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Abstract — considering the results of experimental research, theoretical modelling brings continuously new details in
the knowledge of matter at nanoscale. It has been recently appeared a new “time-domain” Drude-Lorentz-like model for
classical and quantum transport in nanosystems, demonstrating high generality and good fitting with experimental
literature data. The extension of this model to relativistic particles travelling in nanostructures offers interesting new
details, in particular in relation to a variation in diffusion of charges travelling in nanomaterials. This peculiarity has
current crucial importance in the sector of applications, for example in the biological and medical sectors, so as for
nano-bio-devices fabrication. After a brief introduction, new technical details and examples of application for
nano-diffusion at relativistic velocity are presented.

Index Terms — Diffusion, Nano-bio-materials, Nanofabrication, Nano-bio-devices, Theoretical modelling,
Relativistic velocity.

I. INTRODUCTION

In modern industry we assist to a progressive miniaturization of used devices and systems, having progressively
reached the nanoscale domain. In particular the nanofabrication aims at building nanoscale structures able to act as
components, devices, systems, hopefully in large quantities and at low cost. All nanotechnology fields draw
advantage by nanofabrication, especially for the realization of hano devices involving the traditional areas across
engineering and science [1]. The conventional technologies consider the emerging techniques developed for next
generation lithography, while the non-conventional include scanning probe microscopy lithography, self-assembly
and imprint lithography, so as distinctly developed techniques for realizing carbon tubes and molecular devices [2].
The nanofabrication is crucial for the realization of possible conceivable benefits in the field of electronics,
bioengineering and material science. Of increasing importance are for example the advantages of ultra-high
resolution capability, the use of tip-based nanofabrication technology as proper tool in the nanoscale structures
manufacturing, so as single-probe tip technologies, multiple-probe tip methodology, 3-D modelling with tip-based
nanofabrication and imaging technology [3], [4]. A great variety of nanodevices for electronic, optoelectronic,
photonic, bio-mechanical applications have been created through the fast development of materials and fabrication
technology. Further developments in this direction deeply depend on the state-of-art knowledge of science and
technology at nanoscale, in particular by modalities to vary the response of nanodevices, which depends strongly
by diffusion of charges inside nanostructures [5]. Improvements in the knowledge of diffusion peculiarities can
benefit implantable, ultrasensitive, chemical and molecular bio-sensoristics, so as medical science, nano-robotics,
micro-(nano)-opto-electro-mechanical systems (M(N)OEMS), remote and mobile environmental sensors, portable
and resistant personal electronics, electro-mechanical coupled devices, manipulation processes at nano-molecular
level [6], [7]. Aamong the most commonly studied, promising and used nanomaterials, we have nowadays Silicon
(Si), Zinc Oxide (Zn0O), Titanium Dioxide (TiO,), Gallium Arsenide (GaAs) and Carbon Nanotubes (CNTs). The
theoretical detailed understanding of the behaviour of transport processes in these nanomaterials is therefore
crucial for indicating new application ideas and new streams in nanofabrication. One of them concerns the study of
the implications of relativistic motion in nanostructures [8]. After a technical introduction of the relativistic
expression of diffusion through a new analytical model, interesting examples of application will be presented,
where it is possible to check that ultra-fast injections of charges in a nanostructure offers the possibility to vary the
initial peak in diffusion and the value of diffusion in time, through a modulation of the carriers velocity.

Il. RELATIVISTIC EXPRESSION OF DIFFUSION THROUGH A NEW ANALYTICAL MODEL

Recently it has been appeared a new analytical model, which generalizes the Drude-Lorentz model, based on the
complete Fourier transform of the frequency-dependent complex conductivity o (w) of a system. It provides

analytical time-dependent expressions of the most important quantities related to the transport processes, i.e. the
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velocities correlation function <v (t)-v(0) >; at temperature T, the mean squared deviation of position

R2(t) = <[§ t)-R (O)]2> and the diffusion coefficient D of a system [7], [9], [10]. Considering literature data, it is

possible both to fit and confirm experimental results and to find new characteristics and details for experimental
confirmation and for the fabrication of nano-bio-devices with desired characteristics [11]-[15]. The model was
performed in classical and quantum way; the complete relativistic version is under construction [16]. In this paper
new results regarding the relativistic analytical expression of diffusion are introduced.

