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Introduction 

Which are current trends in electromagnetics? 
 

•  Miniaturization of electric circuits components … 
•  Energy consumption dropping …  
electronic devices currently account for 15 percent of household 

•  Opening up the mm-Wave & THz frequency ranges 
The wireless community has announced the 5G – a new generation of mobile 
wireless technology that will deliver multi-gigabit-per-second data speeds, 
with  orders of magnitude more capacity and lower latency than today’s 
wireless systems. Millimeter-wave (mmWave) and THz frequencies … 

•  Advanced EM materials… 
•  Cross-border and unconventional fields … 

QD laser 

3 Security  and medical imaging 

1 GHz 1 THz 
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Miniaturization of electric circuits 
components … 

n-type field  
effect transistor 

~10-14 nm 

De Broglie wavelength of 
electron in typical 
semiconductor is of the order of ~ 
70 – 7 nm (>> lattice constant) at 
300 K and, thus, is comparable to 
the gate length (i.e. semiconductor 
nanostructures and devices) 

Operating frequency of present-
day microprocessors  
approaching 10 GHz  and 
expected to enter the THz range 



Nanocarbon  in EM materials and  
macrodevices 

data cable 
http://constructivematerials. 
wordpress.com/ 

RIT - NanoPower Labs www. 
rit.edu 



Nanoelectromagnetics 

FUNDAMENTAL CHALENGE in NANOSCALE 
ELECTROMAGNETICS is  
 

unusual constitutive properties of structural 
materials due to spatial confinement of the charge 
carriers motion 
or 
INTERPLAY of  SCHROEDINGER and MAXWELL 
EQUATIONS  

A research discipline studying the behaviour of high-
frequency electromagnetic radiation on nanometer scale 
is currently emerging as a synthesis of macroscopic 
electrodynamics and microscopic theory of electronic 
properties of different nanostructures 

Maksimenko & Slepyan, Nanoelectromagnetics 
of low-dimensional structures  



Graphene & Carbon Nanotube 

SWCNT (m,n) 

Rc=ma1+na2 
(m,0)   - zigzag, 
(m,m) -  armchair 

Length:   1-10 mkm 
Diameter:   1-3 nm 
Conductivity type:  metallic or semiconductor 
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Graphene & CNTs:Physical properties 



“Clearly, although the cross-sectional radius is electrically small, 
the length is electrically large - conditions that are characteristic 
of wire antennas…”  Thus,  
 

an isolated CNT is a wire nano-antenna 
 

The key problem for the CNT electromagnetic response modeling 
is the  conductivity low evaluation 

CNT as nanoantenna 
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55, 273-280 (2001) 



Dynamical conductivity of CNT 
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1: Metallic CNs (m=3q)
2: Semiconducting CNs (m≠3q)
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Radial dependence of the conductivity below  and in the optical 
transitions band 
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Axial surface conductivity of isolated 
single-wall carbon nanotube 
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Electrodynamics of CNTs 
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Solution of the conductivity problem accounting for the spatial confinement  
effects couples classical electrodynamics and physics of nanostructures 
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Surface Wave in CNTs 

The problem statement:  
consider the propagation of surface waves along an isolated, infinitely 
long CNT in vacuum. The CNT conductivity is assumed to be axial. 
The investigated eigenwaves satisfy the Maxwell equations, EBCs and 
the radiation condition (absence of external field sources at the infinity) 
 
 
 

The statement is analogous to the problem of macroscopic spiral slow-
down systems for microwave range [L. Weinstein, Electromagnetic waves, 1988].  
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Complex-valued slow-wave coefficient β 	
for a polar-symmetric surface wave 
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Surface Wave Propagation 

14 



What Can We Learn from the Picture?  

Carbon Nanotube as EM device (primarily in THz range): 
ü  Electromagnetic slow-wave line: vph/c~0.02 
ü  Dispersionless surface wave nanowaveguide and 
    high-quality interconnects (PRB 1999) 

ü  Terahertz-range antenna (PRB 1999,PRB 2006, PRB 2010, PRB2012) 

ü  Thermal antenna (PRL 2008) 

ü  Monomolecular traveling   
ü  wave tube (PRB 2009) 

ü  strong influencing the 
     spontaneous decay rate  

 (PRL 2002) 

Antenna resonances for 1 mkm CNT are 
in the THz range because the plasmon 
slowing 



Phys. Rev. B 74, 045431 (2006) 

Bommeli F.,   et al. Synt.  Met. 86,  
2307 (1997). 

Experimental observations of THz peak in 
CNT-based composites 

(b) Real part of the conductivity together with 
the Drude and Lorentz contributions to the 
overall fit (solid line).  
T. Kampfrath, phys. stat. sol. (b) 244, 
No. 11, 3950–3954 (2007) 
 

One can suppose 
that THz finite-
length (antenna) 
resonances explain 
THz conductivity 
peak in CNT 
composites 

16 



THz peak: experiment  
Direct experimental demonstration of 
the correlation between the THz 
peak frequency and  the SWCNT 
length. That is, the direct 
experimental evidence of the slowing 
down in CNTs and the FIR-THz 
antenna  17 



Functional materials for THz range 

Distribution of the CNT bundles before 
(a) and after (b) treatment  

Method of the calibrated CNTs 
fabrication  

Shuba et al.,  
PRB 2013 

Screening effect 



Our result has been confirmed in Nano Letters 13, 5991 (2013): 



Nano – TWT and Nano-FEL 

Travelling-wave tubes: 
R Kompfner 1952 Rep. Prog. Phys. 15 275  
 

•  an electron gun,  
•  a focusing structure,  
•  a slowing-down system, 
•  an electron collector 

Macroscopic TWT 
FEL 

a slowing-down system 
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Combination in CNTs of three key properties, 
 
