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Homogeneous films from SiO1.3 (250 nm thick) were deposited on crystalline Si substrates by

thermal evaporation of silicon monoxide. A part of the films was further annealed at 700 �C to

grow amorphous Si (a-Si) nanoclusters in an oxide matrix, thus producing composite a-Si-SiO1.8

films. Homogeneous as well as composite films were irradiated by 20-MeV electrons at fluences of

7.2� 1014 and 1.44� 1015 el/cm2. The film thicknesses and optical constants were explored by

spectroscopic ellipsometry. The development of the phase composition of the films caused by the

electron-beam irradiation was studied by transmission electron microscopy. The ellipsometric and

electron microscopy results have shown that the SiOx films are optically homogeneous and the

electron irradiation with a fluence of 7.2 � 1014 el/cm2 has led to small changes in the optical con-

stants and the formation of very small a-Si nanoclusters. The irradiation of the a-Si-SiOx composite

films caused a decrease in the effective refractive index and, at the same time, an increase in the

refractive index of the oxide matrix. Irradiation induced increase in the optical band gap and

decrease in the absorption coefficient of the thermally grown amorphous Si nanoclusters have also

been observed. The obtained results are discussed in terms of the formation of small amorphous sil-

icon nanoclusters in the homogeneous layers and electron irradiation induced reduction in the nano-

cluster size in the composite films. The conclusion for the nanoparticle size reduction is supported

by infrared transmittance results. Published by AIP Publishing. https://doi.org/10.1063/1.5022651

I. INTRODUCTION

It is well known that ion or electron irradiation of solids

normally causes the formation of atomic defects in a solid

state target and spoils its properties.1 Irradiation-induced

amorphization, recrystallization, and annealing may change

various properties of solid-state materials and devices, which

can be followed in situ by optical methods.2 Therefore, dur-

ing the last few decades, there was significant activity to

explore such alterations in various types of semiconductor

devices, in particular, in metal-oxide-silicon (MOS) struc-

tures and microelectronic elements.3 On the other hand, ion-

izing radiation is also applied for the synthesis of various

materials, in particular, nanomaterials.4

Silicon nanoparticles have been studied actively in recent

years because they are promising for application in various

types of semiconductor devices, such as MOS based nonvola-

tile memories5–7 and third generation solar cells.8–12 We have

shown that MOS structures with silicon nanocrystals are also

promising for detectors of ionizing radiation.13,14

Most frequently, Si nanoparticles are grown by high

temperature thermal annealing of nonstoichiometric silicon

oxides, but electron or ion beams irradiation has also been

applied as a tool for growing and processing Si nanopar-

ticles. Phase separation in Si-enriched silicon oxide films15,16

as well as annealing of Si nanocrystals17 have been reported

under irradiation with high-energy (several tens of MeV) ion

beams. It has also been shown that high intensity electron

beams (current density> 1 A/cm2) with electron energies of

less than 1 MeV can induce the formation of silicon nanopar-

ticles.18–21 However, to the best of our knowledge, the infor-

mation on the effect of irradiation with electrons having

energies higher than 10 MeV on the nanoparticle growth pro-

cesses in silicon oxide and the lattice structure of Si nanopar-

ticles (crystallization/amorphization, level of disorder) is

very limited. Investigations on 20 nm thick SiO2 films have

shown that the irradiation with 20-MeV electrons induced

the formation of Si nanocrystals at fluences of 1016–1017 el/

cm2.22,23 In a previous investigation on 20-MeV electron

irradiated homogeneous 200 nm thick silicon suboxide films

(SiOx, x¼ 1.3), we have found that the surface roughness of

the film decreased, some structural changes in the oxide

matrix took place, and a small amount of amorphous silicon

phase appeared.24 Further investigations by various comple-

mentary techniques will allow to get more information about

the effect of the 20 MeV-electron irradiation on the phase

separation and Si nanocluster formation processes in homo-

geneous SiOx films and the amount of the pure silicon phase

and the size of nanoclusters in composite Si-SiOx films.

Such information could also be helpful for considering the

possibility for the development of high-energy electron
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detection by MOS structures with homogeneous SiOx film or

a-Si-SiOx composite film in the gate dielectric.

