for 490cm-!.
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Fig. 2. Raman spectra and micro photo of Secco etched silicon film with thickness of film is
around 25 nm -a); Raman spectra micro photo of Secco etched silicon film with thickness of
film is around 17 nm- b).

We assume that the D is a laser beam diameter and the density of dipoles can be written as
following;:

1
Ny=,7DZ,,

2)
The thin film thickness can be estimate by using Raman scattering signal from standard film
sample and suggested that silicon film is fully crystallized: Z ,_=Z_ p.

For the real thickness of fully crystallized silicon (see Fig. 2) film Z=50 nm, we can estimate
the thickness of etched silicon film as ratio between peaks’ squares under crystalline phase
around 520 cm! and amorphous phase around 480 cm- multiplied on 50 nm. For the thin
film on Fig. 3 it is seen that the thickness value is around 25 nm. By Secco etching of Si film
the rate of etching is around 3-4 nm/s. According to our estimations, the thickness of thin
silicon film shown on Fig. 2.4 is equal to 17 nm.
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2.3 Raman scattering from multicomponent silicon films

Figure 3 shows the Raman spectra porous silicon film on the Corning 7059 (Fig.3 a) glass
substrate, Raman map of film’s area 9um x 9um (see Fig.3b), the scheme of silicon film
structure (Fig. 3c) and its atomic-force microscopic (AFM) photo on the area 1um?2 (Fig. 3d).
It is seen, that crystal phase volume fraction can be estimated by using the Raman

I.+1,

I.+1 +1
I are intensities of spectral signal on 520 cm-!, 480 cm-!, and 500-510 cm-!, respectively. The
p value is more than 70% for the silicon films that were shown on Fig.3. Figure 4 illustrates
the optical and structural properties of silicon films with nanocrystals included into silicon
oxide material and their photo detected by means of AFM. It is clear, that the p value is
lower for such type of silicon films than mentioned above. It is in the range of 30-50%.
However, it is seen the rectangular shape of large (around several hundreds nm) crystals
which are made due to low temperatures of deposition and high degree of hydrogen
dilution. Also, it is important to note about low pressure and low flow rates of gases.

spectroscopy data according to following formula: p = , where the values I¢, 14,

A
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Fig. 3. Raman spectrum -a); and Raman map of crystallized silicon in film on glass substrate
-b); scheme of material -c); and its atomic-force microscopic (AFM) photo -d).
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The silicon bonding is estimated by using Raman scattering measurements from the ratio:

_TIS,((o)dco

p= ©)

The p value was estimated from the ratio of the Raman integrated intensity for the silicon-
related components to the total intensity, using the ratio of the integrated Raman cross-
section for them. The local factor is given by

L(w, p) == (5&-(‘0) ~ Egop (w))
P = 4z 1+ (e,(w) - Egon (@) (A - Bp)

4)

where the esi(w) and esior are the dielectric functions of silicon and SiO,, A is the
depolarization factor (for sphere is 1/3), B is the Lorentz constant (3=1/3 for a homogeneous
spherical surrounding).The natural Raman spectral width for Gaussian distributed
crystallites in their sizes in film depends on the dispersion of phonon wave vector:
Agq=4nc/(32-62), where the value of ¢ is equal to max(g,0) , € is a dispersion of spatial
crystallites distribution (e=[f(5)52d5, f(5) is Gaussian distribution function),0* is random
shape distortion of crystallites from spherical shape *=80, where 6* is random Gaussian
distributed value of size of crystallite with random spherical shape, <6*>=5<60>. The value of
0* is equal to 5(6-1).

2.4 Laser picosecond spectroscopy

A mode-locked YAG:Nd3* laser radiation with wavelength 532 nm was used as an optical
pump of media, but the second-harmonic radiation (A=1064 nm) was used for probing of
sample’s surface. The pulse duration was 120 ps. The pulse repetition rate was 100 MHz and
frequency of Q-switched modulation of second-harmonic radiation was 6.2 MHz. The
correlation function of reflected signal intensity of probe laser beam was detected by means
of pump-probe laser scheme

G(t) =< IO (t +71) >= %jl(z)](r +1)dr; (5)

where G (t) is averaged correlation function, T is the time of detection. It is estimated, that
Aw is a width of level that equals to 12 peV for silicon film with <6>=8.5 nm, and 16 peV for
silicon film with <6>=14.7 nm (see Fig. 5 a, upper and down graphs). The most important
fact is appearance of quantum beats, which reflect the optical response from two-neighbor
level. We suppose that the different fractions of oxygen incorporation in silicon film cause
the appearance of neighbor levels inside the band gap with the spectral width (Milovzorov,
2001):

20¢ I’
Ad = 2 2 NSi*O (6)

me
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Fig. 4. Silicon nanocrystals included into silicon oxide material and their photo by means of
AFM.

the presence of complex SiO configuration. Figure 5 shows the energy diagram for silicon
films with nanocrystals” defects’ levels, and time resolved spectroscopic data for reflected
laser radiation with wavelength 532 nm for three nanocrystalline films and oxidized silicon
crystal (111) surface. The wave fuction of excited state is a quantum intereferential picture of
two closed located energetic levels;

|1,//> =q, |¢l(0)>exp(—(iElgt) /h— Aa)lt) +a, | b, (0)>exp(—(iE2gt) /h— Aa)zt); (7)

where | g, |2 and | a, |2 are prioportional to probabilities for both excited states 1 and 2.
Such quantum interference of states results in quantum beats.

The Raman response (relative value in percents of all spectral area) from crystal phase of
silicon around 520 cm! becomes down to three times lower by applied electric field. Width
of level is Aw=7.2 peV and the gap between levels is A=12 peV for silicon film with <§>=9.7
nm were measured experimentally from the data of laser picosecond spectroscopy (see Fig.
5).The oxygen atoms and dimers are incorporated in the silicon grain boundary and have
weak covalent bonds with silicon. But the activation energy for molecular diffusion is low,
0.3 eV, in contrast with the activation energy value for atomic diffusion (1.3 eV).
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Fig. 5. Energy diagrams for different defect levels inside band gap of silicon: a) one defect
level (upper graph); b) two levels which are closed to each other (upper graph); a) time
evolution of excited carriers from silicon film by appearance of one defect level (down
graph) near the bottom of conduction band (CB); b) quantum beats (down graph) of
intensity of radiation by quantum interference of two defect levels which are closed to each
other which are placed near the bottom of CB (Milovzorov, 2001).

