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1 Introduction

Some thin-film deposition processes use molecular gases and vapors, rather than solid evaporants
or sputter targets, as their source materials. These processes are generally referred to as “chemical vapor”
deposition processes, implying that the starting gases/vapors are “chemically activated” before deposition.
In plasma-enhanced chemical vapor deposition (PECVD), chemical activation is achieved by supplying
electrical power to a gas/vapor at reduced pressure, typically between 10° and 10? Pa. At these pressures,
the application of a sufficiently high voltage creates a visible glow, called glow discharge plasma. The
plasma consists of about equal concentrations of ions and free electrons (quasi-neutral particle system),
frequently also containing neutral particles (atoms, molecules). The visible glow is caused by charge
recombination processes and the relaxation of electronically excited atoms and molecules. Plasmas are
frequently subdivided into low- and high-temperature plasmas. A further subdivision relates to thermal
and non-thermal plasmas (Table 1, 7¢ and 7; are temperatures of free electrons and ions, respectively).
Glow discharges belong to the non-thermal low-temperature plasmas.

Table 1. Subdivision of plasmas [1].

Low-temperature plasma High-temperature plasma
Thermal Non-thermal
T.~Ti~T~2x10"K Ti=~T~=300K Ti~T. 210K
T, < T. s 10°K
e.g., arc plasma e.g., low-pressure e.g., fusion plasmas
at normal pressure glow discharge

The electrical power is coupled into the gas/vapor through the mediation of plasma electrons. The
energetic electrons in the plasma ionize the gas, if only to a minor extent B about one part per million. A
much larger fraction of the gas, about 1 percent, is chemically activated by the electrons. The increased
chemical activity of the gas/vapor results primarily from dissociation of the molecules into smaller
species, called radicals. Radicals are chemically unsaturated and therefore capable of chemical reactions
at high rates; they are the species that react at a surface and contribute to film formation.

One can simply picture the PECVD process as a sequence of three distinct processes: the chemical
activation of a gas/vapor molecule through electron impact dissociation, the transport of the radical
species to the substrate, and the chemical reaction at the film surface.

The relatively light electrons present in the plasma are easily accelerated by the electric field. The
same electrical force acts on the ions but they are much heavier and accelerate slower. Electrons do not
lose much energy in most collisions with the background gas. Low-energy electrons collide elastically
with the gas/vapor molecules due to the large mass difference between the electrons and gas/vapor
molecules. A plasma electron can therefore accumulate more and more energy in the electric field. Once
an electron has gained enough energy, an inelastic collision may take place. The free electron loses energy
and the molecule increases its energy and often dissociates. In such an inelastic collision, the electron
loses several electron volts of energy to the gas/vapor molecule. This energy can cause a gas/vapor



molecule to rotate and vibrate; it can also electronically excite the gas or cause it to dissociate or ionize.
Many of these inelastic interactions increase the “chemical activity” of the gas/vapor molecules by several
orders of magnitude. The ensemble of plasma electrons is characterized by a (nearly) Maxwellian electron
energy distribution [2].

The mean electron temperature of a typical glow discharge is equivalent to an energy between 1
and 3 eV. This energy must be compared to the energy needed to dissociate or ionize the gas, an energy
range roughly between 3 and 20 eV. Therefore, only the electrons in the high-energy tail of the distribution
chemically activate and ionize the molecular gas. It takes much less electron energy to dissociate a
molecule and form two neutral fragments that it takes to overcome the strong coulombic forces to produce
an ion and electron pair. The shape of electron energy distribution suggests that there are far more plasma
electrons with the relatively low energies at which radicals can be formed than there are electrons capable
of ionizing the gas/vapor. Indeed, in a PECVD plasma, the density of neutral radicals is much higher than
the density of ions but a physically correct argument should also take the various cross sections into
account.

Gas flow velocities in most practical PECVD systems are so low that neutral radicals created in
the plasma find their way to the surface of the film by diffusion. The concentration gradient driving the
diffusion process is maintained by radical generation in the plasma and their disappearance at the film
surface. This concentration gradient exists over a linear dimension approximately corresponding to width
of the dark space or sheath. For reasonable estimates of the diffusion coefficients, one can calculate
deposition rates to be typically of the order of 10A s, in agreement with observations [3]. Much higher
deposition rates can be obtained in the directional flows of convective systems. These systems require
special gas inlets, flow patterns, and high pump speeds.

2 Hydrogenated Amorphous Silicon E,
22 | E T —fe G fo T-

The “sand” resources of silicon are almost * —
unlimited, a factor that makes a technology based on
this material very interesting. In contrast to the well-
developed high technology of crystalline silicon (c-
Si), the amorphous silicon (a-Si) thin film
technology opens a new field of low cost and large
area application possibilities.

Chittick and co-workers (1969) [4]
developed the preparation of a-Si by plasma-
enhanced decomposition of silane gas. This method
results in hydrogenated a-Si (a-Si:H), a material - Naonor
with the sufficiently low density of states (DOS) in 20 e 12 s e o
the mobility gap. Therefore the electrical properties Ec - Er [eV]
of a-Si:H can be varied over a wide range by n- and
p-type substitution doping in a systematic and  Figure 1. Fundamental distribution of the DOS for a-Si and
reproducible manner [5]. The doping possibility has a-Si:H. As an example the shift in the Fermi level Er due to
led to a huge increase in activity in this field not only ~ ncorporation of donors (density Nonor) is shown: E,

1 basi h but also i lication devel t extended states; T, tail states; G, gap states; Ey and E¢ are
1n Basic rescarch but also 1n application development. mobility edges of the valence or the conduction band
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The first p-n junction and the first solar cell on the a-Si:H material have already been reported in 1976.
Today the conversion stable efficiency of a-Si:H-based solar cells has exceeded 11% (the goal is 16%
stable efficiency) and numerous non-photovoltaic applications have been developed.

The description of the electronic properties of a-Si:H starts with the energy distribution of
electronic states. Depending on their energy and character, the different states determine the electrical
transport, recombination and doping, etc. Some effects of disorder in a-Si:H on the electronic states are
broadening of the density of states distribution compared to the crystal to form the band tails; the
localization of the band tail states; and the reduction of the scattering length to atomic distances. It is
convenient to divide an energy-dependent density of states distribution, N(E) into three different energy
ranges; the main conduction and valence bands, the band tail region close to the band edge, and the defect
states in the forbidden gap (Fig. 1 [6]).

2.1 Steady-state space-charge-limited currents -numerical simulation

One-carrier steady-state space-charge-limited currents (SCLC) enable the determination of the
bulk energy distributions of localized states for undoped and/or slightly doped a-Si:H. SCLC
measurements are mostly made on sandwich structures of the metal-semiconductor-metal type with both
contacts being ohmic for electrons or holes or, in the case of n'-i-n" (p'-i-p") devices, with heavily doped
contact layers to improve the injection of electrons (holes) into the intrinsic layer. Voltage applied to such
a structure establishes a one-carrier current. In case of an n'-i-n" structure, the electrons are injected from
the " layer (injecting contact) into the intrinsic region and the counter 7" layer blocks the injection of
holes (and vice versa for a p™-i-p" structure). Injected nonequilibrium electrons populate empty trap levels
above the thermal equilibrium Fermi level Ery during the release time tg. This follows from the principle
of detailed balance when quasi-thermal equilibrium between free and trapped electrons is achieved and
the new quasi-Fermi level Ey is shifted towards the conduction band edge. The extra free and trapped
electrons form excess space-charge that controls the steady-state current given by the mobile electrons.
The space-charge is determined by the distribution of the trap levels and the Fermi function. An energy
diagram for an n'-i-n" structure calculated by the author [7] is depicted in Fig. 2.

