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ABSTRACT

We investigate effects of a linear resonator on spatial electron dynamics in semiconductor superlattice. We have
shown that coupling the external resonant system to superlattice leads to occurrence of the additional area
of negative differential conductance on the current-voltage characteristic, which does not occur in autonomous
system. Furthermore, this region shows great increase of generation frequency, that contains practical interest.
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1. INTRODUCTION

The development of semiconductor devices working in sub-THz and THz range is now of the great interest. Such
technologies are critically important for a wide range of applications® as astrophysics, medicine? and security.® 4
Consequently, one of the most challenging tasks of modern electronics is the elaboration of the technically
available sub-millimeter wavelength devices operating at room temperature.® Typically, the using of nano- and
microstructure-based setups as quantum-cascade lasers (QCLs), transferred electron devices (TEDs) and other
devices that exhibit negative differential conductance is the well-known approach in studies considering this
issue.58 Nevertheless, characteristics of such devices are strongly limited by it’s physical dimensions such as
minimal length of active media in TEDs, from which the frequency of oscillations is strongly depends.

The external resonant systems is a well-known instrument for optimization and tuning the generation charac-
teristics of a various devices, as semiconductor active media and vacuum electronics as BWO. Moreover, external
resonant systems also can be utilized to obtain the different dynamical regimes, as chaos and quasi-periodicity.

One of the promising devices demonstrating spectrum containing powerful harmonics and working in sub-THz
range is the semiconductor superlattice (SL). Semiconductor superlattices are composed from alternating layers
of different semiconductor materials (two or more) with different band width. Such periodic structure promotes
the formation of minibands in which electrons can travel along the semiconductor superlattice. If the product
of the carrier concentration within the device and the sample length exceeds a critical value, the NDC triggers
the formation of propagating charge domains, which could be utilized both for generation and amplification of
sub-THz/THz radiation.” 11

Recently, we have shown the possibility to obtain the chaotic oscillations in the semiconductor superlattice
coupled to external quality resonator.'>"14 In this report we study numerically the effect of external resonator on
the current-voltage characteristic of SL. We show the appearance of the additional NDC region, that is caused
by high-frequent field oscillations in external quality resonator.
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Figure 1. Equivalent scheme of SL coupled to external resonant circuit. Vy denotes the supply voltage, I(Vil) and Vil is
the current flowing through the SL and the voltage drop on the SL contacts, respectively.

2. NUMERICAL MODEL

To investigate the collective electron transport in superlattice we use the model described in,'*'® with the
semiconductor superlattice parameters taken from recent experiments.!?> The miniband transport region is
discretized into N = 480 layers, each of width dx = 0.24 nm, small enough to approximate a continuum and
ensure convergence of the numerical scheme. The discretized current continuity equation is
dn
e0r—= = Jp1 — Jm, m=1...N, (1)
dt
where e > 0 is the electron charge , n,, is the charge density at the right-hand edge of m*" layer, at position
x = mdx, and J,_1 and J,, are the areal current densities at the left and right hand boundaries of the m*”* layer

Im = €Ny (Fm) ) (2)

where F,, is the mean field in the m** layer.'® The drift velocity, vq(F), corresponding to electric field, F', can
be calculated as in:'7

_ AdIL(A/2kpT)  eFdr/h
2R Io(A/2kpT) 1 + (eFdr/h)?’

(3)

Vd

where d = 8.3 nm is the period of the SL, A = 19.1 meV is the miniband width, T = 4.2 K is the temperature,
kp is the Boltzmann constant and I, (x), where n = 0, 1, is a modified Bessel function of the first kind.

The electric fields F}, and Fj,,; at the left- and right-hand edges of the m!" layer respectively, are related
by the discretized Poisson equation

edx
Fm+1=;(nm—n[))+Fm, m=1...N, (4)

ocr

where gg and €, = 12.5 are, respectively, the absolute and relative permittivities and np = 3 x 10?2 m—3 is the
n-type doping density in the semiconductor superlattice layers. The current density injected into the contact
layers of the semiconductor superlattice subjected to the field Fy is Jy = oFy, where o = 3788 Sm™! is the
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Figure 2. Current-voltage characteristics of autonomous SL (a) and SL coupled to external circuit with several resonant
frequencies: (b) fo = 10.04, (c) fo = 13.81, (d) fo = 15.45, (e) fo = 18.27, (f) fo = 45.10. Quality factor @ = 150

conductivity of the heavily-doped emitter.'> The voltage, Vy;, dropped across the semiconductor superlattice
defines a global constraint:
N

ox
Va=U+ Y (Fn+ Fra), (5)

m=1

where the voltage, U, dropped across the contacts includes the effect of charge accumulation and depletion in the
emitter and collector regions, and the voltage across the contact resistance,'® R = 17 Q. The current through
the device is