2.5 Field effect in Raman spectra and acoustoelectric switching the optical mode
By applied electrical field the dipole moment value for Si-O-Si bridge is defined by
displacement evolution:

=+ p(1); 8)

The induced polarization of nanocrystalline silicon film can be explained by using the
Raman scattering measurements by applied external electric field (see Fig.7). Dipole
moment can be written in form (Kahan, 2000)

er (Ez - E )2

d= .
2 (E2 —El) +4J°(r)

[n,(1) —n,(0)]; )
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where 1, (t) and n; (t) are levels” populations, | is resonance integral, E; and E; are energies
of electrons. Reflected intensity harmonic oscillations can be explained by using time
dependent dipole moment of coupled atoms of Si-Si bonding. The Fermi Golden Rule for
Raman scattering can be written according to (Yu & Cardona, 1996):

)

2

S(E.(k)—E, (k) ~hw*E,); (10)

i> <i‘Hel—phomn
—hw

S5 L

k.k'

i0

where Helectron-phonon and Helectron-photon are Hamiltonians terms for electron-phonon and
electron-photon interactions.
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Fig. 7. Model of switching of carriers” population for silicon nanocrystals by applied electric
field can be explained by using the energetic diagram of silicon film (a) and Raman
scattering spectra (blue arrows) for radiation (hwpump-"wphonon=hWemittea ) With wavelength 488
nm (red arrow)) for silicon nanocrystalline films without (b) and with (c) applied electric

field (E=30 pv/nm).
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2.6 Field effect in Raman spectra for silicon films deposited on buffer layer

For the samples of silicon films deposited on buffer layer of cerium dioxide that was
deposited at high temperature by magnetron sputtering of target the thickness of buffer
layer was 90 nm. This layer was often used by thin silicon crystallized film preparation to
stabilize the crystal silicon-amorphous glass disorder. This is because the crystal dielectric
cerium dioxide with energy band gap 5.5 eV has the same crystal lattice constant: 5.41 Ais
for CeO, and 5.43 A for Si. It is seen in Figs. 8, 9 the Raman spectral data for various external
applied electrical field values from silicon film deposited on buffer cerium dioxide layer at
low deposition temperature with crystal fraction less than 30%. Figure 8 illustrates the
changes in phonon modes which were occur by applying the external electric field. It is
seen, that the crystal-related spectral peak is decomposed into two component (LO and TO
phonon modes) with their energy positions at 515 cm and 524 cm-! without field (E=0), and
514 cm! and 524 cm! by E#0. Figure 9 illustrates the lowering in the magnitude of LO
phonon modes by increasing the external electric field. In this case the dipoles in polarized
buffer layer generate the electric field which is sufficient for stabilizing the nanocrystals
inside the silicon film. Because, there is phonon TO-LO modes splitting which is observed in
Fig.8.

2.7 Raman silicon laser development
According to the work of (Klein & Cook, 1967) the solution of transformed Maxwell’s
equations can be written as combination of plane waves. For the plane wave (with
frequency ) incident on the film and interacted with phonons wavelength A the intensity
of radiation is represented by (A <0.01® ):

XL

sm( j
I= IOWZATCOSH; where X*=W’+(sin6, —sine)z; w =i s I, is intensity of the
£

incident laser radiation, Ae¢ is a perturbation of dielectric function by phonons or electric
fields. The spectral width of output radiation depends on the geometrical ratio between
thinckness of film d (see Fig. 10) and substrate {, and wavelength of radiation. By applying
the external electric field the dielectric function is varied and the spectral width is, also,
changed. The cavity with length 4 is adjusted according to following requirements:

Av =L;d =mA.
2nd

The quality factor of cavity Q characterizes the degree of spectral sharpness of output
radiation (Verdeyen, 1995):

_2mnd ()"

Q lo 1_(,‘]’3)1/2'

(11)

The edge reflectivities r,r, are sufficient (~0.5), and their values depend on Si/SiO; interface.
By the addition the CeO, buffer layer with strong polarization property with thickness more
than 50 nm the efficient transfusion of laser energy into TM or TE mode by applying the
external field can be easily achived. It is reflected in spectral pictures that there is a splitting
of TO and LO phonon modes by assisted electric field.
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Fig. 8. Raman spectra from silicon film deposited on buffer layer without (upper graph) and
by applied external electric field (down graph).
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Fig. 9. Raman spectra (left graph) from nanocrystalline silicon film deposited at low
temperature on buffer layer of cerium dioxide with thickness 90 nm: a) 0V/cm; b) 30V /cm;
¢) 50V/cm; d) 60 V/cm. Scheme of acoustoelectric switcher for laser optical modes (right

graph).
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Fig. 10. Typical scheme of ordinary Raman silicon laser (a) and laser cavity for Raman
scattered radiation with two separate TM and TE modes (b) based on thin film and glass
substrate.

3. Nonlinear optical switchers and lasers

3.1 Chemical bonds as quantum objects

3.1.1 FT-IR spectral components and SHG response

Figure 11 shows the SHG spectra from two silicon films (prepared by using PECVD and gas
mixture of silane and hydrogen) with nanocrystals Gauss distributed in their sizes and
crystalline volume fraction 60%. There is a slight difference in standard deviation of Gauss
distributions functions for nanocrystals’ sizes in the area of 1 mm? (laser beam diameter on
the film). It is clear, that by the same physical properties, chemical contamination, and
structural properties the SHG signals is significant varied. This is because of dipole
appearance inside silicon film. There is great variations in chemical bonding of silicon and
oxygen (or hydrogen and fluorine), kinds of point defects and their spatial distribution
which contribute in local field factor. The bond length distortion causes the surface strain.
This is because of there is an oxygen atoms incorporation and structural relaxation of
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surface Si atoms (see Figs.12, 13 a, b). Shklyaev and coworkers Shklyaev et al., 1999)
proposed the model of oxygen nucleation on the silicon surface. There are several critical
conditions in oxygen interaction with silicon. The kinetic of Si surface oxidation was studied
by SHG method. However, there are no evident information about earlier lateral growth
and oxygen adatoms. Figure 12 illustrates the spectral peaks around 1100 cm? (upper
graph) corresponded to the oxygen triplet states (3P,) in poly-Si films FTIR spectra. It is
supposed that oxygen molecules are inserted in interface amorphous media between silicon
nanocrystals and cause the appearance of three spectral peaks around 1100 cm. It is
assumed that the contents of crystabalite structure Si-O-O-5i is low, but the Si-O-O-O-S is
sufficient. There are no triplet states related spectral peaks for buried silicon oxide, by the
annealing to the temperature 1100°C. The quartz Si-O-Si bridging structure produces one
peak at 1100 cm! with great magnitude. The spectral splitting of 0.008 eV is because there
are two unpaired electrons at two p orbital. However, the lateral position is unpredictable
due to the great value of the surface diffusion. It is assumed, that the defects are localized in
Si-Si0; interface with complex composition SiOx. The increase in oxygen concentration per
silicon atom x results in increasing of SiO bond length. For the sample with smaller grain
size the hydrogen termination of dangling bonds is greater, and density of oxygen is low.
But, the film with large grains contains great amount of oxygen in Si-O-Si and SiO;
compositions. Also, it is assumed that the exponential electron density decay is due to the
exciton state decay. The short relaxation time can be described as possible relaxation process
through the oxygen incorporation related defect states, which density of states is following:
n(E)=(nsi(E)+xn,(E))/ (1+x) [22] (Lanoo & Allan, 1978; Delerue et al., 1993). For low graph in
Fig.12 the silicon film has crystalline volume fraction 48%, and nonlinear responses in
various ranges of SHG spectra are following: I,,=1.65 at 12,=370 nm; I,,=0.9 at 12,=535 nm;
I:ng=0.5 at A2,=420 nm.

