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The paper deals with the design of a delta rhythm generator of human brain electroencephalogram
(EEG) based on investigations of electrophysical characteristics of Si nanowire joints. Si nanowire joints
were obtained during their growth by chemical vapour deposition method. The diameter of the Si wires
ranges from 100 nm to 20 um. Studies of the U-I characteristics of Si nanowire joints have shown that
when a critical value of the current of about 10 pA is reached, the generation of voltage fluctuations is ob-
served. The period of oscillations is about 1 s, while their amplitude is 100-120 uV that is similar to delta
rhythm oscillations in the human brain. Different reasons of the oscillations have been discussed: 1) con-
tact phenomena; 2) existence of strain in the joint junction; 3) existence of non-compensated charges of
dangling bonds in the wire surface. A detailed consideration of the proposed reasons has shown that the ef-
fect is not associated with contact phenomena, as well as with strain in the joint junction. A possible
mechanism of the effect is periodic charge redistribution in the subsurface layer of the wire that leads to
compensation of thermo-emf arising due to heating of the joint junction by current. However, this corre-
sponds to the nonequilibrium state of the crystal. The return of the nanowire to equilibrium causes period-
ic voltage oscillations. The revealed effect allows to elaborate a delta rhythm generator which can be used
to treat various diseases (children with autism spectrum disorders, internally displaced persons from anti-
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terrorist operation zone, etc.).
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1. INTRODUCTION

A typical electroencephalographic (EEG) signal con-
sists of alpha, beta, theta, gamma, and delta waves,
which differ in frequency, as well as amplitude [1]. The
frequency of the waves is rather low (1-100 Hz) and
grows in order: (0.5-4 Hz) delta rhythms, (4-8 Hz) theta
rhythms, (8-12 Hz) alpha rhythms, (13-30 Hz) beta
rhythms, and (30-100 Hz) gamma rhythms. As a rule,
high-frequency low-amplitude waves are associated
with increased activity of the brain. During periods of
relaxation, human brain waves become slower, which is
accompanied by an increase in the amplitude of alpha
waves. Delta rhythms are slow waves of neurocortical
human activity, which is dominant during sleeping.
Thalamocortical neurons manifest a strong propensity
to fall into a silent, hyperpolarized “down-state” after a
period of activation giving rise to slow waves (0.5-
4.5 Hz) in the EEG signal [2]. Besides, delta waves
were found in the period of wakefulness during some
continuous-attention tasks. The authors of [3] proposed
a hypothesis that sustained delta oscillations inhibit
interferences that may affect the performance of men-
tal tasks, possibly by modulating the activity of those
networks that should be inactive to accomplish the
task. The investigations of [4] supported the fascinating
hypothesis that brain responses synchronized by slow
oscillations restore microwake-like activity patterns
that facilitate neuronal interactions. Taking the above
information into account, one can conclude that delta
rhythms, on the one hand, contribute to the recovery of
the body during sleep, and on the other hand, help to
slow down certain neural networks when performing
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mental tasks. Besides, high-amplitude delta rhythms
are observed during the period of wakefulness in people
with mental disabilities [5] that could be explained by
the compensatory abilities of the human body to sup-
press disordered high-frequency waves.

Until recently, many studies have shown that the
main harmful effect on the human body is produced by
a high-frequency electromagnetic field. For example, cell
phones emitting pulsed high-frequency electromagnetic
fields may affect the human brain, which is accompa-
nied by periodic slow-wave activity (1-3 Hz) appeared
in the contralateral frontal and temporal areas in chil-
dren [6]. This wave activity attenuates after 20-30 min.
In recent years, more and more information has ap-
peared that serious injuries, for example, Alzheimer
disease, depression, etc., can be caused by low-frequency
electric and magnetic fields [7]. The authors of [7]
showed that in the frequency range from 10 to 25 Hz,
the effect of the electromagnetic filed on the population
should be limited by the electric field strength in the
head tissues, i.e., in the brain, less than 10 mV/m.