In this work, the effect of irradiation with 20-MeV elec-

trons of homogeneous SiOx films and a-Si-SiOx composite

layers containing amorphous silicon nanoclusters has been

investigated by applying spectroscopic ellipsometry (SE)

combined with transmission electron microscopy (TEM) and

infrared transmission measurements. Thus, information has

been obtained about the electron-beam induced changes in

the energy dispersion of the refractive index and absorption

coefficient, the SiOx films composition, and the presence of

pure silicon phase and its amount.

II. EXPERIMENTAL DETAILS

Silicon suboxide (SiOx) layers with an initial composi-

tion of x¼ 1.3 and thickness of 250 nm were prepared by

thermal evaporation of SiO from a tantalum crucible heated

up to �1250 �C at a vacuum of 1� 10�3 Pa.25 The films

were deposited on p-type (100) crystalline silicon substrates

(c-Si), cleaned chemically, and maintained at room tempera-

ture. The deposition rate and film thickness were monitored

by a calibrated quartz crystal microbalance system. All as-

deposited layers were furnace annealed at 250 �C for 30 min

in an Ar atmosphere to ensure film stability at ambient con-

ditions. In the Raman scattering spectra of these films,

obtained previously,24 only bands corresponding to scatter-

ing from the c-Si substrate have been registered and no scat-

tering from a second phase has been observed. These layers

form the group of homogeneous SiOx films studied here.

A second group of composite films was prepared by an

additional annealing of some of the homogeneous films at

700 �C in Ar for 60 min. Such annealing causes phase separa-

tion and formation of amorphous Si (a-Si) clusters in an

oxide matrix.25 In this case, the samples are considered as a-

Si-SiOx [x � 1.8 (Ref. 26)] composite films.

A part of the samples from each group was irradiated in

vacuum by 20-MeV electrons with two different fluences,

F1¼ 7.2� 1014 el/cm2 and F2¼ 1.44� 1015 el/cm2. The irra-

diation was carried out in Microtron MT-25 in FLNR, Joint

Institute for Nuclear Research, Dubna. During the entire

irradiation process, the beam current was about 5 lA, the

temperature of the vacuum box was controlled and kept close

to room temperature, and the samples’ temperature should

not be much higher than that of the vacuum box.

Electron diffraction patterns were measured in nanobeam

diffraction (NBD) mode in a JEOL3010 TEM, operated at

300 keV. The patterns were recorded on an Orius 200D cam-

era, controlled by Digital Micrograph software. The largest

recorded scattering vector was Qmax¼ 160 nm�1, where

Q¼ 4p�sin(h)/k. TEM measurements were also performed

with a Philips CM20 microscope operated at a 200 kV acceler-

ating voltage. The cross-sectional TEM samples were pre-

pared by Arþ ion beam milling without sample cooling and

using 10 kV accelerating voltage in the beginning and 3 kV

accelerating voltage at the end of the thinning process.

Spectroscopic ellipsometry was applied to study optical

constants of the samples since it is a sensitive method for the

investigation of semiconductor27 and dielectric nanostruc-

tures.28 Multiple angle measurements provide a large num-

ber of experimental data, which ensure the accuracy in

finding the proper structural model to describe the real struc-

ture. The SE measurements were carried out on Woollam’s

automatic spectroscopic ellipsometer M2000DI working in

the reflection mode. Angles of incidence from 50� to 65� by

5� have been used in the wavelength range of 193–1000 nm.

The most frequently used models for the evaluation of com-

plex samples are the Cody-Lorentz model29 and those based

on the Bruggeman effective medium approximation (B-

EMA).30–32 Therefore, the obtained data were further fitted

using Woollam’s CompleteEASE program with the Cody-

Lorentz oscillator model. To evaluate the compositional data

and to specify the influence of the nanoparticles content on

the optical properties of the films, the B-EMA model was

applied. The modeled structure is shown in Fig. 1(a), inset.

The native SiO2 was not removed from the surface of the c-

Si substrates, and therefore, it was taken into account in the

fitting procedure. The best fits were obtained for a thickness

of about 2 nm. The surface roughness of all films was also

taken into account. It has been modeled using the standard

procedure of an effective medium composition with 50%

void and 50% layer material.

