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Abstract

We review experimental investigations of the effect of electropositive and organic
overlayers on electron and light emission from nanodispersed (metal and
semiconductor) thin films excited by the conduction current. Possible mechanisms of
the emission are discussed.

1. Introduction

Nanomaterials science in all its branches and nanoelectronics are exploiting various kinds of
size effects which set in as the reducing dimension of an object becomes equal to some characteristic
length. In this work we will consider electron and light emission phenomena which occur when
electric current 1s passed through a system of nanoparticles. The nanoparticles are located at small
(also nanometer) distances from each other which makes the potential barriers between them
sufficiently transparent for electrons. Thus the nanoparticles are integrated by electron tunneling into
a unified system. At the same time the coupling between the particles is not so strong as to deprive
them of their nanospecifics. Dispersed thin films consisting of metal islands on dielectric substrates are
an example of such systems.

The island films (IF's) were shown to emit electrons and light when excited by the conduction
current or electromagnetic irradiation (see the original work [1] and later reviews [2-5]). It has been
found that experimental data on these phenomena can be interpreted most satisfactorily in terms of
the nonequilibrium heating of electrons in nanoparticles. The possibility of such heating is primarily a
consequence of the strong size effect in the electron-phonon interaction: when the particle size is
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smaller than the electron mean free path in the volume, the transfer of energy from the fast electrons
to the crystal lattice is dramatically suppressed. This idea was presented in detail in {4, 6, 7].
Additional factors which enhance the deviation from equilibrium between electrons and phonons in
small particles will be listed in Sec. 3 A.

Here we report on further investigations of the emission phenomena in island thin films.

2. Experimental

The IF's under study were prepared by vacuum evaporation of Au, Ag and C on glass, quartz
glass, mica, SiOx and other similar substrates provided with previously deposited electrical contacts
(Fig. 1). The current-voltage characteristics of the conduction current and emission current as well as
the light emission intensity were recorded in both the DC and AC voltage regime.
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Fig. 1. Schematic of the island film (a); I-V curves for conduction current (1-4) and emission
current (1'-4"). Curves 1 and 1" clean Au film; curves 2-4 and 2'-4": Au film with various BaO
overlayers.

The film structure was examined by scanning and transmission electron microscopy. Some
emission experiments were made immediately in the column of the transmission electron microscope.
In this case the films were prepared on SiOy substrates (¥50 nm thick) transparent for the electron
beam. The measurements of the electron and light emission were made both for the entire film
(integrally) and for separate emission sites.

It will be recalled that the electron and light emission from IF's excited by the conduction
current is observable after the creation of "current channels” in the films. The channels are formed by
electromigration and represent percolation paths [8]. For the film geometry depicted in Fig. 2 (inset),
typically a few tens of the current channels are formed. No more than one emitting site can appear in
each channel. The sites emit simultaneously electrons and photons and have a size of <0.5 um. They
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were shown to arise in the areas with a favorable mutual arrangement of adjacent islands where a
larger (~102 nm) island is surrounded by nanoislands [2, 9]. The formation of the current channels is
facilitated when the film is deposited on a grooved substrate and due to this consists of the chains of
islands stretched between the contacts [4, 10].
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Fig. 2. (a) Light emission sites in an Au film. Light emission spectra: (1), (2) for two sites in
the same Au film; (3) for a chain Au island film ; (4), (5) for an Au/W tunnel gap in STM [11, 12].

The electron and light emission arises in the non-Ohmic region of the conduction current-
voltage curve at average field strengths of > 104 V/cm (Fig. 1, curves 1 and 1'). All the measurements
were made under vacuum of ~ 10-8 Torr.

To obtain a Si island film, we first deposited epitaxially a continuous single-crystal n-Si film
(100 nm thick, 10 Ohm-cm) on a sapphire substrate. The continuous film had in the middle a section
50 um wide where its thickness was 50 nm. The contacts were evaporated on the thicker parts of the
film. The film was first outgassed at ~10-8 Torr and then a sufficiently strong current was passed
through it which led to the formation of a Si island film in the thinner part of the sample. For
comparison, some experiments were made with a porous Si sample prepared by electrochemical
etching.

