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We theoretically study the high-frequency response of charge domains traveling through a strongly
coupled semiconductor superlattice with an applied harmonic electromagnetic signal. Our calcula-
tions show that the superlattice alone can amplify signals with a frequency close to the domain tran-
sient frequency. Moreover, we show that if the superlattice is connected to a resonator,
amplification becomes possible for much higher frequencies of the external signal (several hundred
GHz). These promising results open the way to using semiconductor superlattices as efficient sub-
THz amplifiers. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906531]

Devices that operate in the sub-terahertz and terahertz
range (0.1-10 THz) of the electromagnetic spectrum are cru-
cially important for many prominent applications in key
areas of science and technology such as astrophysics, broad-
band communications, medicine, and security.lf3 However,
present THz technologies are still severely limited (a phe-
nomenon known as the THz gap).* One of the principle rea-
sons for this is the lack of reliable compact solid state
sources and amplifiers able to work in this frequency
range.”® Although considerable progress has been recently
achieved in the buildout of sub-THz/THz sources,”'° the de-
velopment of amplifiers of sub-THz/THz signals still
remains a significant challenge.>'!

In this paper, we explore the feasibility of using semi-
conductor superlattices (SLs)'*'® for the amplification of
electromagnetic waves in the sub-THz range when moving
charge domains are present in the device."*™'® SLs comprise
multiple alternating layers of different semiconductor mate-
rials,lz’13 which form a periodic modulation of the conduc-
tion band. This creates a tunable, quantum mechanical
environment that is suitable for the realization of Bloch
gain,”**"?* which can be utilized both for the generation and
amplification of sub-THz and THz signals. However, the
same quantum mechanisms that give rise to Bloch gain result
in electric instability, which leads to the formation of moving
high-field charge domains.>* This induces electric field inho-
mogeneity that destroys Bloch gain and makes amplification
impossible.*” Recently, research has been focused on the de-
velopment of approaches that suppress the emergence of
charge domains in SLs.> Here, we propose to employ
moving charge domains as an active medium for the amplifi-
cation of high-frequency signals in SLs. This work is moti-
vated by earlier research on Gunn diodes,29’30 where
amplification was shown to be feasible for signals with fre-
quencies both below? and above® the transient frequency
of the Gunn domains. Here, we examine if charge domains
in SLs are able to provide gain for high-frequency signals
and whether a resonator can improve the characteristics of
the SL amplifier.
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The system under study is shown schematically in
Fig. 1. The device consists of a SL mounted into a coaxial
resonator and ferrite circulator®' that separates the input and
output signals. A strongly coupled SL, where electron trans-
port occurs within a single miniband, is used as the active
element. To describe the charge dynamics in the SL, we use
a set of 1D time-dependent current continuity and Poisson
equations, which self-consistently couple the volume elec-
tron density, n, the electric field along the SL, F, and the
local current density, J (Ref. 24)

on(x,t) _l&l(x, 1)
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Here, x is the spatial coordinate perpendicular to the SL
layers, ¢ is time, np is the n-type doping density in the SL
layers, e > 0 is the electron charge magnitude, and ¢, and ¢,
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FIG. 1. (a) Schematic diagram of a semiconductor superlattice coupled to an
external EM resonator and driven by an external electromagnetic field E.,,,.
(b) Equivalent circuit for a SL interacting with an external single-mode reso-
nator driven by the external signal. Here C, L, and R are the equivalent ca-
pacitance, inductance, and resistance of the resonator, V; is the voltage
dropped across the SL, (V) is the current through the SL, V) is the DC sup-
ply voltage, and V,,, is AC voltage resulting from the applied electromag-
netic radiation.

© 2015 AIP Publishing LLC
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are the absolute and relative permittivities, respectively. The
current density is calculated using J=env,(F), where the
drift velocity, v,, of miniband electrons for a miniband
width, A, and temperature, T, can be estimated analytically32

2 1o(A/2ksT) 1 + (veFd/h)*

vy(F) (3)

Equation (3) is obtained by averaging of the Esaki-Tsu for-
mula for drift velocity'? with respect to the Maxwell-
Boltzmann distribution of the initial electron momentums at
the given temperature T.>* Here, Ip,(.) are the modified
Bessel functions of the first kind, kg and 7 are the Boltzmann
and the Planck constants, and d is the spatial period of
the SL.