FIG. 1. Experimental spectra and model generated data fits of Psi (a) and Delta (b) of a non-irradiated structure with a homogeneous SiO1.3 layer. (a), inset:

Structure assumed and used in the modeling of the SE data.
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Fourier transform infrared (FTIR) transmission mea-

surements are frequently used in order to explore the compo-

sition and structure of SiOx (x� 2) films. It is well

known33,34 that the main band in the IR spectra of SiO2

observed at 1080 cm�1 is due to an asymmetric stretching

vibration of the Si–O–Si bridge, which consists of one trans-

verse optical (TO) at 1080 cm�1 and other longitudinal opti-

cal (LO) modes in the range of 1200–1300 cm�1. There are

three modifications of the stretching band that are consistent

with a decrease in the oxygen content in SiOx films34— the

position of the peak is shifted to the low frequencies (“red”

shift) with respect to silica and both the characteristic LO

shoulders of the high-frequency side of the band disappear

and the full-width at half maximum of the band increases

due to changes in the lattice order. In order to get informa-

tion about the electron-beam induced changes in the oxygen

content of both the homogeneous films and the composition

of the matrix of a-Si-SiOx films, FTIR transmittance spectra

were measured in normal incidence geometry. A Bruker

Vertex 70 instrument was operated in the spectral region of

2000–450 cm�1 with a resolution of 1 cm�1.

III. RESULTS AND DISCUSSION

A. Homogeneous films

The fit results obtained when applying the Cody-

Lorentz oscillator model to the experimental spectra of

homogeneous films were presented and analyzed below.

Experimental spectra and model generated data fits of a

non-irradiated structure with a homogeneous SiO1.3 layer

are shown in Fig. 1. The corresponding dispersion curves

for the refractive index (n) and absorption coefficient (a)

are displayed in Figs. 2(a) and 2(b), respectively. As seen

from Fig. 2(a), the electron irradiation causes a refractive

index decrease in the weak absorption range (photon

energy< 2.5 eV); the larger the irradiation fluence, the

stronger the decrease in n.

Previous studies on the effect of 10–25 MeV electron

irradiation of bare Si substrates with 2–4 nm native oxide on

the surface have shown35 that mostly electrically active

defects (complexes of Si vacancy-phosphorus atom or Si

vacancy-boron atom) are created. SE has been used to study

the influence of 12 MeV electron beam on the oxide thick-

ness of n/p-Si-SiO2 structures.36 It has been found that, as a

result of electron irradiation, oxidation of the n-Si crystalline

substrate took place in SiO2 (58 nm)/n-Si system, but

this effect was absent for the electron-irradiated SiO2/p-Si

system under similar conditions. Hence, one could not

expect that irradiation induced changes in the p-Si substrate

we used will affect the SE results for the SiOx layer

significantly.

It is well known that the refractive index of SiOx films

depends on their composition; n decreases with increasing

oxygen content x and its value for a given x depends on the

technique applied for the film deposition.37–39 Based on this,

the observed n-decrease upon electron irradiation can be

related to an increase in the oxygen content in the films due

to initial phase separation in the layers and formation of Si

clusters of a very small size. This assumption is based on the

well-known process of SiO2 decomposition to silicon and

oxygen under irradiation by an electron beam and oxygen

migration described in the literature.40 Electron irradiation-

induced migration of atoms has also been observed on the

surface of amorphous SiOx nanowire.41 Accordingly, we

assume that a small part of the energy of the irradiating

MeV-electrons is transferred to the SiOx lattice atoms, and

processes of bond breaking, phase separation, and silicon

nanocluster formation take place. The structure of the silicon

oxide, as the structure of other silicon-based alloys, is built-

up from tetrahedral units centered on a silicon atom. The

four corners of the tetrahedra in Si-rich SiOx could be either

silicon or oxygen atoms. SiOx films are amorphous and

together with the bond length and dihedral angle variation, a

high concentration of dangling bonds exists in amorphous

films.38 The irradiation-created oxygen atoms, which are of a

higher mobility in silicon oxide than the Si ones, transport

diffusively, and can connect to dangling bonds of some SiOx

tetrahedral units, thus increasing the overall oxygen content

in the SiOx matrix. Such increase in the oxygen content of

the films is observed25 upon annealing at 700 �C accompa-

nied by the formation of amorphous silicon clusters with

average size of around or less than 2 nm.42 The very small Si

FIG. 2. Refractive index (a) and absorption coefficient (b) vs. photon energy of non-irradiated and 20-MeV electron beam-irradiated homogeneous SiO1.3

samples. The irradiation fluences are given in el/cm2. The dashed-dotted-dotted straight line in (b) is drawn to demonstrate that a at energies below 3 eV is

non-exponential.
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clusters cannot be distinguished by the light as a separate

phase but the x-increase can be the reason for the film’s

refractive index decrease observed.

