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1. Introduction
Polymer films continue to find a variety of novel

uses in electronic, optical, medical, and chemical
devices as both passive and active components.

Different deposition techniques are used: dipping,
spin-coating, Langmuir-Blodgett, and several meth-
ods of deposition from a gas phase. Most stable
polymers without restrictions imposed by solubility
can be deposited from a gas phase only. Furthermore,
increased interest has been shown in vacuum-
deposited polymers, dye films, and composites for
information recording, light beam splitters, modula-
tors, wave mixers, second and third harmonic gen-
eration, optical sensors, etc. For most of these uses,
thickness ranges from nanometers up to a few
micrometers.

The subject of this review is the sequence of
elementary physical and chemical processes which
together result in the deposition of polymer films
starting from a bulk polymer. These include the
stages of initial polymer decomposition and evapora-
tion as well as the transfer of the polymer degrada-
tion products to the surface where condensation and
film formation occur.

Early work on these topics dates back at least to
the mid-1950s.1-3 The approach subsequently at-
tracted the attention of scientists in the USSR.
Judging from their scientific publications, a good deal
of this sort of work was carried out in the former
USSR. Many of their articles are in the Russian
language and therefore are not easily accessible by
much of the scientific community worldwide. The
main purpose of our paper is to review these former
Soviet Union results for the benefit of the worldwide
scientific community, including also results obtained
by other researchers for the sake of completeness. It
should be noted that, since the mid-1990s, Japanese
efforts, especially in the area of complex functional
polymer film deposition using advanced methods,
have dominated.

The method of thin-film production starting with
polymer vacuum evaporation to some extent (by the
film’s functional designation) overlaps the more
conventional methods of plasma synthesis from gas-
eous low-molecular-weight organic and organome-
tallic compounds and plasma sputtering of polymer
targets. There are many publications both in Russian
and in English in that domain, such as the books by
Tkachuk and Kolotyrkin,4 Yasuda,5 and Biederman
and Osada.6 But we think that these methods are not
in direct competition, but instead complement each
other in both process characteristics and film proper-
ties. Some other methods of polymer film deposition
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from a gas phase, but not related with original
polymer decomposition, like co-condensation of two
evaporated compounds,7-9 hot-wire-assisted deposi-
tion,10 and monomer evaporation with UV curing,11

are described in reviews and also are important for
science and industry. It is worth mentioning a
complete database for poly(p-xylylene) film deposition
(www.wfbeach.com).

Before we start this review, a point regarding the
terminology of the polymer film deposition process
should be addressed. In English, as well as in
Russian, there is no satisfactory term which describes
the subject process in a word. Different terms have
been used, even in different papers from the same
author: “sputtering”,12 “emission”,13,14 “dispersion-
ing”.15 Lately, the term “ablation” has been used for
the process of laser beam film deposition. But no one
has yet identified the distinctive process features
which would make them worthy of the different
names. The term “evaporation”, still widely used in
English articles, is not strictly correct with respect
to polymers, since polymer evaporation, i.e., the
transition of the whole polymer molecule from the
condensed phase into the gaseous phase, is usually
not possible without its concurrent degradation (un-

less special conditions are used to achieve evapora-
tion of a separate molecule).

We will use the word “degradation” or “decomposi-
tion” for the general description of the vaporization
process, and will use “deposition” to refer to film
growth processes. In some cases, we shall continue
to use the broadly accepted descriptor “evaporation”
in this review.

2. Energy-Induced Physicochemical Processes in
Polymers

2.1. Polymer Degradation during Thermal Heating
in Vacuum

For the sake of convenience, most polymer thermal
degradation studies employ air or an inert gas at
pressures close to atmospheric as their means of
delivering heat. Along with the desired degradation,
secondary reactions also occur: reactions of the
degradation products with air, as well as reactions
among the degradation products themselves. To
establish the identity of the primary products of
polymer degradation, in vacuo polymer sample heat-
ing is preferred. Both types of secondary reactions
are mitigated in this way. Vacuum, however, intro-
duces difficulties of its own, not the least of which is
that of obtaining adequate temperature uniformity
across the polymer specimen.

Primary polymer degradation products are gener-
ated by the scission of the molecular chain at various
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sites and/or the cleavage of side groups or atoms.16,17

Depending on the nature of its structure, the scission
of a polymer chain can occur either randomly or in
an orderly depolymerization mechanism (i.e., unzip-
ping). The array of degradation products is often
rather complex. Both split-off atoms and side groups
as well as fragments of the molecular chain are
represented, often with modified structure. But in
general, most primary degradation products collected
are smaller than the original monomer unit. Increas-
ing the temperature of polymer degradation widens
the range of degradation products, giving more
products of greater mass.17 It has been pointed out18,19

that the ratio of the thermal dissociation rates of two
chemical bonds of differing strength may be esti-
mated by

where V is the dissociation rate and U the bond
strength or energy. This formula, supplemented by
an evaporation rate equation for low-molecular-
weight substances having differing mass and chemi-
cal structure, describes the liberation rates for prod-
ucts of polymer degradation:

where Ui
ev is the energy of evaporation for the ith

fragment from the specimen’s surface. This expres-
sion shows that, when the polymer is heated to a high
temperature before an equilibrium of degradation
and evaporation of the products can be established,
the liberation of the larger, higher molecular weight
products is favored. This is a distinctive feature of
polymer degradation, in contrast to the evaporation
of pure low-molecular-weight substances, for which
temperature and chemical composition of the vapor
are invariant.

However, the mass of the heavier volatile frag-
ments cannot increase without limit. Limitations are
imposed by the evaporation process rather than by
polymer degradation. Kuzmina and Zaev20 estimated
that the maximum molecular weight of an evaporat-
ing fragment is about 1000 Da. They reason that, in
order to evaporate a molecule, it is necessary to
overcome the energy binding it to its neighbors. Since
the impulse of thermal fluctuation is not distributed
over the whole fragment, but rather localized at an
individual atom and subsequently transmitted along
the chain, the maximum impulse energy transmitted
cannot be much in excess of the macromolecular
backbone bond energy, Ef. It is this consideration that
determines the maximum size of the evaporated
fragment. If we assume that the evaporation energy
for an oligomer fragment in the midst of its neighbor-
ing molecules is proportional to its chain length (i.e.,
its molecular weight), it can be estimated, using
reference data on evaporation heat and strength of

the chain bonds for known compounds with a similar
chemical structure, that

where Q and Q0 are the heats of evaporation of the
fragment and the reference compound, respectively,
and M and M0 are their molecular weights.

Proceeding from the requirement Ef > Q ) Q0M/
M0, we obtain Mmax < EfM0/Q0. For paraffins we have
Ef ≈ 75-78 kcal/mol,15 and Q0/M0 ≈ 48-50 cal/g.21

Therefore, the largest evaporable PE chain frag-
ments should be about Mmax ) (76 × 103)/49 ≈ 1550
amu. If the mechanistic representation of a heat
fluctuation impulse transfer along the molecular
chain is correct, we can assume the impulse to be
applied to the fragment center. Thus, the Mmax value
estimated above ought to be doubled, viz., Mmax ≈
3100 amu. Such fragments should be scarce, so we
favor an Mmax estimate for paraffins of perhaps
∼1500-2000 amu.

It should be emphasized that this is a description
of a classic equilibrium evaporation process, which
consists of applying a kinetic energy impulse to a
molecular fragment in excess of the energy of the
interaction of the fragment with its neighbors. Using
special methods and nonequilibrium processes, it
may be possible to evaporate still larger molecules,
but this is not a classic evaporation process. Experi-
mentally, the maximum molecular weight of a PE
chain fragment, found by Madorsky,17 was about
1200 amu, consistent with the above-determined
limit. Yet there are other published results that
disagree with our theoretical estimate. Kruglyak et
al.23 reported an average molecular weight of PE
degradation products from 1200 to 7000. They report
that an average molecular fragment of PE degrada-
tion contains more than 120 repeat units (i.e., over
3300 Da).24 Reactions of the evaporated fragments
with gaseous low-molecular-weight substances can
take place during transit from the evaporator to the
condensation surface. However, this cannot be ex-
pected to raise the molecular weight significantly.

The molecular weight of evaporated fragments for
other polymers cannot significantly exceed those
calculated for PE, at least to the extent that the
energy of C-C bonds and heats of evaporation for
most polymers are similar. The minimum molecular
weight fragments observed correspond to the mass
of the lightest atom, viz., hydrogen or carbon.

Discrepancies in the compositions of degradation
products result to some extent from the lack of
reliable methods for in situ analysis. The disadvan-
tages of mass spectrometry in particular are the
result of the uncertainty of the instrumental response
to each component of the gaseous mixture. Neverthe-
less, mass spectrometric analyses of polymer degra-
dation products are useful despite this response
function uncertainty. When analyzing degradation
products, it is necessary to remember that, in addi-
tion to chemically inactive components, they also
contain reactive components, which can react within
the analyzing instrument and thus affect the results.
To analyze the composition of degradation products

V1

V2
) exp(U2 - U1

kT ) (1)

V1
ev

V2
ev

) exp(U2 - U1

kT ) exp(U2
ev - U1

ev

kT )
) exp[(U2 + U2

ev) - (U1 + U1
ev)

kT ] (2)

Q ) Q0
M
M0

(3)
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accurately, it is necessary to compare results from
distinctly different analytical tools.

An analysis of PE degradation products by mass
spectrometry was carried out by Luff and White.25

The most abundant degradation products are those
that generate a series of fragments at 26-30, 39-
44, and 52-58 amu. The 12-16, 70-73, 80-86, and
96-100 amu series are considerably less abundant.
Those of more than 100 amu are present in trace
quantities only. Similar results were obtained later
by Gritsenko and co-workers using both an open
crucible and a crucible covered by a porous metal
filter.26 The mass spectrum of PP degradation prod-
ucts had a similar distribution, as shown in Figure
1 and Table 1. It should be mentioned that both
saturated and unsaturated species were found. The
unsaturated species include the following:

(i) monoradicals s CH3, C2H5, C3H7, C4H9, C5H11, etc.
in lower concentration;

(ii) diradicals s C2H4, C3H6, C4H8, C5H10, etc.; and
(iii) triradicals (more likely, monoradicals with double

bonds) s C2H3, C3H5, C4H7.

Deeper products of destruction such as carbon and
hydrogen are present but in small quantities.

A porous metal filter was used to mitigate the
intrusion of droplets into the working chamber.
Droplets are ejected from the polymer surface. There
is little difference in mass spectral results from an
open crucible and a crucible covered by porous filter.

A similar filter was also used27-29 in studies of PCA,
PVDF, PCTFE, PET, and PC.

Belyi et al.30 used a molecular discriminator and
found that PCA degradation products consisted of
two types: monomer and still smaller fragments.
Khimchenko et al.27 investigated the degradation
products of PCA by mass spectroscopy. They showed
that, during the first cycle of PCA in vacuo heating,
water, ammonia, carbon, and oxides of nitrogen were
liberated. The authors explain these facts by intra-
and intermolecular reactions in PCA. Peaks corre-
sponding to the PCA monomeric unit are negligible
up to 673 K but grow in relative intensity as tem-
perature is further elevated. The authors conclude
that, regardless of pyrolysis conditions, products
above 200 amu are present only in small quantities.
This conclusion is supported by the similarities
between the mass spectra of the degradation products
collected either directly from the evaporation surface
or after having passed through a porous filter heated
50-100 °C above the evaporator temperature.

The thermal degradation of PTFE was studied by
Luff and White25 and also by Collins and his coau-
thors.31 There is a marked difference between PTFE
degradation products in a vacuum and in an inert
gas. Later, Gritsenko29 obtained nearly identical
mass spectra for PTFE thermal degradation products
in a vacuum. These data are presented in Figure 2.
The distribution of fragments is quite different than
that for PE or PP. The mass spectrum of the PFEP
vacuum degradation products contains the same
species as found in the spectrum from PTFE itself,
but with a different distribution.32 Species within the
60-150 amu range are much more abundant, similar
to results from the electron activation of PTFE
degradation (see section 2.3).

There is a marked difference between mass spectra
of PTFE and PCTFE pyrolysis products taken from
an open crucible and from a porous filter.29 Products
with a higher molecular weight were observed from
porous filter PCTFE treatment. In contrast, a great
contribution from monomer and fragments with low
molecular weight were observed for PTFE. The mass
spectrum of PTFE degradation products from a quasi-
closed crucible is presented in Figure 2. This obser-
vation supports the contribution of secondary reac-
tions resulting from the destruction of fragments on
the heated walls of the filter. Gritsenko considers
that all components of the gases generated during

Figure 1. Mass spectrum of PP degradation products.

Table 1. Composition of the PP Degradation Products

m/e, amu fragment I, au m/e, amu fragment I, au

1 H 11 57 C4H9 31
2 H2 18 58 C4H10 32

12 C 3 66 C5H6 2
13 CH 2 68 C5H8 4
14 CH2 10 70 C5H10 22
15 CH3 14 71 C5H11 21
16 CH4 15 72 C5H12 15
26 C2H2 2 78 C6H6 1
27 C2H3 6 80 C6H8 2
28 C2H4 34 82 C6H10 4
29 C2H5 42 83 C6H11 4
30 C2H6 42 84 C6H12 8
39 C3H3 8 85 C6H13 6
40 C3H4 64 86 C6H14 5
41 C3H5 16 92 C7H8 2
42 C3H6 98 94 C7H10 1
43 C3H7 48 96 C7H12 3
44 C3H8 100 97 C7H13 3
52 C4H4 3 98 C7H14 2
54 C4H6 8 99 C7H15 1
55 C4H7 5 100 C7H16 1
56 C4H8 40

Figure 2. Mass spectra of PTFE degradation products:
(a) open crucible and (b) quasi-closed crucible.
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PTFE degradation, including monomer, are products
of interaction among the primary products of pyroly-
sis.28 Interactions occur both in the gas phase and in
the heated bulk, provided its dimensions exceed 0.1-
0.3 mm. At least two factors depress the heavy
fragments in the above studies:

(i) the filter itself, the heated surface of which intensifies
degradation; and

(ii) the higher adsorptivity of the heavier fragments,
which facilitates their deposition en route to the
mass spectrometer source.

The mass spectrum of PTFE degradation products
obtained without a filter33 contains heavier frag-
ments: m/e 166, 193, 341, 533, and 725.

Figure 3 shows PE film growth rate as a function
of the pressure of decomposition products in the
chamber, at various distances from the evaporator.
Other polymers behave similarly. This experiment
tells us something about the nature of the polymer
degradation products which are responsible for film
growth. The experimental chamber pressure is a
balance between the rate of emission of gaseous
products from the evaporator and the rate of exhaust
pumping. At the start of a run, the increasing
polymer temperature in the evaporator causes in-
creases in both pressure and deposition rate. But at
a certain pressure, higher when the evaporator is
closer to the substrate, the deposition rate drops
despite further increases in evaporator tempera-
ture.21,23 Fragments seem to be colliding with each
other before reaching the substrate, losing their
chemical reactivity, and forming stabler species
which tend not to be incorporated into the substrate
deposit. Assuming that this critical evaporator-
substrate distance corresponds to the mean free path
of the active fragments, their estimated mass is 50-
150 amu. Thus, most of the polymer degradation
products that contribute to film growth are small
fragments, although the participation of larger ones
of lower chemical reactivity should also be taken into
account.

Zadorozhny33 studied the degradation products of
several polymers. His data are summarized in Tables
2 and 3. The mass spectra of all polymers contain
heavy fragments up to about 1000 amu. Gritsenko28

found that the mass spectrum of PC (Figure 4 and
Table 4) and PET evaporated through a porous filter
contained no heavy fragments. Moreover, the IR
spectrum of the film obtained by such method of PC
decomposition showed that it was pure PE! It was
suggested that the benzene rings were cleaved in the

filter, but that seems improbable. This unexplained
point shows that one who would use complex poly-
mers for film deposition can anticipate difficulties.

To boost the yield of the heavier fragments, one
needs to reduce the thermal treatment time at
temperatures above the point where thermal degra-
dation becomes appreciable. This can be achieved by
intense impulse heating using a fast-rising pulse
front. Several methods have been used to achieve this
sort of heating. Krasovsky14,15 heated a thin layer of
polymer powder with a strip heater. Royh et al.34 fed
small portions of polymer powder onto a heated
surface (673, 693, and 733 K for PE, PCA, and
PCTFE, respectively). But ultimately the heating
rate is limited in each case by the low heat conduc-
tivity of the gaseous interlayer between a polymer
particle and the heater surface (a vapor-jacket evapo-
ration regime).

Skripov et al.35 used a poly(ethylene oxide) layer
that was deposited on a thin metal wire and heated
by a pulse of electric current. Although the heating
rate approached 5 × 105 K/s, the volume of polymer
evaporated is about 10-4 mm3, and the method has
little use beyond research studies.

Akashi et al.36 used a similar technique in which a
polymer applied onto a ribbon-like substrate was fed
under vacuum into a heated zone at a speed of about

Figure 3. PE film deposition rate vs pressure at different
distances from the evaporator: (1) 100, (2) 200, (3) 250,
and (4) 300 mm.

Table 2. Mass Spectra of Thermally Evaporated
Products

PE PVDF PCTFE PC PET

m/e I, au m/e I, au m/e I, au m/e I, au m/e I, au

16 15 2 6 31 3 125 35 16 4
32 17 57 7 85 5 213 41 44 5
44 22 84 8 97 8 268 16 97 20
56 17 118 5 166 36 341 36 144 44

100 15 161 5 257 19 390 39 166 13
156 19 460 4 356 8 567 32 193 19
170 17 683 6 432 6 622 41 341 25
198 18 938 4 645 13 695 10 537 20
250 10 950 3 680 13 750 6 725 15
282 7 966 3 790 17 917 11
632 7 977 5 1109 8

Table 3. Mass Spectra of PTFE-Evaporated Products

m/e

12 50 81 100 150 382 900 924 1012

I, au EBEa 8 21 15 39 15 10 10 10 10
TE 6 22 16 36 13 7

a EBE, electron beam evaporation; TE, thermal evaporation.

Figure 4. Mass spectrum of PC degradation products from
a crucible covered with a porous metal filter.
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1 mm/s. This method permitted a wider range of
evaporated polymers, but the concept was not devel-
oped further. Gritsenko and co-workers37 used a 50-
µm tantalum foil coated with a 0.5-1-µm layer of
PTFE deposited by thermal evaporation. This PTFE
evaporation from Ta foil was carried out at 580-900
K within 0.5-2 s. The mass spectrum of the PTFE
film degradation products showed an enhanced quan-
tity of CF3 and C3F5 fragments at the same temper-
ature and pressure. A higher condensed fraction was
found. This is explainable by the fact that the PTFE
on the Ta foil had previously been thermally de-
graded in its initial evaporation, and hence was
already of lower molecular weight.

Agabekov and co-workers38,39 studied the thermal
degradation products of polycyclohexadiene (PCHD)
powder, Br-PCHD, cross-linked PCHD (CPCHD), and
oxidized PCHD. Volatile fragment emission began at
135 °C. The mass spectra of PCHD contained species
from 15 to 560 amu. The oxidized PCHD, however,
produced species up to 900 amu, although the peaks
m/e > 200 appeared only after 275 °C and at low
intensity. These mass spectra are presented in Figure
5. Mass spectrometry also showed that H2 and HBr
were emitted during evaporation.

2.2. Electron and Ion-Beam Destruction of
Polymers

Accelerated electron and ion beams enjoy much
attention among the thin-film community, since these
techniques are inherently restricted to a thin surface
layer. The energy transmitted to a backbone atom
can greatly exceed that injected thermally, and this
can be a decisive factor affecting the features of
degradation. Experience has shown that polymer

degradation under the action of energetic charged
particles takes place irrespective of the nature of the
polymer or the treatment time. It has been estab-
lished that three processes contribute to this effect:

(i) the scattering of primary particles after energy is
transmitted to the target;

(ii) the emission of secondary charged particles knocked
out by the primary particles; and

(iii) the removal of charge with the target evaporation
products.