The basis of the SCLC method was set by
the work of Rose [8] and Lampert and Mark [9,10].

These authors have shown that the plot of current- nt i nt
voltage (I-V) characteristics reflects the trap levels

and, in principle, the trap level parameters can be Ee £, (0)
extract from nonlinearities of that plot. P F
Pfister [11] derived parametric equations for @ v
construction of /-J curves on the basis of the space- 0 E €
charge and the free carrier densities and derived Y B V)
TTT T TLF

relations for back extraction of these quantities from
the /-V characteristics. Following previous work,
Manfredotti ef al. [12] determined equations for an
evaluation of SCLC measurements without an a X
priory assumption about the nature of the energy

distribution. Stéckmann [13] refined this method  Figure 2. Schematic diagram for an r™-i-n" structure at
and the same was done by Weistfield [14]. This way  zero bias and at a bias of V.




of analysis uses higher order (up to the third order) derivatives of the /-V characteristics and in order to
avoid fluctuations, some simple versions were proposed [12,13]. NeSperek and Sworakowski [15-17]
proposed a similar differential method including the first derivatives of I-}" curve only. The simple and
practical formula for determination of arbitrary trap distributions from the SCLC measurements were
given by den Boer [18].

The SCLC measurements are typically made on sandwich n'-i-n" structures, where the heavily
doped contacts layers (n") allow carriers to move freely into the undoped (i) layer. In order to verify the
standard SCLC assumptions of the space-charge-limited currents
(1) the microscopic mobility uy is field independent,

(2) diffusion currents are neglected and therefore we can write for the current density

J=e uynkx )F (x ), (1)

where n is the density of free electrons and F is the electric field strength,
(3) there is an infinite reservoir of free electrons at the injecting contact (n. (x=0)64, F(x=0) = 0; "the
virtual cathode approximation"),
(4) there is a spatially homogeneous trap distribution throughout the intrinsic layer,
a numerical simulation would be available.

Realistic modelling of an n'-i-n" a-Si:H structure requires the simultaneous solution of the
complete set of transport equations. Owing to ohmic contacts the current through the structure is formed
by single carriers - electrons. Therefore the transport equations are the Poisson equation

dF _p(x) )
dx £ &o ’

where the space-charge density, p, as a function of the quasi-Fermi energy can be expressed as

3
p(Er)=-¢ [N(E ) (E-Ep)-FUNC (E-E ) dE, ©)
E
f (E - Ey) is the Fermi function, the electron continuity equation
dn 1 dJ “4)
—=——+Gx)-Rx
dt e dx ) )
(G is the generation rate, R is the recombination rate) and electron current-density equation
J=Jut J=e g (OF () + eD B ®)
X

where D is the diffusion coefficient D = p, k7/e (Einstein relation). The author solves the steady-state
single-carrier transport and therefore dn/df = 0, R = 0, and without any generation, i.e., G = 0. It follows



from (4) that dJ/dx = 0 and thus J = const along the structure.

It seems that a solution of transport equations without any simplification is not easy. Several
approaches have been published. Tredgold used diffusion currents to calculate J-V characteristics already
in 1966 [19]. Grinberg and Luryi [20] presented an analytical solution. They replaced Egs. (2), (3) and (5)
by approximative relations and found /- characteristics in a parametric form. Other authors have not
avoided approximative relations either. For instance, numerical simulations of Pfleiderer et al. [21] for
a suitable function N(E), or of Tehrani et al. [22] for a discrete trap level. Hack and Shur [23,24], Hack
and den Boer [25] and Wentinck et al. [26,27] solved complete set of transport equations for electrons
and holes including recombination. Their modelling was developed for a p-i-n structure, as well as for n-i-
n and p-i-p structures. Hack and Shur have used the zero-temperature statistics and Wentinck ef al. have
solved transport equations for a set of discrete trap levels. Their models seem to be quite realistic,
however, Wentinck and co-workers obtained plots of model J-J characteristics quite different of those
derived under the standard SCLC assumptions, which is surprising. Spatial profiles at the junctions (»-i,
i-n, p-i, i-p) were not correct either.

Therefore, the author have looked for a more realistic model [7]. A solution of the Poisson
equation with respect to the potential, ¢, was substituted by a solution with respect to a perturbation of
the potential, d¢.

Let a = x; <x; < ... <xy= b is a mesh on the x-axis. The mesh points are not equally spaced.
Instead, the grid spacing decreases gradually closer to junction between differently doped layers because
of the large potential and electron density gradients at these junctions. For each iteration step &, a new
estimation for the potential ¢*"' = ¢* + 8¢* is calculated from the application of Newton's iteration
principle to the Poisson equation . For this calculation, the Taylor expansion theorem is applied to the
nonlinear functions in the Poisson equation disregarding the higher-order terms. Substitution of ¢*"' = ¢*
+ 8¢ in the Poisson equation (2) yields the matrix equation

A 5¢“=D, ©)

where A is a tridiagonal matrix with elements

2
ajj-1—
gl (AX_/-1+AX_/ )Ax‘”
2 Eg _
i =k [NE ) EEEED g (7)
ij Ax_/-] 880kT Ey d(E-EF)

2
(AXj-l+AXj )AXJ'

ajj1-

with Ax; = x;.; - x;,j = (1, ..., N-1) and the element b; of a vector b is



Ax Ax, |
bj - j i
Ax,_,+Ax, (8)
EC
+ é n-n, +fN(E IE-EL) - f(E-EL) ]dE
0 E

v

The matrix A is a nearly symmetric positive definite matrix with diagonal dominance. Therefore, the usual
iterative solution methods are convergent, see e.g., Ralston [19].

If a spatial profile of the potential, ¢(x), is known for the above mesh, one can calculate the current
density through the structure as

kT {n(b) - n(a) exp[e(fp(b) - ¢(@))

- kT
J = ; : ©
exp[e(cp(b) - cp(a))l fexp[ —e(9(x) - 9@)| 4.,
kT kT

To find a spatial profile of the density of free electrons, n(x), arecurent formula have to be used

e(90x.,) - (x)
kT

+ J 1 + exp
2ukT

n(x,.,) = exp

n(xj) +

(10)
e(p(x;,,) - ¢(x)
kT

L

By means of a Newton iteration scheme the current-density equation and the Poisson equation are
evaluated subsequently (under boundary conditions) until convergence is obtained. For each iteration step,
k, first the current density, J, going through the structure is calculated using Eq. (9) and the density of free
electrons, n*(x), along layers is evaluated by means of Eq. (10) for a given ¢*(x). This calculation is
followed by the calculation of a new estimation for the potential ¢*"' = ¢* + 8¢* from the Poisson
equation. The boundary conditions are as follows: @(a) =V, o(b) = 0, n(a) = (ny)n, n(b) = (ny),, Where (1p),
is the free electron density at thermal equilibrium for the » layer.

For a spatially homogeneous DOS (h(E,x) = N(E).S(x), where S(x) = 1) and parameters given in
Table 2, the potential profiles, the electric-field profiles, the space-charge density profiles and the Er - E,
profiles are illustrated in Fig. 3 [7]. These profiles are calculated for an n'-i-n" structure at zero bias (curve
a) and at a bias of = 1.1 V (curve b), 4.8 V (curve ¢), 11.1 V (curve d).
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Table 2. Parameters used in the program NIN for the description of the #'-i-n" structure.