3.1.2 Nonlinear optical signal by chemical bonding variations

The radiation with determined wavelengths for second-harmonic generation was detected
for a films deposited on glass, silicon (100) and quartz substrates. The film thickness was
more than 300 nm. Figure 13 shows the absorbances of different silicon films prepared by
using gas mixture of silane diluted by hydrogen and silicon tetrafluoride diluted by helium
as 5:95. It is seen, that there is great variations in chemical bonding properties of films. It is
supposed that the spectral lines at 1107 cm! (see Fig. 13 b) is related to the asymmetric
stretching mode for Si-O-Si of interstitial oxygen atom; the spectral line at 913 cm! (see Fig.
13 ) is for SiH3 bending mode; the spectral peak at 1174 cm-! (see Fig.13 b) is an assymetric
stretching mode of O-5i-O TO (Wang et al. , 1999), and line at 1060 cm-! (see Fig. 13 b) is for
stretching mode of O-5i-O bonding (TO mode in phase motion of oxygen atoms) (Wang et
al., 1999); spectral line at 956 cm! (see Fig. 13 d) as scissor mode of Si-H, (Chabal et al.,
2002), spectral lines at 975 cm and 979 cm! (see Figs. 13c, 13d) are related to silicon fluorine
bonding (Milovzorov et al., 1998, Milovzorov, 2010) or divalent silicon specy interacted with
two oxygen atoms (Chabal et al., 2002); spectral lines at 902 cm-! (see Fig. 13c) and 901 cm-!
(see Fig.13d) are related to silicon hydrogen bonding Si-H, scissor mode (Chabal et al.,
2002); also, spectral line at 913 cm-! corresponds to the Si-F5s molecular-like assembly (King et
al., 1986); and spectral line at 934 cm-! (see Fig. 13b) and 933 cm-1 (see Fig. 13d) are related to
stretching mode Si-F of SigHisF configuration (Chatterjee et al., 2001) ; spectral lines at 838
cm! (see Fig. 13d) and 841 cm! (see Fig.13c) are related to A-center response (Corbett et al.,
1961, 1964). In addition, it is assumed that the spectral lines at 858 cm-! (see Fig. 13d) and at
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Fig. 11. SHG spectra from silicon films with nanocrystals Gauss distributed in their sizes and
crystalline volume fraction 60%.

859 cm-! (see Fig. 13c) is for Si-F stretching mode or Si=O stretching mode of sylynene and
electron configuration for the triplet state

Variation in SHG signal for different nanocrystalline films with their chemical bonding
properties at determined wavelengths is presented in Table Ne 1. In addition, there is SHG
responses from the films with silicon substrate, crystalline volume fractions obtained by
using Raman data, average grain sizes of nanocrystals estimated by means of X-ray
diffraction, and photoluminescent signal. It is supposed that the SHG spectrum is produced
by surface component of dipole moment because there is a violence of symmetry by surface

and great contribution into the surface area of large size nanocrystals (S/V ratio). The great
enhance is due to the appearance of surface’s nonzero dipole moment

PPW) = e “EOWEW) + 450 tEW)EW) + 4 ion : EOW)E(W) (12)
There is anisotropy of nonlinear optical properties by the dominant crystal orientation (111)
for the films deposited at low temperatures. Such kind of anisotropy can be easily
recognized by means of p- or s-polarized laser radiation and by the detection of s-polarized,
for Yxux Or ¥ components or p -polarized, for ..z, Xox and xx. components of output

radiation. The nonlinear second-order susceptibility depends on the surface hydrogen
coverage 0y according to the formula (Durr & Hofer, 2006)

X( s.i,j.k (9) = Xzzz + (1 - 91‘1 )XXXZ

(13)
where x... and X are the nonzero tensor components of susceptibility, 0<0p<1 ML
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Fig. 12. FT-IR spectra from oxidized nanocrystalline silicon films (a) and (b) with significant
SHG response.

3.2 Dipole moments and SHG spectra

The nature of defects is complicated because the types of oxygen (or fluorine) and hydrogen
incorporation in nc-Si films are varied. There are different kinds of defects with significant
physical properties such as paramagnetic centers or charge traps. The optical luminescent
properties depend on defect density and their spatial distribution. Optical absorption
measurements help to study the oxygen and hydrogen incorporation, to characterize the
types of defects, to evaluate the density of bonds. Dipole moment of silicon dangling bond
can be estimated by using combination of Si (15)-Sia (3p) and Si (3p)-Sia (3p) atomic orbital:

V2

uzedJ“P Y. . dv;
0

SilS Si3p

. (14)

p=ed .[ lPSi3plPSi3pdv;
0

where the value Vy;: is the volume of integration. The overlap integrals are shown in the
Table Ne 2 to calculate the dipole moment values.
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Fig. 13. FT-IR spectra for nanocrystalline silicon films with high SHG response in UV and
visible range; silicon films are varied in chemical bondings: a) SD56, b) SD 55, c) SD 58, d)
SD53. The SHG signals for all films are in Table Ne 1.
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Sample, [A=370 A=420 [A=450 ]A=472|\=535 |Silicon |Silicon |Silicon |nc-Si |p,% |PL
Chemical nm |nm |nm |nm |nm [|substrate|substrate|substrate|Size,n
bonding A=420 |A\=450 |A=535 |m

nm nm nm
SD52, 1.13 [0.052 (1.06 |0.7 |17 1.5 1.2 17 10 70 |PL
Si-O-Si
bridge
SD53, 1.06 |10 1.5 0.7 10 0.7 2.0 20 11 70 |PL
Si-F
SD55, 1.65 |0.02 [0.73 0.3 13 0.12 0.6 20 - 30 |PL
Si-O
SD56, 0.75 |0.04 |2.0 0.7 10 1.0 24 - 18 70 |PL
Si-O-Si
SD58, 047 109 1.8 0.7 10 0.2 1.0 15 - 30 |[PL
Si-F

Table 1. SHG signals detected on fixed wavelengths from the 5 different silicon films with
various fractions of nanocrystals, deposited on glass and silicon (100) substrates.

d, length for strain or broken | Overlap integral value for | Overlap integral value for
bond, A silicon 3p-3p orbital, 3, silicon 3p- oxygen 2p
10-6 orbital, 83
106
3.65 6.835 104 3.110+4
2.21 8.37 105 2.8
2.35 6.75 105 1.2
3.83 4.84 104 9.5510%

Table 2. The overlap integral values calculated for silicon bonds and silicon-oxygen
bonduing at fixed bond lengths.