Electron scattering in the SLs is characterized by the
effective scattering time, 7, which takes into account both
elastic and inelastic events.”* We assume Ohmic contacts,
which determine the boundary conditions J(0, 1) = aF(0, 1),
where ¢ is the contact conductivity and the voltage Vg
applied across the SL defines a global constraint to the
system

L
Vag=U+ JF(X) dx, 4)
0

where L is the length of the transport region in the SL. The
voltage drop across the contacts, U, includes the effect of
charge accumulation and depletion in the emitter and collec-
tor regions and a contact resistance, as shown in Refs. 34 and
35. The total current through the SL with a cross-sectional
area A is then given by>*

L
Jl(x, 1) dx. )
0

In our calculations, we take parameters corresponding to SLs
used in recent e:xpe:rime‘,nts:3(k38 d=8.3nm, L=1152nm, A
=5x10"""m’ A=19.1meV, np=3 x 10 m 7, t=250fs,
g=12.5,06=3788 Sm_l, and T=4.2 K. We solved the model
equations (1)—(5) numerically using the discretization scheme
discussed in Refs. 35 and 36.

First, we investigate gain in the SL alone, i.e., without a
resonator. The current-voltage curve of the device is shown
in the inset of Fig. 2. The descending part of this curve (for
Va>V,;,~360mV), or negative differential conductance
(NDCQ), is responsible for the emergence of moving charge
domains. These domains generate current oscillations with a
rich spectral content. For example, in Fig. 2, the amplitude
spectrum of the current oscillations is presented for
V4 =510mV. Remarkably, although the fundamental fre-
quency of the current oscillations f, =~ 17.3 GHz, there is also
significant power associated with harmonic frequencies in
the range 0.2—1 THz.

The action of an external monochromatic electromagnetic
field can be considered as an additional AC voltage applied to
the SL, so that Vy; = Vg + V., cos(2nf,t), where V, repre-
sents a DC bias, while V,,, and f,,, are the amplitude and
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FIG. 2. Amplitude spectrum of current oscillations in a single superlattice
(without resonator) for V;=510mV. Inset: Current-voltage characteristics
1Vy).

frequency of the external signal. In this case, the absorption of
the AC field® can be introduced within small signal approxi-
mation as  o(foxr) = N[0 (forr)]/ (nr60c0), where R[o(forr)]
~ 2((I(1) cos(2ntferst)),/A)/ (Vex /L) is real part of the high-
frequency conductivity,”® (.) represents the time average over
infinity, n, is the refractive index of the SL material, and c is
the speed of light in vacuum.

Figure 3(a) shows the dependence of o upon f,,, for
Vo=510mV and V,,=60mV. The plots reveal amplifica-
tion of the signal (o < 0) when f,,, <9 GHz. In this f,,, range,
the increase of V; with increase in time enhances the field
inside the moving charge domain, and thus localizes the
charge carriers. This means that the current decreases until
the high field in the domain reaches a maximum value.
Hence, an additional dynamic (high-frequency) NDC is gen-
erated in the SL, which promotes the amplification of high-
frequency signals. However, this process is only possible
when the applied AC voltage has a frequency low enough to
allow the domain enough time to respond to the perturbation,
and therefore, we find o > 0O for f,,, > 9 GHz.

We also reveal peaks in the absorption at frequency
intervals corresponding to synchronization within the sys-
tem, i.e., when the frequency of the domain transition is

1000| (@

0 10 20 30 40 50 60
Jex; GHz

25 30 40 50
Jex» GHz

FIG. 3. (a) a(f,,,) in a single SL (dashed line, red online) and p(f..,) (solid
line, green online) for Vo=510mV and V,,=20mV. Synchronization
regions are indicated by grey stripes. (b) Areas of amplification, o < 0, in the
parameter plane (f,.,, Vo) for V., =20mV (dashed contour, red online) and
Vew=60mV (solid contour, green online).
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locked by the frequency of the external signal. To illustrate
this, we calculate the rotation number*’ 0 =foxulfo, which is
represented by the solid curve in Fig. 3(a). The p(f.,,) curve
has characteristic plateaus with values p=1, 2, 3,..., each
time o(f,) exhibits a prominent peak: see regions high-
lighted by grey vertical stripes.