Rogachev and Kharitonov40 proposed a model of
electrical processes occurring during electron beam
evaporation of polymer, and Krasovsky and Tolsto-
pyatov12 have offered refinements. Both models pre-
dict that the process of electrical equilibration takes
tens to hundreds of microseconds, while thermal
equilibrium takes much longer, perhaps several tens
of seconds. So, these models can be valid for each kind
of heating, but with different characteristics deter-
mined by functional parameters.

Fainstein and Silantiev41 proposed another model
based on two modes of polymer degradation:

(i) radiation-induced degradation, i.e., scission of chemi-
cal bonds by the energy transferred directly to
macromolecule atoms; and

(ii) thermal degradation.

They determined that the size of a fragment liberated
during radiation degradation was governed by the
average distance between electrons in the beam. An
analytical expression was derived for the dependence
of fragment size distribution, including both radiation
and pyrolysis factors. These models12,40 are useful in
that they allow us to predict the operating param-
eters of the electron beam required for film deposi-
tion. The accelerating voltage, however, is limited to
the 1-10 kV range due to electrical breakdown in
the gaseous medium.

Since the main mechanism of electron beam deg-
radation of polymers is thermal, the degradation
products’ composition depends on the electron beam
parameters as well as the thermal and physical
characteristics of the target polymer. An increase in
irradiation intensity gives a higher abundance of
heavier fragments in PTFE degradation, but the

Table 4. Mass Spectra of PC-Evaporated Products

M, amu fragment I, au M, amu fragment I, au

1 H 3 56 C4H8 25
2 H2 2 57 C4H9 2

12 C 1 58 C4H10 1
13 CH 3 65 C5H5 4
14 CH2 8 66 C5H6 3
15 CH3 4 67 C5H7 11
16 CH4 14 68 C5H8 7
24 C2 2 69 C5H9 12
25 C2H 3 70 C5H10 11
26 C2H2 7 71 C5H11 8
27 C2H3 27 77 C6H5 3
28 C2H4, CO 60 78 C6H6 1
29 C2H5 21 79 C6H7 8
30 C2H6 2 80 C6H8 1
32 O2 2 81 C6H9 9
36 C3 1 82 C6H10 3
37 C3H 2 83 C6H11 8
38 C3H2 5 84 C6H12 8
39 C3H3 72 85 C6H13 6
40 C3H4 9 91 C6H5CH2 4
41 C3H5 100 92 C6H5CH3 1
42 C3H6 54 93 C7H9 2
43 C3H7 69 94 C7H10 1
44 C3H8 CO2 8 95 C7H11 2
50 C4H2 3 96 C7H12 2
51 C4H3 6 97 C7H13 3
52 C4H4 3 98 C7H14 2
53 C4H5 8 99 2
54 C4H6 30 100 1
55 C4H7 27 101 1

Figure 5. Composition of PCHD degradation products vs
evaporation temperature: m/e (1) 18, (2) 44, (3) 81, (4) 105,
(5) 28, and (6) 160.
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increased yield of heavies is attained much more
easily than by pyrolysis.

The dependence of the rate of polymer degradation
on its thermal conductivity has also been explored.
Silaniev42 found that the decomposition threshold for
block PTFE was 0.5-0.7 MW/m2. Krasovsky and
Tolstopyatov,43 using a compacted PTFE powder
target, found that the decomposition power density
threshold was an order of magnitude less due to the
poorer thermal conductivity of the compacted mate-
rial. It should be noted that this phenomenon is
unique to PTFE, which has an extremely high viscos-
ity as a melt. Powders of conventional thermoplastic
polymers fuse more readily under radiant energy
flux, forming a molten layer in good contact with the
target surface.44 Such fusion renders them the equiva-
lent of a solid polymer from the standpoint of heat
transfer.

Although the mechanism of polymer degradation
by accelerated electrons is in essence thermal, the
electron beam ensures a markedly faster heating of
the surface layer than would conduction heating by
physical contact between solid bodies. Table 3 shows
a comparison between mass spectral data from the
thermal and electron beam degradation of PTFE.33

Note the differences between the heavier fragments.
We note that, in the case of PTFE electron beam

decomposition, certain results which are common to
contact heating process are not encountered, regard-
less of beam power. For example, the thermal regime
at 680-1000 K, where the room-temperature con-
densables are for all practical purposes absent, was
not encountered during electron beam evaporation.44

This regime probably exists, but in a narrow power
range determined by competition between the el-
ementary processes of target electrical discharge,
heating, and the evaporation of the decomposition
products. At a low beam power, target charge ac-
cumulates because a steady state can be achieved
only via secondary electron emission. As a result, the
effective energy of electrons arriving at the target is
lower than expected, since the electron energy upon
arrival at the target is determined by the potential
difference between the accelerator and the floating
or biased potential of the target, which in turn is
directly affected by charge accumulation. Neverthe-
less, when target degradation begins, a second mech-
anism of the target charge removal is switched on,
i.e., charge removal by the evaporation products.
Then, a new, lower equilibrium charge state is
established within tens of microseconds. This results
in an abrupt increase in target power dissipation.
Thus, the overall system is characterized by a strong
positive feedback. Such behavior was not seen in
other polymers.

Many publications are dedicated to various aspects
of the irradiation of polymers using different sources:
UV, electron, ion, X-ray, and nuclear. The irradiation
of polymers is widely used for a variety of scientific
and industrial applications, among the most useful
being surface modification. But not much has been
reported for thin-film deposition. At this point, we
briefly consider some of the main positions that might
help in the understanding of the following sections

dedicated to thin polymer film growth and their
properties.

There are two modes of polymer degradation by ion
irradiation:

(i) thermal; and
(ii) sputtering (i.e., chemical bond scission and the knock-

ing out of molecular fragments by direct transfer
of ion momentum to the fragment).

The ratio between sputtering and thermal evapora-
tion under ion bombardment depends on the irradia-
tion conditions. To increase the sputtering at the
expense of the thermal evaporation, the target is
cooled and an optimum range of ion energies is
selected. Since it is rather difficult to achieve a
sufficiently intense flux of low-energy ions, most
experiments were performed using glow discharge
ions. Akishin et al.45 examined PTFE and PMMA
sputtering in 5- and 50-MHz discharges in oxygen
and nitrogen. An anomalous PTFE sputtering was
observed by using 5-40-eV ions. Interestingly, there
is a narrow range of ion energies where the sputter-
ing coefficient drops as ion energy increases. The
authors attribute this to a focusing of the energy
transfer to the polymer lattice. It was shown that,
with 6-eV oxygen ions, the yield of sputtered products
was 200 amu per ion. Considering that cleaving the
macromolecular backbone in two places requires 7.5
eV, it can be assumed that this is not a one-stage
process. More likely, it would seem that the molecular
chain is first ruptured by an initial impacting ion,
and then a second impacting ion knocks the fragment
from the target. Filatov et al.46 found that the
sputtering coefficient decreases with longer exposure
time and higher ion flux intensity, and increases with
the mass of the incident ions.

Polymer sputtering experiments with plasma ions
require a gas in which it is possible to initiate an
electric discharge. However, gaseous products are
evolved from the polymer during its sputtering, in
kind and quantities that are themselves sufficient to
support a plasma. Such a self-supporting process, in
which gas is supplied only when the discharge is
started, can be achieved only at distinct combinations
of discharge power and chamber evacuation rate.
Discharge ignition can also be achieved by short-term
evaporation of the target caused by a laser pulse,
after which the discharge is sustained in the gaseous
medium thus formed.47 In this case, target decom-
position is accompanied by secondary plasma decom-
position of the gaseous fragments. There are many
articles in English on polymer sputtering; therefore,
we do not consider the subject in detail here.

Ion beam sputtering of PTFE was investigated by
Weissmantel,48 and later by Rost and Reisse.49 The
yield of gaseous fragments (CF2) during sputtering
was found to be 2-3 orders of magnitude greater
than that for inorganic targets. For 3-10-keV Ar and
Ne ions, the constant power density yield of sputtered
fragments is proportional to ion mass and energy.
Perhaps general interest in polymer film deposition
by ion sputtering has been slow to develop due to the
intricate nature of the process and the lack of
advantages it offers compared with other methods of
polymer film deposition.
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2.3. Laser-Induced Destruction of Polymers
An advantage of laser treatment is the ability to

vary the power impinging upon the polymer over a
wide range. Most experiments have been performed
using ruby, yttrium-aluminum garnet (YAG), neody-
mium glass, and carbon dioxide (CO2) lasers. More
recently, reports have appeared on the use of UV
lasers.50-56 The photophysical and photochemical
processes induced in polymers by such irradiation are
interesting from both scientific and practical view-
points. The selective activation of certain chemical
bonds might provide a basis for targeted chemical
transformations. Such processes have been discussed
in summary reviews by Talrose and Barashev57 and
by Bunkin et al.58 Ilyasov and co-workers59 came to
the conclusion that IR laser irradiation of certain
polymers can provoke chemical reactions which lead
to the formation of polymers with improved mechan-
ical properties. Parkhomenko et al.60 and Nesterikhin
et al.61 carried out the selective excitation of complex
biological molecules in the condensed state. Kras-
ovsky et al.62 suggested the existence of nonthermal
processes in PTFE under CO2 laser irradiation.

Mirkin and co-workers63,64 encountered crack gen-
eration in PMMA, PS, and PC under pulsed laser
irradiation. Ashkinazi et al.65 and Sultanov66 sug-
gested that these cracks were the result of hypersonic
waves generated by the laser pulse in the polymer.
Novikov67 postulated that one of the reasons for these
cracks could be radiation-induced gas liberation. The
mechanism of laser radiation absorption remains
obscure, in particular when no known absorption
bands coincide with the radiation wavelength. Mirkin
et al.63,64 suggested that certain defects in the poly-
mer structure act as absorption centers:

(i) structural micro-heterogeneities smaller than a mi-
crometer caused by local stress fields;

(ii) scattering centers of the same size; and
(iii) nontransparent inclusions larger than a micrometer.

Novikov67 suggests that release energy centers in
pure polymer, free from foreign inclusions, are mi-
crostructure defects associated with local stressed
microdomains.

Examination of the bright glow preceding polymer
failure shows that the temperature of the emitter is
over 7000 K. Polymer gassification at sites close to
the laser-heated spot proceeds extremely quickly,
giving a pressure jump of the order of 200 MPa.
Under these conditions, the plasma gas is the laser
radiation absorber. Energy liberation is localized
closer and closer to the absorption center, leading to
an avalanche process.

Mikhailova et al.68 showed that the composition of
gas which occupies these cracks is similar to that
resulting from polymer photolysis proceeding via
side-branch scission. Rather than by thermal action,
the avalanche degradation process is initiated by
photodegradation of stressed PMMA molecules at
microdefect boundaries. The scission of these stressed
molecules leads to breakdown in the electric field
formed by oriented dipoles of the macromolecular side
chains. Plasma generated at this point initiates the
avalanche process. Babajan et al.69 suggest that

absorption could occur in the crack-rich surface layers
of transparent dielectrics.

All work mentioned so far has utilzed pulsed lasers
of low average power. Less attention has been given
to interactions of polymers with higher power laser
radiation. Novikov and Kholodilov70 examined PMMA,
PS, and PC behavior under CO2 laser irradiation with
an average intensity of 250, 420, and 500 kW/m2.
When these polymers are exposed in air, they de-
grade and evaporate, giving a condensate-droplet
zone on the front surface of the sample. The relative
amounts of solid, liquid, and gas phases in this zone
depend on input power. Only vapor and a limited
amount of fibrils were ejected during PC exposure.
The depth to which the polymer was heated de-
creased with the radiation power intensity. This is
due to the intense evaporation activity as well as to
the fast movement of the polymer-vapor boundary.
The surface temperature was 710 K for PMMA, 560
K for PSF, and 1000 K for PC, and the time needed
for a steady-state temperature distribution was
between 0.3 and 4 s. It was concluded that depolym-
erization occurs by a radical mechanism. Figure 6
summarizes the dependence of the temperature
profile across a PMMA specimen on the power
density of the incident laser radiation. The authors
proposed a mathematical description of the steady-
state decomposition of polymer by laser radiation.
This theoretical relation is applicable only to the
moderate laser intensity case, where the activation
energy for degradation does not depend on the rate
of energy supply.

Tolstopyatov71 studied the kinetic characteristics
of PTFE, P(TFE-E), PC, PVDF, and PPX decomposi-
tion produced by 35-W laser radiation and 0.5 MW/
m2 intensity at wavelengths of 10.6 (CO2) and 1.06
µm (YAG). CO2 laser irradiation produced a constant
degradation rate for all polymers after a 2-3-s
induction period. PVDF produced the minimum
decomposition rate, while the maximum rate, for
PTFE, was 5 times higher. The decomposition rate
under YAG laser irradiation was steady for PC and
PTFE, but grew with time for PVDF and P(TFE-E).
Decomposition rates were several times lower for
YAG laser action than for CO2. The authors explain
these peculiarities by a higher reflection coefficient

Figure 6. Temperature profile across PMMA thickness
in the spot center during CO2 laser irradiation at the
following intensities: (1) 214, (2) 247, (3) 314, and (4) 419
kW/m2.
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and transparency of polymers for radiation of 1.06-
µm wavelength.

Grakovich et al.72 studied PPX decomposition by
CO2 laser at intensities of 0.1-3 MW/m2. At the
higher irradiation intensities, a fine powder is re-
covered along with the evolved gases. Both the
powder and a condensate were lettuce-yellow, which
is suggestive of the presence of trans-stillbene struc-
tures in these degradation products.

Bykovsky et al.73 examined the effect of nanosecond
pulse radiation of a powerful light with a wavelength
in the 2.4-4.2-µm range. The pulse energy exceeded
30 mJ. UV lasers with 266- and 354-nm wavelength
were also used. Cellulose, PSF, and epoxy polymer
were exposed in this way. The authors investigated
these photophysical and photochemical processes by
dynamic time-of-flight mass spectrometry in the
collision-free regime. Comparing the results of IR and
UV irradiation, the authors concluded that both types
of laser treatment with a 1010-1018 W/m2 pulse
intensity lead to the thermal dissociation of macro-
molecules on the target surface, but not in the
gaseous phase.

Said-Galiev et al.74 studied the effect of CO2 laser
radiation on aromatic heterochain polymers in air.
This laser treatment cross-linked the surface layer,
which sometimes improved mechanical characteris-
tics. Cross-linking under irradiation is characteristic
for aromatic polymers. Further exposure of cross-
linked PC and PhN leads to degradation, charring,
and formation of a porous carbonized residue.43

Cross-linked PE degrades under the action of a CO2
laser, with the formation of paraffin-like products.44

Tolstopyatov et al.18 concluded that degradation,
evaporation, and cross-linking proceed simulta-
neously upon laser irradiation of aromatic polymers.
Among the evaporated products of decomposition,
only those with intact side groups (i.e., having the
structure of the original polymer) were observed.
Apparently, polymer fragments sustaining damage
in the side chain quickly cross-link and are therefore
not able to evaporate. Tolstopyatov44 confirmed the
inverse dependence of the thickness of the polymer
layer heated upon irradiation intensity. Thus, the
thickness of the melted layer of compressed PCTFE
powder is about 0.1 mm under CO2 laser irradiation
at an intensity of 1-2 MW/m2, and as much as 5 mm
under an intensity of 50 kW/m2.

Interesting results were obtained when PTFE was
irradiated by a CO2 laser in a vacuum.62 No temper-
ature variation was induced in the zone of exposure
as a result of increasing the irradiation intensity from
0.2 to 1.5 MW/m2. It was steady at 805 (15 K.75 The
only variability observed was in the rate of liberation
of gaseous products. The mass spectrum of the
gaseous products emitted during PTFE laser beam
evaporation is similar to that resulting from the
products of low-temperature pyrolysis.31,43 The aver-
age molecular weight of the liberated gas determined
by gas density measurements was found to be 108-
112 Da. Fragments with higher molecular weight
were absent. Along with the gaseous fraction, wool
and fibers were also ejected from the exposed zone
(Figure 7). Figures 8 and 9 show XRD and DSC

comparisons between PTFE fibers and commercial
bulk PTFE. Some differences (including a slight
increase of the identity period) are evident, although
the source of these differences remains unclear. Such
small differences between the original polymer and
the fibers seem to correlate with the qualitative
difference between the behaviors of these materials
under CO2 laser irradiation. When these gathered
fibers were later exposed to laser irradiation in a
vacuum, products capable of condensing at room
temperature were formed.

Figure 7. SEM image of PTFE wool.

Figure 8. X-ray diffraction of (1) PTFE fibers and (2) bulk
PTFE.

Figure 9. Differential scanning calorimetry of (1) PTFE
fibers and (2) bulk PTFE.
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Krasovsky et al.62 proposed a model for the decom-
position of PTFE under CO2 laser irradiation. The
model assumes that the PTFE bulk consists of two
modifications having differing responses to laser
exposure. One component unzips easily to monomer
under irradiation at a low temperature (805 K), while
the second slowly degrades to form a wide range of
products, including the heavies, being “cooled” by the
monomer generated by the first component. The
second component forms a viscous molten film on the
surface which is ripped through by the efflux of
monomer and drawn out into fibers. But at chamber
pressure over 1000 Pa, fiber formation is no longer
significant. The irradiation of PTFE at other wave-
lengths (1.06, 0.157, and 0.248 µm) produced no
fibers, but did give condensable gaseous products.
Perhaps such a behavior is due to the unique
combination of the unusually good high-temperature
dimensional stability and the near coincidence of the
CO2 laser radiation wavelength to a C2F4 absorption
band. The more C2F4 released during irradiation, the
more absorption, resulting in a process with positive
feedback.

Tovstonog76 irradiated (32.5 MW/m2) PTFE in a
closed vessel at atmospheric pressure. This author
observed two different phenomena:

(i) Monomer is formed by irradiation. It partially escapes
owing to imperfect seal of the vessel, and partially
polymerizes on the vessel walls, producing a white
powder of secondary PTFE.

(ii) A bright flash occurs during irradiation after an
induction period.

The glow zone temperature was estimated to be
2500-2800 K. Carbonized products were also formed.
The author suggests this to be the result of a
secondary reaction, such as

proceeding through multiple intermediate stages. It
should be noted that the final gas pressure in the
vessel was 0.35-0.5 MPa, which is higher than that
at the start (1 atm ) 0.1013 MPa).

Garrison and Srinivasan77 developed microscopic
photochemical and photothermal models for laser
ablation of PMMA. They showed that their photo-
chemical model describes the processes in PMMA
under UV laser irradiation (193 nm), while their
photothermal model better describes the processes
under visible laser irradiation (532 nm). Hill and
Soong78 developed a model for laser marking of thin
polymeric films. The ablation threshold is caused by
the internal energy of the depolymerization process.
The temperature of the film surface is determined
by the balance between the absorbed laser energy
and the energy needed for depolymerization and
evaporation of the monomer. These processes also are
responsible for the observation that only a very thin
surface layer is heated to high temperature.

New experimental techniques have increased re-
search activity in the laser treatment of polymers.
D. D. Dlott et al.79-82 irradiated PMMA film using a
1.06-µm laser. The processes occurring were deter-

mined using a “molecular thermometer” as well as
picosecond time-resolved coherent Raman spectros-
copy (CARS). In situ methyl methacrylate formation
was verified to occur directly under laser radiation
and not through secondary reactions.81 The CARS
spectra of PMMA films under laser action are shown
in Figure 10. The bathochromic shift of the PMMA
peak is attributable to MMA generation by thermal
decomposition. The ablation threshold temperature
was 600 °C, while the maximum temperature reached
was 715 °C,79 as presented in Figure 11. At the
ablation threshold, the depolymerization is slow and
most bond cleavage occurs by pyrolysis. Above the
threshold, the depolymerization by thermally acti-
vated unzipping becomes comparable to pyrolysis.
The scheme of the processes is presented in Figure
12. It was also demonstrated that ultrafast thermal
heating involves two stages, interchain and intra-
chain excitation. Phonon excitation occurs 2 orders

2C2F2 ) 3C + CF4

Figure 10. CARS spectra of PMMA films under laser
irradiation. Reprinted with permission from ref 81. Copy-
right 1994 American Institute of Physics.