Temperature T 250 K
Conductivity prefactor Gimin 120 Q" em™
Relative dielectric constant € 12
Free electron mobility Lo 12cm?Vvig!
Conduction band E, 0.00 eV X
ME,) 2.9H10*' em™ eV™!
Conduction band tail T. 300 K
Valence band E.-E, 1.8eV .
ME,) 2.9H10*' em™ eV™!
Valence band tail T, 600 K
Dangling bonds (E. - Edbo)i 0.85eV .
b (Na); 5.0H10" cm”® eV
(Gdbo)i 0.10 eV
i layer (E.- Eq), 0.55eV )
(Nav )i 5.0H10" cm” eV
> (Oav)i 0.10 eV
(E. - Ery); 0.70 eV
(E. - Eqy)n 055ev
nlayer D (Nab In 3.0H10" cm™ eV!
(Gav ) 0.10 eV
(E. - Ero), 0.25eV
Donor state E; - Eqonor 0.10 eV
Naonor 3.5H10" cm® eV
Gdonor 0.07 eV
Thickness of 7 layer L 2.0 pum
Thickness of n layer L, 0.1 um
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Figure 3. (a) The potential, (b) the electric field, (c) the space charge and (d) the energy profiles in an n'-i-n" structure at zero
bias (curve a) and at different applied voltages: 1.1V - curve b, 4.8V - curve ¢, 11.1V - curve d.

)

Fig. 4a shows the modelled current density - [
voltage (J-V) characteristics for the homogeneous
density of defect states (Ndbo),- =Ny )i = (Ngp)i = 5.0
x 10" em® eV' (device quality a-Si:H),
respectively, and for the 7 layer thickness L = 1.0 um
(curve a), 2.0 pum (curve b) and 5.0 um (curve c).
These J-V characteristics were calculated including
diffusion currents, see dashed lines (index: 1), and

(Ng)i=5.0x10"°cm™>

log(J/(A cm™))
|

without diffusion currents, see solid lines (index: 2). > -

The lower density of defect states in the band gap of -7

undoped a-Si:H the larger extent of space charge

(band bending) into a bulk of the i layer. (Ef - E;) -9

profiles (Fig. 4b) are calculated for an n'-i-n" —11

structure at thermal equilibrium. Differences -2 -1 0 1 2 3
between corresponding J-J characteristics (between log(V/V)

12



the dashed and the solid line) are due to diffusion
currents. The J-V characteristics have approximately
the same plot if the drift currents dominate over
most of the bulk of an i layer.

It can be expected that the junction between
the n" layer and the i layer is not abrupt for a real n'-
i-n" structure. Therefore, the author included a
spatial DOS distribution in his model calculations
with quite new and important results [7].

2.2 Time relaxation of space-charge-limited
conductivity

The author studied [20,21] the relaxation of
the space-charge-limited (SCL) conductivity due to
the space-charge decay and showed that the time
dependence of the conductivity is DOS-dependent
at long times. The study continued the previous one
of Solomon [22].

sufficiently low bias, Vy (# 0.1 V), applied
across such an n"-i-n" device, practically does not

I (b) I

I
o
[&Y]

T

(Ng)i=5.0x10""cm™

I
o
[0)]

T

—0.7

01 05 1.1

Normalized thickness

Figure 4. (a) Modelled J-V characteristics with (dashed lines)
and without (solid lines) diffusion currents at a defect density
of (Ng); = 5.0x10" cm™ and at an i layer thickness of L = 1.0
um (curve a), 2.0 um (curve b) and 5.0 um (curve c). (b)
Energy profiles at zero bias and at different thicknesses of

change the equilibrium conductivity, gy, of the
undoped a-Si:H (Fig. 5). However, using a higher bias V7, (e.g.
1 V) results in an injection of electrons that are trapped on
localized states above the equilibrium Fermi energy, Ero, and
which form the space charge along the undoped layer. The
space-charge-limited conductivity decreases till the steady-
state value, og(V1), is reached. The new quasi-equilibrium
between the free and the trapped electrons is characterized by
the quasi-Fermi energy, Er, which is shifted towards the
conduction band. The same applies to any arbitrary bias Vy (>
J'1), e.g. 10 V. Now if the bias '}y drops (at time 7 = 0) to the
previous value, V|, the potential barrier due to the space
charge decreases the conductivity of the device to the value a;
(Fig. 5). The trapped electrons are thermally excited back into
the conduction band, decreasing gradually the barrier and the
SCL conductivity relaxes to its steady-state value, os(V1), as
experimentally demonstrated in Figs. 6, 7.

According to the study, the time relaxation of SCL
conductivity at long times (#/tr(Er) > 3) is given by

VH -

oLl a

0 Time

Figure 5. Schematic diagram of the
conductivity varying with bias and time for an
n'-i-n" device.
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and the release time, R, iS

(12)

i E -E
rr(E )=v$eXp(% j

where v is the attempt-to-escape frequency, and Ec is the conduction band edge.

According to Eq. 25 the increase in SCL conductivity depends on the density of states at the quasi-
Fermi energy, N(Er), and on Er energy position. This relation could therefore be used to determine the
density of states and, increasing the bias J. and hence enhancing the energy E , the energy distribution
of DOS could be evaluated. This idea was a basis of the new method derived and tested by the author in
Ref. 21.
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Figure 6. An illustration of the current relaxation to the
steady-state value, Iscy .

Figure 7. Time relaxation of the current after
injection at different temperatures.

3 Plasma-Polymerized Organosilicones

We consider in this chapter only films produced from “organicA source compounds, even if the
resulting thin film deposits turn out to have "inorganicA characteristics. This can result from co-reaction
in the plasma of an organosilicon compound with oxygen or ammonia, for example, or from PECVD of
the pure vapors at elevated substrate temperatures, or their combination. The starting monomers contain
at least three different atoms (Si, C, and H for plasma-polymerized tetramethylsilane (pp-TMS), or
vinyltrimethylsilane (pp-VTMS), for example), and in many cases four (for example O or N, in addition
to the three mentioned above, for plasma-polymerized hexamethyldisiloxane (pp-HMDSO) or
hexamethyldisilazane (pp-HMDSN)). In extreme cases, the starting molecule may even contain five
different atoms (e.g., Si, C, H, N, and O in y-Aminopropyltriethoxysilane) [23-25].
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The very special interest which has existed since the earliest days of plasma chemistry for the
organosilicones may be attributed to a number of reasons [26]:

1) This chemical family, comprising many hundreds of compounds, includes several dozen which
are sufficiently volatile near ambient temperature to be used with relative ease in normal plasma-
chemical procedures,

2) Organosilicones tend to be relatively nontoxic, and they are generally of low flammability

or nonflammable, relatively cheap, and available from commercial sources.

3) Conventional organosilicon polymers and elastomers play an important role in macro-molecular
science, both from the fundamental and applied points of view. It is therefore logical that
researchers should be interested in exploring plasma-generated counterparts to these materials.

4) Last, but not least, modern semiconductor technology is largely based on the use of silicon.

The natural chemical affinity between pure, single-crystalline silicon and organosilicon plasma
polymers has motivated much device-oriented research.

Table 3. Main organosilicon precursors and conditions used to growth plasma films [27].

