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PREFACE

Advances in Materials Science Research. Volume 34 begins with a
review of results on the modelling of the plasma-assisted growth of
vertically aligned carbon nanostructures (VACNSs). Growth of carbon
nanofibers, single-walled carbon nanotubes and other carbon
nanostructures are considered, as well as studies that use the mechanistic
models based on mass balance equations for species.

Next, data on the application of Rayleigh and Mandelstam-Brillouin
scattering (RMBS) spectroscopy to controlling the elastic, elasto-optic,
optical parameters of inorganic glasses, crystals, and glass-crystalline
materials is reviewed. The possibilities of using RMBS spectroscopy for
research and development of materials for optical and electro-optical fiber
drawing, as well as glasses doped with rare earth ions and quantum dots,
are considered.

The authors go on to propose that the purification of graphene from
heavy metals can be performed by bombardment with noble gas clusters.
The method of molecular dynamics is used to study the removal of copper,
lead, and mercury from graphene by irradiating the target using a beam of
Arl3 or Xel3 clusters with energies of 5-30 eV at angles of incidence 0°,
45°,60°, and 90°.

As an indispensable component of future flexible electronics, flexible
resistive switching memories have recently garnered great interest
globally. As such, a comprehensive review on the recent progress in this
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field is presented with a particular emphasis on materials and devices. A
short discussion on the current challenges and future prospects of flexible
resistive switching memories is also provided.

Following this, the authors aim to present a comprehensive
examination of the different catalysts used in hydroisomerization reactions,
focusing: the acid support, mainly zeolites, the precious metals that offer
the hydrogenating sites and the methodologies used to produce effective
bifunctional catalysts. The catalysts used in industrial refining processes as
well as new research trends are surveyed.

A fast, efficient and versatile route for the synthesis of 4,4’-diamino-
triarylmethanes using Sr(DS)2 as a Lewis acid-surfactant-combined
catalyst (LASCs) in the presence of N,N-dimethyl aniline and aryl
aldehydes is reported in closing. LASCs not only act as a Lewis acid to
activate substrate molecules, but also serve as a surfactant to form stable
colloidal dispersion systems with organic substrates.

Chapter 1 - Results on modelling of the plasma-assisted growth of
vertically aligned carbon nanostructures (VACNS) are reviewed. Growth of
carbon nanofibers, single-walled carbon nanotubes and other carbon
nanostructures is considered. Focus is made on studies that use the
mechanistic models based on mass balance equations for species, which
are adsorbed on catalyst nanoparticles or walls of the nanostructures. The
growth mechanisms and the differences between the plasma- and neutral
gas-grown carbon nanostructures are clarified, and the underlying physics
and the key growth parameters are revealed. The analytical expressions for
the VACN growth rates are presented, and effects of the ions and etching
gas atoms from the ionized gas environment on the growth of the
nanostructures are analysed. The analysis is carried out for the case when
ions and neutrals from the plasma deposit homogeneously on the
nanostructure surfaces, as well as when the deposition is inhomogeneous.
The authors also present a theoretical model describing the nanostructure
heating by ion and neutral gas fluxes from the plasma environment. Using
the model, it is shown that fluxes from the plasma can substantially
increase the temperature on the VACN top with respect to the substrate
temperature. It is revealed how the temperature difference depends on the
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substrate width, the VACN length, the neutral gas temperature and density,
as well as the densities of the ions and atoms of the etching gas. The
neutral and ion densities in plasma at the growth of the VACNSs are also
analysed using a 0D model for chemically active plasmas. The plasma
properties, which are necessary for the growth of vertically aligned carbon
nanostructures, are compared with those required for the formation of
carbon nanoparticles in plasma. The results are verified by a direct
comparison with the experimental data and found to be in good agreement.

Chapter 2 - Data on the application of Rayleigh and Mandelstam-
Brillouin scattering (RMBS) spectroscopy to controlling the elastic, elasto-
optic, optical parameters of inorganic glasses, crystals, and glass-
crystalline materials is generalized. The possibilities of using RMBS
spectroscopy for research and development of materials for optical and
electro-optical fiber drawing, as well as glasses doped with rare earth ions
and guantum dots, are considered.

Chapter 3 - Efficient removal of hazardous heavy metals from the
environment is an important problem, since most of these metals are highly
toxic. Recently, graphene began to be used for the removal of
environmental pollutants. Graphene is ineffective as an absorbent unless it
is repeatedly used. This raises the problem of graphene cleaning for
removal of the deposited materials. The method of molecular dynamics has
been used to study the removal of copper, lead, and mercury from
graphene by irradiating the target using a beam of Ariz or Xeis clusters
with energies of 5-30 eV at angles of incidence 0°, 45°, 60°, and 90°. It is
obtained that the cluster energy should be in the interval 20 — 30 eV for
effective graphene cleaning in case of its copper contamination. There is
no cleaning effect at vertical incidence (6 = 0°) of Ariz clusters. The
bombardments at 45° and 90° incident angles are the most effective ones at
a moderate and big amount of deposited copper respectively. The complete
removal of lead from graphene with hydrogenated edges and bivacancies
was achieved at the angle of incidence of Xeis clusters equal to 45°. A
major part of the film was separated from graphene in the form of an
island, which, after separation, was transformed into a three-dimensional
structure. The stresses present in the graphene sheet changed in the course
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of bombardment, but the stressed state retained after the bombardment was
terminated. The type of the distribution of stresses in graphene indicates
the absence of enhancement of the stressed state in the course of
bombardment. The bombardment at angles of incidence of clusters less
than 75° substantially enhances the roughness of graphene. The complete
removal of mercury from graphene with hydrogenated edges was achieved
at the angles of incidence of clusters equal to 45° and 60° with the energies
of the beam Ex. > 15 and 10 eV, respectively. The film of mercury, which
has a tendency to become rolled up into a drop, is separated from graphene
in the form of single atoms, dimers, trimers, and spherical droplets. In the
course of the bombardment, mercury exhibits a weak cohesion with
graphene. The bombardment at the angle of incidence of clusters equal to
45° leads to the lowest roughness of graphene. The bombardments in the
entire range of the angles of cluster incidence (0° — 90°) have resulted in no
significant damages in the hydrogenated edges of the graphene sheet after
its cleaning from both lead and mercury. Thus, the purification of graphene
from heavy metals can be performed by bombardment with noble gas
clusters.

Chapter 4 - As an indispensable component for future flexible
electronics, flexible resistive switching memories have recently aroused
great interest all around the world. In this chapter, a comprehensive review
on the recent progress in this field is presented, with a particular emphasis
on materials and devices. First, a brief introduction is given on the basic
concepts of flexible resistive switching memories. Next, storage media as
well as electrode and substrate materials used in flexible resistive
switching memories are summarized in detail. Third, attention is focused
on the fabrication technologies of flexible resistive switching memories
and the performance of obtained devices. Finally, a short discussion on the
current challenges and future prospects of flexible resistive switching
memories is provided.

Chapter 5 - A tendency to eliminate benzene and other aromatic
hydrocarbons from gasoline, keeping a high-octane number, is a current
topic in refining industry due to strict environmental legislation. Therefore,
the transformation of short chain n-paraffins (n-pentane or n-hexane) into
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branched isomers, with minimal cracking, is one of the key processes in
the production of high octane gasolines through catalytic hydro-
isomerization reactions. These reactions are generally carried out over
bifunctional heterogeneous catalysts, containing small amounts of metal
particles, like platinum or palladium, dispersed on an acid support such as
zeolites. According to the bifunctional mechanism, linear alkanes, such as
n-hexane, suffers dehydrogenation on a metallic site, resulting on n-
hexene. This reactive intermediate undergoes one or more skeletal
isomerization reactions on the acid sites, or even cracking, before being
hydrogenating on another metallic site, resulting in a mixture of
dimethylbutanes, methylpentanes, or cracking products. The balance
between the number of active sites, acid and metallic, as well as the pore
geometry and accessibility to molecular transport are determinant factors
that influence the product distribution, being dimethylbutanes (2,2 and 2,3-
dimethylbutane) the most desired products due to their higher RON
(research octane number) and cracking products the ones to be avoided.
This chapter aims to provide a comprehensive examination of the different
catalysts used in hydroisomerization reactions, focusing: the acid support,
mainly zeolites, the precious metals that offer the hydrogenating sites and
the methodologies used to produce effective bifunctional catalysts. This
chapter will survey the catalysts used in industrial refining processes as
well as new trends from the academic research.

Chapter 6 - A fast, efficient and versatile route for the synthesis of 4,4 -
diaminotriarylmethanes using Sr(DS), as a Lewis acid-surfactant-
combined catalyst (LASCs) in the presence of N,N-dimethyl aniline and
aryl aldehydes is reported. LASCs not only act as a Lewis acid to activate
substrate molecules, but also serve as a surfactant to form stable colloidal
dispersion systems with organic substrates. Also, the others advantages of
LASCs are easy separation and recovery, high activity, selectivity, as a
Lewis acid to activate the substrate molecules and as a surfactant to help to
solubilize the organic compounds in water.
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Chapter 1

MODELLING OF PLASMA-ASSISTED
GROWTH OF VERTICALLY ALIGNED
CARBON NANOSTRUCTURES

Igor B. Denysenko!”, Kostya (Ken) Ostrikov?

and Nikolay A. Azarenkov!
School of Physics and Technology, V. N. Karazin Kharkiv
National University, Kharkiv, Ukraine
2School of Chemistry, Physics and Mechanical Engineering, Queensland
University of Technology, Brisbane, QLD, Australia;
CSIRO-QUT Joint Sustainable Processes and Devices Laboratory,
Commonwealth Scientific and Industrial Research Organization,
NSW, Australia;
Plasma Nanoscience, School of Physics,
The University of Sydney, Sydney, NSW, Australia

ABSTRACT

Results on modelling of the plasma-assisted growth of vertically
aligned carbon nanostructures (VACNS) are reviewed. Growth of carbon
nanofibers, single-walled carbon nanotubes and other carbon
nanostructures is considered. Focus is made on studies that use the
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mechanistic models based on mass balance equations for species, which
are adsorbed on catalyst nanoparticles or walls of the nanostructures. The
growth mechanisms and the differences between the plasma- and neutral
gas-grown carbon nanostructures are clarified, and the underlying physics
and the key growth parameters are revealed. The analytical expressions
for the VACN growth rates are presented, and effects of the ions and
etching gas atoms from the ionized gas environment on the growth of the
nanostructures are analysed. The analysis is carried out for the case when
ions and neutrals from the plasma deposit homogeneously on the
nanostructure surfaces, as well as when the deposition is inhomogeneous.
We also present a theoretical model describing the nanostructure heating
by ion and neutral gas fluxes from the plasma environment. Using the
model, it is shown that fluxes from the plasma can substantially increase
the temperature on the VACN top with respect to the substrate
temperature. It is revealed how the temperature difference depends on the
substrate width, the VACN length, the neutral gas temperature and
density, as well as the densities of the ions and atoms of the etching gas.
The neutral and ion densities in plasma at the growth of the VACNSs are
also analysed using a OD model for chemically active plasmas. The
plasma properties, which are necessary for the growth of vertically
aligned carbon nanostructures, are compared with those required for the
formation of carbon nanoparticles in plasma. The results are verified by a
direct comparison with the experimental data and found to be in good
agreement.

Keywords: carbon nanostructures, plasma enhanced chemical vapour
deposition, growth models

1. INTRODUCTION

Vertically-aligned carbon nanostructures (VACNSs, e.g., nanotubes,
nanofibers, nanoribbons, nanorods, nanowires, etc. [1-10]) have attracted
widespread attention in the last decades thanks to their specific electrical,
mechanical, physical and chemical properties. They are potentially
attractive for many applications including nanoelectronics, field emission,
nanocomposites, energy storage, sensors, biomedical device, and several
others [5, 7, 10-12].

VACNSs can be produced by many pathways such as arc discharge
[13], laser ablation [14], thermal chemical vapour deposition (CVD) [15],
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Modelling of Plasma-Assisted Growth ... 3

and plasma enhanced chemical vapour deposition (PECVD) [16]. In
particular, PECVD techniques have been successfully used for the
production of well-aligned carbon nanotubes (CNTs) and carbon
nanofibers (CNFs). The growth of VACNs usually takes place in presence
of catalyst nanoparticles, which serve as a growth pattern for the
nanostructures, activate the surface for nucleation of VACNs, and help
controlling the thickness of the nanostructures [17-21].

Experiments have shown that carbon nanostructures may be grown via
PECVD at significantly lower substrate temperatures and feature better
alignment compared to the nanostructures synthesized in thermal CVD [5,
22]. It is supposed that the low temperate growth is due to the fact that
PECVD provides highly reactive, (partially) dehydrogenated species to the
catalyst. Thus, whereas a high dehydrogenation barrier must be overcome
in thermal CVD on the catalyst surface, this barrier is not, or only partially,
present in PECVD growth [23]. It is assumed that the electric field near the
substrate is responsible for alignment of carbon nanostructures during
PECVD growth. Due to the electric field effect, the vertically-aligned
carbon nanostructures can be deposited in "forests” or as individual free-
standing structures [24]. Plasma affects also the catalyst particles [25].
Exposure of the catalyst particles to a plasma may prevent agglomeration
of the particles during nanostructure growth [20, 26] and aid in
restructuring the catalyst [27]. Atomic hydrogen, which is usually
produced in a large amount during PECVD, may reduce oxides, causing
the catalysts to transform into their metallic state, to be catalytically active
during nanostructure growth. Plasma also causes ion-induced mobility of
the surface atoms and the ion bombardment erosion of the catalyst particles
[23]. As a result, the plasma pretreatment may narrow the particle
distribution, so that narrower diameter distributions for nanostructures
grown from pretreated substrates can be obtained. Narrow-chirality
distributions of single-walled carbon nanotubes (SWCNTs) may be
achieved by controlling various plasma parameters in PECVD [21, 28-33].
Moreover, plasma pretreatment of catalyst nanoparticles was found to
favour the growth of nanotube forests by root growth, as it binds the
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catalyst nanoparticles more strongly to the substrate than thermal
pretreatment [34].

However, in spite of many experimental studies and considerable
success on synthesis of vertically-aligned carbon nanostructures in
plasmas, modelling results are insufficient in the field because of
modelling complexities. In the PECVD, processes on a substrate and in
plasma are characterized by extreme ranges in both the time and length
scales [35]. As a result, a realistic model for the PECVD should be divided,
at least, on the following two submodels. The first submodel should
describe the processes taking place on the substrate, while the second one
should give information about plasma properties including the electron, ion
and neutral particle densities, their drift velocities, temperatures and energy
distribution functions in plasma volume. Obviously, these submodels
should be coupled.

The processes taking place on the substrate during growth of VACNs
can be described using different approaches. The most accurate simulations
of VACNT growth are atomistic and are based on quantum mechanical
methods or use the molecular dynamic (MD) technique. The simulations
based on quantum mechanical methods provide very detailed and accurate
information, but they are limited to very small systems and timescales of
the order of 100 atoms for a few picoseconds [36]. Molecular dynamic
simulations can deal with larger systems (thousands or millions of atoms)
and somewhat longer timescales. Meantime, the quality of these MD
simulations strongly depends on the reliability of the interatomic
interaction potential used, and the MD simulations suffer also from long
calculation times [36]. In present, they are limited to study only certain
aspects of the growth process and cannot yet be integrated in plasma
chemistry simulations.

The models for VACN growth, which can be easily integrated in
plasma models, are mechanistic models. Typically, mechanistic models
account for a number of physicochemical processes, such as adsorption
and desorption of species at the surface of the metal catalyst particle,
surface reactions (both on the catalyst surface and the substrate surface),
surface and bulk diffusion, and nanostructure nucleation and growth. These
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models are more macroscale (as compared with atomistic models), and
mechanistic simulations require minor computational efforts as compared
with atomistic simulations. However, mechanistic models are demanding
the threshold energies and/or rates for different surface and bulk processes
taking place on the surface or inside of the catalyst nanoparticle and the
surface of VACNS. The threshold energies and rates may be obtained from
atomistic calculations and/or analysis of experimental data.

In this chapter, we describe mechanistic models for the plasma-assisted
growth of SWCNTs and CNFs, which are based on mass balance equations
for adsorbed species, and a thermal model for study of temperature
variation along a CNF and a substrate. Main results following from these
models are reviewed and compared with the available experimental data on
growth of CNTs and CNFs. The analytical expressions for the VACN
growth rates are presented, and effects of the ions and etching gas atoms
from the ionized gas environment on the growth of the nanostructures are
analysed. The analysis is carried out for the case when ions and neutrals
from the plasma deposit homogeneously on the nanostructure surfaces, as
well as when the deposition is inhomogeneous. We also present our results
on modelling of a plasma used in PECVD of VACNSs. Since plasma-
assisted growth of VACNs may be accompanied by formation of
carbonaceous nanoparticles in plasma volume [37], properties of a plasma
used for nanoparticles’ formation are also analysed. Results on modelling
of the plasma-assisted growth of VACNSs, which are available in the
literature in present, are reviewed.

The book chapter is organized as follows. In section 2, we describe
surface deposition models for growth of an array of SWCNTs and an
individual SWCNT. The results from these mechanistic models are also
presented and analysed in this section. Section 3 presents surface diffusion
and thermal models describing plasma-assisted growth of CNFs, as well as
results of numerical calculations obtained using these models. In section 4,
we review results on modelling of growth of different VACNSs in plasma
environment, which are available in the literature in present. Section 5
reviews modelling results on study of plasmas used for growth of vertically
aligned carbon nanostructures and carbonaceous nanoparticles. We also
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present our results on modelling of these plasma systems, which were
obtained using 0D models. This chapter is concluded with a summary of
main plasma effects on growth of VACNs, which were determined using
modelling efforts.

2. MODELLING OF SWCNT GROWTH

The growth of SWCNTSs in a plasma environment may be modelled
using mass balance equations for adsorbed species. It was made for free-
standing nanotubes as well as for the case where SWCNSs are growing in an
array in [38] and [39], respectively. In both the cases, we considered close-
ended growth of SWCNTs with semi-spherical tops, assuming that the
catalyst particles are anchored to the substrate and base of nanotubes [40-
43] at x=L,,, where x is the coordinate along a SWCNT axis, and L, is

the nanotube length (Figure 1). Each nucleated SWCNT grows on a metal
catalyst particle so that the pattern of the nanostructure array repeats the
catalyst pattern. Carbon atoms participate in SWCNT growth when they
reach the catalyst particles.

NT !

Hydrocarbon Plasma

neutrals Hydrocarbon .
ions Etching gas

\‘atoms and ions
M %@ MO

Catalyst
nanoparticle
—

Figure 1. Schematic picture of deposition of hydrocarbon neutrals, ions and etching gas
particles on the SWCNTSs and substrate.
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2.1. Surface Deposition Model for Growth of an Array
of SWCNTs

First, consider the growth of an array of SWCNTSs, assuming that all
SWCNTs have the same length. The plasma (for example, created in a
C2H2/H: gas discharge) is assumed to be located above the SWCNT array.
The main species that interact with the SWCNT surfaces are hydrocarbon
neutrals (here C;H>), hydrocarbon ions (here C,H."), atoms or molecules of
an etching gas (here atomic hydrogen H), and etching ions (here hydrogen
ions H*). Due to the interaction of plasma species with SWCNTs, the
SWCNTs and the surface between the SWCNTs are covered by C,H,
molecules and hydrogen and carbon atoms. The total surface coverage by
the particles is 6, =4,,, +6,, +6., where 6, is the surface coverage by

species a. Here, a = CH, H and C denote C;H;, H and C neutrals,
respectively.

C:H; is the key growth precursor for SWCNTs, CNFs, CNTs and
nanoparticles in most of hydrocarbon plasmas, even if CH, is the feedstock
[44-46]. The atomic hydrogen and/or hydrogen ions are responsible for the
removal (e.g., etching) of amorphous carbon. In NHs/C;H,, H./C;H; and
H2/CH. plasmas, usually used for growth of carbon nanostructures, the
atomic hydrogen appears mainly due to the dissociation of H, and
hydrocarbon molecules in the plasma volume [47, 48]. The H* ions are
produced by direct ionization of atomic hydrogen or dissociative ionization
of molecular hydrogen and dissociation of H,* [47, 48]. For simplicity,
only the ions C;H,*" and H* were accounted for in the model. In reality, a
reactive plasma contains a lot of different ions. The abundance of carbon-
containing ions such as C,H." and C,H* was found to be connected with
the amorphous carbon deposition [48, 49].

The hydrocarbon neutrals and atomic hydrogen are adsorbed and
desorbed on the SWCNT surfaces as well as on the substrate surface
between the SWCNTs. Generation of carbon atoms on the SWCNT
surfaces is due to the following reactions: (i) thermal dissociation of C>H,,
(ii) ion bombardment of adsorbed C,H. neutrals, and (iii) decomposition
of CyH," ions. The carbon vyield due to thermal dissociation is
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20,,v,vexp(-E, /k,T,), where SE, ~ 2.1 eV is the activation energy of
thermal dissociation [50], v, ~1.3x10®cm? [51] is the number of

adsorption sites per unit area, k; is the Boltzmann constant, and Ts is the
SWCNT surface temperature. It is assumed that Ts is uniform along the
SWCNTs.

It is also assumed that an ion from the plasma has sufficient energy E;
(> 2.1 eV) to decompose a single C2H, molecule on the SWCNTS. The rest
of ion energy is spent on heating of the nanostructure. The carbon yield

due to ion bombardment is 26, j,, where j ~n[T,/m, is the ion flux,
T, ~ 1.5 eV is the plasma electron temperature, and n; and m; are the ion
density and mass, respectively. The C.H," ions bombarding a SWCNT
decompose (C,H; —2C ) +H, .m)) ON the surface, resulting in
deposition of carbon on the SWCNTs. The carbon atoms generated on the
SWCNTs by thermal dissociation and ion bombardment diffuse to the
catalyst particles located at x =L, at the nanotube base and incorporate
into the growing SWCNTSs [52]. The surface diffusion coefficient for the
atoms is D, =a’vexp(-dE, /kT,)[53], where a,=0.14 nm is the
interatomic distance, and €, ~ 0.8 eV is the activation energy of surface
diffusion for carbon on a SWCNT surface [54, 55].

The model presented in [39] accounts for inhomogeneous deposition of
the species from the plasma onto the SWCNT surfaces. Following the
results of Monte-Carlo simulations [53], the flux density of impinging
neutral species was assumed to be j, =mv,, exp(—x/1")/4, where m,

and o, are the plasma bulk density and thermal velocity of species a

tha
(C2H2 or H), respectively; 1" is the depth of neutrals penetration into the
SWCNT array which can be estimated as |” ~1/(zRN) [53], where R is the
nanotube radius and N is the SWCNT surface density. For example, when
R =1 nm and N = 10 c¢cm? (that corresponds to the distance between
nanotubes =30 nm), the penetration depth is about 0.3 um. In [39], it was
assumed that the depths of penetration for C,H, and H are the same. The
ion flux distribution along SWCNTs depends on both the plasma and
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nanoarray parameters [56]. Varying the plasma sheath and SWCNT length,
fairly uniform deposition of ions on the SWCNTSs can be achieved, as well
as predominant deposition on the top or close to the nanostructure base. In
[56], it was shown that the nearly uniform ion flux distribution can be
obtained even for rather dense nanotube arrays. In [39], it was assumed
that the ions deposit more homogeneously on the lateral SWCNT surfaces

than neutrals, since the ion velocity along the nanotubes (z\/m,
where E; is the ion energy) is higher than the velocity of neutral species (
~(1/4).[8kyT,/7m, , where mj is the neutral mass). Since the penetration
depth of the plasma-generated species in the SWCNT array is proportional
to their velocity along the nanotubes, the penetration depth of the plasma
ions can be estimated as [39]: I ~1".[47E /k,T;. The value I

characterizes the scale of inhomogeneity of the ion deposition on
SWCNTs.

The adsorption and desorption fluxes of the neutrals (CoH, and H) on
the surfaces of the SWCNTSs are [39, 51]:

Joos = 1.(1=6), 1)
jades = eanveXp(—Ea /kBTs) ’ (2)

where E, is the adsorption energy.

The adsorbed species can react with the atomic hydrogen and hydro-

gen ions from the plasma (for example, C,H,+H ) = CoHy g ;

CoHaads) + H¥plasmay —  CaHspiasmay), Yielding gas-phase products. The
consumption flux of adsorbed neutral species participating in an adsorbed-
layer reaction is [51]:

jreac = HaUOO-ads(jH + J;)1
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where j, and j) are the incident fluxes of atomic hydrogen and
hydrogen ions, respectively, and o, ~ 6.8 x 10"'° cm? is the cross-section

of the adsorbed-layer reaction. The processes on the SWCNT surface,
which were taken into account in [39], are shown in Table 1.

Taking into account the processes listed in Table 1, the mass balance
equations for CoH,, H, and C species on a SWCNT surface are [39]

jCH(l_Ht)_ecHLZOa (3)
(Ju +10)A-6)-6,K=0, 4)

D.d’n. /dx® +2ng, vexp(=3E, Ik, T,) + 20, j; + 2], —
ncvexp(_Eev /kBTs) - nco-ads(jH + J; ) = 0’ (5)

where n, = 6,v, is the surface concentration of the species a(= C2Hz, H,

and C)v L = Uovexp(-Ea/kBTs) + Uovexp(_Ei /kBTs) + Uoo-ads(jH + J; ) + ji '
and K= Uovexp(-Ea/kBTs ) + Uoo-ads(jH + J; ) .
From Equations (3) — (5), one obtains

d’n
sdechQc_T*C:O’ (6)

D
where Q. =2(C, + j,) is the effective carbon flux to the SWCNT surfaces,

_ Uovexp(_éEi /kBTs) + ji
YL Ly A(Kjey) + L ey

and r, :1/[201/1)O +vexp(-E,, /k;T,) + o, (J, + j;)] is the characteristic
residence time of carbon species on the SWCNT surfaces.

In general, Equation (6) cannot be solved analytically. However, when
the variation of the fluxes of neutrals and ions along the SWCNTSs is weak,
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the solution of Equation (6) can be found using the Wentzel-Kramers-
Brillouin (WKB) approach. If A, <<I",I7, where 4, =./D,z, is the

surface diffusion length, the surface density of carbon atoms on the
SWCNTSs is

Table 1. The surface processes on the SWCNTSs included in the model
and their corresponding parameters or functionality. Here T, =k,T,

Processes

Functions/Parameters

Adsorption
CZHZ(pIasma) d CZ HZ(ads)

H(plasma) d H(ads)

H+(p|asma) —H (ads)

jCH(l_at)
JH(l_gt)
jn(1-6)

Desorption
CoHagadsy = CaHades)
Heds) = Hices)

eCHUOV exp(— Ea /-r;)

E.=29eV
O,00vexp(-E, IT.)
a=1.8eV

Carbon evaporation
C(ads) - C(evaporation)

ncvexp(_Eev /T:s)

CZHZ+ % 2 C(ads)+ H 2(plasma)

E=1.8eV
Thermal dissociation Neyy Vexp(_agi /fs)
CoHagadsy = 2Cags)HHaptasma) SE=216eV
lon-induced dissociation 20CH ji
C2H2++C2H2(ads) % 2C(ads) + Hz(plasma) + 02H2+
lon decomposition J
1

Adsorbed layer reactions
CoHagadsytHplasmay — CaHs(plasma)

CoHagaasytH* (ptasma) = C2Hs(plasma)
Cladsy*Hplasmay = CHplasma)
CoadsytH" prasmay —> CHiplasma)
H(adgs)+Hprasma) = Ha(plasma)
Hiads)+H" ptasma) = Ha(ptasma)

0, *6.8x10™"°cm?

Surface diffusion of carbon atoms

D, =aZvexp(-cE, /T))

Incorporation of carbon atoms in the SWCNT

k= aovexp(_azinc /-r;)
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12 Igor B. Denysenko, Kostya Ostrikov and Nikolay A. Azarenkov

ne ~ Aexpﬁ ﬂf(yy)} +B exp{— .:f Af(yy)} +Q.7,, (7)

where A and B are constants.

To find these constants, it was assumed that d n. =0 at the edge of
the SWCNTs (x=0) and —D,d,n. =kn. at the base of the SWCNTSs (
X =L, ) [53]. Here, k =a,vexp(-&E,,/k,T,) is the kinetic constant (of
carbon atom incorporation into the walls of the SWCNTS) and JFixc is the
energy barrier for the incorporation. It was also assumed that the energy
barrier for carbon diffusion on a surface of the SWCNTSs is larger than that
at carbon-catalyst interface (~0.4 eV [17]), so that &, . = S, [53].

Taking into account the boundary conditions, one obtains

Az B ~— QClral
2(cosh¢ + (D, /kAg,)sinh &)

Lnt
where é’ = J‘(]-/lo)dx’ QCl :Qc(x = LNT) 1T :Ta(x = LNT) )
0
Ao = A (X =Ly).
Then, the growth rate of the SWCNT forest is:

Vor =D kQQ,7,, sinh (<) (®)
NT $TXTC =Lyt sinh(&) + (k4p, / D) cosh($) ,

where Q is the area per unit C atom in a SWCNT wall.

In the model developed in [39], it was assumed that the neutral and
ionic species are also deposited between the vertically aligned SWCNTSs.
The deposition area is located at the same level as the base of the SWCNT

forest (X ~ Ly ). The deposition can be accompanied by the formation of
a (usually amorphous) carbon film. The growth rate of the film is [50, 51]
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Vdep = jdepMdep /pNa7 (9)

where N, is the Avogadro number, p is the film density (e.g., p = 1.2

gem?®), and M, ~12g mol™ is the mole mass of the growing film

material. In Equation (9),

jdep - nC(LNT )VeXp(_&f /kBTs)+25j ji + inCH (LNT)ys - (10)
(1_0t)000bulk(jH +j:|)/4_ji(1_0t)ysp ,

where JE, ~2.3 eV is the activation energy of incorporation into the film
[50]. The first term in Equation (10) accounts for thermal insertion of
carbon adatoms into the film from the film surface. The second term in
Equation (10) describes direct incorporation of carbon-bearing ions. It was
assumed that the direct incorporation takes place only at relatively large
ion energies (Ei > 20 eV) [51]. Therefore, §,=0forEi<20eVand 5,=1

for Ei > 20 eV. The third term in Equation (10) accounts for ion-induced
incorporation of C;H: neutrals (stitching) with the stitching rate
y, =2.49%x107 +3.29x10°E, [57]. The next term in Equation (10) is
due to etching of the film by atomic hydrogen and hydrogen ions, and the
last term accounts for the loss of carbon atoms from the growing film due
to sputtering. o, ~ 6.8 x 10" cm? is the cross-section for the etching
reaction, ysp is the sputtering yield which depends on the ion energy E;
[51]: Yo =-3.89x10"E’ +7.04x10*(E,—100) +8.14x10 for E, <100

eV.

2.2. Results from the Model Describing Growth of an Array
of SWCNTs

In [39], Equations (1)—(10) were used to analyse how the main

parameters that characterize the growth of a SWCNT array [the
nanostructure growth rate (Vnr), the characteristic residence time of carbon
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14 Igor B. Denysenko, Kostya Ostrikov and Nikolay A. Azarenkov

adatoms on the nanotube surfaces at X = Lnt (7, ), and the growth rate of

the film between carbon nanotubes (Veep)] depend on the height of SWCNT
array Lnr, temperature of SWCNT surfaces Ts, the penetration depths of

neutrals and ions in SWCNT array |I” and I, and the intensities of neutral
and ion fluxes.

0 5 10 15 20 25 30 35 40
LNT'“'m

Figure 2. Dependence of growth rates of SWCNT array on SWCNT height in the
thermal CVVD and PECVD cases. The dependencies are obtained for C,H, density

., = 10™cm?, SWCNT surface temperature Ts= 1000 K, and penetration depth of

neutrals in SWCNT array I"= 0.3 um. In the CVD case, nj = ny = 0, while nj=
3 x10% cm®, ju= 5jcn and Ei= 10 eV in the PECVD case.

The SWCNT growth rates in the CVD case were compared with those
in PECVD. In Figure 2, the dependencies of Vyr on the SWCNT array
height are shown for the both cases. Obtaining these dependences, it was
assumed that ion and etching gas fluxes to the nanotubes are absent in the
CVD case, while the fluxes of C,H," ions and H atoms to the SWCNTSs are
present in the PECVD case. It was also assumed that the flux of etching
ions to the SWCNTSs is small.

One can recognize from Figure 2 that the SWCNT growth rates for
small nanotubes (<1xm) in the CVD case are higher than those in the

PECVD case, because of the losses of C,H, molecules and C atoms from
the SWCNT surfaces through the interaction with etching gas in the
PECVD case. However, for longer nanotubes (Lnt > 2.5 um), the growth
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Modelling of Plasma-Assisted Growth ... 15

rates in the CVD case are much smaller than in the PECVD case. The
difference in the growth rates in the PECVD and CVD cases is due to the
difference in penetration depths of neutrals and ions in SWCNT array [39].
Since the ion energy is higher than the thermal energy of neutrals, the
penetration depth for ions is also larger than the depth for neutrals. As a
result, under the “base-growth” conditions, an array of SWCNTSs formed in
PECVD should be longer than that formed in CVD. This conclusion agrees
well with numerous results of experimental and theoretical investigations
on the growth of SWCNT forests in CVD and PECVD [53, 58].

dm,
il
P

—_——

i "'l',

gty gy

i
iy,
AN

25

VNT(um/min)

20

<20
L, (um) " E,(eV)

Z 4
V7> ([g) 4. 9

Figure 3. Dependence of growth rates of SWCNT array on height of SWCNT array Lyt
and on hydrocarbon ion energy E; (a), and dependence of the growth rates of
amorphous film between SWCNTSs on ion density njand on Lyr (b). The dependences
in Figures 3 (a) and 3 (b) are obtained for nj = 3x10° cm® and Ei= 30 eV,
respectively. The other external parameters are the same as in the PECVD case

(Figure 2).

At large Lyt (>>I%), carbon production near nanotube bases (x~ Lnt) is
caused mainly by C,H,* decomposition. Therefore, the decrease of Vir
with increasing the SWCNT array height becomes smaller if the ion
penetration depth increases. Since the penetration depth of ions becomes
larger with increase of their energy, the growth rates for long nanotubes
become higher when E; increases (see Figure 3 (a)). For Lyt >>I", the
dependence of the growth rate on Lyt is mainly because of the Lr-
dependence of the effective carbon flux. The flux becomes smaller when

the ion flux decreases [Q., ~2j,~exp(-L,, /1) ]. For small Lyt (<1017),
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ions affect slightly on the growth, and, therefore, the dependence of the
growth rate on ion energy is weak (see Figure 3(a)).

VNT (um/min)

Figure 4. Dependence of SWCNT growth rates on Lyt and on the depth of penetration
of neutrals in SWCNT array I". The results are obtained for E;= 10 eV. The other
external parameters are the same as in Figure 3.

We also found the conditions which are suitable for formation of the
amorphous film between SWCNTSs. The film formation may take place at
relatively high ion energies (>20-30eV) [51, 59], due to the direct
incorporation of hydrocarbon ions into the amorphous film (low energy ion
implantation). This film can cover catalyst nanoparticles and eventually
stops the growth of the SWCNTSs. Even if etching gas flux to the tips of
nanotubes is high, formation of the amorphous film starts at large SWCNT
lengths (Lnt>>1"), when the etching gas flux to the nanotube base becomes
small (Figure 3 (b)). Formation of the film starts at smaller Lyt when the
ion density becomes higher, due to increase of number of hydrocarbon ions
which incorporate into the amorphous film.