Figure 3(b) shows the regions of amplification in the pa-
rameter plane (f,,,, Vo) for V,, =20mV (dashed contour, red
online) and V,,=60mV (solid contour, green online). In
both cases, amplification is possible only in the presence
of moving charge domains, ie., for Vy>V,, where
Vi = 360mV is the threshold voltage corresponding to onset
of current oscillations. For large V,, amplification is com-
pletely suppressed, since—for high DC bias—the domains
no longer respond to the AC component of the applied volt-
age, and thus, high-frequency NDC is destroyed. Notably, in
both cases, amplification is realised for frequencies that are
close to the first harmonic in the current oscillations
spectrum (see Fig. 2). However, the presence of prominent
high-frequency spectral components suggests that tuning the
resonator to them may make the space-charge domains more
sensitive to high-frequency signals.

To investigate this hypothesis, we consider the SL inter-
acting with a single-mode external resonator, which is char-
acterised by a resonant frequency, fp, and quality factor Q.
The action of such a resonator upon the SL can be repre-
sented by an equivalent RLC-circuit shown in Fig. 1(b). In
this case, the model equations (1)—(5) should be coupled to
the non-stationary Kirchhoff equations

dv,
C—=1(Vy) =1 6
dt ( Sl) 1y ( )
dl
Ld—; =Rl + Rl (Vy) — V1, @)

where L, C, and R are the inductance, capacitance, and resist-
ance of the resonant circuit, and R; is the load resistance. The
variables V; and /; are the voltage across the capacitor and
the current through the inductance, and I(Vy,) is the current
generated by the SL, where Vg = V| + Vi + Vi cOS(27feyr).
Plots of a(f,,,) and p(f,.) are shown in Fig. 4 calculated
when Q =750 for various f, corresponding to the first (a),
second (b), and fourth (c) harmonics of f,. Figure 4(a)
reveals that tuning the resonator to the first harmonic
improves amplification at the frequencies close to f,, and
also creates the possibility for amplification near higher har-
monics of the current oscillations. For f;, close to the higher
harmonics of f;, we find that there is an increase in the the
frequency of the amplified signal [see Figs. 4(b) and 4(c)].
Remarkably, the onset of synchronization significantly
affects the absorption «. We find that synchronization can
lead either to increase of the absorption (o > 0) or to amplifi-
cation of the signal (o <0). Whether o >0 or « <0 depends
on the phase difference between the external signal and the
current oscillations generated in the SL. A full understanding
of this phenomenon requires further study, which will be
published elsewhere.

To gain deeper insight into the effect of f, on «,
we superimpose the areas of the amplification (« < 0) in the
(fo, fex) parameter plane on a color map, showing the
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FIG. 4. o(f,,,) (dashed line, red online) and p(f,,,) (solid line, green online)
in a SL coupled to a resonator, when Vy=510mV, V,,=20mV, and
Q =1750. Synchronization regions are indicated by grey stripes. The fre-
quency of the external resonator is (a) fo =fo, (b) fo =2fo, and (c) fo = 4fo,
where f, = 17.3 GHz is the fundamental frequency of the current oscillations
for the given V.

amplitude spectrum, S(f), of the current oscillations (see
Fig. 5) calculated for a range of fy. In this figure, yellow/
black corresponds to high/low power density. The regions of
amplification are shown light grey. Figure 5 reveals that
amplification is achieved when f, is close to the harmonics
in the current oscillation spectrum. Increasing f involves in
the amplification the higher harmonics, thus enabling gain
for signals whose frequency is much higher than the funda-
mental frequency of the current oscillations in the SL.

In conclusion, we have shown that propagating charge
domains in SLs can be utilized as a medium for the amplifi-
cation of sub-THz signals. We find that such a medium pro-
vides gain for signals with frequencies less than, or
comparable to, the frequency of the current oscillations, fj.
Appropriate coupling of the SL to a resonator tuned to the
harmonics of f; can significantly (several times) increase the
gain provided by the moving charge domains. In addition,

150

80 100 120 140 160 180
Jo, GHz

FIG. 5. Amplitude spectrum of the current oscillations, S(f) as a function of
fo and the regions of «<0 in (fp, f.) plane for Vy=510mV and
Ve =20mV. Yellow denotes high power density, and black corresponds to
low power density of the oscillations. Amplification regions are shown as
light grey areas.
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the resonator can create conditions for the amplification of
signals with frequencies close to higher harmonics of f;. Our
results provide a promising way to use semiconductor SLs as
efficient sub-THz and THz amplifiers.
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