Name Plasma source Pressure range  Power range
(Pa) W)
Hexamethyldisiloxane RF, uW, LF 1071107 31100
Tetraethoxysilane RF, pW 101 107 31100
Tetreamethyldisiloxane 13.56 MHz 1.3 25
Inductive coupling
Divinyltetramethyldisiloxane 13.56 MHz 10°110'14 1 200

Methyltrimethoxysilane

Octamethylcyclotetrasiloxane

Bis(Trimethylsilyl)methane
Hexamethyldisilane
Tetramethylsilane
Hexamethyldisilazane

Tris(dimethylamino)silane
Hexamethylcyclotrisilazane

Capacitive coupling
remote plasma
13.56 MHz
Capacitive coupling
13.56 MHz
Capacitive coupling
remote plasma
13.56 MHz
Inductive coupling
13.56 MHz
Inductive coupling
13.56 MHz
Inductive coupling
13.56 MHz

Extern. Electr.
ECR (2.45 Ghz)

20 kHz

Capacitive coupling

14.6 300

10°1 1014 1 200

1.3 50! 150
1.3 501150
1.3 25
33.3 7

1000
26.6 2mA/cm’

The monomers are sometimes used alone but more often in mixtures with a rare gas like argon and also
an active gas (O,, N,O for example). In the latter case it is generally admitted that the atomic oxygen is
created in the plasma phase and that this atomic oxygen reacts in the gas and at the plasma-surface
interface with the organic parts of the organosilicon precursor. In such a case the aim is to realize the
inorganic films of the type SiOy or SiyNy.

Table 3 shows some organosilicon precursors used in plasma technology. From 1 to 6, the
precursors present at least one SiBO bond in their structure. The last one (number 6) is cyclic. Precursors
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1 and 4 are very similar. HMDSO is the most utilized, however TMDSO presents the advantage of having
a weak SiBH bond, easily dissociable in the plasma and an expected higher deposition rate (SiBH bond:
71 kcal/mol, SiBC bond: 104 kcal/mol). From 7 to 9 the monomer composition does not contain any
oxygen or nitrogen atom, thus addition of oxygenated or nitrogenated gas is necessary to obtain SiBO or
SiBN bond in the deposited layer. From 11 to 12 all the precursors present at least one SiBN bond in their
chemical structure. The last one (number 12) is cyclic. All the precursors listed in the table have been used
under plasma conditions.

The films realized from organosilicones have remarkable optical, mechanical and electrical
properties resulting in the development of their applications in the fields of protective coatings, scratch
resistant films, planar light guides, dielectric films for capacitors or intermetallic insulation in integrated
circuits.

3.1 Plasma-polymerized dichloro(methyl)phenylsilane

Plasma polymer layers of the thickness ranging from 102 to 10 ° pm intended to engineer
interphases in glass-fiber reinforced polymer composites and single-layer light-emitting diodes were
prepared by RF glow discharge technique, see the author>s results in Ref. 28. The films synthesized from
a mixture of dichloro(methyl)phenylsilane (DCMPS) vapor and gaseous hydrogen were deposited on flat
glass and silicon substrates and glass fibers as
well. Deposition conditions were optimized to
obtain required thickness, mechanical and
electrical properties of interphases. Prepared
layers were amorphous, relatively rigid and
transparent at room temperature with excellent
adhesion to substrates. The surface of plasma
polymer is rough with isolated (silicon substrate)
and conglomerate (glass substrate) grains. FTIR
and XPS spectra revealed a great amount of
atomic oxygen bound to silicon atoms and
enabled to determine the atomic concentrations.
The structure model is proposed assuming a
random carbosiloxane network with
not-crosslinked methyl and phenyl groups.

Plasma polymer films of the thickness
from 80 nm to 7 um were prepared. The mean
deposition rate of 0.3 nm s™ was determined from
the thickness measurement and the corresponding
deposition time. .

The typical absorption IR spectrum of 4000 3000 2000 1000 750
pp-DCMPS is compared with those of the spin
coated PMPS and the monomer (DCMPS) in
Fig. 8.
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Fig. 8. FTIR spectra: (a) plasma polymer (pp-DCMPS),

Atomi i i -DCMPS and
tomic concentrations in pp an (b) spincoated PMPS, (c) monomer (DCMPS).

PMPS films determined from XPS spectra are
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shown in Table 4. A use of Mg K, radiation gives results more surface-sensitive. However, the
measurements do not indicate a depth inhomogeneity. The mean element ratios are 7(C)/n(Si) = 4.8 and
n(0)/n(Si) = 1.9 in pp-DCMPS films and n(C)/n(Si) = 4.7 and n(O)/n(Si) = 0.8 in spin coated PMPS films
in contrast to the monomer 7n(C)/n(Si) = 7. Binding energies of Si 2p, C 1s, and O 1s corresponding to the
plasma polymer were 101.8B102.0 eV, 283.9B284.0 eV, and 531.8B531.9 eV, respectively. The binding
energy of Si 2p was assigned to OBSiBO bonds and that of C 1s may be assigned to SiBCH3; and/or
SiB(CgHs) and/or SiBCH,BSi bonds. It is assumed the great amount of oxygen in the plasma polymer
originates from the oxygen-contaminated monomer (see IR spectrum) and subsequent postdeposition
oxidation [29].

Table 4. Atomic Concentrations Determined from XPS Spectra

Polymer Radiation Atomic mole fraction / %

C (0] Si Cl
pp-DCMPS Mg K, 60.4 257 12.9 0.9
pp-DCMPS Al K, 63.1 234 12.8 0.6
PMPS Mg K, 72.8 11.8 154

Surface morphology of pp-DCMPS films on various substrates is depicted in Fig. 19. Scanning
electron micrograph in Fig. 9a shows a rough surface of the film on a polished Si substrate. Grains of
different size up to 1 um are randomly dispersed across the surface and some grains can stick together.
A height of the grains reaches up to 30 nm as it follows from measurements of surface profiles by the
Talystep technique. Areas of such a high roughness are alternated by areas with a low roughness (4 nm).
Similar grain structure was observed at SEM micrographs obtained from the edge of a film on broken
substrate that is an indication of a material toughness. The grain structure observed at plasma polymer
surfaces [30B32] is apparently connected with the
plasma polymerization mechanism. There are
conglomerations of grains of different sizes on the
whole surface of a film deposited on microscope cover
glass (Fig. 9b). Scratches on the glass surface as
nucleation centers are probably the cause of grains
coordinated in straight lines. Similar conglomerations
of grains can be seen on the surface of a glass fiber
coated with pp-DCMPS (Fig. 9¢). The spin coating
technique enables to prepare homogeneous PMPS films
of a thickness ranging from 100 nm to 1 um with a
smooth surface. A low roughness of 1nm was -
determined using the X-ray reflectivity. - K15,880  1vm WD16
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pp-DCMPS films exhibit excellent adhesion not
only to glass substrates and silicon wafers, but even to
metal substrates and organic materials (PE, PP, PC,
Teflon). The simple adhesion test using the plasma
polymer film with a cross-shaped scratch immersed in
boiling water was carried out for the silicon substrate
and no peeling of the coated layer was observed after 8
h indicating a remarkable adhesion. The deposition
conditions were optimized to enhance the adhesion
characterized by the scratch tester up to a normal
loading of 18 N. It is assumed the adhesion of plasma
polymer films to substrates results from siloxane bonds.
An adhesion of the spin-coated PMPS to the same
substrate is poor with a normal loading < 1 N outside
the measuring range of the tester.

