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INTRODUCTION

Semiconductor superlattices - quantum structures comprising at least two dif-
ferent materials in a way resulting in formation of electronic minibands is the
main object of the research for the particular thesis [A1-A4, 5]. The formation
of the minibands features possibility of superior charge transport control mak-
ing the superlattices an attractive media for the exploration of different phys-
ical effects. During the decades of extensive research a variety of effects has
been observed including, but not limited to Bloch oscillations [5-7], coherent
Hall effect [8], Zener tunnelling [9], and high-order fractal quantum oscillations
in graphene/n-BN superlattices [10]. Semiconductor superlattices have been
shown to take an essential part as a terahertz (THz) or sub-terahertz (sub-THz)
generator. Superlattices are vastly employed in modern electronic and optoelec-
tronic devices like quantum cascade lasers [11]. Furthermore, superlattices are
predicted to perform as generators employing parametric generation [12,13] or
scattering-assisted inversionless Bloch [14-16] gain mechanisms. The employ-
ment of the latter two effects for the applications in the THz frequency range
were of particular interest for this research.

THz radiation — frequency range spanning between 0.1 THz and 10 THz, are
currently experiencing a peak of scientific interest resulting in constant increase
of experimental and theoretical investigation, leading to the enlarging of appli-
cational possibilities including communications, sensing, and imaging [17-22].
The latter is worth of additional mention due to the vast application includ-
ing security [23,24], packaging inspection [25,26], pharmaceutical [27], cos-
metics [28], and food control [29]. Being low energy radiation (0.4 meV to
40 meV), THz radiation is basically harmless to live creatures making this fre-
quency range appealing for the medical imaging applications [30], providing a
huge amount of novel medical capabilities such as live scanning or water con-
tent analysis in different tissues [31,32]. In any of the cases, small size, efficient
and cost effective system is required for successful widespread. Most simplified
imaging system comprises THz source, detector and some beam-shaping op-
tics. A successful example of system size reduction is displayed by the change
of bulky optical components with modern metasurface or diffractive optic-
based beam-shaping elements [33-35]. The works with novel materials like 3D
printed high impact polysterene (HIPS) allowing to achieve extremely cheap
beam-shaping solutions within comparably simple fabrication process are also
worth to be mentioned [36]. Significant contribution has already been done to
the research of sensitive, high-speed THz detectors. These include high-electron
mobility transistor [37,38], photoconductive THz antenna [39,40], superconduc-
tor [41], quantum structure-based solutions [42,43], Golay cells [44], pyroelectric
detectors [45], and bolometers [46] each technology comprising its advantages
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and disadvantages. Moreover, huge amount of emitter selection variety ex-
ists, including quantum vacuum electronic sources (klystrons [47], free electron
lasers [48,49]), solid-state sources (Gunn diode [50,51], high-frequency tran-
sistors [52,53]), laser sources (quantum cascade lasers (QCL) [54,55], elemen-
tal semiconductor lasers [56]), difference frequency generators [57, 58], crystal
parametric oscillators [59-61] and more. Despite the provided variety of choice,
cost- and power-efficient broadband THz frequency range generator, capable of
operating in room temperature conditions is still missing [62]. Employment of
the semiconductor superlattice structures as small, tunable and efficient THz
frequency source has been discussed for a very long time [63]. Such structures
are predicted to fulfil all of the above-discussed requirements, still, despite fruit-
ful long-lasting theoretical research, up to now no experimental evidence of the
stable gain has been recorded.

Thus, the major goal of the research covered within this thesis was to in-
vestigate both experimentally and theoretically high-frequency gain
mechanisms in GaAs/AlGaAs superlattices under room temperature
conditions in order to reveal their features, parameters and to deter-
mine optimal experimental conditions for the observation of stable
gain.

Appearance of both Bloch and parametric gain mechanisms has been pre-
dicted due to the superlattice featuring negative differential mobility regime
under appropriate biasing conditions. It is shown by Esaki and Tsu [63] that in
the DC-biased superlattice drift velocity experiences a peak before the decrease
which is attributed to the Bragg reflections of electrons in periodic k-space. For
the case of dissipative parametric gain, appearing in the AC and DC biased su-
perlattice, the latter is expected to visit the negative differential velocity (NDV)
state during part of the AC bias period, resulting in the appearance of degener-
ate and non-degenerate generation processes [64]. Moreover, due to the applica-
tion of bias field, formation of Wannier-Stark ladders, being the key ingredient
for the observation of Bloch gain in semiconductor superlattices, is revealed [5].
By controlling the applied bias one may gain the control as on the spectral
characteristics of the broadband dissipative parametric gain processes, as on
the Bloch frequency. However, despite the long-lasting theoretical research, ex-
perimental evidence is considered to stand behind. No experimental evidence
on the dissipative parametric gain have been previously provided. Further-
more, the experimental evidence on the inversionless Bloch gain has been only
provided employing optical experiments, wherein Wannier-Stark ladders have
been coupled using the optical broadening of the excitation laser source [65].
Finally, no comprehensive theoretical analysis have been performed neither on
the possible coexistence of both gain mechanisms, nor on the large signal gain
effects which are essential to be included as the experiments, performed during
this research, revealed generation levels far exceeding the classically employed
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limits of the small signal gain models.

Scientific Novelty

o It was shown that DC biased superlattice structure in the microwave
electric field can not be treated as pure optical system, but nonlinear
optoelectronic system operating in negative differential velocity regime
with predominating multiphoton generation/amplification process.

o Stable coherent parametric gain at various harmonics and sub-harmonics
of the pump frequency was observed from the DC biased GaAs/AlGaAs
superlattice, stimulated by the intensive microwave pump in the
waveguide-based experiment under room temperature conditions.

e The observed effect is explained via formation of slow longitudinal waves,
travelling with the drift velocity, thus, ensuring gain coefficients exceeding
10* cm™! due to the differences of speed of light and drift velocity in the
superlattice.

e Multiplicity of simultaneously occurring multiphoton processes was re-
vealed. The frequencies of the analysed spectra were found to be con-
nected via up- or down-conversion equations (w; + ws = nywg). The
existence of both types of the processes was found to be a remarkable
property of the dissipative mechanism for the superlattices operating in
the Esaki-Tsu NDV regime.

e Processes involving up to 8 excitation photons participating in the reac-
tion were recorded.

e Under dissipative parametric gain conditions (wom < 1), Manley-Rowe
relations, describing the power transfer in the nonlinear elements, are
shown to be broken for the superlattices operating in the Esaki-Tsu NDV
regime.

o Importance of proper probe electric field phase selection was addressed,
revealing the existence of optimal relative phase, supplementing signifi-
cantly larger gain in comparison to the non-optimal relative phase, which
under several biasing conditions may result in the total absence of gain.

e Formation of the amplification islands have been shown, wherein am-
plification from the threshold probe electric field strength is allowed for
specific selection of biasing conditions and frequencies.

o Coexistence of phase-independent Bloch gain and phase-dependent para-
metric gain may be observed under DC bias exceeding critical Esaki-Tsu
electric field conditions. The dominance between the two processes
changes with the change of AC pump electric field strength.
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For the case of wy/2 sub-harmonic frequency, which is generated by de-
generate process, pure parametric mode can be achieved at considerably
high DC and AC pump electric field strengths (effect unavailable for any
other frequency).

Possibility to achieve pure parametric gain for any other frequency was
suggested by placing the superlattice into "amplification island" mode via
DC switching, allowing to achieve pure parametric generation without
applying the external AC source of particular frequency to overcome the
threshold electric field strength.

For the case of non-degenerate process, generation possibility (from neg-
ligibly small probe signal) of fractional sub-harmonics in the area of
F,. > Fy. was shown to be available.

The coupled Bloch-plasmon (Epshtein) modes were experimentally
demonstrated in quantum semiconductor superlattice for the first time.

The gain mechanism from the coupled plasmon mode to the stable Bloch
gain displays the sharp transition with the applied DC voltage.

Stable inversionless Bloch gain can be observed in GaAs/AlGaAs su-
perlattice in microwaves at room temperature. The gain mechanism is
preserved in both miniband transport and non-resonant interminiband
(Zener) tunnelling regimes.

Carrier transport mechanisms in quantum semiconductor superlattices
from Ohmic mode, via Bloch gain/oscillations up to interminiband trans-
port domination can be tuned by variation of the applied voltage.

13



Statements to be defended

Statement 1:

Dissipative parametric gain under intense microwave pumping in biased
sub-critically doped quantum GaAs/AlGaAs superlattices at room tem-
perature manifests itself as a coherent emission at various fractional sub-
harmonics of the pump frequency via multiplicity of simultaneously oc-
curring up-conversion and down-conversion processes.

Statement 2:

Manley-Rowe relations are not valid for description of dissipative para-
metric gain in biased and subcritically doped GaAs/AlGaAs superlat-
tices.

Statement 3:

High-frequency gain in sub-critically doped semiconductor quantum su-
perlattices is coexistence of Bloch and parametric mechanisms; the inter-
play and contribution of these gain mechanisms can be adjusted by the
sweeping the pump strength and leveraging a proper phase between the
pump and strong probe electric fields.

Statement 4:

Transition of the dominating gain mechanism from the Bloch to the
parametric one in sub-critically doped semiconductor superlattices with
an increase of probe electric field is conserved in both degenerate and
non-degenerate gain processes; in case of strong signal and two probe fre-
quencies in the parametric gain, the energy can be transferred not only
from the bias, but also between the probes.

Statement 5:

Inversionless Bloch gain can be observed in biased GaAs/AlGaAs super-
lattice in microwaves at room temperature via manifestation of coupled
Bloch-plasmon (Epshtein) modes; the gain features a sharp transition
from plasmonic absorption to the Bloch gain which is preserved in both
miniband transport and non-resonant interminiband (Zener) tunnelling

regimes.
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The particular thesis is separated into 5 chapters. Chapter 1 provides the
introduction into the long-lasting theoretical investigation and experimental
achievements, including ones performed in bulk semiconductors, supplementing
an understanding on the significance of the further presented results. Chap-
ter 2 supplements structural and experimental techniques employed during
the research. Chapter 3 presents evidence of the first experimental observa-
tion of the dissipative parametric generation in the DC and microwave bi-
ased GaAs/AlGaAs superlattice. Expansion of the investigation is presented
in Chapter 4 by introduction of the large-signal gain model contributing to the
evidence on the coexistence of Bloch and parametric gain in biased semiconduc-
tor superlattices. Finally, chapter 5 describes the first experimental evidence
on the stable Bloch gain in electrically biased GaAs/AlGaAs superlattice.
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1. LITERATURE OVERVIEW

1.1. High-frequency generation and amplification effects in bulk
semiconductors

One of the first experimental evidences of the nonlinear mobility dependency
on the applied electric field strength was achieved in bulk germanium samples
by Ryder et al. [66]. Significant current density deviation from linear Ohmic de-
pendency was observed (see Figure 6.1), after the applied electric field strength
exceeds some threshold value. Explicit theoretical explanation of the achieved
data is further presented in the works of Shockley and Kroemer, introducing
the theoretical model, which fits the experimental results [67, 68].

The observed effect was attributed to the appearance of carriers featured by
negative effective mass. It is known that such carriers, being under influence
of electric field, are accelerated to the opposite direction. As the result, the
electrical current is directed against the direction of the electric field (negative
mobility) [69]. In the case of above-mentioned Ge samples the formation of
negative effective mass region is expounded by degenerate valence band struc-
ture, predicting the possibility to achieve generation up to the frequencies of
several terahertz (THz) [70].

Works of Kroemer [69,70] have been expanded by the mathematical expla-
nation on the appearance of negative resistance in displaced energy bands [71].
One of the first experimental evidence of the negative differential resistance
effects in bulk III-V semiconductors was observed by Hilsum in GaAs and
GaSb [72]. Application of the electric field to system with two conduction
valleys is analysed (the effective mass of the upper valley minima exceeds the
effective mass of the bottom valley minima). The electric field causes redistri-
bution of the charge carriers, compared to the zero field case. Higher energy
electrons are scattered to the upper valley, exhibiting smaller mobility, resulting
in conductivity decrease and appearance of negative differential resistance [72].
At this moment of the investigation, the formation of instabilities leading to
the domain formation has been predicted, leading to the electric field instabil-
ities inside the samples, wherein negative differential resistance was expected.
It is also noted that the domain formation is expected to destructively affect
the effects leading to appearance of negative differential resistance [71]. The
effect was fully elucidated in the monumental works of Gunn, wherein the mi-
crowave generation from bulk GaAs sample biased by electric field strength,
exceeding some critical value, has been observed [73-75]. The radiation pe-
riod was found to correspond to the transit time between the electrodes. The
physical explanation was predicted by Ridley [76] and later implemented by
Kroemer [77] explaining that the generation occurs due to appearance of pe-
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riodic space charge domain instabilities, occurring due to the above discussed
non-linear drift velocity - electric field strength relation (see Figure 1.1). Note
that the peak drift velocity v, is achieved under application of critical electric
field strength F... The fact that the appearance of the Gunn effect is related
to the inter-valley charge transfer was very quickly experimentally confirmed
by multiple groups [78-80].

a
Drift
Velocity

'Y

E, E, E, Electric Field

Figure 1.1: Principal N-type drift velocity dependency on the applied electric
field for bulk semiconductor sample. Note the appearance of the non-linearity
[77] ©1964 IEEE.

If the Ohms’ laws can be applied to the sample, space charge damping,
occurring due to Coulombian interaction of the charges in domain is exponential
with the characteristic relaxation time equal

_ €r€o _ Eréo

™ = . 1.1
7 o euN (1.1)

Here N is charge carrier density, € = ¢,6¢ - dielectric constant of the sam-
ple, e — elementary charge, ¢ — conductivity, and p — charge mobility. The
latter in the non—Ohmic case should be changed to the differential mobility
= dvq/dE.. Tt is quite obvious that in the case of negative differential mo-
bility (1 < 0) the time constant will also be negative resulting in charge accu-
mulation. Thus, in order for the domain to form |7y, |/To < 1, (Tp = L/vq — 0s-
cillation period, L — sample length, and vq — charge drift velocity). As a result
one may derive the sample-dependent (N L), coeflicient describing the minimal
doping (N) and sample length (L) value combination, required for the domain
formation:

EVq

(NL)e > (1.2)

dmelp|”

As will be noted further, the same domain formation boundary logic (with
different equation) can be applied to the subject of the superlattices. To pro-
ceed, several modes of operation can be clearly distinguished depending on the
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applied electric field strength and (VL) criterion of the structure.

Regardless on the applied electric field strength no "mature" domain cor-
responding to Gunn operational mode can be formed in the (NL) < (NL)¢
region. If the electric field strength is small (E < E;), the structure may be
treated as a simple linear Ohmic resistance. However, it is important to note
that for the conditions E > E., differential conductivity becomes negative close
to the transit frequency, resulting in stable amplification regime, derived limited
space-charge accumulation mode (LSA) [77,81]. The latter mode, transferred
to the physics of quantum semiconductor superlattices, is the most interesting,
covering the majority of the presented results.

If one would apply electric field to the sample, current density j > eNvq(E)
is expected to be constant throughout the whole sample. Still, non-uniformity
occurs close to the cathode. While E' < E., (close to cathode), one may observe
excess charge carriers injected from the cathode to compensate decrease in
drift velocity (see Figure 6.5 (b)). After electric field strength E = E, is
reached, with the further increase of electric field strength, the drift velocity
decreases, leading to the increase of excess charge carriers, which in turn leads
to further increase of electric field strength and even further decrease of the
drift velocity [82]. This results in saturation of the VACh if E > E., is applied.
Under these conditions as it was shown by Shockley, in the case of weak doping
the domain is not able to form but extends throughout the whole structure,
making the whole structure a uniform accumulation layer [83]. As a result,
by additionally biasing the structure with oscillations of transit frequency or
higher, space charge formation may be observed, which would increase while
travelling through the structure amplifying the signal [84].

The operation under LSA mode is employed in Thim microwave amplifiers.
It is shown in the work of McCumber and Chynoweth [85] that two operation
modes are available: the well known Gunn mode, wherein (NL), criterion is
exceeded and domain formation proceeds. On the other hand, operation under
(N L), criterion provides second distinct operation mode for the two-valley de-
vices via LSA. Samples being too short or less doped, result in high conductivity
preventing space charge accumulation leading to domain formation. In contrast
to Gunn-based oscillators, Thim amplifiers are DC stable, as the device facili-
tates positive differential DC resistance [86]. Generation under these conditions
has been experimentally revealed in the work of Thim and Haaki revealing gen-
eration possibilities reaching sub-THz frequency range [87-89]. Moreover, such
oscillations were shown to be highly temperature dependent and available only
in a small range of doping or in other terms (NL) criterion [90].

The above-discussed effects are still being a subject of research in many
different fields including, Esaki diodes [91], thin-film transistors [92], imple-
mentation of graphene layers [93,94], GaN photoconductive switches [95, 96],
and superlattices [97]. Being discussed in bulk semiconductors, the same prin-
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ciples may be applied to the devices employing the negative differential drift
velocity. To summarize the section:

e NDV regime, appearing in bulk III-V semiconductors, leads to the
vast amount of possible operational modes, depending on different
aspects like doping, length, bias strength, type, and frequency etc.
High-frequency signal generation and/or amplification effects may or may
not be achieved.

 In long structures (NL) > (NL), Gunn oscillator-like mechanism is
expected, while in short structures (NL) < (NL)., Thim amplifier be-
haviour is expected.

e Operation on the boundary of critical Kroemer criterion, is expected to
result in intriguing mixture of both of the effects, which are extensively
explored within this thesis.

1.2. High-frequency generation and amplification effects in quantum
semiconductor superlattices

1.2.1. On the nature of negative differential velocity in superlattices

With the appearance and evolution of the molecular beam epitaxy technol-
ogy [98] exploration of new much more complicated structures became possible.
One of these: quantum semiconductor superlattice, consisting of huge amount
(at specific researches more that several hundred periods may be met) of peri-
odic layers of at least two different semiconductors [99,100]. Exploiting differ-
ent techniques (eg. different doping/material/composition for different layers)
fence-like bandgap profile may be achieved, consisting of repetitive wells and
barriers [101], resulting in intriguing effects. Literature analysis of the super-
lattices imminently should start with the foundation laying work of Esaki and
Tsu [63], who were the first to notice that in the case of periodically arranged
layers, resulting in periodic potential, unique quantum mechanical properties
arise. If the periodicity of the potential is significantly smaller compared to the
mean free path of the electron, narrow allowed and forbidden bands form due
to the formation of the minizones in the Brillouin zones [102]. This effect is
depicted at Figure 1.2 (a). The original first Brillouin zone of the bulk crystal
(m/a in k-space) is separated in the minizones as 7/d, where a denotes the
lattice constant of the bulk crystal and d is the period of the superlattice.

The same research [63] reveals another essentially important feature of the
superlattice which is affected by an external electric field. Making an assump-
tion kx = eFt/h, where F is applied electric field strength, and employing the
potential profile-dependent velocity equation vy (Vy) = A~ 10V, /Ok, it is shown
that
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Figure 1.2: (a) Reduced energy 7 dependency on wavevector ky. Hereby,
n = (Vx — V4)/Vb, where Vi is the amplitude of periodic potential and
Vo = h?7?/2m*d?, d being the period of the superlattice and m* being the ef-
fective mass. Note the separation of original Brillouin zone of the bulk crystal
into series of minizones for the case of periodic superlattice structure. Adapted
from [63]. (b) Drift velocity amplitude dependency on the applied electric field
strength via C(E) = eE7d/hn. Dependencies are presented for sinusoidal po-
tential (dashed line) and square-well potential with different V' —k shape (solid
lines). Arrows depict peak drift velocity position. Adapted from [63].

dhx _eE  dve _ Qv Ok 10°VieE _ eEO°Vy (1.3)
at ~ h dt ~ Oke Ot hOkZ h B2 OkZ’ '

Describing average drift velocity, including the relaxation time 7, results in

o0 t eE [*° 0%V, t
vq = /0 exp <—T> dvy = 7 . Ok2 exp <_7') dt. (1.4)

The integral is solved employing field sinusoidal approximation, which is reason-

able for low-doped superlattices V,, &~ 0.5V} (1 — cos(kxd)). Such approximation
results in final drift velocity dependence (see Appendix 6.1.6):

eEVid*r
2(e2E2d%72 + R?)’

V9 = (1.5)
As a result, under the impact of the external electric field, drift velocity func-
tion on the electric field strength dependency experiences maximum and starts
decreasing, resulting in negative differential velocity and thus, negative dif-
ferential conductivity (Figure 1.2 (b)) which is claimed to lead to the Bloch
oscillations in the superlattice. Note similarities of the given graph with one
for the bulk semiconductor (see Figure 1.1), exploiting different physical effect,
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Figure 1.3: I-V characteristic of bulk GaAs and two superlattices of dif-
ferent period, acquired at room temperature conditions. Dots depict experi-
mental data and lines represent theoretical simulations. The structure of the

superlattice-comprising samples is depicted in the inset. Reprinted from [103],
with the permission of AIP Publishing.

but resulting in the similar-looking dependency. Making analogy to the case
of bulk semiconductor, the NDV region onsets after peak drift velocity (vp) is

reached at the electric field strength further denoted as the Esaki-Tsu critical
electric field

h

B, =—. 1.6
edr (1.6)

Experimental works performed by Sibille group making an undeniable con-
tribution to the understanding of negative differential conductivity effect in
the semiconductor superlattice are worth a short special note [104]. Employing
the GaAs/AlGaAs superlattice structure, the acquired I-V characteristics (see
Figure 1.3), depict the same saturation as the I-V characteristics theoretically
estimated in [105]. Moreover, in the cited articles diffusion and Poisson equa-
tions are used to emulate the I-V characteristics employing the velocity-field
dependencies of Esaki-Tsu [63]. The theoretically obtained I-V characteristics
were found to ideally correspond to the experimentally acquired curves [103].
The group uses Ohmic contact, which, according to their own admittance, re-
sult in non-uniform electric field distribution, allowing to obtain NDV, but
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not NDC at room temperature conditions [106] (see Appendix 6.1.2 on the
matter of appropriate contact selection). The NDC has been observed in later
works, by employment of the equivalent RLC contour schematic and doping the
previously undoped structure of the proper length, still satisfying the above-
mentioned Kroemer criterion, in order to achieve increased electric field uni-
formity. Experimental NDC at room temperature conditions was shown [107].

The work of Esaki and Tsu [63] exposed the process of the NDC formation,
however, did not cover its spectral dependency. This was performed later in
the ground-breaking work of Ktitorov, Simin and Sindalovskij [14]. The partic-
ular work solves the Boltzmann transport equation to achieve high-frequency
conductivity dependency when the electron relaxation time is sufficiently long
for Bloch oscillations to have a significant impact

1-— W%TpTe — WTe 700
g0

o(w) =007 (1.7)

(Wi — w?)TpTe + 1 —iw(rp + Te); 14 Wi TpTe

In these equations wg = eFd/h - Wannier-Stark frequency (E applied electric
field strength, d - period of the superlattice); 7, - momentum and energy
relaxation times; ogp - DC conductivity. It is shown, that the real part of
this equation increases with an increase of the frequency, experiencing negative
peak just below Bloch frequency (see Figure 1.4 (a)). To summarize:

¢ Semiconductor superlattices feature NDC under bias exceeding Esaki-Tsu
critical electric field strength, leading to the Bloch oscillations.

e Spectral conductivity analysis reveals NDC should be expected for the
frequencies below Bloch oscillation frequency.

e Electric field non-uniformity problem, appearing partially due to the em-
ployment of Ohmic contacts is highlighted, leading to the understanding
of the necessity of non-Ohmic contacts.

1.2.2. On the matter of Bloch oscillations in superlattices.

The behaviour of the electrons in the periodic potential (lattice) under uniform
electric field was first described in the fundamental work of Bloch [108] and later
clarified by Zener [109], revealing the appearance of periodic oscillations, later
called by "Bloch oscillations". The period of such oscillations was estimated to
be Tg = h/eEd.

Considering the Bloch oscillations from energy band point of view, in ideal
world, electrons can move freely throughout the sample without changing its
energy. Under the application of electric field said energy band becomes tilted.
As a result, electrons become more confined (see Figure 1.4 (b)), but if no
energy is lost during the collision with boundary of the band, it remains on
the same energy level. Still, in the reality losses appear [68]. Electron energy
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Figure 1.4: (a) Dependence of the real part of the differential conductivity
on frequency according to theoretical estimations of [14] (wgT = 10). Note
that the conductivity for the frequencies smaller than the Bloch frequency,
to be negative with a peak just below the Bloch frequency and positive for
the frequencies above it. (b) Schematic example of the Bloch oscillations in a
miniband of DC biased superlattice in real space. Depicted inelastic scattering
provides electric field strength dependent mechanism for the decrease of drift
velocity. Adapted from [112].

losses of Ae (scattering event), would result in displacement of the horizontal
oscillation by Az = Ae/eFE, which may look like hopping down the steps of
the stairs. Thus, if the scattering event occurs often enough (f = 1/At) the
displacement can be treated as electron drift.

e L5 0

When the applied electric field strength (band tilt) is big enough, collision
frequency and the corresponding decrease of drift velocity saturates becoming
inversely proportional at some electric field strength interval [110]. The nonlin-
earity of the collision probability is one of the main causes for the appearance of
the negative differential velocity effects, leading to the amplification/generation
processes [111]. The discovered effect claims the way for the observation of
Bloch oscillations up to several THz.

Considering the k-space point of view, under the bias electric field electron
travels through the minizone-representing k-space until the boundary is reached
at £7/d [110]. By reaching the boundary, Umklapp process (Bragg reflection)
occurs, making electron "to appear" at the opposite side of the k-space period
[113,114]. In the case of only DC electric field being applied, electrons travelling
with a uniform speed will spread across the Brillouin zone with average current
contribution zero, however, due to scattering weak current flow is expected
to appear. The much more interesting effects are expected upon biasing the
superlattice with DC and AC electric fields. The combination of AC bias and
inelastic scattering results in formation of the travelling waves [112]. First of
all, biasing superlattice with AC electric field of Bloch frequency, would result
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Figure 1.5: Dependence of the interband transition energy on the applied
electric field strength for the case of GaAs/AlGaAs superlattice, acquired at
5 K temperature conditions. Numbers correspond to Wannier-Stark states
involved in the transition. Spatial coherence of 13 periods is observed. Adapted
from [116].

in non-uniform speed of the electrons within the k-space (below average on the
negative part of the AC bias cycle, and above average on the positive part).
This non-uniformity results in the peak of negative conductivity visible on
the Figure 1.4 (a) [14]. Under AC bias below Bloch frequency the electrons
would not be able to travel the full k-period within one cycle, resulting in some
phase-shift and being located in the below-average speed part of the cycle
results in appearance of negative conductivity [115].

Formation of the above-mentioned steps are called Wannier-Stark ladder.
First of all it is worth mentioning that all of the discussed effects appear under
application of an external bias of different type (AC, DC, or both). This
appliance contorts the miniband in strength-dependent different ways, resulting
in different charge transport properties. To properly address this issue one may
treat the miniband of the unbiased superlattice as a closely packed set of allowed
energy levels. In the case of electric bias application, it was shown by Wannier
that if the Schroedinger equation results is wavefunction of 1(z) for an energy
Vo, wavefunction of ¢ (z — nd) is also solution for the energy Vj + Need. This
results in electric field-dependent set of energy levels separated by

A, = eEd = hwp. (1.9)

One should also note the Bloch frequency being dependent on the strength
of the applied electric field [117]. The experiment of optical observation of
the Wannier-Stark ladder in the GaAs superlattice (see Figure 1.5) obviously
discloses the change of the charge localization with the change of the electric
field strength of the bias [118]. Indeed, with the increase of the electric field
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Figure 1.6: Sketch depicting the occurrence of the Bloch oscillations in the
biased semiconductor superlattice. Under bias electric field the superlattice
miniband splits into Wannier-Stark ladder. The wavepacket can be excited by
spectrally-broad femtosecond laser pulse to perform Bloch oscillations in the
structure.

strength the transition to the more distant Stark steps vanish as the charge
becomes more and more localized in one quantum well, making the superlat-
tice to act as a set of single distant quantum wells [116]. In the proposed
example, results achieved from the superlattice, comprising 4 nm GaAs wells
and 2 nm Alg 35Gag g5As barriers at 5 K. This results in an important con-
clusion - charge carriers in the superlattice under different bias are differently
localized. This result in different dominating charge transport. Three main
types of the latter can be distinguished in scientific literature: miniband con-
duction [63], Wannier-Stark hopping [119], and sequential tunnelling [120,121].
Experimental evidence of the latter type are presented in the works of Allen
group [122] employing the free electron laser for the intense high-frequency ap-
plication (wr > 1; eE,cd/hw > 1). Localization of the Wannier-Stark levels
occurs when the energy levels are fully resolved. This means that due to the ap-
plied bias, the energetic separation between levels exceeds collision broadening
(eEd > hw) [123,124].

Significant influence to the understanding of Bloch oscillations is attributed
to the K. Leo group, famous for the observations of the Bloch oscillations in su-
perlattices by means of different detection methods. These include Degenerate
Four-Wave Mixing technique (DFWM) [5, 65,125], THz spectroscopy [6, 126],
and transmittive electro-optic sampling (TEOS) [127-129]. First of all, Bloch
oscillations have been experimentally evidenced at room temperature con-
ditions. Secondly, Bloch oscillations were attributed to the localization at
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Figure 1.7: Three coexisting modes dependency on Bloch frequency in the
superlattice: coupled plasmon-phonon modes for frequencies f < 2f,, and
Bloch-phonon modes for f > 2f,. Dotted line represents predictions of the
pendulum Equation 1.10 while symbols depict numerical solutions of the mod-
ified equation of [131]. Sharp transition between the modes is expected in the
absence of collisions. Aperiodic electron motion allows to resolve only frequen-
cies outside the solid vertical lines. Reprinted figure with permission from [131].
Copyright 2000 by the American Physical Society.

Wannier-Stark levels, depicting the linear dependency of the Bloch frequency
on the applied DC bias. The latter evidence is of particular importance.

The possibility to control Bloch oscillation frequency with the applied bias
reveals its importance due to the possibility of resonance with other oscil-
lation modes. These include plasmonic oscillations and longitudinal optical
phonons [130]. Behaviour of the coupled modes totally differs, compared to
the individual oscillations. For the case of Bloch and plasmon modes, the

pendulum interaction-describing equation is

ij + wi sin(n) = 0, (1.10)

wherein 7 denotes pendulum displacement, wp = /47rNe2/m* - plasma fre-
quency, and N - charge carrier concentration [132,133]. The effective mass
in semiconductor superlattices is expressed as m* = 2h?/Ad? [134]. Initial
conditions are proposed for the instant excitation and absence of initial dis-
placement 7(0) = 0 and displacement velocity set by the Bloch oscillation
frequency 7(0) = wp = edE/h. The coherent case when j = 0 is considered.
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The solution of the Equation 1.10 results in the motion of classical particle in
periodic potential V(1) = w3 (1—cos(n)) with energy w3 /2. For the cases when
energy is much smaller compared to the maximal potential energy particle is
trapped in the one period of potential as plasmonic screening of the external
electric field occurs due the Bloch period is larger that the plasmon oscillation
period. If the energy is larger than the potential barrier, particles go above the
potential oscillating with the Bloch frequency [135]. As a result a change in
behaviour is expected at wp = 2wp frequency. Figure 1.7 illustrates the transi-
tion from plasmon-phonon mode (low frequency region) to Bloch-phonon mode
(high-frequency region) at Bloch frequencies below 5 THz. The sharp trans-
fer is expected in the ideal conditions, however, due to scattering the transfer
interval is expected to widen. In the appearing transition interval, motion is
aperiodic, leading to the broad frequency spectrum [131].
To summarize this section:

o Appearance of Bloch oscillations is expected (and have experimentally
been shown during optical experiments) in the DC biased superlattice
due to the formation of Wannier-Stark ladders.

o Different Bloch oscillations types are revealed via different Wannier Stark
localization types, changing with the change of applied DC electric field.

¢ Bloch frequency, being DC bias dependent is shown to feature appearance
of Bloch-phonon-plasmon mode with distinctive transition at wp = 2wp
as revealed during optical experiments.

1.2.3. Parametric gain in superlattices

The parametric gain effects, occurring in non-linear medium in common and
semiconductor superlattices in particular, are known for more than 50 years.
First of all, it is worth noting the coherent mixing of the commensurate fre-
quencies resulting in generation of DC current [136]. The appearance of the
effect under mixing AC electric field and its second harmonic with a specific
phase-shift has theoretically been predicted by Seeger [137] and further ex-
panded to any even harmonic by Alekseev [138]. The theoretically shown effect
is similarly attributed to the formation of Wannier-Stark ladder [139].

Secondly, the possibility of odd harmonics generation under application
of pure AC electric field is revealed in the theoretical work by Alekseev et
al. [140]. Such generation is allowed at THz frequencies and operates in do-
mainless regime, suppressing space-charge instabilities [141]. Moreover, it is
shown that under application of the DC and AC pump generation of even
harmonics becomes possible (Figure 1.8 (a)) [142].

Theoretical feasibility of the half sub-harmonics generation in AC biased su-
perlattice has also been predicted (see Figure 1.8 (b)) [143]. Furthermore, the
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Figure 1.8: (a) Dependency of the small signal gain magnitude at even har-
monics w1 = nwy (n=2,4,6,8) for fixed amplitude E,c = 6.5 Es at © = @opt
[143]. (b) Dependency of the small signal gain magnitude at half-harmonics
Two/2,9w0/2, 11wy /2, 13wy /2 for fixed amplitude E,. = 6.5 E., DC bias
Eqe = Eor at @ = pop; [143]. © 2007 IEEE.

work analyses down-conversion processes, predicting that the half-harmonics
may be generated from the AC pump of higher frequency. Same theoretical
results are obtained by independent research of Romanov [144-147]. Moreover,
the works of Romanov et al. reveal generation possibility on the frequencies
other than half sub-harmonics [148]. The importance of the domainless opera-
tion for the achievement of successful parametric generation in the superlattices
is highlighted in the above-mentioned publications. Still, despite more than 50
years of theoretical research, no experimental evidence of the generation in

biased semiconductor superlattices has been provided.

o Predicted appearance of bias - dependent wave-mixing effects in AC and
DC biased superlattices is expected to feature gain at harmonics and

sub-harmonics of the excitation frequency.
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2. Samples and Experimental Techniques

2.1. Architecture of the superlattice

The superlattice comprising 30 periods of moderately Si doped GaAs quantum
wells (5 nm; 1016 cm=3) and Aly 3Gag.7As quantum barriers (1 nm) was chosen
for the experimental part (see Figure 2.1) resulting in the superlattice length
of L = 180 nm. The structure is grown by molecular beam epitaxy technique
(MBE) on the n-doped (~ 500 pm; 10'® ecm™3) GaAs substrate. Such com-
bination of wells and barriers results in a wide miniband reaching 104 meV.
According to the Sec. 1.4.1 of [149], the superlattice of selected parameters
feature the critical Kroemer coefficient at NL., = 2.7 - 10" cm~2. As the ab-
sence of domain formation was required for the particular experiment, doping of
N =106 cm ™3 was selected. Thus, the resulting N L coefficient of the current
structure is found to be at NL = 1.8-10'' cm~2, indicating that formation
of high-field travelling domains is not expected. To achieve uniform electric
field across the superlattice structure, AuTi Schottky controlling contact was

Au wire
(d=25um)
AuTi; Schottky - controlling contact

Al,,Ga,,As; [1 nm]

x30 [180 nm]

Al,,Ga,,As; [1 nm]

(x=0.3—0.0)

8 3

Figure 2.1: The enlarged view of the investigated GaAs/AlGaAs superlattice
device. The superlattice is sandwiched between the AuTi Schottky controlling
contact at the top and the heterojunction from the bottom. Au wire of 25 pm
in diameter is connected to the top contact to direct AC pump electric field into
the superlattice and for DC biasing. The Ohmic contact is deposited at the
bottom of the substrate. Mesas of 80 pm x 80 pm were used in the presented
experiment. Reprinted figure with permission from [1]. Copyright 2022 by the
American Physical Society.
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placed on the top of the superlattice with a 30 nm GaAs buffer layer, sand-
wiched between the superlattice and the contact (see Section 6.1.2 for more
details on the proper contact selection). Moreover, heterojunction injection
contact is formed at the bottom of the superlattice (gradient alloy and con-
centration layer of 100 nm). The employment of the asymmetric non-Ohmic
contact (the Schottky from top and heterojunction one from the bottom of the
superlattice), as will be fundamented by the experimental results, allowed us to
achieve uniform electric field inside the superlattice. Finally, Ohmic AuGeNi
contact was annealed at the bottom of the structure, to act as a second con-
tact. Wet etching was applied to achieve square mesas of different area. The
experiment was performed on the mesas of 80 pm x 80 pm.

In order to couple the incident AC electric field, golden wire (d = 25 pm) was
connected to the top Schottky controlling contact. Similar solution was already
used by Guimaraes [122], however, open air experiment was performed, adjust-
ing the angle of incidence for different frequencies in order to achieve higher
coupling strength. There are also other open-air solutions, e.g. exploiting the
bow-tie design antenna for coupling the incident AC field [150]. Employment
of the open air solutions has already proved its operability, however, weaker
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Figure 2.2: The simulated (blue) and experimentally acquired (red) XRD
rocking curves. Simulated curve depicted at the upper half represent structure
with the superlattice comprising 4.5 nm GaAs wells and 1.15 nm Alg 41 Gag 59As
barriers. The particular parameters selected for the best match with experi-
mentally acquired curve. Simulated curve depicted at the bottom half represent
structure without superlattice. One should note the close match between the
simulated and experimental results of the superlattice-based structure.
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coupling strength is expected thus, waveguide-friendly solution was selected for
the proof-of-concept experiment.

In order to insure the congruence of the fabricated design with the per-
formed theoretical estimation, structures have been evaluated using transmis-
sion electron microscopy (TEM) and the X-Ray diffraction (XRD). The XRD
analysis obtained by drilling a throughout hole was achieved using Smartlab
x-ray diffractometer with high resolution optics (Ge (400)x2 monochromator)
and 9 kW power x-ray tube with rotating Cu anode. The rocking curves, pre-
sented in Figure 2.2. The upper graph of the figure depicts strong match with
the curve obtained for structure including the superlattice, while the rocking
curve, depicted at the bottom part of the figure represents comparison of the
experimental curve with the one simulated for the same structure, but without
the superlattice. Sample for TEM imaging prepared using field emission SEM
(FESEM-FIB Helios NanoLab 650, FEI Company, Netherlands). TEM images
depicted on Figure 2.3 were achieved by microscope (Tecnai G2 F20 X—-TWIN
by FEI Company, Netherlands) also confirm the successful formation of the
superlattice.

Figure 2.3: Transmission electron microscopy (TEM) images of the analysed
superlattices. Specified length of 181.94 nm results in 6.06 nm superlattice
period. Samples achieved by Tecnai G2 F20 X-TWIN microscope by FEI
Company, Netherlands. Reprinted figure with permission from [1]. Copyright
2022 by the American Physical Society.

2.2. Experimental technique and the setup

A waveguide-based setup was employed for the experiment. The superlattice
structure was placed into a single-ridged waveguide (17 mm X 6 mm). This
type of the waveguide is selected to ensure increased AC electric field strengths
in the coupling area of the sample. The sample is placed along the wide wall of
the waveguide for the TE19p mode. The golden wire, acting as an antenna was
connected to the waveguide, whilst the bottom Ohmic contact was connected
to the isolated coaxial line via filter (see Figure 2.4).

Experiment relies on the change of the transmitted and reflected mi-
crowaves, induced by the processes inside the sample [151]. Setup is presented
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Figure 2.4: Part of the measurement setup, depicting the sample holding part
of the waveguide. The sample (not to scale) is placed along the wide wall of
the single-ridged waveguide with inner dimensions of 17 mm x 8 mm. 25 pm
diameter golden wire, bonded to the top contact to direct the AC bias and for
DC biasing. Bottom Ohmic contact was connected to the coaxial line via filter.
Final thickness of the structure (excluding substrate) was s 1.3 pm. Mesas of
80 pm x 80 pm was employed in the particular research. Reprinted figure with
permission from [1]. Copyright 2022 by the American Physical Society.

in Figure 2.5. Two microwave radiation generators (MWGS) were used. The
first one was klystron generator, which can emit power of 10 mW in the range
of 8.2 GHz - 12.4 GHz. The second generator was magnetron, operating at
9.4 GHz with power of 30 mW. After passing the low-pass filter (LPF), eliminat-
ing the second and third harmonics from the generator, microwave excitation
via ferrite circulator (FC) is transferred into the sample line. Next, impedance
transformer is inserted (IT) into the sample line. The impedance transformer
comprises two quartz quarter wave plates, which can be translated together,
changing their position in the waveguide line, or separately, changing the dis-
tance between them. It allows to minimize the reflected signals in the line
beyond the impedance transformer and adjust the phase. The importance of
phase adjustment will be explained in the result section. The impedance trans-
former was manually adjusted to achieve the desired amplitude on the selected
frequency. Waveguide switch (WS) was inserted after the sample with differ-
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ent waveguide adapters connected to its branches. In particular these include
WR-90 (X-band: 8 GHz - 12 GHz) to WR-62 (K,-band: 12 GHz - 18 GHz),
WR-42 (K-band: 18 GHz - 27 GHz), and WR-28 (K,-band: 27 GHz - 40 GHz).
Such interconnection allows to increase the frequency range to be detected
without interfering into the setup. The reflected part of the signal was also
analysed, as the generation effect of the superlattice structure is not directed,
thus, should be expected in the both detection lines. Ferrite circulator allows to
redirect the "reflected" signal into reflection line without interference with the
signal from microwave generator. The signal is detected with Schottky-diode
detector (DET) with a time constant of ~ 10 ns. The attenuator (ATTEN) is
used for the sensitivity calibration The frequency response was explored with
the C4-27 spectrum analyser (SpAn). Except when highlighted otherwise, all
the experiments were carried out at room temperature conditions.

2.3. Theoretical Models

As will be shown in the result part, during the experiment successful generation
of harmonics (w; = nwy), half-harmonics (w; = nwy/2), and sub-harmonics
(w1 = pwo/q) was recorded (n,p,q - integers). Theoretically, single miniband
model is explored, thus, no miniband interaction effects are taken into account.
Parameters of the superlattice, employed in experiment, are taken as reference.
It is assumed that the electric field, directed along the growth axis of the
superlattice is expressed as

Etot (t) = Epump + Eprobe- (21)

One may see an analogy of the pump-probe experiment definitions. In this
research, probe electric field strength can be either small, compared to the
pump electric field strength (small-signal gain model), or become at least com-
parable (large-signal gain model). The majority of theoretical research stick
to the small-signal gain model, however, as will be shown later, breaking these
boundaries is not only necessary due to experimentally achieved values of ampli-
fication coefficient, but also allows to reveal the physics beyond the boundaries
of the small-signal gain model. Returning to the pump field, one may further
be expressed as

Epump(t) = Edc + Eac COS(th)v (22)

here FE4. is an electric field strength of the DC bias, F,. is the electric field
strength of the AC bias, and wy is frequency of the AC bias. Two types of probe
electric field may be employed. Probe electric field may comprise one probe
frequency (other than the pump) leading to the degenerate gain processes or
two probe frequencies, leading to non-degenerate gain processes. Thus
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Eprobefdeg(t) - El COS(wlt + 901)7

(2.3)
Eprobefnondeg(t) = El COS(Wlt + 901) + E2 COS(WQt + @2)3

where 1, and @9 are relative phase differences, further to be shown as essential
for the observation of the parametric generation or amplification processes. For
the sake of clarity, it is reasonable to first modify drift velocity expression 1.5
aiming to separate structure and experiment related components. To do that,
one should first define critical electric field strength, under which peak drift
velocity is reached. The derivation for the latter is achieved via differentiation
over Fy.; of the expression 1.5, resulting in

h
Ey=—, 2.4
¢ edr (24)
resulting in the peak velocity
Ad
Vp = R (25)

Exact derivation is given in Appendix 6.2.1. Taking these equations into ac-
count Equation 1.5 can be reorganized as

Etot/Ecr I tot
E =2 =2 2.6
'Ud( tot) Up 1 ( Etot/ Ecr)2 Up 1 FtQOt ) ( )

Note the introduction of the dimensionless electric field strength describing

variable F' = E/FE., introduced for simplification. It is also important to note,
that the above-derived equations are valid only in the quasistatic approximation
(wiT < 1) [152]. This condition implies that the drift velocity follows the
change of the alternating component of the electric field. This allows to use
equations, derived for the case when only DC electric field is applied for the
cases of mixed electric fields. However, such conditions enable frequency range
limitations. Characteristic relaxation time is estimated as 7 =~ 200 fs. Thus,
the below presented consideration cover frequencies below ~ 300 GHz.