Electron diffraction measurements were carried out in

order to get more information about the assumed Si nano-

cluster formation upon 20-MeV electron irradiation. No

crystalline silicon nanophase has been observed which meant

that if there is a pure Si phase in the irradiated films, it

should be amorphous. The cluster formation was revealed by

differential pair distribution analysis based on the TEM dif-

fraction patterns, rather than a direct observation on HRTEM

or EFTEM images. The assumption about the formation of

a-Si nanoclusters is in accordance with the results from pre-

vious Raman scattering measurements, carried out on the

same samples, which indicated the existence of amorphous

silicon phase.24

The Pair Distribution Function (PDF) analysis is widely

used in x-ray diffraction (XRD), neutron diffraction (ND),

and also in electron diffraction.43 PDF analysis is the method

of structure examination in the case of disordered materials44

Electron diffraction based PDF analysis (ePDF) gives reli-

able values for the nearest atomic distances, while numerical

values for the coordination numbers are more affected by

both inelastic and multiple elastic scattering, which is less of

a problem with XRD and ND.45

For non-periodic structures, there exists no simple for-

mula that could make simple correlation between the real

structure and the diffraction pattern. In contrast to the case of

crystalline materials, where the “distances of the lattice

planes,” which appear in the Bragg-equation, can directly be

seen in the form of rings in the diffraction patterns of poly/

nano-crystalline materials, and the nearest atomic distance

values only manifest in the Pair Distribution Function, which

is obtained by Fourier-transformation from the measured dif-

fraction data. In our work, the values of atomic distances are

only used to identify the phases and the qualitative trend in

their quantities. The values of atomic distances are obtained

from the PDF curves, and they cannot be expected to mani-

fest directly in the form of separate rings in the original dif-

fraction pattern. However, quantitative coordination data

could be obtained from PDF by Reverse Monte Carlo

(RMC) method,46 which was not applied in this work.

From the measured intensity distribution, I(Q), the struc-

ture factor was deduced as S(Q) ¼ I(Q)/nf2, where the spher-

ically symmetric atomic electron scattering amplitude was

calculated with Weickenmeier and Kohl’s method.47 The

pair correlation function, G(r), was calculated assuming isot-

ropy with

G Rð Þ ¼ 2

p

ðQmax

1

Q � S Qð Þ � 1
� �

� sinQR � dQ: (1)

The normalized pair distribution, defined by g(R)

¼ q(R)/q0, is calculated from G(r). q(R) is the number den-

sity of atoms at a distance of R from the center and q0 is the

average number density. The procedure is coded in the

ProcessDiffraction program.48

The normalized pair distributions measured for the two

samples are compared in Fig. 3(a). The main peak at 1.63 Å

is a characteristic of SiO2. The Si-O distance in quartz is

1.61 Å. The deviation can be attributed to the calibration

(expected accuracy is 60.6% relative, i.e., 60.01 Å absolute

deviation at the first peak both in the calibration pattern and

the measured pattern). A peak is expected at 2.35 Å that cor-

responds to the Si-Si distance (which are the same in both

crystalline and amorphous forms of silicon, due to the strong

bond, see Ref. 49). The presence of such a peak can be dis-

cerned in the distribution form of the sample irradiated with

7.2� 1014 el/cm2, but it is overlapping with other features,

so its identification is not so obvious. On the other hand,

when compared to the pair distribution from the non-

irradiated sample, this latter might also contain some contri-

butions from Si-Si distances, due to non-stoichiometry.

However, the development of the structure caused by the

electron-beam irradiation can be seen when the difference

between the two distributions is plotted. The difference

between the two is shown in Fig. 3(b). It contains a negative

peak in the 1.6–1.7 Å region, indicating that the number of

Si-O bonds was reduced in the examined volume of the film.