For the silicon orbital (1s)-oxygen atom orbital (2p) and silicon orbital (3p)-oxygen orbital
(2p) interactions we can evaluate dipole moment of Si-O bond by using formula:

vz
Moy sy =€d [ W0, ¥ ,dv;

. (15
s pomss = €d J- V,,, ¥ dv

0

where d _is bond length, dv =4nr’drdgdd ,0<r<2&, &is a largest covalent radius. By
ther=1.6A, r/a,=3thevaluey, ,, =1.12D.

Figure 14 illustrates the nonlinear spectra because the SHG response is optically induced in
oxidized nanocrystalline silicon films. There are various phenomena which can be
responsible for increasing the SHG. The first possible explanation of nonlinear optical
properties is appearance of dipoles inside the film such as Si-O bonding with significant
dipole moment. The second is a perturbation of electron density by electromagnetic field by
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Fig. 14. Nonlinear SHG spectra from the surface of silicon films with 10 nm-sized
nanocrystals (111) and crystalline volume fraction at 70%.

applied external electric field or laser field. The third is a quadruple moments from the
complex point defects, such as vacancy of oxygen atoms in Si/SiO; interface area, dangling
bonds which migrate in films due to the weakening of silicon bonds. It is supposed, the
value of dipole moment by the angle between the two Si-O bonds is around 109°. The
second-order terms of dipole values for polarized media are given by

VR VR VR 2 VR
Hm = e_[ lPsns\PmpdV(J. lIJSilSXQ\PSiSpdV - [ I lPsnsxlIImpdVJ ) / J. \Psnsx\Pmpdv (16)
0 0 0 0

where a sphere of integration isV, , x is bond length. It is assumed that x value is a sum of
two covalent radii for both atoms, & is a largest covalent radius for two atoms, R is a
distance by the atomic orbital for each center has spatial the limit of its extension, for the
values of distance R=4& we suppose the averaging procedure is possible. This dipole
moment is because of the dangling bond causes the breaking in crystal structure’s
symmetry. The concentration of dangling bonds in silicon film deposited on glass substrate
is varied from 106 cm- to 1020 cm-3.
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The next two types of dipole moments are due to the oxygen atom incorporation with
silicon can be evaluated for determination the role of oxidized silicon in yield of second-
harmonic generation:

VR VR VR 2R
u? = e_[ \Psl_ls\}’ozpdv('f VXY, dv— [J. ‘I’S”Sx‘l’mpva )/ I Y, xV,,,dv;
0 0 0 0

(17)

02p 02p 02p

VR VR VR 2 VR
u? = eJ. Y, ¥ dV(I Y, XY, dv— [J. ¥, XY dvj )/ j W, xY,,,dv;
0 0 0 0

The first integral in equation describes the charge spatial distribution of two atomic orbital
that are located on different centers overlap. The second term in such multiplication in
brackets describes the spatial distortion of dipole bond length by various conditions: such as
external electromagnetic field or the other coupled Si—O dipole. These changes cause the
perturbations in wave functions, too. However, we estimate such dipole moment distortion
by using non perturbative wave functions and stressed bond with its length more than
ordinary. Such dipole moment deviation causes the electron density distortion and
significant nonlinear optical signal. In addition, the induced by external field dipole moment
for a pair of silicon atoms can be explained as following:

V28 V28 V2§ V28
TN m{ [ ¥, @ (), dv+ [ W0 @) v+ [ P00, a0+ | \Pl\.s,(r)*P*(r)sp,wdv}
0 0 0 0
‘I’W. = ‘PW exp(—iEWt / h) + ‘{’3,)” exp(—iE

ol /1) (18)
V. =Y, exp(—iE 1/ h)+ ¥, , exp(—iE, 1/ ).

Lsll

The wavefunctions according to the P. Feuer theoretical work (Feuer, 1952) corresponding to
the energies E, and E, by external applied electromagnetic field can be written as

lPl - %;(‘]’"Hl (_ql )al (x - 'xm ) + (]m+l2 (_qz )aZ (X - x"' )’

\Pu = %;(‘]mm(_ql)al(x - X, ) - (J,n+12(_Q2 )az ()C - xm)'

Here, theJ, is a Bessel function and Taylor expansion of pertubing potential
isV(x)=eFx, +eF(x—x,).

3.3x° succeptibility components from polarized light experiments

For spectral measurements, an optical parametric oscillator/amplifier pumped by the third
harmonics (0.355 nm) of a Q-switched Nd:YAG laser (Spectra-Physics, MOPO 730) at a 10
Hz repetition rate was used. The p-polarized laser radiation with spectral width of 0.3 cm-!
was focused on the sample to a spot with diameter of 0.5 mm. The energy of primary laser
radiation was near 3 m]J. Resonance spectra consist of two sharp peaks. The peak at 1.6 eV is
caused by SHG response due to E¢'= I';5-I'15 transition. We suppose that the second peak can
be recognized as SHG response due to E;= Ly-L; transition in silicon nanocrystallites.

It is observed the sharp spectral peaks around 3.26 eV related to SiO bonding in silicon
network with energy position E--0.14 eV (see Figs. 15-16). It is assumed, that the second
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sharp peak is related to vacancy of oxygen switching by A-defects (with energy position E.-
0.17 eV for bulk Si) appearance in silicon films. It can be observed by means of spectroscopic
methods (such as FT-IR, EPR, Laser time-resolved spectroscopy) only in fluorinated silicon
films. A-defects were detected at first time in silicon irradiated by high energy electron beam
by (Watkins & Corbett, 1961). For silicon film synthesized by PECVD method there is H>SiFs
acid and ortho-silicon acid which generate nonlinear response due to their great dipole
moment. Such incorporation is changed according to fluorine dilution. The SiO bonding
decreases, but the angle of Si-O-Si bridge is changed, there is a Si-Si atomic orbital splitting.
The two new levels are closed to each other with difference around several peV (see Fig. 5b).
Figure 16 illustrates the SHG spectra for Pin2Sou: polarization scheme for horizontal (left
graph) and vertical (right graph) spatial positions of sample with nanocrystalline silicon film
with average grain size 97 A.SHG spectra contains isotropic and anisotropic component of
susceptibility tensor X@,., X@urwX@xxz and x@u. ). Figure 17 illustrates the second-
harmonic generation by optical pumping of laser light with energy of pumping photon 1.63
eV (black arrow) along with resonant tunneling of carriers through the thin layer of
amorphous oxidized silicon. The pumping photons energies hw are 1.63 eV, but the emitted
second-harmonic ~ photons  with  2h®  energies (326 eV) have the:
2h®emitted=h®pumpingth®pumping. The red arrow corresponds the pumping photons with
summ energies more than 3.4 eV (for direct transitions in bulk Si (111)), and the blue arrows
illustrate the photoluminescent radiation, caused by optical transitions through the excited
levels which are situated inside band gap of silicon, too. It is necessary to note, that the
resonant tunneling processes can be realized from the level with lower energy to the next
energy level in closed silicon nanocrystal (see Fig. 17) or other defect levels inside oxidized
silicon layer. It is clear, that by the resonance tunneling the population of lower levels
decreases but the population of upper levels increases.