Depending on the probe electric field strength small or large signal model
should be applied. Small-signal gain model may be employed to qualify if the
superlattice would start generating signal under particular biasing conditions,
while the large signal model can be employed to estimate gain limits in the
superlattice.
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3. Experimental Observation of Dissipative parametric gain in
doped GaAs/AlGaAs superlattices and small signal approach

Parametric generation is known to be realized in various physical systems like
electronic circuits, nonlinear optics, and Josephson mesoscopic device for quan-
tum information processing [153-155]. There exists a less popular dissipative
parametric gain mechanism, responsible for the generation of sub—harmonics
in systems featured by nonlinear oscillators [64]. Having the AC pump applied,
negative differential resistance mode should be reached by the system during
part of the bias pump period [64,156]. Superlattice being placed within the
limits of strong dissipation (wo7T < 1) reveals intriguing operation. Regener-
ative amplification, still relying on the periodic switching to the NDV state,
may be supplied not only by the down-conversion processes, but also by the
up-conversion [140,157]. Superlattices are found to meet the above-described
conditions [158,159]. However despite 50 years of studies, no experimental
evidence of the parametric gain in the superlattices have been provided yet.
The electromagnetic wave, successfully coupled with the superlattice by the
golden wire, modulates electron drift velocity and excites coherent emission by
the means of parametric gain process. Frequency of 8.45 GHz was selected to
be generated by the klystron with additional DC bias of 0.3 V. The second
experiment was performed on the 9.53 GHz frequency using the magnetron as

Frequency ratio, f/f, Frequency ratio, f/f,
0 1 2 3 4 1 2 3 4
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Figure 3.1: Recorded multi-frequency spectra, obtained from the superlattice
structure. Left graph depicts frequency obtained by the excitation employing
klystron generator at 8.45 GHz frequency, right spectra obtained using mag-
netron at 9.53 GHz. Different colours depict different types of recorded fre-
quencies. Red thick line correspond to the excitation frequency and thin red
lines correspond to harmonics of the excitation frequency. Green lines repre-
sent half-harmonics. Note that the wy/2 frequency not detected. Black lines
correspond to the fractional sub-harmonics.
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an AC source and additional 0.2 Volts of DC bias. The recorded spectra are
presented in Figure 3.1.

Three different types of frequencies that have been recorded. The first
one (marked red) are the harmonics of the primary frequency wy = nwg, n
being integer. The second type are the half sub-harmonics (marked green)
w1 = nwe/2. And, finally, the sub-harmonics (marked black) wy = pwp/q
have been observed; p, q also being integer. It is important to underline the
wave-guide setup does not allow to observe wg/2 half harmonic generation due
to waveguide cut-off frequency. However, generation is expected in the case
when other half-harmonics are visible. The recorded multi-frequency spectra is
particularly rare and interesting from the scientific point of view as it depicts
possibility to generate fractional frequencies. The recorded frequencies were
found to be connected to the pump frequency as

w1 & we = nywp; w1 = Mowo, (3.1)

representing non-degenerate or degenerate processes respectively. The recorded
frequencies and corresponding non-degenerate equations are presented in ta-
ble 3.1 and 3.2. Frequencies were asserted to the fractions with 2.5% deviation

limit.

One should note the significant amount of relations corresponding to
n_ > 1. The existence of such relations involving the up-conversion processes
(w1 + nwp = ws) are devoted to remarkably represent the dissipative mecha-
nism [157,158]. On the other hand, down-conversion processes (nwo = wy +ws)
marked by ny is a universal signature of the parametric gain in the superlat-
tice [142]. The latter is further justified by the process dependency on the
phase of the incoming radiation, which was adjusted by the impedance trans-
former. Analysing the relations presented in tables 3.1 and 3.2, one could note
that almost any of the recorded frequencies may participate in several different
relations. Not only one can observe response, being result of the multi-photon
processes upon particular biasing conditions, but the multiplicity of the
simultaneously occurring multi-photon processes. All the relations de-
picted in tables 3.1 and 3.2 are shown in Figure 3.2

For example, in the case of 8.45 GHz AC bias (left of Figure 3.2), one
may note red dashed lines marking five simultaneously occurring 28.2 GHz
frequency-related amplification processes. One may further note the different
amount of pump photons participating in the reaction.
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Table 3.1: Possible wy + ws = nywy (top) and wy — wy = n_wqy (bottom)
relations of gain processes acquired from the multi-frequency spectra excited
by 8.45 GHz klystron generator. 2.5% deviation for the frequency estimation
is applied. Reprinted table with permission from [1]. Copyright 2022 by the
American Physical Society.

Freq. | Fraction Freq. | Fraction Nyjn_ Excitation
frequency
11.20 | (4/3) + | 23.05 | (8/3) = 41 x | 845
12.67 | (3/2) + | 21.20 | (5/2) = 4| x | 845
14.46 | (7/4) + | 18.98 | (9/4) = 4| x | 845
13.45 | (8/5) + | 20.30 | (12/5) = 4 | x | 845
18.98 | (9/4) + | 23.05 | (11/4) = 5| x| 845
13.45 | (8/5) + | 28.20 | (17/5) = 5| x | 845
23.05 | (8/3) + | 28.20 | (10/3) = 6| x | 845
14.46 | (7/4) + | 36.25 | (17/4) = 6| x | 845
18.98 | (9/4) + | 31.80 | (15/4) = 6| x | 845
18.98 | (11/5) + | 31.80 | (19/5) = 6| x | 845
23.05 | (8/3) + | 36.25 | (13/3) = 7| x| 845
23.05 | (11/4) + | 36.25 | (17/4) = 7| x| 845
31.80 | (15/4) + | 36.25 | (17/4) = 8 | x | 845
31.80 | (19/5) + | 36.25 | (21/5) = 8 | x | 845
36.25 | (13/3) - | 28.20 | (10/3) = 1| x | 845
21.20 | (5/2) - | 12.67 | (3/2) = 1| x | 845
31.80 | (15/4) - | 23.05 | (11/4) = 1] x| 845
23.05 | (11/4) - | 1446 | (7/4) = 1| x| 845
28.20 | (17/5) - | 20.30 | (12/5) = 1] x| 845
28.20 | (10/3) - | 11.20 | (4/3) = 2| x | 845
36.25 | (17/4) - | 18.98 | (9/4) = 2| x| 845
36.25 | (21/5) - | 18.98 | (11/5) = 2| x| 845
31.80 | (15/4) - | 14.46 | (7/4) = 2| x| 845
36.25 | (13/3) - | 11.20 | (4/3) = 3| x| 845
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Table 3.2: Possible w; + we = niwg (top) and w; — we = n_wp (bottom)
relations of gain processes acquired from the multi-frequency spectra excited
by 9.53 GHz magnetron generator. 2.5% deviation for the frequency estimation

is applied.
Freq. | Fraction Freq. | Fraction Ny;n_ Excitation
frequency
21.25 | (11/5) + | 27.32 | (14/5) 5 9.53
21.25 | (9/4) + | 26.00 | (11/4) 5 9.53
21.25 | (9/4) + | 35.80 | (15/4) 6 9.53
21.25 | (11/5) + | 35.80 | (19/5) 6 9.53
26.00 | (8/3) + | 31.80 | (10/3) 6 9.53
26.00 | (11/4) + | 40.80 | (17/4) 7 9.53
26.00 | (8/3) + | 40.80 | (13/3) 7 9.53
31.80 | (10/3) + | 35.80 | (11/3) 7 9.53
35.80 | (11/3) + | 40.80 | (13/3) 8 9.53
35.80 | (15/4) + | 40.80 | (17/4) 8 9.53
35.80 | (11/3) - | 26.00 | (8/3) 1 9.53
40.80 | (13/3) - | 31.80 | (10/3) 9.53
35.80 | (15/4) - | 26.00 | (11/4) 1 9.53
31.80 | (17/5) - | 2295 | (12/5) 1 9.53
35.80 | (19/5) - | 27.32 | (14/5) 1 9.53
40.80 | (17/4) - | 21.25 | (17/4) 2 9.53
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28.20 + 23.05 = 6 x 8.45 GHz (8-photons),
28.20 + 13.45 = 5 x 8.45 GHz (7-photons),
28.20 — 11.20 = 2 x 8.45 GHz (4-photons), (3.2)
28.20 — 20.30 = 1 x 8.45 GHz (3-photons),
( )

36.25 — 28.20 = 1 x 8.45 GHz (3-photons).

The amount of photons included in one process is in sharp contrast to
the classical cases of parametric generation within optical systems, wherein
the Manley-Rowe equation may be applied to all of the occurring processes.
Not only the recorded processes brake the Manley-Rowe relations, but the
generation involving up-conversion processes (n_ = 2, 3) are also not realizable
in conventional parametric generation systems. It is important to note, that the
non-compliance to the Manley-Rowe relations is expected to be observed only
under the limit of strong dissipation wy7 < 1. In the limit of small dissipation
woT > 1, Manley-Rowe relations will be satisfied [158]. More information on
the Manley-Rowe relation is provided in Appendix 6.1.3

To further understand the nature of the effect, I-V curves of the SL device

0,.=8.45 GHz ®,.=9.53 GHz

L |
Ly,

/ Ve
g 0 oW/
~-101 Q7S
5 T Y %
= -201 AL Ve S
2 30k T T L IR ‘ T S
1.0 2.0 3.0 4.0 1.0 20 30 4.0

Frequency ratio, o/o,,.

Figure 3.2: Relations of the frequencies corresponding to the gain processes
acquired from the experimental spectra. 8.45 GHz excitation on the left and
9.53 GHz magnetron excitation on the right. Frequencies are scaled to pump
excitation frequency. Spectral line on the back of each graph correspond to har-
monics (red), half sub-harmonics (green), and fractional sub-harmonics (black).
Links in the horizontal plane correspond to the Equation 3.1 with color depict-
ing different non-linearity coefficient. Thick red line on the horizontal plane
depict several processes involving 28.20 GHz frequency, depicting the theoret-
ical possibility of several simultaneous multiphoton processes to occur at the
same time see Equation 3.2 for detailed info. Adapted from [1]. Reprinted
figure with permission from [1]. Copyright 2022 by the American Physical So-
ciety.
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have been obtained by applying electrical pulses of 20 ns. The results are
displayed by the thick black line in Figure 3.3 (a). Positive slope of the I-V
curve refers to the typical electronic system with NDV, operating in stable
transport regime. One may find analogies with the I-V curves, described in the
literature overview [106,107]. The red line on the main graph depicts neutral
I-V characteristic, which directly follows v(E) dependence of Esaki-Tsu [63] and
allows to gain an additional information on the nature of the contacts in the
structure. It was shown that superlattices with Ohmic contacts are prone to
saturate at the peak Esaki-Tsu current or above it (see inset in Figure 3.3) [105].
As one may note, the achieved I-V curve runs significantly below the peak
current, indicating the non-Ohmic nature of the contacts employed. The built-
in voltage of 0.65 V due to this non-Ohmicity was taken into account into
further calculations.

Power input-output dependencies have been additionally recorded. The
acquirement of such curves is classical in non-linear optical systems, leading
to comparison with proposed theoretical models, the simplest of which implies

2471 ” | 8T @ 1685 Giiz: 20, i
o 20.30 GHz; 12/50,
< 221 = 6 21.20 GHz; 520, 1
f o]
g 2.0+ 54 .
SR &
0.4t 3
| 2 ’
0.2 |
i =)
00 % 2 4 6 8 10

Voltage, V Excitation power, mW

Figure 3.3: (a) Experimentally acquired I-V characteristic of the described
superlattice structure (thick black line). Vertical green dashed line represent
voltage of E..L =~ 0.1 V, marking the critical voltage, corresponding to peak
Esaki-Tsu current depicted by red line and reaching peak current of I, =~ 2.4 A.
Inset depicts the calculated I-V characteristics for the superlattice with Ohmic
contacts (orange line marked (1)) compared to the Esaki-Tsu curve (red line
marked (2)). One should note significant differences between the orange line
and experimental IV, marking an importance of non-Ohmic contact selection.
(b) Input-output power dependencies for the above-discussed superlattice in the
experimental setup. No DC pump was applied for the particular experiment.
AC pump of 8.45 GHz was used. Note the differences of the approximated
dependencies. Quadratic dependency may be found for the harmonics, while in
the case of half sub-harmonics and fractional sub-harmonics linear dependency
with different gradient may be observed [1]. Reprinted figure with permission
from [1]. Copyright 2022 by the American Physical Society.
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that the corresponding n*" harmonic should be featured by the n'” power func-
tion dependency on the excitation power [60,61]. However, in contrast to the
above-cited optical experiments, linear dependencies have been observed in a
medium with quadratic nonlinearity [160,161]. The recorded dependencies for
different types of frequencies (second harmonic 2w, half-harmonic 5w /2, and
fractional harmonic 12wy /5) are depicted at Figure 3.3 (b). The input-output
dependencies of the second harmonic generation process is non-linear, while
the sub-harmonics dependency is linear, but with different slopes. This re-
sult once again depicts the complexity of the system. The discrepancies from
the mature optical theoretical models is explained by the emphasis that the
superlattice structure in the microwave electric field can not be treated as a
pure optical system, but nonlinear optoelectronic system operating in
negative differential velocity regime with predominating multipho-
ton generation/amplification process. It is the complexity of the system
resulting in juvenile theoretical model, arising from huge amount of different
aspects, only partially covered within the presented results.

Small signal gain model

Small signal gain model was proposed in order to roughly estimate the AC
bias electric field strength in the superlattice. The process is based on the
application of the small signal gain model, which may be described in terms of
high-frequency complex mobility p = p, +ip;. For the mathematical simplicity
analysing the degenerate process, the response to the probe AC electric field

vq = R[,uEle*i”ltJ“"l] =R

E, ((,uﬁ—iui) (cos(wit + ¢1)—isin(wit + cpﬁ))] —
= Fy (e cos(wit + ¢1) + pisin(wit +¢1))  (3.3)

wherein

oy = i(vd(Emt) cos(wit))y; Wi = Eil<vd(Etot) sin(wit))y. (3.4)

Ey

In these equations (...); denotes averaging over the common period of all the
AC electric fields involved (pump and probe). Dimensionless units are intro-
duced by scaling the mobility to Drude mobility g = er/m*. In this equation
m* = 2h%/Ad? being the effective mass on the bottom of the miniband results

in
et eTAd*  2u,
S T
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Equations 3.4 and 3.5 combined result in

T Ecr i Ecr .
% = onEh (va(Eyot ) cos(wit + ¢1))¢; % = B (va(Elot) sin(wrt + ©1))¢.
(3.6)

To proceed further, taking into account that the probe electric field strength is

negligibly small, one should use Taylor series to the drift velocity Equation 2.6

Va(Etot) = va(Epump + Eprobe) & va(Epump) + v, (Epump) E1 cos(wit + 1),
(3.7)
Note the introduction of the dimensionless electric field strength derived as
F = E/E.;. Extended analysis of the mobility components given in the Ap-
pendix 6.2.2 reveals that under averaging over common period, imaginary com-
ponent converges to zero, thus, only real part is left for the net mobility. More-
over, real mobility component is shown to be equal to

Hor 1
- = A Ainc Aco ) 3.8
. UpFl( h+ + h) (3.8)
wherein
Ap =0;
Aine = (V) (Epump)) T - £1/2; (3.9)

Acon (1) = (vg(Epump) cos(wit))r - cos(2¢1) - (E1/2).

One may note the existence of phase independent incoherent component and
phase-dependent coherent component, influence of each will be further analysed
in the result section. Proceeding further, one would achieve final mobility
components:

(1—Flump)

Minc = MO<(1+F})2};H:)2> )

(1 p3 T) (3.10)
pn(on) = o SR cos(unt) ) cos()
where the total mobility is the sum of the latter p = fiine + feon (¢1) [159,162).
Interesting note about the incoherent mobility component should be done at
this point. If one would imagine the pump electric field to comprise only the
DC component, the incoherent mobility component would look like

1-F2

ine(Edes Ene = 0) = p1g———de_ 3.11
pnel o TG 310

One may note that pi,. would become negative right after the applied bias
electric field strength would exceed Esaki-Tsu critical field Fye = Eqc/Fer > 1)
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leading to the canonical description of the Bloch gain (see Equation 11 in [14]).
This is also supplemented by the fact that for the case when only AC bias
electric field is applied

ftine(Bae = 0, Eag) = pio(1 + F2)73/2 (3.12)

leading that the incoherent mobility will always be positive, thus, no gain
processes are expected.

To summarize, for the case of the gain mechanism, described by incoherent
component, the power which is gained by probe electric field comes from the DC
source, while the AC pump electric field provides control for the energy transfer.
Thus, the incoherent processes may be treated like Bloch gain mechanism,
modified by the alternating electric field [163]. At the same time, the coherent
component displays more a parametric nature, wherein gain is caused by a
periodic variation of the differential velocity, affected by the alternating pump
electric field. In this case, the power of the probe electric field has its origin
in the AC pump electric field, while the DC power provides power transfer
control. This is the reason one may observe parametric gain effects even under
small DC bias values being much lower than the critical electric field strength
E.,. It is obvious that peak of coherent mobility depends on the relative phase
1, thus, the cosine term can be omitted by employing optimal phase ¢qpt s0
that 1P (popt) = max(— | peon(1) |). As a result the final mobility equation
looks like

(1_F2um) (1_F2um)
Mopt = M0<” + o —_pumps COS(OJlt) . (313)
(1 + Fgump)2 T (1 + F}%ump)2 T

In order to achieve gain processes the latter equation should be negative. The
parameters to reach those conditions varying for different types of frequen-
cies will be analysed in chapter 4. In order to reach match with the already
published equation the averaging should be rewritten as integral and change
conversion to the dimensionless units (wt — x) and (T — 27) should be made.
The latter will not be done for now, due to universality considerations. Thus,
the final equation is

T (1-F2_ ) T (1-Fiunp)
opt — MO (pumpdt—l—uo/ — _PEIPZ os(wqt)dt. 3.14
H 2 Jo (U4 F2u)? 27 Jy (T4 F2unp)? (wrt) (3:.14)

Applying the w; = nwy equation, corresponding to the amount of pump pho-
tons, participating in the process, one should achieve different photon amount
dependent generation pictures (see Figure 3.4). One should note a presence of
no generation gap appearing for n > 1 cases (marked white). The existence of
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this gap for the single process is important as during the experiment no gap
will be recorded. This absence in the experimental data will nicely fit into an
explanation of the multiplicity of the processes occurring in the superlattice.
As the n = 1 generation area is obviously larger, after the superposition of sev-
eral processes of different amount of participating photons, the areas overlap
in such way that no-generation gap vanishes.

E./E, E./E,
83 42 00 42 83 125 83 42 00 42 83 125
T T T T T T T T T T T T T T T T T T T T
6T (a i 30F 0 .
8 F 4 3 !
I 20 .
-10 .
L-12F . - 10} .
5 14 I - §
-16 .
S18 F - -10 .
20r ] 20} .
_22 1 N 1 N 1 N 1 N 1 N 1 N 1 N 1 N 1 N 1 N
-1.0 -05 00 05 1.0 1.5 -1.0 -05 00 05 1.0 1.5
Voltage, -V, Voltage, -V,

Figure 3.5: (a) Exemplary experimentally acquired power - voltage pro-
file acquired for the 5wexc/2 half sub-harmonics being excited by 8.45 GHz
klystron generator. (b) Derivative of the power - voltage profile presented at
Figure 3.5 (a). Note appearance of four points marked by arrows. Such shape
of derivative was found to be typical for the analysed superlattice (analysis was
performed by tweaking incident power). Relative distance between the points
was employed to estimate the AC pump electric field strength, applied during
the spectra-recording experiment.

Turning back to the experimental research, in order to roughly estimate
the AC bias electric field strength in the superlattice we recorded several
power — DC voltage characteristics varying the AC bias (see Figure 3.5 (a)
for the exemplary dependency). It has been noticed that the derivatives of
such dependencies feature a distinctive local and global peaks (marked by val-
ues at Figure 3.5 (b)) Turning back to the previously verified small signal
gain model, taking into account the already known conclusion on the multi-
plicity of simultaneously occurring multiphoton processes primary assumption
was made that the recorded profile is a linear superposition of multiphoton
processes. Moreover, based on the laws of classical optical experiments, it was
decided that the amount of photons participating in the process has a reverse
influence on the superpositioned profile (i.e. more photons - smaller linear co-
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efficient). This assumptions allowed us to limit our superposition equation up
to n < 4 leading to

1 H H H
— =Ci-—(n=1)4+Cy-—(n=2)+C3- —(n=3 3.15
H0 final ' MO( ) 2 Mo( ) 3 uo( ) ( )

wherein p/po are separate relative mobility components, calculated for par-
ticular amount of pump photons according to the equations presented in the
Section 3. Only negative relative mobility is taken into account during the
superposition as in the case of relative mobility being positive, the particu-
lar generation/amplification process will not proceed, however, it will not be
disturbing other processes. Thus, positive relative mobility was zeroed during
the superposition. In particular case we can clearly see the global peak to be
located at 0.133 V (influence of the non-Ohmic contacts included) resulting in
5.51 kV/cm electric field strength or 1.013E., in terms of critical Esaki-Tsu
field. This data is a good starting point as we can limit ourselves to the com-
bination of coefficient and AC bias values wherein the global peak position is
known. Moreover, one may find out that the superpositioned profiles feature
similar shape with the local peaks changing their relative distance depending
on the applied AC bias (see Figure 3.6). As a result, we managed to acquire
Cy and Cj coefficients by finding proper peak distance (Cy was achieved by
adjusting peak relative magnitude) resulting in final relation to be

L9 Em=1)+188 Lm=2)+1-Lm=3 (316

H0 final Ho Ho Ho

corresponding to AC bias of 8.61FE.,.. The reason for the selection of the small
signal gain model for the particular research was our pure interest in approx-
imate bias electric field strength. Moreover, as mentioned earlier, the small-
signal model has been known for a long time at the moment the particular
experiment was conducted, thus, it was deduced to stick with the small signal
gain model for simplicity. The even larger complexity of the large signal gain
model from the theoretical (numerical) point of view will be discussed in the
section below. The performed superpositioning operation resulted in consider-
ably good match of experimental and theoretical data. Also one should note,
that such superpositioning process removed the no generation gap, visible in
the majority of single multiphoton processes once again being a proof of the
multiplicity of the processes, occurring inside the superlattice.

The origin of the amplification resulting in the observation of enormous gain
in the superlattice structure is worth additional comment. Basically our logic
follows the work of Hyart [142] wherein the generated components were assumed
to be transverse electromagnetic modes of external cavity. However, in the ex-
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perimental structure there is no cavity. Thus, the generation/amplification
processes are believed to rely on intrinsic longitudinal modes inside the super-
lattice, appearing and growing from the fluctuations of electron plasma. The
electromagnetic wave travelling across the waveguide with the speed of light
couples with electron plasma and converts into the slow longitudinal mode,
propagating with the drift velocity of electrons [113,164] along the superlattice
structure. As a result if such a wave is formed at the frequency correspond-
ing to one of the "allowed" processes and relative mobility is negative, small
fluctuations will grow exponentially with the electron flow through the su-
perlattice structure. The gain may be expressed with the standard Beer law
(Iout = Iinexp(—Pnz)) resulting in the gain coefficient (8, to be concentration,
mobility and drift velocity dependent [165]:

_ 2eNpy

B (3.17)

Ev

It is essentially important to note that the gain is inversely proportional to

-OOO s 1.0F ' 1.0 j
i
=.- z
025°% Zos 032
al 5 g Experimental g
=T
-U. o - " ' ‘
Sizs| 20.1 3
| é SN Fo.o %
Z: 9 0} 102 3
B imenta 32
PG|t o3 2
s -1.00 0 0.4 0.8 b
(a): Voltage, V,,, ( )

Figure 3.6: (a) Normalized negative mobility areas of u°P*/ug for the super-
positioned mobility dependency on DC and AC bias for the case of w; = 5wq/2
frequency. Thick red lines represent mobility peak positioned for each profile
of single AC pump value. Distance between these peaks was one of the param-
eters employed for the determination of superpositioning coefficients. Dotted
black line, located at F,. ~ 8.61 represent the distance, corresponding to the
experimental profile. (b) Comparison of the output power and its derivative
dependencies on the voltage (black) and theoretical mobility and its derivative
dependency on the voltage (red). Experimental and theoretical profile corre-
sponding to the black dotted line in Figure 3.6 (a) are analysed. One should
note considerable correspondence of the profiles, allowing to make conclusion
on the approximate AC electric field strength in the superlattice. Blue ver-
tical dashed lines correspond to the position of peaks of interest, employed
for the determination of the superpositioning coefficients. Adapted from [1].
Reprinted figure with permission from [1]. Copyright 2022 by the American
Physical Society.
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Figure 3.7: Sketch depicting the finger physics of the parametric generation
in the above-described superlattice structure. High-frequency AC pump being
coupled with the superlattice via the golden wire antenna is directed along the
z axis. Wave interacts with the electrons in the miniband exciting growing
waves at the recorded frequencies. The generated longitudinal electrostatic
wave travels through the superlattice at the electron drift velocity. Schematics
depict spatial modulation of the electron density related to one of the slow
waves. Copyright 2022 by the American Physical Society.

the wave velocity. In contrary to the case of electromagnetic wave, which is
propagating with the speed of light, longitudinal wave propagates with drift
velocity. Using the calculated relative mobility pi/po &~ —0.02 the values
of gain coefficient 5 > 10* cm™! are expected for the slow modes (see Fig-
ure 3.7). Finally, the generated electrostatic modes are transformed back to
electromagnetic waves, which continue propagation through the waveguide to
the spectrum analyser.
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In summary, following findings can be underlined:

e DC biased superlattice structure in the microwave electric field can not
be treated as pure optical system, but must be considered as nonlinear
optoelectronic system operating in negative differential velocity regime
with predominating multiphoton generation/amplification process.

o Stable coherent parametric gain at various harmonics and sub-harmonics
of the pump frequency was observed from the DC biased GaAs/AlGaAs
superlattice at room temperature.

e The observed parametric amplification is explained via formation of slow
longitudinal waves, travelling with the drift velocity, thus, ensuring gain
coefficients exceeding 10* cm~!.

e Multiplicity of simultaneously occurring multiphoton processes was re-
vealed. The frequencies of the analysed spectra were found to be con-
nected via up- or down-conversion equations (w; + ws = nywg). The
existence of both of the types of the processes was found to be a remark-
able property of the dissipative mechanism for the superlattices operating
in the Esaki-Tsu NDV regime.

e Processes involving up to 8 excitation photons participating in the reac-
tion were recorded.

e Under dissipative parametric gain conditions (wo7 < 1), Manley-Rowe
relations, describing the power transfer in the nonlinear elements, are

broken for the superlattices operating in the Esaki-Tsu NDV regime.
These findings allow to formulate the following statements for defence:

e Statement 1: Dissipative parametric gain under intense microwave
pumping in biased sub-critically doped quantum GaAs/AlGaAs super-
lattices at room temperature manifests itself as a coherent emission at
various fractional sub-harmonics of the pump frequency via multiplicity of

simultaneously occurring up-conversion and down-conversion processes.

e Statement 2: Manley-Rowe relations are not valid for description of dis-
sipative parametric gain in biased and subcritically doped GaAs/AlGaAs
superlattices.
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4. Degenerate and Non-Degenerate Large Signal Gain in GaAs
Superlattices

A new insight in the matter of phase-dependent parametric gain revealed in [A1]
raised a new wave of interest on the particular subject. The experimental find-
ings [Al] depicted good consistency with the prediction of the semiclassical
model [142,147,158,159,166,167]. The previous theoretical considerations com-
prised several disadvantages, limiting their applicability to the experimental
approach. First of all, the overwhelming majority of the works employed the
small signal approximation for the calculation. Secondly, phase-independent
effects of the DC-AC Bloch gain and its interaction with the parametric gain
processes are usually omitted [163,168].

In this chapter we expand the boundaries of previous investigations. First
of all, overview of the small signal gain conditions is presented, highlighting
the differences of the main focus of the large signal gain model. Afterwards the
analysis of the degenerate and non-degenerate generation processed is presented
employing the large signal gain approach.

4.1. Influence of the Large Signal Gain Model on the Degenerate Gain
Processes

As described above, the superlattice structure is prone to generation and or
amplification of the signal up to the values far exceeding the limit of small
signal gain model. Thus, obvious interest in analysis of the processes under the
large signal gain model exists.

It is obvious that upon analysis of the large-signal gain model, wherein the
probe electric field strength is at least comparable to the pump electric field
strength, employment of the small signal gain model, described in previous
chapter, would result in inconsistent solutions. The calculation via mobility
calculation presented in the previous section is possible. However, analysis
via power density is about to be proposed as an alternative. Upon the lim-
its of the small-signal gain model standard classical equation may be applied
P = 0.5eNuE?, wherein N denotes the electron volume density. Once again, it
is obvious that the positive gain condition P < 0 is achieved only under p < 0.
For the large-signal gain model, the power density equation is

P = 6N<Ud(Etot)Eprobe(t)>t (41)

So the gain logic is the same as in the small-signal gain model. Upon favourable
biasing conditions, P becomes negative and power flow is directed out of the
superlattice into external circuit [169]. With the growth of the power density
P, probe electric field Ep obe strength also increases. The situation continues
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until the P becomes positive resulting in steady state oscillations (saturation of
gain). The introduction of the dimensionless units is also reasonable, especially
for the case of numerical analysis, thus, the resultant equation

. F 2mn 2Fo
P: 71 7‘; ;(x) dx,
2mn Jo 1+ F2.(x)

Fiot(z) = Fac+ Fac cos(z) + Fi cos (zz + gol) .

(4.2)
In this equation P = P/Py; Py = envpEe; ¢ = wot; pwo/q = wi; p and
q — integers. This equation covers the degenerate case with one probe frequency
participating in the reaction. If one would consider the non-degenerate process

comprising two probe frequencies the relative power equation becomes

— Fio /Mqlq2 2F ot () <p1 2 )
Py=—"— 2 _drcos| =2 4 010 ). 4.3
el ST N Kl P ) M

wherein
b1 D2
Fiot(z) = Fye + Fac cos(x) + Fy cos(x + cpl) + Fy cos(x + <p2> (4.4)
q1 q2

is the total applied electric field strength. Under such electric field, the total
relative power would be the result of two:

P(p1, 92, B1, Bo) = Py + Py. (4.5)

Being interested in large-signal gain model small addition by the
small-signal gain model is worth mentioning. Figure 4.1 depicts the mobility
components of different frequencies calculated by the small signal gain Equa-
tions 3.10. These include incoherent (left), coherent (center), and total (right)
mobilities of half-harmonics of 3wy/2 and wp/2 and sub-harmonics of 5wg/3.
One should instantly note that the incoherent component, does not depend on
the frequency analysed. This component qualitatively is negative (resulting in
generation) in the Fy. > F,. area, which will be denoted as "type I biasing
conditions". On the other side, for the case of F,. > Fy. area, which will be
denoted as "type II biasing conditions" the incoherent component is positive,
meaning no incoherent gain is possible. The coherent gain, depicted in the
central column is shown to be negative throughout the whole range of biasing
conditions for the case of both sub-harmonics. One should note on the differ-
ent distribution (colour) of the mobilities for 3wg/2, classical for the majority
of the half-harmonics and wg/2, uniqueness of which will be further discussed
below. One should also note that for the case of fractional sub-harmonics (bot-
tom center graph), no coherent generation is expected as mobility is positive
(blank) under all the biasing conditions. As a result, the net gain in the case of
fractional sub-harmonics is fully defined by the incoherent mobility component,
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while both mobilities have effect in the case of half-harmonics. In the case of
3wp/2 the net mobility results in two well separated areas of generation. The

incoherent coherent total
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Figure 4.1: Incoherent (left column), coherent (center column), and net (right
column; sum of the former two) negative mobility components u°Pt/uq cal-
culated using the small-signal gain model. The dependency on the applied
DC and AC electric field strengths is presented (electric fields are scaled to
the Esaki-Tsu critical electric field and mobility is scaled to Drude mobility).
Colour represent areas of negative mobility, while blank areas represent condi-
tions of positive mobility, wherein no gain is expected. The dependencies are
given for three different types of frequency: first row represent 3wg/2 frequency
of half sub-harmonic type; second row represent wp/2 frequency (importance of
this frequency will be discussed below); third row represent 5wy/3 being a typ-
ical example of fractional sub-harmonic. Solid red lines represent boundaries
of the incoherent gain areas. It is important to note, the incoherent mobility is
frequency independent. Furthermore, net gain in the case of 3wg/2 being typi-
cal for all the half sub-harmonics, facilitate two well-separated areas marked by
I (bottom right; Fy. > Fy.) and II (upper left; F,. > Fy.). This separation will
be very important in future analysis. One should also note single net negative
mobility area in the case of wy/2. Finally, one should note absence of negative
area of coherent mobility component in the case of fractional sub-harmonic. All
of the presented diagrams provide a basic understanding, essentially important
for the analysis under large signal gain model, as small-signal gain model may
be used to determine conditions for the generation to start [3].
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area of the type II biasing occurs for the biasing conditions when |gcon| > tinc,
while in the area of type I biasing conditions, both components are negative
(ucoh < Ovﬂinc < 0)

The understanding of the differences under small-signal gain conditions is
extremely important because, as already been discussed above, small-signal
gain describes the generation from fluctuations (seeding) abilities. Another
non-obvious advantage lies under possibility to separate phase-dependent co-
herent and phase-dependent incoherent components, under the small-signal
gain mode linking the existence of them to two different processes parametric
and Bloch gain respectively. Although such separation is not mathematically
available in the large-signal gain model, one will soon notice, that all the above
discussed features will have a significant effect.

The large signal gain case operates the Equation 4.2. The importance of
the relative phase should be addressed first (phase difference between the AC
pump and probe electric field of the frequency of interest). Several of the
typical generated electric field strength - relative phase dependencies are pre-
sented in Figure 4.2 (colour depicts the P value). In the figure colour indicated
positive gain wherein P < 0 condition is satisfied and blank depicts no gain
conditions (P > 0). Most simple dependence, typical to harmonics and half-
harmonics is presented at Figure 4.2 (a) (2wq is taken for particular example).
One can clearly distinct optimal phase (0.57 and 1.57) which is probe electric
field strength independent. Also there is a range of relative phase, wherein
no generation is allowed at all. Both these findings is an fundamental proof of
requirement of phase control possibility in the experimental setups. Within the
particular example probe electric field strength up to 3E., is predicted. One
should note that the largest power P is achieved at considerably lower probe
electric field strengths.

Turning to the Figure 4.2 (b) and (c) depicting 5wp/3 and 7wy /5 fractional
sub-harmonics, typical for the majority of fractional sub-harmonics one should
instantly note the differences, resulting in the formation of amplification is-
lands. Under the presented biasing conditions, fractional sub-harmonics can
not start amplification from negligibly small signal, as the probe electric field
strength has to be larger than some threshold value. In order for the superlat-
tice structure to start amplification, some external mechanism or factor has to
make influence (this is depicted by the red arrow). After the probe electric field
strength exceeds the threshold value, superlattice start amplification, until peak
values are reached (green arrows). The formation of the amplification islands
is found to be independent of the DC bias and can form even with the absence
of the one. One should note the change of the periodicity of the formed islands,
corresponding to the denominator of the fractional sub-harmonic. Having in
mind the typical relative phase dependencies, further in this chapter (unless
stated otherwise) we will proceed analysis on the optimal relative phase-shift.
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Figure 4.2: Exemplary dependencies of relative probe power on probe electric
field strength and relative phase, calculated for several characteristic frequency
ratios and fixed pump electric field strength components employing large signal
gain model. (a) wy/wp = 2, Fye =0, Fae = 5. One can clearly see two separate
generation/amplification areas, corresponding to ¢op = 7/2 and 37/2. Elec-
tric field strengths up to 3E., can be reached (see green circle, meaning gener-
ation is available, starting from negligibly small probe electric field strength).
(b) wi/wo = 5/3, F4c = 0, Fc = 5. Calculation based on large signal gain
model results in negative values (amplification) at some optimal phases only
after exceeding some threshold of the probe electric field strength. The process
is marked by red circle (amplification, starting from large probe electric field
strength is available). In order to achieve amplification in the superlattice,
one should somehow supply probe electric field strength above the threshold
(red arrow) and afterwards amplification onsets (green arrow). The areas of
amplification are named "amplification islands". (c¢) wy/wo = 7/5, Fgc = 1,
F,. = 10. Note the increase of the threshold with the increase of denominator
and change of periodicity of the amplification islands. Colour indicates relative
power P = P/P, and blank areas depict areas of positive relative power (no
generation or amplification) [3].

Starting from the half-harmonic 3wy/2 depicted at Figure 4.3 (A) repre-
sent maximal P value for each set of biasing conditions Fi, Fyc at the optimal
relative phase shift. As have already been shown above, only two net gain
mechanisms are possible: hybrid combination of coherent parametric gain and
incoherent Bloch gain or pure parametric gain mechanism. In the analysed fig-
ure, the latter may be attributed to the area of type II biasing conditions. This
is clearly depicted by the upper inset, representing probe-phase dependencies
for the biasing condition marked by the red points. One can note the obvious
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increase of the maximum probe electric field strength and generated power with
the increase of the applied AC bias pump electric field. The generated power
for the biasing conditions (Fyc, Fac) = (0.5,4) is estimated to be of 3.2 mW at
E; ~ 9.7 kV/cm.

Situation becomes different considering the fractional sub-harmonics. The
typical example covering the fractional frequency of 5w /3 is depicted at Fig-
ure 4.3 (B). Considering the already known information on the absence of the
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Figure 4.3: (A) Maximal available generation power for particular pump bias-
ing conditions, calculated at optimal phase employing large signal gain method
and 3wg/2 probe frequency (half sub-harmonic). Colour areas represent rel-
ative power P and blank areas represent biasing conditions, wherein no gain
is available. Black dashed line and red circles corresponding to type II bias-
ing conditions further expanded in the upper inset (a) - (c), depicting relative
power dependency on probe electric field strength and relative probe phase shift
(Fac = 0.5 and F,. =2:1:4). One should note the range of phases wherein
no gain is available at all. This depicts the observed process has a pure para-
metric nature. One should also note significant pump AC threshold (F,. > 2)
which has to be overcome in order to get into pure parametric generation
regime. (B) Maximal available generation power for particular pump biasing
conditions, calculated at optimal phase employing large signal gain method
and 5wy /3 probe frequency (fractional sub-harmonic). Black dashed line and
red circles corresponding to type II biasing conditions further expanded in the
right inset (d) - (f), depicting relative power dependency on probe electric field
strength and on the relative probe phase shift (Fg. = 0.5 and F,. =4:0.5:5).
Formation of amplification island may be observed, meaning no generation is
available from small probe signal [3].
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coherent gain component in the case of fractional sub-harmonics resulting in
no signal generation in the area of type II biasing conditions (marked blank
as Figure 4.3 depict maximal power achievable from small probe signal i.e.
generation). Amplification after reaching specific threshold probe electric field
strength is available in the form of amplification islands as depicted in the
right inset. As example, for the biasing conditions (Fyc, Fae) = (0.5,4) rep-
resented in Figure 4.3 (d), amplification starts at F; ~ 0.75 extending up to
Fy =~ 2. At this particular example power up to 3.3 mW can be reached at
probe electric field strength F; ~ 8.8 kV /cm, being comparable to the power
levels demonstrated for the same biasing conditions at 3wg/2 frequencies. Nat-
urally the amplification threshold of the island increases with an increase of
the denominator of the fractional frequency.

Totally different picture may be seen for the type I biasing conditions
(Fae > F,c). Under these conditions, significant influence of the incoherent
processes takes place. As the numerical simulations are performed with the
above described superlattice structure, there are no formal limitation to assign
the observed incoherency to the Bloch gain processes. To analyse type I biasing
conditions the case of the wy/2 is presented at Figure 4.4. First of all one should
note that the particular picture depicts maximal power (Figure 4.4 (A) left)
and probe electric field strength (Figure 4.4 (A) right), which can be achieved
from small probe signal (generation). The obvious difference between the both
distributions should be noted. One should also note the differences of the type I
biasing areas as seen at Figure 4.4 and Figure 4.3. Basically, the type I biasing
conditions area was found to be almost identical to all the cases as depicted in
Figure 4.3 making the case of wy/2 comparably unique. The physical results
of such uniqueness will be separately discussed below.

By applying considerably high DC bias (Fy. = 4) and sweeping the AC bias
one can clearly determine the transition from pure phase-independent Bloch
gain to phase-dependent parametric gain (see upper inset of Figure 4.4). No-
tably, Bloch generation exists even without AC pump, resulting in a domination
competition of the two gain mechanisms in the range of moderate AC pump
bias. Bloch mechanism being dominating at low AC pump bias, diminishes
up until pure parametric gain takes over. Here and afterwards, we call pure
parametric gain the effect when no gain is available at some relative phase in-
terval (see Figure 4.4 (f)) It is important to note, that for the majority of
frequencies analysed, the pure parametric gain is available in a very small in-
terval of biasing conditions, thus, case of small Bloch influence is more likely to
be determined (see Figure 4.4 (e)). It the discrepancies of the wy/2 providing
a significant range of biasing conditions featured with pure parametric gain.

In the case of type I biasing, the generated power is considerably larger
compared to the pure parametric generation achieved within type II biasing
conditions. The most powerful output is naturally expected in the case of wg/2.
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Figure 4.4: (A) Maximal available generation power (left) and electric field
strength (right) for particular pump biasing conditions, calculated at opti-
mal phase employing large signal gain method and wgy/2 probe frequency
(half sub-harmonic). Colour areas represent relative power P or electric field

strength normalised to Esaki-Tsu critical electric field Fl(s) and blank areas rep-
resent generation, wherein no gain is available. Black dashed line and red circles
corresponding to type I biasing conditions further expanded in the upper inset
(a) - (f), depicting relative power dependency on probe electric field strength
and relative probe shift (Fg. = 4 and F, =0:1:4). Red lines represent
boundaries of the incoherent gain calculated by the small signal gain model.
The inset clearly expose the coexistence of phase-independent Bloch and phase-
dependent parametric mechanism. The dominating process changes with the
increase of the pump AC electric field: being dominant at low AC bias, Bloch
gain (a) surrenders domination to the parametric gain, up until pure parametric
process is reached (f). One should note the pure parametric process is achieved
after crossing the incoherent gain boundary. Moreover, pure parametric gain
conditions as will be shown below, can be achieved specifically in the case of
wo/2 frequency, attributed to specific distribution, analysed within small signal
gain conditions (see Figure 4.1). (B) The upper part represent zoomed view
of the Figure 4.4 (A), located at low AC bias and Fy. ~ 1. Three red circles
correspond to F,. = 1072 and Fy. values that are slightly above and below
critical electrical field strength and are intended to depict evolution of the gain
processes under small DC electric field change. One should note peculiarities
of such small range transition from pure parametric to Bloch gain. The wq/2
case is the only one featured with such transition possibility [3].