On the other hand, the therapeutic effect is known
for low-frequency exposure. In particular, the authors
of [8] showed that low-frequency stimulation can play a
regulatory function by driving neural rhythmic oscilla-
tory activity and influence the thalamocortical dysrhyth-
mia leading to the treatment of fibromyalgia syndrome.
In vitro studies [9] demonstrated that tumor-specific
frequencies of about 27.12 MHz identified in patients
with various forms of cancer are capable of blocking the
growth of tumor cells in the tissue. Dissection of the
molecular mechanisms accounting for the anti-cancer
effects of tumor-specific modulation frequencies is like-
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ly to lead to the discovery of new cancer treatments.

A novel approach is closely connected with the de-
velopment of micro- and nanoelectronics. This is pri-
marily due to the possibility of implantation of micro-
chips in the human brain. In particular, Si micro- and
nanowires are known to be promising in restoring bro-
ken nerve connections [10]. The study shows the possi-
bility of connecting nerves due to the polarization of the
wire surface.

The present paper deals with the design of a low-
frequency generator based on Si nanowire. The device
is designed to generate electrical signals with the fre-
quency and amplitude of delta rhythms. A simple de-
sign in the form of a cross-shaped joint of silicon wires
allows to simulate delta rhythms when applied to the
human head and to achieve a therapeutic effect.

2. EXPERIMENT

Si wires were obtained by crystallization from the
gas phase through the liquid phase. The peculiarity of
the method is that crystallization of vapors is carried
out through an intermediate layer of liquid, the so-
called vapour-liquid-solid (VLS) mechanism. A layer or
a drop of a solvent is applied to the surface of the sub-
strate, which should form at the crystallization tem-
perature a liquid melt with a substance to be crystal-
lized, have low vapor elasticity and a ratio of interfacial
tensions, providing the desired wetting. The substance
that crystallizes comes from the gas phase as a result of
a transport reaction. The surface of the liquid is the
best place for vapor condensation. Gradually, the liquid
is supersaturated with a substance coming from the
vapor and is released at the crystal-liquid interface.
The transfer of matter inside the drop occurs by diffu-
sion. The crystal growth rate is determined not only by
the rate of diffusion, but also by the rate of crystalliza-
tion of the substance. Si wires grow when a layer of
liquid breaks up into small droplets. The thickness of
these crystals is determined by the diameter of the
droplet, which during crystallization is placed on top of
a needle in the form of a hemispherical cap (it consists
mainly of a metal solvent). This method is convenient
because it gives perfect crystals at temperatures rela-
tively low compared to the melting point.

As a rule, conditions are created for the formation of
single crystals, which have the greatest prospects for
application. Nevertheless, for some tasks, special condi-
tions should be created for the formation of a mesh of
wires. To do this, it is necessary to create conditions for
the formation of multiple crystal nuclei. Such condi-
tions are achieved due to the pre-treatment of a sub-
strate. Single nuclei are formed on a smooth substrate,
while the formation of multiple nuclei predominates on
a rough substrate. Taking the above fact into account,
the silicon substrate was previously etched in mixtures
of hydrofluoric acid (HF) and hydrogen peroxide (Hz20z2).
The temperature of the source zone was 1250 °C, and
the temperature of the growth zone was 900 °C. As a
result of the growth, various wire joints were obtained
(see, for example, Fig. 1). The diameter of crystals was
0.1-20 pum, the length was 0.001-10 mm. Such joints of
InSb wire with micron diameter have application in the
thermoelectric converters [11].
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Fig. 1 — “X”-type joint of the Si wire
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Fig. 2 — U-I characteristics of Si “X”-type joints: triangles —
p-type conductivity; squares — n-type conductivity

The n-type and p-type Si wires were selected as the
study objects containing, respectively, antimony and
boron with a concentration of 1 x 108 cm—2. Electrical
contacts to Si microcrystals were made of platinum and
gold wires with a thickness of 10 um, depending on the
conductivity type. The described contacts were set by the
pulse welding method, which gave the necessary ohmic
contacts. Today, there are other alternative technologies
that can be used to create metal-semiconductor con-
tacts for submicron wires, in particular, those present-
ed in [12]. Besides, for wires of about 100-200 nm, the
contacts were created by using silver paste.