4 N
I(t) = N+l Z I (6)
m=0

where A =5 x 1071 m? is the cross-sectional area of the semiconductor superlattice.'® 18

We considering the superlattice interacting with the external resonant circuit as shown in Fig. 1 and apply
the Kirchoff’s equations to simulate it’s dynamics in the single-mode assumption:

di _I(Va) —L dli _ Vo—Va+ RL + RI(Va) (7)
dt c ' odt L ’

where V7 (t) and I;(t) are, respectively, the voltage across the capacitor and the current through the induc-
tor. Thus, the voltage dropped across the SL is Vi = Vo — Vi + Vextcos(wegit), where Vext and weyy is the
amplitude and frequency of external informational signal respectively. The eigenfrequency of the resonator is

fo =1/(2nVLCO) and the quality factor is Q = (1/R)+/L/C.
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Figure 3. Amplitude spectrums (a, b) and spatio-temporal distributions of charge in the transport region of SL (c, d)
for different supply voltage: 340mV (a, c), 350mV (b, d). The resonant frequency of external circuit fo = 104.5 GHz,
quality factor @ = 150.

3. SIMULATIONS

To study the effect of resonator on current dynamics in the SL we have compared the IV-characteristic of au-
tonomous system with characteristics, calculated for various frequencies of external resonator, that are presented
in Fig. 2. The current-voltage characteristic for the autonomous case (Fig. 2 (a)) present itself the typical Esaki-
Tsu curve, that exhibit one maxima, that marks the beginning of NDC region. In this case SL. demonstrates
only periodic current oscillations, that denotes the main frequency of generation.

The Fig. 2 (b-f) shows the region near the Esaki-Tsu peak, that is marked in figure (a) by the dashed square,
for the SL coupled to resonator with different frequencies. The case (b) corresponds to fo = 10.04 GHz. The
small deformation of the characteristic can be observed, but, no additional extremes appears. If we increase the
eigenfrequency of resonator up to fo = 13.81 (Fig. 2(c)), several additional peaks arise on curve. The maxima in
the region 0.5-0.6 mV are corresponding to the transitions between dynamical regimes,' while the irregularity
at =~ 0.35mV present itself the additional region of negative differential conductance. The further increase of
resonator frequency results in disappearance of irregularities at 0.5-0.6 mV, and small increase of additional NDC
region (Figures 2 (d-f)).

To study this effect in detail the spectrums of current oscillations and the spatio-temporal distributions of
charge in SL was calculated for two values of supply voltage, one of which corresponds to appeared NDC area,
and the second one corresponds to the higher voltage (see Fig. 3). One can see principal difference between
the realizing regimes. The regime, corresponding to the additional NDC area is characterized by the broadband
spectrum, that exhibit two strongly pronounced frequencies, one of which is close to 50 GHz. Increasing of supply
voltage results in transition to periodical regime, and the amplitude grows greatly. Nevertheless, the spectrum
now exhibit only one fundamental frequency, f ~ 18 GHz, corresponding to the time of domain propagation.
Although, spectrum contains the number of powerful highest harmonics.

Considering the charge dynamics in SL, we can see that both pictures demonstrate the alternation of weak
domain with low charge concentration and the ”stronger” domain. The transition to regime, shown in Fig 3(d)
is accompanied by growth of charge concentration in the ”strong” domain, that results in stabilization of system
dynamics.
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4. CONCLUSIONS

In this paper we report the results of the study of the effect of external resonator on current dynamics in
semiconductor superlattice. We show, that coupling of external quality resonator to superlattice results in the
appearance of an additional area of negative differential conductance, that is characterized by the chaotic regime
and increasing of the frequency of generation. The observed effects contain practical interest for the development
of new sub-THz broadband sources,? including the carrier generators for the data transmission systems.
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