This observation can be related to electron beam induced

FIG. 3. Normalized pair distributions measured for a non-irradiated sample and a 20-MeV electron irradiated sample (a) and difference between the two distri-

butions (b). The irradiation fluence is 7.2� 1014 el/cm2. The inset shows the nano-beam diffraction patterns of the nonradiated and the radiated samples.
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oxygen atomic diffusion towards the Si substrate.35

However, the main characteristic feature is 3 positive peaks,

which coincide with the first three atomic distances in sili-

con. This is a clear proof that the relative amount of Si-Si

distances (from elemental Si) has been unambiguously

increased in the e-beam irradiated sample as compared to the

non-irradiated one. The electron diffraction measurements

were carried out from the middle of the layers. Since in this

area no silicon nanocrystals have been observed in the cross-

section TEM images, the NBD registered nanoclusters

should be amorphous.

The spectrum of the absorption coefficient a of homoge-

neous SiO1.3 film [Fig. 2(b)] consists of two parts—a part

corresponding to the strong (band-to-band) light absorption

(at photon energies above 3 eV) and a second part of weak

(sub-band) absorption. It is seen from the figure that the

weak-absorption part is not exponential. This implies that

the weak-absorption is related to electron transitions from

various types of defects of a quite high density (a> 103 cm�1

in the 1.0–2.8 eV range) to the conduction band rather than

transitions from the valence band to localized states in an

exponential conduction band tail or from exponential

valence band tail states to the delocalized states of the con-

duction band. This can be expected since a variety of defects

exist in understoichiometric amorphous SiOx due to the var-

iations in the lattice bond length and the dihedral angle.38

From Fig. 2(b), one can also see that the lower irradiation

fluence causes slight a-increase which could be ascribed to

an increase in the defects’ density. The coincidences of the

a-curve of the sample irradiated with 1.44� 1015 el/cm2

with the curve of non-irradiated one could be explained

assuming two competitive processes—creation and

“annealing” of defects. The observed electron irradiation

induced significant decrease in the film surface roughness,

revealed by atomic force microscopy measurements, has also

been related to the electron induced “annealing” effect.24

The atomic diffusion during the film deposition is very

restricted since the SiOx films were deposited by thermal

evaporation in vacuum (the adatom energy is low, less than

1 eV) at room substrate temperature. Therefore, an increased

level of lattice disorder and surface roughness could be

expected which can be reduced due to the above-mentioned

electron-beam stimulated atomic diffusion.

The optical band gap, Eg, of the films was determined

by the modeling program, as well as using the Tauc relation

for amorphous semiconductors and dielectrics a � (E-Eg)2

(a—absorption coefficient, E—energy of the absorbed light).

A value of Eg¼ 3.01 eV has been obtained for the non-

irradiated sample which is reasonable for SiO1.3 films.37

Small Eg changes have been obtained (Eg¼ 2.96 eV and

3.06 eV of the films irradiated with the lower and higher flu-

ences, respectively) which can be influenced by the experi-

mental errors and therefore we shall not discuss them.

B. Composite films

The Bruggeman fitting procedure applied to the SE spec-

tra of the composite a-Si-SiOx films (i.e., a-Si nanoclusters

embedded in a SiO1.8 matrix) allowed us to obtain the optical

parameters (effective refractive index/extinction coefficient/

absorption coefficient) of the films considered as an effective

medium50,51 and also to get information about the optical

parameters of the SiOx matrix itself. Experimental SE spectra

and Bruggeman model generated data fits of a 20-MeV elec-

tron beam irradiated sample (a-Si-SiOx film matrix on the

crystalline silicon substrate and irradiation fluence of

1.44� 1015 el/cm2) are shown in Fig. 4. The dispersion curves

for the effective n and a of a non-irradiated and two irradiated

a-Si-SiO1.8 films are displayed in Figs. 5(a) and 5(b), respec-

tively, as a group of three “EMA” curves. The n and a disper-

sion curves obtained for the SiO1.8 matrix of the composite

films are also shown in Fig. 5 as a group of “matrix” curves.

As seen from Fig. 5(a), the electron-beam irradiation causes a

decrease in the effective refractive index n at energies lower

than 3 eV. However, the refractive index of the SiOx matrix

displays an increase with the increase in the irradiation flu-

ence. As mentioned earlier, the refractive index of homoge-

neous SiOx films increases with decreasing x. The observed

increase in the refractive index of the matrix can be related to

an increase in the silicon enrichment in the SiO1.8 matrix upon

electron irradiation. This could happen, provided a part of the

Si atoms in the a-Si nanoclusters moves back to the matrix.