We also analysed how the SWCNT growth rate depends on the
penetration depth of neutrals in SWCNT array (Figure 4). It was found that
the dependence of Vnr on the SWCNT array height is nonlinear. The
SWCNT growth rate first increases with an increase of Lnr, reaches a
maximum at a certain length, and then decreases. With increasing the
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penetration depth I”, the maximum of Vyr shifts towards larger Lt values.
Such behaviour of Vyr on Lyt and on I” is due to the dependence of the
SWCNT growth rate on carbon atom production and carbon loss near the
nanotube base. The effective carbon flux to the nanotube base Qci becomes
smaller with increasing the SWCNT array height because of decreasing

C2Hz and C;H* fluxes to the nanotube base. At small Lyt (<1017), the
effective carbon flux is strongly affected by the flux of C2H, molecules. At

large SWCNT lengths (L, >101"), neutral particle fluxes to the nanotube

base are small, and production of carbon atoms is mainly due to
decomposition of CoH" ions on the SWCNT surfaces. As a result, for large
SWCNT lengths, the dependence of effective carbon flux on Lyt is similar

to that for hydrocarbon ion flux j, [Q., = 2], ~exp(-L /1)) ].
In [39], it was also studied how the SWCNT growth parameters
depend on the etching gas and ion fluxes (ju and j,, ). It was shown that

the SWCNT growth rates decrease with increasing the etching gas flux ju,
since the losses of carbon atoms and C;H, molecules by their interaction
with hydrogen atoms on the SWCNT lateral surfaces become higher.
Consequently, the carbon residence time near the nanotube base becomes
smaller. When the etching gas flux to the nanotube tips is low and the ion
energy is higher than 20-30 eV (when direct ion incorporation in the
amorphous film takes place [51]) formation of the film between nanotubes
takes place.

If the etching gas flux to the SWCNT tips is high, the array of
SWCNTs can grow while the length of SWCNTs remains smaller or
comparable with the depth of penetration of hydrogen atoms in the
SWCNT array. This explains why vertically aligned SWCNTSs quite often
can only be grown to a certain and rather limited length before no further
growth can be detected [58].

The growth rate Vnr decreases when the flux ratio of the etching and
hydrocarbon ions increases [39]. This conclusion is in an agreement with
the experimental results [60], showing that energetic hydrogen ions
attracted by the negatively charged substrate may significantly etch
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SWCNTs. Hydrogen plasmas may also be used for selective etching of
SWCNTs [61].

The formation of the amorphous film between SWCNTs may be also
avoided if the flux of carbon-free ions (e.g., argon ions) is high and the ion
energy is sufficient for the effective sputtering of the amorphous film. In
this case, the following condition should be fulfilled: j < j, (1-8)y,,

where j,. is the flux of carbon-free ions, and y is the sputtering yield.

However, the ion energy should be moderate (< 60 eV [62]) to avoid
destruction of growing SWCNTS.

In [39], it was confirmed that etching species are necessary to prevent
amorphous carbon formation in the case if hydrocarbon ion energies are
higher than the threshold energy for direct incorporation of the ions in the
amorphous film (low energy ion implantation) [51, 59]. In PECVD
experiments on SWCNT growth, a carbon precursor gas is usually heavily
diluted by gases such as Hz, NHs, O, or water, which provide etching
species [63-67]. Ethanol can also be used as a carbon source and for
etching [68, 69].

It was also analysed how the SWCNT growth rates and carbon
residence times near the nanotube base depend on the SWCNT surface
temperature Ts (Figures 5 (a) and 5 (b)). For low Ts, thermal dissociation of
hydrocarbon molecules is not as effective as for high temperatures, and
carbon production is mainly due to the ion bombardment of adsorbed C,H.
molecules, as well as due to decomposition of C;H," ions. As a result, the
growth rates of the nanotubes with Lyt < 8I” increase, when the surface
temperature becomes higher. At Lyt < 817, the difference in Vi for low Ts
(<700 K) and high temperatures (> 1100 K) is very high (> 100 times). It
means that the time required to synthesize the SWCNTs with Lyt < 2.5um

at low temperatures is much higher than at high Ts. Therefore, in most of
the experiments on low-temperature growth of vertically-aligned carbon
nanostructures by PECVD, the structures are rather short [22, 35]. The
residence time of carbon adatoms decreases with an increase of the
nanotube surface temperature due to increased loss of carbon adatoms by
evaporation (Figure 5 (b)). However, with Ts increasing, carbon adatoms
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move faster to the catalyst nanoparticles and this leads to the higher growth
rates at small and moderate SWCNT lengths (Figure 5 (a)).

For high surface temperatures, the carbon residence time near the
nanotube base depends slightly on the nanotube length, while the
dependence for low Ts is strong (Figure 5(b)). This difference is explained
by the importance of etching process at low Ts. For high surface
temperatures, the contribution of the etching gas on the total loss of carbon
adatoms from the SWCNT surfaces is rather small, and thermal effects are
more important. At high Ts, the growth rate Vnr becomes smaller with

increasing the SWCNT length for L., >5I", mostly because of the
reduced flux of hydrocarbon species to the nanotube base.

Figure 5. Dependence of Vyr on Lyt and Ts (a), and dependence of the carbon residence
time on Lyt and Ts (b). These dependencies are obtained for I* = 0.3 um, nj= 3x10°
cm®, nen= 10" cm®, ju= 5jcn, Ei= 10 eV, and ju*= 0.

It was found that for long nanotubes ( L., >101"), their growth rates at
low Ts may be even higher than at high Ts (Figure 5(a)). That was attributed
to the longer carbon residence times z,, at small Ts compared to high

surface temperatures (Figure 5(b)). Moreover, for T, <950 K, the growth

rates may become larger with increasing the length if 1" < L, <1 um. This

increase is due to a decrease of the total surface coverage when the
nanotubes become longer. This is accompanied by an increase of the
adsorption flux of C,H, molecules on the SWCNT surfaces. At low Ts and
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long nanotubes, the growth rates of the SWCNT array are rather high
(Figure 5(a)). It means that the SWCNTSs can be grown at low substrate
temperatures only if hydrocarbon ions with energies about 10-15 eV
deposit on the SWCNT surfaces.

The results of numerical studies in [39] confirmed that SWCNTs may
be effectively grown by PECVD to the lengths of a few micrometres (or

even more) at low substrate temperatures (< 700 K). The low-temperature
growth is one of the necessary conditions for the synthesis of SWCNTSs
with narrow-chirality distribution [2]. For fast growth of SWCNT arrays, it
is reasonable to vary the temperature during the growth: to start at high
temperatures and to decrease the growth temperature when the SWCNT
length will reach a few micrometres.

The growth rate Vnr also depends on the density of hydrocarbon ions
in the plasma [39]. It increases when n; becomes larger, due to more
effective carbon generation in ion-induced processes, which include
decomposition of hydrocarbon ions, and dissociation of hydrocarbon
neutrals by ion bombardment. At large nanotube lengths, when the flux of
hydrocarbon neutrals to the nanotube base is low, the ion-induced
processes are very important for the growth of SWCNTSs. For large L,
carbon generation is mainly due to decomposition of hydrocarbon ions,
and the growth rate is nearly independent on Lyt and may be approximated
as V,; ~2kQjr,, /(1+ kA, /D,). Thus, for large Lyt (>> I'), the SWCNT
growth rate is proportional to ji and becomes higher with an increase of n;.
However, for Ei>20 eV the growth of the amorphous film between the
nanotubes starts at smaller Lyt if the density of hydrocarbon ions in the
plasma bulk becomes higher (Figure 3 (b)), because of the enhanced ion-
induced reactions on the surface between SWCNTs (ion-induced
incorporation of hydrocarbon neutrals and direct incorporation of carbon-
bearing ions into the film).

To avoid formation of the amorphous carbon or multi-walled carbon
nanotube during SWCNT synthesis, the power input in a PECVD reactor
should be kept low [48]. For example, Ming et al. [65] used a plasma
power as low as 15 W for SWCNT growth. The harmful effect of ions may
be also avoided if an afterglow low-density plasma [28], remote plasma
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systems [44, 70-72] or atmospheric pressure plasmas [58, 73-75] are used.
We also found that the effects of the ion density on the SWCNT growth
become more pronounced with decreasing the substrate temperature. This
happens because of the lower rates of thermal dissociation, which is the
main carbon production mechanism at high temperatures and small
SWCNT lengths [76, 77]. When Ts is high, thermal dissociation is
effective, and ions mostly contribute to the growth of long nanotubes; in
this case the hydrocarbon neutral flux to the nanotube base is small. We
also found that the effect of the ion density on carbon loss near the
nanotube base is small. Note that the ion bombardment experiments and
atomistic simulations reveal that the ion bombardment in a suitable energy
range allows structural defects to be healed resulting in an enhanced
nucleation of the carbon nanotube cap [76, 78, 79].

2.3. Modelling of Growth of an Isolated SWCNT

The growth of an isolated SWCNT in a plasma environment was
modelled by Denysenko et al. [38]. The surface deposition model and main
assumptions, used in the study, were similar to those described in
subsection 2.1. However, the species, which deposit on the SWCNT
surface in the model, were different from those considered in subsection
2.1. It was assumed that the main particles that interact with the surfaces of
the SWCNTs are CHs;, CHs* and H. The SWCNT surfaces and the
substrate surface between the SWCNTSs were assumed to be covered by H
and CHjs radicals and carbon atoms C. The carbon atoms can be generated
on the SWCNT surfaces by the following reactions: thermal dissociation of
CHs, ion bombardment of adsorbed CHs radicals, and decomposition of
CHs" ions.

The main equations of the model presented in [38] are the mass
balance equations for CHs, H, and C species on a SWCNT surface:

Jen1-6,)-6,,L=0, (11)
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j.a-6)+j+6,M-6,K=0, (12)

D,d"n. /dx* +ng, vexp(~E, 1K T,) + Oy ji Yo + i — (13)
ncvexp(_Eev/kBTs) —Nc Oy jH = 0'

where K = Uo"exp('Ea/kBTs) + anadst , M= jiyd +Uovexp('5Ei/kBTs) J

L =u1eXp(-E, /KgT,) + U eXp(-SE /K T,) + 0yCrg Ju +1i Yy, aNd y, = E; 1 5E;.
Equation (13) was solved using the boundary conditions presented

below Equation (7). As a result, it was obtained the following differential
equation for the SWCNT length [53]:

dby, kQQ.7,sinh(J) (14)

dt sinh(¢) + (kA, /D,)cosh(¢)

which is similar to Equation (8).

The model for growth of an isolated SWCNT also accounted for
formation of a carbon film at the substrate. The film width Lgep was found
from Equation (9) taking into account that V., =dL,, /dt.

Using Equations (9) and (14), it was analysed how L and L,
depend on the SWCNT temperature. The increase in the SWCNT length
AL, (=L, —L,) for a growth time of t = 1 s as a function of Ts is shown
in Figure 6 (a). Here L, is the SWCNT length at t = 0. The curves in
Figure 6 (a) are obtained for m,, = 10 cm?, ju = 10X jen, Ei= 2.1 eV
(ya = 1), L,=1 nm, and n; = 10° and 10% cm?. The results for CVD

(ji= ju= 0) are also presented in the figure.

It was obtained that at low substrate temperatures (Ts < 800 K), the
SWCNT length in PECVD may be larger than that in CVD [Figure 6 (a)].
The SWCNT length increases with increasing ion density. The length
enlargement is due to enhanced ion-induced dissociation of CHsz and
decomposition of CHs" on the SWCNTs. At low Ts, these processes
increase the effective carbon flux Qc.
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Figure 6. SWCNT length increase AL, (a) and film thickness Laep (b) for different

ion densities: ni= 10%° cm™ (curve 1) and 10° cm (curve 2). The curves 3 correspond
to the CVD case (ji=ju=0).
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Figure 7. The characteristic residence time of carbon on the SWCNT surface (a) and
the diffusion length (b) as a function of Ts for the conditions corresponding to Figure 6.
The curves 1 and 2 are for the PECVD and CVD cases, respectively. The curves 1 are
obtained for nj= 10 cm,

We found that the film thickness Lqep between the SWCNTSs depends
on the ion density [see Figure 6 (b)]. At low substrate temperatures (Ts <
900 K), the film thickness becomes larger with increase of CHs" density
due to ion-induced incorporation of CHs neutrals and direct incorporation
of CHs" [51]. The thickness Lgep decreases as the substrate temperature
increases until the film growth between the SWCNTSs stops at a relatively
large (Ts > 900 K) temperature. In CVD (ji = ju = 0), Laep grows with
increasing Ts. The growth is due to the exponential enhancement of the
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carbon flux n.(L;)vexp(-dE, /k,T,) to the solid [see Equation (10)]. Due

to film etching, this growth is absent in PECVD.

We also studied how the residence time 7, and the diffusion length A,
depend on the SWCNT temperature Ts, in the CVD and PECVD cases
[38]. It was found that at low Ts (< 700 K), the dependence of z, on Ts in
PECVD is small because the loss and generation of carbon atoms in this
temperature regime are mainly from ion and atomic hydrogen deposition.
At low Ts, the surface diffusion length A, becomes larger with an increase

of Ts because D, also increases. In the CVD case, both 7, and 1, become

smaller with increasing Ts in the entire temperature range (see Figures 7 (a)
and 7 (b), as well as [53]), and at T, <800K they are larger than the

corresponding parameters in the PECVD case. It was also found that the
length 1, becomes smaller with increasing the etching gas flux ju [38]
because of particle loss in the adsorbed-layer reactions.

The results on PECVD growth of an individual SWCNT are in
agreement with those describing the growth of an array of SWCNTSs (see
previous subsection).

3. MODELLING OF CNF GROWTH

3.1. Mechanistic Model for CNF Growth

Growth of CNFs in PECVD may also be modelled using mass balance
equations for adsorbed species. A model for the plasma-assisted growth of
a CNF with a metal catalyst nanoparticle on its top, based on the equations,
was proposed in [80, 81]. The case when the nanofiber is erected on a
substrate (for example, Si (100) substrate) of thickness d placed on a
substrate-holding platform of temperature Tm was considered (Figure 8).
The catalyst temperature Tk was assumed to be different from Twm. It was
also assumed that the top of the catalyst nanoparticle is subject to incoming
fluxes from a plasma environment. The particles, which deposit on the
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catalyst surface and are accounted for in the model, are hydrocarbon
neutrals C,Ho, etching gas atoms H and hydrocarbon ions C,H.".

In the model developed in [80, 81], it was assumed that the surface of
the catalyst nanoparticle is flat and circular and is covered by C;H,, C and
H species with the surface densities ncw, nc and nu, respectively.

The surface processes, which were accounted for in the CNF model,
are shown in Table 2. It was assumed that the carbon atoms, generated on
the catalyst surface due to different processes (see Table 2), incorporate
into the growing graphene sheets via surface and bulk diffusion.

Plasma
Hydrocarbon
Inert molecules O .
gas O Etching
\ gas atoms
0 ¢ Catalyst
T nanoparticle
O Tons
X O\- A/
CNF T,
L

s éuﬁa?//a//////

Figure 8. Schematics of particle deposition on the catalyst nanoparticle and CNF
lateral surface from the gas-discharge plasma.

Taking into account the processes listed in Table 2, the mass balance
equations for C, C,H, and H species on the catalyst surface can be written
as

J. +div(D,gradn.)-O, =0, (15)

QCH - 0(:H ji Yo — nCHveXp(_aEi /kBTK) =0, (16)
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and
Q, +2n.,vexp(—dE, /kgT,) =0, 17)

respectively.

In Equation (15), J. =2n.,vexp(-d,/ksT,)+20,, )y, +2] is the
carbon source term that accounts for the generation of C on the catalyst
surface due to thermal (with the energy barrier 5E;) and ion-induced
dissociation of C,H., and the decomposition of CoH>".

The second term in Equation (15) describes the carbon loss
due to surface diffusion, where D, =D, exp(-E,/k,T,) is the surface
diffusion coefficient, D, is a constant, and E_ is the energy barrier for
diffusion of C on the catalyst surface. The term O, =
=n.vexp(-E,, /ksT ) +n.o J,, +N.vexp(-E, /k,T, ) takes into account
for the carbon atom loss due to evaporation (with the energy barrier E_, ),
interaction with atomic hydrogen from the plasma, and C diffusion into the
catalyst bulk. v,(=1.3x10®cm?) [51] is the number of adsorption sites

per unit area, v=10°Hz is the thermal vibrational frequency.
1/2

Ji =n,expKgT, /m,)"* is the ion flux from the plasma, where n;is the ion

density in the plasma, T, ~1.5eV is the electron temperature, and m; is the
ion mass. o, is the cross-section for the reactions of adsorbed particles

with the incoming hydrogen flux ju [51]. Ep is the energy barrier for bulk
diffusion [22].

Q,=1]j,@-6)—n,vexp(-E,, /k,T,)—n, 0. ], is the term describing
the adsorption, desorption of species « [subscript & = (CH, H, and C)
stands for C;H,, H, and C species, respectively], and interaction of the
adsorbed species « with atomic hydrogen from the plasma. In the
expression for Q_, j, = v, /4 is the flux of the impinging species «
yy = E,/Eg,, where E,is the ion energy and E; ~558 eV is the
dissociation energy for a CoH, molecule in a vacuum.
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Table 2. Processes that are accounted for in the model
for growth of CNFs. Here T, =k, T,

27

Processes | Reactions | Functions/Parameters

Processes that are common for thermal CVD and PECVD

AdSOFptiOﬂ of C2H2 CZHZ(pIasma) —> CZHZ(ads) jCH (1— Ht)

Desorption of C2Hz | CaHagds) —> CaHa(des) 0,0V EXP(—E o, I T,)
EacH=2.9eV

Thermal dissociation | CzHads) —> Ney VEXP(—SE, /T, ).,

2C(ads) + 2H(plasma) SEi=13eV

Carbon evaporation Clads) —> Cevaporation) ncvexp(— E., / TK ),
Eev=1.8 eV

Carbon diffusion n.vexp(-E,/T,),

into the catalyst bulk Ev=16eV

Bulk diffusion

D, =D, exp(-E, /T,)

Surface diffusion

D, =D, exp(-E, /T,),
Es=0.3eV

Incorporation of C
into graphene sheets

k= A( exp(_azinc/kBTK)!
8Eim: 0.4 eV

Additional processes

accounted for in PECVD

Etching gas H(plasma) —> Hads) j,1-6)

absorption

Etching gas Heads) —> Hices) O, v,vexp(-E,, /T,),
desorption

Ean=1.8¢eV

Loss of adsorbed
particles (H, C,
C2H2) at interaction
with H

Clads)+H(ptasma) —> CHplasma)
Hads)tHplasma) —> H2(plasma)
C2H2(ads)+H(plasma) —>
CzH3(pIasma)

nao-ads jH '
O ® 6.8x10°cm?®

lon-induced
dissociation

CaH2*+C2H2@ds)y —> 2C(ads)+
+H2(plasma) + C2H2*

200, 314 Yo = Ej 1 Egq

lon decomposition

CaH2* —> 2C(ads)+H2(plasma)

Ji

Equation (15) was supplemented by boundary conditions. First, it was
assumed that the surface diffusion flux vanishes (én./or|,_,=0) at the
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catalyst surface centre (r = 0). Next, the carbon atoms, while diffusing
across the catalyst surface, incorporate into the graphene sheets at the
border of the catalyst particle (r = rp, where rp is the catalyst particle
radius), with the rate determined from -Dsdnc/dr = knc, where

k = A exp(-¢E,, /kgT,) is the incorporation speed, Ak is a constant [53],
OE, . 1s the barrier for carbon atom diffusion along the CNF-catalyst
interface.

3.2. Results from the CNF Model

Using Equations (15-17), one can obtain the following equation for the
carbon surface density:

Dsi;(rdd”;j—nc/ramc _o, (18)
where 7, =1/[C, /v, +vexp(-E,, kT, ) + o, Ju +vexXp(-E, /k;T,)] is the
characteristic residence time of carbon atoms on the catalyst surface,
Q. =2j,+C, is the effective carbon flux to the catalyst surface,
C, =[2v,vexp(-¢E, Ik, T, )+2])y, /[1+Lj, [(Kie, ) +M/K+L/ j.1,
L=0,vexp(—E,c; 'K T )+ Ji Yy + 0,04 b1 U,V EXP(—E, Tk Ty ),
M =2v,vexp(-&E, /k;T, ), and K =v,vexp(-E,, /K Ty )+ 0,04 Jw -

The solution of Equation (18) is

_ _ (kD) (r/ 2)
n.(r) —cha[l |1(rp /lD)+(kﬂD/Ds)|0(rp /ZD)} -

where lo and I, are the modified Bessel functions of the zeroth and first
order, respectively. Using Equation (19), we found the surface coverages
of the catalyst by carbon atoms, acetylene molecules, and atomic
hydrogen,

Complimentary Contributor Copy



Modelling of Plasma-Assisted Growth ... 29

0. (r)=nc(r)/v,,
1-6.(r)

o, (r)= ,
o (1) 1+ L, /(Kjgy )+ MTK + L/
0,,(r) = 0, () (L, / jou + M) /K.

(20)

From Equation (19) one can also get the diffusion fluxes of carbon
atoms to the CNF surface,

J,=-Dyoon. /or|

s =

x2nr,, J, = J'(nC D,/r})2ardr, (21)
0

r=rp

over the catalyst particle's surface and through the catalyst bulk,
respectively. The diffusion fluxes determine the surface and bulk diffusion

growth rates H =m.J /(ar7p) and H =m.J /(arp), respectively.
Here, p~ 2 glcm? is the CNF material density, and mc is the mass of a

carbon atom.
From Equations (19) and (21) it follows that the surface diffusion flux
may be expressed as

] = 2nr Kz, Q1 (r, /1 2;)
. Il(rp/lD)+(k/1D/Ds)|0(rp//1D) .

(22)

The expression for J; may be simplified in some limiting cases. In
particular, at a low rate of C incorporation into graphene sheets
[1,(r,/25) >> (k4, I D,)1,(r, / A,) 1, the surface diffusion flux is

J, ~2mmkz,Q. . (23)

From Equation (23) it follows that at low rates of C incorporation and
small catalyst temperatures (when z, and Qc are about independent on Tk
and are functions only of the ion and neutral particle fluxes to the catalyst
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[81]) the dependence of the surface diffusion flux on the catalyst
temperature is determined by that of the incorporation speed [~
exp(—E, . /ksT, ) 1

At high incorporation rates [I,(r,/4,) << (k4, /Dy)1,(r,/4,)] and
small particle radius [r,/A,<< 1], Equation (22) simplifies to the
following equation

2
Jo=a Q.

i.e., the surface diffusion flux depends only on the effective carbon flux to
the catalyst surface.

Using Equations (19), (21) and (22), the growth rates as functions of
the catalyst temperature were obtained numerically [81].

@ (b) 3
g
£
=1
S ]
svi ,

1 1 \ 1 1 1 1 I 1 |\| 1 1

08 12 16 20 24 0.8 1.0 1.2 1.4 16

1000/7, [1/K] 1000/Ty,  [1/K]

Figure 9. Hs, H_ and Hi=H_ + H, as functions of the catalyst temperature
in PECVD (a) and CVD (b). In the PECVD case, M, =7 x10" cm?,
m, = 3x1072 Mgy, , Ei=500 eV, nj= 3x10" cm3and I, =25 nm. In the CVD case,

M, =10" cm3. The circles correspond to experimental data taken from [22, 82].

In Figure 9 (a), the dependencies of Hs, H_ , and Hi= H_  + Hson the

catalyst temperature are shown for the PECVD case. The curves are
compared with the experimental data of Hofmann et al. [22, 83]. One can
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see in this figure that the surface diffusion curve fits best to the
experimental data of Hofmann et al. [22, 83] in the broad range of Tk. The
surface diffusion curve was obtained for the following parameters:

iy, =7x10%cm?®, i, =3x107M,,, Ei = 500 eV, ni= 3x10° cm?, and
rp=25nm.

Assuming ju = ji = 0 in Equations (19), (21) and (22), we also
calculated the growth rates for the CVD case (Figure 9 (b)). The rates
calculated for the CVD case (using ., =107 cm?, and r, = 25 nm) are

very close to the experimental results of Ducati et al. [82]. The results of
calculations show that at lower temperatures (1000/Tx > 1.2), surface
diffusion controls the growth whereas at higher temperatures (1000/Tk <
0.9), CNF growth is due to bulk diffusion. In the range 0.9 < 1000/Tk <
1.2, both bulk and surface diffusion contribute to the CVD growth.

Using the surface deposition model, we also studied how the ion and
atomic hydrogen fluxes from the plasma affect the CNF growth rate H.
The growth rates H; as functions of 1000/Tk are presented in Figures 10 (a)
and 10 (b) for different ion and hydrogen atom densities in the plasma. One
can see from Figure 10 (a) that at low catalyst temperatures the growth rate
increases with increasing n;. This increase is mostly due to the enhanced
ion-induced dissociation of C,H, on the catalyst nanoparticles. On the
other hand, Figure 10 (b) shows that H: decreases with increasing nu
because of the larger loss of C;H, and C species in reactions with
impinging hydrogen atoms (Table 2).

Using Equations (19) and (20), one can also find the effective sticking
coefficients y_, which are necessary for a plasma model. The effective

sticking coefficient y, describes the consumption (or production) flux of
each neutral species that participates in the surface processes. The sticking
flux may be written as [2y, ], /(2— x,)] [51, 84], approaching y,j, for
2, <<1.

Taking into account the reactions listed in Table 2, the effective
sticking coefficients for C;H,and H may be found from the equation
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ja(l_et)_navexp(_Eaa/kBTK) :Zzaja /(z_la) (24)
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Figure 10. The growth rate H; (a) for i, =3x107°M,, and ni= 5x10" (curve 1),
5x 10" (curve 2), and 5x10° (curve 3) cm. The CNF growth rate H; (b) for nj= 10*

cm?®and i1, =M, (curve 1), i, =01, (curve 2), and 1, =0.01M,,, (curve 3). The
other parameters are the same as in Figure 9 (a).

3.3. Thermal Model for CNF Growth

To study the energy exchange between the plasma and the growing
CNFs, the surface deposition model presented in previous subsection
should be coupled with a thermal model. In [53], the thermal model was
developed on the basis of the steady-state heat conductance approximation.
In the approximation, the temperature distribution along the CNFs and the

substrate (in the x-direction in Figure 8) may be described by the following
equation [85]:

d[zc dT}+QT(T)/5=0. (25)
dx dx

In Equation (25), Q,(T) is the heat release function, A.is the CNF
heat conductance and o is the CNF wall thickness. The heat release
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function Q,(T) accounts for the carbon nanofiber - inert gas collisional
heat exchange, the energy gain due to ion bombardment, and the heat loss
due to thermal radiation from the CNFs [85].

Equation (25) should be supplemented by boundary conditions. We
assumed that the temperature at the CNF-substrate interface (x = L) Ts is
known. The heat flux at the CNF end (x = 0) was assumed to be
continuous, i.e., —A.dT/dx|,_,= j.., where j_. is the heat flux to the

catalyst surface from the plasma environment. The heat flux j_, accounts

for the heat release on the catalyst surface due to the chemisorption of
hydrocarbon molecules, ion bombardment and incorporation of carbon
atoms from the catalyst surface to the CNF structure; the heat dissipation at
ion-induced dissociation and collisions of the neutral gas molecules with
the catalyst; the heat release at diffusion of carbon atoms from the catalyst
surface to its bulk and in the reactions of C;H,, C and H with atomic
hydrogen from the plasma; and the energy loss from the catalyst in thermal
dissociation, C2H: desorption and C evaporation. The expression for j,, is

presented in [85].

CNF growth rate (nm/s)

0.5 1.0 1.5 2.0 25 3.0
1000/T [1/K]

Figure 11. The CNF growth rate H:as a function of Tk and of Tu. The circles
correspond to the experimental data from [22]. The results are obtained for M., =
10%cem?, A, = 3><10’3I’fCH ,Ei=300eV, nij=5x 10" cm?®, r, =50 nm, d =1 mm, §

= 0.6rp, jg = 300jcH, and Ty = 1000 K, where jg is the flux density of inert gas to the
CNF surface.
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Table 3. Tk-Twm as a function of Tk. The results in columns 2, 3
and 4 correspond to Tx-Tw for the (§; #0, j, #0), (J; #0, j, =0),
and (Ji =0, J,, #0) cases, respectively.

The other parameters are the same as in Figure 11

Tk-Tm (K)

T (K) j,#0,j,#0 j, =0 j, =0
400 46.48 46.47 37.04
800 45.36 4533 26.03
1000 30.44 3043 162
1100 14.84 14.84 2094
1200 951 951 54.76
1300 -46.28 4628 105.01

The temperature dependence across the Si substrate was found from
the following equation

d [/1 dT}—o, (26)

dx| % dx |

where A is the heat conductance of the silicon substrate. Equation (26)

should be supplemented by boundary conditions. We assumed that the
temperature at the interface of the substrate with the substrate-holding
platform (x = L+d) is known and is equal to Tu [85]. At the substrate-
nanofiber boundary (x = L), the heat flux was assumed to be continuous:

dT dT
ﬂ’Si d7|L+0: Si d7||.-0 .

Using the thermal model and the model for CNF growth described
in subsections 3.1 and 3.2, it was shown that fluxes from the
plasma environment can substantially increase the temperature of the
catalyst nanoparticle located on top of the CNF with respect to the
substrate-holding platform temperature [85]. The difference between the
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catalyst temperature and the substrate-holding platform temperature
AT (=T, —T,,) is a function of the CNF length L, the substrate thickness

d, the inert gas density ng and temperature Tg, as well as the densities of the
ions n; and the atoms of etching gas ,, .

In Figure 11, the dependences of the CNF growth rate H; on the catalyst
temperature Tk and on the temperature at the interface between the substrate
and the substrate-holding platform Ty are shown.

Plotting the curves in Figure 11, the CNF length was taken to be 500 nm
which is about the length observed in experiments on PECVD at Tk = 500 K
[22]. From Figure 11 one can see that the dependence H: on Ty fits better to
the experimental data of Hofmann et al. [22] than the dependence H: on Tk.
The growth rates corresponding to Twu are larger than the rates corresponding
to Tk in the low temperature range (1000/Tx > 1.2). Note that in many
experiments on PECVD of CNFs and related nanostructures the reported
surface temperature is actually the temperature at the interface between the
holding platform and the substrate [86, 87].

To make it clear which species are responsible for the difference
between the catalyst temperature and the substrate-holding platform
temperature, we calculated the difference AT as a function of Tk under
different assumptions in the thermal model. First, it was assumed that the
hydrogen atoms and ions affect the heating of the CNFs and the catalyst
nanoparticles (see the second column in Table 3). Second, we assumed that
the hydrogen atoms do not affect the heating of the CNFs and the catalyst
nanoparticles (see the third column in Table 3). Their effect was accounted
for only in the CNF growth model (see subsections 3.1 and 3.2). The case,
when the heating effect of ions is neglected, was also considered (see the
fourth column in Table 3). It was found that the heating effect of etching
gas is less pronounced as compared with the effects of neutral gas and ion
fluxes (see Table 3).

Meantime, the ion heating effect may be important. For example, for
Tk = 400 K, the difference between the catalyst temperature and that of the
substrate-holding platform at ji = 0 is about 25% smaller than the
difference at j, =0 (Table 3). The inert gas molecules heat the CNFs and
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the catalyst nanoparticles at small temperatures (Tk < Tg) and take the heat
away from the nanostructures at Tk > Ty The ions and the atoms of the
etching gas heat the CNFs and the catalyst nanoparticles in the whole range
of temperatures. Due to the ion bombardment, the catalyst nanoparticle
temperature may be higher than the substrate-holding platform
temperature, even if Ty < Tk (See the results in Table 3 for Tk = 1100 K).

It was also analysed how the difference T, —T,, depends on the

substrate thickness. In Table 4, the temperatures Tm and Tk for different
substrate thicknesses are shown. The magnitude \AT\ becomes larger if the

width d increases (Table 4). We also found that the magnitude \TM —TK\

increases with increasing the CNF length, the neutral gas density, the ion
density, and the hydrogen atom density, as well as with an increase in the
difference between the temperature of the inert gas molecules and the
catalyst temperature [85].

Using the thermal model, it was also found that for relatively short
CNFs (L <1mm), the variation of the temperature along the CNF is small
[85]. This is consistent with the theoretical results on the CVD carbon
nanotube growth of Louchev et al. [53]. The temperature of catalyst
nanoparticles differs from that of the substrate-holding platform mainly
due to the temperature variation along the Si substrate.

Table 4. Twm as a function of T« for different substrate thicknesses.
The results are obtained for the same parameters as in Table 3

Twm (K)

Tk (K) d=0.5mm d=1mm d=3mm d=5mm
400 376.27 353.52 270.91 199.09
800 776.85 754.64 673.81 603.34
900 879.77 860.27 788.50 725.03
1000 984.57 969.56 91331 862.28
1100 1092.53 1085.16 1056.62 1029.49
1400 1448.56 1501.80 1788.85 242463
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4. OTHER MODELLING RESULTS ON GROWTH
OF CARBON NANOSTRUCTURES

The surface diffusion model for CNF growth, which is presented in
subsections 3.1 and 3.2, was extended by Mehdipour et al. [88]. The model
was coupled with a plasma sheath model. The effects of variation in the
plasma sheath parameters and substrate potential on the carbon nanofiber
growth characteristics, such as the growth rate, the effective carbon flux to
the catalyst surface, and surface coverages, were investigated. It was
shown that variations in the parameters, which change the sheath width,
mainly affect the growth parameters at the low catalyst temperatures,
whereas the other parameters such as the gas pressure, ion temperature,
and percentages of the hydrocarbon and etching gases, strongly affect the
carbon nanofiber growth at higher temperatures. Gupta et al. [89]
developed a theoretical model to study the nucleation and catalytic growth
of carbon nanofibers in a plasma environment. Additionally to the
processes described in subsection 3.1, the model in [89] accounts for the
charging of CNFs, plasma sheath effects, and the effects relevant to the
formation of catalyst nanoparticles as a result of etching of thin catalyst
film in the plasma. It was shown that the size of the catalyst nanoparticles
depends strongly on the etching gas density, and the growth rate of CNF
increases with a decrease in catalyst nanoparticle size. It was also found
that the CNF tip diameter becomes smaller and the graphene layers tilt
away from the growth axis as hydrogen content in the growth atmosphere
increases.

The surface diffusion model for growth of an isolated SWCNT, which
is presented in subsection 2.3, was extended by Marvi et al. [90]. The
extended model includes the plasma sheath and surface diffusion modules.
Using the model, the plasma-related effects on the characteristics of
SWCNT growth were studied. It was found that in the presence of reactive
radicals in addition to energetic ions inside the plasma sheath area, the
effective carbon flux, and the growth rate of SWCNT increase. It was
shown that the concentration of atomic hydrogen and hydrocarbon radicals
in the plasma plays an important role in the SWCNT growth. The optimum
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substrate temperature and applied DC bias were estimated to maximize the
growth rate of the single-walled carbon nanotubes. In [91], a mechanistic
model was developed to explain and quantify the common experimental
observations of the possibility of the narrow diameter/chirality distribution
of SWCNT grown in low-temperature plasma experiments [20, 92-95],
where the catalyst structures (which also turn out to be critical in the
chirality-selective nanotubes growth [29]) can be preserved from unwanted
deformation, coagulation, etc., which are usual artefacts of high-
temperature CVD processes [96]. The model includes a combination of the
plasma sheath, ion/radical transport, species creation/loss, plasma-surface
interaction, heat transfer, surface/bulk diffusion, graphene layer nucleation,
and bending/lift-off modules [91]. It was shown that the constructive
interplay between the plasma and the Gibbs-Thomson effect can lead to the
effective nucleation and lift-off of small graphene layers on small metal
catalyst nanoparticles. It was also found that in plasma much thinner
nanotubes with narrower chirality distributions can nucleate at much lower
process temperatures and pressures compared to thermal CVD.

