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Abstract

Nanocrystalline fluorinated silicon films are studied by wusing Raman
spectroscopy, electron paramagnetic resonance, Fourier-transformed infrared
spectroscopy, atomic force microscopy, nonlinear laser spectroscopy, and
photoluminescence. Electrical properties of nanocrystalline silicon and amorphous
silicon films were compared. The field-assisted migration of point defects is
dramatic for durability and reproducibility properties of devices based on
amorphous silicon. The conductivity properties are stable for nanocrystalline
silicon film by electric field.

1. Introduction

Polycrystalline and nanocrystalline silicon (nc-Si) are widely used in
thin film transistors (TFT), solar cells, and memory devices production.
Usually, the TFT characteristics depend on the point defects inside the
film or an interface area silicon-silicon dioxide. For pure thin silicon films
deposited on glass substrate the point defects [13], such as Pb or dangling

bonds, E-centers or even VO (vacancy of oxygen atom in silicon/silicon
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dioxide interface) defects, play a great role for electronic structure
distortion and changing in optical properties [15]. For silicon films, there
are different kinds of point defects included in silicon net. For silicon
films prepared by using PECVD of gas mixture silane/silicon
tetrafluoride/hydrogen gas mixture, the defects can be detected by
electron paramagnetic resonance method [1, 15]. These films were
deposited on glass substrates. Also, the impurities’ concentrations for
oxygen, hydrogen, and fluorine atoms can be easily determined by means
of FT-IR spectroscopic technique. The absorption spectral lines can be
identified as related to definite silicon bond (Si-O, Si-H or Si-F).

Figure 1 illustrates the three kinds of point defects the quantum
properties of which can be switched by applied field. The first is vacancy
of the oxygen (VO) defect, the second is E-center with dangling bond of
one silicon atom and three silicon atoms with bonds saturated by
hydrogen, and the third defect is a defect of fluorine vacancy in silicon
fluoride. The oxygen position can be changed by electric or phonon field

to switch the 2pg; 3po orbitals (from p, to p,). The applied electric field

causes the change of spatial position of charges to change the state by

defect migration.
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Figure 1. There are three kinds of defects (or paramagnetic centers) in
silicon films prepared by using PECVD of gas mixture SiH4/SiF4 diluted
by hydrogen that can be switched in their states by electrical of phonon
field.
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2. Experimental Results

The polycrystalline silicon films were prepared by using plasma-
enhanced chemical vapour deposition (PECVD) for different silicon
structural orders: nanocrystalline and amorphous. Figure 2 illustrates
the photo that was made by atomic-force microscope of nanostructured
silicon film. The thickness of films was 300nm. The crystalline volume

fraction was varied from 0% to 70%. The oxygen concentration in films
was varied from 10'7em™ to 102'em™. The hydrogen concentration was

varied from the value less than 10'® to 10%'em™. Silicon films were
fluorinated during their deposition by adding silicon tetrafluoride to the
gas mixture of silane diluted by hydrogen.

Figure 2. Atomic-force microscope photo of nanocrystalline silicon film.

Raman and photoluminescent (PL) spectra of silicon film are shown
on Figure 3. It is seen that the crystalline volume fraction is significant
(by estimating the Raman peak around 520cm_1) and luminescent

properties are sufficient (in range of photon energy 1.6-1.8eV). It is

assumed that the PL response in low energy part is caused carriers
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transitions through the defect levels, which values of energies are located
near the bottom of conductivity band and top of the valence band. There
is a correlation between the density of defects (for example, dangling
bonds [11]) and band-tail width value. It is known, also, the Staebler-
Wronski effect of defect’s generation by light irradiation of silicon film

surface [12].
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Figure 3. Raman and PL spectra of silicon film with average grain size of

nanocrystals 8.3nm (evaluated by means of X-ray diffraction spectrum).
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2.1. Oxygen-related defects

Figure 1 (a) illustrates the vacancy of oxygen atom in silicon/silicon

dioxide interface and paramagnetic A-center with 3pg;- 3pg; [4] molecular

orbital (MO) switching by electric field or even phonons. It is seen [6]
that, the quantum interference of both two oxygen related levels can be

result in 2pg,22pg, orbital switching between two silicon atom pairs.