Figure 11. Peak temperature vs ablation pulse energy.
Reprinted with permission from ref 79. Copyright 1992
American Institute of Physics.
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of magnitude faster than vibrational excitation. The
thermal equilibration time was estimated to be 50
ps in a dye-filled PMMA film. Small absorptive
particles lower the ablation threshold, as shown in
Figures 13 and 14. This is due to the fact that
thermal decomposition begins on the particle surface,
but need not heat up the entire volume (particle
temperature equilibrates with the bulk polymer in
300 ps).

Tsunekawa, Nishio, and Sato54,83,84 studied PMMA
and PS ablation by a 308-nm laser using multiphoton
ionization mass spectrometry (at 248 nm). All peaks
were understood as having been derived from MMA
monomer or dimer splitting under the 248-nm laser
ionization action. The peaks from PS were assigned
to a styrene monomer. The authors suggest that
these results confirm unzipping reactions in PMMA
and PS under laser irradiation. They measured the
velocity distributions of neutral fragments emitted
from the polymer surface. Using Maxwell-Boltz-
mann distributions, the temperature for MMA was
estimated to be 600 K, and for styrene, 1100 K. Since
PMMA has a negligible absorption at 308 nm, the
ablation must be due to either thermal or multipho-
ton events. PS absorbs strongly at 308 nm, and the
ablated products’ character indicates the photother-
mal nature of the process.

Nishio et al.55 discovered a remarkable effect of UV
laser wavelength in PAN ablation. For the 308-nm
laser, the chemical structure of the deposited film is
the same as the original polymer. This suggests a
purely thermal process which involves the ablation
of microclusters. On ablation with 248-nm irradia-
tion, cyclization of nitrile groups occurs. With 193-
nm irradiation, the nitrile groups are eliminated
almost completely, and the resulting film is a poly-
acetylene-like polymer. The latter two cases indicate
the extent to which photochemical reactions occur.

Kannari et al.50,51 obtained films using a 157-nm
laser for PTFE irradiation. Norton and his coau-
thors52,53 used a nanosecond-pulsed 248-nm laser.
They arrived at an interesting result: the activation
energy for the formation of TFE from PTFE is 0.9
eV at a radiation intensity about 10 kJ/m2, and about
0.2 eV at 30-35 kJ/m2, both of which are markedly
less than the activation energy for thermal degrada-
tion (about 3.5 eV). Tolstopyatov44 obtained a similar
result when irradiating PTFE with a CO2 laser of
lower intensity (1 MW/m2).

Inayoshi et al.85 used XeCl and CO2 lasers for PTFE
decomposition. The CO2 laser power was varied from
5 to 15 W. Deposition rates as high as 1 µm/min were
obtained at 7 W for the CO2 laser, while for the XeCl
laser the deposition rate was only 8 nm/min. It seems
that the XeCl laser irradiation leads truly to chemical
decomposition and secondary polymerization of small
fragments, while the CO2 laser gives emitting clus-
ters of the original polymer along with small frag-
ments. The same team,86 as well as Zhang and
Katoh,87,88 studied PTFE and PFEP decomposition by
synchrotron radiation (SR). The ablation rate for
PTFE was as high as several micrometers per
minute. The PFEP ablation rate was even higher.
Strong ion signals were observed for C, F, CF, CF2,
and CF3 fragments. Moreover, more ion signals of
fragments with masses over 300 amu were re-
corded.86 Similar results were obtained by Zhang
with other coauthors.87,88 They compared the compo-
sition of gaseous products of PTFE decomposition by
various methods. Mass spectra for PTFE degradation
products obtained by synchrotron radiation evapora-
tion, laser beam, and thermal evaporation are sum-
marized in Figure 15. One concludes that the mech-

Figure 12. Scheme of the ablation processes. Reprinted
with permission from ref 82. Copyright 1995 American
Institute of Physics.

Figure 13. Kinetics of dye- and graphite-filled polymer
film cooling. Reprinted with permission from ref 80.
Copyright 1994 American Institute of Physics.

Figure 14. Threshold fluence for dye- and graphite-filled
polymer film. Reprinted with permission from ref 80.
Copyright 1994 American Institute of Physics.
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anism of PTFE decomposition by synchrotron radi-
ation is photochemical, while that by UV laser beam
is a thermal unzipping, yielding almost pure mono-
mer. PVDF and P(TFE-E) films also were success-
fully deposited by synchrotron radiation.

The latest development is deposition of a poly-
(ethylene glycol) (PEG) polymer film by resonant
laser beam evaporation, using an IR free electron
pulsed laser that allows one to tune the incident
radiation anywhere in the 2-10-µm range.89 When
the irradiation wavelength (i.e., frequency) coincided
with the CH2 group’s vibration frequency, complete
macromolecules were transmitted from the target to
the substrate. This conclusion is supported by IR
spectroscopy, electrospray ionization mass spectrom-
etry, and matrix-assisted laser desorption/ionization
spectroscopy data, which together indicated an aver-
age molecular weight for the film of 1518 (2.9-µm
irradiation) or 1528 amu (3.4-µm irradiation). The
average molecular weight of the target polymer was
1538 amu. That result is in agreement with the
theoretical determination of the maximum size of a
molecule that can be evaporated without destruction.

Given the research trends in the this field, interest
in electron beam, laser beam, and synchrotron radia-
tion evaporation of PTFE will surely continue. This
polymer possesses uncommon properties under ir-
radiation which we need to learn more about.

These experimental results on in vacuo polymer
destruction with various energy sources lead us to
conclude that destruction processes are determined
by the chemical nature of a polymer as well as by
the energy input rate from the pre-degradation to the
evaporation of the destruction products.

Theoretical modeling for describing various aspects
of laser-induced degradation and ablation of polymers
continues, in particular in the Garrison90,91 and
Arnold92-94 groups.

2.4. Classification of the Energy Actions on
Polymers

The following energy action classification scheme
should be useful in accurately describing important
aspects of polymer thin-film technology:

(i) Contact heating is characterized by a slow
transition from the pre-degraded state into decom-
position, due to the inherently low thermal conduc-
tivity of polymers. Degradation itself is close to an
equilibrium process, in which the weakest links are

first to rupture. The comparatively slow rate of
energy input enlarges the size of the destruction
volume, and secondary reactions in the bulk polymer
contribute considerably to the product mix.

(ii) Laser irradiation. Here, the depth of the
destruction zone is determined by the polymer’s
optical absorption at the laser radiation wavelength,
which ranges from 1 to 90 µm. The rate of energy
input into the polymer can be rather high. This leads
to nonequilibrium degradation and expands the
range types of cleaved chemical bonds. Account
should be taken of the possible surface carbonization
of some polymers, which reduces their transparency
and enhances subsequent polymer degradation as a
result of the greater energy capture by the carbonized
layer, in a mode similar to high-temperature contact
heating. Secondary processes in the gaseous phase
are comparatively small.

(iii) Synchrotron irradiation. The radiation wave-
length ranges from 1.4 to 10 nm. The absorption and
energy supply mechanisms are like those of laser
irradiation, but the photon energies are much higher,
which gives the possibility of both rupturing more
chemical link types and introducing a much higher
energy density. Synchrotron radiation evaporation
involves mostly photochemical mechanisms of poly-
mer decomposition.

(iv) Irradiation by accelerated electrons. Penetra-
tion depths for 1-7-keV energy electrons are up to 1
µm. A high rate of energy input is possible. One must
take into account local nonuniform distribution of
excitation along the molecular chain, which widens
the range of degradation pathways, as well as the
composition of the evaporated fragments. Secondary
processes in the polymer are minimal. However,
secondary processes are possible in the gaseous
phase, activated by electron collisions.

(v) Ion irradiation. The main distinction from
previous methods is that the mechanism of fragment
formation is physical sputtering, not thermal de-
struction. Treated polymer depth is minimal. Indus-
trial uses include mainly ion-plasma treatment,
which permits additional dissociation in the gaseous
phase.

2.5. Gas-Phase Geometrical Distribution of
Destruction Products and Their Activation

The total chamber pressure depends on the com-
petition between gas liberation from the heated
polymer, active fragment condensation, and evacu-
ation of the more volatile fragments from the cham-
ber. Polymer decomposition products may comprise
both neutral and charged fragments, as well as free
mono- and diradicals. The sticking probability of the
fragments depends on both the thermodynamic and
the kinetic characteristics of the entire system.
Depending on the fragments’ chemical activity, their
velocity, their flux density, and the nature and
temperature of the substrate, the sticking probability
can varied over a wide range. Increases in chemical
activity, molecular weight, and flux density, and
decreases in substrate temperature, increase the
sticking probability.

Figure 15. Mass spectra of PTFE degradation products:
synchrotron radiation evaporation, laser beam evaporation,
thermal evaporation, and perfluoro-n-alkane gas. Reprinted
with permission from ref 88. Copyright 1999 Elsevier
Science.
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Molten polymer droplet ejection is a problem to be
avoided in thin-film technology. Droplet formation
depends on the type and parameters of energy input,
as well as on the polymer’s structure. The decisive
factor here is a combination of the depth of energy
penetration, the rate of formation of gaseous prod-
ucts, and the polymer melt viscosity. The only
thermoplastic polymer producing no drops is PTFE,
which has an extraordinarily high melt viscosity.
Cross-linked polymers produce a pure fragment flow,
and only at energy intensities higher than 0.3-1
MW/m2 do they start producing a few fibrils or
powder particles. Melt splashing can be mitigated by
the following methods: the use of heated screens95

or filters,96-98 the proper choice of evaporation re-
gimes with small deposition rate,98,99 feeding the
polymer to the heated surface in small portions,95 and
pressing the powered polymer into a matrix of metal
powder.96 Gritsenko and co-workers96,97 observed no
reduction of condensed-phase yield while using a
metal filter in the evaporation of PE, PP, PCA, or
PVDF. In contrast, Luff and White98 found a 5-fold
reduction in condensed phase yield using a quartz
wool filter.

The angular distribution of fragment flow emitted
from a point on a planar surface obeys a cosine law,
much as in the case of thermal evaporation. However,
the distribution is distorted because the crater bottom
is nonplanar. According to Tolstopyatov,44 a distinct
contribution to distortion of the initial angular dis-
tribution of vapor emission intensity is introduced by
collisions of the emitted molecules with each other.
Gritsenko determined that during PTFE evaporation
from a crucible, this indicator of the fragment flow
was close to being cosine in shape. Krasovsky and
Tolstopyatov12 showed that the fragment flow pro-
duced by a 40-W CO2 laser with a beam cross-section
of 5 × 10-5 m2 is shaped approximately as a cosn θ
function, where n ) 6-30 (Figure 16). For similar
conditions, Stephens et al.100 found n ) 6. These
variances can be explained by differences in the
radial distribution of irradiation density for different
individual lasers as well as by any procedures taken
to avoid crater formation. Fragment flow develop-
ment is affected by fragment self-interaction. The
contribution of such interactions increases with ir-
radiation intensity. Estimates from two independent

methods agree with this proposal.44 But Garrison and
Srinivasan77 calculate that in the case of photochemi-
cal processes the distribution angle is narrow (30° of
surface normal), and in the case of photothermal
processes it is wide (60-70°). It might be suggested
that in the case of PTFE destruction by a CO2 laser,
the photochemical mechanism is taking place simul-
taneously with the photothermal mechanism. The
former can contribute to the fragment flow shape
significantly.

Electron beam evaporation is characterized by a
wider variety of fragment flow features. Apart from
the expanded range of polymer decomposition prod-
ucts rich in heavier fragments, some products may
also be electrically charged. Zadorozhny33 showed
that the plume of fragments emitted during PTFE
and PCTFE electron beam evaporation had a nearly
cosine shape (within 10%). Silantiev42 encountered
crater formation; hence, his experimental dependence
was approximately cos3 θ. Tolstopyatov and Kras-
ovsky12,43 obtained a more complex spatial distribu-
tion of fragments during electron beam evaporation
of PTFE (Figure 17). This flow shape looked like a
superposition of two components: a narrow central
beam and wider beam approximating cosine shape.
Further experiments44 demonstrated that the nar-
rower component consisted of molecular fragments
carrying negative charge. Since a positively charged
electrode, coaxial to the flow, is situated near the
condensation surface, ion fragments are expelled
from the flow, concentrated, and focused into a
narrow beam. Varying electrode potential and posi-
tion with respect to the flow axis changes the flow
configuration. The cause of Zadorozhny’s33 double-
hump-shaped fragment flow from a planar surface
during electron beam evaporation remains obscure.
In addition to its cosine shape, the flow is similar to
that achieved by suppressing the nearly axial central
flow (the opposite of the expulsion seen in ref 47).
Gritsenko obtained both of the above-mentioned
distribution types for PTFE, using the same crucible28

but modifying the activator geometry. This suggests
that the effects are caused by charged particles, but
whether this is due to the influence of different

Figure 16. Polarogram of molecular flow of PCTFE
evaporation products, produced by laser beam evaporation
of (1) 40 and (2) 4 W. Figure 17. Polarogram of molecular flow emitted by

electron beam evaporation of PTFE: (1) accelerating volt-
age, 2.0 kV; (2) accelerating voltage, 3.6 kV; (3) glow
discharge gun.
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spatial distribution of activating electrons or acti-
vated charged fragments has not yet been decided.

The question of the state of charge possessed by
particles emitted from the polymer surface has been
around from the beginning of experimental work.
Belyi at al.30 showed that ions are absent in the
thermal degradation of PCA. Tolstopyatov47 could not
find ions (less than 1 in 109 ) among the products
generated by a CO2 laser operating at power densities
up to 10 MW/m2. Ionization during evaporation does,
however, arise at higher laser intensities. Norton et
al.52,53 recorded both positive and negative ions
among the PTFE degradation products at 248-nm
laser wavelength, 20-ns pulse duration, and 12-15
kJ/m2 intensity (0.6-0.75 TW/m2). The positive ions
included species up to C4F7 in size, while negative
species were limited to smaller fragments (F, C3,
CF3).

Fragment flow can be activated by either acceler-
ated electrons, glow discharge, or UV light. Excitation
and ionization of the fragments as well as modifica-
tion of fragment composition are all possibilities. The
physicochemical processes occurring upon activation
are similar to those occurring in film deposition
starting with low-molecular-weight compounds, as in
the case of plasma polymerization. Yet films obtained
from the subject technologies are quantitatively
different. Since the fragments have higher molecular
weight, changes in repeat unit structure are consid-
erably smaller. The chemical reactivity of the evapo-
rated fragments also shrinks the comparative effect
of the activation. A plasma struck in a supporting
gas atmosphere activates each monomer molecule,
and the probability of secondary reactivation and
splitting of the already initially activated molecule
is high. As a result, the film produced is highly cross-
linked and has a deficiency of H and F. In the case
of activation during evaporation in a comparatively
high vacuum, the plasma action is significantly
smaller s only one hit may be possible. Furthermore,
we tend to have multiple-repeat-unit evaporated
particles s so being hit by an electron results in less
damage than if a monomer-sized unit were hit. So,
the influence on both deposition rate and film struc-
ture is less.

It was discovered during mass spectroscopic studies
of PE, PP, PVDF, and PCA pyrolysis products that
accelerated electrons led not only to excitation and
ionization of fragments, but also to their dissociation.
As a result, an additional several percent hydrogen
is freed up, and the unsaturated fragment content
increases.28 Similar treatment of PTFE evaporation
products led to an even more significant modification
of the gas-phase composition (Figure 18): the relative
intensity of CF3 and C3F5 fragments was increased,
and also fragments with high content of carbon
appeared. The concentration of CF and C2F4 frag-
ments decreased. It should be mentioned that prod-
ucts of PTFE pyrolysis in a quasi-closed volume
differed in composition (section 2.1) and could not be
activated by electron impact.

During gas-phase activation, it is possible simul-
taneously to activate the film surface with a directed
electron beam, by charged particles of a plasma, or

by light. Such irradiation of the growing film consid-
erably influences its properties.

2.6. Conclusions
In summary, we find that the status of studies of

thermally induced degradation is mature. Work
continues on newly synthesized polymers and on all
polymers under severe degradation regimes (high-
power pulse, hostile environments, etc.). One par-
ticular area of interest remaining is degradation
induced by the action of high-energy electrons or
plasma. Work on laser-produced effects in polymers,
including degradation and other photostimulated
processes, is growing fast.

3. Polymer Film Growth and Structure

3.1. Polymer Film Formation on Solid Surfaces in
a Vacuum

The chemical and physical processes occurring on
the substrate surface depend on the chemical activity
of the vapor as well as on certain kinetic and
thermodynamic factors, such as the fragment flux
intensity as well as the nature and the temperature
of the substrate. Inactive molecules of low molecular
weight form a dynamic equilibrium layer on the
surface, the parameters of which depend on the
chamber pressure and temperature. Winters101 esti-
mated the sticking probability on a silicone substrate
for a number of small fluorine-containing stable gas
molecules to be less than 10-7 at 293 K and a
pressure of 10-1-10-2 Pa. But the sticking probability
for the reactive CF3 radical is in the 0.08-0.7 range.
The sticking probabilities on chemically active sur-
faces, e.g., growing film, should be higher for both
active and inactive fragments. The ability of smaller
fragments to migrate is greater; hence, migration
ability makes a considerable contribution to the
polymer film growth processes. The largest fragments
will have sticking probabilities approaching unity,
and will be nearly unable to migrate any appreciable
distance laterally over the surface at 293 K. Their
participation in chemical processes is governed rather
by the mobility of their reactive end segments.

Apparently, the processes on the substrate will
respond to the concentration of each type of fragment.

Figure 18. Mass spectra of PTFE evaporation products
under the following conditions: (1) thermal evaporation
from a crucible; (2) thermal evaporation from a crucible
with activation by accelerated electrons at 3 kV and 16 mA.
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Krasovsky and Yurkevich102 studied the influence of
the pressure of the gaseous medium, the distance
between evaporator and substrate, and the PCA
evaporation rate on film growth kinetics. Increasing
pressure and decreasing distance gave an increasing
in the growth rate. But the interpretation of the
results of this experiment might be improved if one
takes into account that the chamber pressure is not
a basic independent parameter. Indeed, it depends
on polymer evaporation flux, the chamber evacuation
rate, and the injection into the chamber of any
additional gas. By varying pressure through different
means, we can achieve different results. In essence,
the authors102 measured film growth rate vs evapora-
tion flux intensity, which is indeed an independent
parameter, although the pressure of gaseous products
is proportional to it. These results are unique to the
particular apparatus used, and can be used qualita-
tively to characterize the regularity of the process.
Similar results were obtained by Gritsenko et al.
during PE, PP, PCA, PVDF, and PCTFE thermal
evaporation. It was found in general that the ability
of the polymer vapors to grow films was limited at
certain pressures in the chamber, despite further
increases in evaporation intensity (see Figure 1).
Gritsenko and co-workers studied the kinetics of
PTFE film growth as well as the gaseous phase
composition upon the electron activation of PTFE
degradation products.103 The film growth rate rose
under electron activation in a manner which cor-
relates with the quantity of CF3 and C3F5 fragments,
as presented in Figure 19. The growth of the polymer
chain was supposed to have resulted from the electri-
cally neutral C3F5 fragments, but CF3 fragments also
can be found in the growth process. The author
suggested that these results might be explainable in
terms of the activation-chemisorption model devel-
oped by Vinogradov104 for the processes of film
formation during plasma polymerization, although a
step-by-step diradical attachment mechanism like
that for PPX growth might also be considered. To
clarify the growth mechanism, a complex investiga-
tion involving mass spectrometry of both positive and
negative ions was required. Recently, Wijesundara

et al.105 studied PS surface modification by CF3 and
C3F5 positive ions in the 25-100-eV energy range
with an accuracy of l eV. A special ion source was
used. XPS revealed that the chemical structures of
the deposits were consistent with a plasma-polym-
erized fluoropolymer. Increasing ion energy gave
films containing more CFn groups other than CF3.
But the maximum concentration of -CF2- groups
was achieved when using 50-eV ions. The authors105

considered their results as indicative that a fluo-
ropolymer film is grown more effectively from C3F5
ions than from CF3 ions. These results confirmed the
mechanism of PTFE film growth proposed by Grit-
senko: both C3F5 and CF3 fragments play a role in
film growth, but to differing extents.

