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Porous silicon films have been prepared by electrochemical etching. Morphology of the films has beenstudied
by scanning probe microscope characterized by presence of self-similar structures with different scales from
hundreds of nanometers to microns. Current-Voltage characteristic of nanofilms has several minima in contrast
to the well-known effect of negative resistance in tunnel diodes. For theoretical description of the experimental

results we suggest a new concept of "non-linear fractal".
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Introduction

Porous silicon (Por-Si) is a perspective material
of nanoelectronics, photonics, optoelectronics and
other areas of new technologies [1-8]. It was acci-
dentally discovered by A. Uhlir [9] who investi-
gated the process of electrochemical polishing of
crystalline silicon in solutions containing hydrofluo-
ric acid. Although the Por-Si has been opened at the
end of 50 years of XX century, a substantial interest
in him was caused by the fact that, after more than
30 years after the discovery of its photolumines-
cence. To date, the PC thanks to its unusual proper-
ties is considered quite promising material of mod-
ern semiconductor electronics. Por-Si films may
consist of a set of vertical wirelike structures. In this
case, we can obtain the conditions of maximum ab-
sorption of photons in the porous film to increase
efficiency of solar cells [2]. Detailed understanding
of optical phenomena in nanofilm srequires some
knowledge of physical foundations of electrical
phenomena. Electrical properties of nanofilms can
have direct practical applications. For example,
porous silicon nanofilm can be used along with
semiconductor diodes for generation of chaotic,
broadband, high-frequency signals in electronic cir-
cuits.
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Hierarchical structures of nanofilms create
many potential barriers of the electric field. These
are lot of well-known theoretical and experimental
investigations of electron tunneling in multi-barrier
structures - superlattices with defined regular forms
ofdistribution of potential [10]. We take into ac-
count that process of tunneling is resonant: elec-
trons pass through potential barrier with energies
close to their own quantum energy levels of the bar-
rier. If structure of the barriers not strictly ordered,
for example, in case of fractal structure, the eigen-
values of the energy levels are unknown; the reson-
ance effect is difficult to distinguish. It is necessary
for estimation of intensity of transmission of elec-
trons through the barrier.

So, study of process of tunneling of electrons in
nanofilms with fractal cluster structure is an inter-
esting research problem. Structure of potential bar-
rier in such films is complex. The aim of this work
is to study electrical properties of a porous silicon
nanofilm.

Experiment
Thin films of porous silicon were obtained by

electrochemical etching in electrolyte with ratio of
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Figure 1 — Electrolytic cell forobtaining
of thin films of porous silicon

Electrochemical etching has three modes: gal-
vanostatic (constant current etching), potentiostatic
(etching at a constant voltage), and the combined.
The anode of a silicon wafer is placed in an electro-
chemical cell which is often made of polytetrafluo-
rethylene (teflon). The electrolyte is a chemical lig-
uid containing hydrofluoric acid (HF) and various
organic compounds. As a cathode serves material
resistant to hydrofluoric acid (platinum, ultra-pure
silicon).Geometric shapes and pore sizes, porosity
and some physical properties depend on the etching
parameters and the electrolyte composition, the type
of semiconductor, the doping level[11,12].

For obtaining most degree of porosity and uniform
distribution of porosity we use n-type silicon, wherein
concentration of electrons was10" cm”.

Photo of morphology of the porous film ob-
tained by scanning probe microscopy is strongly
inhomogeneous. Wirelike peaks on the surface of
the film have thickness about100 nm. Thickness of
the films depends on etching time. For simplicity of
electrical measures we choose etching time about
5s. In this case, maximum length of the wirelike
peaks reaches about 0,5 micrometers.

Metal contacts deposited to n-layer and porous-
surface (fig.2) provide the specific current-voltage
characteristic of porous silicon nanofilms. Voltage
appliedtothe film was in range from -7V to 7Vwith
step0,9 V. Source of energy was the Two-Wire Cur-
rent-Voltage Analyzer of the universal station NI
ELVIS II", where current intensity measured in mA.
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Figure 2 — Scheme of contacts for the
C-V characteristics of porous silicon

Results and Discussion

Figure 3 shows dependence of variations of current
I through a set of silicon nanofilms on voltage V, ap-
plied into opposite surfaces of the thin film.