For example, the use of the pump electric field strengths (Fyc, Fac) = (4,2)
corresponding to Figure 4.4 (d), results in the power of 257 mW and in the
maximum generated signal of 31.5 kV/cm (Fy = 5.75).

Unique feature of the wg/2, appearing due to specific small signal coher-
ent gain component (see middle column, middle row picture of Figure 4.1) is
anomalously low threshold of conversion between Bloch and pure parametric
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generation modes, appearing via small (AFy. < 1073) DC pump electric field
shift depicted at Figure 4.4 (B). Such a small electric field shift supplements
simple switching between different generation mechanisms, keeping the AC
pump negligibly small. Furthermore, this small interval of biasing conditions is
the only case wherein pure parametric generation is available from extremely
small AC pump electric field values, inlining an analogy to the seeding based
optically pumped parametric oscillators. This effect is to the large contrast of
other harmonic and half-harmonic frequencies wherein pure parametric oscil-
lation is allowed only within type II biasing conditions.

Proceeding with the type I biasing conditions, one should analyse the frac-
tional sub-harmonics. One should remember that unlike the other type of fre-
quencies, the fractional sub-harmonics under small signal gain model resulted
in the absence of the coherent mobility components. Making a direct analogue,
one would expect no phase-relative dependencies transferred to the large signal
gain model. Phase - probe electric field strength dependencies, corresponding
to the biasing conditions marked by red circles in Figure 4.4 clearly reveal the
coexistence of the parametric and Bloch gains (see Figure 4.5). Importantly,
this applies to both presented 5wp/3 and 5wg/4 comprising odd and even de-
nominators (the differences between these types of fractional sub-harmonics
are not analysed in detail within the current scope). Such quantitative analy-
sis allows to make an assumption of the formation of parametric amplification
island, forming on considerably large AC pump bias. Due to the saturation
of the Bloch at quite large probe signal electric field strengths [163,170], over-
lapping of the parametric and Bloch gain processes is expected resulting in
the hybridization of the net gain within the biasing conditions, resulting in
a formation amplification island. This in turn results in the appearance of
the phase-dependency of the net gain. This simple approach, despite being
quite illuminating, is far from completion due to the complexity of the hybrid
generation mode appearing not to be a direct overlap of two uncombined pro-
cesses and. One of the concern includes different probe electric field amplitude
saturation values for the hybrid mode and Bloch gain itself.

Employing the same biasing conditions as for the above described cases,
(Fac, Fac) = (4,2) to the case of 5wy/3 we estimated the maximal gener-
ated power to reach 43.2 mW end the maximal achievable probe electric field
strength ~ 20 kV/cm. The power generated for the fractional sub-harmonic
is expectedly lower compared to the above discussed case of sub-harmonics,
however, it is still an order larger compared to the case of pure parametric
amplification within the amplification islands in the type I biasing conditions.

As have been discussed above, the amplification via amplification island may
be started by igniting the probe electric field to reach the threshold electric
field strength values. Some external process was suggested to achieve these
conditions. However, ignition process by changing the biasing conditions is
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Figure 4.5: Transition of the phase-independent Bloch gain to the hybrid
process of Bloch and parametric gain with an increase of AC pump electric
field strength (Fye = 4, Fac = 0 : 1 : 4). The presented examples are given
for the case of 5wy /3 and 5wy /4 frequencies by presenting relative probe power
dependency on relative phase and probe electric field strength. Colour repre-
sent conditions corresponding to negative relative power meaning generation
is allowed, while blank means relative power is positive, thus, no gain is ex-
pected. One should note the transition from pure Bloch to parametric process.
Also pure parametric mode can not be achieved under type I biasing condi-
tion, as this was shown to be the feature of wy/2 solely. Such approach allows
to claim formation of parametric amplification islands. This is additionally
supplemented by the fact one may not achieve generation at high AC pump
(Fac > 4) [3].
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Figure 4.6: (a) Probe electric field strength dependency on the applied pump
DC, pump AC, and probe electric field strengths depicted as the boundaries for
the gain areas. Case of 5wp/3 frequency is presented, illustrating the proposed
ignition process by switching the DC pump electric field. The orange arrow
represents transition from the "on" state (Fy. = 4.7, Fac = 4; supplementing
generation from negligibly small probe signal) to "off" state (Fy. = 0, Fye = 4),
representing amplification island with the threshold lower that probe electric
field strength achievable within "on" state conditions. This allows to reach pure
parametric amplification without applying external AC ignition. b) Probe rel-
ative phase dependency on the probe electric field strength and relative phase
for the internal ignition process via DC switching. Green arrows depict gen-
eration/amplification occurring inside the superlattice and dashed orange line
represent transfer between the two above-described states [3].

also feasible. The advantages of this process is that it does not require any
additional setup components. The process is depicted at Figure 4.6. Two
biasing conditions are observed. In the "on" condition (Figure 4.6 (B) bottom
part), generation from the small signal is allowed and will proceed to some
specific electric field strength value. This value is above the threshold for the
amplification island at the "off" state (Figure 4.6 (B) upper part), wherein pure
parametric generation, at higher electric field strengths may be achieved.

In the particular case, depicted at Figure 4.6, 5wy/3 frequency is taken as
example. The "on" state corresponds to (Fye, Fac) = (4.7, 4) biasing conditions,
while the "off" state corresponds to (Fye, Fac) = (0,4) biasing conditions. One
should also note the "on" state is employed in non-optimal relative phase, as
there is a 7/3 optimal phase shift between the states. In the "on" state probe
electric field can reach strength exceeding 0.5F,,, while in the "off" state probe
electric field strength of 2.5F, is reachable. Another advantage, is the single
use requirement - once probe electric field was ignited to operate in the interval
of amplification island, superlattice structure is expected to be self-sustaining
i.e. one should not use DC switching algorithm periodically unless the probe
electric field strength went below the threshold electric field strength.
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4.2. Influence of the Large Signal Gain Model on the Non-Degenerate Gain
Processes

Analysis of the non-degenerate gain processes in basics is very similar to the
degenerate processes, described in the previous chapter. However, it adds
even more variables, making analysis more complicated and longer. Several
peculiarities that have been noticed are worth noticing. To start with, one
should consider the case of two different fractional sub-harmonics wy = piwo/q1
and ws = powp/qe. As have been described above processes covered by
Wi + wy = Mywy Or w1 —ws = n_wgy can proceed. One can represent the
time-dependent phases in the form of

w1+ wo)t + (wg —wo)t ny+n_
w1t+<,01:( ! 2) 2( ! 2) +901<+2 >w0t+<,01 (4.6)
and
w1 +wo)t — (W —wso)t ny —n_
w2t+¢2:( 1+ w2) 2( 1 — wa) + oy = (Jrz)wot+<p2. (4.7)

Inserting these equations into the relative power Equations 4.3 and 4.4 and
assuming the electric field strengths equal, one would achieve the same degen-
erate process equations with the corresponding results discussed in the previous
chapter. Within the quasistatic approximation non-degenerate large-signal gain
effects can be simplified to the several separate degenerate processes. This in-
dividual case will not be further analysed aside of the common analysis. In this
part the effect on the electric field strength of one of the probes Fj to the prede-
fined set of parameters is evaluated. The set includes, DC (Fy.) and AC (Fy.)
biasing conditions, frequencies (wi,ws) and relative phase-shifts (¢1,p2) of
both probes, electric field strength of the second probe (F»). Such approach
allows us for now neglect the differences between the up- and down-conversion
processes. Due to the large amount of variables, current stage of analysis
includes only two non-degenerate processes: 4/3 + 8/3 serving an example
of fractional sub-harmonics gain and 1/2 + 3/2 serving an example for half
sub-harmonics. To avoid misunderstanding, here and beyond the lower fre-
quency be labelled as probe 1, and higher will be indicated as probe 2.

Figure 4.7 depicts the change of the dependency of the probe 1 relative
power on relative phase-shift and probe 1 electric field strength for different
probe 2 relative phase shift. The process analysed is 4/3+8/3, and the biasing
conditions are Fy. = 4, F,. = 3,F5 = 2. As is the pictures above, coloured
areas depict conditions under which probe 1 will be amplified and blank areas
represent conditions wherein amplification is not possible. One should compare
the presented figure with the degenerate case depicted in the right inset of
Figure 4.3. First of all, in the degenerate case [I-symmetry is expected for any
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Figure 4.7: Probe 1 relative power dependency on relative phase 1 and
probe 1 electric field strength for the case of different relative probe 2 phases.
Non-degenerate process of 8/3+4/3 is analysed. Constant biasing conditions
Fyc. = 4;F,c = 3; F5 = 2. Coloured area depict the set of conditions wherein
generation or amplification is available and blank areas depict set of conditions
with positive relative probe 1 power resulting in absorption. One should note
the appearance the loss of symmetry of the dependencies, which is to strong
difference with the previously analysed degenerate processes. One should also
note the existence of both area types in one dependency: generation from neg-
ligibly small probe signal and formation of amplification islands.

of the cases. It is considerably obvious to predict that in the non-degenerate
case, such symmetry will break except for some specific cases. This conclusion is
supplemented by the proposed figure. As one may note the amplification islands
typical for the degenerate case change their shape. Moreover, in contrary to the
previously analysed degenerate process relations, one may note the formation
of generation areas and amplification islands, occurring in same power-phase
dependency. This means for the non-degenerate case one can achieve generation
of the fractional sub-harmonic from negligibly small probe signal under type
IT biasing conditions. This is an exclusively important finding, explaining the
experimental results of the first section, wherein the generation was observed
under considerably low DC bias and high AC bias (type II biasing conditions).

Differences between the degenerate and non-degenerate processes are re-
vealed at Figure 4.8 depicting maximal achievable relative probe 1 power (P)
for particular pump and probe 2 electric field strengths. In particular example,
both phases (@1, ¢2) are kept optimal for maximal relative power. The figure
discloses the case of non-degenerate fractional sub-harmonic process (4/3+8/3).
The upper inset of the graph discloses probe 1 electric field strength - phase
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Figure 4.8: Main figure (center): maximal probe 1 relative power dependency
on the pump biasing conditions and probe 2 electric field strength for the case of
4/3+8/3 non-degenerate process. Each set of conditions correspond to the max-
imal achievable probe 1 power at optimal probe 1 and probe 2 relative phase.
Coloured area depict conditions when generation is available, while blank areas
depict conditions when generation is absent. Upper insets ((a)-(e)): probe 1 rel-
ative power dependency on the probe 1 relative phase and electric field strength
for different probe 2 electric field strengths. Biasing conditions correspond to
the red dots on the central figure (Fyc = 0.5; Foe =4; F5 =0:0.5: 2 - type II
biasing conditions). One should note that in the contrary to the case of
fractional sub-harmonics in the degenerate process, the formation of gener-
ation area can be observed, supporting the experimental results of chapter 3.
Bottom insets ((f)-(j)): probe 1 relative power dependency on the probe 1
relative phase and electric field strength for different probe 2 electric field
strengths. Biasing conditions correspond to the yellow dots on the central
figure (Fye = 4; Fac = 3;F5 = 0 : 0.5 : 2 - type I biasing conditions). One
should note the persistence of the coexistence of two gain mechanisms and the
increase of the parametric gain influence with the increase of probe 2 electric
field strength. Green dot on the main figure correspond to the biasing condi-
tions depicted at Figure 4.7.
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dependencies depicted by red spheres on the main graph, corresponding to type
1T biasing conditions (F,. > Fg.). Confirming the results of Figure 4.7 one may
note the possibility to start fractional sub-harmonic generation under type II
biasing conditions. The generation process being phase-dependent reveals the
parametric nature of the observed generation process. On the other hand, bot-
tom inset of Figure 4.8 reveals changes of the probe 1 field strength - phase
dependencies for the case of non-degenerate process in the case of biasing type
I conditions (Fy. > Fa.). The dependencies depicted in the inset correspond
to the position of yellow spheres on the main figure. One may note, that the
above discussed coexistent of two generation mechanisms (Bloch and paramet-
ric) remains in the case of non-degenerate process. Moreover, the dependencies
seem to be more affected by the domination of the parametric gain mechanism
with the increase of probe 2 electric field strength (see Figure 4.8 (f)-(j)) high-
lighting an increased necessity of the optimal phase selection for the successful
conduction of the experiment.

The increased influence of the parametric generation is found to remain
in the case of non-degenerate half-harmonic generation process (see Fig-
ure 4.9 (a)). Even more interesting for the analysis is the power transfer be-
tween probes revealed via analysis of the relative power of each of the probes
and total power, being sum of the latter. Figure 4.9 (b) left depict the maximal
achievable probe 1 relative power and corresponding probe 2 relative power is
depicted second left of the figure. One may note that under particular range
of biasing conditions relative power of probe 2 is either negative (representing
emission at probe 2 frequency) or positive (representing absorption at probe 2
frequency). Obviously this reflects on the net relative power of both probes,
allowing to distinguish three zones as depicted on the most right graph of the
figure.

Zone 1 correlates to the set of biasing conditions wherein the relative power
of both probes is negative (Fl < O,FQ < 0) resulting in generation of both
frequencies. At this point of research it is impossible to determine the inter-
change processes between two probe electric fields, however, as both of them
are generating (emitting energy) one can claim with firm confidence that the
energy for the generation is taken from the pump. Zone 2 covers the range
of biasing conditions wherein probe 1 is in generation mode (emitting energy)
and probe 2 is in absorption mode, but probe 1 emits more than probe 2 ab-
sorbs P; < 07?2 > 0, |Fl\ > |FQ‘ Under these conditions, energy absorbed by
probe 2 is not enough for the probe 1 to emit, thus, one can claim that the
power for probe 1 is supplied both by probe 2 and pump electric field. Finally,
zone 3 represents conditions when probe 1 emits less power than is absorbed
by probe 2 P o< O,FQ > 0, |Fl| < |Fg|, showing that all the power for the
generation of probe 1 may be supplied solely by the probe 2. This conclusion
is also supplemented by the fact that no generation is available in the absence

71



0 1 2 3 45

de

(B)

Figure 4.9: (A): Maximal probe 1 relative power dependency on the pump
biasing conditions and probe 2 electric field strength for the case of 1/2+3/2
non-degenerate process. Each set of conditions correspond to the maximal
achievable probe 1 power at optimal probe 1 and probe 2 relative phase.
Coloured area depict conditions when generation is available, while blank ar-
eas depict conditions when generation is absent. Note the formation of the in-
creasing generation area with the increase of the probe 2 electric field strength.
(B): The leftmost graph corresponds to the maximal probe 1 relative power
for the case of Fy = 2, the second left graph depict the probe 2 relative power
dependency on the pump electric field strength, corresponding to the probe 1
maximal relative power conditions. Note the existence of energy absorbing
positive relative power area. The third graph depict the total relative power of
the pronounced non-degenerate process, being the sum of the two latter. The
effect of both relative powers result in formation of three different regions, rep-
resenting possible ways of the energy exchange during the process for particular
set of biasing conditions. The areas are depicted at the most right figure. One
would found further discussion and information on the matter in text.

of probe 2. On the other hand, in the case of biasing conditions, covered by
zone 3, electric field of probe 2 may be employed as a controlling element to de-
liver pump energy to the probe 1. Further analysis is required for clarification,
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which is not covered in the current scope.

Summarizing, following findings can be underlined:

Importance of proper probe electric field phase selection was addressed,
revealing the existence of optimal relative phase, supplementing signifi-
cantly larger gain in comparison to the non-optimal relative phase, which
under several biasing conditions may result in the total absence of gain.

Formation of the amplification islands have been shown, wherein am-
plification from the threshold probe electric field strength is allowed for
specific selection of biasing conditions and frequencies.

Coexistence of phase-independent Bloch gain and phase-dependent para-
metric gain may be observed under DC bias exceeding critical Esaki-Tsu
electric field conditions. The dominance between the two processes
changes with the change of AC pump electric field strength.

For the case of wy/2 frequency generated by degenerate process, pure
parametric mode can be achieved at high AC pump electric field strength
(effect unavailable for any other frequency).

Possibility to achieve pure parametric gain for any other frequency was
suggested by placing the superlattice into amplification island mode via
DC switch, allowing to achieve pure parametric generation without ap-
plying the external AC source of particular frequency to overcome the
threshold electric field strength.

For the case of non-degenerate process, generation possibility (from neg-
ligibly small probe signal) of fractional sub-harmonics in the area of
F,. > Fy. is available.

These findings allow to formulate the following statements for defence:

Statement 3: High-frequency gain in sub-critically doped semiconduc-
tor quantum superlattices is coexistence of Bloch and parametric mech-
anisms. The interplay and contribution of these gain mechanisms can
be adjusted by the sweeping the pump strength and leveraging a proper
phase between the pump and strong probe electric fields.

Statement 4: Transition of the dominating gain mechanism from the
Bloch to the parametric one in sub-critically doped semiconductor su-
perlattices with an increase of probe electric field is conserved in both
degenerate and non-degenerate gain processes. In case of strong signal
and two probe frequencies in the parametric gain, the energy can be
transferred not only from the bias, but also between the probes.
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5. Signatures of Stable Bloch Gain Observed via Hybrid Bloch
Plasmon Modes in Injector-Controlled Strongly-Coupled
GaAs/AlGaAs Superlattice

It is well known that the operational physics of any type of laser employs
population inversion in the system aiming to generate a coherent stimulated
emission [171,172]. Consequently, the main focus in the laser design is to find
the best ways to achieve such inversion as the light gain is directly proportional
to the difference in the occupation level as shown in Figure 5.1 (a) [173].

However, this paradigm can be broken if the energy levels are inhomoge-
neously broadened which often happens in real systems due to the scattering
effects as depicted in Figure 5.1 (a). In such circumstances, due to the blur-
ring of both energy levels and different carrier occupation probabilities, the
gain characteristics are extended, and the gain then displays a so-called disper-
sive feature via strong frequency dependence with a change of the sign around
the resonance frequency. In other words, in this situation, for a given pair of
levels, the incident light with a red-shifted frequency exhibits gain, while the
blue-shifted illumination frequency exposes absorption. It deserves to be un-
derlined that the total occupancy of both levels is approximately equal, i. e.
there is no population inversion in this case (see Figure 5.1 (b).

(a)
H Low occupation
High occupation

Figure 5.1: (a) Classical laser operation via inversion of the charge carriers —
three energy level schematics (left panel) and broadened energy levels due to
the scattering (right panel). (b) Inversionless gain appearing due to the uneven
charge carrier occupation of each energy level [15].

Excitation

Laser Transition

To specify the aforesaid situation to semiconductor quantum superlattices,
the quantum levels are Wannier—Stark states that are equally spaced in energy
and have an equal occupation in the superlattice. The resonance frequency in
this case is the Bloch frequency. This particular situation which possibly can
be realized in superlattices attracts wide attention and long-standing scientific
debate [174-177], whether inversionless gain — so-called — Bloch gain — can be
possible to resolve. The main issue is to realize a homogenous electric field in
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the superlattice structure.

To circumvent this challenging obstacle a large variety of approaches — in-
cluding technological means and experimental tricks — were engaged and tested.
Technologically, modification of unstable gain profile can be brought about, for
instance, by placing periodic highly-doped layers in SL — creating thus, so-called
super-superlattice [178,179]. Such structures illuminated with a free-electron
laser enable to observe a frequency-dependent crossover from loss to gain — the
gain below the Bloch frequency and absorption above it — can be also explicated
in a specially designed quantum cascade structure for infrared [15] illustrating
the effect via tuning the laser operation in conditions from weak to vanishing
population inversion. The problem of electric field inhomogeneity can also be
resolved by applying special experimental techniques, e.g., a time-domain ap-
proach in studying the effect within a very short time scale, e.g., within 10 ps,
until the homogeneity of the electric field is not disturbed by the redistribution
of optically excited carriers [177]. Some experimental signatures of the disper-
sive Bloch gain were demonstrated employing time-domain THz electro-optic
sampling technique in optically excited undoped SLs [180]. The aforementioned
approaches rely on sequential tunneling transport regimes in weakly coupled
structures.

In strongly-coupled SLs including conventional Bloch gain miniband trans-
port regime often suffers from the occurrence of the electrical instabilities like
moving high-electric field domains of the Gunn origin [71,77] i.e., the SL be-
comes unstable resulting to the suppression of the gain. As is revealed in previ-
ous chapters, the coupling of the incident microwave into the superlattice con-
verts the electromagnetic wave into a slow plasmon-like electrostatic wave which
propagates in the structure providing a significant enhancement of the gain co-
efficient reaching the values of 10* em~! [A1]. As theory predicts [131], this
electrostatic wave can exhibit remarkable features — it can couple to the Bloch
oscillating electrons and longitudinal optical phonons, expressing a sharp elec-
tric field-dependent transition from coupled plasmon-phonon to Bloch-phonon
modes.

In this part of the study, we resolved the issue of the inhomoge-
neous electric field via the placement of the silicon-doped strongly-coupled
GaAs/AlGaAs superlattice between the specially designed asymmetric inject-
ing/blocking contacts. It allowed the demonstration injector-controlled broad-
band amplifier based on a stable Bloch gain manifesting itself via hybrid
Bloch-plasmon-phononic modes at room temperature. Moreover, the exper-
iments in microwave range within 8.4 GHz—-11.5 GHz allowed to discriminate
plasmon damping, hybrid Bloch—plasmon-phonon related gain in the mini-
band regime confirming thus, theoretical prediction by Avik W. Ghosh and co-
workers [131]. In other words, we evidenced experimentally so-called Epshtein
modes [181] for the first time. Furthermore, it is shown that the extremely
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higher electric field-induced interminiband-related electron-hopping transport
(non-resonant tunneling) [182] still preserves the high-frequency gain. It is in-
dicated that the gain can reach values of 1200 cm~! and thus, could serve as a
promising avenue in further development of room temperature sub-THz—THz
amplifiers based on quantum semiconductor superlattice.

The superlattice sample was of the same architecture as in previous ex-
perimental studies. For the sake of clarity and convenience, its design with a
special underline of asymmetric contact features is presented and specified in

Figure 5.2.
AuTi Schottky controlling contact
GaAs, i 30 nm
Al,,Ga,,As, i 1 nm
30 GaAs:Si, 10" cm” 5 nm 180
* Alo.sGaonAS, i 1 nm m
GaAs, i 25 nm

Al,,Ga,,As:Si,
2:10" > 10" cm” 100 nm
x=0.3 — 0.0

Alz"f?(;’&f;lf" 800 nm

Coaxial connector
Al ;Ga,,As:Si, W

2:10" em” 100 nm “P”-type waveguide

x=0.0 — 0.3
GaAs:Si, 10" cm® 100 nm GaAs
substrate

Heterojunction
injection contact

~Superlattice
1d wir

GaAs substrate, 10" cm”
Ohmic contact

Figure 5.2: The architecture of the sample for the Bloch gain experiment.
Wide miniband GaAs/AlGaAs superlattice structure is placed between Au/Ti
top contact (Schottky barrier) and GaAs/AlGaAs heterojunction barrier with
variable Al content. In the forward-biased SL, the latter one serves for carrier
injection, while the Schottky contact — is the controlling electrode; in the reverse
bias, their roles are exchanged — Schottky contact plays the role of the injecting
contact, while heterojunction provides the control over transport in the entirely
depleted SL. Inset: sample mounting scheme in P-type waveguide: golden wire
allows coupling of the incident microwave radiation into the mesa of the sample.

It is shown that inversionless gain can be observed in a two-level system due
to the broadened optical transition width, allowing for phase-lock uneven distri-
bution of charge carrier distribution on each energy level (see Figure 5.3 (a)),
for instance, in quantum cascade structures [15,16]. The excitation of the
Bloch oscillations in optical experiments observed by several independent re-
search groups [5-7,65,127], was found to manifest strong sensitivity to exci-
tation conditions, especially, on the spectral position or shape of the exciting

76



Figure 5.3: Different coupling mechanisms leading to the Bloch gain. (a) In-
versionless Bloch gain and coupling via broadened laser excitation spectra
(green line). Note the "inversionlessness" featured due to the uneven distri-
bution of the charge carriers on one energy level. (b) Inversionless Bloch gain
wherein coupling is featured by the plasmonic mode resulting in plasmonic
phase-locking and hybridized Bloch-plasmon (Epshtein) mode. This coupling
method corresponds to the light green zone biasing conditions depicted below.

laser, leading to simultaneous excitation of several neighbouring Wannier-Stark
ladders [183-185].

It is worth highlighting that in optical experiments, the Bloch wavepack-
ets are excited via spanning the Wannier-Stark levels by a spectrally-broad
femtosecond laser as schematically depicted in Figure 5.3 leading to the phase
locking between the incident light and intraband polarization in the biased
superlattice [6,184]. In contrast to optical experiments, our approach here is
exclusively electrical and is based on the excitation of an electrostatic wave in
AC and DC electric fields driven quantum semiconductor superlattice. As was
indicated in the previous chapters, the slow plasmonic wave is excited in the
structure and can serve as a coupling mechanism between the Wannier-Stark
states. Moreover, the coupling itself changes the properties of the propagat-
ing wave which experiences transformation into a hybrid Bloch-plasmon mode
(see Figure 5.3(b)).

The signal amplification induced in the superlattice operating under NDV
regime exhibits a resonant nature [83] and depends on so-called electric
field-dependent transit angle

wlL 1+ F?

G(F)ZLUTL:U(E):QO F 5

(5.1)

where T, = L/vq is the electron transit time, w labels oscillation frequency,
L stands for the sample length, 6y = wL/vy, and vy, is the maximal miniband
velocity. When 6 approaches zero, amplification is absent however, amplifi-
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Figure 5.4: Panel (a) I-V characteristics of the semiconductor superlattice
measured by application of DC pulses of nanosecond duration and data record-
ing after every 5 ns. Inset: enlarged part of the I-V dependence to illustrate
the appearance of the Wannier-Stark states with the increasing bias. Red lines
serve as a guide for an eye to indicate induced Wannier-Stark levels (see Fig-
ure 1.5). Panel (b) — conductivity extracted from the I-V measurement (shifted
for clarity in the y-axis). Note a spike around 2.7 V which is probably related
to the EL2 defect in GaAs and unstable region above 4 V. In both graphs differ-
ently coloured areas correspond to the different gain mechanisms: light yellow
- plasmonic absorption, light green - Wannier-Stark — Bloch gain, light brown
- interminiband tunneling-based gain. Panel (¢) — gain as a function of the ap-
plied voltage. Note plasma-related absorption in the Ohmic region and stable
Bloch gain in the remainder part of the characteristics. Left inset: schemat-
ics of Bloch oscillations in a plasmonic potential; right inset: illustration of
coexistence of the coupled plasmonic-Bloch-phonon modes in semiconductor
superlattices according to A. W. Ghosh et al [131].

cation can arise with the increase of #. In the case of strong electric fields
(F > 1), the equation experiences modification so that 6 becomes linearly pro-
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portional to both, frequency, w and, the electric field strength, F. Therefore,
if the DC electric field profile is close to uniform, the gain can be expected,
and its features, according to Equation 5.1, can be examined either varying the
frequency or the electric field strength.

The same setup and wave-guide-based positioning technique was employed,
as discussed in Section 2.1. Initially, to characterize the sample, the I-V charac-
teristics were measured by applying nanosecond time-scale DC pulses allowing
thus, to analyse the evolution of the processes by changing the time of data
collection from the leading edge of the pulse by 5 ns each time up to 150 ns
(see Figure 5.4(&)). As one can see, no distinct peculiarities are observed below
2 V, and the curves overlap each other. With further increase of the voltage,
the curves start to slightly deviate from each other, and begin to saturate,
while at higher voltages, exceeding 4 V, notable discrepancies between the
curves are observable as the superlattice becomes unstable. In particular, it is
strongly pronounced in the conductivity dependence given in Figure 5.4 (b).
Note that only saturation but not NDV region is observed in I-V curves due to
the screening effects as indicated in the Shockley theorem [111], however, the
electrically-induced Wannier-Stark ladder can be resolved within the range of
2-5 V as depicted in the inset of Figure 5.4 (a).

Measured microwave transmission as a function of the applied using the
klystron generator is given in Figure 5.4 (¢). The setup was aligned in minimal
levels of reflection, therefore, all the observed changes in the transmission can
be attributed to the physical processes occurring in the biased superlattice. As
one can see, the function is non-monotonic: initially, at low bias below 1 V, a
weak absorption is observed; with further increase in bias voltage the gain is
observed which remains stable within all studied range. Note that the observed
instabilities above 4 V do not destroy the general gain picture.

To get an understanding of the physics behind and get a deeper insight
into the processes involved, one needs to recall that the propagating wave is
electrostatic, i. e. of plasmonic origin, and the superlattice is tuned into NDV
regime, i. e. it operates under the Esaki-Tsu nonlinearity regime where the
Bloch oscillations can be observed. In this context, it is reasonable to consider
the possibility of controlling the interplay and coexistence of different oscillation
modes. These include, for instance, plasmonic oscillations and longitudinal
optical phonons [130]. The behaviour of the coupled modes differs if compared
to individual oscillations. For example, in the case of Bloch and plasmon modes,
the pendulum interaction-describing equation is

ij + wi sin(n) = 0, (5.2)

wherein 7 denotes pendulum displacement, wp = /4wNe2/m* - plasma fre-
quency, and N - charge carrier concentration [132,133]. The effective mass
in semiconductor superlattices is expressed as m* = 2h%/Ad? [134]. Initial
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Figure 5.5: The dependence of transmitted power on the DC bias voltage
(applied direct and reverse), measured under microwave excitation delivered by
magnetron generator. Note three different regions in the transmission curve.
At voltage bias — below 0.6 V — plasmonic absorption (damping) is visible;
within 0.6 — 3.8 V stable Bloch gain within the miniband becomes strongly
pronounced; further increase in the gain above 4 V is related to non-resonant
interminiband (Zener) tunneling. For the case of reverse bias, the plasmonic
damping region is more expressed and the stable Bloch gain region is more
narrowed due to the asymmetric nature of the structure contacts.

conditions are proposed in the instant excitation and absence of an initial dis-
placement 1(0) = 0 and displacement velocity set by Bloch oscillation frequency
7(0) = wp = edEh. The solution of the Equation 5.2 results in the motion of
classical particle in periodic potential V() = w3 (1 —cos(n)) with energy w3 /2.
In fact, the pendulum equation describes the transition from plasma oscilla-

tions to Bloch oscillations. When energy is much smaller than the maximal
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potential energy, the particle is trapped in the one period of potential as plas-
monic screening of the external electric field occurs due to the Bloch period
being larger than the plasmon oscillation period. If the energy is larger than
the potential barrier, particles go above the potential oscillating with the Bloch
frequency [135]. As a result behaviour change is expected at wg = 2wp fre-
quency. The behaviour is depicted in the right inset of Figure 5.4 (¢). As it is
seen, three different modes — plasmon, Bloch, and phonon — can coexist in the
superlattice. Theory predicts the transition from plasmon-phonon mode (low
frequencies) to Bloch-phonon mode (high-frequency); further, a sharp transi-
tion from plasmon to Bloch mode is expected in the absence of collisions, and
the electron motion should be aperiodic near the transition point [131].

If one compares the experimental dependence of the transmission power
presented at Figure 5.5 with the theoretical estimates by Ghosh (see Fig-
ure 1.7) [131], they good correlation is evident. One may note that the ex-
perimentally observed transition from plasmon to Bloch mode is smoothed
due to collisions. The obvious analogy between the experimental observa-
tions and theoretical predictions allows us to infer that the experimentally
observed gain profile represents plasmonic Epshtein effect via coupled hy-
brid Bloch-plasmon-phonon modes (see right inset of Figure 5.4 (c)). As far
as our knowledge goes, it is the first experimental observation of this effect.

To complete the physical picture, we measure the gain in direct and reverse
bias employing magnetron as a high source at 9.44 GHz with emitted powers
reaching 30 mW. The results are presented in Figure 5.5. As one can see,
dependencies are quite similar, only shifted in the bias scale due to different
origins of the contacts in the structure. In the reverse bias, the plasmonic
absorption (damping) part is much more extended (up to 3.8 V in comparison
to 0.5 V in the direct bias) due to the higher electric field needed to inject
sufficient electrons for the Bloch gain. The miniband-related gain area displays
weakly electric field-dependent features, while at 3.8 V and 6.7 V in the reverse
bias, the second Bloch gain area becomes pronounced. Importantly, NDM and
its direct consequence the high-frequency gain, arise within both miniband and
interminiband hopping transport models [186], but in the case of the hopping
model, the drift velocity decreases with the field faster vq ~ E~" (the value of
n depends on the dominant scattering mechanism but it is always n > 1) [187].
This difference in the behaviour of vq(F) can explain the observed gain increases
when the bias crosses the boundary between these two transport regimes. In
other words, the hopping can be attributed to interminiband non-resonant
(Zener) tunneling, hence, the increase in the gain can be an indication of the
phase conservation between intraminiband and interminiband-related transport
mechanisms. It is worth underlining that the Bloch gain saturation in the
intraminiband regime can be associated with the scattering and dispersion-free
phonon modes coupling with the Bloch oscillations.
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To support the experimental observation of the plasmonic Epshtein effect
and its features, we have estimated frequency values of the transition from
plasma-phonon to the Bloch-phonon modes. It is known that the plasma fre-
quency in the semiconductor superlattice can be described as

fo=y|-2X (5.3)

m*egper

wherein m* = 2h%/Ad? is the effective mass [131,188]. This results in plasma
frequency of fp =~ 1.24 THz. Omne may also note the plasmon-phonon to
Bloch-phonon transition in the performed experiment was observed at the DC
bias level of 0.5 V (see upper right inset of Figure 5.5). Such biasing voltage
corresponds to the electric field strength of 21.6 kV/cm. Taking into account

the Bloch frequency relation
edE

fo=5 4
one would achieve fp = 3.14 THz Bloch frequency. If one assumes that the
superlattice is placed between conductive layers representing capacitor plates,
both plasmon and Bloch frequencies need to be modified (see [15] of [131]).
The correction to the frequencies can be expressed as

fB:fBgoo/Er; fP:me (54)

for the Bloch and plasmon frequencies respectively. In equations, €., and &,
represent high and low frequency dielectric constants. For GaAs, the values are
10.9 and 12.9. The correction results in the final frequencies of fp = 1.14 THz
and fg = 2.65 THz. The ratio of these frequencies amounts to (fg/fp ~ 2.33)
which is close to the theoretically expected value of 2. The observed deviation
can be attributed to the non-zero current in the experiment due to the bias elec-
tric field which is not taken into account in the theoretical model. Despite this
fact, one can underline that the observed gained curves present a manifesta-
tion of the plasmonic Epshtein effect via coupled hybrid Bloch-plasmon-phonon
(Epshtein) modes. The gain features a sharp transition from plasmonic absorp-
tion to the Bloch gain which is still preserved in both intraminiband transport

and non-resonant interminiband (Zener) tunnelling regimes.

The results considered above allow the drawing of a general view and resolve
peculiarities of carrier transport mechanisms in semiconductor quantum super-
lattice varying the applied voltage. The illustration following the scheme [182]
is depicted in Figure 5.6. As it is seen, with the increase of the bias, the carrier
transport mechanisms in semiconductor quantum superlattices can be tuned
from Ohmic mode, via Bloch gain/oscillations up to interminiband transport
domination via the manifestation of non-resonant Zener tunneling effects at

high applied DC voltages.
82



0.0

cr

10 10 15 20 25

” i W
@ - 0 || Interminiband %

Ny |
Ohmic mode Bloch oscillations L transport A
gl 1 A -
Miniband transport . . g
! Tunneling mechanisms
mechanisms

Figure 5.6: Variation of the dominating charge carrier transport mecha-
nisms versus applied DC bias. Beyond the critical Esaki-Tsu electric field,
the Ohmic regime is observed. With the increase of the bias, exceeding the
critical electric field, the Bloch oscillations can be observed, and the hybridized
plasmon-phonon mode experiences a transition to the stable Bloch gain regime.
At large DC bias, interminiband transport dominates via the manifestation of
non-resonant Zener tunnelling effects (according to [182]).

In summary, following findings can be summarized:

The coupled Bloch-plasmon-phonon (Epshtein) modes were experimen-
tally demonstrated in semiconductor quantum superlattice for the first

time.

The gain mechanism from the coupled plasmon-phonon to the stable
Bloch gain displays the sharp transition with the applied DC voltage.

Stable inversionless Bloch gain can be observed in GaAs/AlGaAs su-
perlattice in microwaves at room temperature. The gain mechanism is
preserved in both miniband transport and non-resonant interminiband
(Zener) tunneling regimes.

Carrier transport mechanisms in semiconductor quantum superlattices
from Ohmic mode, via Bloch gain/oscillations up to interminiband trans-
port domination can be tuned by variation of the applied voltage.

The aforesaid findings allow us to formulate the following statement for

defense:

Statement 5: Inversionless Bloch gain can be observed in biased
GaAs/AlGaAs superlattice in microwaves at room temperature via man-
ifestation of coupled Bloch-plasmon-phonon (Epshtein) modes. The gain
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features a sharp transition from plasmonic absorption to the Bloch gain
which is preserved in both miniband transport and non-resonant inter-

miniband (Zener) tunneling regimes.
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APPENDICES

6.1. Appendix A. Additions to the literature review section

6.1.1. Addition to the matter of negative differential velocity effects in bulk

materials

This appendix will provide additional information to supplement broadened
understanding of the negative differential velocity based effects in bulk semi-
conductors. The accent will be made on operation and devices not directly
related to the ones presented in the results section. One will find out that
NDV as an effect comprehends significantly to other than superlattice-based
generators and/or amplifiers, thus, it is very important to clearly distinguish
the similarities and differences between these devices and their operational
principles.

Specifically, in the discussed field of solid state oscillators, negative differen-
tial velocity relates to the case when the drift velocity in the structure decreases
under the influence of increasing electric field (dvy/dE < 0). Before proceed-
ing further, it is important to understand that the term negative differential
mobility (NDM) being p = vg/F is an indistinguishable consequence of NDV,
while negative differential conductivity (NDC) being 0 = eN 1, negative differ-
ential resistivity (NDr) (p = 1/0), and negative differential resistivity (NDR)
R = pL/S may differ due to non-uniform charge carrier distribution within the
structure (dN/dx # 0). One should be aware during literature analysis as these
terms, met equally often, can be treated as quasi-commensurate depending on
the particular subject. One should also be aware of "non-differential" negative
units, that may be found in several articles.

As described in the literature analysis section, the first investigation of the
NDV effects has been conducted by Ryder [66]. Ryder managed to overcome
the outer heating problem, occurring due to the high energy transfer rate by
employing short and low repetition rate pulses of electric fields to avoid ac-
cumulative heating. Furthermore, sample of specific geometry was employed
to supply constant carrier density and avoid the influence of the holes injected
from positive electrode. Combination of the solutions resulted in significant cur-
rent density deviation from linear ohmic dependency (see Figure 6.1), resulting
in three distinguished dependency areas: at low electric field correspondence
to the Ohm law was observed (u = const), but after exceeding some electric
field value mobility becomes electric field dependent (1 oc E~/?) until current
density reaches saturation range (p oc E~1) [189].

It is mathematically shown in the works of Kroemer, that formation of
the negative effective mass may possibly lead to the generation effects in
high-frequency leading up to several THz [69]. In that case, generation effect
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Figure 6.1: Current density dependency on external electric field for the case
of bulk p-type germanium sample. Note the deviation from the linear ohmic
dependency at higher electric field strengths, resulting in electron mobility
becoming field dependent and leading to the saturation of current density.
Reprinted figure with permission from [189]. Copyright 1953 by the American
Physical Society.

can be expressed via time-dependent component of the work per unit time.
Employing DC and AC bias field and assuming the effective mass to be con-
stant within the k-space, work per unit time equation can be expressed via
three components. These are energy, acquired from DC field, AC field contri-
bution at the moment of collision, and energy acquired from the AC field. The
latter term is the most interesting, as being negative results in charge carrier
(electron or hole) delivering energy to the field than acquiring [70]. Thus, gen-
eration or amplification will arise if one of the main effective masses (diagonal)
will be negative and the direction of the signal field is close or corresponding
to that negative mass. The properly directed bias field should also be strong
enough to supply sufficient amount of charge carriers into the k-space area of
negative effective mass [69].

The above discussed considerations regarding the directions of the bias and
signal fields results in parallel (longitudinal effective mass component becomes
negative) and cross-field (transverse effective mass component becomes nega-
tive) cases (see Figure 6.2). In the parallel case, negative effective mass region
is defined by the nonparabolicity of the band structure. In the cross-field case
(which the case of Ge and Si - most investigated materials at that time) negative
effective mass region is defined by the degeneracy of the energy bands, resulting
in splitting, granting negative effective mass regions to be highly directive and
spanning up to k£ = 0. The above-described cases are the two extreme ones,
while others should be treated as a result of superposition of the two [70].
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Figure 6.2: (a) Schematic band structure depicting the cases when energy re-
mains isotropic as for free electrons, but is nonparabolic. Longitudinal mass be-
comes negative above the inflection point (shaded regions) [70]. (b) Schematic
band structure depicting the cases when energy remains parabolic as for the
case of free electrons, but depends on the direction. If the energy contours
become re-entrant, transverse mass becomes negative within re-entrant section
(shaded regions) [70]. ©1959 IEEE.

Before proceeding, an important note must be taken on the types of negative
differential effects in bulk semiconductors should be made. The two types are
voltage-controlled and current-controlled negative differential resistances Fig-
ure 6.3. The first one, being much more common to the related studies can also
be contributed to the Gunn effect, discussed below. The current-controlled case
is non the less interesting for the study of hysteresis effects in the superlattices,
however, the results of other groups will be shortly mentioned. Furthermore,
the current- controlled nonlinearities can be met at impact ionization is shal-
low impurity levels in bulk semiconductors [190]. It is considerably simple to
notice, that in the case of voltage-controlled nonlinearity, electric field is mul-
ti-valued i.e. we can achieve several electric field values under the same current
value, whilst in current-controlled case current is multi-valued leading to the
material instabilities. Such instability may lead to the formation of hysteresis
and other scientifically attractive effects [76]. In articles the voltage-controlled
nonlinearity may be found by the name of N-type characteristic, while the
current-controlled nonlinearity may be found by the name S-type characteris-
tic.

Further research on the NDV effects in bulk semiconductors resulted in pub-
lication of the fundamental work of Gunn [73]. The nature of the intervalley
transfer was quickly experimentally confirmed by different groups employing
different experiments. In these experiments the energetic separation between
the valley minima have been modified in different ways. The Gunn effect im-
plies that the critical electric field depends on the energy difference between the
valleys, thus, such modification was intended to correlated the observed effects
to the explanation. To achieve different energies Allen et al. employ sweeping
from GaAs (Ae =~ 0.36 meV) to GaAsgs5Po5 (Aec = 0 meV) [78]; Hutson et
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al. apply hydro-static pressure to the samples of GaAs (9 meV /kbar) [79]; and
Shyam et al. apply the uniaxial stress [80]. In all of these considerably unre-
lated and physically diverse experiments, the decrease of the energy separation
between the minima resulted in decrease of the threshold voltage, required to
observe the above-described Gunn oscillations.

Assume one apply the electric field exceeding critical Fe, to the sample with
pronounced region of negative differential resistance. If the field is ideally uni-
form along the whole sample, one will achieve constant flow of electrons from
cathode to anode. However, in the real world, instabilities may occur due to
several reasons causing field fluctuations which may lead to formation either of
accumulation or depletion layer of the space charge. Several types of uniformity
may be distinguished. The first one, is an inevitable formation of the accumula-
tion layer near the cathode, which under the below-discussed conditions plays
a primary role for the operational case named "stable amplification regime".
The second type, related to the "real" Gunn effect, arising mostly due to struc-
tural non-uniformities or statistical fluctuations, usually lead to the formation
of a coupled accumulation and depletion layers, called domain. In domain, the
charge carrier density in accumulation layer is increased and the charge carrier
density in depletion layer is decreased. This in turn results, that electric field
inside the domain is larger compared to the outside. Taking into account that
according to the N-type drift velocity dependency on the applied electric field
(see Figure 6.3), the drift velocity inside the domain will be smaller compared
to the outside. As the drift velocity outside will be larger the charge density in
accumulation layer of slowly moving domain will increase being caught up by
the aback electrons, drifting from cathode with the higher speed. At the same
time the charge density of depletion layer of the domain will further decrease
due to charge carriers rushing towards anode with speed, larger compared to
the inside of the domain. Both these factors result in the further increase of
the space charge of the domain and its field, resulting in further decrease of

(a) (b)

F F

Figure 6.3: Two type of negative differential resistances. (a) N-type voltage
controlled and (b) S-type current controlled dependencies. Adapted from [76]
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Figure 6.4: Gunn diode operational mode dependency on the Kroemers (NL)
criterion and applied DC bias [81]. Area labeled "1" depict condition for Ohmic
resistance mode, "2" - positive differenital resistance mode, "3" - domainless
negative differential resistance mode, "4" - trigger mode, and "5" - domain
generator mode. Adapted from [81].

drift velocity [191].