Luff and White98 exposed growing PE film to UV
radiation. The rate of film growth did not change, but
the material hardness and brittleness rose and the
film became insoluble. Polishchuk106 used accelerated
electrons to irradiate the condensation surface during
PTFE electron beam evaporation. Obviously, interac-
tions between electrons and molecular fragments in
the gaseous phase were unavoidable. Irradiation
under all conditions reduced the film growth rate,
indicating that a degradation process accompanies
polymerization. The formation of a cross-linked struc-
ture provided further evidence that degradation is a
significant factor in film growth under irradiation.

Gritsenko,107,108 Silantiev,42 and Tolstopyatov44 all
used the RF discharge for activating decomposition
products. In the first work, film growth kinetics were
found to be independent of plasma treatment. It
should be noted, however, that this result was
observed only for comparatively small RF power
levels. During electron beam evaporation of PCTFE,
a proportionate reduction in growth rate was detected
upon increasing discharge power, while for PTFE
decomposition a slight increase was observed at the
lower powers and then a decline in growth rate at
the higher power range. A similar dependence was
found upon the plasma activation of laser beam
evaporation products of PC, PSF, and PhN. For
PCTFE, P(TFE-E), and P(CTFE-E), a reduction in
the deposition rate with increasing power was ob-
served. In the case of the chlorinated polymers, the
rate decrease was due to the fact that chlorine atoms
have the weakest binding energy, and thus were
cleaved off more easily, not to take part in the film
growth. The increase in the growth rate at low
powers for other polymers could be explained by the
production of a greater amount of smaller fragments
during decomposition, which could not be polymer-
ized at the extent of activation employed.

Mass-spectral analysis of the noncondensing frac-
tion and IR spectroscopy of the films lead us to
conclude that the main contribution to film formation
is from chain fragments with largely unmodified
chemical structure. Some of the condensed fragments
possess defects in chemical structure, such as in
particular the lack of side groups or atoms. Evidence
for this conclusion includes the presence of compo-
nents in the gaseous phase originating from side
groups, as well as EPR data, and measurements of
dielectric characteristics (tg δ) with alternating cur-

Figure 19. Concentration of some PTFE degradation
products (a) and deposition rate of the film (b) vs activation
current (V ) 3 kV). Distance from evaporator to quartz
microbalance was 300 mm.
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rent which are strongly affected by molecular sym-
metry and polarity. That the content of the defective
fragments is not high is supported by the identity of
the films with the initial polymers by IR spectroscopy.

The potential chemical activity of evaporation
products, suggesting the presence of diradical frag-
ments therein, could be recognized by their interac-
tion with each other or with unsaturated compounds
on the condensation surface. A macromolecule similar
to the initial one should be regenerated. The prereq-
uisites for favorable film growth here are (i) the
absence of foreign impurities in the gaseous medium,
and especially of atoms and monoradicals capable of
arresting the chain growth; and (ii) a sufficiently high
mobility of the fragment as a whole, or of fragment
segments containing free radicals.

Most researchers feel that the macromolecule
reconstruction takes place in the growing film. But
the final molecular weight in the film is smaller than
that in the starting polymer. The mobility of the
diradicals diminishes with increasing molecular
weight, and as a result there arises a likelihood that,
at a certain stage of the process, the end segment
would be blocked by the surrounding inactive mol-
ecules. That is important, whether the end segment
be located in the film bulk or on its surface. In the
latter case, there is a further possibility that macro-
chain increments as a result of active fragments
arriving from the gaseous medium. Such a mecha-
nism is thought to take place during PPX synthesis
from the gaseous phase.109 The probability of interac-
tion between macroradical and diradical is propor-
tional to the mobility of the latter and to its lifetime
on the surface before it desorbs. Note that both
factors are temperature dependent. The factor which
limits PPX synthesis from p-xylylene is the lifetime
of the diradicals on the surface, which become so
small at substrate temperatures above 300 K that
film growth ceases. A similar situation arises in the
condensation of other decomposition products, but at
a higher temperature. Therefore, moderate heating
reduces the film growth rate, but intensifies polym-
erization processes and increases the polymer mo-
lecular weight. Table 5 gives PCTFE and PTFE
average molecular weights at various condensation
temperatures.33 The film molecular weight ap-

proaches that of the starting polymer, which is
amazing in view of the great number of monoradicals
capable of interrupting chain growth.

The study110 gives indirect data about the predomi-
nantly surface character of fragment interactions on
condensation. While the condensation rate increases
from 5 to 230 nm/s, the concentration of free radicals
in the film grows 400-fold. Since the deposition rate
was controlled by changing the target-substrate
distance only, the concentration of free radicals can
vary only due to their interaction on the surface. The
data indicate that the interaction time of free radicals
on the surface is roughly the same as their lifetime
on the surface; i.e., the time interval terminated with
the condensing of the subsequent layer.

Evidence of insufficient mobility of free radicals or
molecular chain segments in the film bulk at room
temperature is given in ref 44. A considerable variety
of free radicals (Figure 20) were detected using EPR
in films produced by laser beam evaporation of PCF,
PCTFE, and PC at 50 nm/s. Storage of the PCTFE
film for 600 ks under conventional conditions leads
to a double decrease in free radical concentration.
Storage of PC and PSF films for 30 Ms did not
considerably change the intensity and pattern of EPR
spectra. Decay of free radicals in film is assumed to
result from their interaction, as well as reactions with
oxygen and with hydroxyl diffusing into the film from
the atmosphere. The following data confirm the
insufficient mobility of molecular fragments on a
surface at room temperature. When the products of
PC laser beam evaporation condense on a lyophobic
(PTFE) surface at room temperature, a homogeneous
film is formed44 (Figure 21, panel 1). At elevated
temperatures, the defective film or islet condensate
is formed (Figure 21, panels 2 and 3). A similar
picture is observed upon the condensation of evapo-
ration products of other polymers. These observations

Table 5. PCTFE Film Molecular Weight vs Substrate
Conditions

substrate temperature
and irradiation

molecular weight,
in solutions

temp,
K

electron
energy,

eV

current
density,

A/m2

mean
viscous,

2,5-DCTFBa

mean
digital,

Camfora

78 - 5 000 1 500
217 - 10 000 2 900
323 - 40 000 5 600
373 - 90 000 20 900
423 - 120 000 36 400
473 - 140 000 50 600
323 500-100 1 55 000 6 200
323 100-150 2 145 000 55 600
323 200-500 3-5 80 000 2 270
bulk polymer - 20 0 000 -

a 2,5-DCTFB, 2,5-dichlorotrifluorobenzene.

Figure 20. Electron paramagnetic resonance spectra of
films deposited by laser beam evaporation of PC (a) and
PCTFE (b): (1) as-deposited and (2) after 800 ks of storage.

Figure 21. SEM images of PC film surface, deposited by
laser beam evaporation, vs substrate temperature: (1) 293,
(2) 360, and (3) 430 K.
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prove that a continuous film is formed on a lyophobic
surface at low temperature only because of the
instantaneous energy loss of molecular fragments on
collision with the surface and the resulting reduction
of their mobility. Of interest is the evolution of a film
with free radicals “frozen” during aging. Films pre-
pared by plasma-induced polymerization from mono-
mer contain free radicals and are inclined to change
on aging, resulting in changes in their properties,
which become, as a rule, impaired. To stabilize the
material, the film is saturated by thermal treatment
in a hydrogen atmosphere. As a result, the material
loses its chemical activity. The aging phenomenon in
such an extreme form was not observed in films
formed by polymer evaporation. This is explained by
a smaller content of chemical defects. Cracking was
not observed during aging of these films. Thermal
treatment in a vacuum of the films, prepared by laser
beam evaporation of PCTFE,44 reduces the free
radicals’ concentration. Such processes may be as-
sisted by alternating electric fields applied to the film.
Krasovsky et al.111 observed more than a factor of 2
change of the loss tangent (tg δ) and 10% change in
dielectric permittivity (ε) of the films formed by
PCTFE during storage under the measuring voltage
stress (Figure 22). Irreversible growth of ε proves that
the material polarity has increased. This correlates
with the proposed mechanism of oxygen and hydroxyl
attachment to free radicals. It should be noted that,
without constant voltage stress during aging, i.e.,
when voltage is applied only at the moment of
measurement, the growth of ε and tg δ proceeds much
more slowly. The same authors observed an irrevers-
ible increment of ε and tg δ at cyclic heating-cooling
in the 290-393 K range of as-deposited films (Figure
23). It appears that a 25% increase of ε during the
first step of heating is caused by the compacting of
initially microporous material. Dielectric loss tangent
varied in a complex way: at temperatures above 410
K, it abruptly and irreversibly increased. This phe-
nomenon was caused by the cracking of the thin
upper layer film of metal bonded to polymer. This is
the result of a mismatch in coefficients of thermal
expansion (metal vs polymer) and the growth of
supermolecular structure in the polymer.

Thus, the polymer-evaporated film material is
affected by aging. The process of material stabiliza-
tion under ambient conditions can take a long time.
Reducing the deposition rate gave a more stable film.
Tolstopyatov44 observed considerable changes in film
properties after a 10-year aging under ambient con-
ditions. PC film, deposited by laser beam evaporation

with RF discharge, exhibited superior solvent resis-
tance. The 5-8-µm-thick film of PTFE on titanium
possessed satisfactory cohesion and adhesion as
deposited by electron beam evaporation. After 10
years, the film had differentiated into two layers: (i)
the upper layer, 60-70% of the film thickness, had
properties similar to the as-deposited film; and (ii)
the remainder, next to the substrate, had higher
strength and adhesion, similar to the original poly-
mer. Structural rearrangements catalyzed by the Ti
were presumed to have taken place in the film.

As is known, the lower the mass (size) of particles
from which an organic film is formed, the higher the
material’s inclination toward crystallization. The
three-dimensional shape of the molecule and inter-
molecular forces also play important roles in the
crystallization process. Films polymerized from TFE111

as well as from p-xylylene are highly crystalline.
Larger fragments decrease crystallization, a matter
related to reduced fragment mobility. Asymmetry in
the fragment structure additionally reduces crystal-
linity. For example, a PTFE film formed from the
products of electron beam evaporation has a lower
degree of crystallinity, which can vary in response
to the deposition rate (Figure 24).44 The crystalliza-
tion of a material is favored when molecular chains
have a highly regular structure. Structural defects
reduce their ability to crystallize. Crystallization is
suppressed as a second component is introduced.
Krasovsky and Belyi112 proved this by the co-
evaporation of polymers and metals. Tolstopyatov44

prepared amorphous films by simultaneous laser
beam evaporation of PSF and PCTFE.

Film composition is also dependent on the charac-
teristics of the condensation surface. Rogachev and
Kazachenko113-115 conducted an investigation of films

Figure 22. Dielectric permittivity (ε) and loss tangent
(tg δ) of as-deposited PCTFE films vs endurance time.

Figure 23. Thermal cycling influence on ε (a) and tg δ (b)
of PCTFE films.
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deposited by discharge-activated electron beam evapo-
ration of PTFE. Electron spectroscopy for chemical
analysis (ESCA), IR spectroscopy, and secondary ion
mass spectroscopy showed that the polymer layer
adjoining the substrate had a composition different
from that of the rest of the film. Its molecular chains
contain hydrogen in their side groups. The macro-
molecular chains of this layer (0.5 µm thick) tend to
be oriented normal to the condensation surface. The
refractive index of these films is quite low. The
authors also noted that the material, as deposited,
is surprisingly deliquescent.

Gritsenko107,108 investigated films deposited from
the products of PTFE thermal evaporation, activated
by accelerated electrons and RF discharge, and
observed that the refractive index increases with
thickness up to 0.5 µm, at which thickness it ap-
proaches that of the bulk material (Table 6). The
refractive index of films produced with RF discharge
activation remains unchanged after annealing, while
without such activation it increases somewhat. A
variation of refractive index throughout its thickness
was observed in a film formed by laser beam evapo-
ration of PSF,44 with a maximum value next to the
substrate. Usui and coauthors have been carrying out
“ionization-assisted” deposition of various polymers
and dyes since the mid-1980s.8,116-118 Their PE films
have molecular weights of about 1000 Da with a
narrow distribution. Their PTFE films have a mo-
lecular weight in the range of several thousands of
daltons. The PE film crystallinity was greater by that
method. This effect could be explained as resulting
from an extra decomposition of the evaporated PE
fragments by the accelerated electrons, producing a
film with lower molecular mass. The PTFE film had

a uniaxial crystal orientation, with its molecular
chains lying in the plane of the surface. Usui’s PTFE
film properties agree well with those reported by
Gritsenko, obtained employing the same method. But
the effect of the “ionization” method on the treatment
of PTFE destruction products is more complex, as
discussed by Gritsenko.29,103

3.2. Morphology and Structure of Polymer Films
Krasovsky112,119 used TEM to study film formation

resulting from the thermal evaporation of PTFE, PE,
PCA, and PA. PTFE formed highly crystalline three-
dimensional aggregates up to 1 µm in size. A highly
crystalline film with a globular-fibrillar structure
was formed from PE vapors. The film growth was
noted to proceed with a “propagation” of the original
structures of dendritic type which overlie one an-
other. Depending on evaporation and condensation
conditions, heterochain polymers (PCA, PA) could
have different types of aggregation. Suzuki and his
coauthors120 deposited films by the thermal evapora-
tion of poly(acrylonitrile). Film which was deposited
from untreated PAN powder was made up of blocks
up to 30 µm in size, while film which was deposited
using powder previously annealed in air at 200 °C
exhibited a smoothness even at the submicrometer
level. The IR spectrum of the film agreed well with
that of the source powder. It also indicated the high
concentration of sCdNs and sCdCs conjugated
bonds expected after high-temperature annealing.
The PAN films were annealed in a nitrogen atmo-
sphere to convert them into the semiconductive state.
Shrinet et al.121 deposited a thin Mylar (PET) film
by thermal evaporation. The IR spectrum of the film
agreed well with that of the original PET.

Kabayev et al.122,123 investigated films produced by
the thermal evaporation of PE and PET using TEM
and IR spectroscopy. The PE film displayed both
crystallinity and vinyl end-group content higher than
those for bulk PE. The PET film was amorphous and
had high concentrations of COOH and COOCHCH2
moieties. The groups were homogeneously distributed
throughout the film. Gritsenko28 observed cracking
and peeling-off after several weeks of storage of the
PET film at ambient conditions.

Komakine et al.124 deposited films of poly(1,4-
phenylene) by thermal evaporation. They found that
evaporation of PPP produced highly crystalline films.
Miyashita and Kaneko125 pointed out that the crys-
tallinity of deposited PPP films is much greater than
that of the original powder. SEM and AFM studies
showed that the PPP film consists of crystalline
particles about 100 nm in size as well as amorphous
domains (Figure 25). Calculations from IR spectros-
copy data on the PPP film gave an average chain

Table 6. Refractive Indices of PTFE Films

refractive index structureelectron current,
mA

thickness,
nm before annealing after annealing before annealing after annealing

0 31.9 1.36 1.42 crystal crystal
10 26.4 1.33 1.39 amorphous crystal
20 26.7 1.32 1.37 amorphous crystal
20 + 30 W RF 28.3 1.38 1.38 amorphous amorphous
20 + 30 W RF 600.0 1.42 1.42 amorphous amorphous

Figure 24. IR spectra of PTFE films deposited by elec-
tron beam evaporation at the following rates: (1) 9 and
(2) 50 nm/s.
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length of about 9.3 monomer units, which is almost
half of that of the initial PPP molecules in the
powder.

De Wilde126 studied the structure of PTFE films
deposited by electron beam evaporation using IR
spectroscopy. The IR spectra of the deposited film had
the same shape as the IR spectra of original PTFE,
but the macromolecular chain was shorter and more
branched. The film was amorphous. Its glass transi-
tion temperature (tg) was found from measurements
of the dielectric properties to be near 51 °C, confirm-
ing that the molecules were smaller and more
branched. The effects of condensation conditions and
thickness on the morphology of films produced by PE,
PP, PCA, PTFE, and PCTFE thermal evaporation
were studied by Gritsenko and his coauthors.127,128

The morphology of these films is presented in Figure
26. Deposited at a substrate temperature of 293 K
and rates above 0.5 nm/s, PE and PP films became
continuous at a thickness of 10 nm. No structure was
observed at 120000× magnification up to 100 nm of
film thickness. Deposition rates below 0.3 nm/s did
not support continuous film formation. Hogarth and
Iqbal129 previously observed similar results at low PP
film growth rates. At high growth rates, surface folds
appeared in PE and PP films at 100 nm thickness.
PCA film continuity was possible at 40 nm thickness,
but it had structural formations up to 150 nm in size.
The PVDF film became continuous at 40 nm and the
PCTFE film at 10 nm thickness, their morphology
smooth up to several µm in thickness.127,128 PTFE film
deposited with electron activation of evaporation
products was continuous at thickness of greater than
10 nm. The rate of PTFE film growth and RF

activation did not seem to affect its morphology. The
film was made up of 5-8 nm -thick microfibrilles
whose long axes tended to lie in the surface plane.
When these films are deposited at elevated temper-
ature, the surface folds enlargement was dependent
on material thermal stability. Enlargement begin-
ning was registered for PE, PP at 340 K, for PVDF
and PCTFE at 350 K, for PTFE at 500 K.

The morphology of films produced by laser beam
evaporation depended on the nature of the material
as well as the condensation conditions.12,44 While PC
films were smooth, PTFE and PC had a relief of about
1 µm. The homogeneity of PSF films improved when
the films were deposited on a warmer substrate or
after annealing, but these films had high internal
stress. The IR spectra of PC and PSF films deposited
by laser beam evaporation agreed well with those of
the original polymers (Figures 27 and 28), in contrast
to the observation with films deposited by thermal
evaporation.

Inayoshi and co-workers85,86 studied the morphol-
ogy of the PTFE films produced by CO2 laser beam
evaporation. The film relief is shown in Figure 29.
The film deposited at 20 °C seems to be composed of
lumps of up to micrometer size, while that deposited
at 100 °C is comparatively smooth. The surface of a
film deposited by a XeCl laser was smooth even at

Figure 25. SEM micrographs of 50-nm-thick PPP film.