2.2. SigH ™ defects

The molecular-like spectrum of electron states for hydrogenated
cluster SigH™® has series of electron states in the range from 0.7eV to
1.0eV [17]. The eigen-frequencies of oscillator Sis-H are conjugated with

the electron states for the same oscillators and results in appearance of
broadening in electron spectra. The defect illustrated on the Figure 1 (b)

can be described as tied three Sisg-H oscillators and one Sig- oscillator. It

is assumed that, the quantum properties of defect are reflected in their
molecular orbitals spectral positions. It should be observed surely for
nanostructured silicon films with structured cell less than 1nm or for
amorphous hydrogenated silicon film. In such kind of media, we can
surely change the spectral positions of electron states by using bias
voltage.

2.3. Sig-F related defect

Silicon functional groups can be determined as following Si-Si,
F-Si-H, FSiH2, SiHsFs, SiHs-F. The silicon bonding arranged according to

sp3 hybridization: 3s spin-paired electrons and 3p electrons. The greatest

energy of bonding is for Si-F bond equal to 135kcal/mol, but for Si-H and
Si-Si, 1s 76kcal/mol and 53kcal/mol, respectively. Because, the dipole
moments due to the great value of electro-negativity of fluorine atom will
be significant. Accordingly, the charge distribution of electron density in
SiHs-F molecular group is following: for Si atom is +1.1, for H atom is
—0.15, and for F atom is —0.67 [14]. Figure 4 shows the role of fluorine for
weakening of Si-O bonding.
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Figure 4. (a) Si-O-Si bonding in silicon film and (b) F-Si-O-Si-F

configuration in fluorinated silicon film.

2.4. Symmetry violence in electron density on atomic scale and

second-order dipole moments

Figure 5 shows the nonlinear optical spectra for two nanocrystalline
silicon films. The signal of second-harmonic generation was detected in
the spectral range from 3.2eV to 3.26eV. It is seen that the peak width is
around0.14eV. Usually, the bulk silicon has no second-harmonic response
because it is symmetry. But, for thin silicon films with oriented
nanocrystals (111), which were deposited on quartz substrates the Si-O
dipoles break the symmetry and results in second-harmonic generation.
The point defects due to oxygen incorporation in silicon film causes the
nonhomogeneity in electron density spatial distribution. The SHG
response depends on linear combination of several dipole moments, which
contributed into polarization. There are two kinds of dipoles are created
by defects such as dangling bonds and oxygen vacancy: dipoles with
polarized charges by changes in electron density in silicon atoms, from
one side, and dipoles with polarized charges by changes in electron

density caused by oxygen great value of electron affinity.
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Figure 5. Nonlinear optical spectra for the silicon films with the same

average grain size (8.3nm).

The second-order terms of dipole values for polarized media are given
by
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where Vg is a sphere of integration, x is bond length, we assume that x
valueis 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

appeared because of the dangling bonds cause the breaking in crystal
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structure’s symmetry. The concentration of dangling bonds in silicon film

deposited on glass substrate is varied from 10"%em™ to 102%cm™3.

The next two types of dipole moments are caused by the oxygen atom

incorporation with silicon and its value can be evaluated as following:
VR VR
@ = e | Ysi15%02,dV( | Psiigx2Pos,d
Y = e | YsiisYozpdv( | Psinsx“Fozpdv
0 0