Current-voltage characteristic depends on me-
thod of application of increasing or decreasing. At
current greater than 0.5 m4, structure and properties
of the nanofilmswere changed. It will be seen in
figure 3, corresponding to applying voltage from -
7V to +7 Vwith step 0.9 V. Such regularity is ob-
served in repeated measurements (number of mea-
surements is 10). After the establishment of equili-
brium temperature initial electrical properties of
nanofilms can be restored, but some time later the
electrical properties can change again because of
oxidation. Another feature of current-voltage cha-
racteristic of nanofilms is decreasing of current with
increasing of voltage in several local areas (fig.3).
This effect can be described by introducing the con-
cept of negative resistance; its physical meaning is
in resonant tunneling of electrons through a poten-
tial barrier.

In contrast to the results of modern research of
nanostructures [13] silicon nanofilms contains sev-
eral potential barriers. Because of this oscillations
are observed in current-voltage characteristic. Typi-
cally, a multi-barrier tunneling of electrons ob-
served in heterojunctions.

Multi-barrier structure ofporous silicon nano-
films disappears after passing of current with rela-
tively big value considerable strength, as their struc-
ture is somewhat leveled. It can be seen in figure 3,
as the oscillation peaks are smoothed.
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This result means that potential barriers in por-
ous silicon nanofilms are formed not by contact
transitions, but by non-equilibrium distribution of
charge carriers in a nanofilm. Indeed, if we shall 16- —o—2
consider current at U < 0 (Fig. 3) as reverse current, &
it is not small as in p/n junction. On the contrary, / ] J
(U< 0)>1(U> 0). Some asymmetry at U> 0, U < 124 J .
0 shown in figure 4, probably explained by the fact / o
that the voltage applied is U < 0 to n-layer, here ]
concentration of electrons more than in the other
contact of nanofilm repels electrons and contributes
to increasing of value of current. ' L
Multi-Barrier resonant tunneling effects are 04+ A
more clear if current-voltage characteristic repre- | <
sentsin relative variables I/1;, U/U,, where I;, U, are . . . . .
current and voltage corresponding to first maximum 04 08 1.2 16
of the curve I = I (V) (fig.5). Voltage VIV,
Using of the values [;, Ujlet us also estimate an
absolute value of as differential resistance R = R;in Figure 5 — The current-voltage characteristic
some characteristic point with I, and Uy: in relative variables. /1, VI - current and voltage
corresponding to the first peak. V;: 1-1,706V,
L Al I, 2-2,077V, 3-1,515V; I, 1-13,765mA,
Ry™ =limpyol 5 lu, = o (1 2-6,267mA, 3-0,029mA.
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Figure 6 shows strongly nonlinear dependence
of R; = R; (I}): electrical resistance of nanofilms
strongly depends on current through them.
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Figure 6 — Change of the absolute value
of differential resistance ofnanofilm at the first peak
of current. Numbers in the figure correspond to number
of measurement of current flowing through a film.

Discussion

Let us discuss possible explanations of the ex-
perimentally obtained new effects based on univer-
sal physical regularities.

Presence of multiple potential barriers in nanos-
caleporous silicon films can be explained by their
inhomogeneous, cluster structure. Recent experi-
ments ofV.Sivakov et al [14] show the presence of
internal structures of nanofilms. These structures
have different spatial scales with inhomogeneous
distribution of electrons. The structures of all sizes

and geometric shapes create different potential bar-
riers for electrons moving. In quantum-sized nano-
structures electrons can take discrete values of
energy, therefore, Multi-Barrier resonant tunneling
effects can be realized.

The strong dependence of electrical resistance
of nanofilms on current is the demonstration of gen-
eral properties of nonlinear objects whose properties
depend on the processes occurring in them. Struc-
ture of the nanofilms, as well as surface morpholo-
gy of the film has a hierarchical (fractal) structure.
In principle, even arbitrarily weak current can cause
a change in the small-scale structure of nanofilms.
A quantitative description of strongly nonlinear
phenomena is possible by using the concept of non-
linear fractal, whose minimal size of discrete struc-
tures depends on magnitude of measured fractal
measure [15,16].

Conclusion

Multi-barrier resonant tunneling of electrons in
nanoscale wirelike structures of homogeneous ma-
terial (silicon) can significantly enhance ability of
existing technologies of nanoelectronics based on the
use of heterojunctions. Results of the work let usade-
quately describe optical phenomena in solar cells
with antireflection porous surface.Existence of nega-
tive differential resistance of nanofilms in a wide
range of electron energy allows to realize broadband
chaos generators operating on high frequencies.
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