In [97], a mechanism and model for the vertical growth of platelet-
structured vertically aligned single-crystalline carbon nanostructures by the
formation of graphene layers on a flat top surface were proposed and
verified experimentally. It was demonstrated that plasma-related effects
lead to self-sharpening of tapered nanocones to form needlelike
nanostructures. Formation of carbon nanotip microemitter structures was
investigated by Levchenko and co-workers by means of multiscale hybrid
numerical simulations, taking into account the gas-phase dynamics and the
surface self-organization [98, 99]. It was found that vertical alignment
obtained in the carbon nanostructures grown by PECVD is due, at least in
part, to the fact that the electric field at the plasma sheath drives the
charged building units and polarizes neutral building units, aligning them
to stack in the nanoassembly. Using a Monte Carlo (MC) approach, Tam
and Ostrikov showed that much longer SWCNTSs can be grown in a plasma
environment than in CVD [100, 101]. MC simulations also confirmed that
the increase of the plasma density in the magnetic field leads to longer
nanotubes [102].
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May, Mankelevich et al. [103-106] developed a model describing the
growth of ultrananocrystalline and nanocrystalline diamond (UNCD and
NCD, respectively) films in PECVD, which gives information about the
growth process itself and describes the plasma chemistry. The model
accounts for 9 gas—surface reactions, including the H abstraction to form
surface sites, and the subsequent reactions of H and hydrocarbon radicals
with these surface sites. In [106], a general mechanism for the deposition
of NCD from CHa4/H, gas mixtures and for UNCD films from Ar/CH4/H;
gas mixtures was proposed.

The mechanistic models for growth of carbon nanostructures,
described earlier, have shown to be very effective for obtaining a better
understanding of the nanostructure growth processes. Mechanistic
simulations are rather simple and require minor computational effort
compared to atomistic simulations. However, the mechanistic modelling
provides only a qualitative picture on the nanostructure growth, and it
depends strongly on the availability and correctness of reaction rate
coefficients and activation energies of the many processes involved. The
input data for mechanistic modelling, such as activation energies and
reaction rate coefficients, can be obtained by a careful analysis of
experimental data on the growth of carbon nanostructures, by ab initio
(i.e., first principles) methods or by classical molecular dynamics (MD)
simulations.

Many researchers have carried out the atomistic simulations on the
growth of carbon nanostructures. The results of the atomistic simulations
are reviewed in [23, 107]. However, most of these simulations was related
to the thermal CVD growth and was not specific for the PECVD growth.
Nevertheless, the simulations for the CVD growth provide much
information that is relevant also for the PECVD growth, although it should
be realized that certain key aspects in this respect are missing. In particular,
the models for CVD growth do not account for the effects concerning the
application of an electric field, ion bombardment, chemical etching, and
the presence of radicals instead of neutral gas molecules. Recently, some
of these plasma effects were accounted for in atomistic simulations.
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Neyts et al. studied the effects of electric field [108] and Ar ion
bombardment [76] on the growth of CNTSs in the plasma at the atomic level
by hybrid MD/force-biased MC (MD/foMC) simulations [109, 110]. It was
shown how applying an electric field assists SWCNTs to grow in the
direction of the electric field. It was also found that the bombardment of Ar
ions in a limited but well-defined energy window of 10-25 eV leads to
better nucleation and defect healing of the SWCNT cap. Employing
reactive molecular dynamics simulations, Neyts and Bogaerts
demonstrated that ion irradiation in a higher energy window of 10-35 eV
may also heal network defects after the nucleation stage through a non-
metal-mediated mechanism, when the carbon network is no longer in
contact with the metal nanocatalyst [111]. In [62], using the same
approach, it was demonstrated how plasma-based deposition allows low-
temperature growth of carbon nanotubes. It was shown how ion
bombardment during the growth affects the carbon dissolution and
precipitation process and how a narrow ion energy window allows CNT
growth at 500 K. It was also shown how CNTSs in contrast cannot be grown
in thermal CVD at this low temperature, but only at high temperature. In
[3], it was reported on atomic scale simulations of cap nucleation of single-
walled carbon nanotubes from hydrocarbon precursors. In [112],
nucleation and growth of graphitic networks on Ni-nanoclusters from
hydrocarbon molecules was studied. It was observed that graphitic islands
on the catalyst are typically not fully dehydrogenated at their edges,
leading to their vertical orientation. Khalilov et al. found that these vertical
graphenes gradually lose their hydrogen atoms, allowing them to curve
over the surface, connect, and form a continuous graphitic network [112].
It was concluded that this leads to either cap formation or encapsulation of
the nanocatalyst. In [113] a computational approach with experimental
support was employed to study the plasma-based formation of Ni
nanoclusters, Ni-catalysed CNT growth and subsequent etching processes,
in order to understand the underpinning nanoscale mechanisms. It was
found that hydrogen is the dominant factor in both the re-structuring of a
Ni film and the subsequent appearance of Ni nanoclusters, as well as in the
CNT nucleation and etching processes.
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5. MODELLING OF THE PLASMA CHEMISTRY
FOR THE SYNTHESIS OF CARBON NANOSTRUCTURES

The models describing the growth of carbon nanostructures in PECVD
demand the flux densities and energies of neutral and charged particles,
which deposit on the nanostructures from the plasma environment. These
plasma parameters may be obtained from gas discharge models.

Delzeit et al. [114] carried out a study of growing multi-walled CNTs on
silicon substrates with multilayered Al/Fe catalysts in an inductively coupled
CHa/H; plasma. Using a zero-dimensional model, it was shown that C;H,,
CHs and H particles are the major neutral species formed in the plasma at
gas pressures of 1-3 Torr at different inlet compositions and input powers
[114]. It was also reported that an increase of the input power is
accompanied by an increase of the C and CH densities.

Denysenko et al. [115] developed a zero-dimensional model for an
inductively Ar/CH4/H; high-density plasma used for growth of carbon
nanocones at low pressures of the order of 100 mTorr. The plasma had the
diameter 32 cm and height 23 cm. It was found that the deposited cation
fluxes exceeded those of radical neutrals (see Figure 12).
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Figure 12. Deposited flux density of radical neutrals (a) and ions (b) as a function of
the flow rate of argon Jar for the input power Pi, = 2 kW, and the flow rates of methane
and hydrogen 6 sccm and 12.4 sccm, respectively.
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Figure 13. Computed densities of neutrals (a), which are normalized on nar (= 6.4 X<
10 cm®), and ion densities as functions of the input power for the argon flow rate 35
sccm. Other conditions are the same as in Figure 12.

In [115], it was also shown that both densities of methane and
molecular hydrogen drop dramatically with increasing the input power Pijn.
In the power range of the VACN growth (Pi, = 1.8-3 kW), methane and
hydrogen densities in the plasma were found to be much smaller than in
the absence of the discharge. Argon atoms were found to be the
predominant neutral species (the calculated argon density nar was 6.4 x
10 cm™ for Jar = 35 sccm). The density of hydrogen atoms was found to
be approximately 25 times smaller than the argon density. The density of
molecular hydrogen at low input powers was comparable to that of atomic
hydrogen, and was diminishing with P, (Figure 13 (a)). The latter decrease
was attributed to the enhanced dissociation of hydrogen molecules at
higher input powers accompanied by the rise in the electron density ne
(Figure 13 (b)). Due to the high electron densities, the conversion rates of
CH,4 and H; for Pi, = 1.8-3 kW were found to be very high (~ 99%) that
was in good agreement with the results of the quadrupole mass
spectrometry (QMS) measurements [115]. The enhanced H; dissociation is
accompanied by the rise of the ratio of the densities of H and H: species,
which can exceed 10 at elevated powers (Figure 13 (a)). Due to more
intense electron-neutral collisions at higher electron densities, the densities
of CHs, CoHz, CoHs, CoHs, CoHe, and CsHs species also decreased with
increasing input power. On the other hand, the CH and CH, densities
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became larger with Pj,. The latter was attributed to the smaller sizes of CH
and CH> molecules relative to other hydrocarbon species. The results of
QMS measurements confirmed that the densities of H,, CH4, CH3, CoH;
and C,H, species drop with increasing Pi, [115].

Plasmas, wused in the growth of vertically-aligned carbon
nanostructures, have been also studied applying the models which account
for the plasma inhomogeneity [116-119]. In [118], using a one-
dimensional model, it was demonstrated that the feedstock gases
(C2H2/NHs in the case under study) were efficiently dissociated at higher
plasma powers, which resulted in a decrease in the growth rate because of
decreasing density of the growth precursor (CzHz). Using a one-
dimensional fluid model, the contributions of radicals and ions to CNT
growth in CH4 and CH4/H: plasmas were investigated in [120, 121].
Analysing numerical and experimental results, it was suggested that the
positive ions, CHs; and C;Hs were the main species which supply carbon to
the substrate. The hydrogen effect on CNT formation was also studied in
[121]. In [122], the number densities and fluxes of nanoassembly precursor
species in an inductively coupled Ar/H,/C;H, plasma, which was used in
PECVD of vertically-aligned carbon nanostructures, were studied using a
two-dimensional model. It was found that the main species can be
separated by their function into working units and building units. Working
units serve for surface preparation via activation or passivation of the solid
surface, while the carbon-bearing species act as building blocks for
different nanostructures. In [123, 124], a parameter study was carried out
for an inductively coupled plasma used for the synthesis of carbon
nanotubes and carbon nanofibres, by means of the 2D hybrid plasma
equipment model. The plasma properties were studied for different gas
mixtures at low and moderate pressures. It was found that C,H,, C,H4 and
C2Hs are the predominant molecules in CH4 containing plasmas besides the
feedstock gas, and serve as carbon sources for CNT/CNF formation [123,
124].

Gas discharges used in PECVD of ultrananocrystalline and
nanocrystalline diamond films were also studied applying different
numerical approaches. In [103-106], the gas phase composition in a hot
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filament (HF) and microwave (MW) plasma CVD system for (U)NCD
growth was calculated using a 2D model. Based on the model calculations,
it was explained why in their experiments UNCD films can be grown much
more easily in the MW plasma than in the HF CVD reactor. Furthermore,
it was found that the densities of CHs, C and C,H are larger than that of C,,
suggesting that these species are more important precursors for UNCD
growth [103, 105]. A 2D model for a dc arc jet reactor, used for
microcrystalline diamond and NCD deposition, was presented in [125]. It
was predicted that C and CH are the main radical species bombarding the
growing (nano)diamond surface. A quasi-analytical space-time-averaged
kinetic model for an rf CyHz/Ho/Ar plasma used for nanocrystalline
diamond film deposition, with special focus on the underlying mechanisms
driving the nonequilibrium plasma chemistry of C,, was developed in [126-
128]. In [129, 130], the properties of an Ar/H2/CH4 microwave discharge
used for NCD deposition were studied by means of experiments and 0D
plasma chemistry modelling.

Many authors studied properties of gas discharges used for growth of
carbonaceous nanoparticles. Stoykov et al. [131] developed a model
describing the chemical clustering kinetics in a low-pressure acetylene rf
discharge. This model accounted for neutral-neutral reactions, electron
induced H-abstraction, electron attachment, and ion-ion neutralization, as
well as diffusion losses to the reactor walls. A detailed numerical
simulation of the nucleation of nanoparticles in a capacitively coupled
C2H; plasma was carried out in [132]. It was found that both positive ions
and negative ions may participate as precursors in the initial stage of
particle formation in acetylene discharges [132]. It was also noted that
anions have a larger chance to finally end up in powder formation because
they are trapped in the plasma due to their negative charge [132]. Some
new mechanisms for negative ion formation and growth, as compared with
those considered in [132], were proposed in [133]. A hybrid model for
simulations of a 13.56 MHz discharge in a C,H./Ar mixture at a gas
pressure of 75 mTorr was developed by Ariskin et al. [134]. It was shown
that a small injection of acetylene (5.8%) in argon changes significantly the
plasma parameters. It was found that the densities of negatively and
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positively charged heavy hydrocarbons in the CH/Ar plasma are
sufficiently large to be precursors for the formation of nanoparticles in the
discharge volume [134]. The influence of the fraction of acetylene in the
mixture of Ar/C;H- on the negative ion density was also studied, and it was
found that the nanoparticles are accumulated near the sheath—plasma
boundaries at initial stage of growth. In [135], the effects of gas dilution on
the chemistry of macromolecules and nucleation of nanoparticles in a low
pressure radio-frequency acetylene discharge were analysed by employing
a one dimensional multi-fluid model. Ar, He, and H, were used for the
dilution with different percentages, keeping the total gas inlet constant. The
nanoparticle coagulation in argon-acetylene plasma was studied in [136].

We also studied properties of an Ar/C;H, plasma used for growth of
carbonaceous nanoparticles. We considered a plasma of 22 ¢cm radius and
32.4 cm height. The total gas pressure was nearly 40 mTorr, and the flow
rates of argon and acetylene were 10.1 sccm and 1.11 sccm, respectively.
The discharge parameters were corresponding to those in the experiment
on growth of nanoparticles of Hinz et al. [137]. In the experiment, the input
power Pi, was 9 W. The plasma properties were analysed using a 0D
model.
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Figure 14. The densities of neutral species (a) and ions (b) in an Ar/C,H, plasma as
functions of the electron density for the conditions which are typical for growth of
carbonaceous nanoparticles.
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In Figure 14 (a), the calculated spatially-averaged densities of the
predominant hydrogen-containing neutrals as functions of the
electron density are shown (the case of Pi, = 9 W corresponds to

n, ~4.5x10°cm?®). For the experiment conditions (Pin = 9 W), argon
atoms are found to be the predominant neutral particles in the discharge (
n, =1.2x10"° cm®), while the acetylene density is 346 times smaller than

the argon density. The density of molecular hydrogen is nearly 15%
smaller than the acetylene density. The C;H, density is nearly 10 times
larger than that of C4H, and nearly 103 times larger than the C,H density.
The density of atomic hydrogen is 4.9 times smaller than that of C4H,. The
densities of C;H», H2 and C4H; are decreasing with an increase of ne, while
the densities of H and C.H increase (Figure 14 (a)). The decrease of CzH,
H and C4H: densities is due to the enhancement of the neutral particle loss
in collisions with electrons and positive ions. The increase of C;H and H
densities with increasing ne is due to the enhancement of the radicals’
production in different processes involving electrons and positive ions.

It was also studied how the densities of main ions in the plasma depend
on the electron density (Figure 14 (b)). It was found that the densities of
positive ions grow with an increase of n. because of the enhancement of
the ion production in reactions involving electrons and ions. The density of
CesH4™ is larger than that of other ions for small electron densities, while the
ions Ar* are the predominant ions at large n.. The density of negative ions
C,H" is decreasing with an increase of electron density because of the
enhancement of the C,H" loss in collisions with positive ions and hydrogen
atoms. For the experiment conditions (Pi» = 9 W), argon ions dominate
over other ions in the Ar/C;H, plasma, while the densities of C4sH,* and
CoHz" are respectively 13% and 59% smaller than that of n, . The

difference in the densities of CoH2*, ArH™ and CeH," is small. The CsHs*
density is nearly 24% smaller than the density of CsH.", while the density
of C,H>" is 63 times larger than that of C,Hs*. The density of negative ions
CoH is 12.1 times smaller than the density of C,H»*. Comparing Figure 13
with Figure 14, one can see that the plasma composition in the case of
growth of carbon nanocones is similar to that for growth of carbonaceous
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nanoparticles, especially in the case of low electron density. In particular,
the density of Ar is essentially larger than that of hydrocarbon neutrals and
molecular hydrogen in both cases. However, for the case of VACN growth,
the densities of CH, CH3, CH4 and CH; are larger than the density of CzH,,
while in case corresponding to Figure 14, acetylene molecules dominate

over other hydrocarbon neutrals. For small electron densities (n, <10° cm

%), the anion density in the case of growth of nanoparticles is nearly the
same as that of positively-charged hydrocarbon ions. As it was mentioned
earlier, it is widely assumed that hydrocarbon anions are the main
precursors of the particle formation [132]. It is also supposed that the
density of anions in plasmas used for formation of CNTs and CNFs is
essentially smaller than the density of cations [36]. The densities of Ar*, H*
and H," for the VACN growth conditions (Pin ~ 2 kW) are larger than the
densities of hydrocarbon ions (Figure 13 (b)), while the density of Ar* is
nearly the same as the densities of hydrocarbon cations for the case of
nanoparticles’ growth (Figure 14(b)). The density of C,H" anions becomes
smaller when the electron density grows because of an enhancement of the
anions’ loss in collisions with positive ions (see Figure 14 (b) and [133]).
Therefore, to avoid the nanoparticle formation in experiments on growth of
VACNSs, one has to keep the ion density by relatively large. However, even
at large input powers during VACN growth, the formation of nanoparticles
may take place in plasma regions with low electron/ion densities [37]. The
nanoparticles formed in plasma volume during VACN growth should be
keeping far away from the substrate with growing VACNSs, for example,
by applying different forces to the nanoparticles [138].

CONCLUSION

Thus, we have reviewed the results on modelling of the plasma-
assisted growth of vertically aligned carbon nanostructures. Focus was
made on the studies that use the mechanistic models based on mass balance
equations for species, which are adsorbed on catalyst nanoparticles or
walls of the nanostructures. The analytical expressions for the growth rates
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of CNFs and SWCNTSs have been presented, and effects of the ions and
etching gas atoms from the ionized gas environment on the growth of the
nanostructures have been analysed. It has been also shown that the energy
exchange between the plasma and the growing nanostructures may be
investigated using the thermal model presented in subsection 3.3. The
results from the mechanistic models are in good agreement with the
available experimental data on synthesis of the vertically-aligned carbon
nanostructures. Since the models for description of plasma-surface
interaction require information about plasma properties, we also reviewed
the modelling results on study of plasmas used for formation and growth of
different carbon nanomaterials. The properties of a plasma used for growth
of VACNs have been compared with the properties of that used for growth
of carbonaceous nanoparticles.

Using the modelling results for plasma-surface interaction, specific
conditions under which a low-temperature plasma environment benefits the
VACN growth can be formulated. The main advantages of PECVD, as
compared with thermal CVD, for growth of VACNSs are the following:

e lon-induced dissociation of hydrocarbon neutrals and
decomposition of hydrocarbon ions on VACN and catalyst
nanoparticle surfaces are essential sources of carbon atoms
required for VACN growth. These two processes, unavailable in
thermal CVD, become dominant at low substrate temperatures.
This makes it possible to grow VACNSs at much higher rates than
that in CVD at low temperatures. The growth enhancement in
PECVD may also be due to the deposition of radicals and neutrals
in excited states [139].

e The height of a SWCNT array in a plasma can be much larger than
in thermal CVD because the penetration depth of hydrocarbon ions
in the SWCNT array is much larger than for the neutral species.
Consequently, the ions can reach the catalyst nanoparticles at the
“foot” of the SWCNT array and bring the carbon atoms to the
nanoparticles at larger SWCNT array heights compared to
hydrocarbon neutrals in the thermal CVD case.
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Reasonably strong fluxes of etching gas can completely etch away
the amorphous carbon films developing between the VACNSs. In
PECVD of SWCNTs, this keeps the anchored -catalyst
nanoparticles accessible to the carbon adatoms which then
eventually reach the CNT base and are incorporated into the
growing structure.

The etching gas fluxes can prevent oversupply of carbon material
to the catalyst nanoparticles and can condition the VACN walls
and the catalyst against unwanted adsorbates. This facilitates the
diffusion of carbon adatoms toward the catalyst nanoparticles or
the diffusion on the catalyst surface. Hydrogen atoms affect
essentially the re-structuring of catalyst nanoparticles, as well as in
the CNT nucleation processes [113].

Atomistic simulations confirm that an electric field near substrate,
which presents usually in PECVD, assists carbon nanostructures to
grow in the direction of the electric field [108]. lon bombardment
of catalyst nanoparticles during the growth may affect the carbon
dissolution and precipitation process. If the ion energy is in the
energy window of 10-25 eV, the bombardment may facilitate to
better nucleation and defect healing of the SWCNT cap, and may
allow CNT growth at 500 K [62].

The vertically-aligned carbon nanostructures may be postprocessed
in the same discharge chambers where they were deposited.
Varying the plasma and sheath parameters and controlling plasma-
extracted ion fluxes, one can selectively dope, coat, or
functionalize different areas on nanostructure surfaces [56].
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Chapter 2

RAYLEIGH AND BRILLOUIN SCATTERING
SPECTROSCOPY FOR OPTICAL
MATERIAL SCIENCE

Leonid V. Maksimov”, DSc

and Anatoli V. Anan’ev, PhD
S. . Vavilov State Optical Institute, Saint Petersburg, Russia

ABSTRACT

Data on the application of Rayleigh and Mandelstam-Brillouin
scattering (RMBS) spectroscopy to controlling the elastic, elasto-optic,
optical parameters of inorganic glasses, crystals, and glass-crystalline
materials is generalized. The possibilities of using RMBS spectroscopy
for research and development of materials for optical and electro-optical
fiber drawing, as well as glasses doped with rare earth ions and quantum
dots, are considered.
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INTRODUCTION

Despite almost a century since the first prediction (L. Brillouin) of the
fine structure of the spectrum of monochromatic light scattered by a
condensed substance, the use of Brillouin scattering in optical material
science remains less extensive than one might expect [1]. The effect was
independently theoretically analyzed by L. Mandelshtam and named
Mandelshtam-Brillouin (MB) scattering in Russian literature [2].

It was found that light scattering by adiabatic density fluctuations
caused by thermal atomic oscillations in matter can be considered as the
modulation of light by elastic hyper sound waves. It should be noted that
corresponding frequency shift was estimated so small (~20 GHz) that
observation of MB components needed significant experimental skills. At
the first time the thin structure of light scattering spectrum of the
condensed matter was observed by E. Gross [3, 4].

In contrast, the isothermal density fluctuations caused by translation
motion of atoms lead to elastic scattering of light wave. In the case of
sufficiently small as compared to the wavelength of incident light,
independently appearing and disappearing fluctuations, not causing
multiple scattering the type of light scattering can be referred to the
Rayleigh one [5, 6].

Therefore, information on the role of fluctuations of both types in light
scattering is contained in the ratio of Rayleigh intensity and MB scattering
of the Rayleigh and Mandelstam-Brillouin spectrum (RMBS), which is the
so-called Landau-Placzek ratio.

The review is aimed at analyzing the possibilities of RMBS
spectroscopy as a method for controlling the parameters of optical
materials, mainly glasses, and its usage for research and development
(R&D) of new optical materials.
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MAIN THEORETICAL RELATIONSHIPS

The theory of RMBS of thermodynamically equilibrium media
comprehensively described in [7] was adapted to nonequilibrium media in
[8]. Below are the main relationships needed to process RMBS spectra of
optical materials.

In the case of an isotropic solid, in particular glass, the RMBS
spectrum excited by optical radiation of frequency v includes the Rayleigh
(elastic) scattering component and the doublets shifted by + Ay,
(Mandel'shtam-Brillouin — MB shift) and + Av, with respect to v. These
shifts, caused by modulation of the exciting light by longitudinal (1) and
transverse (t) hypersonic waves propagating in a solid, can be written as:

Av, v, 0O
— =2n—sin—-
v c 2 (1)
Av, vy 6
— =2n—-sin—
v c 2 (2)

where n is the index of light scattering medium at v = 1/1 where 1 is the
wavelength, v;, v, are the velocities of longitudinal and transverse hyper
sound waves, respectively, ¢ is the light velocity in vacuum, 8 is the
scattering angle.

Hence, hyper sound velocities can be easily determined through Eqgs.
(1, 2) and, consequently, high frequency values of longitudinal ¢;; = pv?
and transverse c44 = pv? moduli, where p is the density of glass.

Integral intensities of light modulated by longitudinal (LA phonons),
IM, and transverse (TA phonons), I, hyper sound waves can be written as
Eqg. 3 and Eq. 4, correspondingly [9]:

n® |P12 |2
3

IMB = IVV = I{] I{STIZJECT (1 + COSZB)

C11 (3)
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n® 2
|p4¢| (1+ cos?9)

2
IT =1y =1y, =1, V. kT oo @
where |o is the intensity of exciting light, v, lvu, Inv are the intensities of
RMBS spectrum components measured at vertical (V) and horizontal (H)
polarizations of exciting (the first symbol) and scattered (the second
symbol) light, correspondingly, pij are Pockels tensor components, Vs is the
scattering volume, k is the Boltzmann constant, T is the temperature in K.

It should be noted that RMBS spectrum of liquid is limited by
Rayleigh scattering line and MBS doublet if v, — 0, while RMBS
spectrum of crystal depends on its optical and acoustic anisotropy and
orientation of a sample relative to exciting light beam. In this case RMBS
spectrum will contain up to 12 Stokes and 12 anti-Stokes components [10].

At first, it was found that the scattering of light by glasses was more
intense than one would expect on the basis of measurements and
estimations made for simple liquids and crystals. Excessive elastic
scattering of light by glass was explained by the “freezing” of index
fluctuations due to translational motion of atoms in a glass melt, which was
much slower than the thermal vibrations causing MB scattering [8, 9].

Bearing in mind that numerous experiments have shown that the
elastic scattering of light by glasses followed, as a rule, Rayleigh law, the
intensity of Rayleigh scattering by a single component glass can be written
as [9]:

|P12|

P =1L,V
0 S ):14, Cll

(1 + cos?6)kT; [50 ~ (pv2)t
®)

where I” is the integral intensity of Rayleigh scattering by "frozen-in"
isothermal density fluctuations, Tr is the fictive temperature at which the
translational motion of atoms in the process of glass melt cooling is being
stopped, v, is the “instantaneous” (at frequency — o) sound velocity, S2 ;
is the isothermal (at frequency — 0) static compressibility.

Then the Landau-Placzek ratio is [8]:
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T
r o _ _ T
R =5 = 7 |fr, (Pv2) 1 ®)

The authors [11] found that variation of sound velocity in glasses at
room temperature in the kHz - GHz frequency range was negligibly small,
which made it possible to adopt v; and v, in Eqgs 1, 2 as “instantaneous”
sound velocities.

Then

T,
RF ,=L|p% c1i—1
L—P T[ Ty 11 )

The fact is that the Rayleigh scattering of single component glasses is
caused not only by the “frozen-in” density fluctuations, but “frozen-in”
fluctuations of anisotropy, as well. This means that the Landau-Placzek
ratio should be written as:

IP Iam's
— pk s

where R{™ is the contribution of anisotropy fluctuations in Landau-
Placzek ratio, 1°™ is the intensity of Rayleigh scattering by anisotropy
fluctuations.

These contributions into Rayleigh scattering can be obtained from
RMBS spectra measured at VV and VH polarizations [12]. If the
depolarization coefficient, Ay, is the ratio of Rayleigh scattering intensities
measured at various polarizations, Av= I%; /1%, and 6 = 90° then

4
15 = 15 - (3) 15 o

where IS is the intensity of isotropic Rayleigh scattering.
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Hence,

2 =Rir (1-(3) o) (o)

In the case of multicomponent glasses

IP Ianis IC
7 [ME T 7 [MB 3 [WE (11)

R_» =RV _+RI"S + Rf .=

where Rf_p, I° are the contributions of “frozen-in” concentration, C,
fluctuations caused by stopped diffusive motion of ions in a glass melt into
Landau-Placzek ratio and Rayleigh scattering intensity of glass,
correspondingly.

For binary glasses it can be presented in the form:

Tp(9n/3C)E(AC?)
2-1M8 (12)

C i
Rp

where Tp is the temperature of stopped diffusive motion in glass melt,
(AC?) is the mean square concentration fluctuation, P is the pressure.

These are the basic relationships that can be used for qualitative
interpretation of experimental data. More detailed theoretical analysis can
be found elsewhere [6, 7, 13].

FEATURES OF RMBS SPECTROSCOPY

Observation of thin structure of light scattering spectrum should meet
some requirements. As is well-known, thermal density fluctuations can be
considered as a result of interference of elastic Debay waves and the
scattered light as a result of light diffraction on elastic waves [6]. It means
that thin structure can be observed at fixed angle when the Bragg condition
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for wave vectors of incident, scattered and acoustic wave will be fulfilled
(Eq. 13).

where k', k are the wave vectors of scattered, incident light wave, q is the
wave vector of hyper sound wave.

As follows from Egs. 1, 2, the relative uncertainty of a spectral shift,
6 (Av)/Av, caused by aperture, 60, broadening:

5(:}.1;)_1 teé'ﬁ'
Av 2595

(14)

Therefore, one might expect that the most precise measurements of
spectral shifts aperture can be performed at # = 180° if the dependence of
inherent width of MB lines proportional to (1 — cos#) would be considered
as negligible [6]. Scattering of light wave by acoustic phonons leads to
much smaller spectral shifts (tenths of cm™) than the scattering by optical
phonons in the case of Raman scattering (hundreds of cm™). Though
RMBS spectrum can be recorded by grating monochromators the scanning
Fabry-Perot interferometers (FPI) turned out to be more suitable for RMBS
spectroscopy [14, 15] (See Figure 1).

Figure 1. Forming interference pattern in Fabry-Perot interferometer.

Positions of interference maxima follow:

2tncosp = kA (15)
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where t is the thickness of IFP, n is the index of medium between plates of
FPI, ¢ is the angle of incident light flux relative IFP plates, k is the
interference order [16].

Earlier MB scattering was recorded by photographic method as
satellites around main rings of an interference pattern at lamp excitation of
scattering [6]. Later the appearance of lasers and high sensitive detectors
made it possible to use scanning FPI and determine spectral parameters
more precisely. Evidently, scanning of interference pattern may be realized
by varying t, n or ¢ that leads to the change in radii of interference rings
located in the plane of exit diaphragm. Part of the interference pattern cut
out by a pin hole or ring diaphragm is being recorded by a detector system.
Comprehensive reviews on scanning FPI technique can be found in [17].

Nowadays, the simplest and non-expensive pressure scanned and fast
scanning piezoelectric FPIs are widely used. The scanning by pressure is
based on varying of n by inlet of a gas in an evacuated chamber with FPI
inside. Scanning of interference pattern occurs because P ~ n ~ k. For
example, the variation of pressure about 1 atm. leads to passing not less
than 3 interference orders through the exit diaphragm of FPI with t = 3
mm. Homemade FPIs of this type are described elsewhere [18, 19, 20, 21].

Piezoelectric scanning is based on varying t by applying voltage to one
of FP1 mirror holders made of piezoelectric material. This technique found
wide range of applications in study of glasses and crystals [17].

Nowadays the leading position among manufactures of piezoelectric
FPI applicable for optical material characterization (Burleigh Instruments
Inc., Tropel Inc., Thorlabs Inc., and others) belongs to the JRS Scientific
Instruments, which first demonstrated the drastic improvement of the
contrast of interference pattern in multi passing FPI.

The usefulness of coupling two synchronized FPIs, thus avoiding the
overlapping of different orders of interference, was also recognized.
Original optical scheme of multi pass piezoelectric FPI allowed to achieve
the contrast of interference pattern up to 10° [22, 23].

Comparison of results of studying the temperature induced evolution
of nanostructure of low alkali silicate glasses by means of pressure
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scanning IFP and multi-pass piezoelectric scanning IFP clearly
demonstrates advantages of the latter [24, 25].

Exotic variants of scanning by ¢, that is the inclination of rays with
respect to optical axis, were tested in set-ups with the prism of revolution
or the objective with varying focus distance [26, 27, 28] Nowadays, the
first successful attempt of coming back to application of non-scanning IFP
to optical material characterization was made in [29]. It resulted to
significant lowering (up to 5 times) the uncertainty of spectral shift
measurements.

a

l AN
0"

-20
Brillouin Shift (GHz)

- = o=

Intensity (arb, units)

Intensity (arb. units)

TA
/
3 20 -0 0 10 20 30

Brillouin Shift (GHz)

Figure 2. Brillouin spectra of a fused quartz glass measured by NSFPI and a
conventional tandem multipass FPI. LA and TA denote the longitudinal and transverse
mode, respectively. The inset shows the Brillouin spectrum in a semilog plot, which
was measured by NSFPI with an acquisition time of 3 s without using the iris. E means
the elastic component. Fujiwara cube-shaped quartz glass was purchased from
Fujiwara Scientific Company, Tokyo, Japan, and its OH concentration was less than

8 ppm [29]. Reproduced from Rev Sci Instr. 2002, 73, 4390-4392 with the permission
of AIP Publishing.

Measurement of RMBS spectrum intensities needs the usage of a high
sensitive detector because light scattering coefficients of optical materials
may be as low as 10" cm™ [30]. On the other hand, light scattering should
be excited by continuous-wave laser with working wavelength in the
middle of transparency window of optical material transmission spectra to
avoid background luminescence of trace impurities lowering the contrast
of interference pattern [31, 32]. For this reason the conventional
photoelectrical detection of light flux appears inapplicable and photo
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counting system based on detection of current pulses caused by single
photons was found the most suitable for usage in RMBS spectrometers [33,
34].

APPLICATION OF RMBS SPECTROSCOPY TO
OpPTICAL MATERIAL CHARACTERIZATION

The usage of RMBS spectroscopy for the characterization of glasses
subjected to thermal or pressure influence is considered in [35]. Below
some arguments in favor of using RMBS spectroscopy for controlling
parameters included in the specification of glasses for various applications
are presented. As follows from Table 1 RMBS spectrum of glass is a
source of information about its optical, elastooptical, and -elastic
parameters. To determine Landau-Placzek ratio from RMBS spectrum
accurately it is necessary to estimate uncertainty caused by the usage of
maximal values of spectrum intensities instead of the integral ones.

T T 4
Rint — dvg + 6y, + v pmax

T L-P
OVe g T 6Va

(16)

where RI™,, RM4X are the Landau-Placzek ratios as the ratios of integral
and maximal intensities of Rayleigh and Mandelshtam-Brillouin scattering,
correspondingly, 6vI and dvg are the true full width at half maximum
(FWHM) of Rayleigh line depending on time of appearance and
disappearance of concentration and isobaric density fluctuations, SVEMB is
the true FWHM of MB line caused by damping of hyper sound wave in the
matter, Sv4 is the FWHM of instrumental contour. In the case of inorganic
glasses v = 0 because it is a function of diffusion coefficient which is
close to zero at room temperature, §v; =~ 5-10° cm? is a function of
thermal diffusivity [6, 8].

If 5v4 = 0.09 cm™ the RMBS spectrometer then R, ~ 1.04 R4
[36]. Below only RJ%* values are used. Comparison of adiabatic pjj values
taken from RMBS measurements (GHz frequencies) with isothermal ones
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taken from measurements at steady state loading of glass showed that the
difference was less than the measurement uncertainty [8, 11, 37].