§   a strong slowing down of surface electromagnetic waves, 

v/c~0.02 
§   ballisticity of the electron flow over typical CNT length, 

l~1-10 µm 
§   extremely high electron current density,  
      I~10^10 A/cm^2 
allows proposing them as candidates for the development of 

nano-sized Chernekov-type emitters 

It is well-known, that electron beam in systems which slow 
down electromagnetic waves can emit radiation (Cherenkov, 
Smith-Purcell, quasi-Cherenkov mechanisms) 

Nano – TWT and NanoFEL: the Basic Idea 
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Threshold Current and Instability 
Increment 

Radiation generation is already possible  at 
the current stage of the nanotechnology 
development 

 j=1010 A/cm2 

 L=10 – 30 µm 

Gain per unit length is  
extremely large comparing  

with macrodevices 

22 
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Quasi-cherenkov radiation of an 
electron beam passing over the 
graphene/polymer sandwich structure 

Slowing down of the 
acoustic mode vs interlayer 
distance in a double 
graphene at different 
chemical potentials 

µ = 0.05 

µ = 0.1 
µ = 0.3 

µ = 0.2  
E = 10 keV,   
f = 10 THz 

Frequency dependence 
of the instability 
increment for 4 (1), 8 
(2), and 9 (3) layers 



Three classes of ultralight and/or 
ultrathin EM materials are under study   

24 

(i)  Polymer	 composites	 filled	 with	
various	 carbon	 micro/nanopar6cles	
of	high	surface	area:CNTs,	GNP,	OLC,	
EG,	AC,	CBH,	magne6c		nano-par6cles	

(ii)  CNT-,	Graphene	and	carbon	ultra-
thin	 films	 (CNT	 films,	 few-layers	
graphene,	 graphene	 /	 PMMA	
sandwiches,	graphene-like	films)	

(iii)  Cellular	 carbon	 structures	 (carbon	
foams,	 mesogels,	 aerogels,	 3D	
architectures)	

24 

EM	proper?es	and	applica?on	of	nanocarbon	materials		
in	GHz	and	THz	ranges			

		

24 
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The	layer	thickness	~	5	nm	

In	Ka-band	we	observed	that	mul3layered	
graphene	being	thousands	6mes	thinner	than	skin	
depth	provide	reasonably	high	EM	aQenua6on,	
caused	by	absorp6on	of	EM	signal.	EM	absorp6on	
is	as	high	as	43%	at	26	GHz	for	graphene	film	of	5	
nm	thickness.	



θ R 

T 

A = 1-T-R 

l ≪ skin depth 

Im ε ≫ 1 
l √ε ≪ λ 

l 
For a thin film in free air,  
A peaks at 50 % when l = lσ 

26 

lσ≈1/σ:  
A=50%, R=25%, T=25%. 

Thin conductive film 



 Microwave probing of PyC films 

Film thickness, nm 

28 GHz 

The thickest PyC films demonstrate significant 
EMI SE. Only 22, 18 and 16 % of microwave signal 
could penetrate through the PyC film with 
thickness of 75 nm, 110 nm and 241 nm, 
respectively, deposited on silica substrate.  

Pyrolytic carbon is amorphous material consisting of 
disordered and intertwined graphite flakes 

25-nm PyC thin film on 
silica substrate 



Graphene-like thin films in microwaves 

EM absorption is as high as 
50% for PyC film of 75 nm 
thickness and a few layers 
graphene, 1.5-2 nm thick. 

Graphene-like films being 
100-1000 times thinner 
than skin depth provide 
reasonably  high EM 
attenuation in microwave 
frequency range, caused by 
absorption mechanism 

4 : 7191 (2014) 



Schematic representation of graphene sandwich fabrication, consisting of a 
number of repeating steps, and final graphene/PMMA multilayer structure 
containing here four graphene sheets. The lateral dimensions of the samples 
are 7.2 mm * 3.4 mm for microwave measurements and cycle sample with 
diameter 1 cm for THz measurements. 
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Fabrication of multi-layerd PMMA/Graphene structures 

graphene multilayer or PyC 

window 

RF radiation 

d 



A thickness corresponding to a quarter 
wavelength reduces the reflection to almost 
zero in case the radiations comes from the 
substrate side and increases the absorptance to 
a maximum value.  

30 

Optimization of the absorption in graphene/polymer 
structures by dielectric substrate  

theory 

experiment 

30 GHz 

Graphene/PMMA  
(~700 nm) sandwich dielectric substrate 

30 GHz 

30 



 
1.  Manipulation with the CNT length allows fabrication 

of THz range EM materials with tailored absorption 

2.  A few free standing graphene layers in free space 
absorb 50% of microwave radiation 

3.  The absorption can be significantly enhanced by 
putting graphene heterostructure on the top of 
dielectric substate 

4.  Graphene is the best candidate for electromagnetic 
absorption in case if optical transparency is also 
needed.  

5.  Polarization selectivity of graphene/polymer 
sandwiches could be used for real device production 
(polarizer, filter and collimator for THz and microwave 
radiation). 31 

Conclusions, thin carbon films 



S. Maksimenko, INP 
BSU 32 

FANEM2018 
In the process 
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n  Circuit components and devices design and modeling  
  interconnects, capacitors, inductors, antennae, transmission 

 lines, hybrid structures, etc.   
  

n  Electromagnetic compatibility on nanoscale 
     non planewave excitations, thermal noise, quantum EMC 
 

n  Nanocomposites and metamaterials 
     EM shielding and absorption, coatings, etc. 
 

n  Instabilities 
     THz radiation generation, TWT, active circuit elements    
  

n  Photothermal effect, medicine   
     EM heating of nanocarbons, heat transfer on nanoscale 
 

Problems on the NEM list 
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