Figure 26. Electron microscopy images of polymer films.
TEM: (1) PE, 50 nm thick. SEM: (2) PE, 100 nm; (3) PP,
250 nm, growth rate 1.5 nm/s; (4) PP, 250 nm, growth rate
0.1 nm/s; (5) PCA, 250 nm, growth rate 1.5 nm/s; (6) PTFE,
500 nm, growth rate 1 nm/s; (7) PTFE, 500 nm, deposited
at substrate temperature 200 °C; (8) PTFE, 200 nm,
polymerized by plasma (50 Hz).
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20 °C. These results suggest that polymer evapora-
tion by a CO2 laser is associated with a release of
large clusters which are not completely decomposed.
The same team studied the influence of substrate
temperature on the structure of films grown by the
synchrotron radiation evaporation of PTFE and
PFEP (Figures 30 and 31). Films deposited at 20 °C
seem to be made up of poles. This may be due to the
high flux of the active CFx species. The growth of
many macromolecular chains occurs simultane-
ously, but that is possible in only one directions
perpendicular to the substrate surface. In this case,
the kinetics of solid growth is more influential than
the thermodynamics. Higher temperature gives
smoother morphology. This fact suggests that the

film material has a higher degree of polymerization.
Zhang et al.87,88 obtained similar results. Figure 32
compares the morphologies of PTFE films deposited
by thermal, laser beam, and synchrotron radiation
evaporation. The film deposited by synchrotron ra-
diation evaporation had the smoothest morphology.
ESCA data, presented in Figure 33, show more CF3
groups in the film. Warmer substrate during film
growth gave a reduction in CF3 groups, which is
additional proof of a higher degree of polymerization.
The axes of the PTFE polymer chains are highly
ordered and perpendicular to surface plane. The
authors estimated the PTFE film molecular weight
to be between 1500 and 8500 Da. The morphology of
fluoropolymer films produced by electron beam evapo-
ration was studied by Zadorozhny.33 Under optimal

Figure 27. IR spectra of original PC and film, deposited
by laser beam evaporation.

Figure 28. IR spectra of original PSF and film, deposited
by laser beam evaporation.

Figure 29. Surface relief of PTFE film deposited by CO2
laser beam. Reprinted with permission from ref 85. Copy-
right 1996 American Vacuum Society.

Figure 30. Substrate temperature influence on the struc-
ture of the PTFE films grown by synchrotron radiation
evaporation. Reprinted with permission from ref 86. Copy-
right 1999 American Vacuum Society.

Figure 31. Substrate temperature influence on the struc-
ture of the PFEP films grown by synchrotron radiation
evaporation. Reprinted with permission from ref 86. Copy-
right 1999 American Vacuum Society.
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conditions of decomposition, and at a substrate
temperature above 450 K, the films formed from
PTFE and PCTFE have typical striated and fibrillar
structures. He also studied the effect of electron beam
irradiation during growth on the refractive indices
of the films.

It is clear from the data in Table 7 that, for films
of all materials, maximum refractive index results

with minimal exposure to accelerated electrons.
These data are evidence that electron irradiation
gives a lower density film.

Polishchuk106 investigated the structure of films
deposited by electron beam evaporation of PTFE,
including irradiation of the growing film with an
electron beam. He established a correlation between
substrate temperature and film structure. A fibrillar
structure is formed at 500 K, which becomes spheru-
litic after annealing in a vacuum at 600 K. Exposure
of the growing film to an electron beam (up to 1.5
A/m2 in current density) induces the formation of a
globular structure with spherulitic inclusions. The
author presumes this to result from the low molec-
ular weight of such films and, consequently, the high
mobility of the molecular chains. At 2.5-3.5 A/m2, a
fibrillar-stack structure is formed. Annealing for 7
ks at 600 K in a vacuum reduces the crystallinity of
the film. At higher current densities, crystallinity
grows and molecular weight decreases. These data
disagree with the results of other researchers, who
observed increased cross-linking under similar condi-
tions.

Silantiev42 investigated the morphology of films
obtained by a gas discharge electron beam gun. For
condensations under 293 K, PTFE films have het-
erogeneities about 1-5 µm in size and appeared to
be made up of lumps. PCTFE films deposited at
substrate temperatures up to 350 K displayed no
such structural formations and were amorphous.
Films deposited at 430 K showed striations and stack
structures. At condensation temperatures above 430
K, upon substrate exposure to a 3-W RF discharge,
a densely packed stack structure was formed. In-
creasing the discharge power to 10 W expanded the
stack size. Further increasing the discharge power
resulted in a brittle film. It should be noted that
PTFE films produced by different methods at a
comparatively high pressure and 293 K are lumpy.
It is possible that an initial aggregation of active
particles into clusters proceeds in the gaseous phase.
Kruglyak et al.130 found that, in the case of electron
beam evaporation of PE, the degree of film crystal-
linity declined with a decreasing rate deposition and
an increasing condensation temperature. Electron
beam irradiation of the films during their growth led
to cross-linking.

The IR spectra of 10-µm-thick films produced by
thermal evaporation were studied by Gritsenko and
coauthors.103,107,131 The IR spectra of PP and PVDF
films are presented in Figures 34 and 35. The IR
spectra of PE, PP, PVDF, and PCTFE films agreed
well with those of the starting polymers. The degree

Figure 32. Surface relief of the PTFE films deposited by
(a) synchrotron radiation, substrate temperature 20 °C; (b)
laser beam evaporation, substrate temperature 20 °C; (c)
thermal evaporation, substrate temperature 20 °C; and (d)
thermal evaporation, substrate temperature 200 °C. Re-
printed with permission from ref 88. Copyright 2001
Elsevier Science.

Figure 33. ESCA of PTFE film grown by synchrotron
radiation evaporation. Reprinted with permission from ref
87. Copyright 1999 Elsevier Science.

Table 7. Effect on Refractive Index of Irradiating
Growing Film by 2 keV Electrons

refractive index at current density, A/m2

polymer 1 2.5 5

PTFE 1.41 1.406 1.39
PE 1.57 1.57 1.54
P(VDF-FEP)a 1.44 1.42 1.40
ML-20 1.57 1.55 1.51

a P(VDF-FEP), vinylidene fluoride and hexafluoropropylene
copolymer.
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of PE film crystallinity was estimated at 45%. An
increase in the double bond content, as well as vinyl,
vinylene, and vinylidene groups, was disclosed. This
suggests a great number of side chains. A similar
conclusion was made for PP, PVDF, and PCTFE. The
amount of isotactic PP was estimated to be 20% for
films obtained by using a porous filter and 40% for
those obtained by evaporating pressed powder. The
degree of crystallinity in PVDF films was about 30%.

Considering that TEM examinations of all these
films (that had 50-nm thickness!) showed amorphous
structure (while IR spectra showed not a small
amount of crystal phase), it is suggested that mate-
rial is ordered and crystallized with film thickness
growth due to supermolecular structure formation,
as is clearly seen in SEM.

Hogarth and Iqbal129 studied the thickness depen-
dence of PP film structure using TEM. The line width
of the diffraction patterns narrows as film thickness
increases from 15 to 160 nm, both before and after
annealing. Annealing gives further line width nar-
rowing. This effect was stronger for thicker films. For
a thicker film, crystallinity was greater. These results
can be explained by a nonequilibrium state of thin-
film material caused by the surface energy of the
substrate. But a dimensional restriction for crystal
growth in the perpendicular direction must be con-
sidered.

As Fritz132 observed for layers of comparatively low-
molecular-weight dyes, their structure begins to

develop under a strong influence of the substrate, and
as a rule, it is different there (near the substrate
interface) from the bulk. The film structure tends to
transform into the bulk structure at thicknesses
which depend on the substrate and compound used.
It can be anywhere from several monolayers up to
about 100 nm.

Nagayama et al.133 studied the orientation of low-
molecular-weight PTFE films and perfluorotetra-
cosane (PFT) by near-edge X-ray photoelectron spec-
troscopy (XPS) absorption. They found that PFT
molecules grew in a highly oriented manner perpen-
dicular to the substrate and were not changed in
their orientation by rubbing with a cloth. PTFE
molecules, on the other hand, grew parallel to the
substrate and were easily oriented with their chains
along the rubbing direction. The difference may
result from the fact that comparatively long PTFE
chains cannot be altered to their original structure
after rubbing, due to the difficulties of moving larger
molecules over a longer distance. The comparatively
smaller chains of PFT are more easily relaxed. The
stronger anchoring of chain ends to the substrate in
the PFT film also must be taken into account.

A comparison of IR spectra of PCA films produced
by evaporation from a boat and from a porous metal
filter was reported by Khimchenko et al.27 The IR
spectrum of the film deposited from a boat showed a
superposition of PCA R- and â-phase spectra. IR
spectrum of the film produced using the porous filter
is different. The intensity of -NH- and amide groups
is considerably lower. Ether and hydroperoxide bonds
appear, as well as a number of cross-links. This is
explained in the latter case (porous metal filter) by
the complete decomposition of PCA and film forma-
tion exclusively from the resulting molecular flow,
while in the former case (boat) microdrops also play
a role in film formation. The cross-links’ appearance
can be attributed to the participation of fragments
smaller than a repeat unit in the film formation. This
work shows that, during thermal evaporation of
heterochain polymers, side reactions can take place
which result in a significant modification to the
chemical structure of the film. From the increased
intensity of 735 and 703 cm-1 absorption bands,
Silantiev42 concluded that RF activation of the mo-
lecular flow increased crystallinity of PTFE films. But
according to Painter et al.,135 these bands should be
attributed rather to the amorphous phase. We are
inclined to another view: RF activation produces
cross-links in the film material, preventing crystal-
lization and thus leading to an amorphous film
structure.

The IR spectra of films deposited from PTFE
decomposition products under activation by both an
electron impact and RF discharge are depicted in
Figure 36. The main bands are attributed to bulk
PTFE 157 spiral conformation. Bands at 780 and 630
cm-1 were supposed to correspond to conformation
103 of PTFE spiral.134 The existence of such confor-
mation was predicted.135 IR spectra, density mea-
surements, and diffraction patterns showed that the
structure of the thermally deposited film is highly
crystalline. An increase in electron activation current

Figure 34. (a) IR spectrum of 10-µm-thick PP film,
deposited by thermal evaporation. (b) IR spectrum of the
same PP film in the 2700-3300 cm-1 region: (1) 1 µm
thickness and (2) 10 µm thickness.

Figure 35. IR spectra of PVDF films deposited by thermal
evaporation: (1) 1 µm thickness and (2) 10 µm thickness.
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makes the films amorphous and increases the content
of double bonds and side branches. The mass spec-
trum of the degradation products of deposited PTFE
film showed an increased quantity of the CF3 and
C3F5 fragments. This is the confirmation that the
macromolecules in the film are shorter and more
branched than the original ones. Figure 37 presents
IR spectra of a PTFE film recorded at 200 °C. They
coincide well with a reference spectrum.135 After
annealing of the amorphous films in a vacuum at
500 K for 36 ks, the IR spectrum becomes identical
to that of the crystalline film. The cross-link content
was estimated to be low and the macromolecular
structure to be mainly linear. More extensive modi-
fication of the film structure was produced by the
simultaneous action of electron impact and a 40.68-
MHz discharge. A 30-W discharge leads to a widening
of IR spectra bands, although in general they cor-
relate with the bands of the bulk PTFE IR spectra.
Noticeable cross-links were formed, but with pre-
served linear structure of macromolecules. Increasing
the power to 70 W leads to a highly cross-linked,
branched structure with a high double bond content.
The IR spectra of films deposited with RF activation
do not change upon annealing, except for a slight

reduction of the bandwidth.108,131 This supports the
contention that films obtained without discharge are
negligibly cross-linked and those with discharge
activation are highly cross-linked.

Zadorozhny136 reported the thermal and electron
beam evaporation of poly(vinylcarbazole) (PVK) and
poly(epoxyvinylcarbazole) (PEVK). He produced
smooth films, but no other characteristics were given.
Gritsenko28 discovered that replicate cycles of CO2
laser beam evaporation from the same PEVK target
led to changes in the deposited film. At first, an
almost noncondensing fraction was emitted, followed
by more and more condensable molecular flow forma-
tion upon repeated laser action on the same target.
The resulting film could not be considered as classic
PEVK. Touihri and his coauthors137 reported success
with PVK thermal evaporation. They reported that
polymer chains are significantly shorter than in the
original polymer. PPS films were deposited using UV
and visible laser irradiation.138,139 These films con-
tained many macrodrops up to 10 µm in size. Elevat-
ing the substrate temperature during deposition
reduced the size of the macrodrops but increased
their quantity. XRD showed that film deposited at
room temperature was amorphous, while at 125 °C
it was crystalline. The ESCA indicated that the film
contained some side products of decomposition. Grit-
senko et al.140 evaporated PPS samples with varying
thermal pretreatment by thermal and CO2 laser
beam evaporation and with additional RF activation.
It was found that laser beam evaporation with RF
activation of previously annealed PPS led to the
formation of the best-quality film. The IR spectrum
of this film is almost identical to that of the original
PPS, although minor differences are present (Figure
38a,b). Films evaporated using a composite Cu
powder evaporator did not contain benzene rings
(Figure 38a), like that of PC. The film deposited by
laser beam evaporation was clear and transparent,
although AFM showed that the film contained nano-
sized pores. From these data, it could be concluded
that PPS nanoclusters with the original chemical
structure were emitted from the target, along with
low-molecular-weight products of decomposition, and
the film grew mainly from these clusters. The RF

Figure 36. IR spectra of 10-µm-thick PTFE films, depos-
ited under the following conditions: (1) thermal evapora-
tion, (2) with activation current 10 mA, (3) with activation
current 20 mA, (4) with activation current 20 mA and
additional 40.68-MHz 30-W discharge, (5) with activation
current 20 mA and 40.68-MHz 70-W discharge. Accelera-
tion voltage, 3 kV.

Figure 37. IR spectra of PTFE film, recorded at (1) room
temperature and (2) elevated (200 °C) temperature.

Figure 38. IR spectra of PPS films, deposited by (a) (1)
thermal evaporation or laser beam evaporation and (2)
thermal evaporation using Cu powder evaporator; (b) (1)
thermal evaporation from a boat and (2) laser beam
evaporation.
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discharge activated their surface and promoted chemi-
cal links between clusters, forming the most stable
films.

Das and co-workers139 studied the influence of
proton implantation into deposited PPS films. The
polymer was strongly resistant to 100 keV protons
up to a total dose of 1015 ions/cm2. The carbon
concentration was increased by 17-fold, while the
sulfur concentration was significantly decreased.
Nishio et al.141-143 reported semiconductive thin-film
deposition by UV pulsed laser beam evaporation of
PAN and polyacenic (PAS) materials. The surface
relief of the PAN films is shown in Figure 39. The
films deposited using a 308-nm laser beam seem to
be composed of large clusters, while those deposited
using a 248-nm laser beam are comparatively smooth,
although some grains up to several micrometers are
still present. Their IR spectra indicate the greatest
proximity in the film deposited by the 308-nm laser
beam, then that deposited at 248 nm with low
fluence, and that deposited at 193 nm is the most
unsuitable (Figure 40). XPS data showed that all
films have different compositions, but the films
deposited using 248 nm at high fluence and using
193-nm irradiation both showed a lack of nitrogen.
Figure 41 presents the film chemical structure varia-

tions vs laser wavelength. The deposition of PAS
polymer film using a 308-nm laser beam resulted in
a film that seems to be composed of microdrops up
to 0.5 µm in size (Figure 42).

Agabekov and co-workers38,39 studied the structure
and properties of deposited 0.1-1-µm-thick films of
PCHD and cross-linked PCHD (CPCHD). As depos-
ited, the film structure is amorphous. The mass
spectra of the destruction products of the deposited
film featured more intensive peaks over 200 amu

Figure 39. Surface relief of PAN film deposited by laser
beam evaporation at the following wavelengths: (a) 308
and (b) 248 nm. Reprinted with permission from ref 55.
Copyright 1996 Elsevier Science.

Figure 40. IR spectra of PAS: (a) film from phenol-
formaldehyde resin; (b) film from pyrolytic PAS; (c) phenol-
formaldehyde resin; and (d) pyrolytic PAS targets. Re-
printed with permission from ref 141. Copyright 1996
Elsevier Science.

Figure 41. Chemical structure of films prepared by PAN
laser beam evaporation vs laser wavelength and fluence:
(a) at 308 nm with low fluence; (b) (1) at 248 nm with low
fluence, and (2) at 248 nm with high fluence; (c) at 193
nm. Reprinted with permission from ref 142. Copyright
1996 American Institute of Physics.

Figure 42. Surface relief of PAS film deposited by laser
beam evaporation of phenol-formaldehyde resin. Re-
printed with permission from ref 141. Copyright 1996
Elsevier Science.
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compared with the mass spectra of the original
polymers (Figure 43). The authors suggest that the
film was formed mainly from oligomeric decomposi-
tion products. The final film structure differs some-
what from that of the original polymer. It was found
that some bands of its IR and NMR spectra can be
attributed to the formation of benzene rings, more-
over, conjugated up to three rings. The spin concen-
tration in CPHD film was 1019, while in the original
powder it was 5 × 1017 spins/gramm. These films are
soluble in organic solvents, unlike the original poly-
mers. After exposure to UV radiation in the air, the
films became insoluble, and their oxygen content
increased. The authors think that the film is cross-
linked under UV irradiation through photo-oxidation.

Lee and his coauthors144 studied the deposition of
very thin films of the conductive polymer PANI,
prepared by the thermal evaporation of emeraldine.
They conclude from high-resolution electron energy
loss spectroscopy that the initial layer is made up of
relatively short PANI oligomers. As film thickness
builds, these oligomers react with one another to form
longer polymer chains. The chemical nature of the
substrate had an influence on the final degree of
PANI film oxidation. Li et al.145 deposited PANI film
using a specially designed crucible. The morphology
of this PANI film consisted of grains up to several
micrometers in size. Gritsenko28 deposited PANI film
by laser beam evaporation. This film was a leucoe-
meraldine base, and also may consist of some reduced
oligomers.

Fujii et al.146 deposited polysiloxane films using
CO2 laser beam evaporation of a polysiloxane target,
assisted by a remote radical source. A 2.45-GHz
discharge in O2 or H2O supplied the radicals. At 5-W
irradiation, a smooth film was deposited, while at
10 W a clustered “film” was grown at a substrate
temperature of 30 °C. Raising the temperature to
100 °C gave a smooth film at 10 W. The variations

of film structure vs deposition conditions are shown
in Table 8.

Nakao et al. deposited poly(diacetylene) (PDA)
films by the thermal evaporation of PDA with (CH2)4-
OCONHCH2CH3 side groups.147 The PDA film was
grown on a PET sublayer that was previously rubbed
with a cloth. The film was unidirectionally oriented
with the PET sublayer.

3.3. Composite Film Deposition and
Characteristics

Since the equipment and operating regimes for
polymer evaporation are quite different from those
used for evaporation of inorganic and low-molecular-
weight organic materials, to deposit a composite film
it is usually necessary to have at least two different
evaporators. Our scheme for simultaneous thermal
and electron beam evaporation is shown in Figure
44. This installation is equipped with two devices for
crucible heating and vapor treatment by accelerated
electrons (2). One boat or crucible for thermal heating
(3) could be used. A tantalum boat or titanium
crucible at a distance from 100 to 300 mm from the
substrate was used. The following substrates (rotated
and stationary) were used: glass, quartz, Si, Ge, KBr,
etc. (7). Polymer film thickness was measured during
growth by a quartz monitor (8). For composite films,
the characteristics of the absorptive component were
controlled using an optical system (9), which mea-
sured both transmission and reflectance at one
chosen wavelength. An electric field to accelerate ions
was imposed in some experiments. A power of 40.68
MHz up to 70 W could be applied to the gaseous
products. Mass spectra were recorded by using an
MX-7301 mass spectrometer (10).

Table 8. Properties of Films Deposited at a CO2 Laser Beam Power of 10 W

radical assistance substrate temp, °C deposition rate, nm/min film properties

no 30 1570 cauliflower-like, soft
no 100 - granular
O2 microwave plasma 30 - fibrillar
O2 microwave plasma 100 23 flat, transparent, hard
H2O microwave plasma 30 -
H2O microwave plasma 100 14 flat, transparent, hard

Figure 43. Concentration of degradation products of
deposited CPCHD film vs temperature: (1) 18, (2) 20, (3)
44, (4) 81, (5) 105, and (6) 166 amu.