Table 1. Parameters of glasses obtained from RMBS spectra

Parameter of
RMBS spectrum

Parameter of a glass

Formulation

Landau-Placzek Rayleigh scattering loss 8 kT . 5
ratio, coefficient, a @ = (Ry-p +1) 3 F(” P12)’ens
IR

Rip= 2 - [ME
Mandelshtam- Longitudinal hypersonic | Av; va—smg
Brillouin shift, Av, velocity, v, v
Transverse shift, Av, | Transverse hypersonic Avy I

. — =2n—sin-

velocity, v; v c

Intensity of MB
component, [ME

Packels coefficient, p;,

1 1
0 MENZ (e \2 fn®\* rn 41
Piz = P12 MEB o - ( 0 )
Iy ¢ n n’ +1

Intensity of
transverse
component, I™

Pockels coefficient, p,,

1 1
. IMBNZ (e, \2 (n® 4(n+1)
Pas = pdd Ié (.‘24 n ‘J’Iﬂ+1

Parameters included
in glass
specifications

Longitudinal modules, €11 = pl";z

C11

Shear modules, ¢ — 2
44 Cag = PV

Compression modules, K

K=cyy—gcu

3
Young modules, E F= 9c11C44
T 3Kty
Poisson ratio, o E
Fg=-——
2c44

Photoelastic coefficient,
By

3
B = E(Pn — 26p13)

Photoelastic coefficient,
By

3
B = E[(l —@)pyz — api1l

Optical stress coefficient,
C

C= 14+00)pn —pi2l

Therefore, RMBS spectrometer provides measurement of 9 glass
parameters, i.e., replaces several measuring stands. Comparison of
accuracy of spectroscopic and acoustic techniques is shown in Table 2.
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Table 2. Typical accuracy of RMBS and acoustic
measurements at room temperature

Parameter Uncertainty, + %
RMBS Acoustics
[38] [11, 39] [31] [38] [40]
Landau-Placzek ratio, 5
Rayleigh scattering loss coefficient, o 10 10
Mandelshtam-Brillouin shift, Av; 0.1
Longitudinal hypersonic velocity, v, 0.3 0.4 1 0.1 0.13
Longitudinal modulus, ¢, 1 2 0.2
Transverse shift, Av, 0.3*
Transverse hypersonic velocity, v, 1* 0.8 1 0.1 0.25
Shear modules, ¢,, 2 1.6 2 0.2
Young’ modules, E: 3 25 3 0.5 0.8
Poisson ratio, o 3 5 3 0.7 0.7
Pockels coefficient, p;, 5 3 10
Pockels coefficient, p,, 20

Note: * R..p < 200, in other cases the accuracy of Av, measurement decreases while peaks of RMBS
spectra at Av, become hardly observable.

As follows from the data in Table 1 and 2, RMBS spectroscopy may
be considered as alternative technique applicable for metrological control
of optical glasses. In addition, location of focused laser beam inside a glass
volume and detecting RMBS in small solid angle ensures the measuring
local parameters of gradient index glass samples, for example, fiber
preforms [41].

APPLICATION OF RMBS SPECTROSCOPY TO RESEARCH
AND DEVELOPMENT (R&D) oF OPTICAL MATERIALS

Crystals

As follows from the theoretical analysis of molecular scattering by a
crystal its spectrum includes a set of doublets caused by modulation of
light wave by elastic waves of various types [6]. For this reason, estimation
of Landau-Placzek ratio from RMBS spectrum requires accurate alignment
of a sample relative to excited laser beam. Intensity of Rayleigh scattering
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by a single crystal proportional to temperature is expectably so low that
makes selection of true molecular scattering from elastic scattering on
defects extremely difficult experimental task Therefore, only several R.p
values of crystals were found (see Figures 3-5 and Table 3).

Av (em=)

Figure 3. Brillouin spectra of crystalline SiO, where Rayleigh peak (R), longitudinal
(L), and 2 transverse (T1, T»). Brillouin peaks at two different gains [42]. Reproduced
from Appl Phys Lett. 1966, vol. 9, 157-159 with the permission of AIP Publishing.

INTENSITY (ARBITRARY UNITS)

-06 -04 -02 O 02 04 06
Av (em™)

Figure 4. Brillouin spectra of crystalline (a,b) and molten (c) KCI. Free spectral range
of 0.667 cm™. a, T = 707°C, b, T = 770°C, and ¢, T = 810°C. The Rayleigh peaks are
approximately 7000 counts/sec in all three spectra. The arrows indicate the Stokes
LA Brillouin component associated with the central Rayleigh line [43]. Reproduced
from Phys Rev B. 1985, vol. 31, 2456-2463 with the permission of APS Publishing.
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Table 3. Landau-Placzek ratios of crystals and their melts

Crystals
Rip v, cm? v, cmt Ref
NaF 0.1-0.05 [44]
NaF at 980 K * ~14 ~0.23
KBr 0.99 +0.22 [45]
12.62 + 3.6
CaF, 6.7+05 0.729 £ 0.03 0.423 £0.03
Al,O5 (sapphire) 0.6 [47]
Al,O5 (sapphire) + Ni 8.5 [47]
Diamond 2.7 [46]
SiO; 0.06 [47]
SiO, ** ~0.1 [42]
Melts
KCI (~1083 K)* ~2 ~02
SiO; (~1900 K) 7.50 +0.01 [48]
SiO2 (~1900 K) ** ~7 [49]

Note: * - taken from Figure 3. ** - taken from Figures in the papers.
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Figure 5. RMBS spectrum of CaF; after 256 iterations of Bayesian deconvolution
taken in circle polarization of incident light. IRS(CaF,) = 0.02 IRS(fused SiO,).

Nevertheless, RMBS spectroscopy is widely used for determination of
elastic moduli and Pockels coefficients in solid state studies that requires
high optical quality of a crystal and its careful alignment relative to excited
laser beam. Theoretical basis for determining elastic and elastic-optic
constants from the line positions in RMBS spectra of crystals was
developed in [50].
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Results of corresponding theoretical analysis ensures the possibility to
use RMBS spectroscopy in studying of external influence such as
temperature or pressure on phase transitions in crystal or overcooling of
melt and glass forming [51, 52, 53, 54, 55].

GLASSES

Single Component Glasses

Glass was defined as an inorganic product of fusion, which has been
cooled to a solid state condition without crystallizing or as a non-
crystalline solid that exhibits a glass transition temperature, Ty. Above the
glass transition temperature glass exhibits properties of liquid and below T,
it retains liquid structure in rigid form [56, 57].

Therefore, on the contrary to crystals, the glasses inherit structure of
their melts “frozen-in” at temperature at which viscosity of melts becomes
so high that it any translational motion of atoms or ions is stopped. Glass
forming oxides seem to be the best objects to verify the model of
“freezing” isobaric density fluctuations. Analysis of RMBS data for single
component glasses seems meaningful taking into account the possibility to
verify Eq. 7 and estimate the influence of manufacturing technology on
glass parameters causing Rayleigh and MB scattering.

From the practical viewpoint one can expect that key factors
significant for minimization of Rayleigh scattering loss coefficient in glass
as a material for optical communication fibers will be determined. Because
the difference of glass density at fictive and room temperatures as a rule
does not exceed 0.5% Eq.7 can be rewritten as:

2
R p =—f[(—f) - 1] (17)
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where Vo, is the equilibrium sound velocity that is at zero frequency.

This value can be found by extrapolating v = v(T) taken at various sound
frequencies to Tr.

The latter can be found through frequency dependences of sound
velocity taken in the temperature range extended from glass melt to room
temperature. The systematic experiments were performed in Catholic
University (Washington, DC, US) and Saint Petersburg State University
(Saint Petersburg, Russia) [58, 59]. As follows from [58, 59] the “freezing”
isothermal density fluctuations occurs when the time of their appearance
and disappearance approaches to reciprocal rate of glass melt cooling. The
latter takes place at the viscosity close to 10% P that is Tr= Ty.

GLASSY SiOz2 (Silica Glass, Quartz Glass, Molten Quartz)

As is-well known, the revolution in information transmission systems
became real in large part because there was a suitable material for drawing
optical fiber. Such material turned out to be silica because of its unique
optical and physical-chemical properties. As a result, the problem of
optical losses, in particular, losses on Rayleigh scattering in silica glass,
has become the focus of attention of researchers.

0.05

0.04 -

0.03 -

0.02 -

0.01 |

Normalized Scattering Intensity (a.u.)

0.00 L L y
-30 -20 -10 0 10 20 30

Frequency Shift (GHz)

Figure 6. RMBS spectrum of silica glass KI (Russia). RMBS was excited by He-Ne
laser (A = 632.8 nm) and measured at VV + VH polarization. Scattering angle is 90°,
R is the Rayleigh scattering component, L and T are the longitudinal (Brillouin) and
transverse lines, correspondingly.
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Considering the difference in the indices of silica glass and crystalline
modifications of SiOz, one might expect a difference in intensities of
Rayleigh scattering by glasses obtained from gaseous or solid raw
materials because of trace concentrations of microcrystals. If
Mandelshtam-Brillouin components of RMBS spectrum are taken as the
internal reference one can estimate Rayleigh scattering coefficient, as. (See
Table 1). Typical RMBS spectrum of commercial silica glass in
shown in Figure 6.

Table 4. Landau-Placzek ratios of silica glasses produced under
various technologies

Landau- Glassy SiO,
Placzek Type of technology
ratio | ] 11 v
melting quartz melting quartz high temperature oxidation of SiCl in
grains in grainsin H,+ O; hydrolysis of SiCl, high frequency
vacuum inHy+ O, plasma
21.9[8] Homosil, US
23.0+0.2 KV, Russia
24505 KU-1, Russia
Corning 7940, US
255+0.5 KV, Russia Thermal Syndicate Corning 7943, US
UK
26505 Kl, Russia
305+0.5 KUVI-1, Russia

As follows from Table 4 the Landau-Placzek ratio does not change
more than 25%. The validity of this method for estimating as from RMBS
spectra is confirmed by results of direct measurements of a5 in silica
glasses [60].

At the same time, it should be taken into account that silica glasses of
various types differ in the content of trace impurities and the cooling
conditions [61]. The impurities affect the temperature behavior of viscosity
and, consequently, solidification conditions. It should result to varying
both T¢ and S - Therefore, os can be lowered by 20% by reducing these

parameters due to special dopants added to raw materials. Special
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additional heat treatment of silica glass can lead to lower as, as well [62,
63, 64, 65].

320 i
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. 20 40

Na,O Concentration (mol.%)

Figure 7. Equilibrium sound velocity at Tq as a function of Na,O-SiO; glass
composition. The data is taken from [66].

Table 5. Comparison of RMBS, high temperature acoustic (HTA)
and SAXS measurement results

Glassy Ts, ﬂ%g, €11, R? R? RP (SAXS) | as, dB/km
SiO, K Tpat |GPa | (HTA) (RMBS) 1 =632.8 nm
Kl 1443 | 73+1 |7850 |229+03 |23z%1

(Russia) [30] [30]

Homosil 1473 | 68.0 77.857 |21.5]8] 219 39

(Us) [8]

Corning 25+ 1[67]

(US)

On the other hand, the concentration fluctuations of dopants can be an
additional source of Rayleigh scattering. Thus, a decrease in the loss of
Rayleigh scattering by silica glass is possible due to the optimization of
temperature-temporal cooling conditions and concentrations of specially
selected dopants. Difficulty of acoustic measurements of molten silica
necessitated to use a series of sound velocity - temperature curves for
Na.O-SiO: glass melts to find composition dependence of v, ; shown in

Figure 7.

Complimentary Contributor Copy



Rayleigh and Brillouin Scattering Spectroscopy ... 77

Table 5 shows that the values of R’ determined by various
experimental techniques coincide within measurement uncertainty. The
small value of R* agrees with the idea of constructing a network of silica
glass from tetrahedra connected by vertices. It indicates the small value of
depolarization coefficient. Coincidence of Landau-Placzek values taken
from RMBS, high temperature acoustics and SAXS data confirms the
validity of Eq. 7, that is the model of “freezing” index fluctuations at glass
melt cooling, and opens the opportunity to determine ﬂ%r from RMBS

spectrum of a single component glass.

GLASSY B20s

Studying boron oxide by RMBS spectroscopy and high temperature
acoustic technique meets some difficulties because of the impact of
structurally bonded OH groups on its properties while concentration of
these groups is a function of temperature-temporal synthesis conditions.
Besides, high hygroscopicity is a significant obstacle to obtaining reliable
values of Landau-Placzek ratio due to parasitic scattering from hydrolyzed
surfaces of the glass sample. Light scattering by glassy B.Os is illustrated
by RMBS spectrum in [68].

A feature of Rayleigh scattering by boron oxide, both in the glassy and
in the liquid state, is the large contribution of anisotropic scattering, which
finds a natural explanation within the framework of constructing a network
from triangles [BOs] or boroxol rings [BsOs] [12].

Anomalous temperature dependency of ultrasound velocity measured
at various frequencies discourages the correct determination of 52 - Along

with the melts of aluminum oxide, antimony, and also water, the melt of
boric oxide refers to liquids in which the temperature coefficient of
velocity is positive (the so-called “water-like anomaly).”

The growth of sound velocity with temperature of the melt was
explained in terms of the two-structure model of B,Os that is by
decomposition of large complexes into smaller ones with an increase in the
proportion of dense packed molecular groups [69]. As in the previous case,
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a series of sound velocity - temperature curves for Na,O-B,0s3 glass melts
was used to find composition dependence of v, shown in Figure 8.

Experimental results are collected in Table 6.

2.4+

12

7 Vo1g (0) = 1160 £19 m/s

0

10

20

Na,O Concentration (mol.%)

30

Figure 8. Equilibrium sound velocity at Tq as a function of Na,O-B,0s glass
composition. The data is taken from [69].

Table 6. RMBS, high temperature acoustic, and SAXS measurement
results of B,O3

H,O ﬁ(}g, C11, R? RLp R? R?

content TPal GPa (HTA) (RMBS) (SAXS)
410+20 |[21.0[70] |139+0.7

Dehydrated 10+ 1[67]

Dehydrated | 390 [8] 20.71 [8] 13.3[8]

Dehydrated | 390 [12] |22 [12] 21.0+06[12] [126+06*

<1.6mol.% 32+2[71]

Note: * - estimated from [12].

As follows from Table 6, the accurate evaluation of the factors
mentioned above makes it possible to prove the validity of Eq.7 for the
boron oxide. It should be noted that in the “fragile” glass boron oxide, the
transverse velocity of sound is not zero even at temperatures significantly
exceeding the melting point [72].

Complimentary Contributor Copy



Rayleigh and Brillouin Scattering Spectroscopy ... 79

GLASSY GeOz2

RMBS and high temperature acoustic data is shown in Figures 9, 10
that opens the opportunity to verify the validity of Eq. 7 for glassy GeO:..
The problem is that the samples of glassy GeO, synthesized and studied in
various laboratories, are characterized by a considerable scatter of both
micro- (Landau-Placzek ratio, Rayleigh scattering loss coefficient,
depolarization coefficient) and macroscopic (density, index, etc.)
parameters exceeding the measurement uncertainty [36].

10
0.8
0.6

0.4

Scattering Intensity (arb.u.)

. e :
0.7 06 -05 -0.4 -0.3 -0.2 -0.

0.2 .
Av (cm™)

0.0 -
-10 -08 -06 -04 -02 0.0 0.2 0.4 0.6 0.8 1.0
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Figure 9. RMBS spectrum of glassy GeO; taken in VV + VH polarization before (dots)
and after 256 iterations of Bayesian deconvolution (lines). RMBS was excited by He-
Ne laser (A = 632.8 nm) were taken at VV + VH polarization. Scattering angle is 90°,
R is the Rayleigh scattering component, L and T are the longitudinal (Brillouin) and
transverse lines, correspondingly [36].

Therefore, one can suppose that there is another source of light
scattering losses in addition to the “frozen-in” density and anisotropy
fluctuations. Plausible explanation was put forward based on the model of
‘polymorphous’ constitution of glassy GeO, built from both GeO; and
GeO units [73, 74]. It means that glassy GeO, should be considered as a
binary glass of (100—x)GeO,—xGeO system where x is a function of the
synthesis conditions. Increase in the portion of GeO in the system causes
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the growth of refractive index and density that is followed by the decrease
in glass transition temperature (Figure 11).

v| (km/s)

0 500 1000 1500 2000
T(°C)

Figure 10. Temperature dependence of longitudinal sound velocity in GeO; glass
and melt at hypersonic and ultrasonic frequencies; extrapolation is showed by dash
line [36].
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Figure 11. Index np (1), density p (2), and glass transition temperature T4 (3) as
functions of composition of xGeO-(100-x)GeO; glasses. Lines are drawn as guides
for eye [36].
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Table 7. RMBS, high temperature acoustics,
and SAXS measurement results of GeO,

Synthesis /;gg, €11, n RP R, p Av | RP a;,dB/km
conditions, | Tpgt |GPa A =632.8 (HTA) | (RMBS) (RMBS) | A =632.8
Ref. nm nm
1450°C 140+ |51+2 |1.6040+0.0002 |18+1 [19.5+ 0.05 (183 8.0

2h [36] 10 0.5 0.5

1100°C 51.4+ |1.6075 (np) 24 16.4 **
[75] 0.5%

[8] 5154 [1.6110 + 0.0002 24.3 0.31

[76] 68.7

Notes: * calculated from the data in [75]. ** calculated from the data in [75].

One can conclude that the growth of index is connected with the
structure densifying because polarizability estimated through the Lorentz—
Lorenz formula was found to be constant. RMBS and HTA data is shown
in Table 7.

High depolarization coefficient of Rayleigh scattering is explained by
the presence in glassy GeO; not only 4-fold coordinated but 6-fold
coordinated (hexagonal) anisotropic GeO; as well.

Variability of glassy GeO, parameters is caused by “freezing” both
valence GeO < GeO: and coordination [GeO.] <« [GeOs] equilibria at
different redox and temperature-temporal conditions of glass melting and
melt cooling [36]. Therefore, comparison of RMBS and HTA
measurement results allows identifying the origin of excessive Rayleigh
scattering losses and improving the regime of glass synthesis.

GLASSY P20s

In view of its high reactivity with respect to water, it cannot be directly
studied by spectroscopic and ultrasonic methods. For this reason, several
glasses of xLa,Os-(100—x)P.Os were synthesized, the chemical resistance
and optical quality of which allowed obtaining reliable values of the
Landau-Placzek ratio. The results are shown in Figure 12.
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The estimation of RP was based on the results of high temperature
acoustic study of La,0s-P.0s melts, which gave Vo,r,= 1900 + 100 m-s™,

As follows from Table 8, there is a significant discrepancy between the
results of different methods that can be explained by the presence of
uncontrolled water content in samples of glassy P,Os synthesized under
various conditions. In this case, glass P.Os should be considered as a
binary glass with “frozen” concentration fluctuations contributing into
Rayleigh scattering intensity and, as a consequence, into Landau-Plazek
ratio.

T T T T T T T
s0f 5 ]
6o} 0.0 R, 1

o ¢ *Rp 0
a 40t o «
-
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o
200 A © 1
o [ ]
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0 5 10 15 20 R

La,04 Concentration (mol %)

Figure 12. Dependences of Landau-Placzek ratio, R.-p, and contribution of “frozen-in”
density fluctuations, R,, on composition of La,O3-P,0s glasses. * is the value of R,,
calculated from HTA; A is the value of R..p, calculated from [77].

Table 8. RMBS, high temperature acoustics, and SAXS measurement
results of P,Os

TyT .ngx C11, R? R,_p R,_p
TPal GPa (HTA) (RMBS) (SAXS)

20+0.2 90+10* 40.55 [78] 5+1 No data No data

2.2[79] 220 [79] 40 [79] No data No data 17 **

Notes: * estimated on the base of assumption that Vo_-rg(ons) does not differ from vo_Tg(La203 - 5P,05)
:vo_Tg(LazO3 - 3P,05) = 1900 m's-1; ** calculated from [79].
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GLASSY TeOz2

Interest in TeO, as the main component of tellurite glasses is due to
their features (low attenuation coefficient of ultrasound, high magneto-
optical constant, high dielectric constant, high quantum vyield of
luminescence of rare-earth (RE) ions in tellurite hosts, high index in visible
range, etc.) that makes tellurite glasses the valuable material for a number
of practical applications, in particular, for manufacturing acousto- and
magneto-optical components, laser devices, gradient-index elements, etc.).

Glass TeO, cannot be obtained because of its high crystallization
ability, which decreases with the addition of the second component [80].
Nevertheless RP can be estimated from the results of high temperature
acoustic study of R,O-TeO; (R = Li, Na, K) glass melts [81]. Extrapolation
of the temperature dependences of pv?(T) to T, makes it possible to
determine (pvz)‘%gdepending on the concentration of alkali oxide.

Extrapolation to zero content of alkali oxide gives ﬁ%gof tellurium oxide.

Results are shown in Table 9. Therefore, Rayleigh scattering losses in
glass forming oxides originate from nano scaled density fluctuations
“frozen-in” at a glass melt cooling. Growth of Rayleigh scattering losses
can be explained by variation of cooling conditions, appearance of “frozen-
in” concentration fluctuations in glass forming melts due to specially
embedded dopants, trace impurities such as water, or partial reduction of
an oxide.

Table 9. RMBS, HTA, and SAXS measurement results of TeO,

TQ/T B?‘g! C11, R? R, _p R, p
TPat GPa (HTA) (RMBS) (SAXS)
1.92+£0.07 70+7 60+4 6.3+0.7 No data No data

BINARY GLASSES: CONSTANT COMPOSITION GROUPS

Addition of oxides-modifiers, i.e., oxides, which under ordinary
cooling conditions of the melt are not capable of transition to the glassy
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state, to glass forming oxides makes it possible to synthesize a continuous
series of glasses in a wide range of compositions [82]. The use of RMBS
spectroscopy in combination with Raman spectroscopy allows to study the
relationship between inhomogeneous structure of a glass and its
composition and to reveal the compositions of glasses with minimal
Rayleigh scattering loss coefficient, which may turn out to be smaller than
in single component (silica) glass.

T T T 2 T T T
,A glass (Ap’):
60 1 | ' 4 Rb,0,-B,0,
A Na,0-B,0,
melt (AC®) Na,0-B,0,:
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Figure 13. (a) Dependences on the composition of Na,O-B,0s3 glasses of Landau-
Placzek ratio, R..p, Of the contribution to R..p from “frozen-in” isobaric density
fluctuations, R,, and the contribution to R..p from “frozen-in” concentration
fluctuations, Rc. (b) Dependences of mean square concentration fluctuations, (AC?), on
the composition of Na,O-B,03; melts at 820° C and 920° C [65]. Dependencies of the
mean square difference in electronic densities of inhomogeneites and glass host, (Ap?),
on the composition of Na,O-B,03; and Rb,03-B,0; glasses. [83, 84]. Lines are drawn
as guides for eye. Reproduced from Glass Physics and Chemistry 1989, vol. 51, 1223-
1237 with the permission of Maik Nauka.

Although silica glass is the main material for optical fiber drawing up
to now, the search for new materials that allow expanding the assortment
of optical fibers for information transmitting and processing systems
remains in the focus of interests of glass scientists.
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Dependences in Figure 13 evidence that the thermodymically
equilibrium fluctuation inhomogeneities in a glass forming melt actually
remain in the glass while chemical inhomogeneites, that is “frozen-in”
concentration fluctuations, dominate in Rayleigh scattering intensity by
glasses. SAXS results indicate that dimensions of these inhomogeneities lie
in the nanometer range.

The growth of scattering by "frozen-in" fluctuations with increasing
alkali oxide concentration is explained by an increase in the crystallization
ability of glasses as their compositions approach the glass formation
boundary of Na,O-B,0; system. Maximum in the low-alkali composition
range indicates the tendency to subliquidus immiscibility that was
observed in several alkali-containing binary systems. It remains unclear
what are the species the concentration fluctuations of which are being
“frozen-in” that determine the main part of Rayleigh scattering losses of
glasses. Combined analysis of RMBS and Raman scattering data contains
an answer to the question.

When processing the Raman spectra of Na,O-SiO,, Na,0-B,0;, BaO-
B.0;, R:0-Ge0,, RF-GeO; (R = Na, K) glasses and others using the
Wallace-Katz method, it was established that the spectra can be
represented as an additive sum of 3-4 spectral forms of an unchanged
contours and varying intensities from a glass to glass [85, 86]. Processing
of the Raman spectra on the base of Wallace-Katz technique gave the
number of linearly independent rows of the matrix constructed from the
intensities at fixed frequencies for each experimental spectrum.

It led to identification of components referred to groups with constant
stoichiometry (constant composition groups — CCGs) playing the role of
glass components [87, 88]. A set of macroscopic parameters of CCGs
(density, index, elastic moduli, etc.) can be found from Raman scattering
spectra. It opens the opportunity to calculate the values of glass parameters
on the base of glass composition that makes elaboration of novel glasses
easier.

Expectably, the glasses built from the groups of single type only
should be low-scattering ones that are illustrated by Figure 14.
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In addition, the optical inhomogeneity of chemically inhomogeneous
binary glasses can be minimized when indices of inhomogeneities and their
surrounding coincide (the effect of internal immersion). As follows from
Eq. 12 compositions of low-scattering glasses can be found in the vicinity
of extrema of index-composition curves.
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c) Intensity of Mandelshtam-Brillouin scattering, I1; d) Concentrations of CCGs of:

a) GeO,, NaF-2GeO,, NaF-6GeO;; b) GeO2, KF-6GeO,, 2KF-3GeO; [89]. Reproduced
from J Appl Spectr. 1989, vol. 51, 1223-1237 with the permission of the Institute of
Physics at National Academy of Science of Belarus

TERNARY GLASSES

The application of RMBS spectroscopy to study glasses of the system
with subliquidus miscibility gap (Na>O-B»0s-SiO>) which was well studied
by SAXS and electron microscopy demonstrated the high sensitivity of
Landau-Placzek ratio to the “frozen-in” fluctuation inhomogeneities of
nanometer scale [90]. The application of RMBS spectroscopy to polycation
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glasses evidenced the lowering of Rayleigh scattering losses of glasses
with approximately equal percentage of various alkali or alkali-earth
oxides due to the well-known polycation effect [91].

MULTICOMPONENT GLASSES

Multicomponent optical glasses are convenient for their studying by
RMBS spectroscopy due to their high optical quality and chemical
resistance. However, the finding the relationships of spectral parameters
with composition and structure of these glasses presents seems significant
difficult. Nevertheless, such attempts have been made by a number of
authors. This has made it possible to establish empirical relationships
between the optical, elastic, and elasto optic parameters of glasses and their
composition [38].

Studying the optical strength of crystals and glasses led to the
hypothesis about relationship between the bulk optical breakdown
threshold and intensity of Rayleigh scattering. It can originate from the
defects in crystals and “frozen-in” index inhomogeneities in glasses [92,
93].

Thus, in glass-forming systems consisting of a glass-forming oxide and
modifying oxides, it is possible to obtain glasses with high chemical
homogeneity, which ensures minimal Rayleigh scattering losses.

ELECTROOPTICAL GLASSES FOR FIBER DRAWING

Electrooptical (EO) effect in optical media — change of refractive index
resulting in arising of birefringence of the media under applied electric
field — is in use to control propagation and parameters of optical radiation
(amplitude, polarization, phase, etc.). Usage of optical waveguiding
microstructures, which are similar to conventional microwave waveguides,
allows to localize propagation of light inside a region, the specific
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transverse dimensions of which are of order of several optical wavelengths,
that are several micrometers [94].

Due to that feature the modulation of light in such structures can be
provided by the driving voltage that is essentially less than the voltage
applied to the bulk structures and the necessary electric fields up to 10
V/um can be achieved applying voltage of several volts. The driving
electric fields and voltages can be decreased if the length of EO structures
is increased since the effect is accumulating with increasing optical path.

Conventional (bulk) and optical waveguide (integrated) EO structures
are presently widely used in the systems for processing and transmitting
information and in optical sensors. Bulk structures are mainly in use for
processing optical images. Integrated versions of EO systems are used as
light modulators and modulators/switches in fiber-optical lines in
multipurpose systems for information transmitting, particularly, in systems
for telecommunication [95].

Necessary features of EO structures are as follows: low insertion
losses, low driving voltage, and fast response (response time down to 101°
s), possibility of effective coupling with optical fibers under use. This
means that dimensions and refractive index profiles of the elements to be
coupled must coincide, manufacturing technology should be effective to
ensure low cost in the case of mass production.

Anisotropic crystalline materials are traditionally in use to make EO
devices. EO phenomenon in the materials is linear one (linear dependence
of index change on driving electric field — Pockels effect). The materials
demonstrate fast response, and the driving electric field is of order 1 V/um.

At present, the techniques to produce strip and slab optical waveguide
structures have been developed on the base of LiNbO; and KTP crystals.
Disadvantages of crystalline materials include limited dimensions,
complicated and energy consuming production technology, poor possibility
to make crystalline-based optical fibers, high optical losses being inserted
in fiber-optical lines by crystalline modulators due to the significant
difference in indices of the conventionally used fibers and EO crystals.

In the case of isotropic materials, particularly glasses, the index
change, An, under applied electric field, E = U/d is the electric field, U is
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the applied electric voltage, d is the distance between electrodes, (Kerr
effect) is

A=B-1-E? (18)

Since EO interaction depends on the ratio of external field and
interatomic electrical field (~10® V/m), the quadratic phenomenon is
usually weaker than the linear one. Usually, the fields that allow to get the
same index change as in the case of linear EO phenomenon are essentially
higher, and the typical field is ~30 VV/um.

Table 10. Kerr coefficients of several EO crystalline
materials and nitrobenzene

EO material Kerr coefficient, B, 10*® m/V?,
A =6328nm, T=300 K

Crystal [97]

(Na,K)NbO; 1,000,000

NaNbO; 800,000

(Na,Pb)NbO; 670,000

(Li,Na,K)NbOs 500,000

BaTiO3 500,000

Liquid

Nitrobenzene [98] | 19,700+ 100

Glass

Silica glass [98] | 0.55+0.1

As a rule, such fields cannot be put in practice because the necessary
voltages are too high to be applied to a modulator. That is why glasses are
not in use as working media for EO modulators even though EO response
time for glasses lies in picosecond range. Anyway the preference of glasses
comparatively to the anisotropic EO materials in use is undoubted due to
less expensive production technology and the opportunity to draw EO
fibers. Finally, losses occurring due to the coupling of optical waveguide
structures with fiber-optical line could be decreased through decreasing
their index difference.
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Figure 15. Contour of the spectral forms extracted from Raman spectra of
(5Li,0—5Na0)—(90—x)GeO,—xNb,Os glasses ascribed to CCGs (Li, Na)NbO3-nGeO..
HV polarization. Numbers at the curves are Nb,Os concentrations in mol. % [99].
Reproduced from Proc SPIE. 2003, vol. 5122, 87-93 with the permission of SPIE.
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Figure 16. Relationship between Kerr coefficient, B, and Rayleigh scattering losses of
sodium niobate silicate (S), lithium niobate silicate (LiS), and alkali niobate phosphate
glasses (P) [100]. Curves are drawn as a guide for eye [100].

Therefore, elaboration of EO glasses suitable to produce optical fibers
with the driving fields less than 10 V/um opens the way to design EO
fibers that can provide modulation of the light propagating through the
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fiber. This will result in transmission and modulation of optical signals in a
single element. Weak EO effect can be used in this case since rather long
optical fibers can be made. As follows from Table 10, silica glass, the main
material for drawing optical fibers, is characterized my minimum Kerr
coefficient. The decision lies in the elaboration of niobium containing
glasses containing CCGs with stoichiometry of an EO crystal [96].

Processing of Raman scattering spectra allowed identifying the EO
active CCGs in glass structure that is shown in Figure 15.

Combination of RMBS and Raman scattering data opens the way to
optimization of glass compositions taking into account that the growth of
Nb percentage in glass leads to the growth of not only Kerr coefficient but
Rayleigh scattering loss coefficient. Results are summarized in Figure 16.

Window of opportunities of manufacturing EO Kerr fibres from
multicomponent inorganic glasses was considered in [100]. Phase shift ¢
between orthogonal components of a linear polarised beam is:

where | is the length of sample to which the electric filed is applied.
Then the halfwave length [; ,, ensuring @ = = at halfwave field Ej /; is:

1
2
2BEj ),

l/l/z = (20)

Solid area in Figure 17 represents the range of [,/ values for the
glasses and glass ceramics under study.

It resulted to elaboration of EO Kerr fiber drawn from a pair of
multicomponent niobium silicate glasses ensuring the signal modulation
due to Kerr effect. Its depth was found close to that of EO Pockels fiber
drawn from PMMA [101, 102].
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RARE-EARTH (RE) DOPED GLASSES:
SEGREGATION OF DOPANTS

For decades it was believed that doped atoms or ions (dopants) were
distributed in glass host randomly, which was justified by the unordered
glass structure as a consequence of high-temperature synthesis conditions.
In the following the dopants are understood as atoms or ions of elements
that impart specific properties to a glass, such as color, luminescence,
radiation resistance, electro-optical properties, and the like. The total
concentration of dopants is assumed to be small in comparison with the
concentrations of the modifier and the glass former oxides, while crystal-
chemical arrangement of dopants is controlled by the structure of glass
host.

Assignment of glass components to glass formers, modifiers, or
dopants is found to be the most suitable for the description of RE-doped
alkali containing silicate, borate and germanate glasses but extension of the
model to other glass forming systems needs the additional clarification
[103].
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As is well-known, in alkali glasses there are two types of structural
polyhedra: weak-polar network forming ([SiO2], [B20s], [GeO4], etc.) and
strongly polar ([SiO4]", [BO4]™", [GeO4]", etc.) ones. The intensive
exchange of ligands in melt allows a dopant to create its local surrounding
from both polar and nonpolar ligands, while the very presence of a
modifier determines the appearance of a polar polyhedron, and the effect of
the modifier type is secondary.

Dopants are, as a rule, two or trivalent ions of elements with partially
filled d" or " shells. Analysis of chemical bonding dopants with ligands led
to the conclusion that they should form their local surrounding from the
most polar structural elements [103].

To date, a vast amount of experimental and theoretical studies have
been performed on the effect of glass host composition and dopants
concentration on their spectroscopic and luminescent properties, which is
primarily due to the need for the development of novel glasses - active
media of bulk and fiber lasers and amplifiers [104, 105, 106, 107].

Common viewpoint is that variation of the spectroscopic parameters
(contours, intensities, position of the maxima, inhomogeneous broadening
of spectral lines in absorption and luminescence spectra), and the kinetic
(decay time and quantum yield of luminescence) parameters of RE doped
glasses with glass host composition are interpreted in terms of changes in
composition and structure of the nearest surrounding of RE ions.

At the same time, the data on alkali-enriched fluctuation inhomo-
geneities in a glassy host (see Figure 13) and on the growth of RE oxide
solubility with an increase in alkalinity of glass melt (see Figure 18)
suggests the possibility of nonrandom spatial distribution of RE ions in the
melt that is their preferable bonding with its polar (alkali-enriched) areas.

Thus, varying the ratio of glass former and modifier concentrations
should lead to a change in local concentration of RE ions, while the total
amount of them in glass melt is fixed. The ability to register these changes
is determined by both the distribution coefficient of dopants between the
polar and nonpolar areas of a glass melt and sensitivity of the chosen
experimental technique. The phenomenon of selective entering dopants
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into fluctuation inhomogeneities of a glass was named the dopant
segregation [103].

In the case of enhancing chemical differentiation of a glass, which can
lead to phase decomposition (crystallization, liquid or subliquidus
immiscibility), one should expect an increase in segregation followed by
accumulating dopants in one of the phases [109, 110]. This effect should
be taken into account at elaboration of glass ceramic saturable absorbers
for Q — switched lasers [111].

Increasing dopant concentration in the glass-forming system with a
constant ratio of modifier/glass former concentrations can lead to the total
consumption of the polar component to form local surroundings of doped
ions. It should cause their “sticking together” that is the formation of
clusters of dopants using common polar surroundings.
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Figure 18. Composition dependencies of concentration of Nd>O3 in Na,O-B,0; glass
forming melt and Na,SO4 buffer melt at 1000°C as a function of glass forming melt
composition [108]. Reproduced from Adv Mater Res. 2008, vol. 39-40, 41-44 by
permission of Wiley-VCH Verlag GmbH &Co. KGaA.