If in the voltage (field) applied to the sample is kept constant, with the
increase of the space charge domain (electric field in domain also increases),
the decrease in the field outside the domain may be observed as well as the drift
velocity. When the drift velocities inside and outside space charge layer levels
up, space charge layer stops growing as there are no quick enough electrons
to catch up the moving domain, thus, the domain proceeds unchanged until
reaches the contact and disappears [81].

Existence of the (N L), criterion is one of the most important things for the
explanation of the observed effect. The criterion describes the threshold condi-
tions for the domain formation in the structure. For the bulk case this results in
several different operation modes depicted at Figure 6.4. Before discussing this
graph, one may additionally note the highlighted (NL?)../L criterion, which
marks the influence of diffusion. Diffusion itself, having a destructive effect
on domain formation is usually omitted in GaAs environment as diffusion time
constant 7y = L?/47?m?2D is much larger compared to the characteristic dipole
formation time D - diffusion coefficient. The marked (NL?)., can be simply
shown to be equal as

weDm?
qlpal

(NL?) e = (A1)

Operation modes under (NL) > (NL), conditions may not be too much re-
lated, as all the structures involved in the presented research do not fulfil do-
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Figure 6.5: (a) Modes of GaAs for different conditions of Kroemers (NL)
criterion and (fL) criterion. Reprinted from [192], with the permission of ATP
Publishing. (b) Field distribution in sub-critically doped semiconductor [82].
© 1968 IEEE

main formation criteria, however, they are worth a short mention. Area 5
represents the case of classical Gunn effect described above. In this mode fre-
quency is defined by transit time and external circuit tuning has comparably
low effect. Furthermore, in this mode low biasing effect is expected as the
formed domain absorb any voltage above critical. Here NL > (NL). and
E > E.;. Area 4 represent operation in "trigger mode". This regime employs
the fact that the critical electric field strength required for domain formation
E.; may be considerably larger compared to the electric field strength Fq un-
der which the formed domain can be sustained. This creates some sort of hys-
teresis, which is employed by biasing the structure with electric field strength
E, < E < E, and sending short single pulses (shorter than transit time, but
longer that characteristic domain formation time) to exceed Eg., allowing to
create single domain resulting in single pulse of generated signal.

In stable amplification regime, corresponding to £ > FE.,, the applied AC
field is expected to be "small signal" i.e. when the electric field strength of the
AC field is much smaller compared to the DC electric field strength. As will be
shown below, such assumptions results in significantly transparent mathemat-
ical background, still being sufficiently precise to describe conditions for the
amplification processes to start. For the case when AC electric field strength
becomes comparable ("large signal gain") one would have to introduce another,
frequency-dependent fL criterion (see Figure 6.5 (a)) [192]. Again, depending
on the applied DC electric field strength one may achieve a bunch of different
effects. If frequency is small and Ey. — Ep < Eyc < Eqc — Eq, at the moment
domain reaches anode, the total electric field strength is smaller than E,, thus,
some AC cycle should pass until field becomes equal to E;,. This means there
will be some delay before new domain formation will start. This operation
mode is called "delayed domain mode" [193]. With the further increase of the
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Figure 6.6: Drift velocity dependency of the bias electric field strength for the
case of n-GaAs in LSA mode. Bottom inset represent corresponding mobility.
Reprinted from [192], with the permission of AIP Publishing.

AC electric field strength E4q. — Eg < Fj¢, the domain would disappear before
reaching the anode - the "quenched domain mode" [194]. However, both of the
described operation modes are mostly typical to high (VL) criterion values and
only for comparably low fL criterion values. In the case of (NL) < (NL)¢
and high frequency, limited space-charge accumulation (LSA) mode becomes
dominating.

In the LSA mode the period of the connected bias AC electric field is much
higher compared to the characteristic domain formation time. As the frequency
is so high, domains in the structure do not have enough time to form fully, as
negative part of the AC cycle occurs, resulting in total field to be below critical,
initiating domain quenching [195]. While the total field E., is above critical
structure amplifies signal, however, there is a part of the period (marked g
on Figure 6.6), wherein total field is below critical (Figure 6.6). During this
time interval, structure should be treated as the above describe linear element
quenching the formed accumulation layer. It is also worth noticing that if the
quenching period would be too short to fully quench the accumulation layer,
the latter would grow within each cycle, resulting in exiting of the LSA mode.

To observe the amplification of the AC signal carrier absorbed power should
be estimated. The latter may be separated into

E T
Py = e / vdt (A.2)
T 0
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Figure 6.7: Energy diagrams of metal-semiconductor interfaces. (a) Metal
and semiconductor as separated systems; (b) connected into one system; (c)
with reduced gap; (d) with removed gap. Adapted from [201].

for the power, absorbed from the DC field and
En [T
P, = eT/ v sin(27 ft)dt (A.3)
0

for the power, absorbed from the AC field [192]. It is shown that there is a
range of combinations of the DC and AC field strength wherein P, is negative,
showing that the energy flows into the AC field. This is a clear evidence of the
generation and/or amplification process possibility in the structure under the
above-mentioned conditions [196]. As the result, the main peculiarity of the
LSA operation mode arises, resulting in that the resonant frequency is described
by the external oscillator circuit and has a significantly lower dependency on
the transit time, typical for standard-based Gunn amplifiers [197]. The ex-
perimental results prove to be in a significant agreement with the proposed
theoretical description by the ice-breakers [198-200].

6.1.2. On the matter of proper contact selection

This subsection is mostly devoted to the physical nature of Ohmic and Schot-
tky contacts and the importance of the proper contact selection for the case
of generation and/or amplification processes in the superlattice. At first, the
physics and differences between the contacts is presented following the consid-
erations and researches related particularly to the case of the superlattices. The
majority of the section is devoted to the physics of Schottky contact as the em-
ployment of the latter considered to be very important. It is supposed that se-
lection of the correct (and different compared to the typical superlattice-related
research) type of contacts resulted in successful observation of the subsequently
presented results.

Considering the semiconductor-metal connection interface it is considered
to be useful to recall the contact relevant physical properties which would be
mentioned below. The first one is Fermi level Er, representing the energy level
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which is occupied with 50% probability presented in Fermi-Dirac distribution
function

1

FE) =17 exp((E — Er)/kT)

(A4)

and the second one is the work function, being equal to energy difference be-
tween the vacuum level and the Fermi level, representing the amount of energy
required to remove electron to the infinite distance. At the next step the re-
mainder of the classical picture (Figure 6.7), representing the disturbances in
energy levels by connecting metal and semiconductor. If the materials are se-
lected as depicted in the inset (a), after connection of the two materials into
one system, charge redistribution would start, creating an electron flow from
the semiconductor into metal until the Fermi level would not become equal to
the work function of the metal (see Figure 6.7 (b)) [202]. This redistribution
creates an electric field in the gap between the two materials which increases
the field by decreasing the gap as the negative charge is build up at the metal
(see Figure 6.7 (c)) As the gap becomes negligibly small we obtain a barrier
of e(¢m — X) height (see Figure 6.7 (d)), wherein e¢y, is the work functions
of metal, and ey is electron affinity (energy between the vacuum level and
conduction band of the semiconductor). It also worth of additional notice on
the formation of contact potential (Volta potential) which is formed on the
interface of metal and semiconductor. The formation of the contact potential
and its behaviour under forward or reverse biasing has a significant effect on
the quantitative results of the experiments. The influence of this potential on
the presented research and the necessity of taking it into account will be ex-
plained in result section. The above-presented equation describing the height
of the formed barrier is titled Schottky-Mott Rule and the barrier is denoted
as Schottky barrier [203]. The Schottky-Mott rule however, does not take into
account interaction of the interfaces. In real life two interfaces being brought
close to each other result in modification of the surface states. The change
itself is mostly dependent on the atomic structure of the interfaces and can be
accounted by inclusion of additional "interface dipole" component eDjy; [204].
From the applicational point of view the barrier height may be either deduced
by experiment or taken from pre-evaluated tables [205]. In case of the non-
contact-related studies this solution may even considered preferential due to
harsh reality event, leading to unaccountable changes. There is a lot of sci-
entific literature to get into the subject of contacts starting from the all-time
classical Sze textbooks [201] ending with the catchall review articles [206] and
references therein.

On the other hand, in the case of Ohmic contacts, the metal-semiconductor
interface is fabricated employing such materials that the formation of the bar-
rier is avoided, resulting in contact which does not perturb the performance
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of the connected device. Thus, employment of the Ohmic contacts, although
being considerably more difficult in fabrication, is widely expected to be pref-
erential for the majority of modern semiconductor devices. That is why un-
derstanding that generation and/or amplification process in the superlattices
is one of the exceptions, is one of the key factors, resulting in achievement of
new scientific milestones. The idea behind the employment of the Schottky
contacts lies beneath the target to achieve as uniform electric field as possible
in the superlattice structure. According to the Mott-Gurney law, the elec-
tric field distribution in the sample is described by the Poisson and continuity
equations [207,208]

oE
Ox

The similar work has been done by Kroemer [209], showing that uniform

=e(N — Np)/eoer; j=eNuvyg(E). (A.5)

field is achievable by specific boundary conditions. In our case, however, the
biggest interest is the results presented by Maksimenko [105], wherein the
boundary analysis of the superlattices are thoroughly analysed. It is shown
that by employing the Esaki-Tsu drift velocity equation [63] one may achieve
a differential equation

dF (J(l +F?) 1) (A6)

dr =\ F
In this equation F, J, and z is a dimensionless representation of the elec-
tric field strength, current, and coordinate which respectively are equal to
F=FE/Ey,, J = j/eNpvy,, and * = X/L (j - current density, N - doping
density, v, = Ad/2h - drift velocity peak value, L - superlattice length). Fur-
thermore, @« = eLNp/FE.e0e; represent the (NL) Kroemer’ coefficient [209].
The solution of the Equation A.6 leads to two stationary points, one belonging
to the positive differential conductivity and one to negative differential conduc-
tivity

1++v1—4J?
2J '

It is important to note that the above-mentioned standing points represent-

Py = (A7)

ing the external biasing conditions are only existing if J < 0.5 (see Figure 6.8
or Figure 1 of [105] for enhanced understanding). Note that the referenced
Figure 6.8 depicts the field distribution recalculated according to the equation
given in [105], but using structure parameters of the samples, used within the
particular research. Under this condition by applying the field three types be-
haviour are possible (see Figure 6.9). If the applied field F' < F_, field strength
quickly increases until it reaches F_ value and then continues to be constant
along the residuary part of the superlattice. If the strength of the applied elec-
tric field is between two stationary points (F_ < F < F.), the field strength
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Figure 6.8: Spatial electric field distribution for different field strengths at
the emitter. Simulations performed according to the theoretical estimations
of [105] for the superlattice employed in the current research (see Section 2.1
for more data on the structure). Currents J = 0.45 (a), J = 0.49 (b), and
J = 0.505 (c) are employed.

gradually decreases with an increase of the coordinate. If the current is close
to the peak values, distance between the two stationary points is small, thus,
the decrease is considerably slow. Finally when electric field strength is high
F > F,, strength quickly increases reaching very high values at the end of the
structure.

One should also note that for the case when the peak current is reached or
exceeded (J > 0.5) the stationary points disappear (Figure 6.8 (c)). Herein
the field strength increases on the whole length of the superlattice structure.

Considering the realistic scenario wherein the current through the struc-
ture is electric field strength dependent, one may achieve contact character-
istic (Figure 6.9 (a)). In the currently discussed research, linear dependency
J = sF, is used. In this equation s is the dimensionless conductivity parameter
describing the contact (s > 1 is ideal ohmic contact; s < 1 - blocking Schottky
contact). On the picture one may note three linear dependencies intersecting
the Esaki-Tsu curve. The intersection of these two lines depicts the conditions
to achieve uniform electric field. One may note, that line (1), representing
ohmic contacts does not intersect Esaki-Tsu curve, meaning it is impossible to
achieve uniform electric field employing ideal Ohmic contacts. Furthermore,
the case depicted with the line (2) shows intersection with F;, meaning that
uniform field conditions are met when the superlattice is in the positive dif-
ferential mobility state - operation mode, undesirable for the current research.
Finally the line (3) shows a nice intersection with the F_ part of Esaki-Tsu
curve, representing negative differential mobility regime. This research shows
that in order to avoid or reduce domain formation in the superlattice, oper-
ating in negative differential mobility regime by creation a uniform electric
field along the superlattice, one should not use Ohmic contacts, but fabricate
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Schottky blocking contacts instead.

One should note the IV dependencies presented at Figure 6.9 (b) expressed
in non-dimensional variables (v = U/F,,L and U = | 2 F(z)dz). For the case
of Schottky contact one may note the saturation, not representing the initial
Esaki-Tsu curve [103].

Alternative to the proposed contact solution is presented in the work of
Beltram [210]. The proposed solution is to use three-terminal structure to
supply the bias-independent constant-flux current. This is achieved by an ad-
dition of the forward biased p-n heterojunction, controlling the current and
reverse biased heterojunction to control the electric field in the superlattice
(see Figure 6.10). Such a solution is claimed to allow achievement of uniform
electric field, still using the Ohmic contacts. The achieved I-V characteristics
clearly depict the formation of the NDC region. Moreover, several peaks are
observed on the increasing part under higher bias. These peaks are attributed
to Wannier-Stark localization (WSL) states mixing with the states belonging
to other minibands or to the continuum above the barriers. These peaks in
real-life conditions also includes the accountancy for the electron coherence
length (evaluated via electron mean path). The proposed mathematical model
for the transmission is claimed to fit experimental results with mean free path
A = 30 nm [210]. This article has additional importance, as it proposes an em-
ployment of the heterojunctions to achieve uniform electric field much earlier
that the works of Maksimenko.
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Figure 6.9: Three regions, corresponding to different types of field distri-
bution marked I,II, and III. Red and blue dashed line mark Esaki-Tsu curve.
Number 1,2, and 3 represent linear emitters with dimensionless conductances
of 17, 0.7, and 0.1 respectively. Graphic clearly depicts inability to get into
NDV regime of Esaki-Tsu curve employing ideal Ohmic contacts in the super-
lattice structure. b) I-V characteristics corresponding to contact characteristics
1-3. [105]. Reproduced with permission from Springer Nature.
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Figure 6.10: (a) Energy diagram of the samples studied in [210]. Employment
of the three-terminal structure allow to supply bias independent constant flux
current and achieve uniform electric field across the superlattice. (b) Formation
of the NDC region visible at the I-V characteristics along with several peaks,
attributed to the intraband interaction of Wannier-Stark localization states
[210].

6.1.3. Comment on the Manley-Rowe relations

Manley-Rowe relations is a set of equation, describing the power transfer of
the non-linear element, affected by at least one alternating power source (mod-
ulators, demodulators, mixers) [211]. For the inductive or capacitive non-
linearities, the set consists of two independent equations, relating power at
two different frequencies. Such relations are treated to be general i.e. inde-
pendent on amplitude of the frequency, or the external circuit. Moreover, the
relations consider the possibility of generation of subharmonics or multiples of
subharmonics lower or larger than the applied frequency making the applica-
tion of the relations even more attractive for the discussed subject of fractional
sub-harmonic generation effect in the semiconductor superlattices.

Non-linear capacitor is analysed to derive the Manley-Rowe relations. Ap-
plying frequencies fm n = mf; + nf,, wherein m and n are positive and nega-
tive integers and omitting the full derivation (can be found at [211]), one would
achieve the resultant equation of

27 q(27rwyt)
dwyt / q)dq
>y mfx+nfy 2W/ o

m=0n=—oo

2 q(wxt,27)
dwyt / q)dq
Z mex+nfy 27T/ q(wxt,0)

m=—o00 n=0

(A.8)

wherein Py, , is the average power flowing into the nonlinear element at fre-
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Figure 6.11: Signal and local oscillator frequencies for modulators and demod-
ulators. (a) Non-inverting modulator and demodulator; (b) inverting modula-
tor and demodulator. fi, marks local oscillator frequency [211]. © 1956 IEEE

quencies £|m fx+nfy|, e - charge flowing into the nonlinear capacitor, and V()
voltage. The achieved equations are universal, still if one would like to achieve
Manley-Rowe equations of classic shape, one should introduce the hysteresis-
lessness of the nonlinear capacitor. Absence of the hysteresis in the nonlinear
characteristics result in the right integrals to be equal to zero, thus

Z:O Z mfx "r‘n";fy

Z mex_|_nf

m=—o00 n=0

providing two independent relation for the powers flowing into the capacitor at
the analysed frequencies. The solution of these equations is expected to depict
the power flow in or out of the nonlinear element. The research of the Manley
and Peterson [212,213] show that in the case of two frequencies, two solutions
are possible: one resulting in positive power entering the nonlinear element
(stable absorption) and second, resulting in unstable solution, wherein one of
the power flows is negative, representing emission from the nonlinear element
on one of the frequencies.

Consider participation of only two frequencies one of which has a much
larger amplitude. The latter is called pump field and the small one - probe field.
In the analysis of Manley [211] the pump frequency is called "local oscillator',
we will use this term in the current chapter. Assuming we have only two
frequencies, the instability (gain) of the smaller one is of particular interest
for us representing the case of the presented experiment. Figure 6.11 depict
output duality for the above-described case, resulting in "inverting" (f_) and
"non-inverting" (f;) processes wherein fi = f; + fr, and f;, depicts local
oscillator frequency.

For the case of "non-inverting" processes Equations A.9 can be further sim-
plified to
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This equation system reveals that for the case of positive P, and P, Py is
negative, representing gain form the nonlinear element. For the case of inverting

process
P, P_
f—l +—=0
1 —
A (A.11)
L=y
Lo -

situation is a bit different. Pj is positive and P, P_ - negative. Power from the
oscillator flows at frequencies f1, and f_ resulting in instability of the device.
Under such operating conditions device can feature any gain, depending on the
external impedances [211].

It is also important to note, that all the equations below Equation A.8
are given assuming the absence of hysteresis in the analysed non-linear struc-
ture. This note is very important as during the research the non-compliance
of the analysed structure to classical Manley-Rowe equations, typical for the
non-linear structures and devices was revealed. Our primary researches do
show the existence of the hysteresis in the analysed structure. This research is
currently in the very early stage of development, thus, neither results on the
appearance of the hysteresis in the proposed structure, nor the influence of the
latter on the Maley-Rowe equations will not be presented or discusses.

6.1.4. Evolution and negative differential velocity effect of the quantum

semiconductor superlattices

As is mentioned everywhere along the manuscript, superlattices are the main
subject of this research. The peculiarity of such a structure, which leads to
immense physical effects, lies in its composition of at least two different peri-
odic materials. Although the overwhelming majority of the manuscripts typ-
ically commences the introduction with the fundamental work of Esaki and
Tsu [63] as the initial ice-breaking, however, taking the advantage of the ex-
tensive manuscript, even older and not so famous works are worth uncovering
in order to deliver an expanded knowledge on the subject of superlattices in
common and semiconductor superlattices in particular.

One of the earliest studies on the development of the synthetic modu-
lated structures was performed almost half a century earlier by Johansson and
Linde [214]. However, the first works on the periodic structure involved met-
al-metal (Au-Cu and Pd-Cu) periodic structures, later labelled as metal super-
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lattices. The metal-metal superlattice structure was considered attractive due
to its specific electric parameters [215], including but not limited to thermo-
electric power [216] and superconductivity [217] or magnetic parameters [218],
including but not limited to perpendicular magnetic anisotropy [219] and giant
magneto-resistance [220].

Taking into account the early stage of the deposition technology at the time
of first metal-metal superlattice related studies, one may find a significant part
of works dedicated to the high-quality fabrication of the periodic layered struc-
tures [221-223]. Although, these works nowadays may be considered outdated,
they are widely acknowledged for the development of deposition methods and
techniques, laying a robust foundation and determining a rapid evolutional
growth of the subsequent research related to semiconductor superlattices.

Due to the differences between physics and properties of metal and semi-
conductor superlattices (the latter will be extensively discussed below), con-
siderably soon after the discovery, studies related to semiconductor super-
lattices seceded into separate research branch. Both types of superlattices
managed to maintain the scientific interest. Considerably recent researches
of metallic superlattice explore high-temperature superconductivity possibili-
ties [224], Fano lineshape control [225], unique electronic properties by addition
of graphene [226,227], magnetic properties [228], and thermoelectric energy
conversion [229].

As disclosed in the main part of the text, Esaki and Tsu [63] claim the
formation of negative differential velocity range in the DC biased superlat-
tice. The whole multiplicity of the experimental works by Sibille group ex-
perimentally prove this claim by solving the Poisson equation with the only
drift velocity dependency of Esaki Tsu allowing to achieve good match with
the experimental I-V characteristics. To further analyse the NDC formation
mechanism, superlattices of different miniband width have been fabricated and
analysed [230,231]. As Esaki mechanism claimed edE = f/7 [63] and WSL
mechanism claimed edE ~ A [119]. Although claimed differently in the ar-
ticle, transition between the two dependencies is clearly depicted (see Fig-
ure 6.12 (B)) This branch of the research is being finalized by combined
optical and electrical experiments, confirming the WSL and Esaki mechanisms
being expressions of one phenomena - electron localization, occurring due to
Bragg reflection under the application of external electric field [232,233]. Tt
was shown that critical field for the WSL mechanism and the critical electric
field for the onset of Esaki mechanism are almost equivalent, demonstrating the
fundament link between both mechanisms. In particular, it is mathematically
shown that the electric field required for the complete localization of the Stark
ladder, meaning that the electric field is so strong that the wave-function is
shrunk to one well (i.e. separate quantum wells) is equal to the onset of Esaki
NDV mechanism. The latter conclusion is also a result of another independent
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Figure 6.12: Peak velocity per superlattice period dependency on the mini-
band width. One should note difference between two mechanisms: NEM and
WSL. Reprinted figure with permission from [230]. Copyright 1990 by the
American Physical Society.

work [210].

6.1.5. On the matter of Bloch oscillations in semiconductor superlattices

There is a big amount of theoretical research on the matter of Bloch oscilla-
tions including but not limited by [234,235], still particular attention on the
works of Bouchard should be paid [135]. In the article authors deviate from
the classical single-band tight-binding model, but choose the numerical solving
of the time-dependent Schroedinger equation, applying different initial wave
functions. Such an approach is thought to be favourable as it allows to avoid
the typical Hamiltonian approximations and include interminiband transmis-
sions. During the particular research, authors manage to show the appearance
of Bloch oscillations in different modes.

The above-mentioned Bloch oscillation modes include "center-of-mass oscil-
lations" and "breathing oscillations" appearing due to different initial wavefunc-
tion applied. One of the examples for the initial wavefunction (via probability)
and probability density (time and positioned dependent) for the former mode
is depicted at Figure 6.13. The selected initial wavefunction is of particular
interest as it corresponds to the one achievable within experiment, wherein
electrons are excited by laser from the valence band. The wavefunction repre-
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sents a set of Wannier functions providing approximately equal probability for
6 neighbouring wells. One many note periodic probability density oscillations
in time representing the classical picture of the Bloch oscillations. Moreover,
such oscillations supplement initial statement of the ice-breaking works of Esaki
and Tsu [63,236]. On the other hand, breathing mode is shown to be achieved
by the wavefunctions comprising single Wannier state or the sum of separate
Wannier states (occupied well is separated by at least one substantially empty
well). In the breathing mode motion of the particles is found periodic, but
lacking center-of-mass oscillatory behaviour (charges move to the both sides in
the lattice; compare to Figure 6.13 depicting center-of-mass oscillations). The
requirement to achieve breathing mode are considered as highly restrictive and
unlikely to be met in actual experiment conditions.
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Figure 6.13: (a) Initial electron density probability and total potential energy
as a function of z for the periodic GaAs/AlGaAs superlattice under DC bias.
(b) Probability density as function of z and t/7p for the initial state and po-
tential energy depicted in (a). The lighter the colour, the larger the probability
density. Reprinted figure with permission from [236]. Copyright 1993 by the
American Physical Society.

Moreover, the research considers a significant background of previously con-
ducted Bloch oscillations experiments, fulfilling the gaps in the theoretical parts
of the experiments. Employment of the described method reveals no-decay os-
cillations for at least 25 periods. In particular, quick decay, observed in the
above-described experimental works [5,6,128,237] is explained not by the in-
terminiband hopping as claimed but some other effect not included within the
model of independent electron Hamiltonian or due to the experimental imper-
fections (structure, setup etc.). The structural uncertainty is also partially
accesses [236]. First of all, small random amount (up to 0.5%) addition of
Aluminium to the GaAs wells was performed resulting in not strictly periodic
profile and rounded well/barrier corners. Center-of-mass oscillations on fre-
quency close to Bloch have been detected, due to small influence of random
profile variation, that averages on the analysed large distance. It is stated that
small profile roughening would not affect Bloch oscillation experiment and re-

102



sults are expected to be indistinguishable. On the other hand, contaminating
one of the wells result periodic function wherein probability density described as
an infinite Fourier series of incommensurate frequencies. Authors employ this
effect and scattering to explain the quick dephasing in the work of Feldmann
denying the provided assumption of interband transmission [5].

Considering the evolution of understanding the physics of Bloch oscillation,
it is also important to note that at the early stages of the research, the above
discussed negative effective mass mechanism of the electrons being accelerated
beyond the inflection point of the Brillouin zone [63] and mechanism based on
the electron localization of the Wannier-Stark states [123,124] were treated as
physically different. It was shown that in case of WSL, transition probabil-
ity decreases being inversely proportional to the square of the applied electric
field strength, resulting in the appearance of the NDC [119]. As considerably
wide-miniband superlattices are exploited in our research, especially high bias
electric field would be expected to be required for this mechanism to become
dominating. For example for the miniband A = 110 meV, electric field strength
of F = 200 kV/cm is expected for the Wannier-Stark ladder hopping mecha-
nism [238]. It was experimentally proofed, considerably quickly, that both WSL
and Esaki mechanisms are manifestations of the one physical effect: localization
of electronic states by Bragg reflection [232,233]. Moreover, employment of the
quantum theory of transport transition between the latter two mechanisms was
show depicted via Green functions [239] and revealed experimentally [240,241].
However, this early-stage (before 1990-ies) misunderstanding is worth mention-
ing as considerable amount of articles, treating WSL and Esaki mechanisms as
separate may be met.

As was mentioned in the main part of the text, K.Leo group concentrated on
the optical excitation of the Wannier-Stark ladder and analysis of the generated
Bloch oscillations using different methods. One of the methods is Degenerate
Four-Wave Mixing (DFWM) technique [125]. During the DFWM two coher-
ent pulses of two different wave vectors (k1 and kg) are sent with a specific
time difference between the pulses (7). To perform the DFWM mixing, pho-
ton-echo signal k3 = 2ko — k1 at 27 is analysed for different 7. The degeneracy
of the DFWM is featured by employment of two different initial pulses, one of
which is used twice [242]. Considering the biased superlattice as a plurality of
two-level systems, representing high localization level, first excitation excites
all the systems with the same macroscopic phase of the dipole moment. With
time, due to different evolution, dephasing occurs, but in the case of no bias
applied second pulse at 7 result in zero phase shift at ¢ = 27, recovering the
initial macroscopic polarization leading to the emission of photon echo [5]. In
the case of biased electric field, due to momentum time dependency (see Equa-
tion 1.3), not all excited electrons will feature zero phase shift interaction of
dipole moments at t = 27 with the second pulse. It is shown that only elec-
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Figure 6.14: (a) TEOS oscillatory traces of transmission change in the super-
lattice for different reverse bias. (b) Frequency of Bloch oscillations changing
with the change o DC bias voltage achieved from the Fourier transformation
of the TEOS experimental data. Reprinted figure with permission from [127].
Copyright 1994 by the American Physical Society.

trons which travelled throughout the whole Brillouin zone between the pulses
(7 equal to Bloch period) will be in phase after 27. It is mathematically and
experimentally shown in the work of Plessen [125], that by sweeping the 7,
strong photon echo peak may be observed at delay times corresponding to n-th
Bloch oscillation period. Thus, detection of signal, modulated to Bloch period
is expected. The correlation of the observed peaks to the Bloch oscillation
have been shown by changing the electric field strength, thus, changing the
Bloch oscillation period [5]. Moreover, the biasing sweep reveals response to
the excitation on different not fully localized Wannier states [65].

Another method, widely employed at primary stages of the research of Bloch
oscillations is the transmittive electro-optic sampling (TEOS). In difference to
the above-discussed DFWM method, wherein Bloch oscillations are observed
due to the interband modulation of polarization, the TEOS method allows
to record Bloch oscillations, associated to the intraband modulation of po-
larisation [243]. Method exploits the linear electro-optics effect resulting in an
induction of the optical anisotropy (birefringence) in GaAs/AlGaAs, which can
be detected by the pump-probe system [244]. The polarization of the trans-
mitted probe becomes elliptical and the degree is analysed by the differential
comparison of the intensity along two main axes [128,245]. Resultant image
for different bias voltages omitting the instantaneous part is depicted at Fig-
ure 6.14 (a). One may see periodic Bloch oscillations with frequency being volt-
age dependent. Applying the Fourier transformation to the achieved oscillatory
dependencies one may finally get the Bloch frequency voltage dependency as
depicted at Figure 6.14 (b). One should note two regions: linear dependency
above -0.25 V and flat dependency below -0.25 V. Both of the regions are of
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extreme importance. First of all the linear dependency, corresponds to the
above-disclosed theoretical considerations. The differences between the theo-
retically predicted and experimental slopes are explained by the appearance of
the screening effects. Secondly, the flat dependency attributed to the excitonic-
biexitonic effects and inability of proper resolvancy, thus, is not fully disclosed
in the discussed researches [127]. It will be shown in the further discussion and
subsequent result section, that this biasing range supplement intriguing phys-
ical effects leading to the understanding on the effects inside the superlattice.
It is important to note that the above discussed method also reveals existence
of Bloch oscillations at room temperature conditions [129]. Increased temper-
ature results in increased dephasing (dephasing time decreases three times),
resulting in much quicker decreasing amount of TEOS amplitude

THz emission spectroscopy, being one of the most classical methods [246,
247, is worth mentioning in order to get the full picture on the research, related
to the detection of Bloch oscillations [6]. Method is shown to allow direct
observation of the Bloch oscillations in the superlattice featuring the same
dependencies as discussed within the employment of other detection methods
126, 248].

6.1.6. Esaki-Tsu drift velocity/electric field dependency derivation

This appendix covers mathematical steps between Equation 1.4 and Equa-
tion 1.5. For the simplicity first lets simplify the derivative part by inserting
sinusoidal approximation of F, resulting in

0%E,

T = 0.5Ad? - cos(k,d). (A.12)

Thus, the final integral (with k, value included) to be solved is

- eEtotAdQ & eEtotd t
Vg = 27}12\/0 COS Tt exp 7; dt. (A].?))

For simplicity eEyord/h will be treated as Cy and 1/7 will be treated as Cy. To
solve the integral basic [udv = uv — [wvdu rule is employed two times. First
time with

u = cos(C1t) = du = —C} - sin(C1t)dt

1 (A.14)
dv = exp(—Cat)dt - v = 7aexp(702t)
2

results in

1 oo
I = ——cos(C1t)exp(—Cat) — g/ exp(—Cat)sin(Cyt)dt. (A.15)
Cs Ca Jo
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Second time (based on the integral in Equation A.15) with

u = sin(C1t) = du = Cy - cos(C1t)dt

1
dv = exp(—Cst)dt — v = —Fexp(—C’gt)
2

the employment of the integration rule results in

1 C 1
I= —@cos(Clt)exp(—Cgt) - é [—C,Qsin(cﬁ)exp(—cﬂ)] -

C:[ [~
-5 cos(Ct)exp(—Cat)dt
3 Lo
or
1 2
I = ———cos(C1t)exp(—Cat) + %sin(Clt)eXp(—Cgt) - 0—12 1.
CQ CQ 02

Moving I to the left side results in

oo

—CQCOS(Clt)eXp(—CQt) + C1Sin(01t)eXp(—02t)
I'= 2 2
Ci+Cs

0

Application of the boundaries gives the final integral equation

JR—. T
S CP+CY

and thus, the final drift velocity function is

BEtotAdQ 1 GEtotAd2T

T

Ud = =
2h2 62Erf25td2 4 % 2(62Et20td27_2 + h2)

T
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6.2. Appendix B. Additions to the methods section

6.2.1. Derivation of the critical electric field equation

The main task of this appendix is to derive critical electric field equation, which
defines the electric field strength upon which peak drift velocity is reached. To
start with one should take Esaki-Tsu drift velocity equation (cf. Equation 1.5)

_ eEtotACFT
YT 5B, A2 + h2)
For simplicity imply A = eAd?r, B = 2e2d?r%, C = 2h?. This results in
vq = AFEy/(BE2, +C). Differentiating the simplified equation over Eio, and

(e}

(B.1)

equating numerator to zero gives

(AEt) (BEL, + C) — (BEL, + C) (AEy;) = A(BE}, + C) — 2BE;ot (AEot) =

= ABE., + AC —2ABE%, = AC — ABE}, = A(C — BEZ,) = 0.
(B.2)

C 2h? h
Bu=12 =1 s = —. B.
B 2e2d212  edr (B.3)

Moreover, this equation allows to define peak velocity, based only on the pa-

Thus

rameters of the superlattice

B el Ad?r _hAd _ Ad (B.4)
P T S e ope T 4R Ah '
This result in drift velocity equation to take the final form of
Etot/Ecr FtOt
V(Fiot) = 20 =2v , B.5
( tt) p1+(Et0t/Ecr)2 p1+Ft20t ( )
For the future, derivative of the latter equation will be found
81} - % 1/-Ecr : (1 + (Etot/Ecr)2) - 2/Ecr * (Etot/Ecr)2 _
OFjot g (1 + (Etot/Eer)?)? (B.6)

o 2’Up 1-— (Etot/Ecr)2
B Ecr (1 + (Etot/Ecr)2)2
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6.2.2. Derivation of the high-frequency mobility equations for the degenerate
case

The analysed integrals (averaging) are found to be considerably complicated,
some are impossible to solve analytically. This appendix will provide the ex-
panded info on the required integrals, employing analytic and numerical solving
methods in order to supplement the conclusions given in the main text. To start
with, one would like to gather all the required and already derived equations in
one place. These include drift velocity and its derivative equations (cf. Equa-
tions 2.6 and B.6; in this case given in dimensionless type):

Fioy Jvq 20, 1-— Ft20t

=20 ; = — . B.7
"1 +Ft20t 8Et0t Eex (1 +Ft20t)2 ( )

Ud (Ftot)

Furthermore, Taylor series of the drift velocity is given as (cf. Equation 3.7)

V4 (Etot) = va(Epump + Eprobe) = Va(Epump) + Uéi (Epump) E1 cos(wit + ¢1).

(B.8)
The next step is insertion of the above equations into different equations of
the method section and solving the integral over specified amount of common
periods. As one will note, the majority of the integrals can not be solved
analytically, thus, only numerical solution remains. Two ways can be chosen:
inserting everything into one long equation or dividing into small integrals,
diminishing those equal to zero. The second way will be depicted in the current
appendix.

Imaginary Mobility Component

First, lets apply the Taylor series equation to the imaginary mobility component
of Equation 3.6. In this appendix if not stated otherwise common variable
C will be used, demarking out-of-integral variables. Note that C' may have
different values within one equation. Equation

i Ecr . 2T .
% = o (va(Frot) sin(wit + 1)) = C’/ va(Ftot) sin(wit + ¢1)dt =
P 0

or
= C/ (vd(Epump) + v (Epump ) E1 cos(wit + 301)) sin(wit + o1)dt
0
(B.9)

results in two independent integrals

2T
C/ Va(Epump) sin(w1t + ¢1)dt+
0 (B.10)

2T
—|—C/ Vi (Epump) cos(wit + 1) sin(wit + ¢1)dt.
0
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For the simplicity the integrals will be analysed separately. Starting from the
first one, inserting the drift velocity and Fump = Fac + Fac cos(wot) equations

result in

I, = C’/ 1 _’_pFu,I;me sin(wyt + ¢1)dt =
pumpb (B.11)

2T

Fyc + Fac COb(th) .

=C 3 t dt.
/ 14+ (Fye + Fac cos(wot))? sin(wit + 1)

The integral itself can be divided into two simplified integrals

L= C/ < sin(w1t + ¢1)dt+
F C FELC t
de + Fac cos(wot))? (B.12)

F, ¢ cos(wot) )
¢ t dt
’ /0 L+ (Fyc + Fac cos(wot))? sin(wit + p1)dt,

leading to

0/2T sin(wit + ¢1) dt;

14+ (Fac + Fac cos(wot))?

C/2T cos(wot) sin(wit + 1)
14 (Fye + Fac cos(wot))?

(B.13)
dt.

Expanding the sine sum one should obtain

o7 . )
sin(w1t) cos(p1) + cos(wit) sin(py)
La=C dt B.14

H /0 14 (Fac + Fac cos(wot))? ( )

or sum of two maximally simplified integrals

Il L C/QT sin wlt) COS(Qpl dt+C/2T COS wlt) Sln(g@l) "
+ (Fie + Fac cos(wot)) + (Fie + Fac cos(wot))?

(B.15)
In both cases function is periodic over double common period, and the inte-
gral can not be solved analytically. Still it is easy to show numerically that
both integrals converge to zero for any set of Fyc, Fac,w1,wp. For the future
applications these will be marked as

2T .
3 t
I = C’/ sin(w1t) dt ~ 0;
+ (Fae + Fac cos(wot))?

B.16
cos(w1t) ( )

oT
L, =C
b /0 1+ (Fie + Fac cos(wot))?

Considering integral I o of Equation B.13, same expansion of the sine sum

dt =~ 0.

results in
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o /2T cos(wot) (Sin(wlt) cos(p1) + cos(wit) sin(gpl)> u B17)

1+ (Fyc + Fac cos(wot))?

or sum of two integrals

dt.

18)

2T cos(wot) sin(wyt) cos(y) 2T cos(wot) cos(wit) sin(pr)

Lo,=C Sdt+C 5
o 14 (Fiae + Fac cos(wot)) o 14 (Fiac+ Fac Cos(wot())

B.

Both of the above most simplified integrals, also converges to zero

2T
Lo = C/ T+ ( C;S Oftl)fsmgzt) ezt~ 0
he cos(w
dc c 0 (Blg)
t t
L=C cos(wot) cos(wit) dt ~ 0.

o 14 (Fae + Fac cos(wot))?

These considerations gives us understanding that integrals I7 1, I1.5 and conse-
quently I is zero.

Turning back to I5 insertion of drift velocity derivative results in

2T 1— F2
IL,=C ——PUP _ og(wqt 4+ sin(wit + dt =
2=C [ R st + o) sngent + 1)

(B.20)

) 2 1
1— F c ac t w i
C/ 1 de + Fac cos(wot)) cos(wit + 1) sin(wit + ¢1)dt.

Applying double angle trigonometry equations and further expanding the first
half one would achieve

o7 + F2
F CFaC t t i
C/ 1 — (F3. + 2FgcFac cos(wot)  cos” (wot)) sin(2wit + 21 )dt

(1+ (Fyc + Fac cos(wot)) )2

(B.21)

resulting in three separate integrals

2T )

1-F
L=¢ de sin(2w1t + 2¢1 )dt+
’ /0 (1 + (Fye + Fae cos(wot))2)2 (201 ©1)
2T
2F 3 Fc cos(wot) .

+C/ sin(2w1t + 2¢1 )dt+ B.22
o (14 (Fac + Fac cos(wot))?)? (201 1) ( )

2T 2 .2
F?. cos?(wot) )
C ac sin (2wt + 2¢1 )dt.
+ /0 (15 (Fae + Fae cos(wod))2)? sin(2w1t 4 2¢1)

Expanding double angle sine sum three independent integrals are achieved
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2T
1
L=C in(2w; £) cos(2 2w1t) sin(2¢1 )dt
- / + (Fye + Fae cos(wot))?)? sin(2w1t) cos(2p1) + cos(2w1t) sin(2¢p1 ) dt+

27T

cos(wot . .

+C/ 1+ (Fd —|—f7(‘ chs(wot))2)2 Sln(QWIt) COS(QQOl) + COS(Q(Ult) Sln(2g01)dt—|—
0 c ac

o /2T cos? (wot) sin(2w1t) cos(2p1) + cos(2w1t) sin(2¢p1 )dt
0 (1 + (ch + Fac COS(wot))2)2 1 ®1 1 p1 .
(B.23)

The final equation can be represented as 6 independent integrals

I - C/2T sin(2w1t) cos(2¢1)
1+ (Fac + Fac cos(wot))?)?
\C /2T cos(2wi t) sin(2¢1)
1+ (Fae + Fac cos(wot))?)?
LC /2T cos(wot) sin(2w t) cos(2¢p1)
14+ (Fac + Fac cos(wot))?)?

\C /2T cos(wot) cos(2w1t) sin(2¢p1)
1+ ch + Fac COb(WOt)) )

iC /2T cos?(wot) sin(2ws ) cos(2¢1)
14+ (Fac + Fac cos(wot))?)?

iC /2T cos?(wot) cos(2w1t) sin(2¢1) gt
o (14 (Fie + Fac cos(wpt))?)?

dt+

dt+

dt+

(B.24)

dt+

dt+

or
sin(2w1t)

2T
Ih1=C
21 /0 (1+ (Fue + Fac cos(wot))2)2
2T cos (2w t)
0 (1 + (Fac + Fac COS(Wot))2)2

2T
C/ cos(wopt) sin (2w t) gt~ 0
ch + Fac COS(Wot)) )

C/2T cos(wot) cos(2w1 t) gt~ 0
+ (Fae + Fac cos(wpt))?)?
C/2T cos?(wot) sin (2w t) gt~ 0
ch + Fac COS(Wot)) )

_c /2T cos?(wot) cos(2wr t) gt ~ 0.
1+ (Fae + Fac cos(wot))?)?