Figure 44. Cross section of chamber for thermal and
combined film deposition with electron activation: (1) wall,
(2) electron beam evaporators, (3) crucible heated by
electric current, (4) shutter, (5) shield with windows, (6)
substrate, (7) gear for substrate rotating, (8) quartz crystal
(thickness), (9) transmittance and reflectance in situ, (10)
mass spectrometer.
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Our installation for laser beam evaporation is
presented in Figure 45. The installation was equipped
with a target (8) for laser beam evaporation and a
Ta boat (12) for thermal evaporation. A 40-W CO2
laser was used (5). A spherical lens (6) was used for
focusing the laser beam on the target surface. The
diameter of the focused beam could be varied in the
6-10-mm range. The target, i.e., the polymer plate,
was rotated at 1-10 rps. Varying the beam diameter
and target rotation speed allowed us to obtain a
variety of irradiation densities. The beam pulse
length was modulated using a mechanical shutter.
The distance between the target and substrate was
100 mm. A 40.68-MHz discharge of up to 30 W could
be ignited in the chamber (11). The film thickness
was measured by using a quartz crystal microbal-
ance. For dye-filled film deposition, the dye could be
spread onto a polymer or a KBr plate surface. The
pressed mixture of polymer and dye powders at the
desired composition also could be used as a target.
The film growth rate varied up to 150 nm/s. But
drops of liquid polymer can be emitted, so the
parameters of the laser beam must be carefully
maintained in a specific range.

Krasovsky and Belyi112,119 established that the
structure of films produced by co-deposition of metal
and polymer is controlled by both the nature of the
metal and the deposition conditions. The co-deposi-
tion of silver with any polymer formed a composite
film with a particle size below 1 µm. Alkaline metals
form homogeneous amorphous films with all poly-
mers. PE formed composite films with Pb, Al, and
Fe, whereas PCA, PTFE, and PA formed homoge-
neous amorphous films with these same three metals.
The thermal stability of the Pb + PCA film was 200
K higher than that of PCA alone. Any aggregation
of metal atoms at elevated temperature was negli-
gible as a result of the presence of the second
component, as well as by probable formation of

chemical bonds between metal atoms and polymer.
Later, Boonthanom and White148 investigated the
structure of films obtained by co-deposition of PE and
PC with Cr, Al, Au, Ag, Cu, and Te. Their results
correlate well with those obtained by Krasovsky.

Petrov et al.149 studied films obtained by co-
evaporation of PTFE with Au or Te. Au films depos-
ited on KBr are more continuous than those depos-
ited on KBr having been preliminarily coated with a
10-nm PTFE layer. The authors explain this by the
influence of the low surface energy of PTFE, which
sharply reduces the number of nucleation centers.
Figure 46 depicts both Au and Te films on KBr and
PTFE. Figure 47 shows images of Au- and Te-filled
PTFE films. The size of both Au and Te particles
grows as metal concentrations increase. Te crystals
have some ordered orientation in the surface plane
when a PTFE sublayer is used. The continuity of
metal + polymer films is higher than that for pure
metal ones. The authors attribute this effect to the
stopping of crystallite growth due to the adsorption
of PTFE particles on their faces and the increased
amount of nucleation centers owing to a suppressed
migration of adsorbed metal atoms. The structure of
co-deposited films from these metals and PE, PCTFE,
and PVDF is similar. The size of amorphous clusters
of As-Se-Te alloy is smaller than the size of Te

Figure 45. Scheme of deposition chamber for laser beam
evaporation combined with thermal and plasma activa-
tion: (1) CO2 laser, (2) mirror, (3) vacuum chamber, (4) KBr
window, (5) laser beam, (6) spherical lens, (7) drive for
target rotation, (8) target, (9) substrate holder, (10) sub-
strate, (11) electrodes for RF discharge, (12) Ta boat.

Figure 46. TEM images of Au and Te films: (1) Te on
KBr, (2) Te on PTFE sublayer, (3) Au on KBr, and (4) Au
on PTFE sublayer.

Figure 47. TEM images of Au- and Te-containing PTFE
films.
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clusters.107 Raman scattering spectra showed few
metal-carbon bonds, so these films are two-phase
composites. Figure 48 shows optical spectra of Au-
and Te-filled PTFE films. The reflection peaks near
600 nm are stronger for Te-filled films. The reflection
of Au-filled films from the substrate side is smaller
than the reflection of Te-filled films, while reflection
from the film side is more than 40% for 60% Au, and
more than 20% for 30% Au films. This is evidence of
nonlinear optical effects in particulate media, like
those discovered for plasma-polymerized Au- and Pd-
filled films.150,151

Films produced by laser beam evaporation of
polymer pairs were investigated in earlier work.44

Destruction products of PSF-PCTFE and PSF-PET
pairs form films of a patchy structure, where each
grain consists of only one polymer. When these films
are heated, the grains grow in size. The PSF-PC pair
is compatible only within certain compositional
bounds. The IR spectra of these composite films is a
superposition of the initial materials’ IR spectra. A
few polymer pairs formed homogeneous films over a
wide range of compositions and evaporation condi-
tions. A minor addition of a second component
changes the process of structure formation in a
polymer film. The annealing of a PC film at 380 K
for 1.2 ks results in the growth of crystallization
centers, whereas the addition of a few percent of PI
evaporation products preserves the structure un-
changed under the same conditions. This is the result
of irregular block-copolymer formation or blocking of
PC macromolecules’ motion with those of PI. Homo-
geneous films are formed from all pairs if evaporation
products are exposed to RF discharge. The film
structure consists of transversely cross-linked mac-
romolecular blocks of different components. These
films neither melt nor dissolve in organic solvents.

Fujii et al.152 deposited a PTFE film containing
nanoclusters of inorganic semiconductors using both
layer-by-layer and simultaneous co-evaporation by
two UV lasers from two targets. A F2 laser (157.6 nm)
was used for PTFE deposition, while a KrF laser (248
nm) was used for CdTe deposition. Deposition was
performed in an Ar gas medium at a pressure of 200
mTorr, which is favorable for the growth of CdTe
nanoclusters. The CdTe cluster size was in the 4-7-
nm range, decreasing in size as the Ar pressure
decreases.

It was found that the co-deposition of dye and
polymer in a vacuum can generate useful new films
for nonlinear optics153 and the optical recording of
information.154 Yang and his coauthors153 evaporated
a mixture of Teflon AF 1600 and 4-(dialkylamino)-
4-nitrostilbene (DANS) powders from a single graph-
ite crucible with a nozzle of 2-3-mm diameter. It was
found that the DANS concentration in the film is
about 5-10% lower than that in the source material.
The film surface seems to be composed of lumps up
to 1 µm in diameter. Films with a DANS concentra-
tion lower than 25% are amorphous. At higher DANS
concentration, dye crystals appear in the film. XPS
data showed that no covalent bonds between DANS
and Teflon molecules were formed, so the film is a
guest-host composite. Later, Fujii et al.155 prepared
perfluorinated cyclooxyaliphatic polymer (Cytop) doped
with DANS by laser beam evaporation using the
technique described in ref 152. At small DANS
concentrations, the film was amorphous. With in-
creasing DANS concentration, crystals appeared in
the film distributed throughout the amorphous phase.

Gritsenko et al.154,156-160 investigated phthalocya-
nine-filled polymer films, obtained either by dye co-
evaporation with PTFE from dual sources or with
PCTFE by a composite powder pellet. H2Pc, VOPc,
ZnPc, CoPc, and CuPc were used. TEM shows that
the dye is condensed as a separate crystalline phase
with a 5-30-nm particle size, dependent on dye
concentration. The optical spectra of pure Pc films
have a two-component Q-band structure. If the mo-
lecular planes are parallel to each other, i.e., if they
form a stack, the blue component dominates. The red
component is related to a less arranged structure.
The spectrum of as-deposited H2Pc + PTFE film
consists of one broad peak at 610 nm, and the long-
wavelength band is not resolved. The same effect was
found in the case of other Pc’s in polymer matrices.
This is because the dye-dye interactions are stronger
than the dye-polymer interaction. Pc molecules form
stacks, but they are randomly oriented in the matrix
and have a certain variation in size. After annealing
at 473 K, there are minor direction-dependent varia-
tions in the film optical spectra, dependent also on
the complexing metal. The long-wavelength band
becomes more pronounced, but annealing does not
change the bands in any noticeable manner. It should
be noted that 1.8 ks is sufficient to complete the
phase transformation of the pure VOPc film during
annealing, while in a PTFE matrix the phase trans-
formation does not finish even after 36 ks. Annealing
leads to a higher order inside the dye clusters, but
not to a cluster size increase. This is due to a
restriction on molecular migration and on individ-
ual clusters growing larger in the PTFE matrix.
Figure 49 presents optical spectra of H2Pc + PTFE
films after annealing at 200 °C for 2 h. These spectra
show a gradual change as H2Pc concentration de-
creases.157,158 At a high dye concentration, the ag-
gregates are formed. At lower dye concentration, the
matrix prevents aggregation by “freezing” dye mol-
ecules at the deposition sites. So the kinetic factor
results in a nonequilibrium film structure with an
isolated monomer-like state of dye molecules. The

Figure 48. Optical spectra of Au-and Te-filled PTFE
films: (a) reflection from substrate side; (b) transmittance.
(1) 30% Te, (2) 60% Te, (3) 30% Au, and (4) 60% Au.
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matrix influence is small due to its low surface
energy. A 1% H2Pc + PCTFE film, deposited by laser
beam evaporation from a composite pellet, has the
main band at 602 nm, which is shifted to shorter
wavelength compared to that of pure dye film, but
longer than for thermally deposited composite films
with small H2Pc concentration. The long-wavelength
band is also not resolved. Film deposited by laser
beam evaporation of PCTFE + VOPc powder con-
tains VOPc clusters in the high-temperature crystal
modification 2. RF discharge during VOPc laser beam
evaporation results in the low-temperature phase 1
formation. Laser beam evaporation of a mixture of
PCTFE or PS with Pc’s or merocyanine (Mc) powders
leads to composite film formation.148,151 Spectra of
Mc + polymer and Mc films are presented in Figure
50. The polymer matrix widens the long-wavelength
maximum and shifts it to shorter wavelength. The
PCTFE matrix shifts the maximum more strongly
than the PS matrix. Perhaps it is due to a weaker
interaction between Mc and PCTFE molecules than
between Mc and PS. An especially strong effect was
obtained with the spiropyran dye. The pure dye film
aggregates within 1 day, while dye + polymer is still
smooth after 1 year. Laser beam evaporation of
composite targets of dihydroxyanthraquinone (Al-
izarin, Aq) and some other dyes with PCTFE, PS, etc.
was performed.157,158,161 The photoluminescence (PL)
spectra of alizarin-based films are present in Figure
51. The spectrum of the pure dye film has its most
intensive band in the blue region, which is charac-

teristic for Aq. PL spectra of composite films contain
also a red component. PL in this region can be
assigned to contaminants with higher evaporation
temperature. During thermal evaporation, contami-
nants remain in the evaporation source, while laser
beam evaporation deposits all components of the
pellet. After annealing, the dye concentration de-
creases, because the dye is the most volatile compo-
nent of the film.

The thermal evaporation of squarylium (Sq) de-
rivatives results in a film formation with a mono-
meric structural unit, while laser beam evaporation
of the same dye results in the stack formation. RF
discharge treatment of Sq vapor during laser beam
evaporation resulted in a deposited film having a
spectrum similar to that for thermally deposited film.
Laser beam evaporation of a Sq + PCTFE powder
mixture led to a film formation with its band maxi-
mum at a position intermediate between those of
films deposited by thermal evaporation and laser
beam evaporation.161 These film spectra are shown
in Figure 52. Thus, laser beam evaporation promotes
cluster formation, while RF discharge and dilution
in a polymer matrix works in the opposite direction.

Poctennyi and Misevich produced composite films
by laser beam evaporation of mixtures of CuPc and

Figure 49. Optical absorption spectra of H2Pc + PTFE
films with the following H2Pc concentrations: (1) >70%,
(2) 30-50%, (3) 10-15%, (4) 1-3%. [Absorption of (3) and
(4) multiplied by 3.]

Figure 50. Optical absorption spectra of Mc + PCTFE
films: (1) thickness 2000 nm, 0.2-0.5% Mc; (2) 500 nm,
25-30% Mc; (3) 300 nm of pure dye.

Figure 51. Photoluminescence spectra of alizarin and
alizarin-filled polymer films: (1) alizarin, 100 nm thick,
deposited by thermal evaporation; (2) 5 µm thick, deposited
by laser beam evaporation of 1% Al + PCTFE as-deposited;
and (3) annealed at 150 °C.

Figure 52. Absorption spectra of squarylium (Sq) and Sq-
filled PCTFE films: (1) Sq film deposited by thermal
evaporation; (2) Sq film deposited by laser beam evapora-
tion; (3) Sq + PCTFE deposited by laser beam evaporation.
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PS powders.162-165 Film thicknesses ranged from 100
to 1000 nm. The IR spectra of deposited PS films
agree well with those of the original polymer. But
after annealing, the intensity of the IR spectrum
peaks decreases significantly. The authors attributed
this effect to a partial evaporation of film material,
which is due to a lower mass of the deposited film
than that of the original polymer. The as-deposited
PS film has a surface roughness of about 0.18 nm,
while the CuPc film consists of crystallites ranging
from 40 to 70 nm in size. The grain boundaries in
as-deposited PS films containing 20% CuPc cannot
be detected by AFM. Annealed at 200 °C, these 100-
nm-thick films revealed irregularly oriented needle-
like crystallites, typical for Pc’s. AFM images of
CuPc + PS films are shown in Figure 53. The authors
explain that this is due to the presence of Pc crys-
tallites on the film surface only. So the PS matrix
allows aggregation and recrystallization instead of
the PTFE matrix. The thin composite film (10 nm)
was not recrystallized. The influence of different
types of substrates on the recrystallization process
was also mentioned.

The deposition of PANI with tetracyanoquino-
nedimethane (TCNQ) from a single crucible using a
powder mixture reduced the grain size almost 10-
fold.145 The TCNQ concentration in the film was
lower than that in the source. In some cases, a
“seahorse”-like structure was formed in the composite
film. An IR spectrum of the composite film revealed
a new absorption band at 2179 cm-1, which was
assigned to the formation of a charge-transfer com-
plex.

In summary, processes of film growth from polymer
degradation products have features in common with
those from inorganic vapor. They are based on
physicochemical specifics of polymers:

(i) close values of chemical bond energies and the
condensation energies of molecular fragments;

(ii) high potential of chemical activity, concentrated at
distinct places within the molecular chain;

(iii) molecular chain flexibility which allows high mobility
of chain ends with small displacements of the
macromolecule center; and

(iv) comparatively long characteristic times of deposition
processes that determine growth kinetics and the
nonequilibrium thermodynamic state of the con-
densate.

These peculiarities determine the properties of
deposits and provide us with the possibility of con-
trolling them by varying the deposition conditions.
During a composite film deposition, processes for the
growth of both components are taking place simul-
taneously. The following peculiarities should be taken
into special account:166

1. The high energy of condensing metal atoms can
promote desorption of organic molecules.

2. The sticking probability of each compound can be
different, so the film composition is not equal to
that in the gas phase.

3. Growing particles of each phase prevent the growth
of particles of the second phase.

4. Metal atoms and dye molecules can react with active
organic fragments both in the gas phase and in the
growing film. As a result, new chemical species are
formed that can be useful or not.

5. In any multicomponent film, the physical interactions
between molecules (atoms) of compounds exist. The
relative importance of these interactions is respon-
sible for the ultimate film structure, e.g., whether
it is a one-phase solid solution or a composite two-
phase material. But for large unsymmetrical or-
ganic molecules, it can mean the formation of other
aggregation states or crystal structures.

A scheme generalizing all processes that take place
during film deposition is presented in Figure 54.166

Division of the all processes into physical and chemi-
cal processes was made for better understanding, but
really there is no clear border between them. A
comparison of thermal, laser, and electron beam
evaporation methods from a technological viewpoint
is presented in Table 9.

3.4. Conclusions
The processes that take place during polymer film

or composite growth are rather complex and inter-
related. An understanding of these processes presents
us with the possibility of controlling deposited film
structure and properties.

The introduction of a dye or metal into polymer
matrices by co-deposition often results in nanocluster
formation. Such nanoclusters exhibit unusual optical
and electronic properties, while the polymer matrix
provides the deposits with superior stability. Incor-
poration of delicate organic molecules into a polymer
matrix by co-evaporation seems rather promising,
while a plasma polymerization technique is not
acceptable because it not only activates the monomer
but also causes dye molecule degradation. Incorpo-
rating specially designed dye molecules which have
a double bonds at the end into the polymerization
process during polymer film growth is rather difficult,
but it is a promising method for the stabilization of
the film’s optical and electronic properties. It can be
predicted that further research will be focused on
functional films with complex chemical and physical
structures.

4. Properties of Thin Polymer Films

4.1. Film Strength and Adhesion
The strengths of adhesion of PCTFE, PC, PSF,

P(TFE-E), and P(CTFE-E) films, deposited by laser

Figure 53. Surface relief of PS film filled with CuPc (a)
as-deposited by CO2 laser beam evaporation and (b) an-
nealed. Scan size 165 × 165 nm. Reprinted from ref 215
with permission from the author.
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beam evaporation, to their Al, Cu, Ti, and glass
substrates was measured using a shear method and
turned out to be higher than the films’ cohesive
strengths.12 This was, in a sense, preordained by the
films’ generally low molecular weight and, conse-
quently, their relatively low strength. Fluoropolymer
films deposited on glass (heated to 370-450 K) by
laser beam evaporation exhibited adhesive failure.
Films 1-10 µm thick, produced by PTFE electron
beam evaporation33 on glass, Cu, and Ti substrates,

failed similarly. Thinner coatings failed in a cohesive
or an intermediate mode.

The dependence of failure mode on film thickness
and substrate temperature is a window to the role
of internal film stress. The material of most films
deposited under typical conditions is in a highly
plastic, low-modulus condition. Thus, the relaxation
of internal film stress can occur at a stress level lower
than the adhesive strength. Thicker films or films
deposited at elevated temperature possess higher

Figure 54. General scheme of processes taking place during film deposition. Red, physical processes; blue, chemical
processes.

Table 9. Comparison of Polymer Film Deposition by Thermal, Laser, and Electron Beam Evaporation

method

thermal evaporation laser beam evaporation electron beam evaporation

high evaporation rate - + +
evaporation rate is limited by energy supply is directed to electron beam is not applicable
heat supply from crucible to surface layers of solid; limited for polymer evaporation with
organic solid, which is limited by free surface of evaporated few exceptions, because
by low thermal conductivity material accelerated electrons decompose
of organic matter monomer also

fast control of - + +
evaporation rate limited by thermal inertion of limited by laser beam control limited by electron beam control

crucible mechanism mechanism

co-evaportation of two + + +
or more materials high-speed jumps from one high-speed jumps from one

evaporator to another evaporator to another

evaporation at high pressure + + -
with activation by plasma electrical breakthrough
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modulus and can support higher internal stress.
Films deposited by PTFE and PCTFE electron beam
evaporation at a rate of 50 nm/s exhibit poor
strength,12 owing to the film’s low molecular weight.
Films 5 µm thick, produced by PCTFE electron beam
evaporation on steel, achieved maximum adhesion
when the substrates were annealed at 873 K and
glow discharge treated prior to the deposition. De-
contamination of the surface played the major role
in improving adhesion. The increase in the film’s
molecular weight, as well as the presence of a larger
number of chemical bonds between the film and the
substrate, need also to be considered.

Krasovsky167,168 studied the strength of films he
obtained by thermal evaporation. The strength was
estimated from the load at which an indenter punc-
tures the film, making an electrical contact with the
conducting substrate. With the indenter used, it was
established that a 1-5-µm-thick film withstands up
to 2 GPa of static load. This is due to plastic yield in
the material under the indenter point, which pro-
duces a rim of displaced material. As the indenter
approaches the substrate surface, the yield resistance
in the narrowing gap rises. Films deposited by laser
beam evaporation of PCTFE with RF discharge were
twice as strong as those deposited without such
activation.44 This is attributable to the larger number
of chemical bonds with the substrate, as well as cross-
linking within the film.