Variants of dopant segregation and clustering are drawn below. It
should be emphasized that doped ions in a multicomponent single-phase
glass selectively enter the alkali enriched fluctuation inhomogeneities. The
latter should cause the growth of Rayleigh scattering intensity due to an
increase in index difference between inhomogeneities saturated with
dopants and glass forming network in comparison to a glass without any
dopants
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Figure 20. Composition dependencies of (a) Landau—Placzek ratio, R..p, of Nb doped

alkali borosilicate glasses and (b) Pb doped potassium silicate glasses; composition

dependence of contribution into Landau—Placzek ratio from “frozen-in” concentration
fluctuations, Rc, for undoped potassium silicate glasses [112]. Reproduced from Phys.

Chem. Glasses: Eur. J. Glass Sci. Technol. B, June 2012, 53 (3), 107-114 with the

permission of Society of Glass Technology Publishing.

Therefore, one can expect the so-called “decoration” of concentration
fluctuations of a glass host by dopants due to the segregation phenomenon
that should be taken into account in elaboration of multicomponent glasses

for optical and EO fiber drawing (See Figure 20).
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Application of RMBS spectroscopy to R&D of RE doped glasses
makes it possible to find correlations between dependencies of Landau-
Placzek ratio and kinetic parameters of RE ions luminescence on a glass
host composition that are shown in Figure 21 [112].
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Figure 21. Composition dependences of Landau—Placzek ratio for undoped and doped
with Yb3* and Tb®* glasses, lifetime Yb®* luminescence, 7, (A = 0.9 um) and intensity
of anti-Stokes Tb%" luminescence (A = 0.542 um) for xNa,O—(80—x)B,03-20SiO, and
xK20—-(100—x)GeO glasses. Percentage of dopants: (a) Y003 — 1 wt%, TboO3 — 1
wt% and (b) Yb,03 — 4 wt%, Tb,O03 — 6 wt% Curves are drawn as guides for eye [112].
Data is taken from [113, 114]. Reproduced from Phys. Chem. Glasses: Eur. J. Glass
Sci. Technol. B, June 2012, 53 (3), 107-114 with the permission of Society of Glass
Technology Publishing.

From a practical point of view, it is important that real RE-RE ions
separations should be shorter than those calculated in terms of their
random distribution in a glass host. This means that varying the glass host
composition at constant concentration of dopants allows to bring RE ions
closer to each other or to separate them. The first seems to be important for
optimizing the composition of glasses - radiation converters, the second -
to optimize the composition of laser glasses [114].

Segregation of RE ions can be minimized in glassy metaphosphates.
Their chain structure and saturated coordination bonding — [PO4]
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tetrahedra with two non-bridge oxygen atoms ensure the random spatial
distribution of RE ions connecting metaphosphate groups together in a
glass network. It can be illustrated by Table 11 in which results of glassy
metaphosphates studies by various techniques have been collected.

Table 11. RMBS, high temperature acoustics (HTAS), and SAXS data
for some glass forming metaphosphates

Meta TgT R? R, p R, p
phosphate T=298K (HTAS) (SAXS) (RMBS)
NaPO; 1.86+0.03 70+0.7 56+0.6 105+2
Cd(POs), 2.38£0.05 295 30+£2
Ba(POs), 243+0.03 16.0+0.8 15.0+£05
Al(POs)s 3.52+0.08 17 + 35+2 49+2
Y(POs)s 358 21 45+5
La(POs)s 3.0+0.2 17 + 35+5

Note: The data is taken from [115].

As stated in Table 11, glassy metaphosphates are characterized by high
chemical homogeneity and, expectably, maximum RE-RE separations.
Shortening RE-RE separations and enhancement of up-conversion was
achieved by adding modifiers in the phosphate system that led to
accumulation of RE ions in metaphosphate areas [116].

The possibilities of controlling arrangement of RE ions in phosphate
glasses through segregation were opened when fluorine was introduced
into the phosphate system. The results of fluorophosphate glass studies, in
particular, RE-doped Ba(POs)s-MgCaSrBaAlF14 glasses, by means of a set
of structurally sensitive methods (absorption and luminescence spectra,
kinetics of luminescence, ESR, SAXS, Raman and RMB scattering) have
evidenced the segregation of RE-ions into phosphate areas of the glassy
network. It was explained by small polarizability of fluorine in comparison
with tetrahedra — [PO4] and the tendency of RE ions to increasing
covalency of the bonding that leads to their association with phosphate
groups [117, 118, 119, 120].

One of the factors on which the laser power depends is the volume
concentration of RE ions the increase of which in silica and silicate glasses
is hampered by the growth of their crystallization ability and the clustering
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of RE ions, which leads to a decrease in decay time and quantum yield of
luminescence.

Table 12.RMBS data on experimental silica glasses
doped with Nd and Al

Dopant, wt% Rip aslas(SiOy) 7, us Ref
Nd,0; Al,O3

0 0 23+1 1.0 *

1 0 <10 [123]
05 15 425 [124]
0.5 0.83 39.7+£05 1.44 £0.05 x>
1.0 1.66 48.3+05 1.80£0.08 423 *x
15 2.49 74.0+0.5 2.64£0.09 362 *x

Note: * commercial silica glass KI (Russia).
** Experimental silica glasses (Institute of Silicate Chemistry, Saint Petersburg, Russia).

To prevent this undesirable effect, in particular, the special impurities
— alkali cations, aluminum or phosphorus are embedded into silica glass. It
was concluded that RE ions are associated with aluminum-enriched glass
areas, while RE-O-Si and RE-O-RE bonds are replaced by RE-O-Al bonds.
Optimization of the ratio of the concentrations of Al and Nd makes it
possible to reduce the concentration quenching of Nd** luminescence and
approximate the lifetime of Nd** (*Fs1) to the radiation one (460 ps) [121,
122]. The change in Rayleigh scattering loss coefficient with concentration
of RE dopant and Al,Os is illustrated in Table 12. The above experimental
results indicate that optimization of modifier-glass former concentration
ratio is the effective way to control the probability of electron excitation
energy transfer between RE ions due to a change in real RE-RE
separations.

GLASSES WITH NANOCRYSTALS

Since the discovery of unique properties of semiconductor
nanocrystals (quantum dots — QDs) dispersed in solid or liquid media

Complimentary Contributor Copy



Rayleigh and Brillouin Scattering Spectroscopy ... 99

caused by the spatial confinement of charge carrier motion, a number of
highly sensitive methods have been used to study the dependences of
physical properties of QDs on composition of a host and temperature-
temporal conditions of QDs precipitation that should open the way to
elaboration of novel QD doped materials with remarkable spectral-
luminescent parameters [125, 126, 127].

The possibilities of using RMBS in combination with absorbance
spectroscopy to determine the concentration and size of QDs were
demonstrated for the PbS doped Na;O — ZnO — Al;Os3 — SiO2 glass. This
required a modification of the RMBR formalism to estimate the
contribution of QDs into Rayleigh scattering and, consequently, Landau-
Placzek ratio, taking into account the fact that QDs not only scatter but also
effectively absorb the incident radiation.

In this case the contribution of QDs in Landau-Placzek, Rffp, and
Rayleigh scattering intensity, I¢°, can be written as: [128, 129]

qo 2 & 2 2
E@D=RLP—RFP= I :16?r Nya® m~ —1
L—-F - - 2
2-1 2 kgT. |m? +2
ME  niph( sz

(21)

where RI' , is the Landau-Placzek ratio of a glass host, m is the relative
index m = np/Nm, Ny = (N + ik)/ny is the complex index of QD, ny is the
index of glass host, a is the radius of QD, Ny is the number of QDs per unit
volume. Figure 22 illustrates the growth of Landau-Placzek ratio in glass
due to precipitation of QDs.

The growth of Rayleigh scattering and Landau-Placzek ratio is
accompanied by changes in absorption spectrum of the glass shown in
Figure 23.

It was found that QD radius determined from the position of 1S exciton
band, AE, in the absorption spectrum via Eg. 22 made it possible the
estimation of QD concentration from Landau-Placzek ratio of the glass
[129]
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fogma = 0.154 — OBOZIOglU (ﬂE) (22)

0.010 0.010 T T

0.008 0.008 -

0.006 0.006 -
0.004 -

0.004 L

0.002 0.002 - L

Normalized Scattering Intensity (a.u)
Normalized Scattering Intensity (a.u)

0.000

. . . . . L L L L L

-30 20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
Frequency Shift (GHz) Frequency Shift (GHz)

a b

Figure 22. RMBS spectra of (a) primary heat treated (450°C/150hrs) and (b) secondary
heat treated (450°C/150hrs + 490°C/107hrs) glass under study before (1) and after
16iterations of Bayesian deconvolution procedure (2). R is the Rayleigh scattering
component, L is the Mandelshtam-Brillouin scattering doublet. VV+VH polarization,
scattering angle is 90°, A = 632.8 nm. Landau-Placzek ratios, R..p, and Mandelshtam-
Brillouin shifts, Av, equal R.p = 80 + 4, Av; = 0.450 + 0.008 cm™ (a) and R_p= 170 +
8, Av; = 0.450 £ 0.008 cm™* (b) [129].
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Figure 23. Evolution of absorption spectra with increase of the secondary heat
treatment duration. Annealing time (hours) is given in the insert [129].

The additional opportunity lies in combination of RMBS with low-
frequency Raman scattering data that can ensure determination both the
dimensions and concentration of quantum dots in glass, too [130]. Thus,
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RBMS should be considered as a new tool for characterization of QD-
doped glass that can be used in R&D of novel Q-doped materials.

SOME QUESTIONS AND CHALLENGES

Elaboration of materials that combine the advantages of both crystals
and glasses is one of the most important directions in materials science. As
is well known, R&D of glass ceramics by means of controlled volume
crystallization of glass ensured the manufacturing of a wide assortment of
commercial products.

Improving operational parameters, in particular, light scattering losses
through the ordered arrangement of precipitated microcrystals remains the
subject of intensive research. If crystallization of glass is preceded by its
subliquidus phase decomposition the ordering of microcrystals in a glass
host can be a consequence of the decomposition under the spinodal
mechanism.

As is shown for potassium-silicate glasses with the consolute
temperature below the glass transition ones, dependences of Landau-
Placzek ratio on the temperature-temporal heat treatment conditions made
it possible to investigate the evolution of microinhomogeneous structure of
glass long before its supposed phase decomposition [24]. Later the
improving of RMBS experimental technique opened the way to study glass
systems with experimentally determined subliquidus miscibility gaps [25].
Accurate RMBS study of subliquidus phase decomposition might promote
the elaboration of novel transparent glass-ceramics.

It was predicted that the presence of nano or microinhomogeneities in
a glass that differ from their surroundings in composition and structure
and, consequently, in the physical and optical parameters (temperature
dependences of density and index, thermal expansion coefficient, etc.)
should cause the reversible change in the intensity of Rayleigh scattering
by a glass with its temperature. Supposedly, the intensity of elastic light
scattering should increase with decreasing temperature [131]. The latter
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can lead to nonlinearity of the function 1/Ri.» = 2IM®/I* = b T, where b is
the coefficient.

However, up to now the reliable experimental evidences of this effect
have not been obtained up to now [12, 49, 132, 133].

CONCLUSION

Rayleigh and Mandelshtam-Brillouin scattering spectrometer is an
effective tool for measuring optical (Rayleigh scattering loss coefficient,
optical stress coefficient, photoelastic coefficients) and physical (hyper
sound velocities, elastic moduli) parameters of optical materials which
replaces several optical and acoustic stands.

Rayleigh and Mandelshtam-Brillouin scattering spectroscopy can be
used for R&D of low scattering glasses for communication fibers, glasses
for electrooptical fibers of information transmitting and processing
systems, rare-earth doped glasses for lasers and optical radiation
converters. Rayleigh and Mandelshtam-Brillouin scattering spectroscopy
combined with absorbance spectroscopy seems the productive technique
for studying semiconductor nanocrystals (quantum dots) in glass hosts.

In general, combined application of Rayleigh and Mandelshtam-
Brillouin, Raman scattering, absorbance spectroscopy, high temperature
acoustic measurements opens the opportunities of understanding and
controlling the nanostructure of optical materials.
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Chapter 3

COMPUTER STUDY OF THE REMOVAL OF
HEAVY METALS FROM GRAPHENE

Alexander Y. Galashev”
Institute of High Temperature Electrochemistry, Ural Branch,
Russian Academy of Sciences, Yekaterinburg, Russia

ABSTRACT

Efficient removal of hazardous heavy metals from the environment is
an important problem, since most of these metals are highly toxic.
Recently, graphene began to be used for the removal of environmental
pollutants. Graphene is ineffective as an absorbent unless it is repeatedly
used. This raises the problem of graphene cleaning for removal of the
deposited materials. The method of molecular dynamics has been used to
study the removal of copper, lead, and mercury from graphene by
irradiating the target using a beam of Ariz or Xess clusters with energies
of 5-30 eV at angles of incidence 0°, 45°, 60°, and 90°. It is obtained that
the cluster energy should be in the interval 20 — 30 eV for effective
graphene cleaning in case of its copper contamination. There is no
cleaning effect at vertical incidence (6 = 0°) of Ariz clusters. The
bombardments at 45° and 90° incident angles are the most effective ones
at a moderate and big amount of deposited copper respectively. The

* Corresponding Author Email: galashev@ihte.uran.ru.
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complete removal of lead from graphene with hydrogenated edges and
bivacancies was achieved at the angle of incidence of Xeis clusters equal
to 45°. A major part of the film was separated from graphene in the form
of an island, which, after separation, was transformed into a three-
dimensional structure. The stresses present in the graphene sheet changed
in the course of bombardment, but the stressed state retained after the
bombardment was terminated. The type of the distribution of stresses in
graphene indicates the absence of enhancement of the stressed state in the
course of bombardment. The bombardment at angles of incidence of
clusters less than 75° substantially enhances the roughness of graphene.
The complete removal of mercury from graphene with hydrogenated
edges was achieved at the angles of incidence of clusters equal to 45° and
60° with the energies of the beam Ex. > 15 and 10 eV, respectively. The
film of mercury, which has a tendency to become rolled up into a drop, is
separated from graphene in the form of single atoms, dimers, trimers, and
spherical droplets. In the course of the bombardment, mercury exhibits a
weak cohesion with graphene. The bombardment at the angle of
incidence of clusters equal to 45° leads to the lowest roughness of
graphene. The bombardments in the entire range of the angles of cluster
incidence (0° — 90°) have resulted in no significant damages in the
hydrogenated edges of the graphene sheet after its cleaning from both
lead and mercury. Thus, the purification of graphene from heavy metals
can be performed by bombardment with noble gas clusters.

Keywords: argon, bombardment, clusters, copper, graphene, lead,

mercury, molecular dynamics, xenon

1. INTRODUCTION

Graphene has unique physical properties and energy-band structures. It
is possible now to receive graphene of a small size with the help of
different technologies. However, there is a new technology of graphene
film production of the size up to 70 cm [1]. Graphene can be used in
different membranes due to its highest flexibility and mechanical strength.
As an absorbing material, graphene is an effective one only in the case of
multiple using. Consequently, the question of graphene cleaning of
deposited substances arises. In addition, there was a need to develop an
effective method for releasing copper from a scrap copper-graphene
electrodes recently used in electrochemical devices operating in aggressive
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environments. Graphene coating on copper significantly (by one and a half
orders of magnitude) increases the resistance of the metal to
electrochemical degradation. The copper has a significant practical interest.
The surface pollutions on graphene are removed by ion beam [2]. The
bombardment with the cluster beam can be an effective method of
graphene cleaning. It is important here however to find the correct
bombardment energy to avoid the damage of graphene membrane.
Molecular dynamics (MD) simulation of plasma interaction on a graphite
surface has shown that the graphite surface absorbs the most part of
hydrogen atoms when the energy of the incident beam is 5 eV [3]. At the
same time almost all hydrogen atoms are reflected from the surface at the
beam energy 15 eV. Vertical bombardment by Ario clusters with Kinetic
energy E, < 30 eV executed in MD model does not result in the break of

graphene sheet during 100 runs [4]. Graphene is broken at E, =40 eV.

The ion track lithographic method uses the passage of energetic ions
through nanoholes in the mask and subsequent bombing of the graphene
sheet only within a limited nanoregion. It is important to investigate in
detail the entire lithographic process to predict how nanostructures can be
produced in the suspended graphene sheet using this method. The present
study will contribute to achieving this goal. Controlled ion parameters
obtained in our simulation will be used to obtain desirable defective
structures. No experimental studies have been performed so far to produce
such cluster ions to irradiate the target containing graphene. Furthermore, it
has been shown that the theory of irradiation effects for bulk targets does
not always lead to satisfactory results for the low-dimensional materials,
such as graphene [5, 6]._It is quite obvious that an atomically thin target of
graphene requires explicit consideration of the atomic structure [7, 8].

The trace amounts of metals always occur in the natural biosphere. The
presence of some of them even in a low concentration requires rapid
oxidation because metals in higher concentrations and products in low
oxidation states can be toxic and dangerous. Unfortunately, the difference
between permissible and dangerous concentration levels is small [9, 10].
PbS belongs to the most frequently occurring trace compounds in nature. It
is used in electrical batteries, small arms, and X-ray units and as a pigment
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in domestic metallic mixtures. The detection of industrial lead in the
environment is of considerable importance. Until now, lead has been
determined by various methods such as spectrophotometry [11, 12],
liquid—liquid extraction [13, 14], turbidimetry [15, 16], and electro-
chemical measurements [17]. Some of these methods are inaccurate
because of the low limits of detection and harmful solvents. In recent
years, solid-phase extraction has been used for the determination of Pb
traces. The trace amounts of Pb in aqueous media are detected with the aid
of a surfactant covered with modified f-OH graphene.

The negligibly small amounts of heavy metals can be removed from air
and water using filters with graphene membranes. However, in this case,
the filters should be subsequently cleaned for the removal of a metal
deposit. Lead has a low energy of adhesion with perfect graphene (0.2 eV)
[18]; however, the binding energy of Pb atoms with graphene at a
divacancy boundary is very considerable (3.4 eV) [19]. A heavy metal film
can be removed from graphene by the bombardment of the latter with
noble gas clusters [20-23]. The simulation of a cluster bombardment
process showed that the energy transferred upon the impact should be
entirely released in a critical region near the surface in order to obtain a
maximum effect [24-26]. It was experimentally demonstrated that, on the
incidence of a beam of Xe atoms onto the surface of graphite at an incident
angle of 55°, the energy transferred to the phonon modes of the surface is
approximately 20% smaller than that in the case of a vertically directed
beam [27]. In this case, the Xe atoms are scattered on the smooth surface
of graphite even at energies of several tens of eV. The energies of the
cluster beams used were much lower than the energies of beams in the
experiments oriented to the sputtering of a bombarded substance.

Mercury is the only metal among the most abundant ones that remains
liquid at room temperature. The study of the adsorption of mercury on
activated carbon was, as a rule, carried out experimentally. There is a
limited number of theoretical studies concerning this theme. Steckel [28]
investigated the interaction between elemental mercury and a single
benzene ring in order to explain the mechanism through which elemental
mercury is bound with carbon. Padak et al. [29] investigated the effect of
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different surface functional groups and halogens present on the surface of
activated carbon on the adsorption of elemental mercury. It has been
established that the addition of halogen atoms intensified the adsorption of
mercury. In [30], Padak and Wilcox have demonstrated a thermodynamic
approach to the examination of the mechanism of binding of mercury and
its capture in the form of HgCl and HgCl, on the surface of activated
carbon. The energies of different possible surface complexes have been
determined. In the presence of chlorine, the mercury atoms strongly cohere
to the surface. In the case of dissociative adsorption, Hg can undergo
desorption, while HgClI remains on the surface. The compound HgCl. was
not found on the stable carbon surface [31]. Understanding of the
mechanism of the adsorption of mercury on activated carbon is important
for the development of efficient technologies for capturing mercury.

Mercury is one of the most toxic heavy metals, and its presence is due
to a combination of natural processes (volcanic activity, erosion of the
mercury-containing sediments, etc.) and anthropogenic activity (extraction
of minerals, pollution from the leather-dressing production and
metallization of objects). Adsorption is considered to be one of the most
efficient and economical methods of removing mercury from wastewater
and air. Recently, graphene membranes began to be used for capturing
super small amounts of substances [32]. The repeated application of
graphene in the filters requires its nondestructive cleaning from the
adsorbates. The removal of metals from graphene can be produced by its
irradiation by a beam of rare—gas clusters [20, 21, 23, 33-35]. The use of
cluster beams for the surface cleaning is more efficient than the application
of ion beams to this purpose. In this case, the energy of a cluster grows in
proportion to the number of atoms in the cluster at the same velocity of the
projectile and, thus, it is possible to avoid large optical aberrations in the
focusing systems. Bombardment using cluster projectiles proves to be
much more sparing in comparison with the ionic bombardment, since a
cluster projectile cannot penetrate the target so deeply as an atomic analog.
In the prospect, application of the cluster beams will make it possible to
create a number of fundamentally new technologies of the surface cleaning
and to develop a new generation of ionic sources.
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The aim of the present work is to investigate stability of the thin metal
(Cu, Pb, Hg) film on graphene under noble gas (Ar,; or Xe,;3) clusters

bombardment with kinetic energies 5, 10, 20 and 30 eV and incident angles
of the cluster beam 90°, 75°, 60°, 45°, and 0°.

2. METHODS

Below, we present a computer model of a copper film on graphene and
the used scheme of its bombardment by clusters Ar,,. The models of Pb

and Hg films on a graphene substrate were created in a similar way. The
bombardment of these targets was carried out by the Xe;; clusters. The

graphene sheet is placed on a copper substrate which does not allow C
atoms to move vertically downwards. Thereby the movement of the sheet
under the influence of cluster impacts was completely excluded. Copper
substrate was a slice of five atomic layers of the FCC lattice, the lattice
(100) plane served as a surface of the slice. This surface has a square
shape, 10 atoms Cu are located along the edge of this square, and the entire
slice contained 1,000 Cu atoms. Graphene sheet of size 3.4x2.8 nm
containing 406 atoms of C is placed on the substrate and fully fitted into
this square. In the chosen coordinate system, the graphene sheet had
“zigzag” edges along the x axis and the “armchair” edges - in the direction
of the y axis. Initially all the atoms C have coordinates z = 0. Substrate
atoms were fixed, but interacted with C atoms of the graphene and atoms
of the metal film. Boundary conditions at the edges of graphene were free.
It allows investigating the stability of edges to external dynamic loads.

The copper film formation on the graphene was simulated by separate
MD calculation in two steps. At the first step Cu atoms were placed over
the centers of noncontiguous graphene cells so that the distance between
Cu and C atoms would be equal to the distance of 2.243 A calculated by
the density functional theory [36]. Onto this loose film consisting of 49
copper atoms, another 51 Cu atoms were deposited at random. In the
initial state copper film presented three-dimensional structure with an
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ordered lower base (adjacent to graphene) and irregular and not flat top
layer. Then the system composed of 100 Cu atoms and 406 C atoms was
equilibrated in the MD calculation over a duration of 1 million time steps
(At = 0.2 fs). Numerical solution of the equations of motion was carried
out by the fourth-order Runge—Kutta method. The target obtained in this
manner was subsequently bombarded with icosahedral Ar,, clusters during

1ns.

In the case of vertical bombardment (& =0°) the virtual rectangular
two-dimensional 5 x 5 grid covers the graphene sheet. The virtual grid is
lifted over the graphene sheet at a distance of 1.5 nm. Every grid node
gives the initial position for Ar, cluster living 8 ps. The lifetime includes
time of flight and time of interaction with the target. After this time, the
Ar atoms of the decayed cluster were excluded from consideration and a
new cluster Ar, was launched from a different point cluster sources. In the
case of inclined bombardment, five starting points for placing the centers
of the Ar, clusters were uniformly spaced apart on a line parallel to the y
axis (the “armchair” direction). This line was displaced to the left (along
the x axis) from the left edge of graphene by a distance of 1.5 nm and
raised to such a height (in the direction of the z axis) to provide an
effective impact to the copper film. Interval equal to the L, length of the
graphene sheet in the axial direction (the direction of “zigzag”) was
divided into 25 equal segments of length L =L /25. Five point cluster

sources moved horizontally forward at a distance L, at the beginning of

each cycle (except for the first); thus, the cluster impacts line moved. As a
result, the graphene sheet was covered with 125 evenly spaced points to
target cluster impacts.

3. CALCULATION
Calculations were performed by the classical molecular dynamics

method. In this study, we used three types of empirical potentials
describing the carbon-carbon (in graphene), metal — metal, and metal —
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carbon interactions. Representations of the interactions in graphene were
based on the use of the Tersoff potential [37]

Vi = fe( )[AEXP(‘ A, )‘ Bb; exp(— A9, )] , 1)

L
fo(r) = | +-5codelr, -RO YR RV @
0

®
r; <R
R® < I < R® ,
r,>R®

where by is the multi-particle bond-order parameter describing in what
manner the bond-formation energy (attractive part V) is created at local

atomic arrangement because of the presence of the neighboring atoms. The
potential energy is a multi-particle function of atomic positions i, j, and

k is determined by parameters

by = (1+ pe" )ﬁ%zn) ; 3

fij = Z fc(rij)g(eijk), (4)
K=,

60,0 =1+ S & 5)
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where & is the effective coordination number, g(g,,) is a function of the
angle between r; and r, , which stabilizes the tetrahedral structure.

This potential was successfully tested on many single- and multi-
component systems with covalent chemical bonding [38, 39]. However, the
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transition to the simulation of two-dimensional systems (for example, in
graphene) with covalent bonding revealed some difficulties in using this
potential. The main disadvantages were as follows: the interaction was
represented only by short-range covalent forces, and the contributions from
the interactions with neighbors of the second and higher orders were not
considered. Simulation with this potential led to cracking of the graphene
sheet even at low temperatures. Another serious disadvantage was in
existence of the net torsional moment appearing because of the lack of
mutual compensation of the torsional moments determined by bonds
around each atom. As a result, there occurred rotation of the graphene
sheet (most frequently, counterclockwise). This effect impeded simulation
of nanocomposites and made a difficult structural analysis. In the proposed
model, the mentioned disadvantages were eliminated in the following way.
The scale of covalent interaction in the model was increased from 0.21 to
0.23 nm. Outside the covalent interaction, we used very weak attractive
Lennard-Jones interaction with the parameters taken from [40]. To prevent
rotation of the graphene sheet, the “retardation” at each atomic site of the

tors
graphene atomic was provided by the force — av; (Qk'% , Where the
ij

torsional potential V;**(Q,;,) is represented by the expression [40]

tors 10 QIJI i
Vij (-qul) gkljl|:405CO (zj 10] (6)

and the torsion angle Q;; is defined as the angle between the planes, of
which one plane is specified by the vectors r, and r;, and the other plane,

by the vectors r; and r;;:

r.xr. I. Xr.
008Q, = . A @
‘r“ X I’ik‘ ‘rij X I'J-I
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The height of the barrier ¢, for the rotation was taken from [40].

The Sutton—Chen potential was successfully used for simulating both
bulk metals and metallic clusters [41]. The Sutton—Chen potential energy is
written as

R PMGEOWAY] ®

i j=i i

where

V() =(@/n), p=,@ln)", ©)

j=i

where ¢ is the parameter having the dimensionality of energy; c is the
dimensionless parameter; a is a parameter having the dimensionality of
length that is commonly chosen to be the lattice parameter; m and n are
positive integers (n>m). The power form of the contributions makes it
possible to successfully joint the short-range interactions, which are
represented by N-particle terms with the Van der Waals “tail” that
determines long-range interaction. For copper and lead, we used the
Sutton—Chen potential parameters as follows: m =6, n =9, ¢ = 12.382
meV, ¢ =39432and m =7, n =10, ¢ = 5.5765 meV, ¢ = 45.778,
respectively [41]. The pair potential that was utilized for a description of
the Hg—Hg interactions was proposed in [42] in the following form:

Ve (1) =Ug (A1) =D ayr ™ (10)
j=3

The authors of [42] corrected the original Schwerdtfeger (SCH)
potential [43] for mercury dimer by scaling distances using the coefficient

A =1.167. The a, parameters represented in [42] correspond to the density
of liquid Hg at T = 300 K.
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The copper—carbon interaction was described using the Morse
potential

V(r,) = Dy lexpf2a(r, - r.)}-2expfalr, -1,)}. (11)

The simulation was performed with the Cu-C Morse potential
parameters as follows: D, = 87 meV, « =17 nm?, and r, = 0.22 nm
[44]. The lead—carbon, mercury—carbon, argon-argon, and Xenon—xenon
interactions were given by the Lennard-Jones potential [45-48]: o, . =

0.3362 nm, &, . =38.0 meV, o, . = 03321 nm, &, . =1.266 meV,

Op_a =0.3405 nm, &, , = 10.323 meV, o, , =0.410 nm, &, ,, =
19.043 meV. The Morse potential was used to describe the interactions
between the Pb or Hg atoms and the substrate Cu ones. Parameters of this
potential were calculated from data of [49, 50].

The interaction between the noble gas atoms and the atoms of metals (
Cu,Pb,Hg) and C was determined by purely repulsive Moliere potential

[51]

&= A{O.35exp{— o.sij + O.SSexp{—l.ZL) + O.lOexp{— 6.01} ,
a a a

(12)

2

Where A:Zizje—, Z, and Z, are the atomic numbers of the i and j
r

atoms, e is the elementary charge, r is the distance between the atoms, a
is the Firsov screening length [52]

-2
3

a=o.885ao(zf/2 +zj%) (13)

Here a, is the Bohr radius.
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Defects substantially enhance the adhesion of metals to graphene. The
most frequent defects in graphene are divacancies. The sheet of graphene
used for deposition of the lead had four divacancies rather uniformly
distributed over its surface. Hydrogenation was used for the strengthening
of the divacancy edges and boundaries. The CH groups formed at the
edges and sites nearest to the divacancy center were simulated in
accordance with the monatomic diagram [53]. The C-CH and CH-CH
interactions were represented by the Lennard-Jones potential [53]. The
partial functionalization of graphene in the form of the addition of the
hydrogen atoms to its edges stabilizes the structure without leading to an
increase in interatomic distances and without creating roughness over the
entire surface.

The stress at the site of the i th atom of the Cu or Pb film is defined as
[41]

0.,,(0)=BY [n(arn,) " +mow/Jpy +11 p) @l ket (14)

i

Where Bzﬁ, the volume corresponding to an individual atom Q,
can be associated with the volume of the VVoronoi polyhedron related to the
i th atom.

To calculate the stresses induced in graphene, the graphene sheet was
divided into elementary areas. The atomic stresses o () in the Ith
elementary area for each of directions x, y and z with a current index J
are determined by calculating the atomic kinetic energies in this area and
projections of forces acting on the | th area from all other atoms

A0-H{E L) (30, @)
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where k is the number of atoms at the |th area; Q, is the volume per
atom; m is the atomic mass; v! is the J th velocity projection of atom i ;
and S, is the area of the | th area. Angular brackets indicate the averaging
over time. In this case, the compressive stresses can have plus and minus
signs, according to directions of forces f, . In this regard, the microscopic
stress & (I) differs from the macroscopic ones &, < 0.

The self-diffusion coefficient was determined by the mean square
displacement of the atoms ([ar(®)]" ) as

1 )
D=D,, +D, =!LTE<[Ar(t)] > (16)

where T'=3 is the dimension of space, D,, and D, are the horizontal and

vertical components of the self-diffusion coefficient.
The density profile of the metallic film was calculated as follows:

n(z)o.

, 17
AS N, (17)

p(2)=
where n(z) is the number of metal atoms in the layer parallel to the plane
of the graphene, o,, is the effective diameter of the metal atom, Ah is the

width of the layer, Sy is the area of the graphene surface, and N, is the

number of tests.
The surface roughness (or the profile deviation arithmetic average) was
calculated as

N
R, =%;|zi 4, (18)

where N is the number of nodes (atoms) on the surface of graphene z, is

the atomic level, Z is the graphene surface level, z; and Z are the values
determined at the same instant.
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The total energy of free one-sheet graphene obtained at T = 300 K was
— 7.02 eV, which is consistent with the result of a quantum-mechanical
calculation (— 6.98 eV) [54]. The melting temperature T of a Pbyos cluster
with a free surface, which was determined in a special calculation, was 417
K. This is consistent with MD calculations at T = 412 K [55], which were
also performed with the Sutten—Chen potential. In both cases, Tm was
determined based on a potential energy jump. The value of the isochoric
heat capacity of liquid mercury at this temperature (28.4J/(mol-K))

calculated in the MD model agrees with the experimental value of 26.9
J/(mol- K).

4. RESULTS

4.1. Copper

There is no graphene surface cleaning after vertical bombardment at
energy 5 — 20 eV. Bombardment with the 10 and 20 eV energies gives
significant damage of graphene edges up to knocking out carbon atoms.
The copper film becomes looser and Cuatoms form a column. The
graphene sheet is partly cleaned of copper atoms after bombardment with
energy 20 eV at the incident angle & = 75°. Graphene is almost cleaned of
Cuatoms at angles @ = 45° and @ = 60°. In every case after finishing of
inclined bombardment, the graphene sheet together with the substrate is
removed in parallel or perpendicular (down) direction with respect to its
initial position. It allowed removing copper from graphene totally only
after bombardment at 45°. In the case of bombardment by the method of
the “nap of the earth” flight (incident angle 0°) a big amount of metal
atoms is still on the graphene surface when the emitted cluster energy is 10
eV. But the number of copper atoms is reduced at energy 20 eV (Figure 1).
At any cluster incident angle, the mobility of Cu atoms in the horizontal
plane exceeds considerably (in order) the mobility of ones in the vertical
direction. After the first cycles of cluster impacts, there are high values of
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D,, components, especially, at the incident angle 6 = 60° (Figure 2a). It

seems reasonable because the copper film has not yet adapted to the
bombardment. The more intensive fluctuations and significantly higher
D,, Values testify continuous fast destruction of the copper film during

clusters impacts at incident angle 45°. The vertical components D, of the

copper film self-diffusion coefficient have mostly the same behavior as
D,,(n) function (Figure 2b).

Figure 1. Configuration of a system “copper film on the graphene sheet with the
copper substrate” bombarded by Arys cluster with energy 20 eV during final impacts

cycle at the incident angle & = 90°. Coordinates are in angstroms.

Stresses in Xy plane of copper film at every bombardment have

extensive fluctuations which become weaker during the last impact series.
At all incident angles excluding € =90°, the o,, stresses are considerably

higher than o,, and o, ones. At & = 90° and energy of 10 eV, the o, ,
o, and o, stress components for metal film in the horizontal plane have
comparably low values during the whole run (Figure 3a, o, is only

shown). For the energy 20 eV at the initial target bombardment (n < 10)
there are significant fluctuations of all stress components in the horizontal
plane. The o,, component has the most intensive fluctuations. Such

fluctuations at the energy of bombardment clusters 20 and 30 eV are

Complimentary Contributor Copy



130 Alexander Y. Galashev

connected with impacts of the Ar atoms compressing the film and
knocking out Cu atoms. The fluctuation size of o,, value is further

decreased because of metal film loosening in the vertical direction.
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Figure 2. (a) the horizontal ny and (b) the vertical D, components of self-diffusion

coefficient of Cu film for series of bombardments by Ar,, clusters at kinetic energy
20 eV and different incident angles: (1) 45°, (2) 60°, (3) 75°; n is the cycles each of 5

impacts.