Composites consisting of the plasma polymer [ #
layer (tfm = 4.1 um) and the PP foil (fpp = 100 um) &=
were used to determine the Young's modulus of plasma
polymer at room temperature, Ef, = (6.0 " 0.5) GPa.
This value is higher than those of bulk conventional
polymers (up to 3 GPa) and of the plasma polymer
prepared from tetramethylsilane (TMS) (3 GPa [24]).

In an additional study [33], some of samples
were annealed in vacuum up to temperatures ranging
from 450 to 700 °C. Chemical composition, structure SFAd=1 .
and surface morphology of annealed samples and those T78{7 28KV W7,568 Ibm WDL®

2.97 ' —
20KV %5,800  ivn WD17

stored in air at room temperature were studied by FTIR, . . .

XPS, SEM, and optical microscopy. Thermal stability Fig. 9. Scanning electron micrographs of plasma
’ » : polymer films on (a) silicon wafer, (b) microscope

and decomposition of the plasma polymer with cover glass,

increasing temperature were characterized using

thermogravimetry together with mass spectrometry. The plasma polymer was stable up to a temperature

of 300 °C. Above that temperature the material started to decompose together with additional cross-linking

due to the incorporation of extra oxygen atoms forming new siloxane bonds. The plasma polymer was

tough at room temperature but much more brittle after annealing.

As it was mentioned above, the IR spectra (Fig. 8) revealed a great number of siloxane bonds in
the film, which may be connected with a post-deposition oxidation as plasma polymers are known to be
susceptible to oxidation after fabrication. There may be a great number of free radicals in the freshly
prepared material and the free radicals initiate oxidation by reacting with in-diffusing atmospheric O,.
Therefore, we may expect an increase of oxygen atoms at the surface of a plasma polymer film. However,
the depth profile of oxygen concentrations in Fig. 10 showed a great number of oxygen atoms across the
whole film. It means that the deposition chamber was contaminated with a rest of water molecules
embedded on the chamber wall, which resulted in the incorporation of oxygen atoms into the plasma
polymer during deposition.

An abrupt change in the concentrations of carbon and silicon atoms at the surface (Fig. 10) can be
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explained as follows: There is no reason to
expect great changes in the number of
silicon atoms across the film. This
assumption means that the numbers of
carbon and oxygen atoms at the surface are
higher than those in the bulk of the film, as
it corresponds to element ratios (Fig. 10).
The surface element ratios are n(C)/n(S1) =
5.8 and n(O)/n(Si) = 2.3 while after the first
sputtering they are n(C)/n(Si) = 3.4 and
n(0)/n(Si) = 1.5. Therefore, there may be a
layer of a thickness of 3B4 nm at the
surface with different chemical 0
composition and structure. The value I (arbitrary units)
n(C)/n(Si) = 5.8 is close to a monomer ratio Fig. 10. Depth profiles of atomic concentrations across the plasma
of 7.0 and it can be underestimated as the  polymer film together with element ratios. Interfaces of the film are
XPS observed layers are 6B8 nm thick. marked out. Thickness of the deposited film was 1.4 pm.
With respect to the deposition process we
know that monomer vapor is still in the chamber for a short time after the glow discharge is switched off.
Hence, monomer molecules are not fragmented and can react with a deposited polymer, which contains
many free radicals, and/or can be physisorbed on the surface, which may explain the high number of
carbon atoms at the surface. The surface layer of films stored in the open air can react with atmospheric
humidity - postdeposition oxidation (rest of chlorine atoms react with water molecules), which may
explain the high number of oxygen atoms at the surface.

Results of thermal analysis (Fig. 11) showed that weakly bonded methyl and phenyl groups
released the plasma polymer if elevated
temperatures are used and this fact is
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confirmed by the IR spectra. A reduction of L R S B P
carbon atoms at the surface of annealed :

films is also evident from the XPS analysis - ; 120
(Fig. 12). The atomic concentration of = : S
silicon atoms for the sample annealed up to 2 -~ 1 40 o)
700 °C seems to be overestimated as the -3 u SN g
XPS analysis was influenced by the Si 2 || ——ch, R ,-';"".‘ 10 &
substrate and in fact, the ratio of n(O)/n(Si) @ || —phenyl 77 E Y A =
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increases with temperature. Thus, the = LS ; ’ | 60
reduction of carbon atoms seems to be

compensated by oxygen atoms. As reported . ; : T

by Assink et al., [34] the heat treatment of 100 200 300 400 500 600 700 0
plasma-polymerized hexamethyldisiloxane Temperature (°C)

(pp-HMDSO) films in air forms additional
siliconBoxygen bonds. According to their
NMR study [34] the number of oxygen
atoms increased with temperature and most

Fig.11. Thermogravimetric (TG) characteristics compared with mass
spectrometry (MS) ones to identify released species during thermal
decomposition of the plasma polymer.
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of the monofunctional silicones were replaced by 60 —— : e —,
tri- and tetrafunctional ones. By analogy with the A . rrrrrrrrrrrr n(C)/n(Si)
pp-HMDSO, additional cross-linking of the & so} . nOyn@s) || 2
plasma polymer material can be expected for the § * e 1 2
annealed pp-DCMPS. Silicon atoms with free £ 40} 112118 A £
bonds can react with the oxygen ones, increasing & —m—Si R * 13 %
the crosslinking of the polymer as weakly bonded g 30F ®
methyl and phenyl groups are released from the g T 1, ‘é
heated material. The Si!C bonds are, therefore, g 20¢ . 8
replaced by the Si!lO ones at -elevated i -/'\-/
temperatures. Such a highly crosslinked material 10— 200 500 500 200
should be brittle and this mechanical property Tt o

Fig. 12. Atomic concentrations and element ratios as a

was observed at broken films using optical : X
function of annealing temperature.

microscopy [33].

The last question is as follows: How can the extra oxygen be incorporated in the bulk of the
annealed film if heat treatment was carried out in vacuum? Experimental and model studies realized by
Klaptchenko [35] with water sorption of the pp-DCMPS films suggested that the plasma polymer has a
highly-dispersive and microporous structure. The interaction of the material with water was very strong
and the structure exhibited swelling and time relaxation as reported in Ref. 55. The volume fraction of
pores was about 6% in normal laboratory conditions and the value increased with relative humidity [35].
Sorbed water in our specimen was confirmed by the IR spectrum for a sample stored at room temperature.
Water molecules in a porous bulk of pp-DCMPS film can, therefore, be the source of extra oxygen atoms
incorporated into a highly-crosslinked network of the annealed material. Atomic force microscopy (AFM)
was employed to identify the pores but with no definite results.

3.2 Plasma-polymerized hexamethyldisiloxane

We have developed the inductively coupled system for deposition of thin plasma polymer films
on solid substrates in RF discharge (40 MHz). The thin films were prepared from vapor of
hexamethyldisiloxane (HMDSO) at low RF power to reduce the aging effect in deposited films [36]. The
monomer has a relatively simple chemical
structure to study the influence of deposition 140

conditions on film properties. The plasma- E 45 ——10W
polymerized (pp) films exhibited an excellent é 100 | —=—15W

adhesion to the glass substrate. The strong and = 80 | ——40W
hydrolytically stable bond could be employed in g 60
fiber-reinforced polymer composites if the pp- & ;| &

HMDSO film would be used for surface § | A
modification of glass fibers. The pp-HMDSO & o LT T ey
films were characterized by many techniques 0 5 10 15 20 25
suitable to investigate their mechanical and x-axis [cm]

thermal properties, and to determine chemical  Fig, 13. Distribution of deposition rate along the reactor
composition, structure and surface morphology.  chamber
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Fig. 14. AFM images of two samples: sample A was placed under the generator coil, sample B was positioned 150 mm
from the coil center.