Average size of crystallites; <t>= 8.7 nm Fae @ A28 oV
L] Power = 30 mw
E. =326 eV 3
m Bz 104 <h>== 161 A
E, = 322 &V |
150 . »
i o
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Fig. 15. SHG spectra (Pj;, ?Pous) for x@y component of susceptibility tensor for nanocrystalline
silicon films with average grain sizes 97 A (left graph) and 161 A (right graph).
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Fig. 16. SHG spectra for Pin=>S,u: polarization scheme for horizontal (left graph) and vertical
(right graph) spatial positions of sample.

The nonresonant SHG intensity as a function of the average grain size in poly-Si films, with
crystalline volume fraction 70%, is presented in Fig. 18, where

I, |LQop, )L (p,,)

1" [LQep)L (o) 1)

Conductivity Band Conductivity Band
Y Ban
Amia
= An
Emitted photons
Pumping photon ' P2W Emitted photons
W
Valence Band ' Val Band '

‘alence Ban

Fig. 17. The energy diagram and resonant SHG scheme by optical pumping of laser light
with determined energy of pumping photon 1.63 eV (black arrow). The nonresonant

excitation of carriers was illustrated by red arrow.
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Fig. 18. SHG signals (P;; 2?Sou) as a function of average grain sizes of nanocrystals in various
silicon films deposited on glass substrates by detection the SHG radiation with wavelength
450 nm.

is normalized SHG signal, L(2w,p) and L(w,p) are the factors of the local field:

L(o.p) =+ Le(o) e, (0)
’ 4n 1+ (e (0)—¢,(0)(A—Bp)

(20)

where &. and ¢, are dielectric functions of crystalline and amorphous silicon, respectively.
For sphere depolarization factor A is equal to 1/3, B is the Lorentz constant (for
homogeneous spherical surrounding B =1/3). For calculations the following estimated
values were A, =900 nm, Aoy =450 nm, ./ (w) =13, e./(w) = 0.03, &,/ (w) = 12, &,”'(w) = 0.23,
e’ (2w) =18, e.”(2w) = 0.5, &,/(2w) =18, &,”(2w) = 7.5 . It is shown on Fig. 18 that decrease in
the average size of crystallites from 25 to 7.5 mm results in increasing of SHG intensity more
than two orders of magnitude. Each point corresponds to one silicon films with its unique
deposition conditions.

3.4 Thin nanocrystalline silicon film for nonlinear devices development

Nonlinear properties such as second-harmonic generation (SHG) were studied by means of
spectroscopic technique: laser source with monocromator coupled with photo multiplied
tube. Optical parametrical generator with amplifier (MOPO 730, Spectra Physics) was used
to probe silicon films. The wavelength was changed in range of 450-550 nm. The diameter of
laser beam on silicon film was 1 mm?2.

www.intechopen.com



Nonlinear Optoelectronic Devices Based on Nanocrystalline Silicon
Films: Acoustoelectrical Switchers for Optical Modes, Nonlinear Optical Switchers and Lasers 481

Figure 14 and Fig. 15 illustrate the SHG spectra from nanocrystalline silicon films with
different average grain sizes: 9.7 nm and 16.1 nm (Milovzorov et al, 2001). It is seen, that
there are two spectral peaks in SHG spectra for silicon films by laser radiation Pi, 2Pou:
polarization scheme. However, in contrast to the P;, 2S..: experiments (see Fig.14) with size
dependent integral SHG signal there is no strict size dependence for scheme of radiation
Pi ?Pous (see Fig. 16) due to the negligible integrated signal.

3.5 Quantum description of microholes for SHG

Nonlinear optical semiconductor-based devices are successfully implemented in various
fields of electronics as quantum electronics for SHG as fiber optics for the new Raman lasers
design. Some of the structures (Pellegrini et al., 1999) such as ZnSe with microhole and
Bragg reflectors SisN4/SiO, generate the SHG in blue-green spectral range (460-500 nm).
These conditions for SHG can be estimated as holes layer thickness L.,y=360 nm and length
of coherence 1.=1500 nm. For silicon nanostructured films with microholes operating at 1500
nm the optical signal strictly depends on the hole geometry. SHG spectral peaks in all silicon
photonic crystals can be detected at 40° and 45 for angles on incidence in the range of 700-
950 nm (Dolgova et al., 2002). For nanosized holes included in nanostructured films such as
shown on Fig.3 it is supposed that the inner space of holes were covered by hydrogen and
oxygen atoms incorporated into silicon. These atoms terminated dangling bonds of silicon
by the deposition and cancelled the further growth of crystal structure. The surface diffusion
coefficient for hydrogen atom is more than for oxygen which has high electronegativity (3.44
for O and 2.1 for H). Because, the hydrogen atoms (and dangling bonds, respectively) can
easily move by laser field interaction and significant dipole moments will appear. Such
quantum nanoholes with defects and impurities generate additional local surface levels in
electronic structure (or polaritons). The simplest possible description is coupling of exciton
and photon that produces the resulted frequency value for polariton. This polariton
generates SHG radiation. The frequency eigenvalues are given by (Deveaud, 2007)

o +o,—i(y, — 1
o= ex ph Zl(j/e.x }/1)/1) + 5\/QR2 + (a)” _ a)ph _ l.(}/” _ 7//}]] ))2; (21)

where ®ex and ®ph are €xciton and nanocavity (or nano-hole) photon mode frequency, Qr is
the Rabi frequency, yex and ypn are, respectively, damping rates. According to the proposed
model of quantum description of SHG caused by nano-sized cavities we assume that by the
polariton-photon scattering SHG results in 2mpser=wsi-0t ®extmswhere the frequency is

written as @, = ,u_hE; and p=dQ is dipole moment of nanosized hole, d is the size of hole, Q
is charge. Figure 15 shows SHG spectra nanocrystalline silicon films with grain sizes 9.7 nm
and 16 nm. The spectral peak around 3.26 eV corresponds to the Si-O oscillated bonds. The
second spectral peak has random energetic position. It is assumed that its position depends
on the charges distributed on film surface, particularly in man-sized holes. Accordingly,
there is no observed microholes on the surface of film by using Raman mapping data (Fig.3).
But for atomic-force microscopic photo it is seen the random nanozised holes. Xu proposed
the method of fabrication of two-dimensional arrays of nano-holes on the silicon crystalline
surface (Xu, 2004). The sharp spectral peak (see Fig. 19) reflects the high efficiency of such
structures.
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Fig. 19. Silicon energy diagram with laser transition and PL (left graph) and optical
spectrum (right graph) with inserted photo of nano-holes (Xu, 2004).