It has been established106 by the normal break-off
method that the adhesion of PE films deposited by
electron beam evaporation on glass or metal sub-
strates exceeds 6 MN/m2. Kabaev et al.122,123 have
shown that PE film adhesion to a PET substrate is
higher than that of PET to a PE substrate. Grit-
senko107 measured the adhesion of 20-300-nm-thick
films deposited on glass with activation by acceler-
ated electrons using the method of normal break-off
and found that the results depend on the nature of
the material: for PE, PP, and PVDF, 0.5 MN/m2; for
PCA, 0.7 MN/m2; for PTFE, more than 1 MN/m2. PE
and PP film adhesion is governed by hydrogen and
dipolar bonds, while for PCA and PTFE films few
chemical bonds with the substrate are formed. Using
an RF discharge during deposition brings PTFE film
adhesion as high as 5 MN/m2. Pisanova et al.169 found
that a PTFE interlayer affects the adhesion of a glass
fiber to a PC matrix considerably. Adhesion strength
rises with interlayer thickness, maximizing at 80-
100 nm. A thicker interlayer still reduces this adhe-
sion to the characteristic shear strength of bulk
PTFE. We can conclude that it is possible to vary film
adhesion and strength considerably by changing the
substrate temperature as well as the method of
activation.

4.2. Frictional Properties
Controlling the slipperiness of plastic-coated sur-

faces has much practical importance, and has spurred
on tribological investigations. Frictional character-
istics of films obtained by PCA thermal evaporation
have been described in refs 170 and 171. The test
regime was as follows: test chamber pressure, 6.5
mPa; frictional pair configuration, 3-mm-diameter

disk-on-sphere; indenter load, 1 N; and sliding veloc-
ity, 2 m/s. A 3-5-µm-thick film on steel had a 0.01-
0.18 coefficient of friction (COF) over a time span of
3.6-10.6 ks (Figure 55). The uncoated sample seizes
up at 0.3-0.6 ks into the run. The distance of the
run is about 1 km, and the steady service friction
path is about 5 km. Beginning with the sixth kilo-
meter, COF increases, indicating film failure. Wear
probably starts on the roughness peaks. The COF of
film deposited by PCTFE laser beam evaporation
onto an Al alloy was investigated in ref 12. The coated
disk substrate was rotated at a linear velocity of
7-15 m/s in contact with a 3-mm-diameter steel ball,
normally loaded at 0.15 N. The COF dependence on
film thickness is similar to that of many other thin
coatings, and in particular PTFE.171 Its peculiarity
is that COF grows as thickness decreases below
1 µm.12,171 This was explained by a 2-3-fold increase
in shear resistance in the thin interfacial layer over
the bulk material. The bare tops of the steel substrate
microasperities play a significant role, as do changes
in polymer structure in the boundary layer.

The COF values for films obtained by RF-activated
laser beam evaporation of PCTFE, PC, and PI are
lower than those for films without activation.44 An
explanation was not given, but the correlation be-
tween the COF data and the surface properties of the
films, in particular the water contact angle, should
be noted. The COFs measured in this work are some
1.5-2-fold higher than reference data for the original
polymers. They are also 1.5-2 times higher than
reference data on glass and commercial PI film.
Hence, the differences in COF might be attributed
to different test conditions. It should be noted,
however, that the COF for films obtained by evapora-
tion without activation corresponds to that of the
original polymers.

Rogachev and his coauthors171 estimated theoreti-
cally the contribution of adhesion to thin-film friction
and found it to be very significant. Experimental COF
data for thin films correlate with their water contact
angles. The above experimental data, including those
of Kamiljanov,172 confirm that frictional data are as
much dependent on test conditions as dielectric data.

4.3. Surface and Protective Properties
Surface properties of solids, which are the outward

manifestations of the chemical structure of their
surface layers, can be probed by specific free surface
energy measurements. The surface properties of thin

Figure 55. Dependence of friction coefficient of PCA film
upon distance.
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polymer films, especially those of the first molecular
layers involved in adhesive interaction, are different
because the structures of these films can differ
significantly from the structure of the bulk.173 The
surface characterizing water contact angle for films
deposited by laser beam evaporation depends little
on formation conditions, excluding of course activa-
tion by glow discharge.44 The surface energy of the
thinnest films depends on the substrate material, for
certain atomic groups can have an ordered orienta-
tion near the surface. The effect of CF3 end group
orientation on free surface energy in PTFE was
studied in earlier work.174 These researchers found
that the surface energy is much lower in cases where
polymer chains are oriented normal to the surface,
rather than parallel to it. Discharge activation of
evaporated products has a considerable influence on
surface properties. Though deposition from the acti-
vated molecular flow led to the formation of more
polar films, the water contact angle increased.44,175

This might be connected with the formation of
oriented texture under the action of an electric field.

Protective properties depend on film continuity.
Porosity can be examined by using optical or electron
microscopy, as well as by exposure to substances
which react in some noticeable fashion with substrate
material: acids, alkalis, etc. It can also be evaluated
by considering the electric conductance between a
drop of electrolyte on the polymer coating surface and
the underlying metal substrate. Defects within the
films (pores, cracks) can exist or be formed by a
variety of reasons: aggregation of macromolecular
fragments and macromolecules themselves during
condensation, internal stresses, particles of dust on
the substrate surface, polymer melt drops, etc. Sur-
face roughness affects film quality in cases where the
deposition system has a molecular flow pattern which
is unable to penetrate into a “geometrical shadow”.
When a sharp substrate asperity exceeds the film
thickness, continuity at its peak is often inadequate.
Treating substrates with surfactants or glow dis-
charge noticeably reduces this type of film porosity.
It has been noted33 that the size of pores within films
obtained by polymer evaporation is usually less than
1 µm, and their abundance is usually in the range of
104-107 m-2. As the temperature of film deposition
approaches 423 K, the porosity is reduced, but at
higher temperatures it increases for PCTFE and is
reduced further for PTFE. Protective properties of
films were tested in aggressive solutions and va-
pors.33,44,176 They were evaluated from the corrosion
rates of a metal coated with a polymer film. This
corrosion rate was estimated from electrical resis-
tance. The onset of substrate corrosion in sulfur
dioxide is observed after 126 and 259 ks of exposure
for 5- and 10-µm PCTFE films, respectively. PTFE
films 1 and 10 µm thick, deposited by electron beam
evaporation, were stable under similar conditions for
36 and 162 ks, respectively.171 The protective proper-
ties of films produced by laser beam evaporation of
PC and PSF were evaluated in a 30% solution of
sodium hydroxide.44 Etching of the Al sublayer begins
when the alkaline solution penetrates into micropores
and progresses due to a wedging effect of the solution.

An Al film covered with a 6-µm PSF film corroded in
30 ks. Protection of photovoltaic cells by electron
beam evaporation of PTFE was also studied re-
cently.177

4.4. Electro-physical Properties
Most early thin polymer film dielectric measure-

ments borrowed methods developed for thicker films.
As a result, some of the published data are inac-
curate. Tolstopyatov178,179 analyzed these errors by
studying the passage of alternating current through
a metal-dielectric-metal system. The main error
was shown to arise from the relatively large distrib-
uted resistance of the thin-film capacitor plate, which
particularly affected dielectric loss tangent results.
This error grows with frequency and as the thickness
of either the polymer film or the plate is reduced.
Another source of error is any modification of the
polymer surface which can occur during the vacuum
deposition of the upper metal electrode. The high
temperature of metal vapor can cause a partial
degradation of the polymer surface. The effect of this
modified layer on dielectric results depends on its
relative thickness. One additional procedural pecu-
liarity should be considered when determining the
temperature dependence of the dielectric properties.
Due to the considerable difference in coefficients of
thermal expansion of metal and polymer, the thin
metal electrode may crack as a result of thermal
cycling stresses. When this happens, its resistivity
rises abruptly, affecting loss tangent results.

For direct current measurements, the surface
capacity of the thin-film capacitor needs to be taken
into account, not neglected as with thicker specimens.
This is especially important if the capacitor is fed by
a current source having a high internal resistance.
The use of a high-resistance bridge for determining
volume resistivity of submicrometer films requires
hundreds to thousands of seconds for attaining read-
ings. Thus, the use of such a method is unacceptable.
Devices that are fed from a voltage source are better.
The time constant of measurements is to be esti-
mated as well. A number of publications do not
contain information on whether the above-noted
procedural conditions have been adopted. This fact
has hampered our analysis of results obtained by all
investigators. The determination of thin-film dielec-
tric strength has difficulties arising from the proper-
ties of deposited electrodes and the presence of pores.
Through-film pores short-circuit electrodes, and blind
pores reduce the effective thickness of the film,
raising its apparent resistivity.

Current-voltage characteristics of films produced
by laser beam evaporation of PCTFE, PC, and PSF12

and thermal decomposition of PCA167 are presented
in Figures 56 and 57. The plots generally have three
zones: a linear zone of high differential resistance
at low voltage, a linear zone of low differential
resistance at high voltage, and an intermediate
transitional zone. The film material plays some role,
although anomalous results seem to come from the
sandwich system as a whole. The alternating current
dielectric characteristics of PTFE and PCTFE films
produced by electron beam evaporation were studied
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by Zadorozhny et al.180-182 as a function of temper-
ature (Figure 58). The authors180 explain the im-
provement of dielectric properties, which approach
those of the initial polymer at higher deposition
temperature, by increasing molecular weight and
reduced defect density. These results are unique but
inexplicable. Films produced by PCTFE electron
beam evaporation are characterized by a monotonic
growth in dielectric permittivity with temperature,
with a positive temperature coefficient of capacitance
(TCC) of +0.65 × 10-3 K-1. For the film obtained by
laser beam evaporation of the same polymer, dielec-
tric permittivity growth proceeds up to 350-360 K
(Figure 59) at a TCC of +10-3 K-1. But at higher
temperatures it declines, with a TCC of -1.2 × 10-3

K-1. The cause of the permittivity increase was not
explained. The apparent decrease in ε above 360 K
was caused by thermal expansion of the film. Tol-
stopyatov178,179 drew attention to the congruence of
the maxima of ε(T) and tg δ(T), suggesting a phase
transition. Zadorozhny and Polishchuk180 observed a
linear decline in dielectric permittivity with temper-
ature from 285 to 500 K at a TCC of -3.6 × 10-4 K-1

on films obtained by electron beam evaporation of
PTFE. This is close to the values obtained for a PTFE
film deposited using electron beam evaporation by
de Wilde126 for temperatures from 240 to 330 K. The
TCC below tg was 3.8 × 10-4 K-1; above this temper-
ature it was 10.8 × 10-4 K-1. Permittivity varied from

2 to 2.9, and the loss tangent varied from 0.22 to 0.62.
The tg δ decreased after 1 day of storage to a few
tenths of a percent. The author proposed further
polymerization, which would be expected to improve
structural order in the film. The resistivity of the film
was estimated to be 2 × 1015 Ω-cm. The breakdown
strength was 2 × 106 V/cm. Further studies of
dielectric properties at various frequencies led to the
conclusion that mobile ions were largely absent from
the PTFE film. Zadorozhny and Polishchuk180,181

investigated the substrate temperature effect on
dielectric characteristics of films. The temperature
dependence of the dielectric loss tangent of films
deposited by electron beam evaporation of PTFE is
presented in Figure 60. The films had better char-
acteristics than commercial PTFE films. The authors
did not give an explanation, but we consider that the
reason is the above-mentioned procedural errors. All
dielectric properties are improved considerably if the
condensation temperature is increased from 300 to

Figure 56. Volt-ampere characteristics of films depos-
ited by laser beam evaporation of (1) PCTFE, (2) PC, and
(3) PSF.

Figure 57. Volt-ampere characteristics of film deposited
by thermal decomposition of PCA.

Figure 58. (a) Dielectric permittivity and (b) loss tangent
vs temperature of film deposited by electron beam evapora-
tion of PCTFE under the following substrate tempera-
tures: (1) 313, (2) 373, and (3) 433 K.

Figure 59. Dielectric permittivity and loss tangent vs
temperature of films deposited by laser beam evaporation
of PCTFE.
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500 K (Figures 61-63). This effect was attributed to
increasing molecular weight and a decrease of defect
concentration. Kruglyak and his coauthors182 studied
the temperature dependence of ε and tg δ of films
produced by electron beam evaporation and thermal
evaporation of PE. A positive TCC was observed over
the 253-473 K range. The highest tg δ of (2-3) ×
10-3 was achieved at a low temperature. Hogarth and
Iqbal129 found that annealing at 100 °C in a vacuum
over 30 min led to an increase of the PP film
resistivity from 3.4 × 1012 to 1.2 × 1013 Ω-cm. They
attributed this to PP agglomeration. The permittivity
was 1.75 and 1.81 before and after annealing, re-
spectively.

The influence of film surface activation by electron
irradiation on the dielectric characteristics was stud-
ied by several researchers. Polishchuk106 found an
optimum electron current density and electron en-
ergy under which PTFE films have perfect dielectric
properties. Kruglyak et al.182 found that electron
irradiation of PE film during its growth raised its tg δ
from (1-4) × 10-4 to 10-3. On the other hand, in
another paper183 it was asserted that discharge
activation of PTFE decomposition products improves
film characteristics. This is a result which has no
reliable explanation, since discharge activation in-
creases the film polarity. Plasma activation increased
the dielectric constant of films deposited by laser
beam evaporation44,179 (Table 10). Zadorozhny and
Polishchuk180 did not observe any changes in PTFE
film dielectric permittivity when they used electron
irradiation during the growth of the film. Tolstopya-
tov44 established that RF activation of PC and PhN
vapors during laser beam evaporation gave an im-
provement in the tg δ and dielectric strength. The
activation probably caused a shift of relaxation loss
peaks on the frequency scale. Therefore, the observed
value of tg δ at a fixed frequency can be either higher
or lower than that of films prepared without activa-
tion: it increases in PC, PhN, and PE films and is
reduced in P(TFE-E) film. Figure 64 presents the
frequency dependence of dielectric permittivity and
the tg δ of films obtained by laser beam evaporation
of PCTFE, PC, and PSF.179,184 Dielectric permittivity
monotonically declines over all frequencies. There are
regions of positive and negative curvature on the tg δ
vs frequency diagrams. This confirms the existence
of different relaxation processes.

We can conclude that both types of activation under
optimum conditions improve the dielectric strength
of films. The tg δ improves for polar polymers. The
tg δ is rarely less than 10-3, because values near 10-4

are limited to nonpolar materials, whereas electron
irradiation causes destruction and cross-linking of
molecules, which results in an increase of their
polarity. A mechanism for the positive effect of
irradiation probably lies in removal of low-molecular-
weight impurities. Thus, the use of electron irradia-
tion or discharge treatment on nonpolar polymers
(PE, PTFE) permits us to reach tg δ below 1 × 10-3

only if deposition conditions are optimal. The mech-

Figure 60. Loss tangent vs temperature of film deposited
by electron beam evaporation of PTFE: (1) with substrate
temperature 513 K and electron beam irradiation with
density 2 A/m2; (2) with substrate temperature 513 K;
(3) commercial film.

Figure 61. Volume resistivity vs condensation tempera-
ture of films deposited by electron beam evaporation of
(1) PTFE and (2) PCTFE.

Figure 62. Sheet resistivity vs condensation temperature
of films deposited by electron beam evaporation of (1) PTFE
and (2) PCTFE.

Figure 63. Breakdown voltage vs condensation temper-
ature of films deposited by electron beam evaporation of
(1) PTFE and (2) PCTFE.
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anism for improvement in the tg δ of polar polymer
films (PhN, PCTFE) is assumed to be the tying up of
polar groups by cross-links. As a result, the tg δ of
films deposited with activation from a variety of
polymers ranged narrowly ((1-3) × 10-3), being
nearly independent of the original polymer.

Table 10 summarizes electrical property data on a
variety of films and sources. It indicates the scatter
in the results, which is partly due to differing test
conditions and procedural errors, and partly due to
the unstable state of the films (i.e., aging). The
dielectric permittivity of the PSF film is unusually
low. Tolstopyatov44 attributed this to a very loose film
structure. The dielectric properties of films deposited
by laser beam evaporation are unusually dependent
on their thicknesses. Comparing results obtained
with sprayed and plated (a drop of liquid Ga) elec-
trodes leads us to presume that the main source of
variation in dielectric properties may be surface layer
doping with metal. The doped layer differs in char-
acteristics, so the properties of the entire sandwich
system are dependent on its relative thickness.
Thicker films possess higher values of ε and tg δ. The
dielectric strengths vary over a wide range. A high
value of breakdown voltage of about 880 MV/m was
recorded for films obtained by laser beam evaporation
of PC with activation, while the values for PTFE and
PCTFE were as low as 0.5 and 1 MV/m, respectively.
It is interesting to note that a film obtained by RF
sputtering was in an electret state.185 As a result of
free charge accumulation and the polarization of the
film during deposition, a field of over 10 MV/m was
formed, and the potential difference across the film
reached tens of volts. PTFE films of 2-20 µm were
poled into electrets in air by a corona discharge. The
electret produced initially had an effective charge
density of 3-4 mC/m2. Upon ambient storage over
1.5 years, that was reduced to 0.2-0.3 mC/m2.

From the above, it follows that films can be divided
into two groups on the basis of their dielectric

properties. The first group includes films obtained
from polymers of modest reputation in electrical
applications. These essentially preserve their original
dielectric properties. The second group contains films
from high-quality, high-frequency dielectrics, whose
characteristics are worse than those of their starting
polymer. Activation of either the molecular flow
region or the condensation surface with accelerated
electrons or electrical discharge brings the properties
of the two groups closer.

