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Thin films of polyaniline were prepared by thermal vacuum deposition from the Knudsen eftfusion cell. The surface condition
and thickness of the deposited films were monitored on the basis of analysis of AFM images obtained by NanoScan 3D.
Conducting properties of the films were studied at different sputtering conditions. To increase the conductivity of
polyaniline layers, the temperature conditions of deposition from the Knudsen cell were selected. The temperature
range of 500-550 K proved to be the most optimal. In addition, protonation of the freshly prepared films in vapors of
hydrochloric acid solution was carried out. For polyaniline films a conductivity value of 1.0 mS/cm was achieved as a result.
The main part of present work investigates polyanyline thin films with thickness of 30 nm on the tungsten-spike cathodes by
means of field-emission measurements. The emitted electron energy distribution as a function of the electric field was obtained.
The current — voltage characteristics and coating structure were also studied with the use of a field-emission microscope. The
results obtained were compared with those of a pure-tungsten cathode. It is experimentally shown increasing of emissivity
of tungsten tip coated with a thin film of polyaniline. The effective temperature of emitted electrons from tip with a film of
polyaniline was determined according to the analysis of the energy distribution. Evaluation of electron temperature leads to a
value of about 2300 K, which corresponds to 0.2 eV on the energy scale. The paper considers the phenomenon of charge carriers
transfer in the system of metal — polyaniline — vacuum and the model of the energy bands of metal — polymer film contact.
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In the recent years electrophysical properties of high-
molecular poly-conjugated compounds — electroactive
polymers are studied intensively. It has been shown that
the representatives of this class — polyanilines (PANI),
specifically thin film structures on their base, are promising
for the development of nanoelectronic devices such as LEDs,
solar cells and field transistors [1]. To provide optimum work
of electronic devices the development of special technologies
of polymer coatings with controlled thickness and specified
morphology for different substances are relevant. This is
a complicated objective as PANI, like other electrically
conductive polymers, are classified as non-processable
materials. The polymer is infusible and practically insoluble,
therefore the traditional technologies of hot-melt or solution
deposition are not applicable for it.

In this work the electric conductivity of thin films
PANI obtained by thermal vacuum deposition is measured
and emissive properties of these films applied on tungsten
cathodes surface are studied.

For this purpose, a technology was developed to obtain
thin films of polyanilines by the method of thermal vacuum
deposition from a Knudsen effusion cell. The length of a
cylinder cell of silica glass was 25 mm, internal diameter —
4 mm, operating temperature varied within 500-650 K.
Surface morphology and thickness of deposited films
were controlled by an analysis of AFM images obtained
by scanning nanohardness tester “Nanoscan 3D” (fig.1).
Thickness of the studied films ranged within 30-300 nm
(fig.1). All the obtained films were of the same thickness, their
specific conductivity was about 1.0 uS/cm.

To increase the conductivity of polyaniline layers the
temperature regime of thermal vacuum deposition of the
Knudsen cell was selected. The temperature range 500550
K was proved to be optimum. Besides, as-prepared films were
protonated in the vapours of hydrochloric acid solution [2].
As a result, the specific electroconductivity of PANI films
amounted to 1.0 uS/cm and more. Experimental samples of
solar cells and field transistors were obtained on the base of
studied films.
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Fig. 1. Morphology of polyaniline surface on the base of analysis of
AFM images and film edge profile.
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In addition, field emission of electrons from polymer
(polyaniline) film deposited on tungsten surface by thermal
vacuum deposition from a Knudsen cell in the conditions of
ultra-high vacuum are studied in the present work. Voltage-
current characteristics of tungsten with an initial (atomically
clean) surface and deposited polymer film are measured.

Another aim of the work is to study energy spectrum of
emitted electrons. Similar work was carried out earlier with
another polymer, polydiphinilenphthalide. In these polymers
one can achieve an anomalously high level of conductivity
without doping [3 -5]. High conductivity in these objects is
observed if several conditions are fullfilled, the main of them
being a small, less than a certain critical value, thickness of
a polymer sample. Anomalously high level of conductivity
in thin polymer films seems to be one of few consequences
of nanoelectronic properties of the materials, i.e. electron
properties specific to low-dimensional objects.

Studies carried out in the present work show a high
emissive capacity of a cathode covered with polyaniline
that can be seen in fig. 2. The studies were carried out on a
facility including a field emission microscope and electron
spectrometer. Energy distributions of emitted electrons were
measured (fig. 3). As compared to a metal cathode without a
deposition, the distribution is wider and displaced to 0.5 eV.

For making a zone diagram and interpreting data on
voltage-current characteristics for the net current of the tip,
use some average value for the work function of substrate, i.e.
the emitting surface of tungsten tip and assume it to be equal
to ¢ = 4.5 eV. Thickness d of deposited film PANI is about 30
nm. Let the band gap width E, of deposited material lies in an
interval from a tenth to 3 eV that corresponds to the range of
the most frequent values of E_for polyaniline. Let’s assume
that film is deposited on an atomically clean and smooth
surface of tungsten tip, i.e. taking into account the method
of deposition, one gets an ideal contact metal/semiconductor
without any air gap and chemical blocking layer. The deposited
layer is considered to be in thermodynamic equilibrium with
a substrate.

When the film is an intrinsic semiconductor with a small
value of affinity to electron , in a wide range of values E the
following condition Eis valid:
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Fig. 2. Fowler-Nordheim characteristics for tungsten with initially
clean surface (1) and deposited polyaniline film (2).

and at that at the place of contact from the semiconductor
side a depletion region, i.e. potential threshold for electrons
injected from metal is formed.