The thin films were deposited on silicon wafers, glass slides and PET foils at different deposition
conditions, such as RF power (<40 W), time of deposition and flow rate. We have studied distributions
of the deposition rate along the chamber axis as a function of RF power (Fig. 13).

Atomic force microscopy (AFM) together with scanning electron microscopy (SEM) were used
to observe the surface morphology and to evaluate the roughness of prepared films. The surface profiles
of two different films are plotted in Fig. 14. We measured the sample (A), which was situated at the center
of plasma discharge. The thickness of the film was 4.0 pm and the roughness was 20 nm. The second
sample (B) with the thickness of 320 nm and roughness of 2 nm was placed 130 mm from the center of
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Fig. 15. Scratch in plasma polymer film together with scratch test record. 71



plasma discharge.

A qualitative indication of the adhesion of the thin pp-HMDSO films deposited on Si wafers at
different deposition conditions has been tested using boiling distilled water for 8 hours. After this time
the samples were taken out and the adhesion was observed to be excellent. A widely used method of
evaluating the adhesion of films is a scratch test. Therefore, we have developed a scratch-tester in our
institute. A scratch in pp-film formed by the diamond tip together with typical scratch recording of load
profile is depicted in Fig. 15.

The surface free energy [37,38], its disperse and polar parts, of pp-HMDSO layers deposited on
glass slides was estimated on a basis of contact angles measurements against distilled water,
ethylenglykol, glycerol and methyleniodide, Table 5.

Table 5. Contact angle and surface free energy estimated according to Wu and OWRK (Owends-Wendt-
Rabel-Kaelbe) methods.

Power Contact anele [ F] Surface free enerov [ mI/m-]
[W] Glycerol | Methyleniodide | Total Polar Dispersive
Wu [ WRK| Wu | WRK | Wu | WRK
7 95,4 65,7 27.8 | 25,0 | 24,9 | 244 3,0 0.4
10 90,3 61,1 30,4 | 28,3 | 25,8 | 26,9 4,9 1.4
30 91,7 62,1 29.8 | 27,6 | 25,8 | 26,7 4,0 1,0
40 92.1 62.2 29.6 | 27,6 | 259 | 26.8 3.7 0.8

The modulus of layers was estimated using the tensile test of the two-layer composite system that
consists of plasma polymer film (pp-HMDSO) and thin substrate (8 um thick PET foil). Eppr changes
with temperature and that is why the foil was exposed under the deposition conditions. The pp-film
modulus was found to be (1,0 = 0,2) GPa (Fig. 16).

3500 _ 5 pET foil —e—PET mod. foil

3000 —e—pp-HMDSO layer —o—composite
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Fig. 16. PP-HMDSO modulus as a function of the position
in the plasma chamber.
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3.3 Plasma surface treatment and modification of fibers for polymer composites

A development of high-performance composites is tightly bound with a designing of composite
interphases. The interphase is a region intermediate to the fiber and the matrix which are in a contact. In
fact this region includes the fiber coating and a part of the matrix affected by the presence of the coated
fiber. Theoretical and experimental studies have shown that the properties of fiber reinforced composites
are given by the coating material with its thickness and modulus, by the interaction at interfaces with the
fiber and the matrix, and by the reinforcement and matrix materials. Therefore, sophisticated interphases
can lead to higher strength and higher toughness of the specific composite system. Low temperature
plasma technology is the new technique used for surface modification of reinforcements. This technology
is able to prepare controlled interphases [39].

Fiber reinforced composites combine high strength of rigid reinforcements with high toughness
of flexible matrix. Synergism of the two phases produce mechanical properties of the composite material
that cannot be achieved with either of the constituents acting alone, due to the presence of an interphase
between the reinforcement and the matrix. The interphase is a region intermediate to the fiber and the
matrix, the composition and/or structure and/or properties of which may be variable across the region and
which also may differ from the composition and/or structure and/or properties of either of the two
constituents [40,41]. This concept of the interphase is schematically illustrated in Fig. 17. We can
distinguish two interfaces at the interphase region. One of them at the fiber surface (fiber/interphase) is
relatively sharp and the other at the matrix
(interphase/matrix) is a diffused one. If the surface of Matrix Bulk Matrix
the fiber is modified by a coating (interlayer) there is
the third inner interface between the interlayer and
the modified matrix. Interphases influence and may
control the mechanical properties of composites
using fibers with a diameter of 10-25 um and the
common fiber volume fraction ranging from 0.5 to
0.7 as it is evident from experimental and model
data. Therefore, the interphase properties are p; *
becoming gradually accepted as design and process
variables to be tailored for particular end applicatior ="

The primary function of the interphase is to transmit stress from the matrix to the fibers and to
protect the fibers from environmental damage. An ability of this region to transmit stress depends upon
the interphase strength, as well as the mechanical properties of fiber, matrix, interphase, and the bonding
forces (adhesion) at interfaces. The nature of bonding is not only dependent on the atomic arrangement,
molecular conformation and chemical constitution of all the phases, but also on the morphological
properties of the fiber and the diffusivity of elements in each constituent. Adhesion in general can be
attributed to mechanisms including, but not restricted to, adsorption and wetting, mechanical interlocking,
electrostatic attraction, molecular entanglement, and hydrogen and chemical bonding. The surface of
reinforcements has to be modified to improve wetting and adhesion to the matrix for sophisticated
composites. A lot of techniques for surface treatment of fibers are known and they differ depending on
the fiber nature (glass, carbon, aramid, polyethylene, etc.) [41]. In recent years, plasma techniques found
great applications in a development of high-tech composites.

Using Ar, H,, O,, CO,, NH; and air plasmas contacted with the surface of reinforcements, the

Modified
Matrix

Interlayer
Bulk Fibre

Fig. 17. Schematic ilustration of the composite
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activated species initiate chemical and physical reactions at the surface causing alteration of surface
properties and surface morphology. This process is called plasma surface treatment. When plasma interact
with organic molecules in vapor, plasma polymers are formed, and all surfaces of substrates in the plasma
zone are coated with the material. The process is called plasma surface modification and it is a coating
technique.

Plasma surface treatment and modification of fibers and their application in fiber reinforced
composites are widely used from the 1980s. A lot of theoretical and experimental studies are devoted to
plasma treatment and plasma coating (polymerization) processes [43]. An insight into interphase
functionality together with bonding forced at interfaces is very difficult. Therefore, scientists try to
understand relations among chemical composition, structure, surface morphology, and mechanical
properties of interphases, and how can be influenced by deposition parameters of plasma technology. First,
effects of plasma treatments and coated plasma polymers are analyzed using optical, electron, and atomic
force microscopies, infrared, photoelectron, ion spectroscopies, contact angle measurements, and many
others methods. Then, the data are envisaged with those characterizing mechanical properties of
interphases in model composites (fiber fracture test, pull-out test, microdroplet test, microindentation test
[44]) B interfacial shear strength (IFSS), and/or in complete laminate (short beam shear test [41]- ASTM
D2344) B interlaminar shear strength (ILSS). An influence of plasma surface modification on interphase
and polymer composite properties is outlined for carbon, aramid, polyethylene, and glass fibers.