As for electrical parameters, “X”- and “+’-type joints
are of great interest (Fig. 1). We used asymmetric “+’-
type joints of p-Si  whiskers with resistivity
p=0.05Q-cm and n-Si whiskers with p=0.1 Q-cm. The
voltage-current characteristics of joints were investi-
gated by applying current to the longitudinal branch
and measuring the voltage on the transverse branch.

As a result, we obtain C-type voltage-current charac-
teristics (Fig. 2). As one can see from Fig. 2, p-type whisk-
er joints give only positive voltage, while n-type ones —
only negative. The nature of this effect is associated with a
thermoelectric phenomenon in the joint. The passage of
current through the longitudinal branch leads to heating
of the joint junction. Then the thermo-emf arises due to
the temperature difference between the junction and the
ends of the transverse branch of the joint. The sign of
termo-emf depends on the type of charge carriers in semi-
conductors. Thus, taking into account the sign of the U-I
characteristics, one can propose a method for determining
the semiconductor type of conductivity.
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3. DELTA RHYTHMS GENERATOR DESIGN

Let us consider the U-I characteristics of a joint of
wires with submicron diameters (of about 200 nm). The
way of its measuring is the same as described above.
However, one can observe a few differences. The first
difference concerns the magnitude of signals. The cur-
rent applied to the longitudinal branch of the joint is
about 10 pA, while the voltage of the transverse branch
reaches hundreds of puV. The next difference concerns
currents exceeding 10 pA. When the current reaches the
value greater than 10 pA, spontaneous voltage oscilla-
tions occur. The oscillations have a periodic character.
One can obtain the period of oscillations that is about
1 Hz. It is curious that the amplitude and period of
oscillations are the same as those of delta rhythms of
human brain activity. Studies of the U-I characteristics
of wire joints of various diameters have shown the size
dependence of the period and amplitude of oscillations,
which increases by 20 % when the diameter decreases
from 200 to 100 nm.

One can suppose a few physical reasons of the effect
observed.

1) First of all, these are contact phenomena at the
Si wire/gold wire interface. High current passing through
the Si-Au junction can damage it and leads to current
and, correspondingly, voltage oscillations. In this case,
the current should pass through the junction only for a
certain period of time, resulting in the maximum value
of voltage. The next period of time, when the current is
interrupted, should be accompanied by a decrease in
the junction temperature and attenuation of voltage.
Nevertheless, we did not observe the current interruption
during the period of voltage oscillations (of about 1 s).

2) The second potential reason for the observed ef-
fect concerns the existence of high stress in the joint
junction. Additional heating of the junction by current
passing through the longitudinal branch of the joint can
lead to an abrupt change in the stress value and excite
mechanical oscillations. Then mechanical oscillations of
the wire can lead to oscillations of the electrical signal,
i.e., voltage. The frequency of electrical oscillations
should coincide with the frequency of mechanical oscil-
lations. However, mechanical oscillations of the Si nan-
owire should be rather large (of about 1 GHz) [13] com-
pared to the frequency observed in our experiment (of
about 1 Hz).

3) The existence of mechanical stress in the joint
junction can lead to the appearance of piezo-thermo-emf.
The author of [14] developed high-performance piezoe-
lectric nanogenerators for self-powered nanosystems.
The author of [15] presented a review of the design of a
piezoelectric nanogenerator taking into account the
mechanical energy processing and the use of piezoelec-
tric nanowires. However, as a rule, the magnitude of
piezo-thermo-emf is about 20-30 % of the change in the
magnitude of thermo-emf. Therefore, it could not cause
the thermo-emf oscillations.

