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Theoretical investigation of the terahertz lasing in the cavity containing graphene-based asymmetric
hyperbolic metamaterial was present. The metamaterial under investigation is a nanoscale structure
composed of periodically arranged layers of a semiconductor and inverted graphene. The aim of study
is development of the component base for creating devices for terahertz generation and
manipulation. The radiation characteristics in the cavity have been investigated by the transfer matrix
method. A hyperbolic metamaterial is considered as a homogeneous medium with effective parameters
due to the smallness of its period. The optimal conditions and parameters of the structure for an
effective terahertz generation have been determined by numerical simulation. Generation linewidth,
graphene saturation intensity, radiation power and the impact of the geometric parameters of structure
on the process of terahertz wave generation have been estimated.
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Cavity containing graphene-based asymmetric hyperbolic metamaterial.

Complex resonator with thin hyperbolic media inside.
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Hyperbolic media is a nanoscale

metamaterial composed of periodically
“arranged layers of a semiconductor (gray

areas) and inverted graphene (red lines)

with optics axis tilted with respect to outer
' boundary as an active media




ke, p
) ) E-saanst Jfro Ug,S
Hyperbolic media XN,
k #
Hyperbolic medium exhibits hyperbolic-type dispersion in 9 Pt
space of wave-vectors and has the diagonal extremely ’
anisotropic permittivity tensor. The dispersive properties of
the hyperbolic metamaterials are inherent to uniaxial
. . . e H-sonrer
materials whose axial and tangential permittivity Hegosmiet
components are of different signs. & O
depopos, ®.N. Onmuka aHusomponHeix cped/ é=| 0 &,
depopos, .N. — AH BCCP. MuHck, 1958. 0 O
Graphite (for UV)

Natural objects
Magnetized plasma (for RF)

4

a b o !
Vnens 2 Nousii 1 PHYSICAL REVIEW LETTERS I Ma 1068 %j\ . — G
= - o %2
a a o
REAOKAKCE CONES ¥ THE FIELD PATTERN OF A BHORT ARTERNA & .
]H m “Iwrmmc PML. 240 2(;0 2;0 3(‘)0 3';0 3;0 3;0 3;0 4000

B K Fiaher? and B, W, Gild Anm

Callfrrd Inaiituts of Technalogy, Pasaidesd, Califoraia ¥1108 J.Sun etal. Appl. Phys. Lett. 98, 101901 (2011)
[Hescdwed I Marak L3631 IMetamateriaIS
- f‘ E\L—‘\CX i —
-
Exx = &y > 0 Ex = Eyy
e, <0 g,>0




E «| 2 Asymmetric Hyperbolic Metamaterials — parameters
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Re[gy, (w)] > 0 energy loss
Re(¢,)<0 - hyperbolic properties

] . . . Im(g,) characterizes the gain properties of HMM:
Frequency region from 2.5 to 7 THz is suitable for THz amplification  im(s,)<0 - amplification.
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Asymmetric Hyperbolic Metamaterials — parameters with taking into account the saturation of
amplification in graphene
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The dependence of chemical potential (meV) of graphene from transverse electric field (V/nm).
E, is a component of the external electric strength vector transverse to the graphene plane

o0
e
E0 = h2V2€ dg( fd (‘9) - fd (‘9 + Zluc)) fy(e) — the Fermi-Dirac function
T Veéy % U, — the chemical potential
&, — the dielectric constant of graphene
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Cavity partially filled with AHMM

Total round-trip transfer matrix

R =RP(H)
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Due to the linearity of the eigenvalues problem at a given E, the eigenvalues of the entire
transfer matrix P, are

/\i = glixi L),
where »; = In A, characterizes the phase delay at one pass (L = I+ h).

Mode frequency and mode intensity proportional to E, are the solutions of the equations:

Re[x;(k,,E)]=0, Im[x;(k,,E)]=0

These equations may be solved numerically to find k,, and E,,.
Due to a weak dependence of k,, from E,, k,, can be easily derived from the first equation, and E, from
the second equation.



Eigenwaves in the cavity partially filled with AHMM
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Mode generation condition determined by the equation
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Im(») vs chemical potential (meV) of grapheme
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The net gain for the extraordinary waves Im(x,) and Im(3;) vs chemical potential (meV) of
grapheme.

Level of losses (0.0009) given by red line.

k, = 0.07445.



Dependence of radiation characteristics on the length of the outer part of the

resonator |, characterized by loss.

The values of the z-component of the wave vector kz and the corresponding values of the generation

frequency f for three values of the AGMM period d.
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Based on numerical simulation, it was
determined that the generation line
width is Af = 0.00455 THz.

The generation frequency does not change
significantly with changes in the value of the
period. This fact is important both for estimating
the width of the generation line and for the
experimental implementation of the object under
study due to the difficulties associated with the
need to achieve ultra-small sizes of the proposed
structures.



Conclusion

Some theoretical aspects of THz lasing in the cavity with an active graphene-based AHMM are
presented:

« The gain in AHMM structure is provided by inversed population of carriers in graphene and takes
place in the frequency range from 2.5 to 7 THz. . It was shown that that maximal net gain is achieved
for an extraordinary mode under the value of chemical potential 25 meV.

« The frequency of oscillation and field intensity was calculated from the solution of equations for real
and imaginary parts of log of eigenvalues of total transfer matrix of one period of the structure.

« Both forward and backward waves in the AHMM were included, this gives possibilities to investigate
other than standing wave cavity configurations. We have demonstrated that four eigenmodes: two
ordinary and two extraordinary, can be excited in a cavity filled with AHMM and all, 3, 2, or only one
wave may contribute to laser oscillations

* The eigenwaves of the cavity at THz frequencies is calculated, accounting the saturation of the gain.

« It was assumed that gain saturation occurs due to the dependence of chemical potential of the
graphene sheets upon the transverse component of the electric field of the THz radiation. We have
shown that the gain saturation arises at the electric field strength about 2.7-1012 VV/m.

« This laser model allows to calculate the line width due to natural fluctuations of the field in the cavity
and in ehe preliminary estimate is Af = 0.00455 THz.
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