The tensile strength of single fibers can be decreased using intensive plasma treatment (high power
and/or long treatment time) owing to the etching effect, as it was observed by Bettge and Hinrichsen [45]
that treated polyethylene fibers with oxygen plasma. Since carbon fibers are easily damaged by the
ablation effect, plasma polymers were coated on the fiber surface to avoid the loss of strength of the fibers.
Weisweiler [46] have used a mixture of acetylene/air plasma to deposit a plasma polymer on commercial
carbon fibers. The tensile strength increases till a film thickness of about 50 nm is reached (Fig. 18). It
was proposed that the plasma coatings effectively heal some of the surface flaws of the fibers, and so the
tensile strength increases. However, with increasing volume of the layer, the number of surface flaws is
growing due to Griffith>s theory, resulting in a decrease of the tensile strength above about 50 nm layer
thickness. Plasma surface treatment of carbon fibers has been studied using air, O,, CO,, and NH;
plasmas, and plasma polymers have been deposited using dioxane and xylene; acrylonitrile and styrene;
aniline, pyridine, and benzene monomer [43]. Organic vapors, such as polyamide; polyimide;
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organosilanes; styrene and maleic anhydride; propylene;

and acrylonitrile and styrene were used as well [41]. Jang &

and Kim [47] have applied oxygen plasma treatment to = '“°[ 4 ' ' %0
modify an interphase in carbon fiber/PEEK composites. % 120'.\. o . 5
The interlaminar shear strength and the flexural strength as % 1007 ° 12,0 é
a function of plasma treatment time are shown in Fig. 19. 5 80r 2
It was confirmed that the mechanical properties of & ©°f 1103
CF/PEEK composites are strongly influenced by the 8 “O[o . b+ % | g
roughness of the carbon fiber surface and improved fiber § 29| B
wettability. A higher increase of ILSS can be found for f;’ 950 10 20 30 00

carbon fiber/epoxy composites using organosilanes Treatment Time (min)

(Fig. 20) [41]. The improvement in interface bond strength Fig. 20. Effect of carbon fibre surface
was confirmed using microcomposite tests. However, all  modification level on ILSS () and impact energy
these beneficial effects of improved strength properties are () for carbon fibre/epoxy composites.

inevitably accompanied by a loss in the impact fracture

toughness of unidirectional laminates (Fig. 20). Due to good bonding, debonding is more difficult and
therefore the advancing crack propagates through the fibers, resulting in low impact strength. Hence a
strong interface favors a brittle fracture with low energy absorption, whereas a weak interface favors
multiple delaminations with high energy absorption. Furthermore, good adhesion exacerbates the physical
mismatches which exist between the fibers and the matrix, increasing the stress concentration caused by
imposed loads and/or thermal cycles. The fiber coating method for toughening composites seems to be
one of the most effective methods for achieving simultaneously high strength and high toughness when
an appropriate polymer is chosen [48]. Theoretical and experimental studies have shown that the coated
material should be ductile or flexible with an interlayer modulus lower than that of the matrix [49] (Fig.
21) and that the layer thickness is very critical [50] (Fig. 22). The introduction of the flexible interlayer
reduces or eliminates interfacial stresses, both under mechanical loading and temperature cycles and
relieves the stress concentration into the matrix, resulting in improved mechanical performance, crack
resistance and impact strength of the structural composite. Even thought it is not yet completely known
which coating materials are most suitable for a specific composite system, the variables which affectthe
properties of a fiber reinforced composites have been identified as follows: interlayer modulus, interlayer
thickness, matrix modulus, coating material (composition), interaction at the interfaces [51].
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The world market is dominated by Driving force
glass  reinforcement in  unsaturated Take-up l Supply

polyester, which comprises almost 90% of _ Vacuum gauge
the total market. Approximately 1.8 H 10°  LN.Trap [:E]'Eﬂ'@ E%E:]

t of E-glass fiber is manufactured annually

Monomer

for use in composites and 50% goes into
continuous and long-fiber reinforced
thermosets [52]. Commercially produced
sizing is heterogeneous with respect to the

2
Reactor [ |
. . / ® ¢ Thermostat
. Fiber
bundle
171 1 1 I | Flow-meters
. . . Matching
5 o network
. Vacuum system
tendency towards self-condensation, Y Gases

thickness and uniformity [53], the
molecules of silane coupling agents have a

forming siloxane oligomers rather than RF Generator
complete bonding with the glass surface

[54,55], and the low density of siloxane Fig. 23. Schematic diagram of plasma technology for continuous
bonds with the surface decreases if water Surface treatment and modification of fiber bundle.

molecules diffuse to the interface since this type of bond is hydrolytically unstable [56]. Only 10B20%
of the total sizing is bonded to the fiber surface and this amount is directly related to the composite
interfacial strength [57]. Technology centers in glass companies search for new ways of solving the above
problems. One of the alternative technologies is the low-temperature plasma technique. This technique
may be used as a gentle but powerful tool for the surface treatment and modification of fibers, which
retain their mechanical properties.

New helical coupling plasma system for continuous surface treatment and modification of fiber
bundles has been developed by author>s team and tested for glass fibers (Fig. 23 [58]). The system
enables surface processing of single filaments and flat substrates as well. Surface processed glass fibers
and their bundles were examined as reinforcements for glass fiber/polyester composite systems.
Processing of fibers comprised a surface treatment using argon gas and a surface modification using
hexamethyldisiloxane and vinyltriethoxysilane monomers. Plasma polymer films prepared from monomer
vapors were widely characterized depending on process parameters. A low power density of < 0.4 W ¢cm™
is recommended for surface processing. Interfacial and interlaminar shear strengths of plasma processed
glass fiber/polyester systems were compared with those of untreated and commercially sized fibers.

To determine the effects of surface treatment and modification on interphase functionality in glass
fiber/polyester composite, microbond tests were performed and the interfacial shear strengths (IFSS) were
calculated. Results for untreated and commercially sized (A-174) fibers are given in Fig. 24, together with
results for surface modified (pp-HMDSO, pp-VTEO (vinyltriethoxysilane)) and treated (Ar-plasma)
filaments. There are no functional groups at the surface of pp-HMDSO film and so the strength is similar
to that for untreated fibers. Better results were obtained with pp-VTEO modification, as there is a low
density of vinyl groups at film surface improving bonding with polyester resin. An improvement in [FSS
is 33% for pp-VTEO modification with respect to untreated glass fibers. Interesting results were obtained
for fibers treated in Ar-plasma and an IFSS increase is 38%. We can expect that improved wettability and
increased roughness are the course of better adhesion at the fiber/matrix interface [47,59-60].

The interlaminar shear strengths (ILSS) of prepared short beams were evaluated using the four-
point shear test. The ILSS values are depicted in Fig. 25. It is interesting that commercially sized fibers
treated in Ar-plasma are of quite a good strength. The ILSS is higher by 66% in a comparison with
untreated fibers. Low temperature plasma is recommended for cleaning processes [2]. However, we have
revealed that commercially sized (A-174) glass fiber bundles are coated by plasma polymer of the same
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composition but different chemical structure after processing in Ar-plasma. The probable process
comprises removing of the sizing, fragmentation and activation its molecules and deposition of highly
crosslinked and irremovable plasma polymer.
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Fig. 24. Interfacial shear strength for surface-treated Fig. 25. Interlaminar shear strength of glass
and modified fibers in glass fiber/polyester system. fiber/polyester composites with various surface

processing of fibers.