I, o =C dt ~ 0

(B.25)

All components being zero, result in total imaginary mobility component ap-
proaching zero. This shows that the imaginary component can be omitted for
the total mobility calculation.
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Real Mobility Component

To proceed, further analysis of the real mobility component is required. Ap-
plying Taylor series to the drift velocity equation, the real mobility component
(cf. Equation 3.4) transforms into

T E T
Be o 2 (i (Broy) cos(wrt + 1))y =
Ho UpEl

oy (B.26)
= C’/ (vd(Epump) + v (Epump) E1 cos(wit + <p1)> cos(w1t + 1 )dt.
0

From now unless stated otherwise C' = 1/v,Fy. The integral can be expanded
in order to achieve the separation into compoents as depicted in Equation 3.8

2T
% = C/ V4 (Epump) cos(wit + ¢1)dt+
0 0
o7 (B.27)
—|—C'/ Vi (Epump) E1 cos(wit + 1) cos(wit + 1)dt.
0
Applying double angle trigonometry equations
" 2T
L C/ V4(Epump) cos(wit + ¢1)dt+
Ho 0
CE, 2T
+=5 ! / 0 (Epump) (1 4 cos(2wit 4 2¢1))dt =
0
o7 CE, o7 (B.28)
— C/ va(Epump) cos(wit + ¢p1)dt + - /0 Vi (Epump )dt+
0
CE, [*T
+T Vg (Epurnp) COS(2(JJ1t + 2(p1)dt = Ay + Aine + Acon-
0

One note the match of the latter equation with the Equation 12 of the supple-
mentary of [Al]. Next the components will be analysed separately.
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Ay, real mobility component analysis

Starting from the Ay, expanding sine sum and inserting the drift velocity rela-

tion:
oT
Ay = C/ Va4 (Epump) cos(wit + ¢1)dt =
0

2T
F um . .
= C/ v, — 2P (Cos(wlt) cos(p1) + sin(wqt) sm(cp1)>dt =
0 L+

2
2sin(pq) /2T Foump
0

pump
_ 2 cos(p1) /2T Foump
0 Fl 1 + Fgump

n 1+ F2

pump

cos(ws t)dt +

sin (w1 t)dt.
(B.29)

Inserting Fump = Fac + Fac cos(wot) results in

A = 2 cos(¢p1) /2T Fac + Fac cos(wot)

Fy o 1+ (Fac + Faccos(wot))?
+251n(¢1) /2T Fyc + Fic cos(wot)

3l o 1+ (Fac + Faccos(wot))?

cos(ws t)dt+
(B.30)

sin(wyt)dt
or

A = 2 cos(¢1) /2T Fy. cos(wrt)
I o 14 (Fye + Fac cos(wgt))?
n 2 cos(p1) /2T F,c cos(wopt) cos(wr t)
F o 14 (Fac + Fac cos(wot))?
+2sin(g01) /2T Fyc sin(wqt)
F o 14 (Fye + Fac cos(wpt))?
L 2sin(¢1) /2T F,¢ cos(wot) sin(w1t)
o o 14 (Fiae + Fac cos(wot))?

dt+

di+
(B.31)

dt+

dt

or

Ah =

2Fy4. cos(p1) /2T cos(w1t) it
o 14

o Fyc + F,c cos(wot))?
n 2F,. cos(p1) /2T cos(wot) cos(w1t)
b o 14 (Fye + Fac cos(wpt))?
2P sin(¢p1) /2T sin(wit)
I3 o 14 (Fac+ Faccos(wot))?

n 2F,.sin(p1) /2T cos(wot) sin(wqt)
a1 o 14 (Fae + Fac cos(wot))?

dt+

(B.32)

dt+

dt.

The derived integrals correspond to the already analyzed I,_q and are equal
to zero. Resulting A, = 0 and Equation B.28 to be modified as
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B [T CE. 2T
% = ! /0 Vi (Epump)dt + 5 ! /0 Vi (Epump) €08(2w1t + 201 )dt =

= Ainc + Acoh~
(B.33)
Aj,. real mobility component analysis

Proceeding with the incoherent part inserting drift velocity derivative equation

results in

cE, (2T o) 2T o, 2
Ay = 2 (B )t = p&dt
2 /0 Va(Epump) 2, Jo  Eer (14 F2

pump)

dt =

B *T 1 — (Fye + Fe cos(wot))?

n /0 (14 (Fac + Fac cos(wpt))?)?
~[*"1— (F2, + 2Fy Fc cos(wot) + F2, cos?(wot))
B / (14 (Fye + Fac cos(wpt))?)?

dt =
(B.34)

/2T L F§ dt—
o (14 (Fyc + Fac cos(wpt))?)?
/2T 2F ¢ Fac cos(wot)

o (14 (Fac + Faccos(wot))?)?

/2T F2, cos?(wot)) gt
0 ch + Fac COS(WOt)) )

dt—

or

27

1
AinC =(- F2 / "
( de) o (14 (Fye + Fyecos(wot))?)?

orke [ )
cl'ac o (1 < (ch + Fle COS(WOt)>2)2

2T 2
_F2 / cos”(wot)) .
o (14 (Fye + Fac cos(wot))?)

dt— (B.35)

Numerical solution reveals all the integrals not to be equal to zero, thus, none
of these can be omitted.
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Acon real mobility component analysis

Proceeding with the coherent part, applying the same procedure

CE, [*"
Acoh = ?1 / Ué(Epump) COS(QOJlt + 2@1)dt =
0

E 2T
- 02 ! / v’d(Epump)(cos(let) cos(2¢1) — sin(2wrt) sin(2gpl)>dt:
0

2
CE 2T
—?1 U (Epump) sin(2w1t) sin(2¢1 )dt =
0

Eycos(2¢1) [T
= EETNaA Vi (Epump) cos(2wy t)dt—
_ Eisin(2¢1)

2’UpF1

2T
= % / 'Uéi (Epump) COS(20J1t> COS(2801)dt_
i (B.36)

oT
/ V3 (Epump) sin (2w t)dt.
0

Inserting the derivative of the drift velocity corresponding to the Equation B.6
results in

Eycos(2¢1) [T 20, 1-— Fgump

2upFy 0 Eo (14 F2ump)?

Eqsin(2¢1) 2T 20, 1-— Fgump

Acon = cos(2w1 t)dt—

in(2w1t)dt =
2'UpF1 0 Ecr (1 + F‘gump)2 Sln( ! )
o | o (B.37)
= cos(2 —— DU og(2wqt)dt—
@00 [ g et

2T 1— F2
—sin(2¢, — PP gin(2uwit)dt.
4 0

(1 + Fgump)2

Inserting Fump = Fac + Fac cos(wot) results in

2T 2
1— (Fyc+ Fac t
Acon = cos(2<p1)/ (Fac + cos(wot) cos(2ws t)dt—

0 (1 + (ch + Fac COS(Wot))2)2

in(2 )/2T 1 — (Fye + Fae cos(wot))?
— S1n
SIS | (1 4 (Fae + Fac cos(wot))2)2

(B.38)

SiIl(let)dt = 13 + I4.

Next, separation into two independent integrals results in
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27 1 — (FC%C + 2FycFye cos(wot) + F2, cos?(wot)

. ) 2wit)dt =
5 = cos( <p1)/0 (1 + (Fae + Fac cos(wot))?)2 cos (2w t)
2T 1-F2
— cos(2 c cos(2w1t)dt—
( %)A (1 + (Fye + Fae cos(wot))?)? (Zeert)
2T
2chFac COS(OJot)
- ) 2wit)dt—
cos( <p1)/0 (1 + (Fye + Fac cos(wpt))?)? cos(2w:t)
2T 2 2
F2 cos?(wot)
~ cos(2 - Zent)t
COb( 901)/0 (1 + (ch + Fle cos(wot))Q)g COS( w1 )
(B.39)

Expanding double cosine one achieve final 6 most simplified integrals to analyse

2T 1 — (FgC + 2Fyc Fyoe cos(wot) + F2, cos?(wot)
Is = cos(2<p1)/ cos(2wt)dt =

0 (14 (Fac + Fac cos(wpt))?)?

) o 2T cos?(wt)
= (1 - F3) cos(2¢1) /O (1 + (Fuac + Fac cos(wot))?)?

2T
—(1 = F2) cos(2¢1) /0 151

dt—

sin?(wyt)
Fac + Fac cos(wot))?)?
cos?(wst) cos(wot)
(Fac + Fac cos(wot))?)?
sin?(wyt) cos(wot)
(Fac + Fac cos(wot))?)?

dt—

dt+

2T
—2F 4. F,c cos(2
dclac ( @1)/0 (1+

2T
+2F 3. F,c cos(2 dt—
d ( 801)/0 1+

—F2 cos(2¢ )/2T cos? (wt) cos® (wot)
ac Y Jo U+ (Fae + Fac cos(wot))?)2

oT
+ch cos(2<p1)/
’ o (1+

dt+

sin?(w; t) cos?(wot)

dt.
(ch + Fic COS((")Ot))z)2

(B.40)
Neither of these integrals equals to zero, thus, none of these can be omitted.
All of the above consideration prove that the final mobility equation is

1 2T
®ro_ / (vd(Epump) + vy (Epump) E1 cos(wit + cp1)> cos(wit + ¢1)dt.
0

Ho 'UpFl
(B.41)

116



1]

REFERENCES

V. Cizas, L. Subadius, N. V. Alexeeva, D. Seliuta, T. Hyart, K. Koh-
ler, K. N. Alekseev, G. Valusis, Dissipative parametric gain in a
GaAs/AlGaAs superlattice, Physical Review Letters 128(23), 236802
(2022), https://doi.org/10.1103/PhysRevLett.128.236802.

G. Valusis, K. Alekseev, V. Cizas, L. Minkevi¢ius, N. Alexeeva,
D. Seliuta, L. Subacius, Broadband high-frequency radiation generat-
ing/amplifying device based on quantum semiconductor superlattice,
Lithuanian Patent 7000 (2023).

V. Cizas, N. V. Alexeeva, K. N. Alekseev, G. Valusis, Co-
existence of Bloch and parametric mechanisms of high-frequency
gain in doped superlattices, Nanomaterials 13(13), 1993 (2023),
https://doi.org/10.3390 /nano13131993.

V. Cizas, N. V. Alexeeva, K. Alekseev, G. Valusis, Sum-frequency
generation and amplification processes in semiconductor super-
lattices, Lithuanian Journal of Physics 63(3), 148-154 (2023),
https://doi.org/10.3952/physics.2023.63.3.5.

J. Feldmann, K. Leo, J. Shah, D. A. Miller, J. Cunningham, T. Meier,
G. Von Plessen, A. Schulze, P. Thomas, S. Schmitt-Rink, Optical investi-
gation of Bloch oscillations in a semiconductor superlattice, Physical Re-
view B 46(11), 7252 (1992), https://doi.org/10.1103/PhysRevB.46.7252.

C. Waschke, H. G. Roskos, R. Schwedler, K. Leo, H. Kurz, K. K&h-
ler, Coherent submillimeter-wave emission from Bloch oscillations in a
semiconductor superlattice, Physical Review Letters 70(21), 3319 (1993),
https://doi.org/10.1103 /PhysRevLett.70.3319.

V. G. Lyssenko, G. Valusis, F. Loser, T. Hasche, K. Leo,
M. M. Dignam, K. Kohler, Direct measurement of the spa-
tial displacement of Bloch-oscillating electrons in semiconduc-
tor superlattices, Physical Review Letters 79, 301-304 (1997),
https://doi.org/10.1103 /PhysRevLett.79.301.

T. Bauer, J. Kolb, A. B. Hummel, H. G. Roskos, Y. Ko-
sevich, K. Kohler, Coherent Hall effect in a semiconduc-
tor superlattice, Physical Review Letters 88, 086801 (2002),
https://doi.org/10.1103 /PhysRevLett.88.086801.

J. Y. Romanova, E. Demidov, L. Mourokh, Y. A. Romanov, Zener tun-

neling in semiconductor superlattices, Journal of Physics: Condensed
Matter 23(30), 305801 (2011).

W. Shi, S. Kahn, N. Leconte, T. Taniguchi, K. Watanabe, M. Crommie,
J. Jung, A. Zettl, High-order fractal quantum oscillations in graphene/BN
superlattices in the extreme doping limit, Physical Review Letters 130,
186204 (2023), https://doi.org/10.1103/PhysRevLett.130.186204.

117


https://doi.org/10.1103/PhysRevLett.128.236802
https://doi.org/10.3390/nano13131993
https://doi.org/10.3952/physics.2023.63.3.5
https://doi.org/10.1103/PhysRevB.46.7252
https://doi.org/10.1103/PhysRevLett.70.3319
https://doi.org/10.1103/PhysRevLett.79.301
https://doi.org/10.1103/PhysRevLett.88.086801
https://doi.org/10.1103/PhysRevLett.130.186204

[11]

[12]

[13]

[18]

[19]

M. A. Belkin, F. Capasso, New frontiers in quantum cascade lasers:

high performance room temperature terahertz sources, Physica Scripta
90(11), 118002 (2015).

K. F. Renk, B. I. Stahl, A. Rogl, T. Janzen, D. G. Pavelev,
Y. I. Koshurinov, V. Ustinov, A. Zhukov, Subterahertz superlat-
tice parametric oscillator, Physical Review Letters 95, 126801 (2005),
https://doi.org/10.1103 /PhysRevLett.95.126801.

K. Renk, A. Rogl, B. Stahl, Semiconductor-superlattice para-
metric oscillator for generation of sub-terahertz and terahertz
waves, Journal of Luminescence 125(1), 252-258, festschrift
in Honor of Academician Alexander A. Kaplyanskii (2007),
https://doi.org/https://doi.org/10.1016/j.jlumin.2006.08.037.

S. Ktitorov, G. Simin, V. Sindalovskij, Bausgaue Bparrosckux orpake-
HUI HA BBICOKOYACTOTHYIO MPOBOANMOCTD JIEKTPOHHOMN TIa3MbI TBEPIOTO

rena, Soviet Physics of Solid State 13(8), 2230-2233 (1971).

R. Terazzi, T. Gresch, M. Giovannini, N. Hoyler, N. Sekine, J. Faist,
Bloch gain in quantum cascade lasers, Nature Physics 3(5), 329-333
(2007), https://doi.org/10.1038 /nphys577.

A. Wacker, Coexistence of gain and absorption, Nature Physics 3(5),
298-299 (2007), https://doi.org/10.1038 /nphys603.

C. Chaccour, M. N. Soorki, W. Saad, M. Bennis, P. Popovski, M. Debbah,
Seven defining features of terahertz (THz) wireless systems: A fellowship
of communication and sensing, IEEE Communications Surveys & Tuto-
rials 24(2), 967-993 (2022).

H. Sarieddeen, M.-S. Alouini, T. Y. Al-Naffouri, An overview of signal
processing techniques for terahertz communications, Proceedings of the
IEEE 109(10), 1628-1665 (2021).

M. Koch, D. M. Mittleman, J. Ornik, E. Castro-Camus, Terahertz
time-domain spectroscopy, Nature Reviews Methods Primers 3(1), 48
(2023).

E. Castro-Camus, M. Koch, D. M. Mittleman, Recent advances in tera-
hertz imaging: 1999 to 2021, Applied Physics B 128(1), 12 (2022).

G. Valusis, A. Lisauskas, H. Yuan, W. Knap, H. G. Roskos, Roadmap of
terahertz imaging 2021, Sensors 21(12), 4092 (2021).

A. Leitenstorfer, A. S. Moskalenko, T. Kampfrath, J. Kono, E. Castro-
Camus, K. Peng, N. Qureshi, D. Turchinovich, K. Tanaka, A. G. Markelz,
et al., The 2023 terahertz science and technology roadmap, Journal of
Physics D: Applied Physics 56(22), 223001 (2023).

J. F. Federici, D. Gary, R. Barat, D. Zimdars, Terahertz imaging using
an interferometric array, in Terahertz for Military and Security Applica-
tions 11T (SPIE, 2005), volume 5790, 11-18.

118


https://doi.org/10.1103/PhysRevLett.95.126801
https://doi.org/https://doi.org/10.1016/j.jlumin.2006.08.037
https://doi.org/10.1038/nphys577
https://doi.org/10.1038/nphys603

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[34]

Q. Song, Y. Zhao, A. Redo-Sanchez, C. Zhang, X. Liu, Fast continu-
ous terahertz wave imaging system for security, Optics Communications
282(10), 2019-2022 (2009).

D. Zimdars, J. S. White, Terahertz reflection imaging for package and
personnel inspection, in Terahertz for Military and Security Applications
IT (SPIE, 2004), volume 5411, 78-83.

Y. Morita, A. Dobroiu, K. Kawase, C. Otani, Terahertz technique for
detection of microleaks in the seal of flexible plastic packages, Optical
Engineering 44(1), 019001-019001 (2005).

K. W. Kim, K.-S. Kim, H. Kim, S. H. Lee, J.-H. Park, J.-H. Han, S.-H.
Seok, J. Park, Y. Choi, Y. I. Kim, et al., Terahertz dynamic imaging of
skin drug absorption, Optics express 20(9), 9476-9484 (2012).

G. Choi, D.-H. Lee, 1. Park, D. Kang, H. K. Lee, J. Rhie, Y.-M.
Bahk, Evaluation of moisturizing cream using terahertz time-domain
spectroscopy, Current Applied Physics 39, 84-89 (2022).

L. Afsah-Hejri, P. Hajeb, P. Ara, R. J. Ehsani, A comprehensive review on
food applications of terahertz spectroscopy and imaging, Comprehensive
Reviews in Food Science and Food Safety 18(5), 1563-1621 (2019).

Y. Zhang, C. Wang, B. Huai, S. Wang, Y. Zhang, D. Wang, L. Rong,
Y. Zheng, Continuous-wave THz imaging for biomedical samples, Applied
Sciences 11(1), 71 (2020).

X. G. Peralta, D. Lipscomb, G. J. Wilmink, I. Echchgadda, Terahertz
spectroscopy of human skin tissue models with different melanin content,
Biomedical optics express 10(6), 2942-2955 (2019).

Y. Wang, H. Minamide, M. Tang, T. Notake, H. Ito, Study of wa-
ter concentration measurement in thin tissues with terahertz-wave
parametric source, Optics Express 18(15), 15504-15512 (2010),
https://doi.org/10.1364/0E.18.015504.

v —

deckas, M. Bernatonis, S. Orlov, G. Valusis, L. Minkevic¢ius, Flexible
terahertz optics: light beam profile engineering via C-shaped metallic
metasurface, Frontiers in Physics 11, 1196726 (2023).

eve—

K. Ikamas, A. Lisauskas, N. Alexeeva, I. Matulaitiené, V. Jukna,
S. Orlov, et al., Terahertz structured light: nonparaxial Airy imaging
using silicon diffractive optics, Light: Science & Applications 11(1), 326
(2022).

v —

E. Nacius, D. Jokubauskis, K. Ikamas, A. Lisauskas, L. Minkevi¢ius,
G. Valusis, Light engineering and silicon diffractive optics assisted non-
paraxial terahertz imaging, Laser & Photonics Reviews 2301197 (2024).

119


https://doi.org/10.1364/OE.18.015504

[36]

[37]

K. Stanaitis, K. Redeckas, A. Bielevi¢iuté, M. Bernatonis,
D. Jokubauskis, V. Cizas, L. Minkevi¢ius, Study of the low-cost
HIPS and paraffin-based terahertz optical components, Lithuanian
Journal of Physics 63(4) (2023).

I. Gayduchenko, G. Fedorov, M. Moskotin, D. Yagodkin, S. Seliv-
erstov, G. Goltsman, A. Y. Kuntsevich, M. Rybin, E. Obraztsova,
V. Leiman, et al., Manifestation of plasmonic response in the detection

of sub-terahertz radiation by graphene-based devices, Nanotechnology
29(24), 245204 (2018).

A. Ahmadivand, R. Sinha, B. Gerislioglu, M. Karabiyik, N. Pala,
M. Shur, Transition from capacitive coupling to direct charge trans-
fer in asymmetric terahertz plasmonic assemblies, Optics letters 41(22),
5333-5336 (2016).

A. Arlauskas, P. Svidovsky, K. Bertulis, R. Adomavic¢ius, A. Krotkus,
GaAsBi photoconductive terahertz detector sensitivity at long excitation
wavelengths, Applied Physics Express 5(2), 022601 (2012).

D. V. Lavrukhin, A. E. Yachmenev, Y. G. Goncharov, K. I. Zaytsev,
R. A. Khabibullin, A. M. Buryakov, E. D. Mishina, D. S. Ponomarev,
Strain-induced InGaAs-based photoconductive terahertz antenna detec-
tor, IEEE Transactions on Terahertz Science and Technology 11(4),
417-424 (2021).

A. Shurakov, Y. Lobanov, G. Goltsman, Superconducting hot-electron
bolometer: from the discovery of hot-electron phenomena to practical ap-
plications, Superconductor Science and Technology 29(2), 023001 (2015).

V. Ryzhii, I. Khmyrova, M. Ryzhii, V. Mitin, Comparison of dark current,
responsivity and detectivity in different intersubband infrared photode-
tectors, Semiconductor science and technology 19(1), 8 (2003).

V. Ryzhii, Negative differential photoconductivity in quantum-dot in-
frared photodetectors, Applied Physics Letters 78(21), 3346-3348 (2001).

V. Desmaris, H. Rashid, A. Pavolotsky, V. Belitsky, Design, simulations
and optimization of micromachined Golay-cell based THz sensors oper-
ating at room temperature, Procedia Chemistry 1(1), 1175-1178 (2009).

R. Miiller, B. Gutschwager, J. Hollandt, M. Kehrt, C. Monte, R. Miiller,
A. Steiger, Characterization of a large-area pyroelectric detector from
300 GHz to 30 THz, Journal of Infrared, Millimeter, and Terahertz Waves
36, 654-661 (2015).

F. Simoens, Thz bolometer detectors, Physics and Applications of Tera-
hertz Radiation 35-75 (2014).

Y. Shin, G. Park, G. Scheitrum, G. Caryotakis, Circuit analysis of an
extended interaction klystron, Journal-Korean Physical Society 44(2),
1239-1245 (2004).

120



[48]

[49]

[54]

[55]

[56]

B. Knyazev, G. Kulipanov, N. Vinokurov, Novosibirsk terahertz free elec-
tron laser: instrumentation development and experimental achievements,
Measurement Science and Technology 21(5), 054017 (2010).

C. Sung, S. Y. Tochitsky, S. Reiche, J. Rosenzweig, C. Pellegrini, C. Joshi,
Seeded free-electron and inverse free-electron laser techniques for radia-
tion amplification and electron microbunching in the terahertz range,
Physical Review Special Topics-Accelerators and Beams 9(12), 120703
(2006).

L.-A. Yang, Y. Hao, Q. Yao, J. Zhang, Improved negative differential
mobility model of GaN and AlGaN for a terahertz Gunn diode, IEEE
Transactions on Electron Devices 58(4), 1076-1083 (2011).

S. Pérez, T. Gonzéalez, D. Pardo, J. Mateos, Terahertz Gunn-like oscilla-
tions in InGaAs/InAlAs planar diodes, Journal of applied physics 103(9)
(2008).

W. Knap, J. Lusakowski, T. Parenty, S. Bollaert, A. Cappy, V. Popov,
M. Shur, Terahertz emission by plasma waves in 60 nm gate high electron
mobility transistors, Applied Physics Letters 84(13), 2331-2333 (2004).

M. S. Shur, J.-Q. Lu, Terahertz sources and detectors using
two-dimensional electronic fluid in high electron-mobility transistors,
IEEE Transactions on microwave theory and techniques 48(4), 750-756
(2000).

J. Darmo, V. Tamosiunas, G. Fasching, J. Kréll, K. Unterrainer, M. Beck,
M. Giovannini, J. Faist, C. Kremser, P. Debbage, Imaging with a tera-
hertz quantum cascade laser, Optics express 12(9), 18791884 (2004).

L. Bosco, M. Franckié, G. Scalari, M. Beck, A. Wacker, J. Faist, Ther-
moelectrically cooled THz quantum cascade laser operating up to 210 K,
Applied Physics Letters 115(1) (2019).

H.-W. Hiibers, A. Semenov, K. Holldack, U. Schade, G. Wiistefeld,
G. Gol'tsman, Time domain analysis of coherent terahertz synchrotron
radiation, Applied Physics Letters 87(18) (2005).

Y. J. Ding, Progress in terahertz sources based on difference-frequency
generation, JOSA B 31(11), 2696-2711 (2014).

M. A. Belkin, F. Capasso, F. Xie, A. Belyanin, M. Fischer, A. Wittmann,
J. Faist, Room temperature terahertz quantum cascade laser source based
on intracavity difference-frequency generation, Applied Physics Letters
92(20) (2008).

K. Kawase, J. Shikata, M. Sato, T. Taniuchi, H. Ito, Widely tunable
coherent terahertz-wave generation using nonlinear optical effect, Elec-
tronics and Communications in Japan (Part II: Electronics) 81(7), 10-18
(1998).

121



[60]

[61]

[64]

[65]

H. Zhao, Q. An, X. Ye, B. Yu, Q. Zhang, F. Sun, Q. Zhang,
F. Yang, J. Guo, J. Zhao, Second harmonic generation in AB-type
LaTiO3/SrTiO3 superlattices, Nano Energy 82, 105752 (2021),
https://doi.org/10.1016/j.nanoen.2021.105752.

C. Wang, M. J. Burek, Z. Lin, H. A. Atikian, V. Venkataraman, I.-C.
Huang, P. Stark, M. Loncar, Integrated high quality factor lithium nio-
bate microdisk resonators, Optics Express 22(25), 30924-30933 (2014),
https://doi.org/10.1364/0E.22.030924.

M. Asada, S. Suzuki, Thz resonant tunneling devices, Fundamentals of
Terahertz Devices and Applications 447-477 (2021).

L. Esaki, R. Tsu, Superlattice and negative differential conductivity in
semiconductors, IBM Journal of Research and Development 14(1), 61-65
(1970), https://doi.org/10.1147/rd.141.0061.

L. Mandelstam, N. Papalexi, Uber resonanzerscheinungen bei
frequenzteilung, Zeitschrift fiir Physik 73(3), 223-248 (1932),
https://doi.org/10.1007/BF01351217.

K. Leo, J. Feldmann, J. Shah, G. von Plessen, P. Thomas, S. Schmitt-
Rink, J. Cunningham, Optical investigation of Bloch oscillations in semi-
conductor superlattices, Superlattices and Microstructures 13(1), 5560
(1993), https://doi.org/10.1103/PhysRevB.46.7252.

E. J. Ryder, W. Shockley, Mobilities of electrons in high
electric  fields, Physical ~ Review  81(1), 139-140  (1951),
https://doi.org/10.1103 /PhysRev.81.139.2.

W. Shockley, Hot electrons in germanium and Ohm’s law,
The Bell System Technical Journal 30(4), 990-1034 (1951),
https://doi.org/10.1002/.1538-7305.1951.tb03693 x.

H. Kréemer, Zur theorie des germaniumgleichrichters und
des transistors, Zeitschrift fir Physik 134, 435-450 (1953),
https://doi.org/10.1007/BF01332747.

H. Kromer, Proposed negative-mass microwave am-
plifier, Physical Review 109(5), 1856-1856 (1958),
https://doi.org/10.1103 /PhysRev.109.1856.

H. Kromer, The physical principles of a negative-mass am-
plifier,  Proceedings of the IRE 47(3), 397-406 (1959),
https://doi.org/10.1109/JRPROC.1959.287175.

B. K. Ridley, T. B. Watkins, The possibility of negative resistance effects
in semiconductors, Proceedings of the Physical Society 78(2), 293 (1961),
https://doi.org/10.1088/0370-1328/78/2/315.

C.  Hilsum, Transferred  electron  amplifiers and  oscilla-
tors,  Proceedings of the IRE 50(2), 185-189 (1962),
https://doi.org/10.1109/JRPROC.1962.288025.

122


https://doi.org/10.1016/j.nanoen.2021.105752
https://doi.org/10.1364/OE.22.030924
https://doi.org/10.1147/rd.141.0061
https://doi.org/10.1007/BF01351217
https://doi.org/10.1103/PhysRevB.46.7252
https://doi.org/10.1103/PhysRev.81.139.2
https://doi.org/10.1002/j.1538-7305.1951.tb03693.x
https://doi.org/10.1007/BF01332747
https://doi.org/10.1103/PhysRev.109.1856
https://doi.org/10.1109/JRPROC.1959.287175
https://doi.org/10.1088/0370-1328/78/2/315
https://doi.org/10.1109/JRPROC.1962.288025

[73]

[74]

[75]

[81]

[82]

[83]

J. Gunn, Microwave oscillations of current in III-V semi-
conductors, Solid State Communications 1(4), 88-91 (1963),
https://doi.org/https://doi.org/10.1016/0038-1098(63)90041-3.

J. B. Gunn, Instabilities of current in III-V semiconductors,
IBM Journal of Research and Development 8(2), 141-159 (1964),
https://doi.org/10.1147/rd.82.0141.

P. Guetin, Contribution to the experimental study of the Gunn effect
in long GaAs samples, IEEE Transactions on Electron Devices 14(9),
552-562 (1967), https://doi.org/10.1109/T-ED.1967.16003.

B. K. Ridley, Specific negative resistance in solids, Proceedings of
the Physical Society 82(6), 954 (1963), https://doi.org/10.1088/0370-
1328/82/6/315.

H. Kréemer, Theory of the Gunn effect, Proceedings of the IEEE 52(12),
17361736 (1964), https://doi.org/10.1109/PROC.1964.3476.

J. W. Allen, M. Shyam, Y. S. Chen, G. L. Pearson, Microwave oscilla-
tions in GaAs,P1_y alloys, Applied Physics Letters 7(4), 78-80 (1965),
https://doi.org/10.1063/1.1754320.

A. R. Hutson, A. Jayaraman, A. G. Chynoweth, A. S. Coriell,
W. L. Feldman, Mechanism of the Gunn effect from a pres-
sure experiment, Physical Review Letters 14(16), 639-641 (1965),
https://doi.org/10.1103/PhysRevLett.14.639.

M. Shyam, J. W. Allen, G. L. Pearson, Effect of variation of en-
ergy minima separation on Gunn oscillations, IEEE Transactions on
Electron Devices ED-13(1), 63-67 (1966), https://doi.org/10.1109/T-
ED.1966.15636.

M. E. Levinshtein, J. K. Pozhela, M. S. Shur, The Gunn Effect (rus.)
(Sov. Radio, 1975).

H. Kroemer, Negative conductance in semiconductors, IEEE Spectrum
5(1), 47-56 (1968), https://doi.org/10.1109/MSPEC.1968.5215632.

W. Shockley, Negative resistance arising from transit time in semicon-
ductor diodes, Bell System Technical Journal 33(4), 799-826 (1954),
https://doi.org/10.1002/j.1538-7305.1954.tb03742.x.

B. W. Hakki, S. Knight, M. Uenohara, Active modes of interaction in bulk
GaAs, IEEE Transactions on Electron Devices 12(9), 503-503 (1965),
https://doi.org/10.1109/T-ED.1965.15546.

D. McCumber, A. Chynoweth, Theory of negative-conductance am-
plification and of Gunn instabilities in "two-valley' semiconductors,
IEEE Transactions on Electron Devices ED-13(1), 4-21 (1966),
https://doi.org/10.1109/T-ED.1966.15629.

123


https://doi.org/https://doi.org/10.1016/0038-1098(63)90041-3
https://doi.org/10.1147/rd.82.0141
https://doi.org/10.1109/T-ED.1967.16003
https://doi.org/10.1088/0370-1328/82/6/315
https://doi.org/10.1088/0370-1328/82/6/315
https://doi.org/10.1109/PROC.1964.3476
https://doi.org/10.1063/1.1754320
https://doi.org/10.1103/PhysRevLett.14.639
https://doi.org/10.1109/T-ED.1966.15636
https://doi.org/10.1109/T-ED.1966.15636
https://doi.org/10.1109/MSPEC.1968.5215632
https://doi.org/10.1002/j.1538-7305.1954.tb03742.x
https://doi.org/10.1109/T-ED.1965.15546
https://doi.org/10.1109/T-ED.1966.15629

[36]

[89]

[90]

[91]

[93]

[94]

[96]

H. Thim, Series-connected bulk GaAs amplifiers and oscil-
lators, Proceedings of the IEEE 56(7), 1245-1245 (1968),
https://doi.org/10.1109/PROC.1968.6548.

B. Hakki, S. Knight, Phenomenological aspects of CW microwave os-
cillations in GaAs, Solid State Communications 3(5), 89-91 (1965),
https://doi.org/10.1016,/0038-1098(65)90228-0.

H. Thim, M. Barber, Microwave amplification in a GaAs bulk semi-
conductor, IEEE Transactions on Electron Devices ED-13(1), 110-114
(1966), https://doi.org/10.1109/T-ED.1966.15642.

H. Rees, Hot electron effects at microwave frequencies in
GaAs, Solid State Communications 7(2), 267-269 (1969),
https://doi.org/10.1016/0038-1098(69)90396-2.

H. Thim, Temperature effects in bulk GaAs amplifiers,
IEEE Transactions on Electron Devices 14(2), 59-62 (1967),
https://doi.org/10.1109/T-ED.1967.15899.

C.-Y. Liu, K.-Y. Tien, P.-Y. Chiu, Y.-J. Wu, Y. Chuang, H.-S. Kao, J.-Y.
Li, Room-temperature negative differential resistance and high tunnel-
ing current density in GeSn Esaki diodes, Advanced Materials 34(41),
2203888 (2022), https://doi.org/10.1002/adma.202203888.

Y.-S. Shiah, K. Sim, Y. Shi, K. Abe, S. Ueda, M. Sasase, J. Kim,
H. Hosono, Mobility—stability trade-off in oxide thin-film transistors, Na-
ture Electronics 4(11), 800-807 (2021), https://doi.org/10.1038/s41928-
021-00671-0.

S. R. Figarova, E. M. Aliyev, R. G. Abaszade, R. 1. Alek-
berov, V. R. Figarov, Negative differential resistance of graphene ox-
ide/sulphur compound, Journal of Nano Research 67(1), 25-31 (2021),
https://doi.org/10.4028 /www.scientific.net/JNanoR.67.25.

M. Lee, T. W. Kim, C. Y. Park, K. Lee, T. Taniguchi, K. Watanabe,
M.-g. Kim, D. K. Hwang, Y. T. Lee, Graphene bridge heterostructure
devices for negative differential transconductance circuit applications,
Nano-Micro Letters 15(1), 22 (2023), https://doi.org/10.1007/s40820-
022-01001-5.

S. Rakheja, K. Li, K. M. Dowling, A. M. Conway, L. F. Voss, De-
sign and simulation of near-terahertz GaN photoconductive switch-
es—operation in the negative differential mobility regime and pulse com-
pression, IEEE Journal of the Electron Devices Society 9(1), 521-532
(2021), https://doi.org/10.1109/JEDS.2021.3077761.

K. Dowling, Y. Dong, D. Hall, S. Mukherjee, J. D. Schneider, S. Hau-
Riege, S. E. Harrison, L. Leos, A. Conway, S. Rakheja, L. Voss, Pulse
compression photoconductive switching using negative differential mo-
bility, IEEE Transactions on Electron Devices 69(2), 590-596 (2022),
https://doi.org/10.1109/TED.2021.3136500.

124


https://doi.org/10.1109/PROC.1968.6548
https://doi.org/10.1016/0038-1098(65)90228-0
https://doi.org/10.1109/T-ED.1966.15642
https://doi.org/10.1016/0038-1098(69)90396-2
https://doi.org/10.1109/T-ED.1967.15899
https://doi.org/10.1002/adma.202203888
https://doi.org/10.1038/s41928-021-00671-0
https://doi.org/10.1038/s41928-021-00671-0
https://doi.org/10.4028/www.scientific.net/JNanoR.67.25
https://doi.org/10.1007/s40820-022-01001-5
https://doi.org/10.1007/s40820-022-01001-5
https://doi.org/10.1109/JEDS.2021.3077761
https://doi.org/10.1109/TED.2021.3136500

[97]

[101]

[102]

[103]

[104]

[105)

[106]

[107]

[108]

[109]

M. F. Pereira, Harmonic  generation in  biased  semi-
conductor superlattices, Nanomaterials 12(9) (2022),
https://doi.org/10.3390 /nano12091504.

A. Y. Cho, J. Arthur, Molecular beam epitaxy, Progress in Solid
State Chemistry 10, 157-191 (1975), https://doi.org/10.1016/0079-
6786(75)90005-9.

A. P. Silin, Semiconductor superlattices, Soviet Physics Uspekhi 28(11),
972 (1985), https://doi.org/10.1070/PU1985v028n11ABEH003967.

F. Capasso, Band-gap engineering: from physics and materials
to new semiconductor devices, Science 235(4785), 172-176 (1987),
https://doi.org/10.1126 /science.235.4785.172.

H. T. Grahn, Semiconductor superlattices: growth and electronic proper-
ties (World Scientific, 1995).

L. Brillouin, Les électrons libres dans les m etaux et le role des reflextions
de Bragg, Journal de Physique et Le Radium 1(11), 377-400 (1930),
https://doi.org/10.1051/jphysrad:01930001011037700.

A. Sibille, J. Palmier, C. Minot, F. Mollot, High-field perpendicular con-
duction in GaAs/AlAs superlattices, Applied Physics Letters 54(2), 165
167 (1989), https://doi.org/10.1063/1.101217.

A. Sibille, J. Palmier, C. Minot, F. Mollot, High field perpendicular trans-
port in GaAs/AlAs superlattices, Superlattices and Microstructures 5(3),
431-435 (1989), https://doi.org/10.1016,/0749-6036(89)90328-5.

V. A. Maksimenko, V. V. Makarov, A. A. Koronovskii, A. Hramov,
R. Venckevi¢ius, G. Valusis, A. G. Balanov, F. Kusmartsev, K. N.
Alekseev, Electric-field distribution in a quantum superlattice with an
injecting contact: Exact solution, JETP letters 103, 465-470 (2016),
https://doi.org/10.1134/50021364016070080.

A. Sibille, J. F. Palmier, F. Mollot, H. Wang, J. C. Esnault, Negative
differential conductance in GaAs/AlAs superlattices, Physical Review B
39(9), 62726275 (1989), https://doi.org/10.1103 /PhysRevB.39.6272.

A. Sibille, J. Palmier, H. Wang, J. Esnault, F. Mollot, dc and
microwave negative differential conductance in GaAs/AlAs su-
perlattices, Applied Physics Letters 56(3), 256-258 (1990),
https://doi.org/10.1063/1.102821.

F. Bloch, Quantum mechanics of electrons in crystal lattices, Z. Phys 52,
555-600 (1929).

C. Zener, A theory of the electrical breakdown of solid dielectrics, Pro-
ceedings of the Royal Society of London. Series A, Containing Papers
of a Mathematical and Physical Character 145(855), 523-529 (1934),
https://doi.org/10.1098 /rspa.1934.0116.

125


https://doi.org/10.3390/nano12091504
https://doi.org/10.1016/0079-6786(75)90005-9
https://doi.org/10.1016/0079-6786(75)90005-9
https://doi.org/10.1070/PU1985v028n11ABEH003967
https://doi.org/10.1126/science.235.4785.172
https://doi.org/10.1051/jphysrad:01930001011037700
https://doi.org/10.1063/1.101217
https://doi.org/10.1016/0749-6036(89)90328-5
https://doi.org/10.1134/S0021364016070080
https://doi.org/10.1103/PhysRevB.39.6272
https://doi.org/10.1063/1.102821
https://doi.org/10.1098/rspa.1934.0116

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

H. Kréemer, On the nature of the negative-conductivity resonance in a
superlattice Bloch oscillator, arXiv preprint cond-mat/0007482 (2000).

W. Shockley, W. Mason, Dissected amplifiers using negative
resistance, Journal of Applied Physics 25(5), 677-677 (1954),
https://doi.org/10.1063/1.1721712.

H. Kroéemer, Large-amplitude oscillation dynamics and domain suppres-
sion in a superlattice Bloch oscillator, arXiv preprint cond-mat/0009311
(2000).

M. Bittiker, H. Thomas, Current instability and domain propagation
due to Bragg scattering, Physical Review Letters 38(2), 78 (1977),
https://doi.org/0.1103 /PhysRevLett.38.78.

N. Ashcroft, N. Mermin, Solid State Physics (Cengage Learning, 1976).

F. G. Bass, A. P. Tetervov, High-frequency phenomena in semi-
conductor superlattices, Physics Reports 140(5), 237-322 (1986),
https://doi.org/10.1016/0370-1573(86)90083-9.

E. E. Mendez, G. Bastard, Wannier-Stark ladders and Bloch os-
cillations in superlattices, Physics Today 46(6), 34-42 (1993),
https://doi.org/10.1063/1.881353.

G. H. Wannier, Wave functions and effective Hamiltonian for Bloch
electrons in an electric field, Physical Review 117(2), 432 (1960),
https://doi.org/10.1103 /PhysRev.117.432.

F. Agull6-Rueda, E. Mendez, J. Hong, Quantum coherence in semi-
conductor superlattices, Physical Review B 40(2), 1357 (1989),
https://doi.org/10.1103 /PhysRevB.40.1357.

R. Tsu, G. Déhler, Hopping conduction in a superlattice, Physical Review
B 12(2), 680 (1975), https://doi.org/10.1103/PhysRevB.12.680.

A. Wacker, A.-P. Jauho, Microscopic modelling of perpendicu-
lar electronic transport in doped multiple quantum wells, Phys-
ica Scripta 1997(T69), 321 (1997), https://doi.org/10.1088/0031-
8949/1997/T69/070.

A. Wacker, A.-P. Jauho, S. Zeuner, S. J. Allen, Sequential tun-
neling in doped superlattices: Fingerprints of impurity bands and
photon-assisted tunneling, Physical Review B 56(20), 13268 (1997),
https://doi.org/10.1103 /PhysRevB.56.13268.

P. Guimaraes, B. J. Keay, J. P. Kaminski, S. Allen Jr, P. Hopkins, A. Gos-
sard, L. Florez, J. Harbison, Photon-mediated sequential resonant tun-
neling in intense terahertz electric fields, Physical Review Letters 70(24),
3792 (1993), https://doi.org/10.1103 /PhysRevLett.70.3792.

126


https://doi.org/10.1063/1.1721712
https://doi.org/0.1103/PhysRevLett.38.78
https://doi.org/10.1016/0370-1573(86)90083-9
https://doi.org/10.1063/1.881353
https://doi.org/10.1103/PhysRev.117.432
https://doi.org/10.1103/PhysRevB.40.1357
https://doi.org/10.1103/PhysRevB.12.680
https://doi.org/10.1088/0031-8949/1997/T69/070
https://doi.org/10.1088/0031-8949/1997/T69/070
https://doi.org/10.1103/PhysRevB.56.13268
https://doi.org/10.1103/PhysRevLett.70.3792

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

P. Voisin, J. Bleuse, C. Bouche, S. Gaillard, C. Alibert, A. Re-
greny, Observation of the Wannier-Stark quantization in a semicon-
ductor superlattice, Physical Review Letters 61(14), 1639-1642 (1988),
https://doi.org/10.1103 /PhysRevLett.61.1639.

E. E. Mendez, F. Agull6-Rueda, J. M. Hong, Stark lo-
calization in GaAs/GaAlAs superlattices under an electric
field, Physical Review Letters 60(23), 2426-2429 (1988),
https://doi.org/10.1103/PhysRevLett.60.2426.

G. Von Plessen, P. Thomas, Method for observing Bloch oscilla-
tions in the time domain, Physical Review B 45(16), 9185 (1992),
https://doi.org/10.1103 /PhysRevB.45.9185.

C. Waschke, P. Leisching, P. H. Bolivar, R. Schwedler, F. Briiggemann,
H. G. Roskos, K. Leo, H. Kurz, K. Kéhler, Detection of Bloch oscillations
in a semiconductor superlattice by time-resolved terahertz spectroscopy
and degenerate four-wave mixing, Solid-State Electronics 37(4-6), 1321—
1326 (1994), https://doi.org/10.1016/0038-1101(94)90417-0.

T. Dekorsy, P. Leisching, K. Koéhler, H. Kurz, Electro-optic detec-
tion of Bloch oscillations, Physical Review B 50(11), 8106 (1994),
https://doi.org/10.1103 /PhysRevB.50.8106.

T. Dekorsy, P. Leisching, C. Waschke, K. Kohler, K. Leo, H. Roskos,
H. Kurz, Terahertz Bloch oscillations in semiconductor superlat-
tices, Semiconductor Science and Technology 9(11S), 1959 (1994),
https://doi.org/10.1088,/0268-1242/9/11S/017.

T. Dekorsy, R. Ott, H. Kurz, K. Kohler, Bloch oscillations
at room temperature, Physical Review B 51(23), 17275 (1995),
https://doi.org/10.1103 /PhysRevB.51.17275.

T. Dekorsy, A. Bartels, H. Kurz, K. Kohler, R. Hey,
K. Ploog, Coupled Bloch-phonon oscillations in semiconduc-
tor superlattices, Physical Review Letters 85(5), 1080 (2000),
https://doi.org/10.1103 /PhysRevLett.85.1080.