Considering the motion equation of a particle travelling in a nanostructure, the starting point is the dynamics law:

d - -
Gt Mo V=2 F . (@)
i
About forces acting on particle, it has been considered an outer passive elastic-type force of the form F, =K x,
with K=mj, a)oz, a passive outer friction-type force of the form Fg =A%, with A=m,y/z, and an outer

—iot

oscillating electric field E=eEge

thinking the motion along an x-axis and in the fixed ground reference frame, with the same procedure utilized for
the performed classical and the quantum case [9], [10], the equation becomes:
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with =v/c and 7/=]/,/1—ﬂ2 .

The diffusion coefficient is defined as D(t)=1/2(dR2(t)/dt) ; it is possible also to write it as a function of the

velocities correlation function:
2
0
2 dt

Having the relativistic analytical expression of <V (t)-v(0) > [16], the time-dependent form of the diffusion
coefficient D is as follows:

D:(kB_Tj[l\][ 4 ][exp(_ﬂl]_exp(_ﬂilJ’ (4)
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where kg is the Boltzmann’s constant, T the temperature of the system, m, the rest mass of the carrier, z the

t
:j dt(V(t')-v(0). (3)
0

classical relaxation time. The parameter «, . is a parameter of the model; it is defined in this way:

_4pa)§ 7?

a, =1 =\J1-4ywi7® , (5)

rel }/
with p=1+ % y*=»? and w, classical center frequency [7], [9], [10], [17].

I11. RESULTS AND DISCUSSION

It has been considered the effects of relativistic velocities of carriers in relation to the behavior of D for the
previously indicated nanomaterials, considering in all cases the room temperature T=300K , the parameter of the

model «, , =05 (e €[0,1]= R) and values of m and 7 as resumed in Table 1.

Nanomaterial m* 7(S)
CTN [18], [19] 0.5m, 017-10°2
Si [20] 1.08 m, 0.5-10°13
TiO, [21] 6 m, 0.1.10°13
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Zn0 [22] 0.24 m, 0.84.10°13
GaAs [23], [24] 0.067 m, 10-22

Table 1. Values of effective masses m* and relaxation times 7 for the indicated nanomaterials (m, = electron mass at
classical “Drude” velocity v=10"cm/s , which is equal to the rest mass of electron with an error less than 1/10)
[18]-[24].

In Fig. 1 the variation of the diffusion in time for CNTs is presented, starting by non-relativistic velocity of the
carriers moving in a nanostructure and considering then relativistic velocities. The increase in carriers velocity
implies a marked variation of the initial peak of diffusion, so as a substantial change in the process of diffusion

decrease.
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Fig. 1. D vs t for CNTs at three different velocities of the carriers (red solid line: v, =10’ cm/s ; green dashed line:
v, =10° cm/s ; blue dot-dashed line: v, =2-10"° cm/s). The considered value of the parameter o, is: @, =0.5

[18], [19].

In Fig. 2 the D behavior of Si is considered.
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Fig. 2. D vs t for Si at three different velocities of the carriers (red solid line: v, =10’ cm/s ; green dashed line:

Ve =10 cm/s ; blue dot-dashed line: v, =2-10'° cm/s) [20].
In Figs. 3-5 the same procedure has been applied for TiO,, ZnO and GaAs respectively. For direct comparison, the
curves related to all considered nanomaterials are reported in Fig. 6, in the case of non-relativistic involved carriers

velocities.
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Fig. 3. D vs t for TiO, at three different velocities of the carriers (red solid line: v, =10’ cm/s ; green dashed line:

v, =10" cm/s ; blue dot-dashed line: v, =2-10' cm/s) [21].
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Fig. 4. D vs t for ZnO at three different velocities of the carriers (red solid line: v, =10’ cm/s ; green dashed line:

v, =10 cm/s ; blue dot-dashed line: v, =2-10"° cm/s) [22].
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Fig. 5. D vs t for GaAs at three different velocities of the carriers (red solid line: v, =10’ cm/s ; green dashed line

v, =10" cm/s ; blue dot-dashed line: v, =2-10' cm/s) [23], [24].
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Fig. 6. Variation of D in time for the considered nanomaterials, with classical “Drude” velocity of the carriers [18]-[24].

39



iy

ISSN: 2319-5967
ISO 9001:2008 Certified

International Journal of Engineering Science and Innovative Technology (IJESIT)
Volume 3, Issue 4, July 2014
Table 2 resumes the peak values of diffusion, as determinable by figures, concerning the variation by classical to
relativistic velocities of carriers.