4) The long-term oscillations of thermo-emf can be
the result of some process of Si wire surface polariza-
tion. Previous investigations of the Si wire interface [10]
showed that its surface can contain a positive or nega-
tive charge, which is located in a porous shell around the
crystalline core of the wire. The existence of a charge in
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the subsurface layers of wires allows their use for con-
necting broken nerves [10]. One can suppose that an
increase in thermo-emf in the transverse branch of the
joint can lead to the charge movement. Thus, redistri-
bution of charges takes place in order to compensate
external thermo-emf. Such redistribution duration is
about half the period of oscillations, leading to a de-
crease in the resulting voltage to zero (see the insert in
Fig. 3). But the charges are connected with some clus-
ters on the wire surface, which try to return to the
equilibrium state. As a result of equilibrium achieve-
ment, thermo-emf returns to its previous value. Then
the voltage oscillations start again. An increase in the
period and amplitude of oscillations by 20 %, when the
wire diameter decreases from 200 to 100 nm, is associ-
ated with a substantial increase in the partial amount
of shell in a wire of smaller diameter. As a result, more
time is needed to redistribute the charges of dangling
bonds leading to period growth. The proposed model
can explain the effect, but new questions arise. What is
the nature of the clusters in the subsurface layer of
wires? The response to this question demands new
investigations, in particular, studies of the element
content and structure of the wire surface.
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Fig. 3 — U-I characteristics of the Si nanowire joint (a); voltage
oscillations in the Si nanowire joint (b)

3.1 Application

In conclusion, let us say about the possible use of
the developed generator. As mentioned above, delta
rhythms play a regulatory function both for performing
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some mental tasks and suppressing low-amplitude dis-
ordered beta and gamma rhythms in children with dis-
abilities. As a rule, the brain generates delta rhythms
in children with autism spectrum disorder (ASD) in the
wakefulness state. However, in some cases, for example,
antisocial behavior in the classroom, hysterics in the
workplace, etc., delta rhythms need to be strengthened.
This can be realized by interfering intrinsic and exter-
nal delta rhythms obtained from the generator. Thus,
the developed generator can be attached to the patient's
head, and at the right time the generation can start.
The generator could be used to improve the profession-
al skills of adolescents with ASD [16], calming in case
of hysteria the soldiers who returned from the anti-
terrorist operation zone [17]. These promising applica-
tions will become possible after some preliminary ex-
periments on mouse.

4. CONCLUSIONS

Studies of the electrophysical characteristics of Si
nanowire joints were carried out. Si wires were grown
by chemical vapour deposition method and had the
diameters ranging from 100 nm to 20 um. The U-I
characteristics of Si wire joints were obtained by pass-
ing current through the longitudinal branch and meas-
uring the voltage on the transverse branch of the wire
joint. The current leads to heating of the joint junction
and the appearance of thermo-emf between the junc-
tion and the end of the wire due to the temperature
difference. It was shown that n-type Si wire gives a
negative sign of the thermo-emf, while p-type Si wire
gives a positive sign of the thermo-emf. Therefore, it
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I'eneparop mensra purmis EEI' Ha ocHOBI HaHOapoOTiB Si
K.O. Ocrposcebral, A.O. Jpy:xumiu2, H.C. JIax-Karyi?, I.I1. OctpoBchiuiil:?

L Jlveiscokuti HaylonannvHull yrigepcumem imeri leana @Opanka, 8yn. Yuieepcumemcora, 1, 79000 Jlvsis, Yrkpaina
2 Hauionanvruli yHieepcumem «JIvsiscorka nonimexnikanr, eysn. C. Bandepu, 12, 79013 JIvsis, Yrpaina