FIG. 4. Experimental and model generated data fits of a structure with a composite a-Si-SiO1.8 layer containing amorphous Si nanoparticles. The structure was

20-MeV electron irradiated at a fluence of 1.44� 1015 el/cm2.
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Should this be the case, one can conclude that the electron

beam irradiation causes an overall decrease in the pure sili-

con phase, i.e., the nanoparticle size or/and the density of

the nanoclusters decreases. The fit results also show that the

percentage of the pure silicon phase, which is related to par-

ticles that are large enough to be characterized with a dis-

tinct dielectric function and, as a result, can be handled by

the effective medium theory, decreases from 6% in the non-

irradiated sample to 3.8% in the sample irradiated with the

higher fluence [Fig. 5(b)]. This result indicates that most

likely the electron beam irradiation reduces the volume

fraction, and consequently the size of the relatively large

nanoclusters (assuming that the number of particles does

not change). A similar observation has been reported for

ZnO nanoparticles irradiated with 6-MeV electrons over

the range of 1� 1015–2.5� 1015 el/cm2.52 It has been

obtained that the ZnO nanoparticle size was reduced from

46 nm for the non-irradiated samples to 15 nm upon the

sample irradiation with the fluence of 2.5� 1015 el/cm2.

What could be the reason for the observed decrease in

the effective refractive index? It has been shown53,54 that the

static dielectric constant of ultra-small silicon nanoparticles

is smaller than that of the corresponding bulk material.

Hence, the suggested electron-induced size reduction in

nanoclusters will lead to a decrease in the dielectric constant

(n at photon energies below 2 eV) of the pure Si phase. This

effect together with the reduction in the amount of the pure

Si phase can be the reason for the observed decrease in the

effective refractive index [Fig. 5(a)].

It is seen from Fig. 5(b) that the shape of the absorption

spectra of the composite layers (“EMA”- curves) is a bit dif-

ferent from both the shape of the absorption spectra of the

corresponding oxide matrices (the same figure, “matrix”

curves) and the shape of the absorption spectra of the homo-

geneous SiO1.3 layers [Fig. 2(b)]. Looking at the photon

energy range of 2–2.5 eV, it can be noticed that a of the com-

posite layer is higher than that of the matrix, which is most

likely due to light absorption in the a-Si nanoclusters (the

absorption of the composite layers is a combination of the Si

nanoclusters and the matrix absorption). In order to distin-

guish the a-Si nanocluster absorption, we have calculated it

from the absorption spectra of the matrix and the correspond-

ing composite layer using the effective medium theory.

Thus, obtained a-Si nanocluster absorption spectra are plot-

ted in Fig. 6. It is seen that the optical absorption coefficient

of Si nanoclusters in the electron irradiated samples is

smaller than that of the nanoclusters in the non-irradiated

sample. In addition, the band gap of the Si nanoclusters

increases upon electron irradiation.

Previous studies on silicon nanocrystals55 and amor-

phous Si nanoclusters56 have shown that the NP size reduc-

tion causes an Eg increase which is consistent with a

strengthening quantum confinement effect in the nanopar-

ticles, as well as a decrease in the absorption coefficient with

decreasing nanocrystal size.55 Hence, in our case, the

observed higher band gap in electron beam irradiated sam-

ples can be related to a reduction in the Si cluster size. This

assumption is in agreement with the conclusion for radiation

induced reduction in the size of the relatively large Si nano-

clusters, based on the observed refractive index changes.

FIG. 5. Refractive index n (a) and absorption coefficient a (b) vs. photon energy of non-irradiated and 20-MeV electron beam irradiated composite a-Si-SiO1.8

films. “EMA” and “matrix” in the figure refer to the results obtained for the effective n and a of the composite films considered as an effective medium and the

SiOx matrix only, respectively. The EMA spectra of a were multiplied by 4 and up shifted for clarity. The dash-dot-dot curves in (b) are parallel.

FIG. 6. Absorption spectra of a-Si nanoclusters (alphaa-Si¼ alphaEMA- alphamatrix)

in non-irradiated and 20-MeV electron beam irradiated a-Si-SiOx composite

layers. The irradiation fluences and the optical band gaps calculated using

the Tauc relation are denoted in the figure.

195303-6 Hristova-Vasileva et al. J. Appl. Phys. 123, 195303 (2018)



Further support for Si nanocluster size reduction is given by

the irradiation induced decrease in alphaa-Si that is well seen

in the strong absorption region.