The room-temperature resistivities measured in a
vacuum were respectively 1010, 107, and 105 Ω‚cm for
PAN films annealed at 400, 450, and 500 °C, respec-
tively.120 Activation energies for the conducting and
absorption edges were 0.4 and 1.4 eV, respectively,
for films annealed at 500 °C. Conductivity was
considered to be caused by carriers originating from
impurities, or by carriers hopping between adjacent
conjugated bonds. The PANI + TCNQ film was con-
ductive, while the pure PANI film proved to be an
insulator.145

4.5. Luminescent Properties of Polymer Films
PPP films, deposited by thermal evaporation, were

evaluated for use in electroluminescent (EL) de-
vices.186-189 Kobayashi and Haga186 studied the opti-
cal absorption, photoluminescence (PL), electrical,
and EL properties of multilayer systems using PPP
as a hole transport layer and 8-hydroxyquinoline
aluminum (Alq3) as the electron-transporting layer.
Current increases nonlinearly with voltage. EL onset
voltage decreases and luminance intensity increases
in thinner PPP layers. Figure 65 shows luminescence
intensity vs current density at various PPP and Alq3
film thicknesses. Figure 66 shows luminance-
distance characteristics of EL systems at optimal
layer thicknesses. The optimum thickness of a PPP
layer was 30 nm. The luminance decreases as the
PPP layer withdraws from the indium-tin oxide
(ITO) electrode. Figure 67 shows the variation of
luminance-current density as substrate temperature
is varied during the PPP deposition. Maximum
luminance is achieved at a substrate temperature of
100-150 °C. The authors attributed this effect to the
differing structures of PPP films produced. At low
substrate temperature the film was amorphous,
while above 100 °C it was crystalline. The degree of
polymerization is expected to be higher at elevated
temperature. Intermolecular interactions increase
and traps decrease, both of which are favorable to
carrier transport. Lee187 and Song188,189 with their
coauthors reported a blue luminescence from PPP
film. Figure 68 presents the absorption, PL, and EL
spectra of PPP film. The absorption spectrum has a
peak at 314 nm, corresponding to the expected π-π*
interband transition. The PL spectrum of the PPP
film, deposited by thermal evaporation, is sharper
than that of the starting PPP powder, and the PL
intensity of the film is stronger at shorter wave-
lengths. This result was attributed to a narrower
distribution of shorter conjugation lengths in PPP
film compared to the PPP starting powder. Figure
69 gives EL spectra for multilayer systems. All
systems show an EL peak at 446 nm with well-

Figure 64. (a) Dielectric permittivity and (b) loss tangent
as a function of frequency of films deposited by laser beam
evaporation of (1) PCTFE, (2) PC, and (3) PSF.
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resolved vibronic structure. This study of ITO/PPP/
Al, ITO/PVK/PPP/Al, and ITO/TPD/PPP/Al included
the dependence of quantum efficiency (QE) on depo-
sition temperature. The first two systems are nearly

temperature independent, implying that a tunneling
mechanism plays an important role in carrier injec-
tion. But the QE of the third system increases as
deposition temperature is lowered. This is charac-

Table 10. Dielectric Characteristics of Thin Polymer Films

polymer
deposition
methoda

thickness,
µm

dielectric
constant

loss tangent,
×103

resistivity,
Ω‚m

dielectric
strength, MV/m ref

PTFE EBE 0.05-0.1 2.0-2.9 2.2-6.2 2 × 1015 200 126
PTFE EBE 0.5-4 2.0-2.2 0.25-0.6 1016 0.5-2.5 12, 178
PTFE EBE+RFa 4-10 2.0-2.2 1.2-1.7 1010-1013 50-75 12, 179
PCTFE LBE 0.8-4 2.7-2.8 6-15 1015-1017 20-30 12, 44
PCTFE EBE+EBs 0.5-4 2.7-2.9 8-30 5 × 1012-1013 1-2.5 42
P(TFE-E) LBE 0.3-08 2.5 5-7 1013 150 12, 44
P(TFE-E) LBE+RFa 0.3-2.2 2.7-2.9 3-4 1013 200 12, 44
P(TFE-E)b LBE 0.5 1.2 - 200 12, 44
PCA TE 0.1-0.5 3-4 5-10 1.4 × 109 270 12, 15
PC LBE 0.5 3.2 3.6 1014 600 12
PC LBE+RFa 0.5 6.3 5 - 500 12
PhN LBE 0.7-1.4 4.0-4.4 7-9 1013 -1014 150-240 12
PhN LBE+RFa 0.2-0.3 5.5-5.7 17-19 - 300-340 12
PSF LBE 0.6-3.2 1.3-9.4 60-90 1014 100-140 12
PSF LBE+RFa 0.8-1.5 3.5 14-17 - 150-300 12
PE TE 1-2 2.2-2.4 0.1-0.4 - - 23
PP TE 0.01-0.26 1.83 - 1012 -1013 - 129
a TE, thermal evaporation; EBE, electron beam evaporation; LBE, laser beam evaporation; RFa, activation by radio frequency

discharge; EBs, electron beam irradiation of substrate. b Measurements with attached electrodes.

Figure 65. Current density-luminance characteristics for
ITO/PPP/Alq3/Mg vs thickness of PPP and Alq3 layers: (0)
PPP 70 nm, Alq3 50 nm; (O) PPP and Alq3, 50 nm; (4) PPP
30 nm, Alq3 70 nm. Reprinted with permission from ref
186. Copyright 1997 Elsevier Science.

Figure 66. Luminance-distance characteristics for ITO/
PPP(30 nm)/Alq3(70 nm)/Mg devices at a current density
of 1 mA/cm2. X is the distance from the ITO layer to the
PPP layer. Reprinted with permission from ref 186. Copy-
right 1997 Elsevier Science.

Figure 67. Dependence of luminance-current density vs
substrate temperature during PPP deposition for ITO/PPP-
(30 nm)/Alq3/Mg devices. Reprinted with permission from
ref 186. Copyright 1997 Elsevier Science.

Figure 68. Absorption (thin solid line) and photolumi-
nescence (thick solid line) spectra of PPP film and PL for
PPP powder (dotted line). Reprinted with permission from
ref 187. Copyright 2000 Elsevier Science.
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teristic of a space-charge-limited current in a trap-
filled insulator. The hole mobility in the first system
was estimated to be 4 × 10-6 cm2/V. D’Almeida and
Bernede with their coauthors190-192 reported a blue
EL in a PVK film deposited by thermal evaporation.
Figure 70 presents the optical spectra of PVK and
vinylcarbazole (VK). The emission spectrum of the
PVK film differs from that of the PVK powder. The
450-nm maximum in the film spectrum corresponds
to PVK, while 474 and 500 nm correspond to VK.
This is evidence for a shorter chain length for
macromolecules in TE PVK film than those in the
powder. The spectrum of the ITO/PVK/Alq3/Al struc-
ture has a PL peak at 550 nm. In this structure, the
emission originates in the Alq3 layer, while PVK
serves as a hole-transport layer. Figure 71 compares
PL spectra for PVK, Alq3, and the PVK/Alq3 bilayer.
Figures 72 and 73 show EL characteristics of the ITO/
PVK/Al and ITO/PVK/Alq3/Al structures. The bilayer

diode exhibits improved performance. The authors
explained away these characteristics with the injec-
tion of both types of charge carriers from the elec-
trodes. The holes are the majority carriers, while
electron injection is effectively the limiting factor for
EL. The same group studied poly(tetrabromo-p-
phenylene diselenide) (PBrPDSe) TE deposited film
in the following EL structure: ITO/PBrPDSe/CZ/
Al.192,193 Table 11 shows the turn-on voltage and field
as compared with those of the structure without
PBrPDSe. PBrPDSe is nearly insulating and serves
as a hole-trapping layer. The authors consider that,
due to hole trapping, the electron injection is made
easier, and that enhances diode performance.

Figure 69. EL spectra of ITO/PPP/Al (solid line), ITO/
TPD/PPP/Al (dotted line), and ITO/PVK/Al multilayer
systems (dot-dashed line). Reprinted with permission from
ref 187. Copyright 2000 Elsevier Science.

Figure 70. (a) Absorption and (b) emission spectra of
(2) PVK film, (1) PVK powder, and (3) vinylcarbazole
powder. Reprinted with permission from ref 191. Copyright
2001 Elsevier Science.

Figure 71. PL spectra of (a) PVK and (b) Alq3 films and
(c) PVK/Alq3 bilayer. Reprinted with permission from ref
191. Copyright 2001 Elsevier Science.

Figure 72. I-V and EL characteristics of the SnO2/
PVK/Al structure. Reprinted with permission from ref 191.
Copyright 2001 Elsevier Science.

Figure 73. EL characteristics of the ITO/PVK/Alq3/Al
structure. Reprinted with permission from ref 191. Copy-
right 2001 Elsevier Science.
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4.6 Appendix
It follows from data reported by many researchers

that the relief, and consequently the structure, of
almost all polymer films were lumpy. The films
contain aggregates of various types, up to several
micrometers in diameter. Undoubtedly, such mor-
phological units must influence the electron and hole
mobility-related properties strongly (for example,
look at grain size-dependent mobility in oligoth-
iophene films194). Unfortunately, no data on this topic
are available for vacuum-deposited polymer films.
Only one systematic investigation to produce a very
smooth (at the nanometer level) polymer film was
made by Gritsenko, but electrical properties were not
evaluated. Certain other data, including those of
synchrotron radiation deposition, UV laser beam
evaporation, and CO2 laser beam evaporation, using
an elevated temperature of substrate in the latter
case, allow us to deduce that very smooth films can
be produced by using other polymers. Only these very
smooth films can be used in photonics chips and
integrated devices with micrometer-sized active ele-
ments.

5. Application of Thin Polymer Films

5.1. Dielectric Layers
Several authors12,33,44,106 are optimistic that the

dielectric properties of vacuum-deposited polymer
films make them ideal for use in thin-film capacitors
and microcircuits layers. Both existing production
methods for thin-film capacitors s either using foil
conductors, or a layer-by-layer formation of conductor
and insulator films on an elastic polymer substrate s
are acceptable. The rate of polymer film deposition
by electron beam or laser beam evaporation is
comparable with that of the metal. This parity makes
for efficient capacitor production. It is important that
the process for making microelectronics device poly-
mer films proceeds without the potential for damage
to other circuit components. PTFE was used as the
dielectric layer in a metal-insulator-semiconductor
integrated circuit.195 It is desirable to use biologically
inert polymer films to protect metal electrodes and
sensors in vivo. Inayoshi and co-workers85 used
synchrotron radiation etching for the micromachining
of a deposited PTFE film (Figure 74). They antici-
pated the future use of such processes for many types
of microdevices.

5.2. Antifriction Layers
Slip layers show promise for use in magnetic

information films, where a minimum clearance is

needed between the magnetic head and the recording
medium. Nikonov196 found that films obtained by
polymer evaporation have COFs comparable to those
of diamond-like films. PTFE films were used for the
modification of frictional properties of a polyurethane
surface.197 Thin antifriction polymer films are useful
in precision friction joints with demanding require-
ments for contact clearance working under moderate
loads, as well as for devices with limited life. Tests
of both PTFE and PI films in supporting the elements
of gas bearings showed them to be serviceable for
several hours under severe operating conditions.12

5.3. Corrosion-Protective Layers
The use of a PTFE film results in a 2.5-fold lifetime

increase for a hologram-recording MnBi layer.33

Similar improvements were achieved for optical
elements of KBr, NaCl, and other hygroscopic ma-
terials.44 PC, PSF, PI, and PTFE films of 100-600
nm thickness can be used to render metal surfaces
hydrophobic, for use in, e.g., heat exchangers.44 A
3-4-µm PTFE film deposited on a car headlight
reflector gave it good protection under high humidity
and temperature.167 A PET film was tried as a cover
on the surface of a space satellite.121 It is worth
restating that only vacuum evaporation techniques
can be used in the vacuum of space to deposit
polymer coatings on the functional parts of satellites.

5.4. Films in Optics and Electronics
PE, PP, PVDF, and PTFE films were used as a

thermal barrier for recording layers made of Te
alloys, Ni + NiOx, and Te + CHx to improve their
sensitivity to laser radiation.96,107,128,198-204 A 30-50-
nm sublayer permits the creation of a recording
medium with a sensitivity equal to that on a thicker
polymer and a stability for multiple read-outs similar
to that on a glass substrate. It allows better control
of laser mark’s shape through adapting the polymer
sublayer’s physical and chemical properties to work

Table 11. Turn-on Voltages and Fieldsa

ITO/CZ/Al ITO/PBrPDSe/CZ/Al

CZ
thickness,

nm

turn-on
voltage,

V

CZ
thickness,

nm

turn-on
voltage,

V

turn-on
field,
V m-1

200 3.7 200 2.4 1.2 × 107

450 2.8 210 2.7 1.28 × 107

600 2.6 250 3 1.2 × 107

350 3.3 0.95 × 107

a CZ, carbazole monomer.

Figure 74. SEM image of synchrotron radiation etched
pattern in PFEP film deposited by synchrotron radiation
evaporation at substrate temperature 200 °C. Reprinted
with permission from ref 86. Copyright 1999 American
Vacuum Society.
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well with the recording layer. PE and PTFE films
were used as thermal barriers between metal oxide
layers for servotracks recorded with a 530-nm wave-
length laser and a dye layer for recording information
by a semiconductor laser at 830 nm.205 Films pro-
duced by the co-deposition of PE, PCTFE, and PTFE
with Au and Te,147,206-208 and of PTFE with a Pc
dye,204 were used as a recording layer. These record-
ing media, with holes marked by the laser beam, are
shown in Figure 75. The use of a PTFE layer in
addition to an AsSeTe recording layer, an intermedi-
ate layer, and/or a sublayer allows us to control the
shape of the laser marks. Some images were taken
from the inner surface of the cylindrical optical
carrier, 14 mm in diameter. Thin films of Teflon AF
1600, filled with DANS by TE, exhibited an ap-
preciable electro-optic effect: 2.5 pm/V.153 Later,
Kannari et al.155 deposited DANS-filled Cytop for the
same purpose, using laser beam evaporation instead.
Proper material choice is important in the active
layer of an integrated optical device. Kannari
et al.152 found a third-order optical nonlinearity in
CdTe + PTFE films. These films functioned as irra-
diance-dependent lenses, producing both focusing and
defocusing in the far field. Metal and/or dye nano-
clusters in a polymer matrix exhibited a variety of
nonlinear optical and electrical properties.209-213 Such
films are intensively studied worldwide. Composite
CuPc + PS films had a stronger sensing of, and a
shorter recovery time for, NO2 gas.214-216 The kinetics
of the composite film’s response to NO2 gas is shown
in Figure 76. A nearly 5-fold increase in sensitivity
was found. PANI + TCNQ films exhibited conductive
behavior,145 so they too can be considered for use in
microelectronics.

PE and PTFE films that are vacuum-deposited and
then unidirectionally rubbed by a cloth are used as
a sublayer which allows the growth of an aligned dye
(oligomer, polymer) film with a high dichroic ratio
during the following cycle of vacuum evaporation.217-221

Figure 77 presents polarized optical absorption spec-
tra for two Sq films as a function of their thickness.
It should be noted that vacuum-deposited PTFE film
aligned two Sq dyes, while friction-transferred PTFE
film aligned only one OH-Sq. Figure 78 presents an
SEM image of OH-Sq onto vacuum-deposited PTFE
film. Formation of aligned dye nanowires is clearly

seen. Friction-transferred PTFE film aligned OH-Sq
also, but structure was as smooth as invisible in
SEM. A PDA film which was aligned and then
irradiated through a mask was used as a polarizing
beam-splitter for a magneto-optical system.147

Several groups have studied the application of
vacuum-deposited polymer films for electrolumines-
cent light-emitting diodes, flat panel displays, lasers,
nonlinear optics, etc.187-195,221,222 Poly(dimethylsi-
lylene) films for use in EL diodes are deposited using
thermal evaporation with activation by accelerated
electrons.222 So, there are good grounds to expect that
further progress will be made in the development of
thermoresistors, pressure gauges, radiation detectors,
diodes, sensors, and other smart devices that will
include thin polymer and composite films as an active
layer. For such use, the polymers and dopants with
complex chemical structure should be custom-syn-
thesized.

5.5. Porous Films
In the high-power extreme, laser “evaporation” of

PTFE results in formation of a fibrous-porous de-
posit on any substrate. The layer is formed from
clusters and droplets of PTFE, up to several microme-
ters in size, that are ejected from PTFE by the
gaseous degradation products.223-226 It is a promising
material for various industrial applications due to its
outstanding thermal and chemical stability, as well
as its biocompatibility. It has been tested for use in
RF devices.227 Various kinds of PTFE filters are being
introduced into Russian industry.

It may be of interest to note the use of dye-filled
polymer films transferred by laser ablation for high-
speed printing.228 It involves also not just the evapo-
ration of a polymer decomposed into low-molecular-
weight species, but it is similar to the process of
polymer microcluster transfer from the target to
the substrate by decomposition products. A further
development along this line of thought is the
new matrix-assisted pulsed laser evaporation
(MAPLE).229,230 This method employs another easily
evaporatable solid material as the matrix in which

Figure 75. Holes recorded in (a) AsSeTe/PTFE bilayer,
830 nm, 5 mW, 150 ns; (b) AsSeTe + PTFE/PTFE, 830 nm,
5 mW, 150 ns; (c) AsSeTe/AsSeTe + PTFE/PTFE, 530 nm,
10 mW, 75 ns; (d) VOPc/glass, 530 nm, 15 mW, 75 ns;
(e) VOPc/PTFE, 830 nm, 7 mW, 75 ns; (f) cyanine/PTFE,
830 nm, 7 mW, 75 ns. Figure 76. Response of 20% CuPc + PS films to 2 ppm of

NO2 gas. Films were annealed at (1) 120, (2,4,5) 150, and
(3) 200 °C. Measurements were made at the following
temperatures: (4) 100, (1,2,3) 120, and (5) 150 °C. Re-
printed from ref 215 with permission from the author.
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higher molecular weight molecules are dissolved or
dispersed. The laser irradiation pulse converts that
matrix to a gas, which gives an impetus to free up
and push out the larger molecules from the target to
substrate. Films of poly(lactic-co-glycolic acid), poly-
(ethylene glycol)-carbon nanotube composites, and
biomolecules were successfully deposited. These films
may be useful in smart optoelectronics and bioelec-
tronics devices. Use of resonant IR laser pulsed
evaporation allows selective dissociation of chemical
bonds, which can widen the range of polymer materi-
als applicable for polymer film deposition, namely by
destruction of the macrochain.89,231 A more easily
evaporated polymer (PS) can serve as the matrix,
making possible delicate dye (target, 1% of allyl-Sq
with PS) deposition using a conventional CO2 laser
beam.232 Composite dye + PS film was formed, while
pure allyl-Sq dye was decomposed under CO2 laser
beam action. Tsuboi and coauthors reported pulsed
laser deposition of silk fibroin.233 But films with
structure more similar to the original fibroin were
deposited when using an anthracene sensitizer for
target doping to prevent direct photoexcitation of
fibroin molecules.

6. Conclusions
The above survey confirms that the initial research,

conducted in the 1950s and 1960s in the field of
application of vacuum decomposition of polymers to
the making of thin films, has developed into its own
branch of technology. It has attracted researchers
worldwide. In the near future these studies are
expected to develop rapidly, owing to the promise
they hold in chemistry, optoelectronics, and infor-
matics. We expect an emphasis will be placed on the
combined deposition methods for complex (nanocom-
posite, solid solution, etc.) films for use as both active
and passive functional layers. For the manufacture
of advanced devices, having a variety of deposition
methods to make multilayer systems will be valuable,
and polymer-based film deposition in a vacuum will
find its place. The next step will be the controlled,
oriented, and aligned growth of polymer films and
multilayer systems, like the first advances mentioned
in the review by Forrest.234 Compared to “man-made”
inorganic superlattices, the organic analogy extends
our possibilities of controlling and organizing matter.
The control begins by molecule active core design and
chemical synthesis, followed by film structure con-
struction during deposition. We are pleased to survey
the lastest publications from the former Soviet Union
that include both old and new research groups
working on advanced and combined methods for
polymer film deposition, in some cases together with
Western researchers.235-245

7. List of Abbreviations
Cytop perfluorinated cyclooxyaliphatic polymer
PA polyarylate
PAN poly(acrylonitrile)
PANI polyaniline
PBrPDSe poly(tetrabromo-p-phenylene diselenide)
PEG poly(ethylene glycol)

Figure 77. Polarized absorption spectra of films of (a) OH-Sq and (b) allyl-Sq dyes deposited on aligned PTFE sublayer
vs film thickness.

Figure 78. SEM image of oriented squarylium (OH-Sq)
film deposited onto aligned PTFE sublayer.
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PC polycarbonate
PCA polycaproamide
PCHD polycyclohexadiene
PCTFE poly(chlorotrifluoroethylyne)
P(CTFE-E) chlorotrifluoroethylene and ethylene co-

polymer
PE polyethylene
PET poly(ethylene terephthalate)
PhN phenylon
PI polyimide
PMMA poly(methyl methacrylate)
PP polypropylene
PPP poly(p-phenylene)
PPS poly(p-phenylene sulfide)
PPX poly(p-xylylene)
PS polystyrene
PSF polysulfone
PTFE poly(tetrafluoroethylene)
P(TFE-E) tetrafluoroethylene and ethylene copolymer
PFEP poly(tetrafluoroethylene and hexafluoro-

propylene) copolymer
PVDF poly(vinylidene fluoride)
PVK poly(vinylcarbazole)
Pc phthalocyanine
Sq squarylium
EPR electron paramagnetic resonance
ε dielectric permittivity
tg δ dielectric loss tangent
IR infrared
RF radio frequency
SEM scanning electron microscopy
TEM transmission electron microscopy
AFM atomic force microscopy
UV ultraviolet
XRD X-ray diffraction
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