Therefore, practically in any case of deposition on
tungsten a depletion region of width L is formed in the
film. The bottom of conducting zone of semiconductor
layer is always higher than the Fermi level of the system.
As concentration of electrons in donor semiconductor
polyaniline is comparatively small, simple calculations show
that in this case that at the temperature of studies (T=300K)
L>d. Taking into account Schottky effect, this means a
presence of a potential barrier but not a threshold, even if
there is no external field. Probably, this is the reason of
emission at considerably lower field in comparison with a
pure tungsten tip.

One should point out that if the layers are thick, i.e.
L<d, electron injection from metal Fermi level to the
conducting zone of semiconductor film is not possible
until the penetrating external emission field causes an
additional inclination of energy zones in the film and changes
potentional threshold into a barrier. From this, limitations on
the maximum thickness of the layer on the tip becomes clear
Namely, if the penetration depth of external field §<d-L, the
injection of electrons into the conducting zone is not possible
and it is necessary to attract another mechanisms to provide
and explain stable supply of charge carriers to emitter surface:
forming of conductive channels, conductivity in the energy
zones of defects, grain boundaries, etc.

Penetration depth of external field can be determined
from the following considerations. For metals 6=5-10" cm.
As it is known, d~n 2. Then, for semiconductors we have
0=5-10"-(10*/10")"?=5.10"° cm, i.e. about 500 atomic layers.
Thus, in our case the field penetrates into the film completely.
Note also that d depends on the applied voltage, but for
thick layers this doesn’t matter. Therefore, the thickness of
deposited layer is considered to be optimum, if it meets the
condition d<L+d, where § corresponds to a selected value of
operation voltage. If this condition is fulfilled, a stable supply
of charge carriers to the film surface, i.e. compensation of
their removal from this region during emission is carried out
due to their injection from metal substrate to the conductive
zone of semiconductor film.
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Fig. 3. Series of energy distribution of electrons on spike with
polymer deposition at different emission tension (1-1400V,
2-1420V, 3-1460V, 4-1500V, 5-1540V).
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The application of external field and its penetration into
semiconducting film of small thickness causes inclination of
energy zones along the whole layer. In our case of extremely
small thicknesses and strong fields the situation is most
probably realized when the bottom of conducting zone in
subsurface region becomes lower than the systems Fermi
level, i.e. a strongly degenerated region is formed. In the
approximation of “zero current” the field value at which
degeneration of electron gas in subsurface region of emitter
occurs can be evaluated by the formula [6]:
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where ¢ is the dielectric constant of semiconductor, m_ is
effective mass of electron, T'is absolute temperature in kelvins.
For example, for silicon F=5.1-10° V/cm, i.e. degeneration
usually occurs at the field values that are considerably less
of those required for field emission, therefore practically
always emission goes from the degenerated conducting
zone. Applied voltage is redistributed between the interval
cathode/anode and decreases on a low conducting film. All
the decrease can be considered to take place in the depletion
region (due to a small layer thickness). It results in injection
of carriers to conducting zone of the film.

Fig. 4 shows the form of energy zones in the case of
auto-emission current in a strong field. The fall of potential
AU occurs due to the current through the film, i.e. on the
resistance R of the layer. Therefore AU=ixR, where i is the
flowing current. The value of potential fall can be determined
from a displacement of the energy distribution as compared
to that for the pure metal surface of tungsten (fig. 4), which
amounts to AE= 0,5 eV. It should be noted that while
measuring, Fermi level in the field electron spectrometer of
a given construction always remains constant.

Injection current of electrons from metal into
semiconductor is equal to saturation current j in case of
typical pass over the barrier and it can be calculated by diode
theory of Bete [6]:

.1 AE
)= Zenovr expl:_ﬁ} (3)

where v,. = (8kT / m,)"* is average thermal velocity of elec-
trons.
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Fig. 4. Zone graph for the system tungsten spike/semiconductor film
at strong external field application and auto-emission current.

It is known that average temperature of emitted
electrons can be determined from the leading edge of energy
distribution (fig.3) plotted in a semilogarithmic scale.
Evaluation of electron temperature results in a value of the
order of 2300 K, which corresponds to 0,2 eV in the energy
scale.

Estimating the average thermal velocity of electrons,
from formula (3) one can find concentration of electrons in
the film for a known experimental value of saturation current
density. According to the diffusion theory of rectification:

. AE
j, =emyuF, exp{—ﬁ}, (4)

where F, is intensity of electric field in semiconductor at the
contact surface, p is electron mobility. To take into account
the mirror image forces both values are multiplied by the
value exp(4¢/ kT), where Ap = (¢’F, / £)"*is a barrier decrease
due to Schottky effect. Note that one uses formula (3), the
value of saturation current is considerably less. We will
consider the tunnel leakage from metal to conducting zone of
the film and even directly to vacuum to be the main process.

In the case of thick films when injection by tunneling
has a low probability, at temperatures meeting the condition
kT=¢-x (fig. 4), the classical pass over the barrier will be the
main process of electron transfer through the contact zone.

From the analysis of energy distributions, effective
temperature of emitted electrons from polyaniline film has
been determined, a phenomenon of charge transfer in the
system of metal-polyaniline-vacuum has been analyzed and
a model of energy zones for metal-polymer film contacts has
been developed.
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