3. Effect of Overlayers on Electron and Light Emission from Island Metal Films

A. Electropositive overlayers

The evaporation of BaO on IF's leads to a significant increase of the conduction current
(Fig. 1, curves 2-4) and to a drastic, by several orders of magnitude, growth of the emission current
(Fig. 1, curves 2'-4'). Both the effects can be ascribed to the reduction of the work function. The
variation of the work function was monitored by recording the shift of the red boundary of
photoemission from a continuous Au film deposited adjacent to the island film and exposed to the
same BaQ molecular beam.
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The model of nonequilibrium heating of electrons in small particles [4, 6, 7] interprets the
observed electron emission from IF's as the Richardson emission of the hot electrons. With this
assumption we used the work function dependence of the emission current to estimate the electron
temperature Te and obtained its value at ~2000 K. Contrary to this, the lattice temperature of the
islands remains much lower which ensures the long-term operation of such IF cathodes [4]. Along
with the weak electron-phonon coupling mentioned in Sec. 1, there are additional factors which are
favorable for the strong difference between the electron and lattice temperature of small particles:
(1) the possibility of pumping high power densities into their electron gas (via the high-density
conduction current or intense and strongly absorbed electromagnetic irradiation); (2) the strong
cooling of the lattice of islands due to fast heat dissipation in the substrate [4-6].

As seen from Fig. 2 (curves 1, 2), the spectra of the light emitted from different sites of the
same IF can be rather different. The spectra of the emitting sites in the chain island films appear much
more uniform (Fig. 2, curve 3). The BaO deposition within the limits of a monolayer affects mainly
the intensity of the emitted light while its spectrum remains almost unchanged. It is interesting to note
that the spectral composition of the light radiated from IF's bears similarities to that of the light
emitted from the tunnel gap (tip/surface) in STM (Fig. 2, curves 4 and 5). In the latter case the light
was shown to have a significant contribution from radiative relaxation of local surface plasmons
generated in the course of inelastic tunneling of electrons [11, 12]. This point was discussed in more
detail in Ref. 5.

If the BaO coating over an IF is only about 1 monolayer thick, the emission current, which is
initially very strongly enhanced, decreases with time to a new steady-state level which still remains
much higher than in the absence of the BaO layer. The measurements of the emission current-voltage
curves for individual emission sites performed in a quasi-spherical retarding field have shown that the
decay of the emission current is caused by some work function increase. Probably this can be
assoctated with the drift of BaO molecules out of the emitting sites [13, 14]. To ensure a long-term
effective electron emission, with an emission to conduction current ratio of #10-15 %, it is necessary
to provide a continuous supply of BaO to the emitting sites. This effect is achieved by deposition of
IF's onto a substrate previously coated by a thick BaO layer. In such a case, especially when large
emission currents were extracted, we observed significant changes in the spectrum of the emitted light
due to electroluminescence of BaO itself.

A similar effect of BaO as well as Ba overlayers on the electron and light emission was also
found for graphite IF's. These films were excited both by the conduction current and by pulsed CO2
laser irradiation (A=10.6 um, 7=200 ns).

B. Organic overlayers

In these experiments, an overlayer of stearone [(C;,Hz35)2CO] was evaporated on IF's with
previously formed current channels and emission sites. The evaporation was performed while a
voltage of ~10-15 Volts was applied to the film. Stearone molecules adsorbed under such conditions
also induce an enhancement of the conduction current. What is more important, the conduction
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current-voltage curve acquires a nonmonotonic (N-shaped) character: there appears a section of the
voltage controlled negative resistance (VCNR) at voltages ~4-6 V (Fig. 3 a, curve I¢ in the inset).
Simultaneously the characteristics of electron and light emission are also changed (Fig. 3, curves Ie
and Iy in the inset).
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Fig. 3. (a) Inset: conduction current I, emission current I¢ and light intensity Iy versus AC
voltage applied to an Au island film covered with stearone. Scales for I, Ie and I, are different. (1)
and (2) are light emission spectra in rising and falling section of the I.-V curve. (b) Hysteresis loops
for the conduction current (1) and light intensity at A=615 nm (2) measured for an Au film covered
with stearone. Voltage frequency: 500 Hz. Sweep time: ~2 min.