On the contrary, stress distribution in the graphene sheet does not
almost depend on the direction of the incident cluster beam. Cluster
impacts are mainly weakened by the copper film. Stresses distribution in
graphene between the rows in the “armchair” direction at Ar, cluster
bombardment with energies 10 and 20 eV at ¢ = 90° is shown in Figure
3b. Because of strong shot-interacting bonds in graphene, there are no
essential differences between stresses values of o,,, o,, and o,, for series

of cluster bombardment with energies 10 and 20 eV. The o, and o,

stresses are uniformly distributed in the plane of the graphene sheet. For
both energies the maximum o, stress in this area of graphene sheet
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exceeds by 4-7 times the maximum values of o,, and o,, stresses. It is

connected with impulses transmitted to graphene from the Cu atoms,
which they get as a result of interactions with the Ar atoms.
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Figure 3. (8) o, stress in X0y plane of metal film and (b) o, stresses distribution in
the graphene sheet by the rows of C atoms along the “armchair” direction for
bombardment series by Ar,, clusters at incident angle & = 90° with energies: (1) 10
eV, (2) 20 eV.

The graphene roughness increases significantly by the end of
bombardment. It does not depend on the incident angle and energy of Ar,

clusters’ beam. Significant growth of roughness is limited by rigid bonds in
graphene. The roughness R, of the graphene sheet rises non monotonically

during bombardment (Figure 4). When the clusters energy is 10 eV the
increase of R, is slow with low values. There are considerable fluctuations

of R,(n) function especially in the values range of 10 <n< 25 when

energies are 20 and 30 eV. The decrease of the initial growth of roughness
in the case of energy 20 eV is connected with the reduction of final R,
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value because of the smoothing effect. At the final bombardment step, the
Ar, cluster flies rather low over graphene surface and “polishes” it not

meeting the Cuatoms.
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Figure 4. Roughness of the graphene surface at bombardment of “metal film on the
graphene sheet with the copper substrate” system by Ar,, clusters at incident angle &
=90° with energies: (1) 10 eV, (2) 20 eV, (3) 30 eV.

4.2. Lead

Investigation of the influence of the incidence angle of clusters Xe,,

on the result of the bombardment of a lead film on graphene showed that
the best degree of purification of graphene is achieved at the angle & 60°
[56-58]. This case is considered in this section.

As a result of bombardment with 5 eV clusters, the film of Pb
remained on the graphene. In this case, a small part of metal atoms was
knocked out from the film, and the film itself was bent to keep contact with
graphene only in its middle part; that is, the film edges became raised.

Bombardment with a beam energy of 10 eV led to the complete
separation of a Pb film from the graphene. Only an insignificant part of the
Pb atoms was not knocked out from the film, and the major portion went
away in the form of a dense cluster.

In general, the similar behavior was also observed on the bombardment
with a beam energy of 15 eV (Figure 5). However, in this case, the major
portion of the film was immediately detached away from graphene to a
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small distance. Since it was conically shaped expanded upwards, it was
again forced against graphene at the cone apex under the impacts of Xe,,

clusters.

We found that further increase in the cluster beam energy did not
facilitate the removal of the Pb film from graphene. Thus, as a result of
bombardment with an energy of 20 eV, the film was not separated from
graphene with loss of a portion of individual knocked-off atoms. Two
atoms were stuck in divacancies, and they helped to retain the film on
graphene by attracting other Pb atoms. The film had close contact with
graphene at the center. The film edges were elevated. Using the 30 eV
Xe,, clusters crushed the film of lead and pushed several Pb atoms through
divacancies. A small lead cluster was arranged at the front edge of
graphene without loss in binding with the base layer. Since of
hydrogenation, the graphene edges remained intact even after
bombardment with energy of 30 eV.

20-‘

10 1

Figure 5. Configuration of the lead film—partially hydrogenated graphene system after
bombardments at the incident angle of 60° with a 15 eV Xeis cluster energy.
Coordinates are in angstroms.

Figure 6 demonstrates the vertical profiles of density. Bombardment
with a cluster energy of 5 eV left a sufficiently monolithic film on
graphene. Moreover, in the course of bombardment, the Pb atoms located
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in the lattice dimples of the honeycomb type formed by the C atoms,
retained their positions, as evidenced by the sharp peak at 0.237 nm. A
small number of single atoms descended into divacancies or moved away
from the film as confirmed by presence of the separate low peaks.
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Figure 6. Lead film density profiles obtained in the course of the cluster bombardments
of a target with different energies; the level h = 0 corresponds to the vertical mark of
presence of the C atoms in graphene.

Approximately the same pattern of the arrangement of Pb atoms was
observed at a 10-eV energy of the Xe,, clusters. The film thickness

increased due to swelling under the impacts of the clusters, and the number
of separated Pb atoms increased. At the end of the bombardment, the film
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separated from graphene and fast moved away to the distance greater than
1 nm. The new film position is not reflected in the profile p(z).

The fast rise of the entire film at the distance r > 0.3 nm over graphene
occurred at the energy of bombarding clusters of 15 eV. The density
profile in the whole was shifted to the right. At the cluster beam energies
E,. > 15 eV, the film was either unseparated from the graphene (20 eV) or
broken into separate pieces (30 eV). At the energy of 20 eV, a noticeable
number of the Pb atoms were pushed through divacancies, and single
scattered Pb atoms were also present. Penetration of the lead atoms to the
reverse side of graphene was insignificant at energies of 30 eV. In this
case, the knocked out film pieces fast moved away to distances greater
than 1 nm, and they are not reflected in the profile p(z).

The horizontal component D,, of mobility of the Pb atoms tends to
decrease as the energy of bombarding clusters is increased up to 20 eV
(Figure 7). However, the value of D,  sharply increases under the cluster

energy 30 eV. This fact shows to change in the nature of deformation in
the film of lead under the action of the cluster beam. The vertical
component D, of mobility of the Pb atoms does not exhibit a significant

lift at a beam energy of 30 eV, but it manifests a sharp burst at the energy
of 10 eV. This burst is caused by the detachment and fast removal of the
major portion of the film from graphene. In general, the vertical
component of mobility of the Pb atoms is lower by almost an order of
magnitude than of the horizontal mobility.

The curves of D, (E,) and D,(E,.) for the C atoms in graphene

(Figure 8) are mainly consistent in shape with analogous curves for the Pb
atoms (Figure 7). Presence of the local minimum at E,, = 15 eV in place of

the local maximum in the curve D, (E,,) for graphene is the exception.
Furthermore, at low energies (E,, < 10 eV), the values of D, are even

higher than those at the energy E,, = 30 eV when the Pb atoms injected
into dimples produce local pressing and decrease mobility of the C atoms
in the horizontal directions. The burst in the function D, (E,,) at E,, =10
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eV for graphene is impressive the same as that in an analogous function for
the lead. This is most likely indicative of the fact that the impacts of Xeis
clusters, which caused the detachment and fast withdrawal of the film,
arrived directly at the graphene surface, and the Xei3 atoms were scattered
upward, pushed in the opposite direction the loosely lying Pb film, and
removed it from graphene. An insignificant increase in the value of D, for

the C atoms at the energy E,, =30 eV is related to the presence of the rigid
C—C bonds and the absence of the graphene integrity damage.
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Figure 7. Horizontal ny and vertical D, components of the coefficient of mobility

of the Pb atoms obtained as a result of the entire bombardment as functions of the
energy of bombarding Xes clusters.
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Figure 8. Horizontal ny and vertical D, components of the coefficient of mobility
of the C atoms of graphene as functions of the energy of bombarding Xess clusters.

The study of evolution of the stresses o, , o, and o, in the cases of

removal of the Pb film from graphene (E,, = 10 and 15 eV) showed that
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their smooth relaxation occurred only during the first series of impacts.
Already in the course of the fifteen cycles of impacts, strong changes in the

stresses created by horizontal forces (o, and o, ) were observed,
especially, at the final stage. In this case, the stress created by vertical
forces (o, ) increased much more intensively.
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Figure 9. Basic stresses (1) o, (2) o, and (3) o, inthe film of Pb obtained as a

result of the complete bombardment as functions of the energy of bombarding
Xeq3 clusters.

After 100 cycles of bombardment, the stresses o, and o, became
even more significant. Over the course of this series, the stresses o,

strengthened almost continuously. In general, the stresses o, , o, and o,

in graphene along the x axis obtained after 100 cycles of impacts were no
higher than the stresses resulting from the five cycles of bombardment. In
other words, in the course of the entire bombardment, increase in the local
stresses in graphene was not observed. Note that the value of the stresses

o, created by vertical forces was much greater (by a factor of to ~ 2) than

the stresses o, and o, , which appeared due to the application of

5
horizontal forces.

In view of a specific shape taken by the film of the lead after
bombardment with an energy of 15 eV, the final stresses o, and o, in
the film were considerably different from analogous stresses obtained after

bombardments with other energies of the Xe,, clusters (Figure 9). At the
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same time, the function o, (E,,) has a smooth shape; that is, the value of
o, at E,, =15 eV is not strongly different from the values of this stress
obtained at other E,,. All of three stresses have values of the same order
of magnitude (in the majority of cases, the absolute value of o, is
somewhat greater) with the exception of the value of o, at E,,=15eV.

Dependence of the resulting stresses o, , o, and o, in graphene on
the energy E,, only partially correlates with the behavior of analogous
characteristics in the Pb film (Figure 10). The behavior of only the quantity
o, 1s similar in many respects to that of the corresponding stress in the
metallic film. Here, the dip of the curve of o, (E,,) into the region of
negative values was also observed at E, = 15 eV. However, the value of
o, did not reach positive values at E,, = 20 eV as was the case in the film
of lead. The function o, (E,,) was characterized by a smoother behavior,

whereas the functiono, (E,.) for the film of Pb exhibited this property.
The function o, (E,,) for graphene exhibited the maximum at E,, = 15

eV. The largest negative stress (o, ) caused by the horizontal forces in the

direction of the y axis appeared at E,, =5 eV, and stress of the same sign
from vertical forces (o, ) appeared at E,, = 15eV.

As a rule, the roughness of graphene R, almost does not increase with
the energy E,. of the bombardment of a target at the angle of incidence 6
= 60° (Figure 11). The maximum roughness reached atE,, = 10 eV was

caused by the early detachment of the Pb film from graphene, as a result of
which graphene directly took a great number of the impacts of Xe,
clusters.

Figure 11 compares the function R, (E,,) at 6 = 60° with analogous
functions obtained at incident angles of 0° and 90°, i.e., with the vertical
and horizontal directions of bombardment. The difference in the roughness
of graphene subjected to the uniform (in terms of Xe,, cluster energy and
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intensity) bombardment with different angles of incidence can be greater
than 40% (at E,, = 10 eV). The smooth function R,(E,,) was obtained
under low-level bombardment; in this case, the roughness maximum was
reached at E,, =15eV.
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Figure 10. Basic stresses ,,: (1) 0, (2) o, and (3) o, ingraphene obtained as a
result of the complete bombardment as functions of the energy of bombarding
Xe,; clusters.

R, (107 nm)

E, (V)

Figure 11. Dependence of roughness of the graphene on the energy of bombarding
Xeys clusters at the incident angles of (1) 0°, (2) 60°, and (3) 90°.

4.3. Mercury

At the temperature of 300 K, mercury is in the liquid state (melting
point T, = 234 K). If the attraction forces between the Hg atoms exceed
the forces of cohesion of the mercury film with graphene, the film
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contracts into a droplet. In order to investigate the opportunity rolling the
film into the droplet, we carried out the MD calculation of the Hg film on
graphene at T = 300 K using 10 million time steps in absence of the cluster
bombardment. A drop of mercury on the graphene sheet close to a
spherical shape was obtained as a result of this calculation. In this case, a
substantial part of the lower surface of the drop (that is in contact with
graphene) was flat. Thus, the film of mercury that was simulated based on
the Schwerdtfeger interaction potential has a tendency to roll into a drop.
The cluster bombardment using 125 impacts with the angle of incidence 0°
did not lead to any significant removal of mercury from graphene at all
energies of Xe,, clusters in the range of 5 — 30 eV. As a rule, more than

half of the Hg atoms after the completion of the bombardment related near
the graphene, as before it. The bombardment at the angle of incidence
equal to 45° was considerably more successful [59-62]. In this case,
beginning with the energy of the beam equal to 15 eV, graphene was
almost completely cleaned off the mercury. Only single atoms could
remain connected with the graphene sheet; moreover, the majority of these
atoms were retained at the edges of the sheet. The remaining atoms of Hg
were scattered far beyond the limits of the graphene sheet predominantly in
two directions (in the horizontal direction at a sharp angle to the axis x, and
upward). As a rule, the Hg atoms were knocked out from the film one by
one and less frequently in the form of dimers and trimers. However, at the
energies of the cluster beam Exe > 15 eV there was always a drop of
mercury separated from the graphene. Increase in the angle of incidence of
the Xe,, clusters to 60° led to the removal of mercury from graphene at the

energy of the beam of 10 eV (Figure 12). A subsequent increase in the
energy of the cluster beam at 6 = 60° did not give the desired result:
graphene was not cleaned off the mercury.

Dependences of the internal energy E,,, of mercury and the energy of
mercury-graphene interaction E_,, on the energy of the incident cluster

beam at angles ¢ = 0°, 45° and 60° are shown in Figure 13. As it seen
from the figure, from 3% (in the case of E,,=5eV)to 1% (E,, >15¢V)

of the energy of the cluster beam is transferred to mercury. Hence, from
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97% to 99% of the beam energy is scattered in the graphene and substrate.
This result agrees with the data of [63].

Figure 12. Configuration of a system consisting of a mercury film on a partially
hydrogenated imperfect graphene sheet after bombardment by a beam of Xe,,
clusters at the angle of incidence 60° and the energy 10 eV. The coordinates of atoms
are given in angstroms.
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Figure 13. Dependences of the interaction energy: (a) Hg—Hg and (b) C—Hg of mercury
film laying on graphene on the energy of the cluster beam at various incident angles of
the Xe,; clusters: (1) € =0°, (2) &=45°and (3) 8 =60°.
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Rebound velocity demonstrates that the graphene absorbs a
considerable amount (up to 97%) of the energy of the impacting particle.
The idea of using graphene for energy dissipation of indenter was proposed
in [64]. The mercury film on graphene has the highest E,, value, i.e., it
has the lowest stability, when the bombardment is carried out at the angle
@ of 0°. However, in this case the E.,, has the smallest value, i.e., the
Hg film is more strongly bound to graphene than at angles of incidence 6
= 45° and 60°. Attenuation of the bond between the Hg film and graphene
when the energy of the cluster beam increases at the angle of incidence &
= 0° begins at E, = 15 eV. The bond of the Hg film to graphene

disappears for almost all energy values at the angles ¢ of 45° and 60°.
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Figure 14. Self-diffusion coefficients of the Hg atoms calculated for the cases of
bombardment of the target at the angles of incidence (1) 0°, (2) 45°, and (3) 60°

depending on the energies of the cluster beam E,, .

With the increase of the angle of incidence of the xenon clusters, there
occurs an increase in the self-diffusion coefficient of mercury atoms;
especially, this is noticeable on going from the angle 6 = 45° to the angle
60°. The lowest value of the self-diffusion coefficient of Hg atoms is

observed upon the vertical bombardment with the energy of Xe,; clusters
of 5 eV (Figure 14). At energies E,, >10 eV and at the angle of incidence

6 = 0°, there is a very weak dependence of the self-diffusion coefficient on
the energy of the falling clusters. The similar weak dependence is
manifested in the entire range of cluster energies at the angle of incidence
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0 = 45°. At the angle 6 = 60°, the D(E,,) function has the deep minimum
at 15 eV. The origin of this minimum is most likely connected with the fact
that the bombardment with such energy of clusters provides the fastest
rolling of the mercury film into a drop, from which the Hg atoms can be
kicked out only with difficulty. Except for this specific feature, no
significant changes in the behavior of the coefficient of self-diffusion is
observed under the variations of the energy E,, with the angle of
incidence 6 = 60°.
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Figure 15. Components of the stress tensor in graphene ((a) o, (b) o, (c) 0,)
obtained for the cases of the bombardment of targets at the angles of incidence (1) 0°,
(2) 45°, and (3) 60° depending on the energies of the cluster beam E,, .

Dependences of the stresses in the plane of graphene caused by the
horizontal (Figures 15a, 15b) and vertical (Figure 15c) forces exhibit a
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complex behavior, which is different for different angles of incidence. As a
rule, the stresses o, created by the vertical forces are noticeably higher

than the stresses o, and o, that appear due to the action of the horizontal
forces. At cluster energies E,, that lead to the detachment of the majority

of Hg atoms from graphene, the stress has relatively low values. Recall that
this occurs at energies E,, > 15 eV at the angle of incidence 45° and at

E,. =10 eV at the angle 6 = 60°.
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Figure 16. Roughness of graphene obtained as a result of bombardments of the target
at the angles of incidence (1) 0°, (2) 45°, and (3) 60° at the energies of the cluster beam

E,. ; inset shows the change in the roughness of graphene in the course of the
bombardment of the target by Xeis clusters at the angle of incidence 0° and at the

energy of the cluster beam 15 eV.

The roughness R, of graphene increases continuously in the course of
cluster bombardment. The inset in Figure 16 gives a representation of the
variation of the function R, (t) in time in the case of bombardment with
the energy of Xeis clusters 15 eV at the angle of incidence 0°. The
bombardment has a significant effect on the roughness of graphene. The
magnitude of R, increases by 20 — 40%, even as a result of the
bombardment with the energy of clusters equal to only 5 eV; the effect is
strongest at the angle of incidence 60°. The form of functions obtained
under different values of the energy of the Xe clusters is shown in Figure
16. It seen that the bombardment at the angle of 6 = 45° leads to the lowest
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values of R, . Thus, after this bombardment at the beam energy equal to 30

eV, the value of R, proves to be below the appropriate characteristics that

correspond to the angles of incidence of 0° and 60° by 9.6% and 11.8%,
respectively.

5. DISCUSSION

All graphene-based devices must unavoidably be electrically contacted
to the outside world by metal contacts. Graphene films can be made by
catalytically decomposing hydrocarbon precursors over thin films of
copper. Wrinkles in a graphene film have a negative impact on electronic
properties by introducing strains that reduce the electron mobility. Often,
the final product must be a single-layer graphene film. Graphene-based
membranes could be used to capture carbon dioxide from certain industrial
processes, such as coal burning, and there to reduce greenhouse emissions.
Graphene could cheaply and easily remove salt from the seawater. With
properly sized holes, graphene sheets may be able to serve as all-purpose
filters.

The present study is expected to provide predictive design capability
for controlling the surface patterns and stresses in nanotechnology
products. For example, the improved understanding could help to make
biocompatible surfaces for medical devices. When the argon ions hit the
copper surface, they penetrate it knocking away the nearby atoms Cu like
billiard balls in a process that is akin at the atomic level to melting or
evaporation.

We carried out the bombardment of graphene by the argon clusters
with low energy in the way not to damage the graphene when cleaning the
metal. The cluster bombardment with significantly higher energy can cause
sputter of material with covalent bonds as observed when Si is bombarded
with 15 keV C;, [65]. In this experimental work, the incident angle is
increased from 0° to 60°. Hill and Blenkinsopp [65] observed a higher
sputter yield of Si at 45° than at normal incident angle. Molecular
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dynamics simulations [66] of the bombardment of a silicon crystal with
C,, are used to understand and interpret the puzzling experimental results

[65]. At both incident angles, all of the carbon atoms in the projectile
become deposited in the substrate by forming the SiC bonds, but for the
angle 45° the MD simulation more energy is deposited near the surface
creating the larger Si yield [66]. Thus, the incident angle of 45° is, also,
the most favorable at sputtering material with a covalent bond under
irradiation of the high-energy ion beam.

The stresses in the copper film relax rather quickly (especially o, ) as

a result of its plasticity and due to a large loss of atoms. Local stresses in
graphene relax in order slowly due to the presence of the hard bonds and
do not disappear even after the bombardment. This indicates its crystalline
nature. Presence of local stresses even in thermodynamic equilibrium is a
characteristic feature of ordinary three-dimensional crystals. Instability of
two-dimensional crystals with respect to the displacement of atoms in the
third dimension is well known and experimentally expressed in a rippled
graphene surface. Cluster bombardment of the target greatly enhances this
instability and ultimately leads to the surface topography characterized by
a large (with respect to the value R, of the non- bombarded graphene)

roughness.
Calculations using density functional theory for the main
crystallographic planes of a number of metals, such as Ag, Au, Cu, Pt,

and Al predict weak binding to graphene [67]. However, there is a group
of metals such as Ni, Co, Pd, for which substantially stronger binding
occurs due to hybridization between graphene and d -metal states.
Therefore, the results obtained here for the Cu -coated graphene are also
valid for the cluster bombardment of a graphene sheet with deposited noble
metals or aluminum. At the same time, it is not critical how the metal is
placed on the graphene sheet. However, the energy of the cluster beam
necessary for graphene cleaning may require some adjustment due to
significant differences in masses of the elements.

It is of interest to compare the results of the study of removing the
films of copper and lead by the bombardment with clusters of rare gases

Complimentary Contributor Copy



Computer Study of the Removal of Heavy Metals from Graphene 147

with the present investigation of the purification of graphene from
mercury. First of all, the different mechanisms of the detachment of these
heavy metals from graphene during the irradiation of the target by a cluster
beam should be noted. In the case of the bombardment of the copper film
with Aris clusters, separate Cu atoms are knocked out [20, 21, 23, 33-35].
No regime of bombardment led to the separation of fairly large fragments
of the Cu film from graphene.

When the lead film is bombarded, separate atoms are also knocked out,
but the prevailing mechanism of the removal of the metal from graphene is
the separation of islands of the Pb film from the substrate [68]. Only when
detached away from graphene, the island experiences a transformation
from a two—dimensional to a three—dimensional structure.

Mercury is separated from graphene in a different way. The unique
behavior of mercury is due to its liquid state and poor wetting the
graphene; as a result, the Hg film has a tendency to roll into a drop. For
this reason, both separate atoms and droplets of significant size are
separated from graphene in the course of bombardment. Let us emphasize
that it is precisely a drop that is torn off, rather than an island with a two-
dimensional morphology.

There are several other differences in processes of the removal of the
film of heavy metals from graphene. Thus, the film of copper is not
completely removed from graphene, even at an energy of the beam 30 eV
at angles of incidence 0° and 60° [21, 23]; and the most efficient method is
removal using cluster bombardment at an angle 6 = 45°. In the case of
lead, the most efficient procedure can be considered as irradiation by a
cluster beam at the angles of incidence 0° and 60°. In this case, graphene
was completely cleaned of metal at energies of the beam 10 and 15 eV.
The complete cleaning was also achieved at the angle 8 = 45°, but in this
case the energy of the cluster beam required was equal to 20 eV. The
greatest effect from the bombardment of the mercury—on—graphene target
is obtained at the angle of incidence of 45°. At this angle of incidence,
graphene is cleaned of Hg at all energies E,, > 15 eV. A less stable

cleaning effect was achieved at the angle of incidence 60°. In the case of
the angle of incidence 0°, no significant removal of mercury from graphene
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occurs in the range of energies of the beam 5 — 30 eV. Thus, the removal of
different heavy metals requires different conditions for bombardment and
occurs via different mechanisms.

To check the correctness of the results, we also conducted calculations
with another pair potential for mercury and another potential describing the
mercury—graphene interaction. The Hg-Hg interactions were determined
based on applying the potential proposed by Silver and Goldman (SG
potential) with the parameters given in [69]. Here, we obtained results
close to those where the SCH potential served as the potential function for
mercury. In the calculations that applied the SG potential upon
bombardment, the Hg film was faster transformed into the drop and was
separated from the graphene. The complete removal of mercury from
graphene was only achieved at the angle of incidence of 45° at E,,> 15

eV. When using the Morse potential with the parameters given in [70] for
the representation of Hg—C interactions, mercury under the bombardment
was separated from graphene more difficult, and the complete cleaning at

the angle 6 = 45° was achieved at the energies E,,>20¢eV.

CONCLUSION

Incident angle & = 45° is the most effective one for graphene cleaning
of copper by bombardment with the argon clusters. Cluster beam energy
should be no less than 20 eV. Stresses in the copper film relax fast as a
result of its plasticity and due to a large loss of atoms. Local stresses in
graphene relax rather slowly due to the presence of the hard bonds and do
not disappear even after the bombardment; this indicates its crystalline
nature. Cluster bombardment of the target greatly enhances this instability
and ultimately leads to the surface topography characterized by a large
(relative to the value R, of non-bombarded graphene) roughness. To use

such a cleaning method, it is important to protect graphene edges because
they can be strongly damaged. If it is possible to execute accurate
bombardment, then the “nap of the earth” flight method is here the most
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effective one. The total cleaning can be obtained with the emitted clusters
energy 20 eV and higher. The graphene edges in such a cleaning method
are less damaged. The prediction model for nanopattern evolution during
cluster bombardment can guide the nanomanufacturing processes.

We studied the bombardment of a Pb film on graphene by clusters with
energies from 5 to 30 eV. The best cleaning effect was achieved at E,, =

10 eV. The Pb film can also be removed (on point contact) for the cluster
energy 15 eV. Use of the higher beam energies is ineffective because of
pushing the Pb atoms into divacancies and impression of the metal atoms
into dimples on graphene. The hydrogenated edges of graphene do not
acquire noticeable damage even after the bombardment with 30-eV
clusters. For example, unlike copper, the prevailing mechanism in the
process of lead removal is the detachment of the major portion of the film
from graphene rather than the knocking out the separate Pb atoms. This is
evident from analysis of the density profiles of the system and the energy
dependence of the mobility components of Pb atoms. The bombardment of
graphene after the removal of a film leads to a considerable increase in the
vertical component of mobility of the C atoms. Stresses in the lead film
that remained on graphene increased in the course of bombardment,
whereas analogous stresses in graphene were not accumulated with time.
The highest stresses occurred in the detached film of lead, which increased
its vertical size and took a torch shape, are the result of the action of both
the vertical and horizontal forces. In this case, an increase in the internal
stress was also extended to graphene. The graphene subjected to direct
bombardment with 10 eV clusters acquired the greatest roughness as a
result of the rapid removal of the Pb film.

The behavior of the system ‘“mercury—on—partially—hydrogenated—
graphene” has been investigated under irradiation by a beam of Xeis
clusters with energies of 5 — 30 eV at the angles of incidence 0°, 45°, and
60°. Over a wide range of energies (E,,>15 eV), the almost complete

removal of mercury from graphene was only achieved at the angle of
incidence of 45°. The film of mercury, which has a tendency to become
rolled up into a drop, is separated from the graphene in the form of single
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atoms, dimers, trimers, and spherical droplets. In the course of the
bombardment, mercury exhibits a weak cohesion with graphene. The
smallest change in the components of mobility of the Hg atoms under the
variation of the energy of the cluster beam occurs at the angle of incidence
of 45°. At the energies of the cluster beam under consideration, the stresses
in the plane of graphene caused by the vertical forces noticeably exceed the
stresses created by the horizontally directed forces regardless the angle of
incidence. The roughness of graphene increases noticeably in the course of
cluster bombardment. The lowest roughness is demonstrated by graphene
subjected to irradiation with the beam of clusters with the angle of
incidence of 45°. The hydrogenated edges of graphene do not suffer of
noticeable damages at all the energies investigated and at all the angles of
incidence of the bombarding clusters.
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ABSTRACT

As an indispensable component for future flexible electronics,
flexible resistive switching memories have recently aroused great interest
all around the world. In this chapter, a comprehensive review on the
recent progress in this field is presented, with a particular emphasis on
materials and devices. First, a brief introduction is given on the basic
concepts of flexible resistive switching memories. Next, storage media as
well as electrode and substrate materials used in flexible resistive
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switching memories are summarized in detail. Third, attention is focused
on the fabrication technologies of flexible resistive switching memories
and the performance of obtained devices. Finally, a short discussion on
the current challenges and future prospects of flexible resistive switching
memories is provided.

Keywords: flexible, resistive switching, resistive random access memory,
nonvolatile memory

1. INTRODUCTION

With the rapid development of Internet of Things (loT) and the
increasing concern on human health monitoring, flexible electronics has
become an increasingly important development direction of future
electronics [1, 2]. As an indispensable component, memory devices should
also be flexible to guarantee that the entire electronic systems have
superior flexible performance [3]. However, conventional Si-based
memories, including volatile static and dynamic random access memories
(SRAM and DRAM) and nonvolatile Flash memory, are incompatible with
flexible electronics due to their intrinsic brittleness and the need for high-
temperature process. Also, the volatility of SRAM and DRAM, as well as
the low operation speed (write/erase time: ~1 ms/~0.1 ms) and poor
endurance (~10° write/erase cycles) of flash memory are unfavorable for
practical use [4]. Therefore, the development of flexible memories based
on novel mechanisms, structures and materials are urgently needed.

Resistive switching memories, also known as resistive RAMSs
(RRAMS), are an emerging and promising nonvolatile memory concept
with simple electrode/insulator/electrode sandwich-like cell structures [4].
This enables resistive switching memories to be easily integrated using
passive crossbar array architectures for real applications, where each
crosspoint is a memory cell occupying only a small area of 4F? (F: the
minimum feature size), as shown in Figure 1a—b. Under external electrical
stimuli, memory cells can be reversibly switched between a high resistance
state (HRS or OFF state) and a low resistance state (LRS or ON state), as
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shown in Figure 1b—d. The switching from HRS to LRS is denoted as a set
process, with its opposite as a reset process. If the set and reset processes
need the same electrical polarity, related switching behaviors are called
unipolar (Figure 1c) and otherwise bipolar (Figure 1d). The involved
switching mechanisms include ion migration, [5, 6, 7, 8] charge
trapping/de-trapping, [9, 10] thermochemical reaction, [11] etc. [4].

(a) > (b)
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Figure 1. Schematic device structure and |-V characteristics of flexible resistive
switching memories. (a) Schematic of a flexible crossbar resistive switching memory
array bent with radius R. (b) Schematic memory cell structure with measurement
configuration. Schematic I-V characteristics of (c) unipolar and (d) bipolar resistive
switching behaviors, where Icomp denotes the compliance current during the set process
to prevent the device from permanent breakdown.

Besides simple cell structures and easy integration, resistive switching
memories have extremely rich choices in active materials, [4] including
oxides, [12, 13, 14] chalcogenides, [15] nitrides, [16, 17] small molecules,
[18] polymers [19, 20] and organic-inorganic composites [21, 22, 23].
Meanwhile, they have demonstrated excellent miniaturization potential
(<10 nm), [24] fast operation speed (<1 ns), [25] low energy consumption
(<0.1 pJ) [24] and high switching endurance (>10'2 cycles) [26]. These
characteristics together make resistive switching memories highly suitable
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for flexible applications. Key performance parameters of flexible resistive
switching memories include the minimum bending radius, the maximum
bending strain, the bending endurance, the switching endurance under
bending, and the data retention time under bending. Under a given bending
radius R (Figure 1a), the real bending strain on memory cells can be
roughly calculated to be d/(2R), where d represents the substrate thickness
[27]. This is because the thickness of memory cells (mostly <1 pm) is
usually much smaller than that of substrate (mostly >10 pum) and thus can
be reasonably ignored for strain calculation [8, 14].

In the past few years, flexible resistive switching memories have
inspired a great amount of research interest all around the world. Besides
the main application of data storage, they have been explored preliminarily
for novel logic-in-memory [28, 29] and synaptic emulation [30, 31]
applications. In this chapter, a comprehensive review on the recent
progress in flexible resistive switching memories is presented, with a
particular emphasis on materials (Section 2) and devices (Section 3).

2. MATERIALS

Resistive switching memories usually have electrode/insulator/
electrode sandwich structures, wherein the insulator layer provides a
material platform for the switching to occur and thus is also known as the
storage media. Substrates are also necessary for integration. To make the
device flexible, all components must comply with bending during
operation while maintaining their electrical functions.

2.1. Storage Media

Since resistive switching and information memorizing occur within,
the storage media plays a crucial role in determining the performance of
flexible resistive switching memories. The study of flexible resistive
switching memories started with inorganic storage media. As early as
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2008, Kim et al. [32] reported the first inorganic flexible resistive
switching device that used AlOy as the media layer and worked properly
under bending with 27.5 mm radius. Since then, a large number of
inorganic materials have been explored as storage media for flexible
memories. Among them, binary oxides are dominating candidates,
including AlOy, [12, 32] SiOy, [33, 34] TiOy, [35, 36] NiOy, [13, 37] CuO,
[38, 39] ZnO,, [40, 41] GeOy, [42, 43] M0Oy, [30] SmOy, [44] LuOy, [45]
HfOy, [8, 46] WOy, [14, 47] etc. Complex oxides such as ZnSnOs [48] and
BaTio.95C00.0503, [49] nitrides including hBN [16, 50] and C3Na, [17]
AQ:Se, [15] CssBizlg [51] and a-Si, [52, 53] were also explored as storage
media. For example, Ji et al. [14] reported a flexible WOy resistive
switching device that can work under bending with 5.53 mm radius,
whereas Hu et al. [51] reported a flexible CssBizlg resistive switching
device showing a bending radius of 9 mm.

It is noteworthy that the intrinsic brittleness of inorganic storage media
usually makes these devices only capable of working under relatively low
bending conditions, normally with a bending radius of >5 mm or bending
strain of <2% [14, 51]. Nevertheless, the high compatibility of their
fabrication procedure with the standard CMOS technology and the superior
switching performance still encourage the inorganic storage media the
primary choice for practical applications. In order to improve the
mechanical flexibility of inorganic storage media without sacrificing their
electrical performance, Shang et al. [8] developed a new strategy of
designing the HfOx switching layer with a mixed amorphous-
nanocrystalline microstructure. In the mixed structure of the HfOy layer,
the amorphous parts residing between the nano crystals not only help to
release the strains accumulated during bending operation, but also guide
the formation and reliable evolution of pseudo-straight conductive
filaments. As such, the fabricated resistive switching device exhibits
excellent memory performance with switching randomness of <4.3%,
endurance >107 cycles and data retention >10 years at the bending radius
of 6 mm, as shown in Figure 2. The good resistive switching characteristics
of such inorganic storage media (in particular binary oxide materials)
makes them promising candidates for electronic systems where electrical
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reliability is the primary consideration while moderate mechanical
flexibility will be an extra advantage.

Amorphous-
Nanocrystalline
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Figure 2. Switching performance of a flexible HfOy resistive switching device. (a)
Schematic illustration of the formation of branched conducing filaments in a
polycrystalline HfOy layer (upper panel) and of pseudo-straight conducing filaments in
a mixed amorphous-nanocrystalline HfOy layer. (b) Cross-sectional high-resolution
transmission electron microscopy (TEM) image of the device, revealing clearly the
mixed amorphous-nanocrystalline microstructure of HfO,. (c) Endurance performance
of the device at a 6 mm bending radius in pulse-mode operation. (d) Data retention
characteristic of the device at a 6 mm bending radius. Reproduced with permission
from Ref. 8. Copyright © 2017, The Royal Society of Chemistry.

To make resistive switching memories more flexible, carbon and
organic storage media (referred to as organic materials in the following
sections) were intentionally introduced in this field and are attracting a
rapidly increasing amount of research interest in recent years. The intrinsic
mechanical performance of organic materials, together with their simple
solution processability and light-weight characteristics, makes them good
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candidates for flexible electronics and allow low-cost fabrication and
integration into large-area applications. Many organic materials have been
reported to show resistive switching characteristics and explored for
flexible memories thus far. Examples are graphene oxide (GO), [54, 55]
polymers (e.g., chitosan, [19] lignin, [56] parylene [57], pPEGDMA, [58]
PFT-PI, [59] PI, [60] pV3D3 [20] and starch [61]), polymeric composites
(e.g., PEO:PVK, [62] PI:PCBM, [63] PMMA:P3HT, [64] PMMA:PCBM
[65] and PS:PCBM [66]), organic-inorganic composites (e.g., cellulose:Ag,
[22] PMMA:graphene, [21] PMMA:graphite, [68] PVA:MoS,, [69]
PVOH:hBN, [23] PVOH:ZnSnOz [70] and PVP:grapheme [71]), and
organic-inorganic hybrid materials (e.g., CHsNHsPbls [72, 73] HKUST-1
[74] and ZIF-8 [75]).