Nanomaterial D; (cm?/s) D, (cm?/s) Ds (cm?/s)
CTN 11.96 11.26 8.96
Si 1.63 1.53 1.21
TiO, 0.06 0.05 0.04
Zn0O 12.3 11.63 9.2
GaAs 587.1 495.4 392.9

Table 2. Peaks in diffusion with V., iy =10” €M/S (D1), Vearrier =10 cM/s (D2) and Vgyier =2-10'° cm/s (Ds),
related to the considered nanomaterials [18]-[24].

Some considerable points are to be noted concerning the obtained results:

1) The possibility of a relativistic motion in a nanostructure brings in general to a decrease of the peak in
diffusion, but increases the diffusion in time;

2) This behaviour is one of the modalities with which it is possible to act for varying the diffusion in
nanomaterial-based nanodevices;

3) other possibilities have been studied, as the variation of temperature of the system [14], the variation of the
effective mass through the doping and in connection to the chiral vector [18], [25], the variation of the parameter

a of the model [9], [10], [16], which is referred to the frequency and the relaxation times;

4) The importance of the study of these parameters at nanofabrication level;
5) The model is useful in both ways:
a) For creating new devices with the desired characteristics;
b) For testing and/or obtaining new parameters values by existing experimental data.

IV. CONCLUSIONS

In this work it has been considered the application of relativistic results concerning the diffusion of a new recently
appeared theoretical model [7], [9], [10], [16] related to the evolution of the diffusion in time for five among the
most important materials currently utilized at nano-bio-level [7], [11]-[15]. The carried analysis showed that the
possibility of a variation in velocity for the carriers travelling inside a nanostructure (electrons in this case, but the
model holds for charged particles in general) represents one of the possibilities to be considered in the fabrication
of nano-bio-devices with precise and well determined characteristics. The model is able to meet, through
appropriate combinations of these parameters, a large spectrum of practical and technological needs, particularly in
the nano-bio-devices sector and at nano-bio-sensoristic level. The possibility of a rapid answer for the carriers
transport is a very considerable peculiarity concerning nano-bio-devices, nano-energy systems, nano-technologies
sector, nano-medicine. The ability to obtain different peak values and decay times for diffusion may be the basis for
the ideation and fabrication of new particular nano-bio-devices, well adapted to the required characteristics.

REFERENCES
[1] M. J. Madou, “Fundamentals of micro fabrication: the science of miniaturization”, CRC press, Boca Raton, FL, 2002.

[2] D. R. Reyes, D. lossifidis, P. A. Auroux, and A. Manz, “Micro Total Analysis Systems. 1. Introduction, Theory, and
Technology”, Anal. Chem., 74, pp. 2623-2636, 2002.

[3] B.D. Gates, Q. Xu, M. Stewart, D. Ryan, C. G. Willson, and G. M. White sides, “New Approaches to Nanofabrication:
Molding, Printing, and Other Techniques”, Chem. Rev., 105, pp. 1171-1196, 2005.

[4] S.R.Quake, A. Scherer, “From Micro- to Nanofabrication with Soft Materials”, Science, 24, pp. 1536-1540, 2000.

[5] J.V.Barth, G. Costantini & K. Kern, “Engineering atomic and molecular nanostructures at surfaces”, Nature, 437, pp.
671-679, 2005.

[6] Z.L.Wang, “Self-Powered Nanotech”, Sci. Am., pp. 82-87, 2008.

[7]1 P. Di Sia, “Classical and quantum transport processes in nano-bio-structures: a new theoretical model and applications”,
PhD Thesis, Verona University, Italy, 2011.

[8] D. K. Ferry, S. M. Goodnick, J. P. Bird, “Transport in Nanostructures”, Cambridge University Press, Cambridge, 2009.

40




T3

ISSN: 2319-5967
ISO 9001:2008 Certified

International Journal of Engineering Science and Innovative Technology (IJESIT)
Volume 3, Issue 4, July 2014
[9] P. Di Sia, “An Analytical Transport Model for Nanomaterials”, J. Comput. Theor. Nanosci., 8, pp. 84-89, 2001.

[10] P. Di Sia, “An Analytical Transport Model for Nanomaterials: The Quantum Version”, J. Comput. Theor. Nanosci., 9, pp.
31-34,2012.