Vi 2 vp
- J Yairsx¥ozpdv | )/ J Pgi15xP02,dV;
0 0

Ve Ve
2 9
u® - e_[ WaispPo2pdV( J WYaispx“Yozpdv
0 0

Vg 2 Vg
- J. ‘I’Si3px‘l’02pdv )/ J. ‘PSigpx‘PozpdV.
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. Also, the
quadruple moment contributes into SHG response. The point defects,
which were shown on Figure 1 can be described as possible model to
explain the SHG for silicon films. Classical form for molecular quadruple

moment is given by

1 2
Oup = Ezei(?’rz‘arz’ﬁ —1i84p )-
13
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The quantum mechanical description of molecular quadruple moment is
very complicated. Because, it is possible to use the quantum chemistry
results to characterize the optical response of each molecular group. Also,
it is clear that, the local molecular surrounding plays a great role in
second-harmonic generation from silicon nanocrystalline or amorphous

film.
2.5. Absorption spectra for silicon films

Figure 6 shows the spectral peaks related to the oxygen states in
silicon film absorption spectrum for molecular oxygen in spectral range
from 1000cm™ to 1200cm’. It is seen that, the Si-F bonds was also,
detected in the range from 900cm™ to 948cm™ (for stretching mode). We
suppose that the different molecular SiH,-F groups contribute into
absorption spectral picture. The absorption spectral peaks in the range

from 828cm™' to 850cm! correspond to the different vibration frequencies

of various isotopic oxygen fractions in VO defects and A defects for silicon

[1].
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Figure 6. FT-IR spectrum of oxygen- and fluorine-related spectral area

for silicon film with grain size 8.3nm.
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Quantum properties of point defects are reflected in variations of
wavelength of absorption peaks for the oscillators with different eigen-
frequencies. The square under the peak is related to the concentration of
each bonding. We assume that the fluorine incorporation in silicon film
creates new molecular dipoles and changes the existing Si-O dipoles [3],
too. Because, the polarization properties for fluorinated glasses and thin
silicon films should be strictly depends on fluorine concentration. In
addition, the electrical resistance increases by fluorination of silicon film,

too. The fluorination results in broadening of band gap for silicon [10].
2.6. EPR experiments

In EPR spectroscopy, the silicon films are irradiated with microwaves
with frequency around 9.45GHz and the magnetic field is scanned around
the value of resonance energy. Figure 7 shows the EPR spectra: for
hydrogenated nanocrystalline silicon (see Figures 7(a) and 7(b)) with
crystalline volume fraction more than 70%; the amorphous silicon film
(deposited on cerium dioxide buffer layer with thickness 10nm) that
contains the 30% of silicon as nanocrystals inserted into amorphous
phase; and amorphous silicon film. It is seen that, the content of Pb
defects as paramagnetic centers is low for nanocrystalline hydrogenised
silicon film and amorphous silicon film with nanocrystals deposited on
cerium dioxide buffer layer (see Figure 7(c)), but it is high for amorphous
by CVD silicon film (see Figure 7(d)).
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Figure 7. EPR spectral data for nanocrystalline silicon films deposited on
glass substrate (a) without applied electric field; (b) by electric field
E = 200V/cm; (c) nanocrystalline silicon films deposited on cerium dioxide
buffer layer and (d) silicon films partially crystallized by laser beam.

The paramagnetic centers, which named as A-centers were created by
two pair of silicon atoms and one oxygen atom results in strong
microwave intensity that depends on those configurations. We assume
that, the differences in their frequencies are because of variation of
oxygen atom incorporation in silicon net and crystal orientation according

to the work of Watkins and Corbett [15]. It is supposed that there are two
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various frequencies, which were shown in Figure 7(a) correspond to the
different oxygen atomic positions in point defect such as A-center. In one
sample, the paramagnetic A-centers are partially distributed in their
configurations. The fraction values can be estimated as according to the
magnitude values evaluation as by using the data of laser time resolved
spectroscopy [6]. The applied electric field along the silicon film with
value of E = 200V/cm causes the A-centers switching in their magnitudes
of signal at oscillation frequencies (see Figure 7(b)). There is a tunnel
jumping of oxygen atom in A-center due to the high value of its electron
affinity and field-stimulated changes in potential energetic barrier for

oxygen atom.