It should be stressed that, contrary to the case of BaQ, organic admolecules increase the
conduction current only upon holding the film under a voltage of 10-15 V either in the course of
evaporation of the organics or after it. It has been suggested that the admolecules are polarized in the
high electric field and pulled into the emission sites where they self-assemble into thin quasi-polymeric
filaments spanning the gaps between the islands. It should be recalled that the formation of molecular
wave guides for electrons was observed a few decades ago in experiments with organic molecules
adsorbed on metal tips in the field emission microscope [15, 16]. The average diameter of the
polymeric filaments, oriented along the field lines, was estimated at several nm [17], i.e. the same as
the size of nanoislands. If similar organic bridges are formed in IF's, the current density in them
should be at least ~105 A/cm2 at the emission current of ~10-8 A. Probably, such a high current
density could be passed without destructing the filaments because of the very efficient withdrawal of
the Joule heat to the substrate. However, at higher current densities the conducting filaments can be
disoriented or even evaporated which may cause a decrease in the conduction with increasing
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voltage. When the voltage is reduced, the organic conducting bridges can be restored (replenished) by
migration of the adsorbate from adjacent areas to the emission sites. This "thermal” model might, in
principle, explain qualitatively both the occurrence of the N-shaped Ic-V curve and its repeated
reproduction while increasing and decreasing the voltage.

However, the data on the light emission from IF's covered with organics impel to consider an
alternative model. Fig. 3 b displays a close correlation between the changes of the conduction current
and light intensity (A=615 nm). These resuits recorded in the alternating voltage regime show that the
hysteresis loop for the light intensity represents rather closely the modulus of the derivative of the
loop for the conduction current. Such a behavior is quite typical for electroluminescence of
semiconductors (see e. g. Ref. 18,19).

Thus we suppose that what is observed in our case may be the electroluminescence of organic
bridges which are excited by hot electrons injected into them from adjacent metal islands. In this
approach, the VCNR region in the conduction current-voltage curve can arise due to one of the
mechanisms known for semiconductors. It would now be premature to suggest a more exact model
for this process.

There is a considerable difference between the light spectra corresponding to the rising and
falling (VCNR) sections (Fig. 3 a). In the former case the spectrum is nearly structureless, but shows
a steep intensity growth in the red and infrared region (A>600 nm). In the latter case there are two
broad maxima at A~510 and 610 nm, and the intensity strongly increases at A>700 nm. Both the
spectra are distinct from the spectrum for clean gold IF's (Fig. 2) which shows a number of
pronounced maxima in the visible region. Possible light emission mechanisms for this case
(bremsstrahlung, mverse surface photoeffect, surface plasmon radiation etc.) were discussed
elsewhere [4-7].

It should be noted that the slope of the VCNR section is an integral characteristic of the entire
film which contains many current channels with somewhat different properties. Therefore the
peculiarities seen in the VCNR in Fig. 3 b may stem from contributions of different channels. For the
chain island films, where the current channels seem to have rather close parameters, the VCNR
section appears very steep so that one observes actually a switching regime.

Quite analogous effects were observed with naphthalene (CyoHg) overlayers evaporated on
the island films.

4. Electron and Light Emission from Silicon Island Films

The conduction current I-V curves for clean silicon IF's are quite similar to those for metal
IF's (Fig. 4), but neither electron nor light emission is observed until the work function of Si islands is
reduced by some suitable overlayer (e. g. BaO). Thus, the hot electrons which can be generated in Si
islands cannot pass into vacuum if the Si surface is clean. This result is reminiscent of the experiments
carried out in an attempt to obtain electron emission from Si p-n-junctions cleaved in high vacuum
[20]. Again, no emission was observed in that case, which was attributed to the unfavorable
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relationship between the impact ionization energy (2.25 eV) and the electron affinity (3.6 eV) in Si.
Due to this, the electrons cannot be heated enough to overcome the surface barrier. The emission
emerged upon reducing the Si work function by a few eV's.
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Fig. 4. (a) Structure with the island Si film; (b) structure for observation of
electroluminescence of porous silicon; (c) I-V curves for conduction current of clean silicon IF (1),
BaO/Si IF (2) and for emission current from BaO/Si IF (3). (A) and (B) are light emission spectra
for structures a and b.

In the case of Si island films, the evaporation of a BaQ overlayer lowering the work function
by 2.2-2.5 eV resulted in a substantial enhancement of the conduction current and in the appearance
of the electron and light emission (Fig. 4).