3.6 Dipole moment of strained Si-O-Si
We can estimate the value of dipole moment as following;:

2n

|

Usually, for Si-O-5i bridge the angle between two bonds is approximately in the range of 90-
180c. The dipole moment can be estimated as u,, , , = 1.4, , for the angle a=>90° between
two Si-O bonds in Si-O-Si configuration. Such increasing of dipole value can be resulted by
stress of film surface or even structural point defects in grain boundary of silicon
nanocrystals. The stress by applied electrical field the dipole moment value for Si-O-Si
bridge is defined by displacement evolution: = u’ + u (1) ~ex(t). We can evaluate the
dipole moment by zero displacement s’y , ,=0.17D. It is supposed, that the field-
stimulated dipole moment can be varied in range of 0-1.4 D. The nonlinear susceptibility
tensor is given byyqp,=02P,/ 0EJE,. The second-harmonic generation is forbidden for centro-
symmetric crystal such as bulk silicon because the sum dipole moment is zero, but SHG is
possible due to the surface breaking symmetry and quadruple terms contributions. The
opposite situation is for nanostructured oxidized silicon film, the surface area for a great
amount of nanocrystals is significant, and the breaking symmetry is permanent and lateral
isotropic. We can use the following expressions for simplest formula of tensor such as o=Ns;.
o/N and B=Ngp/N:

¥, s WasT o 0¥ 5 of drded6 ; (22)

3pySi 2px-O 2py -0

5

Si-0-Si —
2 2p0-3pSi 2\/5119[
0

O e 2

adoll + ﬁdn _adon - :Bdn :Bdn admo ﬂdli 0
/?,/ncfsi(z) = 0 0 0 ﬂdIS _adum adoll _ﬂdll 5 (23)
ﬂdn ﬁd3l ﬂdm 0 ﬂdss 0

There are many atoms of surface which are involved into complicated dipole moment of
nanocrystals with different shapes. By decreasing the size of nanocrystal it can be observed
the increasing in quantity of surface atoms and Si-O bonds which results in an appearance
of charges on nanocrystal surface. Most of them are oriented according to the dominant
crystal orientation (111) and placed in silicon atoms’ sites. Because, there is a spectral peak
(see Fig. 15) with energy position around 3.26 eV. The second spectral peaks in the Fig. 15
are related to the defect level because of there are unpaired silicon orbitals.
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The spectral peak at 3.26 eV is an optical response from nanocrystal grain boundary that
contains oxygen atoms incorporated in silicon as dipoles inside film. Figure 20 shows the
resonant SHG response due to the x@.., and x@.,, component of susceptibility tensor for
silicon nanocrystals with orientation (111) and average grain size 9.7 nm. Time resolved
picosecond spectroscopy was used to investigate the electronic structure of defect levels of
silicon (see Fig. 5). There is a possibility to develop optooelectronic device based on
polarized nanocrystalline silicon film for switching the spectral TE and TM modes of the
radfiation.
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Fig. 20. Resonant SHG spectra for x@.., and x@.,, component of susceptibility tensor for
silicon nanocrystals with orientation (111) and average grain size 9.7 nm

3.7 Nonlinear switch parameters

The nonlinear optical semiconductor-based device is proposed. Figure 21 illustrates the
scheme of second-harmonic switching. Adjusted two pairs of metal electrodes create the
electric lateral field. The incident radiation has its polarization that can be transformed along
the two X and Y-axis. To obtain significant SHG response it is needed to orient dipoles in
silicon film. Usually, for these purposes the gold electrodes are used. Also, the rectangular
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geometry with sufficient size for laser beam (from pm to mm) placing on film is popular.
The film thickness is varied from the several hundredths of nm to um. Metal electrodes are
deposited by thermal evaporating by using electromagnetic inductor-based evaporator. For
reorientation dipoles we need to use electrical field values sufficient for sure dipole
manipulation, from one side, and comparable with laser field value, from another side. For
the Ar laser radiation with power 2 mW it is used the electric field 30 pV/nm. By this way,
to correct the changes in dipoles” orientations by laser field is necessary for significant SHG
signal detection. The polarization of film can be written as following;:
ST
SHG E2
E2
2E|E,
2E E.
2E.E,

y

P,

_ (2)
Py - SOXM(J*SII
P

The terms of tensor (from eq. 23) which describe silicon atoms with Si-O bonding are
Yoo =0d,"+PBd,; and y *"=ad,’. The lowering of oxygen concentration (a=>0) in silicon
film causes the elimination of related component and the view of tensor shows pure silicon
surface. In addition, the P2v;, component will be equal to zero. The output radiation will be
polarized, too. The oxygen incorporation with silicon atoms causes the changes in y2%,,, and
isotropic term (yy..2¢) will appear. By the E,=0 the polarization components of reflected
radiation from silicon film will be following
szw _ szwaz + szwEZz + meszyEz;

szw — ZXD.ZEyEz; (25)
PZZW — XZyyZW(EyZ + EZZ).

The components along the axis Y and Z of polarization don’t depend on the Si-O bonding.
However, the nonzero P,2v component contains the terms in which the Si-O dipoles are
contributed. By the polarized incident radiation Ey=0 we will have the

P =y E® + XWZWEZ2 + ZXWZWEXEZ;
P,"ZW = 2X}’xzszxEZ; (26)
P22w = Xz/rxzw(Ex2 + Ezz) + ZXZ,VZZWEXEZ.

The term that describes the oxidation of silicon with Si-O bonding is in the
Yo =0d,’ +PBd,; and x " =0ad,’. The P2w, component will be equal to zero.