Also, it is necessary to note that, the EPR data, which were shown in
Figure 7(c) reflect the increase in EPR magnitude caused by electric field-
assisted atom migration for oxygen and cerium atoms from buffer layer in
silicon film. Such atomic electron migration results in E-center’s creation
into thin silicon film. The silicon crystal phase destruction due to the
electric field effect [5] from one side and the appearance of polarized
charges in Si-O bonding, from another side, are possible mainly due to
the migration of oxygen atoms. The concentration of dangling bonds
increases, too. The magnitude of EPR intensity is higher than that for
a-Si sample as it is seen from Figure 7(d). It is assumed that, such
increasing in EPR magnitude is caused the resonance effects not only due
to the paramagnetic centers inside the silicon film, but because of cerium
dioxide with the same bond legnth of Ce-O configuration that results in

appearance additional paramagnetic centers.
2.7. Field effect in Raman spectra for amorphous and nc-Si films

The experimental investigations by Raman scattering spectroscopy of
silicon films were carried on by means of spectroscopic technique JASCO
NRS-1000 (Japan). Figure 8 shows the electrical field stimulated changes
in Raman spectral characteristics for amorphous (see Figures 8(a) and (c))
and nanocrystalline silicon films (see Figures 8(b) and (d)). It is seen, that
external applied electric field along the surface of substrate does not

change the spectral characteristics.
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Figure 8. Raman spectra from amorphous (a) and nanocrystalline (b)
silicon thin films deposited by PECVD (with thickness less than 100nm);
by applied external lateral electric field 3.0 106 V/em from amorphous (c)

and nanocrystalline (d) silicon thin films.

The electric field value was 3 pV/A. It is assumed that, the changes

of spectral characteristics reflect the chemical bonding changes by electric
field-assisted migration effect. The diffusion coefficient for point defect

such as dangling bond or impurity as hydrogen atom is given by:
D = D, exp(— Q—Aj,

where Q4 is activation energy. The a-Si film consists of high fraction of

weak bonding of silicon because of oxygen or hydrogen incorporation into
silicon. The homogeneity in chemical bonding properties of amorphous
silicon film increases by applied external electric field mainly due to the
Si-O dipole reorientation, migration of dangling bonds, and hydrogen
atoms. However, for nc-Si film, we can observe the strictly different
tendency in structural order changes. It is seen that for nc-Si film, the
sharp spectral peaks in Raman spectra are appeared, but for amorphous

silicon bonding, there is a smooth broad peak. The oxygen incorporation
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with silicon nanocrystals with dominant orientation (111) changes the
Si-Si bonds and phonon energetic diagram. The point defects can migrate
only in grain boundary region. By applied electric field, all the oxygen
atoms migrate inside the film and cause the anisotropic deformation in
silicon bonds. The orientation of all Si-O dipoles is changed by this way to
compensate the external electric field. There are two structural order
tendencies: the orientation of bonds along the applied external electric
field, from one side, and the bonding according to the structural order of
silicon for crystal orientation (111). Such kind of structural anisotropy
reflectsin sharp increasing the densities of silicon bonds. We assume that
the production of silicon films with determined spatial anisotropy is

possible.
2.8. Electrical measurements

Figure 9 illustrates the current-voltage and resistance-voltage
characteristics for nanocrystalline and amorphous silicon films. It is seen
that the resistance for nanocrystalline films are independent of voltage
variations, but for amorphous film, there is an unstable behavior of
resistance value. The Si-O dipoles are reoriented by external electric field.
Because, there is a hydrogen and point defect’s migration such as
dangling bonds. For nanocrystalline fluorinated films, there is no oxygen
inside the film. The electrical resistance is determined by existence of

Si-F bonds, which are fixed in their spatial positions in film.
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Figure 9. Current-voltage and resistance-voltage characteristics for
nanocrystalline and amorphous silicon films.

3. Discussion

We investigated the role of oxygen-related defects in optical
properties of silicon film. The Si-O bonding generates defects inside film
that differ each from other by variations in hydrogen termination degree.
Quantum properties depend on the molecular orbitals of Si-O bond. The
molecular orbitals can be meta-stable for the different oxygen
incorporation into silicon film [15]. We studied the role of defects in

silicon film and their quantum properties reflected in optical responses.
3.1. Quantum tunneling model for oxygen atom in silicon

The electric field applied to the nanostructured silicon thin film gives
the new possibility to change structural order. Such kind of structural
transformationis caused because of there are numerous defects inside the
silicon film. 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, 0.3eV, in contrast with
the activation energy value for atomic diffusion (1.3eV). The energy of
Si-0-Si bridge interaction (see Figure 10) can be written in the form of
Morse function
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Figure 10. Overlapping integrals for Si and O atoms incorporated into
Si-O bond (a), potential energy as a function of an oxygen atomic position
from the two silicon atom pairs, there is an energy difference in oxygen

atom spectra because of the orbitals switching from p, to p,.