A. W. Ghosh, L. Jonsson, J. W. Wilkins, Bloch oscillations in the pres-
ence of plasmons and phonons, Physical Review Letters 85, 1084-1087
(2000), https://doi.org/10.1103/PhysRevLett.85.1084.

B. J. Keay, S. Zeuner, S. Allen Jr, K. D. Maranowski, A. C. Gossard,
U. Bhattacharya, M. J. Rodwell, Dynamic localization, absolute neg-
ative conductance, and stimulated, multiphoton emission in sequential
resonant tunneling semiconductor superlattices, Physical Review Letters
75(22), 4102 (1995), https://doi.org/10.1103/PhysRevLett.75.4102.

G. Shmelev, 1. Ciiaikovskii, V. Pavlovich, Plasma oscillations in
a superlattice, Physica Status Solidi (b) 82(1), 391-395 (1977),
https://doi.org/10.1002/pssb.2220820145.

127


https://doi.org/10.1103/PhysRevLett.61.1639
https://doi.org/10.1103/PhysRevLett.60.2426
https://doi.org/10.1103/PhysRevB.45.9185
https://doi.org/10.1016/0038-1101(94)90417-0
https://doi.org/10.1103/PhysRevB.50.8106
https://doi.org/10.1088/0268-1242/9/11S/017
https://doi.org/10.1103/PhysRevB.51.17275
https://doi.org/10.1103/PhysRevLett.85.1080
https://doi.org/10.1103/PhysRevLett.85.1084
https://doi.org/10.1103/PhysRevLett.75.4102
https://doi.org/10.1002/pssb.2220820145

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

A. W. Ghosh, M. C. Wanke, S. J. Allen, J. W. Wilkins,
Third harmonic generation by Bloch-oscillating electrons in a qua-
sioptical array, Applied Physics Letters 74(15), 2164-2166 (1999),
https://doi.org/10.1063/1.123788.

A. Bouchard, M. Luban, Bloch oscillations and other dynamical phenom-
ena of electrons in semiconductor superlattices, Physical Review B 52(7),
5105 (1995), https://doi.org/10.1103/PhysRevB.52.5105.

H. Carlin, Y. Pozhela, Some remarks on microwave excitation of dc by
hot electrons in germanium, Proceedings of the IEEE 53(11), 1788-1790
(1965), https://doi.org/10.1109/PROC.1965.4412.

K. Seeger, High-frequency-induced phase-dependent dc current by Bloch
oscillator non-ohmicity, Applied Physics Letters 76(1), 82-84 (2000),
https://doi.org/10.1063/1.125663.

K. N. Alekseev, F. V. Kusmartsev, Direct current generation due to har-
monic mixing: from bulk semiconductors to semiconductor superlattices,
arXiv preprint cond-mat/0012348 (2000).

K. N. Alekseev, E. H. Cannon, F. V. Kusmartsev, D. K. Camp-
bell, Fractional and unquantized dc voltage generation in THz-driven
semiconductor superlattices, Europhysics Letters 56(6), 842 (2001),
https://doi.org/10.1209/epl /i2001-00596-9.

K. N. Alekseev, M. V. Gorkunov, N. V. Demarina, T. Hyart,
N. V. Alexeeva, A. V. Shorokhov, Suppressed absolute negative
conductance and generation of high-frequency radiation in semi-
conductor superlattices, FEurophysics Letters 73(6), 934 (2006),
https://doi.org/10.1209/epl/i2005-10484-4.

T. Hyart, N. V. Alexeeva, A. Leppanen, K. N. Alekseev, Ter-
ahertz parametric gain in semiconductor superlattices in the ab-
sence of electric domains, Applied Physics Letters 89(13) (2006),
https://doi.org/10.1063/1.2357579.

T. Hyart, A. V. Shorokhov, K. N. Alekseev, Theory of parametric ampli-
fication in superlattices, Physical Review Letters 98(22), 220404 (2007),
https://doi.org/10.1103 /PhysRevLett.98.220404.

T. Hyart, A. V. Shorokhov, K. N. Alekseev, Terahertz parametric gain in
semiconductor superlattices, in 2007 Joint 32nd International Conference
on Infrared and Millimeter Waves and the 15th International Conference
on Terahertz Electronics (IEEE, 2007), 472-473.

Y. A. Romanov, J. Y. Romanova, L. G. Mourokh, N. J. Horing, Nonlinear
terahertz oscillations in a semiconductor superlattice, Journal of Applied
Physics 89(7), 3835-3840 (2001), https://doi.org/10.1063/1.1350978.

Y. A. Romanov, On the differential conductivity of semiconduc-
tor superlattices, Physics of the Solid State 45, 559-565 (2003),
https://doi.org/10.1134/1.1562247.

128


https://doi.org/10.1063/1.123788
https://doi.org/10.1103/PhysRevB.52.5105
https://doi.org/10.1109/PROC.1965.4412
https://doi.org/10.1063/1.125663
https://doi.org/10.1209/epl/i2001-00596-9
https://doi.org/10.1209/epl/i2005-10484-4
https://doi.org/10.1063/1.2357579
https://doi.org/10.1103/PhysRevLett.98.220404
https://doi.org/10.1063/1.1350978
https://doi.org/10.1134/1.1562247

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

Y. A. Romanov, Y. Y. Romanova, On a superlattice Bloch
oscillator, Physics of the Solid State 46, 164-169 (2004),
https://doi.org/10.1134/1.1641945.

Y. Y. Romanova, Parametric generation of high-frequency harmonics in
semiconductor superlattices, Semiconductors 46(11), 1451-1459 (2012),
https://doi.org/10.1134/S1063782612110164.

Y. A. Romanov, Y. Y. Romanova, Spectra of the field and current oscil-
lations in superlattices exposed to terahertz laser radiation, Semiconduc-
tors 35, 204-208 (2001), https://doi.org/10.1134/1.1349933.

B. Rieder, Semiclassical transport in semiconductor superlattices with
boundaries, Ph.D. thesis, University of Regensburg (2004).

S. Allen, U. Bhattacharya, K. Campman, H. Drexler, A. Gossard,
B. Keay, K. Maranowski, G. Medeiros-Ribeiro, M. Rodwell, J. Scott,
et al., Photon assisted transport through semiconductor quantum struc-
tures in intense terahertz electric fields, Physica B: Condensed Matter
227(1-4), 367-372 (1996), https://doi.org/10.1016/0921-4526(96)00446-
2.

L. Subacius, K. Jarasitinas, P. S¢ajev, M. Kato, Development of
a microwave photoconductance measurement technique for the study
of carrier dynamics in highly-excited 4H-SiC, Measurement Science
and Technology 26(12), 125014 (2015), https://doi.org/10.1088,/0957-
0233/26/12/125014.

S. Winnerl, E. Schomburg, J. Grenzer, H.-J. Regl, A. Ignatov, A. Se-
menov, K. Renk, D. Pavel’ev, Y. Koschurinov, B. Melzer, et al., Qua-
sistatic and dynamic interaction of high-frequency fields with miniband
electrons in semiconductor superlattices, Physical Review B 56(16),
10303 (1997), https://doi.org/10.1103 /PhysRevB.56.10303.

C. Ockeloen-Korppi, E. Damskigg, J.-M. Pirkkalainen, T. Heikkilé,
F. Massel, M. Sillanpa&, Low-noise amplification and frequency conver-
sion with a multiport microwave optomechanical device, Physical Review
X 6(4), 041024 (2016), https://doi.org/10.1103 /PhysRevX.6.041024.

W. Wustmann, V. Shumeiko, Parametric effects in circuit quantum
electrodynamics, Low Temperature Physics 45(8), 848-869 (2019),
https://doi.org/10.1063/1.5116533.

Z. Lin, K. Inomata, K. Koshino, W. Oliver, Y. Nakamura, J.-S. Tsai,
T. Yamamoto, Josephson parametric phase-locked oscillator and its ap-
plication to dispersive readout of superconducting qubits, Nature Com-
munications 5(1), 4480 (2014), https://doi.org/10.1038 /ncomms5480.

V. Migulin, V. Medvedev, E. Mustel, V. Parygin, OcHoBbl Teopuu KoJe-
6annit (Nauka, Moscow, 1978).

129


https://doi.org/10.1134/1.1641945
https://doi.org/10.1134/S1063782612110164
https://doi.org/10.1134/1.1349933
https://doi.org/10.1016/0921-4526(96)00446-2
https://doi.org/10.1016/0921-4526(96)00446-2
https://doi.org/10.1088/0957-0233/26/12/125014
https://doi.org/10.1088/0957-0233/26/12/125014
https://doi.org/10.1103/PhysRevB.56.10303
https://doi.org/10.1103/PhysRevX.6.041024
https://doi.org/10.1063/1.5116533
https://doi.org/10.1038/ncomms5480

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

L. Orlov, Y. A. Romanov, Parametric mixing of electromagnetic waves
in superlattices, Radiophysics and Quantum Electronics 25(6), 506-510
(1982), https://doi.org/10.1007/BF01034646.

T. Hyart, K. N. Alekseev, Nondegenerate parametric amplification in
superlattices and the limits of strong and weak dissipation, Inter-
national Journal of Modern Physics B 23(20n21), 44034413 (2009),
https://doi.org/10.1142/S0217979209063559.

Y. A. Romanov, J. Y. Romanova, L. G. Mourokh, Semiconductor super-
lattice in a biharmonic field: Absolute negative conductivity and static
electric-field generation, Journal of Applied Physics 99(1), 013707 (2006),
https://doi.org/10.1063/1.2158497.

R. L. Byer, Quasi-phasematched nonlinear interactions and devices, Jour-
nal of Nonlinear Optical Physics & Materials 6(04), 549-592 (1997),
https://doi.org/10.1142/S021886359700040X.

Y. Du, S. Zhu, Y. Zhu, P. Xu, C. Zhang, Y. Chen, Z. Liu, N. Ming,
X. Zhang, F. Zhang, et al., Parametric and cascaded parametric inter-
actions in a quasiperiodic optical superlattice, Applied Physics Letters
81(9), 15731575 (2002), https://doi.org/10.1063/1.1502007.

C. Torrey, C. Whitmer, Crystal Rectifiers (McGraw-Hill Book Company
Inc., 1948).

T. Hyart, K. N. Alekseev, E. V. Thuneberg, Bloch gain in
dc-ac-driven  semiconductor superlattices in the absence of
electric domains, Physical Review B 77(16), 165330 (2008),
https://doi.org/10.1103/PhysRevB.77.165330.

M. A. Lampert, Plasma oscillations at extremely high fre-
quencies, Journal of Applied Physics 27(1), 5-11 (1956),
https://doi.org/10.1063/1.1722195.

W. Heinle, Principles of a phenomenological theory of Gunn-effect
domain dynamics, Solid-State Electronics 11(6), 583-598 (1968),
https://doi.org/10.1016/0038-1101(68)90011-7.

Y. A. Romanov, Y. Y. Romanova, Self-oscillations in semiconductor su-
perlattices, Journal of Experimental and Theoretical Physics 91, 1033—
1045 (2000), https://doi.org/10.1134,/1.1334994.

A. V. Shorokhov, K. N. Alekseev, Theoretical backgrounds of
nonlinear thz spectroscopy of semiconductor superlattices, Interna-
tional Journal of Modern Physics B 23(20n21), 4448-4458 (2009),
https://doi.org/10.1142/S0217979209063584.

Y. A. Romanov, V. Bovin, L. Orlov, Nonlinear amplification of elec-
tromagnetic oscillations in semiconductors with superlattices, Soviet
Physics. Semiconductors 12(9), 987-989 (1978).

130


https://doi.org/10.1007/BF01034646
https://doi.org/10.1142/S0217979209063559
https://doi.org/10.1063/1.2158497
https://doi.org/10.1142/S021886359700040X
https://doi.org/10.1063/1.1502007
https://doi.org/10.1103/PhysRevB.77.165330
https://doi.org/10.1063/1.1722195
https://doi.org/10.1016/0038-1101(68)90011-7
https://doi.org/10.1134/1.1334994
https://doi.org/10.1142/S0217979209063584

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[17]

179

G. I. Haddad, R. J. Trew, Microwave solid-state active devices, IEEE
Transactions on Microwave Theory and Techniques 50(3), 760-779
(2002), https://doi.org/10.1109/22.989960.

A. A. Ignatov, K. Renk, E. Dodin, Esaki-Tsu superlattice oscillator:
Josephson-like dynamics of carriers, Physical Review Letters 70(13), 1996
(1993), https://doi.org/10.1103/PhysRevLett.70.1996.

J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson,
A.Y. Cho, Quantum cascade laser, Science 264(5158), 553-556 (1994),
https://doi.org/10.1126 /science.264.5158.553.

M. S. Vitiello, G. Scamarcio, V. Spagnolo, B. S. Williams, S. Kumar,
Q. Hu, J. L. Reno, Measurement of subband electronic temperatures and
population inversion in THz quantum-cascade lasers, Applied Physics
Letters 86(11) (2005), https://doi.org/doi.org/10.1063/1.1886266.

M. D. Frogley, J. Dynes, M. Beck, J. Faist, C. Phillips, Gain without
inversion in semiconductor nanostructures, Nature Materials 5(3), 175
178 (2006), https://doi.org/10.1038 /nmat1586.

H. Willenberg, G. Dohler, J. Faist, Intersubband gain in a Bloch oscillator
and quantum cascade laser, Physical Review B 67(8), 085315 (2003),
https://doi.org/10.1103/PhysRevB.67.085315.

T. Hyart, N. V. Alexeeva, J. Mattas, K. N. Alekseev, Terahertz Bloch os-
cillator with a modulated bias, Physical Review Letters 102(14), 140405
(2009), https://doi.org/10.1103/PhysRevLett.102.140405.

A. Lisauskas, M. Dignam, N. Demarina, E. Mohler, H. Roskos, Exam-
ining the terahertz signal from a photoexcited biased semiconductor su-
perlattice for evidence of gain, Applied Physics Letters 93(2) (2008),
https://doi.org/10.1063/1.2957040.

A. Lisauskas, C. Bloser, R. Sachs, H. G. Roskos, A. Juozapavicius,
G. Valusis, K. Kohler, Time-resolved photocurrent spectroscopy of the
evolution of the electric field in optically excited superlattices and
the prospects for Bloch gain, Applied Physics Letters 86(10) (2005),
https://doi.org/10.1063/1.1867552.

P. G. Savvidis, B. Kolasa, G. Lee, S. Allen, Resonant crossover
of terahertz loss to the gain of a Bloch oscillating InAs/AlSb su-
perlattice, Physical Review Letters 92(19), 196802-196802 (2004),
https://doi.org/10.1109/NANO.2004.1392365.

P. Robrish, J. Xu, S. Kobayashi, P. G. Savvidis, B. Kolasa,
G. Lee, D. Mars, S. J. Allen, Loss and gain in Bloch oscillat-
ing super-superlattices: THz Stark ladder spectroscopy, Physica E:
Low-dimensional Systems and Nanostructures 32(1-2), 325-328 (2006),
https://doi.org/10.1016 /j.physe.2005.12.060.

131


https://doi.org/10.1109/22.989960
https://doi.org/10.1103/PhysRevLett.70.1996
https://doi.org/10.1126/science.264.5158.553
https://doi.org/doi.org/10.1063/1.1886266
https://doi.org/10.1038/nmat1586
https://doi.org/10.1103/PhysRevB.67.085315
https://doi.org/10.1103/PhysRevLett.102.140405
https://doi.org/10.1063/1.2957040
https://doi.org/10.1063/1.1867552
https://doi.org/10.1109/NANO.2004.1392365
https://doi.org/10.1016/j.physe.2005.12.060

[180]

[181]

[182]

[183)]

[184]

[185)

[186)]

[187]

[188]

[189)]

[190]

[191]

[192]

(193]

N. Sekine, K. Hirakawa, Dispersive terahertz gain of a non-
classical  oscillator: Bloch oscillation in semiconductor su-
perlattices, Physical Review Letters 94(5), 057408 (2005),
https://doi.org/10.1103/PhysRevLett.94.057408.

E. M. Epshtein, Nonlinear plasma oscillations in a semiconductor with a
superlattice, Solid State Physics 11(7), 1386-1388 (1977).

S. Rott, P. Binder, N. Linder, G. Dé&hler, Combined description for
semiclassical and quantum transport in superlattices, Physical Review
B 59(11), 7334 (1999), https://doi.org/10.1103 /PhysRevB.59.7334.

P. Leisching, P. H. Bolivar, W. Beck, Y. Dhaibi, F. Briiggemann,
R. Schwedler, H. Kurz, K. Leo, K. Koéhler, Bloch oscillations of exci-
tonic wave packets in semiconductor superlattices, Physical Review B
50(19), 14389 (1994), https://doi.org/10.1103 /PhysRevB.50.14389.

G. Valusis, V. Lyssenko, M. Sudzius, F. Loser, T. Hasche,
K. Leo, K. Kohler, Dynamics of Bloch oscillations: influence
of excitation conditions, Physica Scripta 1999(T79), 183 (1999),
https://doi.org/10.1238 /Physica. Topical.079a00183 /meta.

M. M. Dignam, J. E. Sipe, Exciton Stark ladder in GaAs/Gaj_xAl As
superlattices, Physical Review Letters 64, 1797-1800 (1990),
https://doi.org/10.1103 /PhysRevLett.64.1797.

R. Tsu, L. Esaki, Stark quantization in superlattices, Physical Review B
43(6), 5204 (1991).

S. Rott, N. Linder, G. Doéhler, Field dependence of the hopping drift ve-
locity in semiconductor superlattices, Physical Review B 65(19), 195301
(2002).

Y. A. Kosevich, Anomalous Hall velocity, transient weak supercurrent,
and coherent Meissner effect in semiconductor superlattices, Physical Re-
view B 63, 205313 (2001), https://doi.org/10.1103/PhysRevB.63.205313.

E. J. Ryder, Mobility of holes and electrons in high electric fields, Physical
Review 90(5), 766769 (1953), https://doi.org/10.1103/PhysRev.90.766.

J. Yamashita, Low-temperature electrical breakdown in germanium,
Journal of the Physical Society of Japan 16(4), 720-732 (1961),
https://doi.org/10.1143/JPSJ.16.720.

M. P. Shaw, H. L. Grubin, P. R. Solomon, The Gunn-Hilsum Effect (Aca-
demic Press Inc. (London) LTD, 1979).

J. A. Copeland, LSA oscillator-diode theory, Journal of Applied Physics
38(8), 3096-3101 (2004), https://doi.org/10.1063/1.1710069.

J. B. Gunn, Properties of a free, steadily travelling electrical domain in
GaAs, IBM Journal of Research and Development 10(4), 300-309 (1966),
https://doi.org/10.1147 /rd.104.0300.

132


https://doi.org/10.1103/PhysRevLett.94.057408
https://doi.org/10.1103/PhysRevB.59.7334
https://doi.org/10.1103/PhysRevB.50.14389
https://doi.org/10.1238/Physica.Topical.079a00183/meta
https://doi.org/10.1103/PhysRevLett.64.1797
https://doi.org/10.1103/PhysRevB.63.205313
https://doi.org/10.1103/PhysRev.90.766
https://doi.org/10.1143/JPSJ.16.720
https://doi.org/10.1063/1.1710069
https://doi.org/10.1147/rd.104.0300

[194]

[195]

[196]

[197]

[198]

[199]

200]

[201]

[202]

203]

[204]

205

206]

J. E. Carroll, Oscillations covering 4 Ge/s to 31 Ge/s from
a single Gunn diode, Electronics Letters 2(4), 141 (1966),
https://doi.org/10.1049/el:19660113.

J. A. Copeland, A new mode of operation for bulk negative resis-
tance oscillators, Proceedings of the IEEE 54(10), 1479-1480 (1966),
https://doi.org/10.1109/PROC.1966.5158.

J. A. Copeland, Doping uniformity and geometry of LSA oscillator
diodes, IEEE Transactions on Electron Devices 14(9), 497-500 (1967),
https://doi.org/10.1109/T-ED.1967.15993.

I. B. Bott, C. Hilsum, An analytic approach to the LSA mode,
IEEE Transactions on Electron Devices 14(9), 492-497 (1967),
https://doi.org/10.1109/T-ED.1967.15992.

W. K. Kennedy, L. F. Eastman, R. J. Gilbert, LSA operation of large vol-
ume bulk GaAs samples, IEEE Transactions on Electron Devices 14(9),
500-504 (1967), https://doi.org/10.1109/T-ED.1967.15994.

A. J. Shuskus, M. P. Shaw, Current instabilities in gallium
arsenide, Proceedings of the IEEE 53(11), 1804-1805 (1965),
https://doi.org/10.1109/PROC.1965.4430.

M. P. Shaw, A. J. Shuskus, Current instability above the Gunn
threshold, Proceedings of the IEEE 54(11), 1580-1581 (1966),
https://doi.org/10.1109/PROC.1966.5198.

S. Sze, K. Kwok, Physics of semiconductor devices (John Wiley & Sons,
2006).

N. F. Mott, The theory of crystal rectifiers, Proceedings of the Royal So-
ciety of London. Series A. Mathematical and Physical Sciences 171(944),
27-38 (1939), https://doi.org/10.1098/rspa.1939.0051.

W. Schottky, Zur halbleitertheorie der sperrschicht-und spitzen-
gleichrichter,  Zeitschrift fir Physik 113, 367414 (1939),
https://doi.org/10.1007/BF01340116.

J. Waldrop, Schottky-barrier height of ideal metal contacts
to GaAs, Applied Physics Letters 44(10), 1002-1004 (1984),
https://doi.org/10.1063/1.94599.

R. Tung, Schottky barrier height—do we really understand what we mea-
sure?, Journal of Vacuum Science & Technology B: Microelectronics and
Nanometer Structures Processing, Measurement, and Phenomena 11(4),
1546-1552 (1993), https://doi.org/10.1116/1.586967.

R. T. Tung, The physics and chemistry of the Schottky bar-
rier height, Applied Physics Reviews 1(1), 011304 (2014),
https://doi.org/10.1063/1.4858400.

133


https://doi.org/10.1049/el:19660113
https://doi.org/10.1109/PROC.1966.5158
https://doi.org/10.1109/T-ED.1967.15993
https://doi.org/10.1109/T-ED.1967.15992
https://doi.org/10.1109/T-ED.1967.15994
https://doi.org/10.1109/PROC.1965.4430
https://doi.org/10.1109/PROC.1966.5198
https://doi.org/10.1098/rspa.1939.0051
https://doi.org/10.1007/BF01340116
https://doi.org/10.1063/1.94599
https://doi.org/10.1116/1.586967
https://doi.org/10.1063/1.4858400

207]

208

209]

[210]

[211]

212]

[213]

214]

[215]

[216]

[217]

[218]

[219]

M. A. Lampert, R. B. Schilling, Chapter 1 current injection in solids:
The regional approximation method, in R. Willardson, A. C. Beer (eds.),
Injection Phenomena (Elsevier, 1970), volume 6 of Semiconductors and
Semimetals, 1-96.

N. Mott, R. Gurney, Electronic Processes in lonic Crystals, Dover Books.
S (Dover Publications, 1964).

H. Kréemer, The Gunn effect under imperfect cathode boundary condi-
tions, IEEE Transactions on Electron Devices 15(11), 819-837 (1968),
https://doi.org/10.1109/T-ED.1968.16523.

F. Beltram, F. Capasso, D. L. Sivco, A. L. Hutchinson, S.-
N. G. Chu, A. Y. Cho, Scattering-controlled transmission reso-
nances and negative differential conductance by field-induced localiza-
tion in superlattices, Physical Review Letters 64(26), 3167 (1990),
https://doi.org/10.1103 /PhysRevLett.64.3167.

J. Manley, H. Rowe, Some general properties of nonlinear elements-part I.
General energy relations, Proceedings of the IRE 44(7), 904-913 (1956),
https://doi.org/10.1109/JRPROC.1956.275145.

J. Manley, E. Peterson, Negative resistance effects in saturable
reactor circuits, Electrical Engineering 65(12), 870-881 (1946),
https://doi.org/10.1109/T-AIEE.1946.5059263.

J. Manley, Some general properties of magnetic ampli-
fiers,  Proceedings of the IRE 39(3), 242-251 (1951),
https://doi.org/10.1109/JRPROC.1951.231835.

C. H. Johansson, J. O. Linde, Rontgenographische bestim-
mung der atomanordnung in den mischkristallreihen Au-Cu
und Pd-Cu, Annalen der Physik 383(21), 439460 (1925),
https://doi.org/https://doi.org/10.1002/andp.19253832104.

B. Y. Jin, J. B. Ketterson, Artificial metallic super-
lattices, Advances in  Physics  38(3), 189-366  (1989),
https://doi.org/10.1080/00018738900101112.

L. Friedman, Thermopower of superlattices as a probe of the density of
states distribution, Journal of Physics C: Solid State Physics 17(22), 3999
(1984), https://doi.org/10.1088/0022-3719/17/22/018.

I. Banerjee, Q. Yang, C. M. Falco, I. K. Schuller, Superconductivity
of Nb/Cu superlattices, Solid State Communications 41(11), 805-808
(1982), https://doi.org/10.1016,/0038-1098(82)91253-4.

I. K. Schuller, S. Kim, C. Leighton, Magnetic superlattices and multi-
layers, Journal of Magnetism and Magnetic Materials 200(1-3), 571-582
(1999), https://doi.org/10.1016/50304-8853(99)00336-4.

P. F. Carcia, A. D. Meinhaldt, A. Suna, Perpendicular magnetic
anisotropy in Pd/Co thin film layered structures, Applied Physics Letters
47(2), 178-180 (1985), https://doi.org/10.1063/1.96254.

134


https://doi.org/10.1109/T-ED.1968.16523
https://doi.org/10.1103/PhysRevLett.64.3167
https://doi.org/10.1109/JRPROC.1956.275145
https://doi.org/10.1109/T-AIEE.1946.5059263
https://doi.org/10.1109/JRPROC.1951.231835
https://doi.org/https://doi.org/10.1002/andp.19253832104
https://doi.org/10.1080/00018738900101112
https://doi.org/10.1088/0022-3719/17/22/018
https://doi.org/10.1016/0038-1098(82)91253-4
https://doi.org/10.1016/S0304-8853(99)00336-4
https://doi.org/10.1063/1.96254

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

M. N. Baibich, J. M. Broto, A. Fert, F. N. Van Dau, F. Petroff, P. Eti-
enne, G. Creuzet, A. Friederich, J. Chazelas, Giant magnetoresistance of
(001)Fe/(001)Cr magnetic superlattices, Physical Review Letters 61(21),
24'72-2475 (1988), https://doi.org/10.1103 /PhysRevLett.61.2472.

C. P. Flynn, Constraints on the growth of metallic superlat-
tices, Journal of Physics F: Metal Physics 18(9), L195 (1988),
https://doi.org/10.1088/0305-4608/18,/9,/005.

J. L. Makous, C. M. Falco, Integer monolayer metallic su-
perlattices, Solid State Communications 68(4), 375-378 (1988),
https://doi.org/https://doi.org/10.1016,/0038-1098(88)90298-0.

J. W. M. DuMond, J. P. Youtz, Selective X-ray diffraction from artificially
stratified metal films deposited by evaporation, Physical Review 48(8),
703-703 (1935), https://doi.org/10.1103/PhysRev.48.703.

J. Son, J. M. LeBeau, S. J. Allen, S. Stemmer, Conductivity enhance-
ment of ultrathin LaNiO3 films in superlattices, Applied Physics Letters
97(20), 202109 (2010), https://doi.org/10.1063/1.3511738.

Z. L. Deng, N. Yogesh, X. D. Chen, W. J. Chen, J. W. Dong, Z. Ouyang,
G. P. Wang, Full controlling of Fano resonances in metal-slit superlattice,
Scientific Reports 5(1), 18461 (2015), https://doi.org/10.1038 /srep18461.

X. D. Li, S. Yu, S. Q. Wu, Y. H. Wen, S. Zhou, Z. Z. Zhu, Structural
and electronic properties of superlattice composed of graphene and mono-
layer MoSs, The Journal of Physical Chemistry C 117(29), 15347-15353
(2013), https://doi.org/10.1021/jp404080z.

Y. Sakai, T. Koretsune, S. Saito, Electronic structure and sta-
bility of layered superlattice composed of graphene and boron
nitride monolayer, Physical Review B 83(20), 205434 (2011),
https://doi.org/10.1103/PhysRevB.83.205434.

J. Hoffman, I. C. Tung, B. B. Nelson-Cheeseman, M. Liu, J. W. Free-
land, A. Bhattacharya, Charge transfer and interfacial magnetism in
(LaNiO3), /(LaMnOs)q superlattices, Physical Review B 88(14), 144411
(2013), https://doi.org/10.1103/PhysRevB.88.144411.

B. Saha, T. D. Sands, U. V. Waghmare, First-principles analysis
of ZrN/ScN metal/semiconductor superlattices for thermoelectric en-
ergy conversion, Journal of Applied Physics 109(8), 083717 (2011),
https://doi.org/10.1063/1.3569734.

A. Sibille, J. Palmier, H. Wang, F. Mollot, Observation of Esaki-Tsu neg-
ative differential velocity in GaAs/AlAs superlattices, Physical Review
Letters 64(1), 52 (1990), https://doi.org/10.1103/PhysRevLett.64.52.

M. Hadjazi, A. Sibille, J. Palmier, F. Mollot, Negative differential conduc-
tance in GaAs/AlAs superlattices, Electronics Letters 27(12), 1101-1103
(1991), https://doi.org,/10.1049/el:19910684.

135


https://doi.org/10.1103/PhysRevLett.61.2472
https://doi.org/10.1088/0305-4608/18/9/005
https://doi.org/https://doi.org/10.1016/0038-1098(88)90298-0
https://doi.org/10.1103/PhysRev.48.703
https://doi.org/10.1063/1.3511738
https://doi.org/10.1038/srep18461
https://doi.org/10.1021/jp404080z
https://doi.org/10.1103/PhysRevB.83.205434
https://doi.org/10.1103/PhysRevB.88.144411
https://doi.org/10.1063/1.3569734
https://doi.org/10.1103/PhysRevLett.64.52
https://doi.org/10.1049/el:19910684

[232]

[233]

[234]

[235]

236

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

A. Sibille, J. Palmier, F. Mollot, Coexistence of Wannier—Stark localiza-
tion and negative differential velocity in superlattices, Applied Physics
Letters 60(4), 457459 (1992), https://doi.org/10.1063/1.106633.

G. Bastard, R. Ferreira, Wannier-Stark Quantization and Bloch Oscil-
lator in Biased Semiconductor Superlattices (Springer US, Boston, MA,
1989), 333-345.

A. Rabinovitch, J. Zak, Does a Bloch electron in a constant
electric field oscillate?, Physics Letters A 40(3), 189-190 (1972),
https://doi.org/10.1016,/0375-9601(72)90649-4.

J. Krieger, G. lafrate, Time evolution of Bloch electrons in a ho-
mogeneous electric field, Physical Review B 33(8), 5494 (1986),
https://doi.org/10.1103 /PhysRevB.33.5494.

A. M. Bouchard, M. Luban, Semiconductor superlattices as
terahertz generators, Physical Review B 47(11), 6815 (1993),
https://doi.org/10.1103 /PhysRevB.47.6815.

K. Leo, P. H. Bolivar, F. Briggemann, R. Schwedler, K. Kohler, Obser-
vation of Bloch oscillations in a semiconductor superlattice, Solid State
Communications 84(10), 943-946 (1992), https://doi.org/10.1016/0038-
1098(92)90798-E.

A. Sibille, J. Palmier, H. Wang, J. Esnault, F. Mollot, Negative dif-
ferential perpendicular velocity in GaAs/AlAs superlattices, Solid-State
Electronics 32(12), 1461-1465 (1989), https://doi.org/10.1016/0038-
1101(89)90257-8.

A. Wacker, A.-P. Jauho, Quantum transport: The link between standard
approaches in superlattices, Physical Review Letters 80(2), 369 (1998),
https://doi.org/10.1103 /PhysRevLett.80.369.

A. Sibille, C. Minot, F. Laruelle, Transport in excited states of semicon-
ductor superlattices, International Journal of Modern Physics B 14(09),
909-942 (2000), https://doi.org/10.1142/S0217979200001394.

L. Esaki, L. Chang, New transport phenomenon in a semicon-
ductor superlattice, Physical Review Letters 33(8), 495 (1974),
https://doi.org/10.1103 /PhysRevLett.33.495.

M. Fok, P. Prucnal, Switching based on optical nonlinear effects, in B. Li,
S. J. Chua (eds.), Optical Switches (Woodhead Publishing, 2010), Wood-
head Publishing Series in Electronic and Optical Materials, 181-205.

T. Dekorsy, R. Ott, P. Leisching, H. Bakker, C. Waschke, H. Roskos,
H. Kurz, K. Kohler, Time-resolved optical investigations of Bloch oscil-
lations in semiconductor superlattices, Solid-State Electronics 40(1-8),
551-554 (1996), https://doi.org/10.1016/0038-1101(95)00288-X.

S. E. Ralph, F. Capasso, R. J. Malik, New photorefractive effect in
graded-gap superlattices, Physical Review Letters 63(20), 2272 (1989),
https://doi.org/10.1103 /PhysRevLett.63.2272.

136


https://doi.org/10.1063/1.106633
https://doi.org/10.1016/0375-9601(72)90649-4
https://doi.org/10.1103/PhysRevB.33.5494
https://doi.org/10.1103/PhysRevB.47.6815
https://doi.org/10.1016/0038-1098(92)90798-E
https://doi.org/10.1016/0038-1098(92)90798-E
https://doi.org/10.1016/0038-1101(89)90257-8
https://doi.org/10.1016/0038-1101(89)90257-8
https://doi.org/10.1103/PhysRevLett.80.369
https://doi.org/10.1142/S0217979200001394
https://doi.org/10.1103/PhysRevLett.33.495
https://doi.org/10.1016/0038-1101(95)00288-X
https://doi.org/10.1103/PhysRevLett.63.2272

[245]

[246]

[247]

[248]

T. Dekorsy, P. Leisching, W. Beck, R. Ott, Y. Dhaibi, R. Schwedler, H. G.
Roskos, H. Kurz, K. Koéhler, Internal field dynamics of coherent Bloch
oscillations in superlattices, Superlattices and Microstructures 15(1), 11
(1994), https://doi.org/10.1006/spmi.1994.1003.

J. Neu, C. A. Schmuttenmaer, Tutorial: An introduction to tera-
hertz time domain spectroscopy (THz-TDS), Journal of Applied Physics
124(23) (2018), https://doi.org/10.1063/1.5047659.

W. Withayachumnankul, M. Naftaly, Fundamentals of measurement in
terahertz time-domain spectroscopy, Journal of Infrared, Millimeter, and
Terahertz Waves 35, 610-637 (2014), https://doi.org/10.1007/s10762-
013-0042-z.

C. Waschke, H. Roskos, K. Leo, H. Kurz, K. Kohler, Experimen-
tal realization of the Bloch oscillator in a semiconductor super-
lattice, Semiconductor Science and Technology 9(5S), 416 (1994),
https://doi.org/10.1088/0268-1242/9/5S5/002.

137


https://doi.org/10.1006/spmi.1994.1003
https://doi.org/10.1063/1.5047659
https://doi.org/10.1007/s10762-013-0042-z
https://doi.org/10.1007/s10762-013-0042-z
https://doi.org/10.1088/0268-1242/9/5S/002

SANTRAUKA LIETUVIU KALBA

7.1. Ivadas

Puslaidininkinés supergardelés — kvantinés strukturos, sudarytos iS maziau-
siai dviejy skirtingy medziagy, taip uztikrinant energijos minijuosty forma-
vimasi [63]. Tokie dariniai pasizymi iSskirtine kruvininky pernasos valdymo
galimybe, todél supergardelés laikomos patrauklia terpe tyrinéti jvairius fiziki-
nius reiskinius. Desimtmecius trukusiy intensyviy tyrimy metu buvo pastebéti
jvairus efektai: Blocho osciliacijos [5-7], koherentinis Holo efektas [8], Zenerio
tuneliavimas [9] ir aukstos eilés fraktalines kvantines osciliacijos grafeno/BN
supergardelése [10]. Taip pat buvo pademonstruotas supergardeliy pritaiko-
mumas prietaisams, veikiantiems terahercy (THz) ir sub-terahercy (sub-THz)
dazniy ruoZe [Al]. Supergardelés yra placiai naudojamos Siuolaikiniuose elekt-
ronikos ir optoelektronikos jrenginiuose, pavyzdziui, kvantiniuose kaskadiniuo-
se lazeriuose [11]. Be to, teoriniy tyrimy metu yra parodyta, kad supergardelés
gali veikti kaip stiprintuvai, naudojantys parametrinés generacijos [12,13] arba
beinversinj Blocho [14-16] stiprinimo mechanizmus.

THz daznio spinduliuoté, kurios dazniy ruozas apima nuo 0,1 THz iki
10 THz, siuo metu sulaukia didelio mokslinio susidoméjimo, kas lemia inten-
syvia taikymo galimybiy plétra. THz dazniy ruozas yra naudojamas naujos
kartos duomeny perdavimui, spektroskopijoje ir vaizdinime [17-22]. Pastaro-
jo taikymo galimybés vertos papildomo démesio, dél placiy taikymo galimybiy
tokiy kaip saugumas [23,24], pakuociy inspekcija [25,26], farmacija [27], kosme-
tika [28] ir maisto kontrolé [29]. THz kvantai turi maza energija (nuo 0,4 meV
iki 40 meV), tad THz spinduliuoté i$ esmeés yra nekenksminga gyvoms butybéms
ir 8is dazniy diapazonas yra patrauklus medicininio vaizdinimo taikymams [30],
suteikiant naujy galimybiy, tokiy kaip tiesioginis skenavimas ar vandens kiekio
analizé skirtinguose audiniuose [31,32]. Bet kurio taikymo atveju, kompaktiska,
efektyvi ir ekonomiska THz vaizdinimo sistema yra butina sékmingam placiam
naudojimui. Papraséiausia vaizdinimo sistema sudaro THz saltinis, detektorius
ir keletas spinduliuotés formavimo elementy. Geras sistemos dydzio sumazini-
mo pavyzdys yra dideliy optiniy komponenty pakeitimas moderniais metapa-
virsiy pagrindu veikianciais difrakciniais optikos elementais [33-35]. Taip pat
verta paminéti darbus su naujomis medziagomis, tokiomis kaip 3D spausdini-
mui tinkantis smugiams atsparus polistirenas (angl. high-impact polysterene),
leidziantis gaminti itin pigius spinduliuotés formavimo elementus, naudojant
salyginai paprasta gamybos procesa [36]. Zenklus indélis jau padarytas jaut-
riy, greitaveikiy THz detektoriy tyrimuose. Tyrimy metu yra nagrinéjami di-

delio elektrony judrio tranzistoriai [37,38], fotolaidzios THz antenos [39, 40],
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superlaidininkai [41], kvantiniy struktury pagrindu sukurti sprendimai [42,43],
Golay celés [44], piroelektriniai detektoriai [45] ir bolometrai [46]. Kiekviena
technologija pasizymi savo privalumais ir trukumais. Atsizvelgiant j taikymo
poreikj galima iSsirinkti viena i$ daugelio sukurty THz Saltiniy technologiju
tokiy kaip kvantiniai vakuuminés elektronikos Saltiniai (klistronai [47], laisvyju
elektrony lazeriai [48,49]), kietojo kuino Saltiniai (Gunn diodai [50,51], auksto
daznio tranzistoriai [52,53]), lazeriniai Saltiniai (kvantiniai kaskadiniai lazeriai
(QCL) [54, 55], puslaidininkiniai lazeriai [56]), skirtuminio daznio generato-
riai [57, 58], kristaliniai parametriniai osciliatoriai [59-61]. Nepaisant didelio
Saltiniy ir kity vaizdavimo sistemy komponenty pasirinkimo jvairovés, kiekvie-
nas THz saltinis gali buti tobulinamas atsizvelgiant j konkretaus taikymo reika-
lavimus. Teorinis kvantiniy puslaidininkiniy struktiry panaudojimas kuriant
kompaktiska, derinamg ir efektyvy THz daznio ruozo saltinj buvo aprasytas
daugiau nei pries 50 mety [63]. Siulomos kvantinés supergardelés struktura
suteikia papildomo patrauklumo dél galimybés veikti kambario temperatiiros
salygomis. Taciau nepaisant ilgameciy teoriniy tyrimy, stabilus stiprinimas

supergardeléje eksperimento metu vis dar néra registruotas.

Taigi pagrindinis Sio tyrimo tikslas buvo eksperimentiskai ir teoriskai
istirti auksto daznio stiprinimo mechanizmus puslaidininkinése kvan-
tinése supergardelése kambario temperatiros sglygomis, siekiant at-
skleisti juy savybes bei jy valdymo parametrus ir nustatyti optimalias

eksperimentines sglygas stabiliam stiprinimui registruoti.

Blocho ir parametrinio stiprinimo mechanizmy atsiradimas supergardelése
buvo numatytas dél parodyto neigiamo kruviniky diferencialinio grei¢io (angl.
negative differential drift velocity - NDV) rezimo i kurj supergardelé patenka,
kai yra veikiama tinkamu priesjtampiu. Esaki ir Tsu darbuose yra parody-
ta [63], kad nuolatinés jtampos Saltiniu veikiamoje supergardeléje dreifo greitis
pasiekia maksimuma ir pradeda mazéti. Efektas yra paaiskinamas elektrony
Braggo atspindziu periodinéje k-erdvéje. Disipatyvaus parametrinio stiprinimo
atveju, pasireiskianc¢iu supergardele veikiant kintama ir nuolatine jtampa, dalj
kintamo elektrinio lauko periodo supergardelé praleis NDV busenoje, dél ko
pradés vykti iSsigime ir neiSsigime generacijos procesai [64]. Dél pridéto pries-
itampio supergardeléje susiformuoja Wannier-Starko lygmenys, uztikrinantys
Blocho stiprinima puslaidininkinése supergardelése [5]. Valdant priesjitampi
galima kontroliuoti plac¢iajuoséiy disipatyviy parametrinio stiprinimo procesy
spektrines charakteristikas ir Blocho daznj. Nepaisant ilgalaikiy teoriniy tyri-
my, iki Siol nebuvo pateikta jokiy eksperimentiniy disipatyvaus parametrinio
stiprinimo supergardeléje jrodymy. Be to, beinversinis Blocho stiprinimas bu-
vo registruotas tik naudojant optinius eksperimentus, kuriuose Wannier-Starko

lygmenys buvo susieti naudojant optinj zadinanéio lazerio spinduliuotés isple-
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tima [65]. Galiausiai, minétuose tyrimuose nebuvo analizuojamas nei dvieju
stiprinimo mechanizmy sambuvis nei didelio signalo stiprinimo efektai, j ku-
riuos yra butina atsizvelgti, nes eksperimentai, atlikti $io tyrimo metu, parodé
generacijos lygius, kurie gerokai virsija jprastai naudojamo mazo signalo stip-
rinimo modelio ribas.

Si disertacija yra suskirstyta i 5 skyrius. Skyriuje 1 pateikiama pries tai kit
mokslininky grupiy atlikty teoriniy tyrimy ir eksperimentiniy pasiekimuy, jskai-
tant atliktus puslaidininkiuose, apzvalga, suteikianti papildomo supratimo apie
toliau pateikty rezultaty svarba. Skyriuje 2 aprasomos naudojamos strukturos
ir eksperimentiniai metodai naudoti tyrimo metu. Skyriuje 3 pristatomas pir-
masis disipatyvios parametrinés generacijos GaAs/AlGaAs supergardelése eks-
perimentinis jrodymas. Tyrimas iSpléciamas Skyriuje 4, jtraukiant didelio sig-
nalo stiprinimo modelj, kuris parodo Blocho ir parametrinio stiprinimo sambuvj
puslaidininkinése supergardelése. Galiausiai, Skyriuje 5 pateikiamas pirmasis
stabilaus beinversinio Blocho stiprinimo eksperimentinis jrodymas elektriskai
zadinamoje GaAs/AlGaAs supergardeléje.
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Ginamieji teiginiai
Teiginys 1:

Disipatyvus  parametrinis  stiprinimas  sub-kritiskai  legiruotoje
GaAs/AlGaAs puslaidininkingje supergardeléje, kuri yra zadinama
stipriu mikrobangy lauku, pasireiskia kaip koherentiné skirtingy zadi-
nancio daznio sub-harmoniky emisija per daugybe vienu metu vykstanciy

aukstinancéio ir zeminancio daznio procesy.