4.1 Light emitting devices by optical pumping

4.1.1 Light emitting devices based on photoluminescentce in visible range from
oxidized nanocrystalline silicon

Controlled PL from silicon nanocrystals in vertical optical cavity (Inokuma et al., 2003) with
distributed Bragg reflector (DBR) was performed with deepness 800 nm corresponds to
maximum yield of PL wavelength. DBR (see Fig. 22) was made by using ten periodic layers
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Fig. 21. Scheme of nonlinear optical semiconductor-based device.

of SiO13 and SiO g with thickness 200 nm. Next, active layer with SiO; ¢ has its thickness of
800 nm. This layer was served, also, as optical cavity. It was completed by using annealing
to 1100°C of silicon oxide film to produce the nanocrystals. Light emitting device can surely
emitt at the wavelength 800 nm.

Au 20 nm layer

Optical cavity
S — Siqlﬁlayer 800 nm
200 nm '
Silicon
oxide layer }

Fig. 22. Scheme of optical cavity with Au 20 nm top reflector layer and DBR (Inokuma et al.,
2003).

4.1.2 Frequency-doubled resonant optically pumped vertical external-cavity laser

The process of resonance two-photon absorption can be described by means of cross-section:
W =o0™1%; where I is a fundamental radiation intensity. The cross-section of resonant two-
photon absorption o can be written as

2

Z{< g|,u|n. >< n|,u|f >} .

by 1277 @
o = 3.2 2
ne 1+4w

(27)

n a)ng -

By resonant two-photon absorption, usually, ¢“” is approximately the same orders of

magnitude as this value for one photon absorption. The energy of two-photon radiation is
E, =3.26eV,(1=380nm) eV, that corresponds to the energy of defect level (VO) inside band
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gap of silicon by direct transitions. The cavity with length { (see Fig. 23) is adjusted

according to following requirements: AV:ZLZ;Z =mA. Active layer that is made from
n

nanocrystalline oxidized silicon has the thickness d =380 nm. Therefore, the conditions for
lasing are the following: exp(yd)[1-L]=1; L=1-r rexp(-a(l+d)).The resulted SHG

radiation due to the two-photon resonant absorption and appearance of inverted population
on the excited level. Gold electrodes (as it is shown in Fig. 23) are nesessary for fine tuning
the electronic structure of silicon film to eliminate the detuning between pump laser two
photons and defect level position. Al mirror layer has the thickness 10 nm. By the diffraction
on the silicon nanocrystals there are two tied cavities by one transition frequency. Each
optical path differs from others. The estimations of frequency beats no more than 1012 Hz
which comparable with LO phonons. From the Maxwell equation for electromagnetic media
the following equations for fields, polarizations and inverted population in two interacted
cavities are given by

-

L .

E+yE+@ E =-yPi+mE,;
+yE+@ E, =—yP+m,E,;
- : 2
- - - 410 -
R+A2 R+Qz Pl =—LL'(l€jf %NEI;
2
410 |p)

NE,,

f)2+ AZ P2+ Qz P2 = h Lmt'ﬁ’ 3

. 4 5005 - -
N+A,(N-N.) =E”[Pl+ PZ](EI+ Ezj.

Here, m,,m, characterize the degree of interaction between the cavities, u,x, are matrix
elements of dipole moments, L is Lorentz coefficient, y,A,A, are the time duration of
field relaxation inside cavity, broadenings of spectral lines, respectively. The solutions of
system of equations can be written as harmonic functions by assumption of low changed
magnitudes of field, polarization and phase values. By the way of simplification such
complicated system of equations it is possible to present as the master equations for
magnitudes of fields, phase and inverted population and solve them by using computer
simulations:

» 1 mo .,

E = EIE[DgN—y]+ZE2sm(D;
. 1 m, .

E =E —|DgN —y|——%E sin®;
) 22[ SN -] o E

o -w 1 E E (28)
b=—"—T_+ ml—z—mzf1 cos D;

20 % E

_27nDNge
hQ

1 2

N+A(N-N,)= (B +(E,) +2E E,cos®);
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where
470 2 A’
= Lcoeff lLl ; (D:¢2_¢l; g: s 2 .
3hA, e 4((a) —Q) + 1)
Pumping - 7600M  output radiation

radiation _
380 nm oxidized
nc-Si fiim with

Au electrodes crystalline volume
fraction 70%

u-n-l

LS GQuanz substrate

T™~__ Al mirror layer

A
Pumping <10cm
radiation p) 380 nm
_ 380 nm oxidized
jaser @ = =0 nec-Si fitm with

Au ele:tmdgs crystalline volume

output radiation sraction 70%

Quartz substrate

deflected pumping \ Al mirror layer
radiation
760 nm

Fig. 23. Schemes of SHG switcher (upper picture) for TE mode and optical cavity and active
layer serving as UV laser (down picture) with radiation at wavelength 380 nm for TM mode.

4.1.3 Damage threshold intensity

Figure 24 illustrates the SHG signal as a function of laser power with wavelength of
radiation 680 nm. The maximal value of laser power reflects the damage threshold of silicon
film. The intensity of SHG has the following view: [, =Ny’
where 1, o |L(2a),p)L2(a), p)|2 |x sHe *; Ny = 0.05x10-18 cm2/ W, for silicon films. By the power
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Damage threshold N

SHG Intensity, a.u.

0 kd ¥ N I ® L] v ¥ ¥ I n L]
0 20 40 80 80 100 120

Laser Power (mW)

Fig. 24. SHG as a function of primary laser power for the radiation with wavelength 680 nm.

density of primary radiation 375 MW /cm? the intensity of SHG signal can be estimated as
12.5 mW/cm? poly-Si films (Milovzorov & Suzuki, 1999). The value of damage threshold
intensity for p-polarized light can be represented in the form:

_ (T, ~T)(mxe,p)” |e]” 29
- 20t 2 e" ( )
p

threshold ,p

where « is thermal conductivity, c, heat capacity, Ty is initial temperature, Tme: damage
threshold temperature (for Si Tmelt =1685 K), 1, pulse of laser radiation. Using the values of
Ter-To = 1412 K, 1, = 4 ns (by A = 680 nm), x = 1.56x107 erg/cm s deg, c,=0.69x107 erg/g
deg, p = 2.32 g/cm3, we can estimate the damage threshold intensity Iiresiolsp = 4x108 W /cm?2
from (Eq.22).