CraTTa ImpucBAYeHA Po3polIll reHeparopa meibra puTMiB enerTpoeHedanorpavu (EEIY) moncsroro
MO3KY HA OCHOBI JIOCJIIKeHHS eJIeKTPOisNIHUX XapaKTePUCTUK 3POCTKIB HaHoapoTiB Si. KpemHiesi mikpo-
Ta HAHOAPOTU BHUPOIIYBAJIN METOIOM XIMIYHOTO OCAKEeHHS 3 ra3oBol dasm 1 Masiu miamerp Big 100 HM 1m0
20 MmrM. BoJsbT-aMIIepHi XapaKTEePUCTUKNA 3POCTKIB MIKPO- TA HAHOIPOTIB Si OTPUMYBAJIHU IIJITXOM IIPOILYC-
KaHHA CTPYMYy 4Yepe3 MO3J0BYKHIO TIKY Ta BUMIPIOBAHHS HAIIPYTHW Ha IIONEpPedHii riami 3poctra. [Ipormryc-
KaHHSI CTPYMY [IPUBOJINTH JI0 HATPIBAHHS By3JIa 3POCTKA 1 BUHUKHEHHS TePMO-epC 38 PAXYHOK PI3HHUII TEM-
ImepaTyp M By3JIOM 1 KIHIIEM MIKpo- Ta HAHOAPOTY. JoC/IIeHHs BOJIBT-aMIIEPHUX XaPAKTEPHUCTHEK 3pPOC-
TKIB HAHOAPOTIB Si IIOKA3AJIH, [0 HPHU JOCATHEHH] KPUTHYHOTO 3HAYEHHS CTpyMy Iopsaky 10 MxA cmo-
cTepiraeTbes MOSBA IMeHepallil KOJIMBaHb HAIPYru. [lepio KOJMBAaHb CTAHOBUTD OJIM3BKO 1 ¢, TOAI AK IX aM-
mwityna ckinagae 100-120 mxB, 1m0 Harangye xkoJmMBaHHS IeJIbTa-pUTMY B MO3KY JioguHu. OOGroBoproBainch
Pi3H] IPUYWHA KOJHUBAHB: 1) KOHTAKTHI ABUINA; 2) HASBHICTh MEXaHITHOTO HATIPYIKEHHS y BY3JIl 3pOCTKA; 3)
ICHYBAHHSI HECKOMIIEHCOBAHOTO 3apsIy 00lpBaHUX 3B'sI3KIB Yy IPUIIOBEPXHEBUX IMapax HaHOAPOTIB. [lerass-
HUU PO3IJISAL 3aIPONOHOBAHUX IIPUYUH IIOKA3aB, 110 e)eKT He MOB'S3aHUI 3 KOHTAKTHUMU SBUIIAMHY, & Ta-
KO’K 13 HASIBHICTIO MeXaHIYHUX HANPYKeHb Y BY3JIl 3pOCTKA HAHOAPOTIB. MOKINBAM MeXaHI3MOM BUSIBIIE-
HOTO eeKTy € CTPHOKOIIOIOHMI IIepepo3IIoil 3apsay B IPUIIOBEPXHEBUX IIapax HAHOIPOTY, II0 IIPHU3BO-
IWTH JI0 KOMIIeHcallli HaBemeHol Tepmo-epe. OnHAK, 1l BiANOBIIae HEPIBHOBAKHOMY CTaHy Kpucrasy. Ilo-
BEPHEHHSI HAHOAPOTY [0 PIBHOBAMKHOIO CTAHY 3YMOBJIIOE IIEPIOAUYHI KOJIMBAHHS HANPYTrW. BusiBieHuit
edeKT T03BOJIUB PO3POOUTH IreHepaTop AeIbTa-PUTMIB, AKHI MOKe OyTH BUKOPHUCTAHWHI JJIA JIKYBAHHS Pi3-
HUX 3aXBOPIOBAHbB (HITHU 3 PO3JIamaMU CIIEKTPY ayTH3My, BHYTPIIIHBO IIePeMIIIeHl 0CO0r 13 30HM aHTUTEPO-
PHUCTHYHOI OITepallil TOIIO).

Kmiouosi ciaosa: Hanogporu kpemsio, Enexrpoentiedasiorpama, enpra putMm, Bosbr-ammepni xapak-
Tepuctuky, Tepmo-epc.
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