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Abstract—We have studied the high-frequency (HF) impedance of a semiconductor superlattice coupled to
an external electrodynamic system, which is a promising element of devices for terahertz (THz) and sub-THz
frequency ranges. A characteristic behavior of the impedance under the action of an external harmonic HF
signal in the region of synchronization at the fundamental and high-order resonance frequencies of the
domain transport system is determined. It is shown that the diagnostics of synchronous regimes in a semicon-
ductor superlattice in an external resonator can be based on analysis of the dynamics of amplitude and phase

of the HF impedance.
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At present, one of the most important tasks related
to exploration of the terahertz (THz) and sub-THz fre-
quency ranges is the creation of semiconductor
devices capable of operating in a broad temperature
range, which is necessary for their practical applica-
tion. A promising element of these devices for the THz
range is a semiconductor superlattice (SL) represent-
ing alternating micron-thick layers of two or more
semiconducting materials with various bandgap
widths [1—3]. This periodic structure is capable of
forming energy minibands, in which electrons exhibit
interesting quantum effects such as the Wannier—
Stark ladder, seral and resonant tunneling, and Bloch
oscillations [4, 5]. In addition, the free motion of elec-
trons in these minibands favors the development of
instabilities upon when a certain critical magnitude of
the applied electric field is exceeded, this leading to
the formation of domains with a strong charge con-
centration. The frequency of passage of these domains
through a nanostructure can reach several dozen or
hundreds of gigahertz [6]. An important feature of
semiconductor SLs is their ability to operate at room
temperature [7], which makes these elements promis-
ing sources of sub-THz and THz oscillations [7—10].

It was previously demonstrated [10] that studying
the dynamics of semiconductor SLs in external reso-
nance systems is a topical task because active semicon-
ductor elements in real devices are always integrated
into external electrodynamic structures. It has been
found that a resonance system favors the formation of
broad regions of chaotic dynamics in the system and

makes it possible to effectively control the power and
frequency spectrum of electromagnetic radiation gen-
erated by the semiconductor SL. In this context, it is
important to study the high-frequency (HF) imped-
ance of a semiconductor SL [11] coupled to a reso-
nance system, which will allow a detailed analysis of
the behavior of this system in various electronic
schemes with SLs acting as generators or amplifiers of
signals in the sub-THz and THz ranges.

In the present work, we have studied the HF
impedance of a semiconductor SL coupled to an
external electrodynamic system and determined the
characteristic behavior of the impedance under the
action of an external harmonic HF signal in the region
of synchronization at the fundamental and high-order
resonance frequencies of the domain transport system.

The collective dynamics of charge in a semicon-
ductor SL is described here using a standard model
presented in detail elsewhere [7—9, 12], which is based
on a self-consistent system of the Poisson’s and conti-
nuity equations. The system has been numerically
integrated with physical parameters of the SL selected
for an experimental prototype studied in [10]. Note
that the SL properties in this work were determined at
low temperatures, where the diffusion component of
current density could be ignored.

The external resonance circuit is modeled in a sin-
gle-mode approximation, in which a resonator with an
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Fig. 1. Impedance amplitude Z (dashed line) and rotational index p (solid line) as functions of the external signal frequency f.y
for various harmonics of the external resonator (GHz): (a) 17.3, (b) 34.6, and (c) 69.2. Calculations for Q = 750, bias voltage

Vi, = 510 mV, and external signal amplitude V,,, = 20 mV.

equivalent scheme [10] is described by the following
Kirchhoff equations:

dv,
ca-wvy-1, 1
” Vo) —1, (D

i _y v - RI,+ V)R, @)

where I(Vy) is the current generated by the SL. The
resonator is characterized by frequency f, and figure of
merit Q. Voltage V() applied to the SL is expressed as
W) =V, + V., where V, is the constant component
and V,,, is the alternating external signal

Ve =V cosQuf.t). A3)

In order to calculate the impedance, the waveform
of SL current oscillations was expanded into the Fou-
rier spectrum in which a harmonic corresponding to
the frequency (f;) of external signal was found. Ampli-
tude |Z] and phase @, of the impedance were calculated
as [13]

|Z|:Vm/l(fe)’ (pZ:(pU_(pl(fe):

where [(f,) is the amplitude of the current harmonic
with the external signal frequency, @ ,(f,) is the phase of
this harmonic determined from the Fourier spectrum,
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and @ is the phase of the external signal. The diagnos-
tics of synchronization in the system was based on
“rotational index” p defined as the ratio of the external
signal frequency to the fundamental frequency of
oscillations in the system.

Figures 1 and 2 show dependences of the HF
impedance on the frequency of the external signal cal-
culated using the above model for a fixed amplitude of
this signal V,,, = 20 mV and various frequencies of the
external resonator. Gray bands indicate the regions of
synchronization, which corresponds to rational values
o = f./f, of the rotational index, where f; is the fre-
quency of oscillations of the current passing in the SL.
The frequencies of the external resonator were selected
based on the fundamental frequency of the domain
transport in the autonomous SL (which is 17.3 GHz at
an applied voltage of 510 mV) and corresponded to the
first, second, and fourth harmonics (Figs. la—Ic,
respectively). For the sake of convenience, all fre-
quency dependences of Z are plotted on a logarithmic
scale.

As can be seen from Figs. 1a and Ic, the impedance
amplitude is maximum at the resonator frequency and
increases in asynchronous regimes. The appearance of
synchronization is accompanied by a sharp drop in the
impedance, while the breakage of the synchronous
Vol. 41
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Fig. 2. Impedance phase ¢ (dashed line) and rotational index p (solid line) as functions of the external signal frequency f,, for
various harmonics of the external resonator (GHz): (a) 17.3; (b) 34.6; (c) 69.2. Calculations for Q = 750, bias voltage V{, = 510 mV,

and external signal amplitude V,, = 20 mV.

state leads to its increase. This tendency is less pro-
nounced at higher harmonics and small detunings
between the resonator frequency and eigenfrequencies
of SL oscillations (Fig. 1a), which is related to realiza-
tion of the regimes of irregular dynamics and transi-
tions between chaotic and periodic regimes with vari-
able parameters [10, 14, 15]. The observed effect is of
interest for experimental investigations of SLs as HF
signal amplifiers, since it can be used for detecting
synchronous regimes from a change in the system
impedance measured with the aid of network analyz-
ers. It should be noted that jumps of the impedance
amplitude at boundaries of the synchronous state
become more pronounced with increasing frequency
of the resonator, which gives grounds to believe that
the proposed method of synchronization diagnostics
is applicable in the sub-THz and THz range where
direct measurements are difficult.

Consider the dynamics of the impedance phase
plotted versus external signal frequency in Figs. 2a—
2c¢. As can be readily seen, the phase is also highly sen-
sitive to establishment of synchronous regimes in the
system. The impedance phase slowly increases with
the frequency of the external signal in asynchronous
regimes and sharply grows in a synchronous state. In
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addition, the phase exhibits a sharp jump at the reso-
nance frequency of the external resonator, which can
be used for monitoring of the characteristics of para-
sitic resonance circuits formed by contacts of a nano-
structure.

In conclusion, the present work was devoted to
studying the HF impedance of a semiconductor SL
coupled to an external electrodynamic resonance sys-
tem, which is a promising element of devices for sub-
THz and THz frequency ranges. The behavior of the
impedance at various frequencies of the external reso-
nator has been studied, and its characteristic features
at the boundary of synchronous states and outside the
regions of synchronism have been determined. The
observed effects are of importance for diagnostics of
synchronous regimes in experimental investigations
and for the creation of HF signal amplifiers based on
semiconductor SLs.
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