As mentioned above, FTIR transmittance measurements

allow to get information about the oxygen content in SiOx

(x< 2) films (Ref. 25 and references therein). Our previous

FTIR investigations, combined with Rutherford backscatter-

ing measurements,26 have shown that the asymmetric

transverse-optical (TO) stretching vibration of the Si–O–Si

bridge shifts linearly to the lower frequencies when the oxy-

gen content decreases. The average dielectric function of the

a-Si-SiOx composite films has also been calculated by means

of the Bruggeman effective medium approximation and a

good correspondence between theory and experiment has

been found.26

In order to get information about the electron beam

induced changes in the composition of the SiOx matrix of the

composite films, we measured FTIR spectra of non-

irradiated and electron irradiated films. Normalized IR trans-

mittance spectra of non-irradiated and 20-MeV electron

beam irradiated a-Si-SiO1.8 films are shown in Fig. 7. As

seen from the figure after electron-beam irradiation, the

shape of the transmission band is preserved which implies34

that the lattice order in the SiOx matrix is not appreciably

changed by the irradiation. However, a considerable “red”

shift of the TO stretching band (of around 10 cm�1) is

observed. It has been shown that oxygen is preferentially lost

during the electron-beam irradiation of a-SiO2 leaving it

oxygen deficient18–21,57 which could explain the observed

“red” shift. If oxygen desorption is the reason for the

observed red shift it should increase gradually with increas-

ing the electron fluence (the irradiation flux was constant and

the fluence was increased with increasing irradiation time)

but this is not the case. The TO frequency is sensitive to the

SiOx density, as well. The density decrease causes a red shift

of the TO stretching band and one can assume that a

decrease in the SiOx matrix density is responsible for the

observed red shift. However, investigations on the effect of

the electron beam irradiation on the SiO2 density have shown

that the electron irradiation causes film densification58–60

and hence a “blue” shift can be expected instead. Our SE

data have not shown appreciable difference between the

thicknesses of irradiated and non-irradiated films and we

assume that the matrix density is not significantly affected

by the electron irradiation. The red shift of the TO stretching

band can be related to a decrease in the oxygen content in

the SiOx matrix caused by the electron irradiation (from x � 1.8

to x � 1.7, roughly estimated from the relation between the

oxygen content x of SiOx layers, determined by Rutherford

backscattering, and the position of the TO stretching band in

the IR transmission spectra of the layers26). Such x-decrease

could happen if a part of the silicon atoms in the pure silicon

phase goes back to the oxide matrix thus causing a nanoclus-

ters’ size decrease, which is in agreement with the conclu-

sion taken from the SE data.

IV. CONCLUSIONS

The effect of 20-MeV electron beam irradiation at fluen-

ces of 7.2� 1014 and 1.44� 1015 el/cm2 on the phase separa-

tion and Si nanocluster formation in homogeneous SiO1.3

films and the phase composition of a-Si-SiO1.8 films has

been investigated by spectroscopic ellipsometry, transmis-

sion electron microscopy and infrared transmission measure-

ment. The SE results have shown that an initial phase

separation takes place in the homogeneous SiOx films upon

electron irradiation. The TEM results have supported this

and implied that the nanoclusters formed are amorphous.

The light absorption increase in the weak absorption region

has been connected with some electron irradiation induced

increase in the lattice disorder.

The electron irradiation of the composite a-Si-SiO1.8

films causes: (i) a decrease in their effective refractive index

while the refractive index of the SiO1.8 matrix increases; (ii)

a decrease in the absorption and increase in the optical band

gap of the Si nanocluster and (iii) a decrease in the percent-

age of the pure silicon phase, related to particles that are

large enough to be characterized with a distinct dielectric

function. Based on these observations, a conclusion has been

made that the electron beam irradiation causes a size reduc-

tion in the larger thermally grown silicon nanoclusters. Size

reduction in the nanoclusters could also explain the observed

softening of the vibrational frequencies upon electron beam

irradiation.

Thus, we have shown that the high energy electron irra-

diation may have different effects. It can cause initial phase

separation and silicon nanocluster formation in homoge-

neous SiOx films, but in composite a-Si-SiOx films, it can

cause a reduction in the size of the already existing a-Si

nanoclusters.
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