4.2 Theoretical model of silicon nanocrystals by laser pumping

By this way the model of photon-assisted electron transport is proposed here. Such
approach can be described in second-quantized form of operators of creating and
annihilation: H,, =H +H, +H,

N 2
H = Z[Elkcrkclk + EZkCZJrkCZk + Z(‘/ikjk+lc;lrrcjk+l + h‘c') + (‘/IZkCIJrkCZk + h'c')] (30)
k=1

ij=l
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where E, , E, are the energies of levels, V,,, is matrix element of tunneling, Hr and H|, are

the terms which describe the right and left branches from the system, V,,, is the matrix
element that describes the interaction of system with laser radiation. The matrix element of
tunneling depends on the time asV,,, =V, exp(-S), where, according to the perturbation
theory, U =U,+0U , 6U(t)=eV,, +eE xcos(wt). Here SU <<U, . The master equation for the
Creation-anmhllatlon operators can be written in matrix form: iC = HC , where the C is
vector. Using block matrix 2x2 (the diagonal elements are the elements of energies of levels
in two-level system, and others are tunneling matrix elements) we can write the matrix of

Hamiltonian as

A, A, O
H=|A, A, A, (31)
0 A, A,

E O
where diagonal block matrix A, :H ' || describe the energy of single quantum well

interacted with electromagnetic field and eigen values of this “dressed-atom” model are
following

E,=

—VV. (32)

12721

E +E, +\/(E2 ~E)

|4 ’ikik—l
o Vv

Jkik=1

0
The non-diagonal block matrix A, , =

4

Vo= Vik[k_1 + V_/L;/k—l + \/(‘/ikik_l _4V/k:ik—1)2 v

ikjk—1 2 ikjk—=1" jkik-1 *

The solution of differential equation
iC.=HC, (33)

and C, (1) = C,(0) exp(—i.[ Azz a’rj . The C,,(t)=C,,(0) exp(—zIA33 drj is obtained according to
0

the same procedure. By this way the resulted matrix has the eigen values which correspond
to the energies for interacted terms with indexes k and k+1. Matrix tunneling element is
possible to combine of two multiplied term. Each of them explains the order 1 and 2 of
perturbation energy for tunneling process through the potential barrier between quantum
wells.

Vi = ,k,k+lexp(——J‘1/2m (U, de)exp{ I\/%J (34)
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It can be used as V,

i =V F(1); where F(1)=exp(Zcos(wit))) and parameter of field-
system interaction:

1 Jmd*eE,

L S ) 35
w2 JU,-E 49)
ny (1) = ¢, ()¢, (1); (36)
e, (t)=c",, exp —iJ.{EM + A‘z—(t)} dt' |exp iIL"(”dﬂ ; (37)
o hw g4 Be®
2k-1
hw
For upper level population it can be transformed into following expression:
~ 0 2k2k 1 — .
nZk (t) =n 2k (1 + Alz(t ) Z‘]rn (Z)J/n( Z)sz( 222 ))’ (38)
hv(E,
hw

The saturated gain (Verdeyen, 1995) of a laser oscillator is stated as

G’ = ﬁ 1- nzcahvw

) out

. It is assumed, that for the scheme which is shown in Fig 23

the laser technical features

are following: reflection of Al mirror and silicon film is R =0.99,R, =0.57 ,respectively,
frequency of laser generation by two-photon pumping mode: v =7.510"Hz . The value o is
stimulated emission cross section that can be evaluated as 102 cm?, but output laser power
P, ~17mW . Accordingly, G’<<1, because of there is no saturation of upper level
population. The losses of radiation inside cavity are managed by bias voltage applied to
electrodes as shown in Fig.23. The quality factor of the cavity should be more than 103. In
addition, the unsaturated gain and inverted population are linear related as G = o'(n,, —n, ) .
Evolution of upper-level population of two-level system by laser pumping is illustrated in
Fig. 25. For high carrier diffusion values and small laser field (see Fig. 25 a) and b)) the
saturation mode of upper-level populations can be surely observed. By changing in photon
energy of laser radiation and electron level detuning, the difference between the electron
energy and energy position of level, the Z parameter there is a several modes in population
dynamics correspond to the ordinary laser active media modes.

5. Conclusions

Optical spectral characteristics for nanocrystalline silicon films are investigated for their
application in optoelectronic device manufacturing. Different optoelectronic devices based
on nanocrystalline silicon films such as acoustoelectrical optical mode switcher for laser
radiation, nonlinear optical switcher, and frequency-doubled resonant optically pumped
vertical external-cavity laser is proposed. There is a significant yield from the using
nanocrystalline silicon films in device implementation for optoelectronic. Their application
is wide spread and became broader than before by each year.Frequency-doubled, optically
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pumped vertical external-cavity surface-emitting lasers (VECSEL) have numerous
applications as for waveguiding and flat panel displays. In recent years the fiber laser have
grew in power as on their fundamental frequencies as in SHG yields.

im

Upper-Level Populalion
Upper-Level Population

R (3] )

Time t (x6 ps)

a) b)

('] P

i
Y

: JIIr .;_..' I.
M /ﬁ
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) A II ;-,
-n c— s ':J{; -:{:T:-:‘r.;- _-5'_‘ - ne PR """b—-di.:."‘é II.-T{/\ -
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c) d)
Fig. 25. Evolution of upper-level population for system with index k=38 by the parameters:
a) Z=0.3; Q=90 GHz; b) Z=0.5, Q=150 GHz; c) Z=0.6, Q=180GHz;d) Z=1, Q=0.6 THz.

The nonlinear optical processing the signal often depends on the variation in refraction of
index which changes the speed of travelling through the fibre and these results in an error
signal appearance. It is dramatic by transmission the signal up to 1000 km and more. There
are problems which signal degradation: amplification of sponteneous emission, four-wave
mixing, self-phase mixing and cross-phase mixing. All of them results in degrading the
signal to noise ratio (SNR). For 10 Gbit/s this ratio 100:1, or 20 dB (Livas, 2002). Using two
mode laser with two interacted cavities can be easily used to prihibit high losses and
prevent the signal changes due to refraction index deviation. Multiple optical beams in
optical network pass through a large number of wavelength switchers which consist of
multiplexer, demultiplexer, optical cross connects, optical amplifiers. Using the Raman
amplifiers based on stimulated Raman scattering effect is, also, very effective because there
is a possibility in using any type of transmission fiber.

Polarization is caused by the interaction of radiation with the molecules of fiber. The degree
of polarization depends on the temperature and stress conditions, such as stretching and
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bending modes of silica molecules of the fiber. If polarization of fiber is changing the
polarization dispersion is increases and polarization-dependent losses increase, too. Fiber
amplifier (FA) cuts the determined frequency from the others as filter by its amplifying. By
using the FA device to input signal the SNR is affected, by using it to output signal the
amplitude is dramatically increasing. To prevent the losses by modal dispersion is possible
to change mode and use another single mode fiber. The laser systems with interacted
cavities can be used to change the frequency modes from the one to another by efficient
transfusion of laser energy. Accordingly, by using conversation law for both photons of
modes which are closed each to other it is possible to determine the signal from new
frequency mode. Therefore, the further investigations open great possibilities to make new
optoelectronic devices fore speed data transforming and data recognition in optical
networking
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