U = Uy(1 - exp(- a(x — d)))? + Uy(1 - exp(- o(x + d)))?,

where U, is the energy of Si-O(4.5eV), a is coefficient. The oxygen

atom in A-center oscillates between two points of stable positions.
Transition of probability for oxygen atom through the potential barrier by

applied external electrical field U(r) = U, — Er is given by

T=v exp(— %ﬁ: dry2M(U(r) - Ey),

n

where v is a frequency of oscillations of oxygen atom. Wave-function of

the oxygen atom is following:
. E . E
¥ = e > exp(— z#t)exp(— I1¢) + ag|pg > exp(— z%tjexp(— Tot),

where ¢ and ¢q9 are the wave functions of pure states 1 and 2, I} and
I'y are the widths of the levels, respectively. We assume that all the T'

values are approximately equal to each other. Raman scattering data help

to determine the dipole Si-Si orientation along the laser E-field axe of
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incident radiation on the silicon surface by applied electric field switching
of O atom spatial position. Applied electric field causes the tunnel of
oxygen atom from one pair of coupled silicon atoms to another with
perpendicular axis of dipole orientation (see Figure 10). The annealing
procedure can assist to restore spectral characteristics related to the
primary ordered atomic position due to the minimums in potential energy
diagrams. According to the di-interstitial model [5], by the temperature
300°C only di-interstitial reorientation can be observed. Also, for E-defect
centers, the annealing to temperature 200°C can cause the defect
reorientation, too. Also, the using of electrical field-stimulated to switch
the eigen-frequencies of A-center can be surely applied to produce new
memory device with diameter of one unit near 1nm [8] or quantum

computing element [7].
3.2. Possible mechanisms of defect reorientation

To investigate the role of applied electric field in order-disorder
transition, we will propose several mechanisms of electric dipoles
creation. The first is the silicon-oxygen (Si-O) or silicon fluorine (Si-F)
bonding changes and reorientation of VO or VF defects. These bonding
are strongest for silicon film, due to the high electron affinities values for
O and F atoms. The dipoles Si-O, Ce-O, and Si-F have the great values in
their polarized charges. Because, the interaction between them and
electromagnetic field 1is sufficient that results in their efficient

reorientation in amorphous phase of silicon.

The second mechanism of order-disorder transition in silicon film was
initially proposed by Watkins and Corbett [16], which is devoted to
hydrogen atom reorientation around the vacancy by the temperature
above 200°C as possible EPR data explanation. For nanostructured
silicon thin film that contains the great amount of tiniest nanocrystals,
the hydrogen atoms are distributed in grain boundary of nanocrystal
silicon grains. But, by electric field application to the thin film along the
surface, the smallest nanocrystals are disappeared and, partially, the

crystal structure was destroyed. By annealing, the opposite tendency 1is
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observed. The third assumption is the creation of excited hydrogen

molecule inside the silicon film by annealing to the temperatures
150-200°C: Si-H + Si-H=Si-Si + H*2 [2]. It is clear that the silicon

nanocrystals volume fraction decreases, but content of amorphous phase

significant increases.
4. Conclusion

Point defects are observed by using various spectroscopy methods. It
is observed the field assisted switching of optical properties of silicon
films. The role of impurities such as oxygen and fluorine is significant to
control the stability of film in its conductivity properties. We confirm that,
the successful manufacturing the electronic devices based on
nanocrystalline silicon film with great performance particularly, electric
field stability, light irradiation, and thermal stability, is more realistic

than that, which is done by using amorphous silicon.
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