[11] P. Di Sia, “A new theoretical method for transport processes in nanosensoristics”, JNanoR, 20, pp. 143-149, 2012.

[12] P. Di Sia, “Oscillating velocity and enhanced diffusivity of nanosystems from a new quantum transport model”, JNanoR,
16, pp. 49-54, 2011.

[13] P. Di Sia, “Nanotechnology between Classical and Quantum Scale: Applications of a new interesting analytical Model”,
Adv. Sci. Lett., 5, pp. 1-5, 2012.

[14] P. Di Sia, “About the Influence of Temperature in Single-Walled Carbon Nanotubes: Details from a new
Drude-Lorentz-like Model”, Appl. Surf. Sci., 275, pp. 384-388, 2013.

[15] P. Di Sia, “A New Analytical Model for the Analysis of Economic Processes”, TEL. 3, pp. 245-250, 2013.

[16] P. Di Sia, “Relativistic motion in nanostructures: interesting details by a new Drude-Lorentz-like model”, Proceedings
Book, Prof. T. F. Kamalov Ed. (3" International Conference “Theoretical Physics and its Application”, June 24-28, 2013,
Moscow, Russia), pp. 248-258, 2014.

[17] F. Borondics, K. Kamaras, M. Nikolou, D. B. Tanner, Z. H. Chen, A. G. Rinzler, “Charge dynamics in transparent
single-walled carbon nanotube films from optical transmission measurements”, Phys. Rev. B, 74, pp. 045431-045436,
2006.

[18] J. M. Marulanda, A. Srivastava, “Carrier Density and Effective Mass Calculation for carbon Nanotubes”, Phys. Stat. Sol.
(b), 245, pp. 2558-2562, 2008.

[19] H. Altan, F. Huang, J.F. Federici, A. Lan, and H. Grebel, Optical and electronic characteristics of single walled carbon
nanotubes and silicon nanoclusters by tetra hertz spectroscopy, J. Appl. Phys., 96 (2004) 6685-6689.

[20] I. Pirozhenko, A. Lambrecht, “Influence of slab thickness on the Casimir force”, Phys. Rev. A, 77, pp. 013811-013818,
2008.

[21] C. A. Schmuttenmaer, “Using Terahertz Spectroscopy to Study Nanomaterials”, Terahertz Science and Technology, 1
(1), pp. 1-8, 2008.

[22] J. B. Baxter, C. A. Schmuttenmaer, “Conductivity of ZnO Nanowires, Nanoparticles, and Thin Films Using
Time-Resolved Terahertz Spectroscopy”, J. Phys. Chem. B, 110, pp. 25229-25239, 2006.

[23] P. Parkinson, H. J. Joyce, Q. Gao, H. H. Tan, X. Zhang, J. Zou, C. Jagadish, L. M. Herz, and M. B. Johnston, “Carrier
Lifetime and Mobility Enhancement in Nearly Defect-Free Core—Shell Nanowires Measured Using Time-Resolved
Terahertz Spectroscopy”, Nano Letters, 9, pp. 3349-3353, 2009.

[24] P. Parkinson, J. Lloyd-Hughes, Q. Gao, H. H. Tan, C. Jagadish, M. B. Johnston, and L. M. Herz, “Transient Terahertz
Conductivity of GaAs Nanowires”, Nano Letters, 7, pp. 2162-2165, 2007.

[25] P. Di Sia, “Diffusion in Carbon Nanotubes: Details, Characteristics, Comparisons at Nanolevel”, Sensors & Transducers
Journal, 146, pp. 1-7, 2012.

AUTHOR BIOGRAPHY

Paolo Di Sia is currently professor of “Foundations of Mathematics and Didactics” by the Free University of
Bolzano-Bozen (ltaly). He obtained an academic degree (bachelor) in metaphysics, an academic degree
(laurea) in theoretical physics and a PhD in mathematical modelling applied to nano-bio-technologies. He
interested in classical-quantum-relativistic nanophysics, theoretical physics, Planck scale physics, mind-brain
philosophy, econophysics and philosophy of science. He is author of 125 works at today (articles on national
and international journals, scientific international book chapters, books, internal academic notes, and
scientific web-pages), reviewer of two mathematics academics books and is preparing a chapter for a scientific
international encyclopedia.

41