Generally, polymers and organic composites appear as the best choices
in terms of mechanical flexibility. For instance, the recorded highest
bending strain of flexible resistive switching memory to date is 6.28% as
obtained in PS:PCBM composite, [66] shown in Figure 3a—b. On the other
hand, employing organic-inorganic composites and hybrid materials as the
storage media will lead to simultaneous optimization of device flexibility
and memory performance, through combining the mechanical feature of
organic materials and electrical reliability of inorganic storage media. To
achieve this end, Pan et al. [74] at Ningbo Institute of Materials
Technology and Engineering CAS has developed a modified laboratory
scale liquid-phase epitaxy (LPE) facility, through which high quality
metal-organic framework thin films of HKUST-1 with the thickness of
~130 nm and roughness of ~4 nm can be prepared on gold-coated
polyethylene terephthalate (PET) substrates. The entire synthetic process is
conducted in a N2 atmosphere continuously without being exposed to
ambient conditions, thus avoiding possible contamination from the air. The
automatic LPE facility also shortens the time duration of the reaction
process. The as-fabricated HKUST-1 thin film device has been found to
show a highly uniform bipolar resistive switching behavior with excellent
endurance of >107 cycles under bending with a small radius of 4.5 mm
[74], as shown in Figure 3c—d.
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Figure 3. Switching performances of flexible (a—b) PS:PCBM and (c-d) HKUST-1
resistive switching devices. (a) Schematic device structure and chemical structures of
PS and PCBM. (b) Memory window of the flexible PS:PCBM resistive switching
device against bending distance and strain. The device worked normally until a
bending strain of 6.28% (~1 mm bending radius), but failed at a bending strain of
12.57% (~0.5 mm bending radius). Reproduced with permission from Ref. 66.
Copyright © 2013, Macmillan Publishers Limited, part of Springer Nature. (c) I-V
characteristic over 300 consecutive switching cycles and (d) endurance performance in
pulse-mode operation of the flexible HKUST-1 resistive switching device at a 4.5 mm
bending radius, corresponding to a bending strain of about 2.0%. Reproduced with
permission from Ref. 74. Copyright © 2015, WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim, Germany.

2.2. Electrode Materials

The electrode used in the resistive switching memories may not only
be responsible for conducting current in the integrated circuits, but could
also take part in the occurrence of resistive switching. Therefore, selection
of electrode materials for flexible memory requires to consider both the
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mechanical and electrical properties. According to the chemical
composition, electrode materials can be classified into metals, metal alloys,
carbon/silicon materials, nitrides and conductive oxides. To date, a large
number of electrode materials have been employed to fabricate flexible
resistive switching memories. Among them, metals such as Mg, [19] Al,
[36] Ti, [54] Ni, [13] Cu, [58] Ru, [45] Ag, [16] W, [57] Pt [76] and Au
[15] are certainly the most popular ones due to high conductivity and good
flexibility. For example, Jang et al. [15] reported a flexible Ag,Se resistive
switching device with Ag as the top electrode and Au as the bottom
electrode, which can work properly at a 16 mm bending radius even after
10° bending cycles. To make the fabricated resistive switching memories
not only flexible but also transparent, many transparent and conducting
materials have been intentionally introduced as electrodes, such as
graphene, [50] indium tin oxide (ITO), [8] indium-zinc-oxide (1Z0O), [12]
Ga-doped ZnO (GZO), [77] ITO/AgQ/ITO multilayer [78] and ZnS/Ag/ZnS
multilayer [79]. Shang et al. [8] recently reported a flexible HfOy resistive
switching device with ITO as both top and bottom electrodes, which
exhibited good optical transmittance of over 75% in the visible region.
Other flexible electrode materials may include carbon, [35] PEDOT:PSS
[33] and p-Si [52]. The former two enable related flexible resistive
switching memories to be fabricated by low-cost all-printing approaches,
while p-Si can make related flexible resistive switching memories to show
a self-rectifying resistive switching behavior with natural immunity to the
annoying sneak-path issue.

2.3. Substrate Materials

To fabricate flexible resistive switching memories, substrates that are
to replace plate glass substrates must meet requirements including
minimized surface roughness, thermal and thermomechanical stability,
chemical inertness, and the most important of all, mechanical flexibility.
Comparatively, polymers with high intrinsic flexibility, such as parylene,
[57] PI, [53] PEN, [66] PES, [32] PET [16] and PDMS [50], are certainly
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the most popular substrate materials. For example, with PEN as the
substrate, Ji et al. [66] fabricated a flexible crossbar resistive switching
memory array, which can work properly after being rolled with 3.4 mm
radius and even being twisted with a maximum angle of 30°. Metal
substrates including Al foil, [22] Cu foil [16] and stainless steel [40] are
frequently used as well. Due to their high intrinsic conductivity, they can
act as the substrate and bottom electrode simultaneously, e.g., in the
flexible Ag/hBN/Cu foil resistive switching device [16]. Mica [49] and
paper [35] are also employed as flexible substrates for resistive switching
memories. For instance, the use of mica as the flexible substrate enables
resistive switching memories to be fabricated under high temperature and
thus exhibit good thermal stability, while paper substrates make resistive
switching memories physical transient when being subject to heat/fire and
wetness for security purposes.

3. DEVICE FABRICATION TECHNOLOGIES
AND PERFORMANCE

As typical thin-film electronic devices, the fabrication of flexible
resistive switching memories depends mainly on various thin-film
deposition methods, including thermal evaporation, [55, 80] magnetron
sputtering, [8, 12] spin-coating, [63, 66] inkjet printing, [35, 76] and so on.
These methods can be roughly grouped into vapor-based approaches
including thermal evaporation and magnetron sputtering, and solution-type
methods such as spin-coating and inkjet printing. Generally, vapor-type
methods are more mature and compatible with the standard CMOS
process, while solution-type methods stand out in terms of simple
fabrication and low cost. In this section, flexible resistive switching
memories fabricated by all-vapor methods, vapor-solution hybrid methods
and even all-solution methods will be discussed separately and thoroughly,
with a particular emphasis on device performances under bending
conditions.
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3.1. All-Vapor Methods

Since vapor-type thin-film deposition methods are more mature and
compatible with the standard CMOS process, the research in fabricating
flexible resistive switching memories by all-vapor methods is certainly of
great significance and has aroused extensive attention throughout. To date,
a large number of flexible resistive switching memories have been
fabricated by all-vapor methods, most of which are inorganic (e.g.,
1IZO/AI,03/1ZO/PET, [12] Ag/hBN/ITO/PET, [16] ITO/HfO/ITO/PET [8]
and Au/BTCO/SRO/mica [49]) while only a few organic examples such as
Al/parylene/W/parylene [57] and Cu/pEGDMAJ/ITO/PET [58]. The
involved deposition methods for switching layers include mainly atomic
layer deposition (ALD), [36] chemical vapor deposition (CVD), [16] radio
frequency (RF) magnetron sputtering, [8] pulsed laser deposition (PLD)
[49] and plasma oxidation, [38] while that for electrodes are mostly
thermal evaporation, [58] electron beam evaporation, [16] direct current
(DC) magnetron sputtering [45] and also PLD [8].

Shang et al. [8] recently reported a flexible and even transparent
ITO/HfOJ/ITO/PET resistive switching device with superior electrical,
thermal and mechanical performances, as shown in Figure 4a-h. To
fabricate the device, a commercially available ITO/PET substrate was
adopted, and the HfOy switching layer was deposited on it by RF
magnetron sputtering, followed by covering the ITO top electrode by PLD.
It is noted that the microstructure of the HfO, switching layer was
intentionally designed to be mixed amorphous-nanocrystalline to guarantee
better resistive switching performance, as revealed previously in
Figure 2a-b.

Basically, the device shows good optical transmittance of over 75% in
the visible region and superior bipolar resistive switching performances
including uniform switching parameters (operation voltages: Vser and
Vreser; State resistances: Ron and Rore), Stable data retention of 10 years,
switching endurance up to 10 cycles and a large working temperature
range of 170~370 K (Figure 4a-f). With a bending radius of >5 mm,
corresponding to a bending strain of <1.27%, switching performance of the
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device is found to be scarcely affected, even after 1200 bending cycles, as
demonstrated in Figure 4g-h.
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Figure 4. Switching performances of (a—h) the flexible and transparent
ITO/HFO/ITO/PET resistive switching device and (i) the flexible ITO/HfO,/Pt/PET
resistive switching device. (a) Optical transmittance of the ITO/HfO,/ITO/PET device.
Inset: Digital image of the device under bending. (b) I-V characteristic of the
ITO/HfO/ITO/PET device in the flat state over 1000 consecutive switching cycles at
room temperature. Inset: Schematic device structure with measurement configuration.
(c) Cumulative probabilities of Vser and Vreser. Inset: The uniform distribution of Ron
and Rorr. The data sets were retrieved from the 1-V curves in (b). (d) Room
temperature retention characteristic of the ITO/HfO,/ITO/PET device in the flat state.
(e) Endurance performance of the ITO/HfO/ITO/PET device in the flat state with
pulse-mode operation. (f) Evolution characteristics of Ron and Roge 0f the
ITO/HfO,/ITO/PET device in the flat state against working temperature. (g) Evolution
characteristics of Ron and Rogr of the ITO/HFO,/ITO/PET device against the bending
radius. (h) Continuous bending fatigue test of the ITO/HfO,/ITO/PET device with a
radius of 6 mm for 1200 cycles. (i) I-V characteristic of the ITO/HfO,/Pt/PET device
at a bending radius of 2 mm. Reproduced with permission from Ref. 8. Copyright ©
2017, The Royal Society of Chemistry.

Complimentary Contributor Copy



Flexible Resistive Switching Memories 169

2
S

300 400 500 600 700 800 900
Wavelength (nm)

f B £ aooy SE N/k-
4 {8 ; . e
\ f - \/\ T
X 1E-S
.'j s o ON state —EON,
l/ - OFF state 1E6 flpdlis

=3
—
IS

Current (A)
.
.
.
o
.

cagin o 220 o S 6 B Sogatin BT SN2 NN N
¢ | R R ¢
1E-9 | L X 1E-8
1E-8 B
A5 -0 05 00 05 10 15 0 100 200 300 400 500 0 200 400 600 800
Voltage (V) Number of cycles Number of bending cycles

@)= ’\ﬁ"'_ )l ~NT (" \/f."—-
I\ "'j‘\/ i\

45 -0 05 00 05 10 1S S8 D 0E 00 BS 1D A5 -0 05 00 05 10 1S
Voltage (V) Voltage (V) Voltage (V)

”

Current (A)
( urrent (A)

©

Figure 5. Switching performance of the flexible and transferable ITO/hBN/FLG/PDMS
resistive switching device. (a) Schematic device fabrication process on any desired
substrate. (b) and (c) are the chemical structures of graphene for the bottom electrode
and hBN for the switching layer, respectively. (d) Schematic of the device on a soft
PDMS substrate. (e) Optical transmittance of the device. The inset shows the actual
memory device (highlighted by the closed region), indicating transparent
characteristics. (f) I-V characteristic of the device in the flat state after electroforming
process. (g) 500 consecutive switching cycles of the device in the flat state. (h)
Bending test of the device with 14 mm radius. Inset: Actual transparent flexible
ITO/hBN/FLG/PDMS device on a PET substrate. Switching characteristics of the
ITO/hBN/FLG/PDMS memory labels tagged on (i) a rough and soft wallet and (j) a
centrifuge tube with ~8 mm radius, and (k) attached onto fingers. Reproduced with
permission from Ref. 50. Copyright © 2017, American Chemical Society.

If the bending radius is further decreased, the memory window of the
device starts to deteriorate and finally disappears at 2 mm bending radius
(Figure 4g). This was attributed to the formation of cracks in the ITO
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bottom electrode, rather than in the HfOx switching layer. After replacing
the ITO bottom electrode with more durable Pt deposited by RF magnetron
sputtering, highly stable bipolar resistive switching behavior can be
observed even at a bending radius as small as 2 mm, as confirmed in
Figure 4i. These results demonstrate that with careful design of the
microstructure and structure of devices, it is possible to fabricate high-
performance flexible resistive switching memories by all-vapor methods.
For more realistic applications, the fabrication of flexible resistive
switching memories on arbitrary nonconventional substrates (for example,
soft and non-planar ones) is highly desired. However, for common oxide
switching layers and metal electrodes, the detachment phenomenon under
repetitive bending or strain conditions is very significant due to their poor
adhesion property. To solve this issue, Qian et al. [50] recently proposed
and demonstrated a flexible ITO/hBN/FLG/PDMS resistive switching
device that can be transferred to arbitrary substrates without performance
degradation, as shown in Figure 5. The key point is to use hBN as the
switching layer, few-layer graphene (FLG) as the bottom electrode and
PDMS as the substrate, wherein hBN and FLG are intrinsic 2D materials
with good adhesion properties and PDMS is a typical soft substrate. The
detailed device fabrication process is schematically illustrated in
Figure 5a—d. In short, the ~5 nm CVD-deposited hBN switching layer was
first transferred to a commercially available FLG/Cu foil substrate via a
conventional wet transfer approach. Then the hBN/FLG bilayer was
transferred to the desired PDMS substrate after Cu foil etching by an
ammonia persulfate solution. Finally, the ITO top electrode with a
diameter of ~250 um was covered by RF magnetron sputtering with the
help of a hard shadow mask. Figure 3e demonstrates that the device has
good optical transmittance of ~85% over the visible wavelength range. For
switching performance, the device shows steady bipolar resistive switching
behavior during 500 operation cycles in the flat state and little memory
window degradation during 850 bending cycles with a 14 mm radius
(Figure 5f-h). More importantly, after the device was stuck onto a rough
and soft wallet (flat surface, Figure 5i), a centrifuge tube (~8 mm radius,
Figure 5j) or even fingers (Figure 5k), it was still completely switchable
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and operated normally. These results demonstrate that the flexible
ITO/hBN/FLG/PDMS resistive switching device can conform to various
objects with robust operation and reliable switching characteristics,
promising an opportunity for epidermal electronics applications.

The application of flexible resistive switching memories in harsh
environments such as photon radiation and high temperature is an
emerging and important research topic. Apparently, conventional flexible
resistive switching memories with organic substrates and low-temperature
fabrication are insufficient for such application. As a preliminary attempt,
Yang et al. [49] recently demonstrated a flexible Au/BaTio.95C00.0503
(BTCO)/SrRuO3(SRO)/mica resistive switching device. To fabricate the
device, a 10 um-thick mica substrate was first separated from fluorocrystal
mica (AIF2010SizsMg) by mechanical exfoliation. Then the BTCO/SRO
bilayer was grown on the mica substrate by PLD at 680°C and 1 Pa oxygen
pressure. The BTCO/SRO/mica tri-layer structure is semitransparent in the
visible region. Finally, the Au top electrode was also covered by PLD but
at 25°C and 10 Pa oxygen pressure. In the flat state, the device shows
stable bipolar resistive switching behavior with endurance up to 10° cycles
and data retention over 2 x 10* s. At a 2.2 mm bending radius or after
10,000 bending cycles with 3 mm radius, there is almost no degradation in
device performance. More importantly, even at a 2.2 mm bending radius,
the device can work properly under visible photon radiation of 150
mW/cm? and between 25~180°C or even after being annealed at 500°C.
These results suggest that the Au/BTCO/SRO/mica resistive switching
device is very promising for wide use in wearable devices, flexible display
screens, and so on.

3.2. Vapor-Solution Hybrid Methods

Normally, electrodes deposited by vapor-type methods have higher
conductivity and adhesion properties, while switching layers deposited by
solution-type methods have huge advantages such as simple fabrication
and low cost.
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Figure 6. Switching performances of flexible (a—c) Ag/cellulose:Ag/Al foil and (d—i)
Au/HKUST-1/Au/PET resistive switching devices. (a) |-V characteristic of the
Agl/cellulose:Ag/Al foil device in the flat state. Inset: Schematic device structure.
Current evolution characteristics of ON and OFF states of the Ag/cellulose:Ag/Al foil
device against (b) strain level and (c) bending cycle with a 2.5 mm radius. Reproduced
with permission from Ref. 22. Copyright © 2014, Macmillan Publishers Limited, part
of Springer Nature. (d) -V characteristics of the Au/HKUST-1/Au/PET device in the
flat state. Insets: Forming process and schematic configuration of the device. Evolution
characteristics of (€) Ron and Rore and () Vser and Vieser Of the AU/HKUST-1/AU/PET
device against the bending radius. Evolution characteristics of (g) Ron and Rorr and (h)
Vet and Viyeser OF the AU/HKUST-1/AU/PET device against the bending cycle. (i)
Retention characteristic of the Au/HKUST-1/Au/PET device under bending. The data
in (g—i) were all collected at 4.5 mm bending radius, corresponding to a strain level of
about 2.0%. Reproduced with permission from Ref. 74. Copyright © 2015, WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.

To combine these two points together, a large number of flexible
resistive switching memories have been fabricated by wvapor-solution
hybrid methods. The involved vapor-type methods are mainly DC and RF
magnetron sputtering, [13, 22, 76] thermal evaporation [15, 66] and
electron beam evaporation [63] for metal electrodes and CVD for graphene
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electrode, [64] whereas the involved solution-type methods for switching
layers are mostly spin coating, [63, 66] drop casting, [22] spray coating,
[81] inkjet printing [76] and liquid phase epitaxy [74]. With these solution-
type methods, organic materials (e.g., Algs, [18] egg albumen, [82] GO,
[55] PS:PCBM, [66] PMMA:P3HT, [64] cellulose:Ag, [22] PMMA:Fe30,
[80] and HKUST-1 [74]) have become the dominating material for
switching layers. Many flexible resistive switching memories with superior
device performance under bending have been demonstrated using vapor-
solution hybrid methods. Nagashima et al. [22] reported a flexible
Ag/cellulose:Ag/Al foil resistive switching device that can work properly
at a record low bending radius of 350 pum, as shown in Figure 6a—b. The
cellulose:Ag switching layer and the Ag top electrode were deposited by
drop casting and sputtering, respectively. Such high bending tolerance of
the device was attributed by the authors to the small width (4 nm) of
cellulose nanofibers and network structure in the cellulose:Ag switching
layer. Moreover, the device shows almost no degradation in the memory
window after 10° bending cycles with 2.5 mm radius, as demonstrated in
Figure 6¢c. On the other hand, Pan et al. [74] reported a flexible
AU/HKUST-1/AU/PET resistive switching device that can work properly
under a strain of as high as 2.8%, as shown in Figure 6d—f. The HKUST-1
switching layer and the Au top and bottom electrodes were deposited by
liquid phase epitaxy and sputtering, respectively. Under a strain level of
about 2.0%, the device shows no degradation in Ron, Rorr, Vset and Viyeset
after 160 bending cycles and stable data retention of >10* s, as confirmed
in Figure 6g-i. Also, excellent switching endurance of >107 cycles has
been demonstrated at such strain level, as shown previously in Figure 3d.
Such high device performance under bending was attributed by the authors
to the peculiar metal-organic framework structure of HKUST-1 that can
possess the features of both inorganic and organic materials.

With vapor-solution hybrid methods, the fabrication process of flexible
and transferable resistive switching memories can be greatly simplified.
This is because the adopted organic switching layers can directly act as the
protecting layer during transfer process, [64, 80, 82] while for devices
fabricated by all-vapor methods, an additional organic protecting layer has
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to be deposited before and removed after the transfer process [50]. Lin et
al. [80] recently reported a flexible and transferable resistive switching
device with a spin-coated PMMA:Fe;O4 layer acting as the switching and
protecting layers simultaneously, as shown in Figure 7a. The bottom and
top electrodes of the device are both thermally evaporated Al. After being
transferred onto a PET substrate, the device shows very stable bipolar
resistive switching behavior with a high memory window of ~10°, before
and after being bended from 2-cm-long flat state to lengths of 1.6, 1.2, 0.8
and 0.4 cm even up to 10* cycles, as demonstrated in Figure 7b—d. More
importantly, the device shows almost similar resistive switching behavior
after being transferred onto a flexible printing paper, a glass dome
hemisphere with a 3-D surface, a PDMS substrate and second transfer on
to a latex glove, and even a pectin substrate and then onto skin (Figure 7e—
h), indicating very high transfer performance. Similarly, Lai et al. [64] and
Zhu et al. [82] succeeded in the fabrication of flexible and transferable
Al/PMMA:P3HT/graphene and Ag/egg albumen/Al resistive switching
devices with high performance, respectively. All these results demonstrate
the easy fabrication of high-performance flexible and transferable resistive
switching memories by vapor-solution hybrid methods.

The vapor-solution hybrid methods have also been demonstrated as the
optimal approach for fabricating high-performance flexible crossbar
resistive switching memory arrays with integrated selection devices. For
realistic applications, the integration of selection devices such as transistors
and diodes is indispensable to settle the sneak-path issue that can lead to
serious misreading problems [4, 83]. Unfortunately, inorganic flexible
crossbar resistive switching memory arrays with a one transistor-one
resistor (1T1R) or a one diode-one resistor (1D1R) integration architecture
by all-vapor methods are poor in bending performance, showing a bending
radius of no less than 8.4 mm and strain no larger than 0.25% [36, 38].

To make a breakthrough, Ji et al. [66] proposed and fabricated an
organic flexible crossbar resistive switching memory array with a 1D1R
integration architecture by the vapor-solution hybrid method, where the
diode and memory stacks are Au/P3HT/AlI and AIl/PS:PCBM/AI,
respectively. The P3HT and PS:PCBM functional layers were both
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deposited by spin coating, with all metal layers by thermal evaporation.
They found that the memory cells in the integrated Au/P3HT/AIl/
PS:PCBM/AI 1D1R array on a flexible PEN substrate can work properly
with a superposed |-V characteristic of discrete Au/P3HT/AI diode and
Al/PS:PCBM/AI memory cells, as shown in Figure 8a—c.
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Figure 7. Switching performance of the flexible and transferable AI/PMMA:Fe;04/Al
resistive switching device. (a) Schematic device fabrication process by transfer
approach. (b) 1-V characteristics of the device on a PET substrate before and after 10*
bending cycles. Evolution characteristics of Ron and Rore 0f the device on a PET
substrate against (c) the bending length and (d) the bending cycle. Inset in (b): Optical
image of device on a PET substrate under bending. Demonstrations of the device stuck
onto various nonconventional substrates with the corresponding 1-V characteristics
alongside, including (e) a flexible printing paper, (f) a glass dome hemisphere with a 3-
D surface, (g) a PDMS substrate and second transfer on to a latex glove, and (h) a
pectin substrate and then onto skin. Reproduced with permission from Ref. 80.
Copyright © 2017, AIP Publishing LLC.
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Figure 8. Switching performance of the flexible Au/P3HT/AI/PS:PCBM/AI/PEN
1D1R resistive switching device. -V characteristics of (a) 1R, (b) 1D and (c)
integrated 1D1R devices. (d) I-V characteristics of the 1D1R device before and after
being bended, twisted and rolled. Inset: Optical image of the device being rolled.
Evolution characteristics of ON state current, OFF state current, ON/OFF current ratio
and reverse leakage current of the 1D1R device against (e) strain level and (f) twist
angle. Inset in (e): Optical images of the device under various bending conditions.
Inset in (f): Optical images of the device under various twist angles. (g) Programmed
current states of four 1D1R cells in the 8 x 8 crossbar array. (h) Current path through
the four programmed 1D1R cells. (i) The output currents histogram exhibiting the
letter ‘KIST’ by standard ASCII characters within the 8 x 8 1D1R crosshar array.
Reproduced with permission from Ref. 66. Copyright © 2013, Macmillan Publishers
Limited, part of Springer Nature.

More importantly, the cells show no degradation in switching
performance even under bending with a 3.4 mm radius (corresponding to a
large strain of 1.85%) or under a 30° twisting, as demonstrated in Figure
8d-f. Also, as expected, the sneak-path issue has been successfully settled
in the fabricated flexible 1D1R crossbar array (Figure 8g-i). More
interestingly, Nau et al. [18] recently reported the integration of Al/Ca/rr-
P3HT:PCBM/ITO photodiodes with Ag/Algs/Ag/Al resistive switching
memory cells by vapor-solution hybrid methods, leading to a Ag/Alqgs/Ag/
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Al/Ca/rr-P3HT:PCBM/ITO 1D1R crossbar array able to detect and store
image information simultaneously.

3.3. All-Solution Methods

With unparalleled advantages of simple fabrication and low cost, the
fabrication of flexible resistive switching memories by all-solution
methods is increasingly attractive in the past few years. The involved
solution-type methods include inkjet printing, [30, 33, 35] screen printing,
[30, 35] electrohydrodynamic (EDH) printing, [23, 69] reverse offset
printing, [69] Langmuir-Blodgett method, [30] etc. With these methods, a
lot of flexible resistive switching memories have been fabricated thus far,
which can be roughly grouped into two types based on switching layer
materials.

The first type refers to flexible resistive switching memories with
inorganic switching layers such as TiO, [35] ZrO,, [84] MoO/MoS,, [30]
WO,/WS; [30] and spin-on-glass [33]. Bessonov et al. [30] reported a
flexible and multifunctional Ag/MoOx/MoS,/Ag/PEN resistive switching
device, as shown in Figure 9a—f. The MoO,/MoS; switching layer was
fabricated by the Langmuir-Blodgett method with post-oxidation in air,
while the Ag bottom and top electrodes were deposited by screen printing
and inkjet printing, respectively. In the flat state, the device shows stable
bipolar resistive switching behavior with a high ON/OFF ratio of >10* and
a low operation voltage of <0.2 V (Figure 9a), accompanied by remarkable
memcapacitive characteristics (Figure 9b) and a frequency-dependent
memory window (Figure 9c¢) which can be used for applications in
advanced computer logic and non-volatile memory. Also, synaptic short-
term and long-term potentiation (STP and LTP) behaviors have been
mimicked using this device (Figure 9d-e). More importantly, the device
shows no performance degradation during repeated bending up to 10,000
times with 10 mm radius (Figure 9f), which is highly promising for
flexible memory application.
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Figure 9. Switching performances of flexible (a—f) Ag/MoO,/MoS,/Ag/PEN and (g—k)
Ag/PVA:MoS,/Ag/PET resistive switching devices. (a) |-V characteristic, (b)
memcapacitive characteristic and (c) frequency-dependent switching of the Ag/MoO,/
MoS,/Ag/PEN device. Inset in (a): Schematic device structure. Demonstration of
synaptic (d) STP and (e) LTP functions based on the Ag/MoOx/MoS,/Ag/PEN device.
(f) I-V characteristic evolution of the Ag/IMoO,/MoS,/Ag/PEN device against the
bending cycle with 10 mm radius. Reproduced with permission from Ref. 30.
Copyright © 2014, Macmillan Publishers Limited, part of Springer Nature. (g)
Schematic fabrication process of the Ag/PVA:MoS,/Ag/PET device by all-printing
approach. (h) Optical image and (i) -V characteristic of the Ag/PVA:MoS,/Ag/PET
device. Evolution characteristics of Ron and Rorr Of the Ag/PVA:MoS,/Ag/PET device
against (j) the bending cycle with a 5 mm radius and (k) the bending diameter. Inset in
(i): Optical image of the device in a bending machine. Inset in (k): Optical image of the
open circuit device by bending tol mm radius, exhibiting clearly the crack-induced
broken electrodes. Reproduced with permission from Ref. 69. Copyright © 2016,
Macmillan Publishers Limited, part of Springer Nature.
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Figure 10. Switching performance of the flexible Ag/TiO./C/paper resistive switching
device. (a) Schematic device fabrication process by an all-printing approach. (b) 1-V
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Sequence of pictures showing the ignition process of the device at 250°C within 4 s,
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being shredded and the corresponding optical microscopy images. Reproduced with
permission from Ref. 35. Copyright © 2014, American Chemical Society.

The other type refers to flexible resistive switching memories with
organic-inorganic composite switching layers such as PVA:MoS,, [69]
PVOH:hBN [23] and PVOH-ZnSnOs [70]. Rehman et al. [69] reported a
flexible Ag/PVA:MoS,/AQ/PET resistive switching device fabricated by
the all-printing approach, as shown in Figure 9g-k. The Ag bottom
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electrode, PVA:MoS; switching layer and Ag top electrode were deposited
in sequence by reverse offset printing, EDH atomization printing and EDH
patterning printing, respectively (Figure 9g-h). The device can exhibit
stable bipolar resistive switching behavior even after 1,500 bending cycles
with a 5 mm radius or when being bended with a >1 mm radius (Figure 9i—
K). If further bended to a <1 mm radius, the device will fail with an open
circuit state due to crack-induced breakage of top and bottom Ag
electrodes, as shown by the inset in Figure 9k.

With all-solution methods (more precisely, all-printing approaches),
the fabrication cost of flexible resistive switching memories can be further
reduced by the use of paper as substrates [35]. Since paper substrates are
rough and porous due to their fibrous nature, they are not compatible with
the conventional physical and chemical vapor deposition methods [85].
Besides lower cost, paper substrates are also foldable, retrievable,
disposable and even biodegradable [85]. Lien et al. [35] fabricated a
flexible Ag/TiO,/Clpaper resistive switching device by the combination of
screen and inkjet printing techniques, as shown in Figure 10a. The device
can exhibit stable bipolar resistive switching behavior when bended with a
>10 mm radius or even after 1000 bending cycles with 10 mm radius
(Figure 10b-d). Also, the device can work properly after stuck onto
undeformed, compressed and stretched skin of the human body
(Figure 10e—g). More importantly, the device can be burned off easily by
being lit with a match or heated over 250°C (Figure 10h-i), leading the
stored data to be eliminated totally and irreversibly. Alternatively, the
stored data can be destroyed by simply shredding the device, as confirmed
in Figure 10j.

4. CHALLENGES AND PROSPECTS

Due to the great efforts devoted by scientists all around the world in
the past decade, significant progress has been made in the field flexible
resistive switching memories thus far. Nevertheless, the commercialization
of flexible resistive switching memories still faces some serious
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challenges. First, a thorough understanding of the dependence of device
bendability on switching mechanisms (for example, ion migration vs.
charge trapping/de-trapping) and device structures (for instance, vertical
vs. planer) is urgently needed. Such knowledge will be highly beneficial to
the performance optimization of flexible resistive switching memories in
the future. It is also necessary to introduce organic electrodes into flexible
resistive switching memories, as the inorganic electrodes have been
demonstrated as the main limit for device performance when working
under severe bending conditions [8, 69]. Finally, studies of flexible
resistive switching memories under twisting and stretching conditions
deserve much attention, because real application environments of flexible
electronic devices are usually more complex than being only bended. With
all these challenges resolved, flexible resistive switching memories will
certainly be a popular component in our day-to-day flexible electronic
devices in the near future. In addition, further research of flexible resistive
switching memories for novel logic-in-memory and synaptic emulation
applications should be investigated, as this could lead to a great revolution
in computing architecture [29, 31].
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IMPROVING THE OCTANE NUMBER
OF GASOLINES THROUGH
THE TRANSFORMATION OF N-HEXANE
INTO BRANCHED ISOMERS

Angela Martins* and Nelson Nunes
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CQB and CQE, Universidade de Lisboa, Lisboa, Portugal

ABSTRACT

A tendency to eliminate benzene and other aromatic hydrocarbons
from gasoline, keeping a high-octane number, is a current topic in
refining industry due to strict environmental legislation. Therefore, the
transformation of short chain n-paraffins (n-pentane or n-hexane) into
branched isomers, with minimal cracking, is one of the key processes in
the production of high octane gasolines through catalytic
hydroisomerization reactions. These reactions are generally carried out
over bifunctional heterogeneous catalysts, containing small amounts of

* Corresponding Author Email: amartins@deq.isel.ipl.pt.
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metal particles, like platinum or palladium, dispersed on an acid support
such as zeolites.

According to the bifunctional mechanism, linear alkanes, such as n-
hexane, suffers dehydrogenation on a metallic site, resulting on n-hexene.
This reactive intermediate undergoes one or more skeletal isomerization
reactions on the acid sites, or even cracking, before being hydrogenating
on another metallic site, resulting in a mixture of dimethylbutanes,
methylpentanes, or cracking products. The balance between the number
of active sites, acid and metallic, as well as the pore geometry and
accessibility to molecular transport are determinant factors that influence
the product distribution, being dimethylbutanes (2,2 and 2,3-
dimethylbutane) the most desired products due to their higher RON
(research octane number) and cracking products the ones to be avoided.

This chapter aims to provide a comprehensive examination of the
different catalysts used in hydroisomerization reactions, focusing: the
acid support, mainly zeolites, the precious metals that offer the
hydrogenating sites and the methodologies used to produce effective
bifunctional catalysts. This chapter will survey the catalysts used in
industrial refining processes as well as new trends from the academic
research.

1. INTRODUCTION

Nowadays, over 80 million barrels of petroleum are processed in
refineries around the world to meet the demands for liquid transportation
fuels such as gasoline, diesel and jet fuel. Despite the advances performed
on automotive industry such as electric and hybrid cars, worldwide
consumption of transportation fuels continues to grow and is expected to
remain strong in the next decades.

The quality of fuels, specifically gasoline, is evaluated by measuring
its octane rating or octane number which quantifies the resistance of a
gasoline and other fuels to detonation (engine knocking) in spark-ignition
internal combustion engines. Therefore, higher octane number means
higher knocking resistance tendency. This property is measured in a test
engine against a mixture of isooctane and n-heptane. If a gasoline sample
has the same anti-knocking quality as that of a mixture containing 95%
isooctane and 5% n-heptane, so the octane number for that sample is 95.
Some hydrocarbons have higher anti-knocking capacity than isooctane,
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such as, for example benzene. Therefore, octane number definition is
extended to allow octane numbers higher than 100. Depending on the
measurement techniques there are mainly two definitions of octane
number, the Research Octane Number (RON) and the Motor Octane
Number (MON). The most commonly used octane number is RON and is
determined by running the fuel in a test engine under controlled conditions
and variable compression ratios, the results are then compared with those
obtained with known compositions of isooctane and n-heptane. On the
other hand, the determination of MON uses a similar test engine but with a
preheated fuel mixture, higher engine speed (900 rpm instead of 600 rpm
used in RON) and a variable ignition timing to further stress the knocking
effect. Table 1 exemplifies the RON and MON values for a series of
hydrocarbons. As can be observed, for molecules with the same number of
carbon atoms, there is an increase on both RON and MON with the degree
of branching of the molecules [1].

Environmental regulations are requiring significant improvements in
the quality of diesel and gasoline in many parts of the world. For instance,
the oil and auto industry have been working in a cooperative effort called
the Auto-Oil Air Quality Research Program to understand the relationship
between fuel composition and vehicle emissions. This collaboration aims
to implement cost-effective improvements, both in automotive industry
and refineries, to minimize the adverse impacts of the combustion fossil
fuels on the environment. [2]. On the other hand, Environmental Agencies
from Europe and United States impose strong regulations to improve the
quality of diesel and gasoline. For the European Union, since 2005, the
regulation for gasoline with a minimum research octane number of
95 (RON = 95) the maximum limits comprise 50 ppm for sulfur, 35%
aromatics, with 1% maximum in benzene, 2.7% oxygen and 18% olefins
(values expressed in v/v%) [3]. To satisfy environmental regulations and,
simultaneously, keeping a high-octane number to ensure the good quality
of gasolines the refineries implemented some modifications in the last
decades in order to transform low octane number molecules such as
n-pentane (Cs) and n-hexane (Cs) into high octane multibranched isomers
[4]. For n-hexane, two types of isomers can be formed, monobranched and

Complimentary Contributor Copy



190 Angela Martins and Nelson Nunes

dibranched isomers (Figure 1). Monobranched isomers are 2-methyil-
pentane and 3-methylpentane, with octane number of about 75. Dibranched
isomers are 2,2-dimethylbutane and 2,3-dimethylbutane, with octane
number higher than 90. Therefore, the operation conditions and the
catalysts used in the isomerization process are focused to privilege the
formation of dibranched isomers.