Teiginys 2:
Manley-Rowe sarysiai yra netinkami aprasyti disipatyvaus parametrinio
stiprinimo procesus, vykstancius sub-kritiskai legiruotoje GaAs/AlGaAs

supergardeléje veikiancioje Esaki-Tsu darbo rezime.

Teiginys 3:

Auksto daznio stiprinimas sub-kritiskai legiruotoje GaAs/AlGaAs super-
gardeléje yra Blocho ir parametrinio stiprinimo mechanizmy sambuvis.
Stiprinimo mechanizmy saveika ir ju jnasas yra derinami kei¢iant zadi-
nancios spinduliuotés elektrinio lauko stiprj bei uztikrinant tinkama fazés

skirtuma tarp zadinancio ir zonduojancio elektriniy lauky.

Teiginys 4:

Sub-kritiskai legiruotose puslaidininkinése supergardelése dominuojancio
stiprinimo mechanizmo peréjimas iS Blocho | parametrinj yra stebimas
tiek iSsigimusio, tiek neiSsigimusio generacijos proceso metu; stipraus
zonduojancio signalo atveju, neissigimusio proceso metu, energijos per-
davimas gali vykti net tik i$ nuolatinio zadinancio priesjtampio, bet ir

tarp dviejy zonduojanciy dazniy.

Teiginys 5:

GaAs/AlGaAs priesjtampio veikiamoje supergardeléje kambario tempe-
raturos salygomis yra stebimas beinversinis Blocho stiprinimas, pasireis-
kiantis per susietas Bloch-plazmonines (Epshteino) modas; stiprinimas
pazymétas staigiu peréjimu nuo plazmoninés sugerties j Blocho stiprinimo
rezima, kuris issilaiko tiek minijuostos transporto, tiek nerezonansiniame

tarpminijuostiniame (Zenerio) tuneliavimo reZimuose.

141



7.2. Metodai

7.2.1. Supergardelés architektura ir eksperimentinis stendas

Eksperimenty metu buvo naudojama 30 periody supergardelé, sudaryta is sili-
ciu legiruoty GaAs kvantiniy duobiy (5 nm; 1016 cm=2) ir Aly 3Gag.7As kvanti-
niy barjery (1 nm). Tokia duobiy ir barjery struktura uztikrina plac¢ia 104 meV
minijuosta. Bendras supergardelés ilgis L = 180 nm. Struktura (zr. 2.1 pa-
veiksla) yra uzauginta naudojant molekulinio pluosto epitaksijos technologija,
auginant ant n-legiruoto (~ 500 pm; 10*® cm=2) GaAs padéklo. Pasirinkty pa-
rametry supergardelés kritinis Kroemer koeficientas yra N L., = 2,7-10'! cm ™2
(zr. 1.4.1 skyriy [149]). Kadangi domeny susidarymas eksperimento buvo
nepageidautinas, supergardelé buvo legiruojama N = 10! cm™3, tad gautas
NL Xkoeficientas yra NL =1,8-10" cm~2. Siekiant homogenisko elektrinio
lauko, ant supergardelés buvo uzgarintas AuTi Schottky kontaktas, kuris pa-
pildomai leido prijungti auksine gija, reikalinga kintamo zadinancio elektrinio
lauko sasajai su supergardelés struktura. Po supergardele buvo suformuotas in-
jektuojantis kontaktas (gradientinis koncentracijos ir aliuminio (Al;_xGayxAs)
kiekio 100 nm storio sluoksnis). Tyrimo metu bus patvirtinta, kad asimetriniy
kontakty naudojimas (Schottky virSuje ir heterostruktura supergardelés apa-
¢ioje) uztikrino homogeniska elektrinj lauka supergardeléje. Galiausiai ominis
AuGeNi kontaktas buvo uzgarintas padéklo apacioje. Naudojant slapio ésdi-
nimo technologija buvo pagamintos 80 pm x 80 pm mezos. Gautos struktu-
ros buvo patikrintos naudojant skenuojantj elektroninj mikroskopa ir Rentgeno
spinduliy difraktometra.

Siekiant susieti kintama zadinantj elektrinj lauka su supergardele buvo
panaudota auksiné (d =25 pm) skersmens gija, kuri buvo prijungiama prie
virsutinio Schottky kontakto ir kuri leido turéti elektrinio lauko komponente
z-kryptimi reikalinga saveikai su struktura. Panaudotas sprendimas néra nau-
jas ir jau buvo taikomas Guimaraes darbuose [122]. Bet minétuose tyrimuose
buvo atliekamas atviros erdvés eksperimentas, kurio metu zadinancio elektrinio
lauko kritimo kampas buvo kei¢iamas siekiant nasiausios sasajos su supergar-
delés struktura. Atlikto eksperimento metu buvo naudojamas bangolaidinis
stendas, tad kritimo kampo keitimas buvo nejmanomas. Bangolaidinis eksper-
imentinio stendo sprendimas buvo pasirinktas dél geresnés kintamo zadinancio
elektrinio lauko sasajos ir didesnés zadinamos spinduliotés galios.

Supergardelés struktura buvo talpinama j (17 mm X 6 mm) bangolaidj,
kuris uztikrina padidinta kintamo zadinancio elektrinio lauko stipri sasajos su
supergardele vietoje. Bandinys yra talpinamas isilgai ilgajai bangolaidzio kras-
tinei. Auksiné gija, veikianti kaip antena, prijungta prie bangolaidzio, o apati-

nis ominis kontaktas prijungtas prie koaksialinés linijos per zemo daznio filtra

142



(zr. 2.4 paveiksla).

Eksperimentas paremtas pra¢jusios ir atspindétos mikrobangy spinduliuotés
pokydio, atsirandancio dél bandinyje vykstanéiy procesy, analize [151]. Eks-
perimentinis stendas yra pavaizduotas 2.5 paveiksle. Eksperimento metu buvo
naudojami du skirtingi mikrobangy generatoriai (MWGS). Pirmasis - klistro-
ninis stiprintuvas, uztikrinantis iki 20 mW galios 8,2 GHz-12,4 GHz dazniy
ruoze. Antrasis - magnetronas, generuojantis iki 10 W galios 9,4 GHz daz-
nio spinduliuote. Praéjusi Zemo daznio filtra (LPF), kuris panaikina antra
ir trecia generatoriy harmonikas, zadinancioji spinduliuoté per feritinj cirku-
liatoriy (FC) yra perduodama j bandinio bangolaidzio linija, kurioje yra su-
montuotas impedanso transformatorius (IT). Impedanso transformatorius yra
sudarytas is dviejy ketvir¢io bangos ploksteliy, kurias galima stumdyti kartu
arba keisti atstuma tarp jy. Toks impedanso transformatoriaus veikimas lei-
dzia minimalizuoti atspindéta signalg ir valdyti ant bandinio krentancio signalo
faze. Sios galimybés svarba bus placiai aptarta rezultaty skyriuje. Po tiriamo-
sios strukttros buvo jstatomas bangolaidinis perjungiklis (WS), prie kurio buvo
prijungiami bangolaidiniai adapteriai, iSplec¢iantys registruojamo daznio ruoza.
Sio eksperimento metu buvo jstatomi WR-90 (X-juosta: 8 GHz - 12 GHz) i
WR-62 (K,-juosta: 12 GHz - 18 GHz), WR-42 (K-juosta: 18 GHz - 27 GHz)
ir WR-28 (K,-juosta: 27 GHz - 40 GHz). Eksperimento metu taip pat buvo
kontroliuojamas atspinétas signalas. Feritinis cirkuliatorius leidzia nukreipti
atspindéta signalg j atitinkama linija iSvengiant saveikos su generuojamomis
mikrobangomis. Atspindétas signalas, kalibruojamas (ATTEN) stiprintuvu,
yra registruojamas Schottky diodo detektoriumi (DET'). Dazninis atsakas buvo
analizuojamas C4-27 spektro analizatoriumi (SpAn). Visi aprasyti eksperimen-

tai vyko kambario temperatiros salygomis.

7.2.2. Teoriniai modeliai

Kaip parodoma rezultaty skyriuje, eksperimento metu buvo stebima sveikyjy
harmoniky (w; = nwyp), pusiniy sub-harmoniky (w1 = nwp/2) ir trupmeniniy
sub-harmoniky (w1 = pwo/q) generacija (n,p,q - sveiki skaic¢iai). Modeliavimo
metu, taikant realios strukturos parametrus, naudojamas vienos minijuostos
modelis, neatsizvelgiant j saveika tarp dviejy minijuosty. Elektrinis laukas,

nukreiptas isilgai supergardelés auginimo asiai, yra apibréziamas

Etot (t) = Epump + Eprobe (71)

israiska. Stebima analogija su Zadinimo - zondavimo metodu (angl.
pump-probe). Sio eksperimento metu zonduojacio elektrinio lauko stipris gali

buti nereikSmingai Zemas lyginant su Zadinancio elektrinio lauko stipriu (galima
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taikyti mazo signalo stiprinimo modelj) arba buti palyginamo dydzio (didelio
signalo stiprinimo modelio ribos). Didzioji dalis tyréju savo darbuose taiko
mazo signalo stiprinimo modelj, bet, kaip bus parodyta véliau, peréjimas prie
matematiskai sudétingesnio didelio signalo stiprinimo modelio yra butinas, at-
sizvelgiant | auksta eksperimento metu registruota generuoto elektrinio lauko
stiprj. Be to, didelio signalo stiprinimo modelis atskleidzia mazo signalo mo-
delio taikymo atveju nepastebimus efektus. Griztant prie zadinancio elektrinio
lauko, pastarasis gali buti iSreikstas

Epump(t) = Edc + Eac cos(wot) (7.2)

israiska. Cia Fg. yra nuolatinio zadinancio elektrinio lauko stipris, F,. kinta-
mo zadinancio elektrinio lauko stipris ir wy kintamo zadinancio elektrinio lauko
daznis. Kita vertus, zonduojantis elektrinis laukas gali buti analizuojamas iSsi-
gimusio ir neissigimusio proceso ribose. ISsigimusio proceso atveju generacijos
procese dalyvauja vieno zonduojancio daznio spinduliuoté, o neissigimusio pro-

ceso atveju dviejy skirtingy dazniy zonduojantys signalai. Tad

Eprobe—deg(t) =F cos(wlt + (pl)

(7.3)
Eprobefnondeg(t) = El COS(Wlt + 901) + E2 COS(w2t + @Q)a

kur ¢; ir @9 yra santykinés zonduojanciy elektriniy lauky fazés, skaic¢iuojamos
kintamo zadinancio signalo atzvilgiu. Siekiant aiSkumo taip pat verta modifi-
kuoti dreifo greicio, pateikto 1.5 lygtyje, iSraiska, atskiriant eksperimentinius
ir strukturos geometrinius parametrus. Pirmiausia iSreikskime kritinj elekt-
rinj lauka, ties kuriuo yra pasiekiamas dreifo grei¢io maksimumas. Kritinio

elektrinio lauko israiska gaunama diferencijuojant 1.5 lygti,

h
Ey=—. 7.4
edr (7.4)
Tada maksimalus dreifo greitis yra
Ad
Vp = E (75)

Pilna sios lygties iSraiSka yra pateikta 6.2.1 skyriuje. Atsizvelgiant j gautas
lygtis, pertvarkome 1.5 lygtj:

_ 21} Etot/Ecr _ 21} Ftot
p1+ (Etot/Ecr)2 p1+Ft20t.

va(Erot) (7.6)

Atkreiptinas démesys | bedimensinio elektrinio lauko stiprio kintamojo
F, = E;/E,, pritaikyma. Sis patogumo délei jvestas kintamasis yra plac¢iai nau-

dojamas Siame darbe. Taip pat svarbu paminéti, kad aprasytos lygtys gali buti
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taikomos tik kvazistatinés aproksimacijos (w7 < 1) atveju [152]. Si salyga
nustato, kad dreifo greitis supergardeléje, kuri yra zadinama kintamuoju elekt-
riniu lauku, atkartos elektrinio lauko pokytj. Tai jgalina naudoti klasikines
lygtis, iSvestas atvejams, kai supergardelé yra veikiama tik nuolatinio pries-
itampio. IS kitos pusés, dél Sios aproksimacijos taikymo atsiranda naudoja-
mo zadinimo daznio apribojimas. Atsizvelgiant j eksperimento metu naudotos
strukturos parametrus, charakteristinis relaksacijos laikas yra 7 ~ 200 fs. Taigi,
pristatytos lygtys yra teisingos supergardele zadinant iki ~ 300 GHz dazniu.
Kaip jau buvo paminéta, priklausomai nuo zonduojancio elektrinio lauko
stiprio galima taikyti mazo arba didelio signalo stiprinimo modelj. Mazo sig-
nalo stiprinimo modelis gali buti taikomas, kai zonduojanc¢io daznio signalas
yra stipriai mazesnis lyginant su zadinanc¢iuoju ir gali buti taikomas siekiant
nustatyti salygas generacijos procesams supergardeléje prasidéti. IS kitos pu-
sés, didelio signalo stiprinimo modelis naudojamas kai zonduojantis signalas
yra palyginamas su zadinanciuoju ir yra skirtas aprasyti stiprinimo procesy

supergardeléje ribas.

7.3. Rezultatai

7.3.1. Disipatyvaus parametrinio stiprinimo stebéjimas legiruotose
GaAs/AlGaAs supergardelése ir mazo signalo stiprinimo metodas

Parametriné generacija - procesas, kuris yra stebimas jvairiausiose fizikinése sis-
temose, tokiose kaip elektroniniai grandynai, netiesiné optika ir Dzozefsono me-
zoskopinai prietaisai [153-155]. Salia $iy placiai tyrinéjamy generacijos mecha-
nizmy egzistuoja maziau populiarus dispersinis parametrinis stiprinimo mecha-
nizmas, kuris dazniausiai yra stebimas sistemose su netiesiniais osciliatoriais.
Sio mechanizmo ypatybé yra galimybé generuoti sub-harmoninius daznius [64].
Sistemg zadinant iSoriniu kintamu elektriniu lauku, neigiamas diferencinés var-
Zos rezimas gali buti pasiektas per dalj kintamo zadinanéio elektrinio lauko
periodo [64,156]. Sio tyrimo metu buvo nagrinéjami efektai pasireiskinatys su-
pergardelése, veikianciose stiprios dispersijos salygomis (wom < 1). Parodoma,
kad regeneratyvus stiprinimas, atsirandantis dél periodinio perjungimo j neigia-
mo diferencinio grei¢io (NDV) busena, uztikrina stiprinima ne tik Zeminamojo
daznio keitimo procesais (angl. down-conversion), bet ir aukstinamojo daznio
keitimo procesais (angl. wup-conversion) [140,157]. Yra parodyta, kad kvan-
tinése puslaidininkinése supergardelése disipatyvaus stiprinimo mechanizmai
yra galimi [158,159], bet, nepaisant 50 mety trunkanciy tyrimuy, parametrinio
stiprinimo galimybé supergardelése iki Siol néra eksperimentiskai patvirtinta.
Naudojantis auks¢iau aprasSytu eksperimentiniu stendu, sékmingai uzfik-

suotas daugiadaznis spektras, sugeneruotas dispersinio parametrinio stiprini-
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mo procesy supergardelése metu. Impedanso transformatoriaus panaudojimas
leido pilnai kontroliuoti Zadinanc¢ios spinduliuotés faze ir atspindj nuo tiriamos
struktiiros. Zadinancioji elektromagnetiné banga, sekmingai susieta su super-
gardele naudojant auksine gija, moduliuoja elektrony dreifo greitj ir suzadina
koherentine emisija, registruojama spektro analizatoriumi. Naudojant klistro-
ninj stiprintuva buvo generuojamas zadinantysis 8,45 GHz daznis. Taip pat
supergardelé buvo veikiama nuolatine 0,3 V jtampa. Antrasis eksperimentas
buvo atliktas supergardele zadinant magnetrono saltinio 9,53 GHz daznio kin-
tamu elektriniu lauku, supergardele papildomai veikiant 0,2 V nuolatine jtam-
pa. Abiem atvejais taikomas priesjtampis virsijo jtampa reikalinga Esaki-Tsu
kritiniam laukui supergardeléje susidaryti. Naudotos strukturos atveju tokio
priesjtampio verté yra ~ 0,13 V. Eksperimento metu registruoti spektrai pa-
teikti 3.1 paveiksle.

Galima atkreipti démesj, kad buvo stebimi trys harmoniky tipai. Pirma-
sis (pazymétas raudonai) atspindi pagrindinio daznio harmonikas wy = nwo,
kur n yra sveikas skaicius. Antrasis tipas yra pusinés sub-harmonikos (pa-
zymeétos zaliai) w; = nwp/2. Galiausiai juodai yra pazymétos trupmeninés
sub-harmonikos wy = pwy/q, kur p ir g yra sveiki skaiciai. Svarbu pabrézti,
kad naudojamu eksperimentiniu stendu nejmanoma registruoti wg/2 pusinés
harmonikos generacijos dél bangolaidzio dazniniy pralaidumo savybiy. Taciau
Sio daznio generacija supergardelés strukturoje yra numatyta teoriniuose dar-
buose, tad registruojant kitas pusines harmonikas yra tikétina. Registruoty

dazniy generacija susieta su zadinanciuoju dazniu pasinaudojant

w1 & woy = nywo; w1 = Nowo (7.7)

iSraiskomis, atspindinc¢iomis atitinkamai neiSsigimusj ir iSsigimusj procesus.
Siose lygtyse visi n Zymi sveikus skaicius. Eksperimenty metu registruo-
ty dazniy priskyrimas atitinkamiems neiSsigimusiems procesams pateiktas
3.1 ir 3.2 lentelése. Dazniai buvo priskirti trupmenoms su 2,5 % nuokrypio
riba.

Verta atkreipti démesj j reikSminga n_ > 1 procesy skaiciy. Aukstinancio
daznio keitimo procesy egzistavimas supergardelés strukturoje yra isskirtinis
disipatyvaus mechanizmo bruozas [157,158]. Kita vertus, Zeminan¢io daZnio
keitimo procesai, pasizymintys n,, yra universalus parametrinio stiprinimo su-
pergardeléje pozymis [142]. Pastarasis yra papildomai pagristas labai stipria
priklausomybe nuo zadinancios spinduliuotés fazés, reguliuojamos impedanso
transformatoriumi. IS pateikty lenteliy galima pastebéti, kad beveik visi uzre-
gistruoti dazniai dalyvauja keliuose skirtinguose procesuose. Tai suteikia pa-
pildomo supratimo apie analizuojamos strukturos sudétinguma. Eksperimento

metu registruojamas atsakas yra ne vieno, bet daugybés tuo pac¢iu me-
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tu vykstanéiy daugiafotoniy procesy rezultatas. Visi procesai, pateikti

3.1 ir 3.2 lentelése, yra parodyti 3.2 paveiksle.

Pavyzdziui, 8,45 GHz Zadinancios kintamos spinduliuotés atveju (3.2 pa-
veikslo kairéje), galima pastebéti raudonas punktyrines linijas, Zymincias pen-
kis tuo paciu metu vykstancius parametrinio stiprinimo procesus, kuriuose da-
lyvauja 28,2 GHz daznio spinduliuoté. Taip pat galima pastebéti, kad skirtin-

guose procesuose dalyvauja skirtingas zadinancios spinduliuotés fotony kiekis.

28,20 + 23,05 = 6 x 8,45 GHz (8 fotonai),
28,20 + 13,45 = 5 x 8,45 GHz (7 fotonai),
28,20 — 11,20 = 2 x 8,45 GHz (4 fotonai), (7.8)
28,20 — 20,30 = 1 x 8,45 GHz (3 fotonai),
36,25 — 28,20 = 1 x 8,45 GHz (3 fotonai).

Lyginant su klasikiniais parametrinés generacijos procesy atvejais optiné-
se sistemose, kurie yra aprasomi Manley-Rowe sarysiais, eksperimento metu
buvo stebimi generacijos ir stiprinimo procesai su ryskiai didesniu zadinan-
¢ios spinduliuotés fotony skai¢iumi. Parodyta, kad stebéti procesai pazeidzia
Manley-Rowe sarysius. Svarbu pazyméti, kad Manley-Rowe sarysiy nepritaiko-
mumo supergardelés strukturoje galima tikétis tik esant stipriam disipatyvumui
woT < 1 ir Esaki-Tsu darbo rezimui. Esant mazam disipatyvumui wor > 1,
Manley-Rowe sarySiai, kaip parodyta [158], yra tenkinami. Daugiau informa-
cijos apie Manley-Rowe sarysius galima rasti 6.1.3 priede.

Siekiant plac¢iau suprasti eksperimento metu supergardeléje vykstancius
procesus, buvo matuojamos SL strukturos I-V priklausomybés taikant 20 ns
trukmés elektros impulsus (iiﬁréti pastorinta juoda linija 3.3 (a) paveiksle).
Teigiamas I-V kreivés polinkio kampas yra tipinis sistemoms, pasizyminc¢iomis
neigiama diferencine varza (NDV), veikian¢ioms stabilaus transporto rezime.
Gautas kreives galima palyginti su I-V kreivémis, apraSytomis literaturos ap-
zvalgoje [106,107]. Raudona linija pagrindiniame grafike vaizduoja neutralia
I-V charakteristika, kuri tiesiogiai seka Esaki-Tsu v(F) priklausomybe [63] ir
leidzia gauti papildomos informacijos apie strukturoje naudojamus kontaktus.
Ankstesniuose darbuose buvo parodyta, kad supergardeliy su ominiais kon-
taktais I-V charakteristikos yra linkusios jsisotinti ties Esaki-Tsu srovés smaile
arba virs jos (ziuréti 3.3 paveikslo intarpa) [105]. Kaip galima pastebeéti, eks-
perimento metu gauta I-V kreivé yra gerokai zemiau smailés srovés. Tai rodo,
kad suformuoti neominiai kontaktai. Dél kontakty neomiskumo atsirandanti
0,65 V jterptiné jtampa buvo jvertinta ir jskaiciuota j visus toliau pateiktus
skaiciavimus.

Taip pat sio tyrimo metu buvo pritaikytas klasikinis netiesiniy optiniy siste-
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my charakterizavimo metodas matuojant jéjimo-iséjimo galios priklausomybes.
Siy priklausomybiy nustatymas leidzia palyginti gautas kreives su sitilomais
teoriniais modeliais. Paprasciausias iS modeliy numato, kad atitinkama n-toji
harmonika turéty buti apibudinama n-osios laipsnio funkcijos priklausomybe
nuo suzadinimo galios [60,61]. Taciau, skirtingai nei auks¢iau paminétuose
optiniuose eksperimentuose, Sio tyrimo metu strukturoje, pasizymincia kvad-
ratiniu netiesiSkumu, buvo gautos tiesinés priklausomybeés [160,161]. Skirtingy
dazniy tipy priklausomybés (antrosios harmonikos 2wg, pusinés sub-harmonikos
5wp/2 ir trupmeninés sub-harmonikos 12wq/5) pavaizduotos 3.3 (b) paveiksle.
Antrosios harmonikos generacijos proceso jéjimo-is$éjimo priklausomybé rodo
kvadratine priklausomybe, o sub-harmoniky priklausomybé yra tiesiné, taciau
su skirtingais polinkio kampais. Sis rezultatas dar karta parodo sistemos sudé-
tinguma. Neatitikimai su teorinés optikos modeliais yra paaiskinami tuo, kad
supergardelés struktura mikrobangy elektriniame lauke turéty buti analizuoja-
ma ne kaip gryna optiné sistema, o kaip netiesiné optoelektroniné sistema,
veikianti neigiamo diferencinio greic¢io rezime su dominuojancia dau-
giafotone generacija / stiprinimu. Sistemos sudétingumas, atsispindintis
daugybéje skirtingy aspekty kurie tik i$ dalies buvo aptarti pateiktuose rezul-

tatuose, lemia iki Siol nepilnai iSvystyta teorinj modelj.

Mazo signalo stiprinimo modelio pritaikymas

Siekiant apytiksliai jvertinti kintamo zadinancio elektrinio lauko stiprj super-
gardeléje buvo iSmatuotos keletas generuotos spinduliuotés galios priklauso-
mybés nuo prie supergardelés prijungtos nuolatinés jtampos. Charakteristikos
gautos kei¢iant (slopinant) zadinancios kintamos spinduliuotés elektrinj lauko
stiprj (viena i$ gauty priklausomybiy yra pavaizduota 3.5 paveikslo kairéje).
Buvo pastebéta, kad tokiy priklausomybiy iSvestineés turi ryskius lokalius (ant-
ros iSvestinés nuliai) ir globalius (pirmos iSvestinés nuliai) ekstremumus (paZy-
méta su reikSmémis 3.5 paveikslo desinéje). Griztant prie ankséiau patikrinto
mazo signalo stiprinimo modelio ir atsizvelgiant i anksc¢iau patvirtinta daugybés
vienu metu vykstanciy procesy isvada, padaryta prielaida, kad eksperimento
metu gautas profilis yra tiesiné keliy procesy superpozicija. Remiantis klasiki-
niy optiniy eksperimenty désniais buvo nuspresta, kad procese dalyvaujanciy
fotony skaicius yra atvirksciai proporcingas nagrinéjamo proceso jnasui j bend-
ra profili (t.y. daugiau fotony - mazesnis koeficientas). Sios prielaidos leido
apriboti taikomos superpozicijos lygtj iki n < 4, tad ieSkomam profiliui yra
taikoma



lygtis. Cia p1/po yra atskiros judrio komponentés, atskirai apskai¢iuotos proce-
sams, kuriuose dalyvauja skirtingas zadinancio kintamo elektrinio lauko fotony
kiekis pagal 3 skyriuje pateiktas lygtis. Superpozicijoje atsizvelgiama tik }
neigiama santykinj judri, nes teigiamo santykinio judrio atveju atitinkamas ge-
neracijos / stiprinimo procesas nevyks, tad jis netrukdys kitiems procesams.
Pavyzdinis atvejis yra pateiktas 3.5 paveiksle rodo, kad globali vir§uné yra
ties 0,133 V (atsizvelgiant j neominio kontakto jtaka), kas atitinka 5,51 kV/cm
elektrinio lauko stiprj arba 1,013FE,, kritinio Esaki-Tsu elektrinio lauko. Smai-
lés padétis yra geras atskaitos taskas, kadangi jis leidzia apsiriboti koeficienty ir
kintamo zadinancio elektrinio lauko stiprio vertémis, atitinkanciomis nustatyta
smailés pozicija. Be to, nustatyta, kad atstumas tarp lokaliy smailiy keic¢iasi
priklausomai nuo taikomo kintamo zadinancio elektrinio lauko stiprio (ziuréti
3.6 paveiksla). Superpozicijos koeficientai Cs ir C5 nustatyti parenkant ati-
tinkamus atstumus tarp skirtingy smailiy, o C; koeficientas gautas vertinant

virsuniy santykinj aukstj. Galutiné gauta lygtis

L9 Em=1)+188 Lm=2+1-Lm=3 (710

H0 final Ho Ho Ko

atitinka zadinantj kintama elektrinj lauka 8,61FE.,. Galima argumentuoti, kad
gautas elektrinio lauko stipris yra per didelis, kad jam buty taikomos mazo
signalo stiprinimo modelio prielaidos, ir i§ dalies tai biity teisinga. Sios tyri-
mo dalies tikslas buvo apytiksliai nustatyti kintamo zadinancio elektrinio lauko
stiprj supergardeléje. Kaip minéta ankséiau, mazo signalo modelis buvo zino-
mas ilga laika ir laikomas patikrintu, tad siame tyrimo etape buvo nuspresta
pasirinkti mazo signalo stiprinimo modelj. Didelio signalo stiprinimo modelio
sudétingumas ir iS jo sekancios iSvados, yra placiau aptariamos toliau. At-
likto tyrimo metu buvo pasiektas geras eksperimentiniy ir teoriniy duomeny
atitikimas. Taip pat reikéty pazymeéti, kad dél pasiulyto superpozicijos pro-
ceso buvo panaikinta sugerties zona, kurig galima stebéti daugumoje pavieniy
generacijos / stiprinimo procesy priklausomybiy (Zr. 3.4 paveiksla). Toks re-
zultatas dar karta patvirtina, kad supergardeléje vienu metu vyksta daugybé

generacijos / stiprinimo procesy su skirtingu zadinanéiy fotony kiekiu.

Generacijos / stiprinimo fizikinis mechanizmas, lemiantis didelj stiprinimo
koeficienta supergardelés strukturoje, vertas papildomo komentaro. IS esmés,
pateikta logika seka Hyart darbus [142], kuriuose generuojamos komponen-
tés buvo aiskinamos skersinés elektromagnetinés modos formavimu iSoriniame
rezonatoriuje. Taciau Sio eksperimento metu naudotoje strukturoje tokio rezo-
natoriaus néra. Todél manoma, kad generacijos / stiprinimo procesai vyksta

dél supergardelés strukturoje besiformuojanciy isilginiy mody, kurios atsiranda
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ir didéja dél elektrony plazmos svyravimy. Elektromagnetiné banga, sklindanti
bangolaidziu su Sviesos greiciu, susisieja su elektrony plazma ir konvertuojasi i
léta isilgine moda, supergardelés strukturoje sklindancig elektrony dreifo grei-
¢iu [113,164]. Jei sklidimo metu susiformuoja banga, kurios daznis atitinka
vieng i$ ,leistiny” procesy, ir santykinis judris yra neigiamas, maza fliuktuacija
eksponentiskai augs elektronams judant supergardelés strukturoje. Stiprinimas
gali buti iSreikstas Beero désniu (lout = Iinexp(—/fnz)), kur stiprinimo koefici-
ento iSraiska f,, priklausanti nuo koncentracijos, judrio ir dreifo grei¢io [165]
yra

_ 2eNpy

P (7.11)

€V
Svarbu dar karta pazyméti, kad stiprinimas yra atvirksciai proporcingas
sklindancios bangos greic¢iui. PrieSingai nei elektromagnetinés bangos, kurios
sklinda Sviesos greiciu, isilginé banga sklinda dreifo grei¢iu. Atsizvelgiant j teo-
riskai pasiekiama p; /1o & —0,02 judrio verte, létai sklindanéios bangos atveju
stiprinimo koeficientas sieks 3 > 10* ecm ™, kas yra gana jspudingas skai¢ius ly-
ginant su Siam momentui paskelbtais kity generatoriy technologijy pasiekimais
(zr. 3.7 paveiksla). Galiausiai, generacijos / stiprinimo metu susiformavusios
elektrostatinés modos vél paverc¢iamos elektromagnetinémis bangomis, kurios
toliau sklinda bangolaidziu spektro analizatoriaus link.

Apibendrinant, galima pabreézti Siuos rezultatus:

e Nuolatiniu elektriniu lauku zadinama supergardelé patalpinta j mikro-
bangy elektrinj lauka yra netiesiné optoelektroniné sistema, veikianti nei-
giamo diferencinio greicio rezimu, pasizyminc¢iu daugiafotoniais generaci-

jos / stiprinimo procesais.

e Eksperimento metu registruotas stabilus koherentinis parametri-
nis stiprinimas skirtingose zadinancios spinduliuotés harmonikose ir
sub-harmonikose. Stiprinimas registruotas naudojant GaAs/AlGaAs su-

pergardele, kuri buvo zadinama nuolatiniu ir kintamu elektriniais laukais.

o Stebétas generacijos / stiprinimo efektas aiskinamas léty isilginiy bangy,
sklindanc¢iu dreifo greiciu, formavimu, uztikrinanciu stiprinimo koeficien-
tus, virsijanc¢ius 10* cm~! dél $viesos greicio ir dreifo grei¢io skirtumo

supergardeléje.

o Parodyta, kad supergardeléje vienu metu vyksta daugybé daugiafotoniy
procesy. Registruoti spektry dazniai buvo susieti per aukstinamuosius
ir Zeminamuosius daznio keitimo processus (w1 = ws = niwp). Abieju

tipy procesy egzistavimas buvo pripazintas kaip isskirtiné supergardeliy,
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veikian¢iy Esaki-Tsu NDV rezimu, disipatyvaus generacijos / stiprinimo

mechanizmo savybé.

o Uzfiksuoti procesai, kuriuose dalyvauja iki 8 zadinancio elektrinio lauko

fotony.

e Parodyta, kad Manley-Rowe sarySiai, aprasantys galios perdavima ne-
tiesiniuose elementuose, negalioja disipatyvaus parametrinio stiprinimo
salygoms (wo7T < 1) supergardelése, veikianciose Esaki-Tsu neigiamo di-

ferencinio greicio rezime.

7.3.2. Didelio signalo stiprinimas GaAs/AlGaAs supergardeléje iSsigimusiy ir

neissigimusiy procesy metu
Issigime procesai

Gautos jzvalgos apie nuo fazés priklausancio parametrinio stiprinimo pro-
cesus supergardelése [Al] sudaro pagrinda tolimesniems tyrimams siekiant
iSpleésti stebéty fizikiniy mechanizmy suvokima. Eksperimentiniai rezulta-
tai [Al] parodé gera atitikima su pusiau klasikinio modelio prognozémis
[142, 147,158,159, 166, 167]. Vis délto ankstesniuose teoriniuose svarstymuo-
se taikomos prielaidos stipriai ribojo ju pritaikyma eksperimentiniu poziuriu.
Visy pirma, didzioji dauguma darby naudojo mazo signalo aproksimacija skai-
¢iavimams. Antra, minéti tyrimai nejskaito nuo fazés nepriklausanciy Blocho
stiprinimo efekty bei ju saveikos su parametrinio stiprinimo procesais [163,168].
Sis skyrius ple¢ia ankstesniy tyrimy ribas. Pateikiama mazo signalo stiprinimo
salygy apzvalga, iSrySkinant pagrindinius skirtumus lyginant su didelio signalo
stiprinimo modeliu.

Pries analizuojant didelio signalo stiprinimo modelj, verta plac¢iau susipa-
zinti su mazo signalo stiprinimo modelio rezultatais, siekiant véliau isryskinti
skirtuma tarp dvieju modeliy. Optimalaus judrio priklausomybés nuo prijung-
to pastovaus ir kintamo priesjtampio skirtingy zonduojanciy dazniy tipams yra
pateiktos 4.1 paveiklse. Skaic¢iavimui buvo taikoma 3.10 lygtis. Pirmas stul-
pelis atitinka nekoherentine judrio komponente, antras — koherentine, o trecias
stulpelis atitinka bendra judrj, kuris yra lygus dvieju pirmuju sumai. Atkreip-
tinas démesys, kad nekoherentiné judrio komponenté nepriklauso nuo anali-
zuojamo zonduojanéio daznio. Sis komponentas yra neigiamas (t.y. uztikrina
stiprinima) Fg. > F,. prieSitampio salygomis, kurias toliau vadinsime ,I tipo
priesitampio salygos”. I8 kitos pusés, Fy. < Fae salygomis (,II tipo priesjtam-
pio salygos”), nekoherentiné komponenté yra teigiama, kas reiskia, kad Siomis
priesitampio salygomis nekoherentinis stiprinimas yra nejmanomas. Koheren-

tinis stiprinimas, 3wo/2 ir wp/2 zonduojanciy dazniy atvejais yra neigiamas
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visame nagrinétame priesjtampio ruoze. Siuo atveju svarbu atkreipti déme-
si i skirtinga judrio veréiy pasiskirtyma. Pusinéms sub-harmonikoms netipiné
judrio priklausomybé wp/2 atveju, taikant didelio signalo stiprinimo modelj
nulemia daugybe jdomiy efekty, kurie siame darbe bus aprasomi véliau. Taip
pat svarbu atkreipti démesj, kad trupmeninés sub-harmonikos atveju kohe-
rentinio stiprinimo nesitikima, kadangi judrio komponenté yra teigiama visais
priesjtampio atvejais. Tokie koherentinio ir nekoherentinio judrio komponenty
pasiskirstymai nulemia, kad zadinancio signalo harmoniky ir sub-harmoniky at-
vejais yra stebimos bent dvi atskirtos neigiamo judrio zonos. Atkreiptina, kad
wo/2 zonduojancio daznio atveju stebima viena zona, kuri yra stipriai iSpleés-
ta lygiant su kitomis pusinémis sub-harmonikomis. Trupmeninio zonduojancio
daznio atveju bendras neigiamas judris atitinka nekoherentinio neigiamo judrio
priesjtampio salygas.

Judrio priklausomybés nuo priesjtampio salygu analizé skirtingiems dazniy
tipams yra svarbi ir dél kitos priezasties. Kaip nagrinéta ankstesniuose darbuo-
se, generacijos procesai supergardeléje gali prasidéti nuo atsitiktiniy triuksmo
lygio fliuktuaciju. Kol generuojamas signalas yra labai mazas, jam galioja mazo
signalo stiprinimo modelis, tad galima teigti, kad mazo signalo stiprinimo mo-
delis apraso salygas, leidzianéias prasidéti generacijos procesams. Kaip
jau buvo pastebéta eksperimento metu, generuojamas signalas gali nesunkiai
virSyti mazo signalo stiprinimo modelio pritaikomumo ribas, tad turime taikyti

didelio signalo stiprinimo modelj, apibréziantj generacijos proceso ribas.

Didelio signalo stiprinimo modelis skai¢iuojamas pagal 4.2 iSraiska. Dide-
lio signalo analize paprasc¢iau yra pradéti nuo issigimusiy stiprinimo procesy,
kuriuose dalyvauja tik vienas zonduojantis daznis. Pirmiausia verta atkreipti
démesj j santykinj fazés skirtuma tarp Zadinancio ir zonduojancio elektriniy
lauky. Tipinés santykinés galios priklausomybés nuo santykinés fazés ir zon-
duojancio elektrinio lauko stiprio yra pateiktos 4.2 paveiksle. Grafikuose spal-
va zymi neigiama santykine galia, kurioja vyksta zonduojancio daznio emisija.
4.2 (a) paveiksle vaizduojamas skirstinys dazniausiai sutinkamas, kai zonduo-
jantis daznis yra harmonika ir pusiné sub-harmonika. Stebimos akivaizdzios
nuo zonduojancio elektrinio lauko stiprio nepriklausancios optimalios santyki-
nés fazés 0, 57 ir 1, 5. Svarbu atkreipti démesj, kad stiprinimas yra leidziamas
nuo labai mazo zonduojancio elektrinio lauko stiprio, kas reiskia, kad pavaiz-
duoto proceso atveju yra galima generacija i$ triukSmo lygio fliuktuaciju (tai
pavaizduota Zalios spalvos rodyklémis). Taip pat verta atkreipti démesj i eg-
zistuojantj santykinés fazés ruoza, kuriame santykiné galia yra teigiama visoms
zonduojancio elektrinio lauko vertéms. Pasirinkus tokia santykine faze genera-
cijos procesai nevyks i$ viso. Tai akivaizdziai parodo optinés fazés parinkimo
svarba eksperimento metu.
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Kita tipiné priklausomybé, dazniausiai sutinkama kai zonduojantis daznis
yra trupmeniné sub-harmonika, yra pavaizduota 4.2 (b) ir (c¢) paveiksluose ir
atitinka 5wg/3 ir Twy/5 zonduojandius daznius. Labai nesunku pamatyti aki-
vazdzius skirtumus, pasireiskiancius per ,stiprinimo saly” formavima. Matome,
kad net ir optimalios fazés atveju generacija nuo triuksmo lygio yra nejmano-
ma, nes stiprinimo procesai supergardeléje (neigiama santykine galia) prasides
zonduojanciam elektriniam laukui virsijus tam tikrg ribine verte iSorinio proce-
so metu (pazymétas raudonomis rodyklémis). Tokios priklausomybés parodo,
kad iSsigimusio proceso metu, trupmeniniy sub-harmoniky generacija yra ne-
galima. Atsizvelgiant j santykinés galios priklausomybes nuo santykinés fazés,

toliau bus nagrinégjami tik optimalios fazés procesai.

Paveiksle 4.3 yra pavaizduota generacijos metu pasiekiamos maksimalios
santykinés galios priklausomybé nuo pastovaus ir kintamo priesjtampio. Gra-
fike 4.3 (A) pavaizduotas 3wp/2 atvejis. Kaip pastebéta mazo signalo stipri-
nimo modelio analizés metu, generacija gali vykti dél nekoherentinio Blocho
stiprinimo, koherentinio parametrinio stiprinimo arba jy kombinacijos. Nag-
rinéjamame 4.3 (A) paveiksle II tipo prieSjtampio salygomis stebimas grynas
parametrinio stiprinimo mechanizmas. Tai galima pamatyti virSutiniame in-
tarpe pavaizduotuose santykinés galios priklausomybése nuo santykinés fazés
ir zonduojancio elektrinio lauko stiprio esant skirtingoms kintamo zZadinancio
elektrinio lauko stiprio salygoms (atitinka raudonus apskritimus pagrindinia-
me grafike). Intarpe matomas akivaizdus optimalus daZnis ir visiSkos gene-
racijos nebuvimas tam tikrame santykinés fazés ruoze nurodo, kad stebimas
generacijos procesas yra priskiriamas parametriniam stiprinimui. Priesjtampio
salygoms (Fyc; Fae) = (0,5;4) nustatyta 3,2 mW maksimalj galia, atitinkanti
Ey = 9,7 kV/cm.

Situacija pasikeiCia nagrinéjant trupmenines sub-harmonikas. Zonduojan-
¢io 3wp/2 daznio atvejis yra pavaizduotas 4.3 (B) paveiksle. Matoma, kad
IT tipo priesjtampio salygomis generacija nuo labai silpno zonduojancio elektri-
nio lauko stiprio yra negalima, bet joje formuojasi ,,stiprinimo salos”, ka galima
pamatyti desinéje esanciame intarpe, kuriame yra pavaizduota santykinés ga-
lios priklausomybé nuo santykineés fazés ir zonduojancio elektrinio lauko stiprio.
Intarpe esancios priklausomybés pateiktos atitinka pagrindiniame grafike rau-
donais apskritimais pazymeétas prieSjtampio salygas. Pastebétina, kad ,,stipri-

nimo saly” atsiradimas yra iSskirtiné didelio signalo stiprinimo modelio savybé.

I tipo priesjtampio salygomis (Fg. > Fy) stipriai padidéja nekoherentiniy
procesy, priskiriamy Blocho mechanizmui, jtaka. Maksimalios generacijos pro-
ceso metu pasiekiamos santykinés galios mechanizmas wg/2 zonduojancio daz-
nio atveju yra pavaizduotas 4.4 (A) paveikslo kair¢je. Maksimalaus pasiekiamo

zonduojancio elektrinio lauko stiprio priklausomybé pavaizduota 4.4 (A) pa-

153



veikslo desinéje. Atkreiptinas démesys j Siy dviejy skirstiniy skirtuma. Taip pat
svarbu atkreipti démesj i skirtingas santykinés galios priklausomybes I pries-
itampio salygomis, pavaizduotomis 4.4 ir 4.3 paveiksluose. Pastarasis skirsti-
nys stebimas beveik visais skirtingy zonduojanciy dazniy atvejais, tad wq/2
yra iSskirtinis dél savo ypatingo mazo signalo stiprinimo modelio analizés metu
pavaizduoto skirstinio.