4 Conclusion

Author’s results are discussed in context with plasma-enhanced chemical vapor deposition. The
thesis only indicate huge amount of interesting topics connected with research fields such as new
materials, thin films, characterization techniques, plasma technology, vacuum science, etc. Most of the
topics are interdisciplinary activities, which may be interesting for both the scientists and the engineers.

The hydrogenated amorphous silicon (a-Si:H) is a thin film semiconductor material with
outstanding properties. It can be fabricated very easily and with low cost by different, mainly PECVD and
PVD, methods. Effective doping of high quality material and the possibility of changing the energy gap
by alloying, both of which can easily be done during the preparation process, enable a wide range of
application potentialities. The author developed the successful tools for evaluation of steady-state and
relaxation space-charge limited currents resulting in the density of states (DOS), the most important
material parameter, and the attempt-to-escape frequency. The author>s model of n'-i-n" structure enables
calculations of spatial profiles of transport parameters along the structure and the model is an unique one
as the spatial DOS distributions may be included in model calculations. For the first time, the model
solved an influence of diffusion currents on /- characteristics.

Plasma polymerized organosilicon films constitute a class of materials with a rich and varied
scientific background. This class of materials possesses a special characteristic, which distinguishes it
from other plasma polymers. It is the ability to vary and control the degree of organic/inorganic character
(that is, the carbon content) by appropriate choice of fabrication variables. This allows one to control
many physico-chemical properties over wide ranges resulting in an extraordinary potential for useful
applications, which are now only beginning to be tapped.

Plasma surface modification is an effective technique to influence physical and chemical
properties of interphases in fiber reinforced polymer composites. The tensile strength of single fibers is
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sensitive to both the plasma treatment and plasma polymerization. The plasma treatment changes surface
morphology of fibers increasing the roughness of surfaces and thus increasing the surface area, which may
result in an improving of the adhesion between reinforcing fibers and matrices. Strong adhesion is
promoted by increasing the surface energy of fibers, as a result of plasma modification, decreasing its
contact angle so that the wettability of fibers with the polymer matrix is improved. The chemical
composition of the fiber surfaces can be changed by the plasma technology as well. The strength of
composites is enhanced introducing excited and/or polar groups. An introduction of moieties available
for a specific composite system is favorable to form strong chemical bonds between the fiber and the
matrix. An improvement of the bonding often results in an increase in the shear strength at the expense
of the impact strength.

The aim is to produce a composite with the optimal strength and toughness with respect to
industrial application of the material. This may be achieved forming a controlled interphase for a specific
composite system (fiber-matrix). Therefore, the surface treatment in itself is an insufficient technique, and
only a coating technique capable prepare defined interlayers with a high accuracy has a chance. The
interphase should be a multilayer with a strong bonding to the fiber and matrix, wherein the chemical,
physical, and mechanical properties vary continuously into properties of the bulk matrix. Properties of the
interphase at outer interfaces may be conformable, in chemical and physical sense, to those of the bulk
fiber and bulk matrix. The bulk interphase may be a flexible material able to absorb energy and eliminate
stress concentration. We believe the plasma surface modification is the true technique for attempts with
controlled interphases, although we are still at the beginning.
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Anotace

Hydrogenovany amorfni kiemik (a-Si:H) je tenkovrstvy polovodi¢ovy material s vynikajicimi
vlastnostmi. MiiZze byt vyroben velice snadno a s nizkymi naklady pfipravou z plynné faze v plazmatu.
Vysoce kvalitni material 1ze snadno a efektivné dotovat béhem vyroby a snadno Ize vytvaret také slitiny,
coz predurcuje tento material pro Siroké pole aplikaci. Autor ve svych pracich vyvinul nastroje (metody

a techniky) pro uspé$né vyhodnoceni hustoty lokalizovanych elektronickych stavii v materidlu,
nejdulezitéjsiho materidlového parametru pro a-Si:H, z ustalenych a relaxa¢nich proudd omezenych
prostorovym nabojem. Autorem navrzeny model struktury n'-i-n" zaloZeny na numerickych simulacich
umoznuje vypocet prubéhu transportnich parametri podél struktury a navic jeho jedine¢nost spociva v
moznosti volby prostorového rozlozeni hustoty stavi ve struktufe. Tento model jako prvni Gispés$né fesi
otazku vlivu difiznich proudt na pribéh volt-ampérovych charakteristik pouzité struktury.

Organokiemicité tenké vrstvy pfipravené polymeraci v plazmatu zahrnuji skupinu materiald s velice
bohatym a rozmanitym technologickym potencidlem piipravy materidlu. Tato skupina materiald ma
zvlastni rys, ktery ji odliSuje od ostatnich plazmovych polymert. Touto zvlastnosti je moznost menit a
fidit pomér mezi organickym a anorganickym charakterem materialu (daného obsahem uhliku) vhodnou
volbou vyrobnich parametrd. To umoznuje fidit mnohé fyzikalné-chemické vlastnosti materialu v
pomérné Sirokych mezich, coZ zase nabizi Sirokou $kalu moznych aplikaci, které zacinaji byt teprve nyni
vyuzivany.

Plazmova polymerace je efektivni technologii pro povrchové upravy vlaken vyztuzujicich polymerni
matrice. Tato technologie umoznuje ovlivitovat fyzikalni a chemické vlastnosti kompozitni mezifaze.
Pevnost vldken v tahu je citliva jak na plazmové povrchové Upravy, tak na plazmovou polymeraci.
Plazmové povrchové tpravy méni povrchovou morfologii vlaken, zvysuji drsnost povrchu a tim také
kontaktni plochu vldken, coz muze vést ke zlepSeni adheze mezi vyztuzujicimi vlakny a matrici. Silna
adheze je podpofena zvySenim povrchové energie vlaken, jako dusledek plazmové tpravy, kdy klesa
kontaktni tihel tak, Ze smacivost vldken polymerni matrici je zvySena. Rovnéz chemické slozeni vlaken
na povrchu je mozné ménit plazmovou upravou. Pevnost kompozitniho materialu je zvySena vytvoienim
excitovanych a polarnich skupin na povrchu vldken. Nicméné, zvySeni adheze Casto vede ke zvyseni
smykové pevnosti mezifaze a také pevnosti kompozitniho materidlu, ale na ukor jeho houZevnatosti.

Cilem je pfipravit kompozit s optimalni pevnosti a houZevnatosti vzhledem k primyslovému pouziti
tohoto materialu. Toho Ize dosdhnout vytvofenim fizené mezifaze pro specificky kompozitni systém
(vlakno-matrice). Tedy, plazmova povrchova tprava jako takova neni schopna tyto pozadavky zajistit,
ale tyto naroky muze splnit plazmova polymerace, pokud bude schopna pfipravit mezivrstvu o
pozadovanych vlastnostech s dostate¢nou presnosti. Kompozitni mezifaze by méla byt multivrstva dobie
provazana jak s vlaknem, tak i matrici, jejiz fyzikalni a chemické vlastnosti se spojit¢ méni mezi vlaknem
a matrici. Mezivrstva by méla byt tvofena dostate¢né pruznym materialem, ktery je schopen absorbovat
energii a snizit napé&ti na rozhranich. VE&fime, Ze plazmova polymerace je vhodnou technologii pro ucely
pokusti o fizenou mezifazi, ackoliv jsme teprve na zac¢atku tohoto procesu.
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