Table 1. Octane number expressed as RON and MON for several
hydrocarbons. Adapted from [1]

Molecule RON MON
n-Butane 94 89.1
n-Pentane 61.7 61.9
Isopentane 92.3 90.3
2,2-Dimethylbutane 91.8 93.4
2,3-Dimethylbutane 100.5 94.3
2-Methylpentane 73.4 735
3-Methylpentane 74.5 74.3
n-Hexane 24.8 26
2,2-Dimethylpentane 92.8 93
2,3-Dimethylpentane 91.1 89
2,4-Dimethylpentane 83.1 82
3,3-Dimethylpentane 80.8 84
2-Methylhexane 42.4 45
3-Methylhexane 52 55.8
Benzene 105 102.8
n-Heptane 0 0
Isooctane 100 100
CH
/\)\ ’ H3C/\‘/\CH3
HsC CHs CHs

2-methylpentane

HSC>(\CH3

HaC CH,

2,2-dimethylbutane

3-methylpentane

CHjz

Hs;C CHs

CHj
2,3 dimethylbutane

Figure 1. Monobranched and dibranched isomers obtained from isomerization of
n-hexane.
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2. THE ISOMERIZATION PROCESS

2.1. The Feed

In a typical refinery plant, crude oil entering the process is first
fractionated according to the different boiling ranges — atmospheric
pipestills (APS) and vacuum pipestills (VPS). Both APS and VPS are then
submitted to several transformations, most of them occurring in the
presence of catalysts. A simple schematic representation of a typical
refinery is displayed in Figure 2.

The lighter liquid petroleum fraction in the gasoline boiling range is
called naphta, which can be processed in several ways such as
isomerization, hydrotreating and/or reforming. The destilate fraction in the
range needed to produce diesel and jet fuel is either hydrotreated to remove
heteroatoms such as sulfur and nitrogen or hydrocracked to produce
gasoline. The next boiling fraction is called vacuum gas oil (VGO) is
commonly sent to the fluid catalytic cracking (FCC) unit. Hydrotreating of
the VGO prior to FCC is common in order to avoid catalysts poisoning.
The heaviest residual fraction contains the highest concentration of
poisonous that cannot be treated in processes involving catalysts. So, these
molecules are usually converted through non-catalytic thermal processes
known as Coking which generates lighter liquid streams and a solid coke
by-product [5]. In brief, the purpose of petroleum refinery is the complex
redistribution of atoms aiming to accomplish fuel composition
requirements, especially the octane number.

The isomerization processes are relatively flexible regarding the feeds
that can be processed. The Cs and Cs feeds come either from the straight-
run crude distillation — naphta — or from the catalytic reforming. For the
naphta pool, the distillation cut point is chosen at around 70 — 80°C to
avoid the presence of large amounts of benzene, cyclohexane and
hydrocarbons with more than seven carbon atoms since the presence of
these compounds in the isomerization feed unit causes the decrease in the
final octane number. Commonly, the contents usually allowed are: 2% for
benzene, 1-2% for cyclohexane and less than 2% for Cs. hydrocarbons.
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Considering the reformate, its composition is separated in two fractions:
one of them containing heavy C-+ molecules and another one containing
lighter molecules and benzene. This light reformate can be sent to the
isomerization unit after hydrogenation, alone or mixed with naphta.

Table 2 displays a typical isomerization feed. Depending the origin of
the feed the Cs/Ce ratio may vary [1].

Isomerization

Naptha

——— Hydrotreating

Reforming

I

Alkylation, MTBE

Dimerization
L Diesel, Jet
Fuel
C3=,G4=, i-Cy
Fluid
— Catalytic
—|—— Cracking

Hydrotreating
Cg".clle APD Hydrocracking
i
R 1 |
VGO
VPD Resid Hydrotreating

Vacuum
Resid.

Coking

Figure 2. Simplified scheme for a typical refinery.

Non-
Transportation
Fuels

Table 2. Typical composition of the isomerization feed

Component wt. %
Isopentane 20.0
n-Pentane 29.0
Cyclopentane 1.0
2,2-Dimethylbutane 0.3
2,3-Dimethylbutane 15
2-Methylpentane 11.0
3-Methylpentane 8.2
n-Hexane 19.5
Methylcyclopentane 5.0
Cyclohexane 15
Benzene 2.0
Crs 1.0
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2.2. The Catalysts

The isomerization reaction is very slightly exothermic (AH = -4 to -20
kJ mol?) and is independent of pressure, since there is no change in the
number of moles between reactants and products. The thermodynamic
equilibrium curves presented on Figure 3 show that the most desired
isomers, considering its octane number, are formed at low temperature
[4,6]. Industrially, the softer operation temperature possible is necessary to
get maximum high-octane number isomers. The catalysts used in this
process have to be very active in order to maximize the vyields of
dibranched isomers by working at the lowest temperature [4].

60
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Figure 3. Equilibrium distribution of hexanes.

The industrial use of isomerization catalysts started in 1933 when
researchers showed that n-hexane and n-heptane could be isomerized in the
presence of Friedel-Crafts AICI; catalysts, which exhibit very high activity
at low temperature, ranging from 80 to 100°C. However, these catalysts
were difficult to handle since they were very sensitive to impurities in the
feed and generated reactor corrosion. Nowadays, there are three types of
industrial catalysts operating in refineries worldwide. They are all based in
bifunctional catalysts consisting in a noble metal, generally Pt, dispersed
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on an acidic support and operate in the presence of hydrogen, being this the
reason why the process in also known as hydroisomerization. The acidic
support currently used in most refineries are: chlorinated alumina and
zeolites. Sulfated zirconia is also an industrial catalyst, although much less
used.

The main properties of the three most used industrial catalysts are
resumed in Table 3.

Table 3. Main properties of chlorinated alumina, sulfated zirconia and
mordenite based catalysts

Catalyst Pt/chlorinated alumina | Pt/sulfated zirconia | Pt/mordenite
Activity High Medium Low
Sensitivity High Medium to low Low

to contaminants

RON gain 12-14 10-12 8-10

In the following sub-subsection, a small description of these three
types of catalysts is made, focusing in more detail in zeolites, since this
type of catalyst is the most used in refineries worldwide.

2.2.1. Chlorinated Alumina

Chlorinated alumina catalyst contains 6-10% and 0.2-0.5% Pt (wt. %).
The reaction is usually performed at low temperature (120 — 200°C), which
favors the selectivity to multibranched isomers. Earlier methods for
catalysts preparation involved the reaction of Pt/Al,Os; with CCls or AIClI;
at 500°C, or a succession of both, which creates a surface with very strong
Lewis acid sites but implies that the solids need to be converted into
Friedel-Crafts catalysts by treatment with HCI [7, 8]. Nowadays it is
preferred to impregnate alumina with a solution containing organochloro-
aluminic compounds such as the sesquichloride (Al.Cl3(C;Hs)s) or the
dichloride (Al.CI,C;Hs) and then activate such precursors either at high
temperature in the presence of chlorine compounds or under milder
conditions [9]. Although more active and selective than other types of
catalysts, chlorinated alumina catalysts present the disadvantage of
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requiring the continuous adding of chlorine during the process which
causes corrosion of the reactor. On the other hand, this catalyst is highly
sensitive to all kinds of feed contaminants, especially water and sulfur
[4, 10].

2.2.2. Sulfated Zirconia

Sulfated zirconia is an attractive catalyst for the isomerization of short
chain linear paraffin since it offers a good alternative for the corrosive
halogen containing solid catalysts at the medium operation temperature
(200-280°C) allowing a good selectivity to the desired dibranched isomers
and can be regenerated, which is an important advantage when compared
to chlorinated alumina catalysts. Zirconia modified with sulfates, typically
around 2.0 wt.% in sulfur [11] showed improved catalytic activity and
stability since the presence of sulfates increases the content of catalytically
active tetragonal crystal phase, transforming the catalysts into a super acid
[11, 12].

Sulfated zirconia has been reported to isomerize n-hexane even at
room temperature in the absence of the metal function, but the catalysts
deactivation is fast. To solve this problem, noble metal Pt or Pd are
generally loaded in the catalyst acting as metal function, with an optimum
metal loading of about 0.15 wt. % being reported [11]. The high costs
associated to noble metals led to some attempts to develop new non-
precious metal loaded sulfated zirconia, using metals such as Cr, Mn, Fe,
Co and Ni, being Ni the one that attracted most attention [13]. As an
alternative, mixtures of metals, allow decreasing the cost associated to the
metal function, and, simultaneously synergistic effects between the two
metals were also noticed, as reported by Ma et al. that studied the effect of
Pd-Ni and observed that the presence of the two metals increased both
conversion and selectivity in n-hexane isomerization [14]. Nevertheless,
sulfated zirconia type catalysts generally suffer from extreme sensitivity to
feedstock poisons, particularly water, which makes them less attractive in
industrial applications.
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2.2.3. Zeolites — Mordenite (MOR) Based Catalysts

Zeolitic catalysts are much more tolerant to feedstock contaminants,
such as water and sulphur, and this higher tolerance often compensates
their lower activity and selectivity, since the operation temperature (250-
270°C) is higher than the one used with other catalysts and does not
privilege the formation of dibranched isomers. Mordenite zeolite (MOR
structure) loaded with small amounts of Pt (less than 1 wt. %) is the most
used isomerization catalyst due to its high thermal stability and strong
acidity.

MOR is a natural zeolite, although in industrial applications the
synthetic version of the zeolite is mostly used. MOR structure (Figure 4) is
comprised by a tubular porous network, without cavities, presenting large
parallel channels with elliptic openings (6.7 x 7 A) connected through
small channels (2.9 x 5.7 A) [15].

The diffusion of small molecules such as N, or O, is made through
both channel systems. However, larger organic molecules, such as n-
hexane, only diffuse through larger channel, so from the catalytic
perspective this zeolite structure is considered unidirectional [16].

Commercial isomerization catalyst comprises alumina binded to
platinum impregnated dealuminated MOR zeolite. The influence of silica
to alumina (Si/Al) ratio of the zeolite strongly affects its catalytic behavior.
For instance, for a Si/Al ratio of 5 the relative activity for pentane
isomerization is 100 that increases for 135 for a Si/Al ratio of about 8.5 but
decreases for 84 for a Si/Al ratio of 12.5. Thus, the catalysts formulation
generally includes dealumination treatments in order to adjust the Si/Al
ratio of the catalyst. The dealumination procedures can be perform by
different methods such as steaming or acid treatments. Whatever the
method used the effects are the decreasing of the number of acid sites and
the generation of larger pores (mesopores) inside the zeolite crystallites
[17].

Concerning the catalyst activity these two effects are acting in opposite
direction, but both contribute to an optimal catalysts formulation. The loss
of active sites is a negative effect but the creation of mesoporosity makes
the remaining sites more accessible.
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,osz/

Figure 4. MOR zeolite structure [15].

On the other hand, the enlargement of the porosity decreases diffusion
limitations, which causes shorter residence times and facilitates desorption
of the reaction products, limiting the occurrence of secondary reactions [6,
18]. Alkaline treatments were also performed on MOR zeolite using NaOH
solutions to generate mesoporosity inside the zeolite pore structure and,
thus, facilitate molecular diffusion inside the unidirectional channels. It
was found that using soft alkaline treatment with 0.1 M NaOH solution led
to a slight enlarge of the zeolite porosity, preserving the acidity, that led to
an increased selectivity into multibranched isomers [19]. These results
showed that the use of zeolite structures with two levels of porosity, that is,
hierarchical structures could be an interesting tool to improve the
selectivity into multibranched isomers using zeolite-based catalysts.
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2.2.4. Other Zeolite Structures

Although Pt/MOR is currently the most used industrial zeolite-based
catalyst for isomerization of Cs-Cs linear paraffins due to its strong acidity
and thermal stability, other zeolite structures have been proposed to replace
MOR attempting to find a more active zeolite structure that can operate at
lower temperatures and thus, increase the yield in multibranched products.

7.4 7.4

\ /A /A
/0\ \/k
12-ring viewed along [00])

Figure 5. MAZ zeolite structure [15].

Among several proposals, laboratory studies performed in the
beginning of the last decade of 20" century have shown that omega zeolite
(MAZ structure) had improved catalytic properties, when compared with
MOR, giving higher yields in multibranched isomers. This effect was
attributed by Allain et al. to the higher pore dimensions of this zeolite
structure, thus decreasing the stereochemical limitations to the formation of
multibranched isomers [20]. In fact, MAZ zeolite (Figure 5) is a
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unidirectional zeolite structure, identical to MOR, but the pore openings
are round and wider (7.4 x 7.4 A and 3.1 x 3.1 A) [15]. However, it was
also shown that the number and strength of the acid sites typical of this
zeolite is very heterogeneous, with significant variations, depending on the
zeolite synthesis conditions, which makes it difficult to use this zeolite
structure in industrial scale.

ITQ-4 (IFR structure) is another unidirectional zeolite that was
proposed as an alternative acid matrix to isomerization catalysts. Chica
et al. [21] demonstrated that in spite of MOR zeolite being more active
than ITQ-4, the yield into multibranched isomers of n-hexane is about 10%
higher using the same operational conditions that was attributed to van der
Waals interactions during the adsorption steps.

The use of unidirectional zeolites as acid supports have some
limitations, since the introduction of the metal phase may cause some pore
occlusion, limiting the access of reactants to the active sites located inside
the pore structure. In this sense, several tridimensional structures have been
proposed as acid matrices for isomerization reactions, namely Y (FAU
structure) [22], Beta (BEA structure) [23, 24] ZSM-5 (MFI structure) [25]
and MCM-22 (MWW structure) [26, 27]. Among the several studied
structures the results obtained with Beta zeolite have been particularly
relevant. Chica et al. [28] studied the behavior of this zeolite structure and
compare it with traditional MOR zeolite. It was found that Beta zeolite can
be a good alternative to traditional MOR zeolite especially when
significant amount of n-heptane is present in the feed. In fact, MOR zeolite
cracked all the n-C; present in the feed and in the presence of Beta zeolite
50% of n-C; were converted into branched products [28]. The effect of the
generation of mesoporosity on tridimensional structures such as ZSM-5
and Beta zeolites is also being studied and according to Moddhera et al.
[29], hierarchical zeolite Beta was found to be able to work at milder
reaction conditions. These preliminary results show once again the good
perspectives in the use of hierarchical zeolites structures as bifunctional
catalysts for isomerization reactions that needs further exploration and
optimization.
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2.3. Reaction Mechanism

Isomerization is also called hydroisomerization since the reaction
occurs in the presence of hydrogen and requires two types of active sites:
acid sites, located inside an active support, commonly a zeolite, and a
metallic function that can be either located within the zeolite micropores
and/or on the outer surface of the crystals, or even supported on alumina,
forming a composite Pt/Al,O3-HZeolite [30]. Figure 6 shows a general
schematic representation of n-paraffin isomerization over bifunctional
Pt/HZeolite catalysts.

Pt +H,

-H, ‘ Pt
H+

n-olefin | Difusion > n-olefin > iso-olefin | Difusion > iso-olefin

H/Zeolite

Figure 6. General scheme of n-paraffin isomerization over bifunctional Pt/HZeolite.

As can be visualized from the figure above. The aim of metal sites is to
dehydrogenate saturated molecules (n-paraffin) and to hydrogenate
unsaturated ones (iso-olefins) while the role of acid sites is to isomerize or
crack the olefinic intermediates. Physical steps, comprising molecular
diffusion through the gas film surrounding the catalysts particles or along
the zeolite micropores are other essential parts of the reaction scheme.
Catalyst activity, stability and selectivity depends on two main parameters:
the diffusion path of the molecules outside and inside the pores and the
characteristics of the active sites (acid and metallic) [31].

The diffusion path of the molecules is affected mainly by the kinetic
diameter of the micropores and the distance between metal and acid sites.
These characteristics define the molecular diffusion from the acid to metal
sites (and vice-versa) as well as the average number of successive
transformations suffered by the olefinic intermediates during their
diffusion path.
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The characteristics of the active sites can be quantified by the ratio
between the metal and acid sites, that is, the hydrogenating/acid balance
(Ce/Ca). This effect was systematically studied by Guisnet and co-workers
using n-heptane and n-decane as reactants and Pt/HY zeolites as catalysts,
changing the Si/Al ratio from 5 to 40 and Pt contents from 0.07 to
1.5 wt. % [31-33]. For the particular case where n-Cio was used as a model
molecule the authors observed that [33]:

o For Cp/Ca < 0.03, (where Cp is the concentration of metal sites
and Ca is the concentration of acid sites) the reaction is limited by
the dehydro-hydrogenations steps. The catalysts stability is poor,
and a fast deactivation occurs since all products (mono, di and
tribranched isomers as well as cracking products) are formed
simultaneously.

e For Cp/Ca > 0.17 the number of acid sites found by olefinic
intermediates during their diffusion between two metal sites is
such that only one transformation occurs at the acid sites.
Accordingly, n-C10 transforms successively into mono, bi and tri-
branched isomers plus cracking products. In these conditions the
selectivity into isomers is maximal, no deactivation occurs, and the
catalyst is considered ideal.

e For intermediate Cp/Ca values a moderate deactivation occurs as
well as partially successive reaction scheme can be observed,
where more than one transformation can occur during the diffusion
of the intermediates from one metal site to the other.

The Cr/Ca ratio is naturally affected by the intrinsic acidity of the
zeolite and by the amount of Pt introduced that is generally comprised
between 0.3 and 1wt. %. The mode of Pt introduction is also a relevant
issue since the metal dispersion has a direct influence on the number and
location of the metal sites. Martins et al. [27] characterized Pt/MCM-22
catalysts whereas the same amount of Pt (1 wt %) was introduced by
several methods such as ion exchange with Pt(NH3)s** and incipient
wetness impregnation with PtClsH,. It was shown, using Transmission
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Electron Microscopy (TEM) that in the case of ion exchanged catalysts the
Pt is dispersed as very small particles inside the micropores as well as at
the external surface. On the other hand, the incipient wetness impregnation
method originated large metal particles that are restricted to the outer
surface of the zeolite crystals (Figure 7).

Another strategy to modify the hydrogenation function is the use of
mixtures of metals, being the most common Pt-Ni mixtures. This strategy
allows the reduction amount of the more expensive precious metal, Pt, and
simultaneously increases the hydrogenating capacity of the catalyst due to
the synergistic effect between the two metals, which as a positive impact
on the catalytic activity and selectivity in n-hexane isomerization reaction
[34, 35].

Figure 7. TEM images of Pt dispersed on MCM-22 zeolite by ion exchange (A) and
incipient wetness impregnation (B).

The modification on the acid function is also an alternative to modify
the Cpi/Ca ratio. For example, it is known that presence of small amounts
of rare earth elements such as lanthanum (La), ytterbium (Yb) and
neodymium (Nd) has a proven influence in the acidity of zeolites [36, 37],
being part of the formulation of FCC catalysts [38]. Following this trend,
Martins et al. [24] studied the effect of the introduction of small amounts
of rare earth elements on Pt loaded BEA zeolite and found that in the
presence of less than 0.5 wt. % of La and Nd causes an increase in catalytic
activity and selectivity into multibranched isomers. On the other hand, for
higher loadings a higher selectivity into undesired cracking products was
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noticed as a consequence of stereochemical limitations inside the zeolite
pore structure. The effect of rare earth elements was also studied on Pt
loaded MCM-22 zeolite. However, in the case of this peculiar zeolite
structure, with two independent inner pore systems, one of them containing
supercages, as well as a large external surface area, the effect of rare earth
elements introduction decreases the selectivity into multibranched isomers.
Instead, secondary reactions occurred leading to an increase selectivity into
cracking products [26].

3. INDUSTRIAL PROCESSES

Refineries worldwide use mainly chlorinated alumina or zeolite-based
catalysts in their processes. The chlorinated alumina catalysts, although
more active than zeolite-based catalysts, have the strong disadvantage of
being highly sensitive to all kinds of feed contaminants, especially water
and sulfur. Zeolite catalyst are much more tolerant to these feedstock
poisons, which generally compensates their lower catalytic activity and
selectivity [39].

Each type of catalyst has a corresponding specific process flow
scheme, which is exemplified in Figures 8 and 9.

With Pt/Chlorinated alumina catalysts the process needs to use driers
on the feed and the hydrogen due to the strong “bonds” of the catalyst to
water. It also needs a continuous chlorine injection to preserve the needed
amount of chlorine and maintain the catalyst active. The most used
chlorinated compounds are carbon tetrachloride (CCls) and
perchloroethylene (C,Cls), which is less toxic. A scrubber is also required
to eliminate the hydrochloric acid from the produced gases.

When a Pt/HZeolite is used the process must include a compressor to
recycle hydrogen. Also, due to the lower performance of zeolite-based
catalysts, when compared with chlorinated alumina ones, the unconverted
n-paraffins and even the lower-octane-number single-branched isomers are
recycled to obtain the maximum octane number. The separation of these
compounds can be carried out using large distillation columns
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(depentanizer, deisohexanizer) or by adsorption on molecular sieves [1].
The first commercial zeolite catalyst-based process was developed by Shell
and was named Hysomer® [40]. The reactor operates at 27 to 30 atm
hydrogen pressure and 250°C temperature. The gain in octane number is
reported to be up to 10 points. Sulfur is claimed to be tolerant until 35 ppm
and water level until 50 ppm does not weaken the catalytic performance. A
further octane number improvement was achieved by integrating the
zeolitic catalyst isomerization section with a molecular sieve n/iso-paraffin
separation section, where the n-paraffins adsorbed on the sieves are
removed by means of a hot hydrogen flow. This integrated solution,
presented in Figure 10 in a simplified process scheme, was developed by
UOP and was named Total Isomerization Process (TIP®) [1].

Feed —] — H, make up Gas

‘ Drier ‘ \ Drier ‘

l

r

Chlorine
injection

Stabilization
column
Reactor 3 Scrubber
‘ B—
Isomerate

Figure 8. Simplified scheme for the isomerization process using Pt/chlorinated
alumina as catalyst.

Alternative technologies using zeolites were developed by Siid-Chemie
— HYSOPAR® — that can operate at sulfur levels exceeding 50 ppm. This
process uses a Pt containing modified MOR zeolite as catalyst and had the
first commercial application in 1993, in a refinery plant belonging to
CEPSA at Algeciras (Spain). Since then more than 20 refineries around the
world employ this robust catalyst [41, 42]. In what concerns the industrial
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use of metal oxide — sulfated zirconia - catalyst at industrial scale, its
applications have been limited due to the high intolerance to feedstock
impurities.

Recycle hydrogen

Feed Furnace |
Stabilization
column

Isomerization LPG

Reactor

Compressor
O H, make up
I—/—lz ;—- Isomerate

Figure 9. Simplified scheme for the isomerization process using Pt/Hzeolite as catalyst.

/K?:ELPG

}:
L(Z ;—' Isomerate

Figure 10. Simplified diagram of Total Isomerization Process (TIP®) by UOP.

Recycle: unconverted hydrogen and n-paraffins

Feed ‘g

Isomerization
Reactor

Adsorber

Desorption
Adsorption

However, the recently developed HYSOPAR-SA® catalyst by Siid-
Chemie has proven an outstanding activity along with an improve
tolerance to feedstock impurities. The octane number over zeolite base
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catalysts is up to 3 RON points, depending on the feedstock composition,
being the catalytic activity and selectivity closer to chlorinated catalyst
than zeolitic catalysts [42].

CONCLUSION

The operation of a modern refinery nowadays is becoming more
demanding due to the world-wide public concerns about the earth
environment and health considerations. These concerns led to the
implementation of restrictive regulations all around the world. To satisfy
environmental regulations and, simultaneously maintain high-octane
number gasolines, the refineries had to find ways to transform low octane
number molecules such as n-hexane into high octane multibranched
isomers through isomerization process in the presence of bifunctional
catalysts comprising an acid and metal function. Most refineries usually
have to choose between robust, highly active and selective catalysts based
on chloride alumina, with the drawback of high sensitivity to feed
contaminants or zeolite-based catalysts characterized by their outstanding
tolerance to feedstock poisons such as sulfur and water, but with lower
activity and selectivity. Other options are being studied and optimized such
as the recently developed industrial catalyst based on sulfated zirconia or
the academic studies regarding the use of hierarchical zeolites with tuned
textural and acidic properties that may have new opportunities as
isomerization catalysts, operating at milder reaction conditions, thus
leading to high yields in multibranched isomers.
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THE APPLICATION OF STRONTIUM
DODECEYL SULFATE, SR(DS):
IN THE SYNTHESIS OF 4,4'-
DIAMINOTRIARYLMETHANES-LEUCO
MALACHITE MATERIALS

Najmeh Dashtaki and Farahnaz K. Behbahani*
Department of Chemistry, Karaj Branch,
Islamic Azad University, Karaj, Iran

ABSTRACT

A fast, efficient and versatile route for the synthesis of 4,4'-
diaminotriarylmethanes using Sr(DS); as a Lewis acid-surfactant-
combined catalyst (LASCs) in the presence of N,N-dimethyl aniline and
aryl aldehydes is reported. LASCs not only act as a Lewis acid to activate
substrate molecules, but also serve as a surfactant to form stable colloidal
dispersion systems with organic substrates. Also, the others advantages of
LASCs are easy separation and recovery, high activity, selectivity, as a
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Lewis acid to activate the substrate molecules and as a surfactant to help
to solubilize the organic compounds in water.

Keywords: Sr(DS)2; N,N-dimethyl aniline; aldehyde; catalyst, surfactant

1. INTRODUCTION

Dyes may be classified according to chemical structure or by their
usage or application methods. According to the chemical structure
classification, triarylmethane dyes are among the most important dyes.
Triarylmethane dyes are monomethine synthetic dyes with three terminal
aryl groups, of which at least one, but preferably two or three, are
substituted by a donor group para to the methane carbon atom. Due to the
importance of N,N-dimethyl aniline (DTM) compounds, several reviews
have disclosed on di- and triphenylmethane derivatives [1-5]. These
compounds have a broad range of applications in color-forming,
manufacturing of novel types of various colorless copying papers,
pressure-sensitive heat-sensitive materials, high-speed photo duplicating
copying papers, light-sensitive papers, ultrasonic recording papers,
electrothermic heat-sensitive recording papers, inks, crayons, typewritten
ribbons, and photoimaging systems[6]. Accordingly, different methods for
the preparation of the aforementioned compounds have been described
such as those from arene nucleophiles and triethyl orthoformate, or
benzhydrol in the presence of acid catalysts, [7-10] from condensation of
amines and anilines using acids [11] or zeolites [12] and also by reaction of
aniline derivatives with metal catalysts such as Pd(OAc). [13] or clay-
mediated oxidative coupling of disubstituted anilines using microwave
radiation, in which DTM derivatives were obtained in low to moderate
yields [14]. One of the most useful methods for the synthesis of DTM is
the reaction of arylaldehydes with N,N-dimethylaniline in the presence of
an acid such as sulfuric acid, HCI, p-TSA, zeolites or montmorillonite K-
10 [15-20]. Although different methods for the preparation of the
aforementioned compounds have been described, most of them however,
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suffer from drawbacks such as the use of corrosive acids or toxic or
hazardous chemicals, excess of solvents and harsh reaction conditions,
which will result in generation of waste streams, complicated workup
procedures, byproducts and isomeric mixtures and consequently, low
yields. Therefore, there is still a demand to search for a better catalyst with
regards to toxicity, selectivity, availability and operational simplicity for
the synthesis of triarylmethane compounds.

LASCs (Lewis acid-surfactant-combined catalyst) firstly developed by
Kobayashi [21-22] as one of the most widespreadly investigated catalytic
system, has attracted increasing attentions during the past decades. Not
only LASCs act as a Lewis acid to activate substrate molecules, but also
serve as a surfactant to form stable colloidal dispersion systems with
organic substrates. Most reports on LASCs enhanced on their uses in
organic reactions such as aldol, Diels—Alder, allylation of aldehydes,
propargylamines  reactions, asymmetric  hydroxylation, hydroxy-
methylation, ring—opening reactions and so on [23]. Also, due to easy
separation and recovery, high activity, selectivity, as a Lewis acid to
activate the substrate molecules and as a surfactant to help to solubilize the
organic compounds in water, there is still demand for developing LASCs
and its usage in organic transformations.

In this communication, we wish to report a green synthesis method for
the preparation of DTMs using arylamines and aldehyde derivatives in the
presence of strontium dodecyl sulfate as a LASCs (Scheme 1).

Me,
N-Me
O Me. .Me R O
N Sr(DS), =|=
R'—\ solvent-free  \\ /
A7 100°C, 5 h O
N-Me
Me

Scheme 1. Preparation of DTMs using strontium dodecyl sulfate
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2. RESULTS AND DISCUSSION

Our initial attempts to test the feasibility of the reaction employed 4-
chlorobenzaldehyde and N,N-dimethyl aniline under various reaction conditions.
Firstly, optimization of different solvents was studied in the benchmark reaction.
The results were revealed, that the catalyst more efficiently worked under solvent-
free conditions at 100 °C (Table 1). The authors believe strontium dodecyl sulfate
as a LASCs homogenizes reaction mixture in the absence of solvent.

Table 1. Optimizing of kind of solvent and temperature in the
synthesis of dimethyl-4-[[4-(dimethylamino)phenyl](4-
Chlorophenyl)methyl] aniline

Entry Solvent t/°C Yield / %2
1 free r.t. -

2 free 110°C 93

3 CH.CI, reflux 68

4 H.0 « -

2Yields of the isolated products from the reaction of 4-chlorobenzaldehyde (1.5 mmol, 0.2 g), N,N-
dimethylaniline (4.5 mmol, 0.54 g) Sr(DS), (5 mol%).

Table 2. Optimizing of the catalyst amount in the synthesis of
dimethyl-4-[[4-(dimethylamino)phenyl](4-Chlorophenyl)methyl]

aniline
Entry Sr(DS), (mol%b) T/h Yield / %
1 free 24 24
2 2 7 70
3 5 5 93
4 10 5 93
5 15 5 93
6 20 5 93

2Yields of the isolated products from the reaction of 4-chlorobenzaldehyde (1.5 mmol, 0.2 g), N,N-
dimethylaniline (4.5 mmol, 0.54 g) Sr(DS). (5 mol%).

Also the effect of catalytic amount of Sr(DS). on the model reaction
was investigated. It was found that amount of the catalyst played a major
role in establishment of the desired product yield. The best optimized
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reaction condition was found at 5 mol% of Sr(DS). under solvent-free
conditions at 100 °C (Table 2).

Therefore, a wide variety of substituents were subjected on the arene,
in ortho-, meta- and para-positions. The aryl aldehydes with electron-
withdrawing groups such as halo-substituents at the para- and nitro-
substituents at the ortho-, meta-, and para-positions gave excellent yields.
However with electron-donating groups such as methyl and N,N-dimethyl
amino substituents, lower yields of the desired products were obtained due
to decrease the electrophilicity of carbonyl group in the corresponding

The Application of Strontium Dodeceyl Sulfate ...

electrophilic aromatic substitution reactions (Table 3).

Table 3. Synthesis of 4,4'-diaminotriarylmethane using aromatic
aldehydes, N,N-dimethyl anillin and Sr(DS)s.

Entry | Aldehyde Product Time | Yield | Mp.°C
(h) %
Found Reported
[ref.]
OxH
1 5 80 89-91 91-92 [24]
e L
Me Me
O H
2 4 76 95-97 97-98 [24]
Me Me~ O O -Me
'\“ N
Me Me
(0] H
3 4 93 88-90 88-89 [24]
Me\N O O N.Me
Cl Me ‘
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Table 3. (Continued)
Entry | Aldehyde Product Time | Yield | Mp.°C
(h) %
Found Reported
[ref.]
(0] H O NO,
4 5\ 6 2 145-147 146-148
NO, O O [24]
ME\N N,Me
Me Me
O H Me\N,Me
166-167 167-68
5 O 5 70 [24]
e v | o, LT )
Me\'\‘l l\‘I,Me
Me Me
(0] H O
6 cl cl 6 94 107-108 108-109
o a )
ME\N N,Me
Me Me
Os_H ! OMe
7 5\ 5 80 oil
e Q0
Me\'?l N’Me
Me Me
Os_H O
8 = o 5 85 oil
wo LI L e
N N
Me Me
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Proposed mechanism for the synthesis of 4,4'-diaminotriarylmethane
has been depicted in scheme 2.

Sr(DS); Me ~[,+J-ME Me .+ .Me

q i

Rl

H—C—O0H H—(—D

& L
f'u’le’”'r-.fle | \_R | o, Sr(DS)s
P /_R

il Me .+ .Me
-R M
2,
— y—— C[‘.J
= | 5 Me™ " Me
Me - Me H Me
e o
2 Ve \
| S Me
/—R

Scheme 2. Suggested mechanism for the synthesis of DTMs using strontium dodecyl
sulfate

3. EXPERIMENTAL

Melting points were measured by using the capillary tube method with
an electro thermal 9200 apparatus. IR spectra were recorded on Perkin
Elmer FT-IR spectrometer did scanning between 4000-400 cm™. *H NMR
spectra were obtained on Bruker DRX-300MHz NMR instrument in
CDC1;. Analytical TLC of all reactions was performed on Merck
precoated plates (silica gel 60F-254 on aluminium). All compounds are
known and spectra and physical data were compared with those of
authentic samples [24, 25].

3.1. Preparation of Sr(DS)2 from Sr(NOs)2 and Sodium Dodecyl
Sulfate [21]

To a stirring solution of sodium dodecyl sulfate (40 mmol, 11.51 g) in
distilled water (300 mL) was added a solution of Sr(DS), (10 mmol, 2.11
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g) in water (100 mL) at room temperature. A white precipitate appeared
immediately and the mixture was stirred for another 30 min. The white
solid was separated by filtration and washed with water (2 x 150 mL). The
isolated solid product was dried under reduced pressure and Sr(DS), as a
white powder was obtained in 87% yield (10 g). Mp. 168 °C (dec).

3.2. Synthesis of 4,4'-Diaminotriarylmethane Using Sr(DS)2.
General Procedure

A vial equipped with a stir bar was charged with aryl aldehyde (0.5
mmol, 1eq), N,N-dimethyl aniline (1.5mmol, 3eq) and Sr(DS). (20 mol %)
and the vial was capped. The resulting mixture was heated in an oil bath at
about 100 °C for 5-6 h, and the course of the reaction was monitored by
TLC on silica gel with ethyl acetate: n-hexane (1:4) as eluent. Finally, the
reaction mixture was cooled, dichloromethane (15 ml) was added and the
catalyst was removed by filetaration. After evaporation of the solvent, the
crude product was resulted and crystallized from ethanol.

3.3. Recycling of the Catalyst

After the completion of the reaction, dichloromethane (15 ml) was
added to the reaction mixture, and then, the catalyst was separated by
filtration. The precipitate was washed with dichloromethane and then air
dried for the catalyst reusability. The catalyst was recycled for the
synthesis of  dimethyl-4-[[4-(dimethylamino)phenyl](4-Chlorophenyl)
methyl] aniline three times (95, 89, 85)% (entry 3, Table 3).

CONCLUSION

In summary, the authors have developed a simple, efficient and green
methodology for the synthesis of a diaminotriarylmethane leuco base
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materials using a catalytic amount of strontium dodecyl sulfate under
solvent-free conditions. The simple experimental procedure, solvent-free
reaction conditions, and good yields, easy separation and recovery of the
catalyst are the advantages of the present method.
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