Esant I tipo priesjtampio salygoms, galime stebéti dviejy stiprinimo mecha-
nizmy kombinacija. 4.4 paveikslo virsuje esan¢iame intarpe matoma kaip dide-
jant kintamam zadinaciam elektrinio lauko stipriui ploksc¢ia santykinés galios
priklausomybé tampa vis labiau priklausanti nuo santykinés fazes, kol galiau-
siai ties aukstais kintamo zadinancio elektrinio lauko stipriais tampa visiskai
koherentiné, kaip jau buvo stebéta II tipo priesjtampio salygy analizés me-
tu. Sis vaizduojamas procesas atitinka peréjimg tarp gryno Blocho stiprinimo
(Fac = 0) | gryna parametrinj stiprinimo mechanizma. Tarpiné busena atitinka
parametrinio ir Blocho stiprinimo sambuvj. Taip pat verta atkreipti démesj,
kad gryno parametrinio stiprinimo mechanizmo busenos pasiekimas yra unikali
wo/2 zonduojancio daznio atvejo pasekmé. Kituose dazniuose, didinant zadi-
nancio kintamo elektrinio lauko stiprj galima stebéti tik hibridinj stiprinimo
mechanizma su didéjanciu parametrinio mechanizmo dominavimu. Priesjtam-
pio salygoms (Fyc, Fac) = (4,2) nustatyta 257 mW maksimali galia, atitinkanti
E; ~ 31,5 kV/cm. Stiprinimo mechanizmo sambuvis taip pat yra stebimas ir
trupmeniniy sub-harmoniky generacijos atveju (Zr. 4.5 paveiksla).

Be to, dél dviejy procesy sambiuivio atsiranda galimybé supergardele patal-
pinti i II tipo priesjtampio ,stiprinimo salos” salygas nesinaudojant iSoriniais
zonduojancio daznio Saltiniais. Tai yra pasiekiama keiciant prie supergardelés

pridétos isorinés nuolatinés jtampos dydj.

Neissigime procesai

Neissigimusio proceso metu generacijos / stiprinimo procese dalyvauja du skir-
tingo daznio zonduojantys signalai. Sioje santraukos dalyje bus aptariami skir-
tumai lyginant su aukséiau pristatytais iSsigimusio proceso rezultatais. Nag-
rinéjama vieno is zonduojancio elektrinio lauko stiprio pokycio jtaka sistemai,
kurioje kiti parametrai (zadinanciyjy ir antro zonduojanéio elektrinio lauko)
yra pastovus. Dél labai didelio kintamyjy skaiciaus siame skyriuje nagriné-
jami tik du eksperimento metu stebéti procesai: 4/3 + 8/3 atitinkantis tru-
pmeniniy sub-harmoniky stiprinimo procesa ir 1/2 + 3/2 atitinkantis pusiniy
sub-harmonikos stiprinimo procesa. Siekiant paprastumo mazesnio daznio zon-
duojantis elektrinis laukas toliau bus Zenklinamas ,,1”, o didesnio ,,2”.

4.7 paveiksle pavaizduota pirmo zonduojancio elektrinio lauko santykinés

galios priklausomybé nuo faziy skirtumo, pirmo zonduojancio elektrinio lau-
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ko stiprio ir antro zonduojancio elektrinio lauko faziy skirtumo (faziy skirtu-
mas yra skaifiuojamas Zadinancio elektrinio lauko atZzvilgiu). Priklausomybeés
yra pateiktos 4/3 + 8/3 procesui, o nekintantys priesjtampio parametrai yra
Fyo = 4, F,. = 3, F», = 2. Lyginant su issigimusio proceso priklausomybémis,
pateiktomis 4.2 paveiksle, galima pamatyti, kad iSnyksta neiSsigimusio proceso
atvejais stebéta simetrija. Taip pat svarbu pastebéti, kad neiSsigimusio trupme-
ninio proceso metu galima stebéti tiek generacijai tinkancia optimalig faze, tiek
,stiprinimo salg”. Sis skirtumas yra labai svarbus, kadangi, kaip zinoma, eks-
perimento metu trupmeniniy dazniu generacija buvo stebima supergardeléje,
patalpintoje i II zonos priesjtampio salygas. Tokiomis salygomis trupmeniniy
sub-harmoniky generacija negali buti paaiskinama nei zemo signalo stiprinimo
modeliu nei didelio signalo stiprinimo modeliu nagrinéjant iSsigimusius proce-
sus.

ISsigimusio ir neiSsigimusio procesy skirtumai yra atskleidziami 4.8 paveik-
sle, vaizduojanc¢iame maksimalaus pasiekiamo 1 zonduojacio elektrinio lauko
santykinés galios priklausomybe nuo priesjitampio ir antro zonduojancio elekt-
rinio lauko salyguy 4/3 + 8/3 proceso metu. Abu faziy skirtumai Siame grafike
yra optimalios. Patvirtinama 4.7 paveikslo analizés metu padaryta iSvada, kad
neissigimusio proceso metu galima trupmeninio daznio generacija esant II tipo
priesjitampio salygoms. Be to, matoma, kad generacijos mechanizmy skirtu-
mas aptartas issigimusio proceso analizés metu islieka: II tipo priesjtampio
salygose stebimas grynas parametrinis stiprinimas (virSutinis intarpas), o I ti-
po priesjtampio salygose stebimas Blocho ir parametrinés generacijos sambuvis
(apatinis intarpas).

Papildomai atlikta galios perdavimo analizé isryskina tris zonas su skirtingy
energijos perdavimo krypciy priklausomybe nuo priesjitampio salygy.

Apibendrinant buvo suformuluotos tokios isvados:

o Isryskinta zonduojancio elektrinio lauko fazés parinkimo svarba. Atsklei-
dziant optimalios fazés egzistavima, uztikrinancios daug didesnj stiprini-
ma, taip pat parodomas neoptimalios fazés egzistavimas, kurj pasirinkus

supergardeléje gali visiSkai nevykti generacijos / stiprinimo procesai.

o Parodytos salygos ,stiprinimo saly” formavimui, kai stiprinimo procesai
supergardeléje pasileidzia zonduojanc¢iam elektriniam laukui virsijus tam

tikra ribine zonduojancio elektrinio lauko stiprio verte.

o Parodytas nuo fazés nepriklausancio Blocho ir nuo fazés priklausancio pa-
rametrinio stiprinimo mechanizmy sambuvis, atsirandantis nuolatiniam
priesitampiui virsijus kritinj Esaki-Tsu elektrinj lauka. Parodytas do-
minuojancio proceso pasikeitimas kei¢iant zadinancio kintamo elektrinio

lauko stiprj.
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« ISsigimusio proceso metu, wp/2 zonduojacio elektrinio lauko daznio at-
veju grynas parametrinis stiprinimas gali buiti pasiektas esant aukstoms
(bent kelis kartus virSijanc¢ioms kritinés jtampos) kintamo ir nuolatinio

priesjtampio vertéms (unikali 1/2 sub-harmonikos savybé).

o Pristatyta supergardelés patalpinimo j ,stiprinimo salos” rezima meto-
dika, kuri remiasi nuolatinés zadinancios jtampos perjungimu. Metodas
leidZia supergardelei generuoti trupmenine sub-harmonika gryno para-
metrinio stiprinimo mechanizmo metu, nenaudojant iSorinio Saltinio, vei-

kianc¢io zonduojanciame daznyje.

e Parodyta, kad neiSsigimusio proceso metu galima trupmenineés
sub-harmonikos generacija (nuo labai mazo zonduojancio signalo) grynu

parametriniu mechanizmu.

7.3.3. Stabilus Blocho stiprinimas registruotas per hibridine
Bloch-plazmonine moda GaAs/AlGaAs supergardeléje

Yra zinoma, kad koherentinis lazerinis spinduliavimas lazeriuose yra parem-
tas populiacijos inversija (2r. 5.1 (a) paveiksl@) [171,172]. Sviesos stiprini-
mas tokiose sistemose yra proporcingas kruvininky inversijos dviejuose lygiuo-
se skirtumui [173]. IS kitos puses, verta atkreipti démesj i kitokj stiprinimo
mechanizma. Realiose sistemose energetiniai lygmenys gali iSsiplésti. Tokiu
atveju kruvininky pasiskirstymas viename lygmenyje tampa nehomogeniskas
(2r. 5.1 (b) paveiksl@). Tada gali pasireiskti dispersinis stiprinimo mechaniz-
mas, kuris yra stipriai priklausatis nuo daznio su stiprinimo / sugerties proceso
poky¢iu ties dviejy lygmeny rezonansiniu dazniu. Raudonai paslinktas daznis
atitinka stiprinimo salygas, o mélynai paslinktas — sugerties. Kadangi tokio
stiprinimo mechanizmo atveju kruvininky populiacija abiejuose lygmenyse yra
apytiksliai vienoda, stebimas procesas yra priskiriamas prie beinversiniy stip-
rinimo procesy.

Pritaikant apraSytus procesus supergardeléms, yra zinoma, kad nuolati-
niu priesjtampiu veikiamoje supergardeléje vienodu atstumu vienas nuo kito
susiformuoja Wannier-Starko lygmenys pasizymintys apytiksliai vienodu kru-
vininky pasiskirstymu lygmenyse. Tai leidzia tikétis beinversinio stiprinimo
tokiose strukturose, veikiant Zemesniuose uz Blocho dazniuose. [174-177]. Vie-
- homogenisko elektrinio lauko supergardeléje uztvirtinimas. Kadangi, kaip
buvo minéta ankséiau, neominiy kontakty panaudojimas uztikrina elektrinio
lauko supergardeléje homogeniskuma, galima tikétis stabilaus Blocho procesy

stiprinimo.
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Ankstesniuose darbuose yra parodoma, kad beinversinis stiprinimas gali bu-
ti stebimas dviejy lygmeny sistemoje, kuriose zadinimas vyksta lazerine spin-
duliuote, pavyzdziui kvantiniy kaskady lazeriuose [15,16]. Tokiose strukturose
stebimos Blocho osciliacijos yra stipriai priklausancios nuo lazerinio suzadini-
mo spektrinés formos, uztikrinanc¢ios kaimyniniy Wannier-Starko lygiy saveika
(21". 5.3 (a) paveiksl@) [5-7,65,127]. Sio eksperimento metu buvo taikomas
elektrinis suzadinimo metodas, tad optiné dvieju lygmeny saveika yra negali-
ma. Jrodoma, kad saveika tokio eksperimento metu yra uztvirtinama hibridine
Bloch-plazmonine moda (Zr. 5.3 (b) paveiksla).

Stebimi stiprinimo effektai yra galimi dél neigiamo diferencialinio greicio
rezimo atsiradimo supergardeléje, kuri yra veikiama tam tikro priesjtampio.
Tokiomis salygomis yra butina atsizvelgti i skirtingy mody sambuvio galimy-
be. Ankstesniuose tyrimuose tai yra Blocho osciliacijos, plazmoniné moda ir
optiniai fononai [130]. Sambuvio atveju moduy elgesys keiciasi lyginant su pa-
vieniy mody egzistavimo atveju. Blocho ir plazmoniniy mody sambuvio atveju
sprendziama Svytuoklés lygtis yra

ij + wi sin(n) = 0, (7.12)

Cia n nurodo poslinkj, wp = \/m - plazminiy osciliacijy daznj, o
N - legiravima [132,133]. Puslaidininkiniy supergardeliy atveju efektiné masé
yra aprafoma m* = 2h%/Ad? lygtimi [134]. 7.12 lygties sprendimas aprago
klasikinés dalelés judéjima V() = wi(1 — cos(n)) periodiniame potenciale su
w3 /2 energija. Svytuoklés lygtis apraso peréjima i§ plazminiy osciliacijy j Blo-
cho osciliacijas. Kai energija yra mazesné uz potencialo maksimuma, dalelé
yra jstrigusi viename potenciale dél plazmoninio ekranavimo efekty. Jei dale-
lés energija virsija potencialo barjera, dalelés svyruos Blocho dazniu. [135]. Sis
efektas stebimas ties wp = 2wp dazniu (Zr. 1.7 paveiksla). Akivaizdziai yra
stebima plazmoninés ir Blocho mody sambuvio galimybé supergardeléje. [131].

Lyginant eksperimento metu gautas priklausomybes, pateiktas 5.5 paveik-
sle, su teoriniais skai¢iavimais (Zzr. 1.7 paveiksla) [131], stebima akivaizdi pri-
klausomybiy koreliacija. Atkreiptinas démesys, kad pranasautas staigus per-
éjimas nuo plazmoninés j Blocho moda yra iSsiplétes, kas yra paaiskinama kru-
vininky susidurimais. Akivaizdus teoriniy ir eksperimentiniy priklausomybiy
sutapimas leidzia teigti, kad registruotas stiprinimo profilis atitinka plazmo-
ninj Epshteino effekta per susieta hibriding Bloch-plazmonine moda (Zr.
1.7 paveiksla). Kiek yra zZinoma, tai yra pirmasis eksperimentinis Sio efekto
patvirtinimas.

Generuotos spinduliotés galios priklausomybés nuo tiesioginio bei atgalinio
priesjtampio yra pavaizduotos 5.5 paveiksle. Naudojamas 30 mW galios mag-

netronas, veikiantis 9,44 GHz daznyje. Galima matyti, kad abi priklausomybés
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yra vienodos formos, bet pastumtos viena kitos atzvilgiu dél asimetriniy kon-
takty strukturoje. Atgalinio priesjtampio atveju plazmoninés sugerties erdveé
yra labai stipriai iSplesta (iki 3,8 V lyginant su 0,5 V tiesioginio priesjtam-
pio atveju) dél didesnio reikiamo elektrinio lauko stiprio norint injektuoti Blo-
ch stiprinimui pakankama elektrony kiekj. Minijuostos viduje, kol stiprinimo
mechanizmas paremtas minijuostos viduje vykstancia lygmeny saveika, gene-
ruojama galia beveik nepriklauso nuo elektrinio laukos stiprio, kol (ties 3,8 V
tiesioginio ir 6,7 V atgalinio priesitampio atvejais) Blocho stiprinimas, paremtas
tarpminijuostine saveika, tampa dominuojanc¢iu. Dominuojant Blocho stipri-
nimui yra stebima tiesiné galios priklausomybé nuo priesjtampio. Pabréztina,
kad aukstadaznis stiprinimas, stebimas tiek minijuostos, tiek tarpminijuostinio
kruvininky transporto modelio rémuose, yra paaiskinamas neigiamo diferen-
cialinio judrio atsiradimu [186], bet tarpminijuostinio modelio atveju, didéjant
elektriniam laukui dreifo greitis mazéja greiciau vq ~ E~" (n verté priklauso
nuo sklaidos mechanizmo, bet visada yra n > 1) [187]. Sis dreifinio grei¢io
elgesio skirtumas paaiskina stebéty priklausomybiy elgesio pokytj, kuris vyks-
ta supergardeléje keiciantis transporto rezimui. Tarpminijuostinés generacijos
procesai gali buti priskiriami nerezonansiniam Zenerio tuneliavimui, tad stipri-
nimo didéjimas parodo fazés issilaikyma tarp minijuostinio ir tarpminijuostinio
transporto modeliais aprasomo stiprinimo. Atkreiptinas démesys, kad Blocho
stiprinimo jsisotinimas minijuostos stiprinimo rezime gali buti siejamas su sklai-
da ir bedispersine fononinés modos sasaja su Blocho osciliacijomis.

Siekiant patvirtinti, kad eksperimento metu stebétas effektas gali buti pri-
skiriamas prie plazmoninio Epshteino efekto, tiriamai strukturai buvo nustaty-
tas peréjimo daznis tarp plazmoninés-fononinés ir Bloch-fononés modos. Yra
zinoma, kad plazminis daznis supergardeléje yra isreikstas

e2N
fr= (7.13)
mopEper

lygtimi. Cia mo = 2h%/Ad? yra efektiné masé [131,188]. Tad gaunamas plaz-
minis daznis yra fp ~ 1,24 THz. Eksperimento metu peréjimas buvo stebimas
ties 0,5 V priesjtampj. Sios priesjtampio salygos atitinka 21,6 kV/cm elektrinio
lauko stiprj. Atsizvelgiant j Blocho daznio lygti

edE

fe = 2mh

gauname fp = 3,14 THz Blocho daznj. Taip pat reikia atsizvelgti i struktu-
ros jtaka. Isivaizduojama, kad supergardelé yra kondensatorius, jterptas tarp
dviejy laidziy sluoksniy. Tada tiek plazmos, tiek Blocho daznis turi buti mo-
difikuoti (zr. [15] komentara [131]). Modifikatoriai yra iSreiksti
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fB:fBgoo/Eﬁ fP:me (714)

lygtimis. Cia e ir €, yra atitinkamai auksto ir Zemo daznio dielektrinés kons-
tantos. GaAs atveju Sios vertés yra lygios 10,9 ir 12,9. Pritaikius modifikatoriy
galutiniai dazniai yra fp = 1,14 THz ir fg = 2,65 THz. Gautas dazniy santykis
(fs/fr =~ 2,33) yra pakankamai arti teoriSkai numatyto 2. Stebimas neatiti-
kimas gali buti paaiskinamas nenuline srove, kuri atsiranda dél priesjtampio ir
néra jskaityta teoriniame modelyje.

Gauti rezultatai leidzia sudaryti bendra vaizda bei pastebéti ypatybes esant
skirtingam kruvininky transporto mechanizmui, atsirandanc¢iam dél skirtingo
taikomo priesjtampio. Siy mechanizmy iliustracija yra pateikta 5.6 paveiks-
le [182]. Didéjant priesjtampiui, kruvininky transporto mechanizmas kei¢iasi
i ominio rezimo j Blocho stiprinimo rezima, kuris pereina j tarpminijuosti-
nj transporto rezima, kuris yra salygotas nerezonansinio Zenerio tuneliavimo
proceso.

Apibendrinant:

e Pirmg karta puslaidininkinése supergardelése pademonstruotos eksperi-

mentiskai susieta hibridiné Bloch-plazmoniné (Epshteino) moda.

¢ Didinant nuolatinj priesjtampj stebimas staigus stiprinimo mechanizmo
peréjimas nuo susietos plazmoninés modos link stabilaus Blocho stiprini-

mo rezimo.

o Kambario temperaturos salygomis GaAs/AlGaAs supergardeléje buvo re-
gistruojamas stabilus beinversinis Blocho stiprinimas mikrobangy inter-
vale. Stiprinimas islieka supergardelei esant minijuostiniame ir tarpmini-

juostiniame kruvininky transporto rezimuose.

o Keiciant priesjtampio salygas kruvininky transporto rezimas supergarde-
l&je gali buti derinamas nuo ominio, Blocho stiprinimo arba tarpminijuos-

tinio tuneliavimo rezimo.

7.4. Paveiksly ir lenteliy sarasas

1.7 paveikslas: Trijy mody sambuvio priklausomybé nuo daznio: plazmon-
fononinés modos sasaja f < 2f, ir Bloch-fononinés modos sasaja f > 2f,
atvejais. Bruksniuota linija zymi Svytuoklés 7.12 lygties sprendinj, o simboliai
parodo modifikuotos lygties sprendima [131]. Nesant kruvininky susidurimy
galima tikétis staigaus peréjimo tarp dviejy mody. Aperiodinio elektrono ju-

déjimo sritis yra pazymeéta vertikaliomis juodomis linijomis.
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2.1 paveikslas: Padidintas analizuojamos GaAs/AlGaAs supergardelés vaiz-
das. AuTi Schootky kontaktas yra patalpintas vir§ supergardelés, o super-
gardelés apacioje yra MBE budu uzauginta heterostruktura. Prie virsutinio
kontakto pritvirtinta 25 pm auksiné gija skirta kintamo elektrinio lauko sasajai
su tiriamaja stuktira ir nuolatinio priesjitampio prijungimui. Ominis kontak-
tas uzgarintas struktiros apacioje. Slapio ésdinimo biidu buvo suformuotos

80 pm x 80 pm mezos.

2.4 paveikslas: Tiriamojo stendo dalis, vaizduojanti bandinio patalpi-
nima j bangolaidj. Bandinys pozicionuojamas isilgai ilgajai bangolaidzio
(17 mm x 8 mm) krastinei. 25 nm gija, skirta kintamo elektrinio lauko sasajai
su tiriamaja stuktura ir nuolatiniam priesjtampiui prijungti, yra pritvirtinama
prie bangolaidzio, o apatinis ominis kontaktas yra prijungiamas prie koaksiali-

nés linijos per zemo daznio filtra. Galutinis strukturos storis ~ 1,3 pm.

2.5 paveikslas: Eksperimentinis stendas. Zadinan¢iy mikrobangy generaci-
ja buvo atliekama klistroniniy stiprintuvu (8,2-12,4 GHz daZniy ruoze) arba
9,53 GHz daznio magnetronu (MWGS). Zadinanti spinduliuoté, praéjusi pro
zemo daznio filtra (LPF), naikinanciu aukstesnes Zadinanéio daznio harmo-
nikas, feritiniu cirkuliatoriumi (FC) yra nukreipiama j bandinio bangolaidzio
linija. Bangolaidzio linijoje sumontuotas impedanso transformatiorius (IT) su-
teikia galimybe slopinti zadinancio signalo atspindzius ir valdyti zadinancios
spinduliuotés faze. Impedanso transformatoriaus derinimas atliekamas ieskant
didZiausio iSeinancio signalo. Bangolaidinis jungiklis (WS), leidZiantis prijung-
ti tris WR-90/WR-XX adapterius (WR-XX: WR-62, WR-42, WR-28), leidZia
iSplésti vienu metu detektuojama daznio ruoza. Praéjes signalas buvo ana-
lizuojamas C4-27 spektro analizatoriumi (SpAn). Atspindéto signalo analizé
buvo atliekama Schottky dioddo detektoriumi (DET), prijungtu prie LeCroy
Waverunner skaitmeninio osciloskopo, per stiprintuva (ATTEN) ir izoliatoriy
(FI).

3.1 paveikslas: Eksperimento metu stebéti daugiadazniai spektrai. Grafikas
kairéje vaizduoja spektra supergardele zadinant 8,45 GHz klistroniniu stiprin-
tuvu, grafikas desinéje gautas supergardele zadinant 9,53 GHz magnetronu.
Atkreiptinas démesys j skirtingomis spalvomis pazymétus daznius, atitinkan-
C¢ius skirtingus generuoty dazniy tipus. Stora raudona linija atitinka zadinantj
daznj, plonos raudonos linijos atitinka zadinan¢io daznio harmonikas. Zalios
linijos atitinka pusines sub-harmonikas. Pusinis wy/2 daznis néra registruoja-

mas. Juodos linijos atitinka trupmenines sub-harmonikas.
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3.1 lentelé: Galimos  stiprinimo procesy israiskos atitinkancios
w1 +wy =njwo (virsuje) ir wy — wa = n_wy (apacioje) lygtis. Israiskos
pateiktos atsizvelgiant i eksperimento metu registruota daugiadaznj spektra
supergardele zadinant 8,45 GHz klistroniniu stiprintuvu. Priskiriant daznius

sub-harmonikoms buvo taikoma 2,5 % paklaida.

3.2 lentelé: Galimos  stiprinimo procesy israiskos, atitinkancios
w1 +wa =nqwo (virsuje) ir wy — wa = n_wy (apacioje) lygtis. Israiskos
pateiktos atsizvelgiant j eksperimento metu registruota daugiadaznj spektra,
kuris buvo gautas supergardele Zadinant 9,53 GHz magnetronu. Priskiriant

daznius sub-harmonikoms buvo taikoma 2,5 % paklaida.

3.2 paveikslas: Leistini eksperimento metu stebéti generacijos / stiprinimo
procesai ir juose dalyvaujantys dazniai bei zadinancios spinduliuotés fotony
kiekis. Grafikas kair¢je atitinka zadinimg 8,45 GHz daZnio klistroniniu stiprin-
tuvu, o desinéje pavaizduotas 9,53 GHz daznio zadinimo magnetronu atvejis.
Dazniai yra normuoti j zadinancio kintamo elektrinio lauko daznj. Spektro
linijos grafiky gale atitinka registruotas harmonikas (raudoni), pusines sub-
harmonikas (zali) ir trupmenines sub-harmonikas (juodi). Rysiai horizontalioje
plokstumoje atitinka 3.1 iSraiska, o rysio spalva atitinka procese dalyvaujantj
zadinancio kintamo elektrinio lauko fotony kiekj. Stora raudona linija hori-
zontalioje plokstumoje paryskina kelis procesus, kuriuose dalyvauja 28,20 GHz
daznis. Tai parodo, kad supergardeléje vienu metu gali vykti keli daugiafotoniai

procesai (zr. 3.2 israiska).

3.3 paveikslas: (a) Nagrinéjamos supergardelés eksperimentinés I-V charakte-
ristikos (stora juoda linija). Vertikali punktyriné Zalia linija atitinka Esaki-Tsu
maksimalios srovés (raudona linija) itampa E..L =~ 0,1 V. Maksimali srové
siekia I, ~ 2,4 A. Intarpas vaizduoja Esaki-Tsu kreivés (raudona linija (2))
ir struktturos su ominiu kontaktu (oranziné linija (1)) I-V charakteristiky pa-
lyginima. Stebimas ryskus I-V charakteristiky skirtumas dar karta pabrézia
neominiy kontakty naudojimo svarba parametrinés generacijos procesams ste-
béti. (b) Ivesties-isvesties galiy priklausomybé skirtingy dazniy tipams. Sio
eksperimento metu supergardelé nebuvo veikiama nuolatinio priesjtampio. Su-
pergardelé buvo zadinama 8,45 GHz daznio elektriniu lauku. Atkreiptinas dé-
mesys j registruoty priklausomybiy skirtuma: harmoniky atveju stebima kvad-
ratiné priklausomybé, o pusiniy ir trupmeniniy sub-harmoniky atveju stebimos

skirtingo polinkio tiesinés priklausomybeés [A1].

3.4 paveikslas: Neigiamo judrio p°P*/ug erdvés keiciant priesjtampio salygas
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skirtingiems wy = nwy dazniams (n apraso generacijos procese dalyvaujantj kin-
tamo zadinancio elektrinio lauko fotony skai¢iy). Priesjtampis yra normuotas
i Esaki-Tsu kritinj elektrinj lauka. Baltos erdvés apibrézia priesjtampio saly-
gas kai judris yra teigiamas ir stiprinimas / generacija yra nejimanomi. Spalva
nurodo santykinio judrio dydj. Atkreiptinas démesys j vientisa generacijos stip-
rinimo zong n = 1 atveju ir akivaizdziai iSskirtas generacijos / stiprinimo erdves

n > 1 atveju.

3.5 paveikslas: (a) 5w/2exc pusinés sub-harmonikos pavyzdiné iSvado galios
priklausomybé nuo prijungto nuolatinio priesjitampio, zadinant 8,45 GHz klist-
roniniu stiprintuvu. (b) Isvado galios priklausomybés nuo prijungto nuolatinio
priesjtampio iSvestiné. Atkreiptinas démesys j keturis taskus (pazymeéti rodyk-
lémis), kurie yra tipiniai Sioms priklausomybéms. Santykinis atstumas tarp
siy tasky buvo vienas i$ parametry, naudojamy kintamo zadinancio elektrinio

lauko stipriui supergardeléje surasti.

3.7 paveikslas: Parametrinés generacijos procesas supergardelés struktiroje.
Auksto daznio kintamas zadinantis elektrinis laukas, susietas su supergarde-
le per auksine gija, yra nukreipiamas isilgai z-asiai. Banga, saveikaudama su
elektronais minijuostoje, suzadina augancias plazmonines bangas registruotuo-
se dazniuose. Generuota isilginé elektrostatiné banga slenka isilgai supergar-
delés strukturai elektrony dreifo grei¢iu. Paveikslas schematiskai atvaizduoja
elektrony tankio erdvine moduliacija, atsirandancia dél léty bangy slinkimo

strukturoje.

4.1 paveikslas: Nekoherentiné (kairysis stulpelis), koherentiné (vidurinis stul-
pelis) ir bendra (deSinysis stulpelis; dvieju pirmyjy suma) neigiamo judrio kom-
ponentés p°Pt/ug, apskai¢iuotos naudojant mazo signalo stiprinimo model;.
Vaizduojamos priklausomybés nuo nuolatinio ir kintamo zadinanciy elektriniy
lauky stiprio (elektriniy lauku stipris normuotas i Esaki-Tsu kritinj elektrinj
lauka, o judris yra normuotas j Drude judrj). Spalva atitinka neigiamo judrio
salygas, o balta spalva zymi teigiamo judrio salygas, kuriose nesitikima stiprini-
mo / generacijos procesy. Pateiktos priklausomybés trims skirtingiems dazniy
tipams: pirma eiluté atitinka 3w /2 pusine sub-harmonika; antra eiluté atitinka
wo/2 daznj (Sios sub-harmonikos unikalumas yra paaiskinamas véliau); trecia
eiluté atitinka 5wy /3 daznj ir vaizduoja tipinj trupmeninés sub-harmonikos at-
veji. IStisos raudonos linijos vaizduoja nekoherentinio stiprinimo zonos ribas.
Atkreiptinas démesys, kad nekoherentiné komponenté nepriklauso nuo daznio
tipo. Be to, bendras judris 3wg/2 daznio atveju, budamas tipiniu pusinéms

sub-harmonikoms, pasizZymi dvejomis atskirtomis neigiamo judrio erdvémis, pa-
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zymétomis I (desinéje apacioje; Fy. > Fic) ir II (kairéje virsuje; Foe > Fyc).
Si atskirtis yra labai svarbi tolimesnei generacijos, stiprinimo procesy analizei.
Taip pat verta atkreipti démesj j vientisa neigiamo judrio zona wp/2 daZnio
atveju. Galiausiai, atkreiptinas démesys, kad trupmeninés sub-harmonikos at-
veju koherentiné judrio komponenté yra visada teigiama. Pavaizduotos pri-
klausomybés suteikia pradinj stiprinimo procesy supergardeléje supratima, ku-
ris yra butinas tolimesnei analizei naudojant didelio signalo stiprinimo modelj,
kadangi mazo signalo stiprinimo modelis tiksliai apraso priesjtampio salygas,

uztikrinancias generacijos procesy supergardeléje pradzig [A3].

4.2 paveikslas: Pavyzdinés santykinés zonduojancio daznio galios priklauso-
mybé nuo zonduojancio daznio elektrinio lauko stiprio ir faziy skirtumo, ap-
skaiciuota fiksuoto priesjtampio ir zonduojancio daznio salygomis naudojant
didelio signalo stiprinimo modelj. (a) wy/wp = 2, Fye = 0, Fac = 5. Galima
akivaizdziai stebéti dvi atskiras generacijos / stiprinimo erdves, atitinkancias
Yopt = /2 ir 3w/2. Nustatytomis salygomis galima pasiekti iki 3E;, elektri-
nio lauko stiprj (zr. zalius apskritimus, rodancius, kad generacijos procesas,
prasideda nuo triuksmo lygio signalo). (b) wi/wg = 5/3, Fye = 0, Fae = 5.
Naudojant didelio signalo stiprinimo modelj stebimos neigiamos santykinés ga-
lios verteés (stiprinimas), esant tam tikrai optimaliai fazei bei prasidedancios
zonduojancio elektrinio lauko stipriui virsijus tam tikra ribine verte. Toks stip-
rinimo procesas paZymeétas raudonu apskritimu (stiprinimas, leidZziamas nuo
didelio signalo vertés, stipriai virSijancios triukSmo lygj). Siekiant stebéti stip-
rinima tokiomis salygomis, turi egzistuoti iSorinis mechanizmas, uztikrinantis
zonduojancio elektrinio lauko suzadinima virs ribinés vertés (raudona rodyk-
1), po kurios supergardeléje prasidés stiprinimo procesai (zalia rodyklé). To-
kiy stiprinima uztikrinanciy salyguy atvejis yra vadinamas ,stiprinimo salomis”.
(¢) wi/wo = 7/5, Fgc = 1, F,c = 10. Atkreiptinas démesys | reikSminga ri-
binio elektrinio lauko stiprio vertés padidéjima, didéjant trupmeninio daznio
vardikliui. Spalva parodo santykinés galios P = P/ P, verte, o baltai pazymétu
erdviy atveju santykiné galia yra teigiama (nesitikima stiprinimo ar generacijos
procesy) [A3].

4.3 paveikslas: (A) Generacijos metu maksimalios pasiekiamos santykinés ga-
lios priklausomybé nuo priesjtampio salygy, apskaiciuota esant optimaliai fazei
naudojant didelio signalo stiprinimo metoda. Skai¢iuojamas 3wy/2 zonduo-
jancio daznio atvejis (tipiné pusiné sub-harmonika). Spalvotos erdvés atitinka
generuojama santykine galia P, o baltos erdvés atitinka priesjtampio salygas
kuriose generacijos procesai yra negalimi. Juoda punktyriné linija ir raudoni

apskritimai, atitinkantys II tipo priesjtampio salygas, vaizduoja priesjtampio
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vertes (Fy. = 0,5 ir F,. = 2:1:4) kurios buvo panaudotos virSutiniame in-
tarpe (a) - (c), vaizduojant santykinés galios priklausomybes nuo zonduojanéio
daznio elektrinio lauko stiprio ir faziy skirtumo. Stebimi faziy skirtumo inter-
valai, kuriuose generacijos procesai yra neleistini, parodo parametrine analizuo-
jamo proceso prigimtj. Atkreiptinas démesys j reiksminga kintamo elektrinio
lauko priesjitampio ribine verte (F,. > 2), kuri turi buti virsyta norint stebéti
gryng parametrinj stiprinima. (B) Generacijos metu maksimalios pasiekiamos
santykinés galios priklausomybé nuo priesjtampio salygy, apskaic¢iuota esant
optimaliai fazei, naudojant didelio signalo stiprinimo metoda. Skai¢iuojamas
5wp /3 zonduojancio daznio atvejis (tipiné trupmeniné sub-harmonika). Juoda
punktyriné linija ir raudoni apskritimai, atitinkantys II tipo priesjtampio saly-
gas, vaizduoja priesjtampio vertes (Fg. = 0,5 ir F,. =4:0,5 :5) kurios buvo
panaudotos kairiajame intarpe (d) - (f), vaizduojant santykinés galios priklau-
somybes nuo zonduojancio daznio elektrinio lauko stiprio ir faziy skirtumo.
Stebimas ,stiprinimo saly” formavimas, nurodantis, kad generacijos procesai i$

triuk$mo lygio signalo yra neleistini [A3].

4.4 paveikslas: (A) Generacijos metu maksimalios pasiekiamos santykinés
galios (kairéje) ir maksimalaus pasiekiamo elektrinio lauko (desinéje) priklau-
somybés nuo priesjtampio salygy, apskaic¢iuoti esant optimaliai fazei, naudojant
didelio signalo stiprinimo metoda. Skai¢iuojamas wp/2 zonduojancio daznio at-
vejis. Spalvotos erdvés atitinka generuojama santykine galia P arba elektrinio
lauko stiprj, kuris yra normuotas j Esaki-Tsu kritinj elektrinj lauka F’ 1(5). Baltos
erdvés atitinka priesjtampio salygas kuriose generacijos procesai yra negalimi.
Juoda punktyriné linija ir raudoni apskritimai, atitinkantys I tipo priesjtam-
pio salygas vaizduoja priesjitampio vertes (Fg. = 4 ir Foc =0:1:4) kurios
buvo panaudotos virSutiniame intarpe (a) - (f), vaizduojant santykinés galios
priklausomybes nuo zonduojancio daznio elektrinio lauko stiprio ir faziy skir-
tumo. Raudonos linijos atitinka neigiamo nekoherentinio judrio komponente,
apskaic¢iuota naudojantis mazo signalo stiprinimo modeliu. Intarpas akivaiz-
dziai atskleidzia nuo fazés nepriklausancio Blocho ir nuo fazés priklausancio
parametrinio stiprinimo mechanizmy sambuvj. Dominuojantis stiprinimo me-
chanizmas keiciasi didéjant kintamo zadinancio elektrinio lauko stipriui: zemo
kintamo zadinancio elektrinio lauko stiprio atveju dominuojantis Blocho stipri-
nimo mechanizmas (a) perteikia dominavima parametrinio stiprinimo procesui,
kol néra pasiekiamas grynas parametrinis stiprinimo mechanizmas (f). Atkreip-
tinas démesys, kad gryna parametrinj procesa galima stebéti tik tais atvejais,
kai yra leistina generacija uz neigiamos nekoherentinio judrio komponéntés ri-
by. Be to, grynas parametrinis procesas, kaip yra rodoma véliau, yra isskirtiné

wp/2 sub-harmonikos ypatybeé, atsirandanti dél specifinio mazo signalo stip-
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rinimo modelio analizés metu nagrinéto judrio skirstinio (7r. 4.1 paveiksla).
(B) Virsutinéje dalyje pavaizduotas iSdidintas 4.4 (A) paveikslas, atitinkantis
maza kintamo zadinancio elektrinio lauko stiprj ir nuolatinj zadinantj elekt-
rinio lauko stiprj Fy. ~ 1. Trys raudoni apskritimai atitinka F,. = 1073 ir
Fy. vertes, kurios yra Siek tiek mazesnés ir didesnés uz kritinj elektrinio lauko
stipri. Apacioje pavaizduotos priklausomybés rodo stiprinimo procesy evo-
liucija dél nedidelio nuolatinio priesjitampio pokycio. Atkreiptinas démesys i
skirtingus stiprinimo procesus: didéjant nuolatiniam zadinanciam elektriniam
laukui parametrinis stiprinimo procesas pereina j Blocho stiprinimo procesa.

Toks peréjimas yra unikali wp/2 sub-harmonikos savybé [A3].

4.5 paveikslas: Peréjimas is nuo fazés nepriklausancio Blocho stiprinimo j
hibridinj Blocho ir parametrinio stiprinimo mechanizma didinant kintamo za-
dinancio elektrinio lauko stipri (Fye = 4, Fac = 0 : 1 : 4). Pateikti grafikai
vaizduoja santykinés galios priklausomybe nuo zonduojancio elektrinio lauko
stiprio ir faziy skirtumo 5wg/3 ir bwp/4 dazniy atveju. Spalva pazymétos nei-
giamos santykinés galios, atitinkancCios generacijos procesus supergardeléje, o
balta spalva Zymimos teigiamos santykinés galios (sugertis). Matoma, kad gry-
nas parametrinis stiprinimas taip ir néra pasiekiamas, nes iSsigimusio proceso
atveju tai yra unikali wg/2 sub-harmonikos ypatybé. Dviejy mechanizmy sam-
buvio egzistavimas siuo atveju leidzia teigti apie ,stiprinimo saly” formavimasi
esant I tipo priesjtampio salygoms. , Stiprinimo saly” formavimasi taip pat pa-
rodo generacijos nebuvimas esant aukstam kintamam zadinanc¢iam elektriniam

laukui (F,e > 4) [A3].

4.7 paveikslas: Pirmo zonduojanéio daznio santykinés galios priklausomy-
bé nuo pirmo zonduojancio elektrinio lauko fazés ir elektrinio lauko stiprio
skirtingu antro zonduojancio daznio faziy atveju. Analizuojamas neiSsigimes
8/3 + 4/3 generacijos procesas. Modeliavimo metu naudotos pastovios pries-
itampio salygos: Fy. = 4; Fsc = 3;F, = 2. Spalva nurodo salygas, kuriose
santykiné galia yra neigiama ir pirmo zonduojancio daznio generacijos procesai
yra leistini. Baltos erdves atitinka salygas, kai santykiné galia yra teigiama ir
generacijos procesai nevyksta (sugertis). Atkreiptinas démesys i simteriskumo
praradima priklausomybése. Taip pat vienoje priklausomybéje yra stebimi du
skirtingi procesai - generacija nuo triuksmo lygio signalo ir ,stiprinimo salos”

formavimasis.

4.8 paveikslas: Pagrindinis paveikslas (centre): maksimalios galimos pirmo
zonduojancio daznio santykinés galios priklausomybé nuo priesjitampio saly-

gy ir antro zonduojancio daznio elektrinio lauko stiprio 4/3 + 8/3 neiSsigi-
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musio generacijos proceso atveju. Kiekvienas salygy rinkinys atitinka maksi-
maliai pasiekiama pirmo zonduojancio elektrinio lauko santykine galia esant
optimalioms pirmo ir antro zonduojanciy elektriniy lauky fazéms. Spalvotos
zonos nurodo salygas, kai generacija yra leistina, o baltos — kai draudziama.
Virsutinis intarpas ((a) - (e)): pirmo zonduojancio elektrinio lauko fazés pri-
klausomybé nuo pirmo zonduojancio elektrinio lauko fazés ir elektrinio lauko
stiprio, esant skirtingam antro zonduojancio elektrinio lauko elektrinio lau-
ko stipriui. Priesjtampio salygos atitinka raudony pussferiy padétis pagrin-
diniame paveiksle (Fye = 0,5; Foc = 4;F5=0:0,5:2 - II tipo priesjtampio
salygos). Atkreiptinas démesys, kad, skirtingai nei iSsigimusio proceso atveju,
yra leidziami trupmeniniy sub-harmoniky generacijos procesai nuo triuksmo
lygio signalo. Sis pastebéjimas patvirtina 3 skyriaus eksperimentinius rezul-
tatus. Apatinis intarpas ((f) - (j)): pirmo zonduojancio elektrinio lauko stip-
rio priklausomybé nuo pirmo zonduojancio elektrinio lauko fazés ir elektrinio
lauko stiprio, esant skirtingam antro zonduojancio elektrinio lauko stipriui.
Priesjtampio salygos atitinka geltony pussferiy padétis pagrindiniame paveiks-
le (Fgc = 4; Fae = 3; F» =0:0,5 : 2 -1 tipo priesjtampio salygos). Atkreiptinas
démesys | isliekant]j iSsigimusio proceso metu stebétg dviejy stiprinimo mecha-
nizmy sambuvi. Didéjant antro zonduojancio elektrinio lauko stipriui stebimas
parametrinio stiprinimo proceso jtakos didéjimas. Zalia pussferé pagrindiniame

grafike atitinka priesjtampio salygas, pavaizduotas 4.7 paveiksle.

5.1 paveikslas: (a) Klasikinis lazerio veikimo principas, paremtas kruvinin-
ky inversija - triju lygmeny veikimo schema (kairéje) ir del sklaidos isplite
energijos lygmenys (desinéje). (b) Beinversinis stiprinimas, atsirandantis dél

nehomogenisko kruvininky pasiskirstymo kiekviename energijos lygmenyje.

5.3 paveikslas: Skirtingi sasajos mechanizmai, uztikrinantys Blocho stipri-
nima. (a) Beinversinis Blocho stiprinimas, atsirandantis dél lygmenu sasa-
jos iSplitusiu zadinanéio lazerio spektru (pazymeétas zalia linija). (b) Bein-
versiné Blocho stiprinimo schema, kurioje sasaja yra realizuota per hibriding
Bloch-plazmoning (Epshteino) moda. Toks sasajos mechanizmas atitinka toli-

mesniuose grafikuose Sviesiai zalia spalva pazymeétas priesjtampio salygas.

5.5 paveikslas: Perduotos galios priklausomybé nuo nuolatinio priesjtampio
(taikomo tiesiogine ir atgaline kryptimis), iSmatuota supergardele papildomai
zadinant magnetronu. Atkreiptinas démesys j tris skirtingas erdves. Mazesnés
nei 0,6 V jtampos atveju stebima plazmoniné sugertis; 0,6 V-3,8 V atveju - sta-
bilus Blocho stiprinimas minijuostoje; didesnés nei 4 V jtampos atveju - ne-

rezonansinis tarpminijuostinis (Zenerio) tuneliavimas. Atgalinio priesjtampio
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atveju plazmoninés sugerties erdvé yra stipriai iSplésta, o Blocho stiprinimo

erdveé stipriai suspausta dél struktiroje naudojamy kontakty asimetriskumo.

5.6 paveikslas: Skirtingy dominuojanciy kruvininky transporto priklauso-
mybé nuo priesjitampio. Zemiau kritinio Esaki-Tsu elektrinio lauko stebimas
ominis rezimas. [tampai didéjant stebimos Blocho osciliacijos ir ominio rezimo
metu stebéta plazmoniné moda pereina j stabily Blocho stiprinima. Auksto
priesjitampio salygomis dominuoja tarpminijuostinis kruvininky pernasos me-

chanizmas, pasireiskiantis per nerezonansinius Zenerio tuneliavimo procesus.
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