We have compared these results with data on electroluminescence and electron emission from
a porous Si sample prepared by electrochemical etching of p-Si (0.01 Ohm-cm) plates. The size of the
pores and the thickness of the walls between them was ~5-10 nm. A sandwiched test structure was
used (Fig. 4). The electroluminescence and electron emission were observed for as-prepared samples
(no activating coating was needed). The spectrum of the electroluminescence of the porous Si is
rather similar to that recorded for the Si island film covered with BaO (Fig. 4). It was found,
however, that both the electroluminescence and the electron emission disappear after outgassing the
porous Si sample. They could be restored after H2O adsorption [21], which demonstrates that
surface conditions strongly affect the behavior of porous Si. These data will be published in more
detail in Ref. 22.
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5. Conclusion

The deposition of various overlayers on nanodispersed thin films, both metal and
semiconductor, allows a wide range modification of their electron and light emission properties. In
particular, using this approach one can obtain planar composite structures whose characteristics
combine the peculiar properties of nanoparticles and of the substance filling the gaps between them.

Acknowledgements

We are grateful to Prof. N.A.Vlasenko and Prof. 0.G.Sarbei for helpful discussions. This
work was supported in part by International Soros Science Education Program through grant N EPU
060 409 (P.G.B.) and grant N SPU 062039 (A.G.N.). One of us (RD.F.) also acknowledges the
support by Omni Sphere Trade Co. Ltd. We thank V.N.Byckov for his technical assistance.

References

1. P.G.Borziak, O.G.Sarbei and R.D.Fedorovich, Phys. Stat. Sol., 8, 55 (1965).
2. P.G.Borziak and Yu.A Kulyupin, Electronic Processes in Island Metal Films, Naukova Dumka,
Kiev (1980) (in Russian).
3. H.Pagnia and N.Sotnik, Phys. Stat. Sol,, (a) 108, 11 (1988).
4. R.D.Fedorovich, A.G.Naumovets and P.M.Tomchuk, Progr. Surf. Sci., 42, 189 (1993).
5. R.D Fedorovich, O.E Kiyayev, A.G.Naumovets, K.N.Pilipchak, P.M.Tomchuk, Phys. Low-Dim.
Struct. 1, 83 (1994).
6. E.D Belotskii and P.M.Tomchuk, Surf. Sci., 239, 143 (1990).
7. E.D Belotskii, S.P.Luk'yanets and P.M.Tomchuk, Sov. Phys. JETP, 74, No. 1 (1992).
8. B.V. Alekseenko and R.D.Fedorovich, Thin Solid Films, 92, 253 (1982).
9. A F.Bardamid, Yu.A Kulyupin, K.N.Pilipchak and A I Shaldervan, Dispersed Metal Films,
Institute of Physics, Kiev (1972) (in Russian).
10. L.V.Viduta, O.E Kiyayev, A.G.Naumovets, A.P.Ostranitsa and R.D.Fedorovich, Radiotekhnika i
Elektronika, 36, 1345 (1991) (in Russian).
11. R Berndt, J K.Gimzewski and P.Johansson, Phys. Rev. Lett. 67, 3796 (1991).
12. R.Berndt and J.K.Gimzewski, Surf. Sci. 269/270, 556 (1992); Ann. Physik, 2, 133 (1993).
13. E.V Klimenko and A .G Naumovets, Sov. Phys. Solid State, 13, 25 (1971).
14. A.G.Naumovets and Yu.S.Vedula, Surf. Sci. Reports, 4, 365 (1985).
15. AP Komar, A A Komar, Zhur. Tekhn. Fiz., 31, 231 (1961).
16. AP Komar, V. P.Savchenko, Fiz. Tverd. Tela, 7, 759 (1965).
17. L. Giaver, Surf. Sci,, 29, 1 (1972).
18. LK Vereshchagin, Electroluminescence of Crystals, Nauka, Moscow (1974) (in Russian).
19. Y.A.Ono, Electroluminescent Displays, World Scientific, Singapore (1995).
20. P.G.Borziak, O.G.Sarbei and R.D Fedorovich, Fiz. Tverdogo Tela 6, 2249 (1964).
21. M Brodyn, V.Byckov, D.Dan'ko, R Fedorovich, A Kipen', G.Naumovets and N. Yanushevskii,
MRS Symposia Proc. (to be published).
22. D.B.Dan'ko, R.D.Fedorovich, O.E Kiyayev and A.G.Naumovets, SPIE Proc. (to be published).



