Two novel types of superlattice oscillators, sui-
table for generation of subterahertz and tera-
hertz radiation are presented. They are based on
high-frequency driven miniband transport.

The first oscillator, the double resonance
superlattice parametric oscillator, is for up con-
version of radiation. It oscillates simultaneously
at the 3" and 5t harmonic of a pump frequen-
cy. Double resonance oscillations at 300GHz and
500GHz in a GaAs/AlAs superlattice are demonst-
rated. A sub-THz source was built delivering tune-
able (~10%), monochromatic radiation around
500 GHz (power~10uW). Used as a frequency
multiplier, the superlattice generated radiation at
the 11t harmonic at 1.1 THz. A theoretical treat-
ment showed that double-resonance oscillations
are in principle possible up to a 5th harmonic fre-
quency of the order of 10 THz.

The second oscillator, the THz-field dri-
ven Bloch oscillator, is for down conversion of
THz-radiation. It is driven by a THz-field of fixed
frequency and generates monochromatic radiati-
on which is tunable over a wide frequency range.
A theoretical treatment shows that it can gene-
rate radiation from almost zero frequency up to
the pump frequency with a high conversion effi-
ciency (~5—15%).
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Chapter 1 Abstract

In this work we report on two novel types of high-frequency driven semiconductor
superlattice oscillators, suitable for generation of subterahertz and terahertz (THz)
radiation. The oscillators are based on high-frequency driven miniband transport.
For the first of the two oscillators, we present experimental and theoretical results
and for the second oscillator a theoretical treatment; this oscillator has not yet been
realised experimentally.

The first oscillator we present, the double resonance superlattice para-
metric oscillator, is for up conversion of radiation. It oscillates simultaneously at the
third and fifth harmonic of a pump frequency. We could demonstrate experimentally
double resonance oscillations in a GaAs/AlAs superlattice pumped at 100 GHz. The
superlattice was mounted in a waveguide structure that served as resonator for both
harmonics. Double resonance oscillations were indicated by a threshold behaviour
of the third and fifth harmonic. We found that oscillations at the fifth harmonic
did occur only together with oscillations at the third harmonic. On the basis of the
double resonance oscillator we built a sub-THz source delivering tunable (~ 10%),
monochromatic radiation around 500 GHz (output power ~ 10uW). Used as a
frequency multiplier, the superlattice generated radiation at the eleventh harmonic
with a frequency of about 1.1 THz.

A theoretical treatment of the double-resonance oscillator, based on a
semiclassical theory of the miniband transport, showed that two coupled parametric
processes occur and that double-resonance oscillations are in principle possible up
to a fifth harmonic frequency of the order of 10 THz.

The second oscillator we propose, the THz-field driven Bloch oscillator,
is for down conversion of THz-radiation. It is driven by a THz-field of fixed frequency
and can generate radiation in a wide frequency range. Our theoretical treatment
shows that the THz-field driven Bloch oscillator can generate radiation within the
whole frequency range from almost zero frequency to the pump frequency with a high
conversion efficiency (~ 5 —15%). The oscillator is based on a synchronised motion
of the miniband electrons under the influence of a THz-pump field. We present
superlattice material which is suitable as active element of a THz-field driven Bloch
oscillator.



Chapter 2 Introduction

In a semiconductor superlattice, the periodic arrangement of layers of semiconductor
material results in a confinement of the energy of conduction electrons to minibands
[1]. Under the influence of a static field miniband electrons can perform Bloch oscil-
lations [2]. The Bloch oscillations result in a negative differential conductance of the
semiconductor superlattice [1]. Ktitorov showed theoretically that a semiconductor
superlattice should be suitable as active element of a THz oscillator [3]. Kroemer
[4] attributed the occurrence of negative conductance to the formation of electron
bunches in k-space, which are synchronised to a high-frequency field by the inter-
play of the static field and the high-frequency field and relaxation. Ignatov et al.
showed in a theoretical study [5] that the fast turning on of a static field does not
immediately lead to a constant drift velocity but that the drift velocity performs an
oscillation at the Bloch frequency with an amplitude which decreases due to relax-
ation. The oscillation of the drift velocity corresponds, for the miniband electrons
that are originally at rest, to a synchronised motion, caused by a sudden change of
the amplitude of a field, a transient Bloch oscillation.

By molecular beam epitaxy, semiconductor superlattices have been pre-
pared and negative differential conductance has been observed by studies of the
current voltage characteristics of the semiconductor superlattices [6]. Also the oc-
currence of Bloch oscillations has been observed experimentally [7, 8, 9].

An oscillator, with a static-voltage biased semiconductor superlattice
as the active device, was first realised in the microwave frequency range [10] and
by now, oscillators with a frequency of approximately 100 GHz have been realised
[11, 12, 13]. Recently, evidence for gain at THz-frequencies in a biased superlat-
tice has been found by a THz-transmission experiment at frequencies around 2 THz
[14]. The experimental realisation of a THz-Bloch oscillator, driven by a static
field, is however challenging: The negative conductance of the superlattice at low
frequencies can lead to the formation of field inhomogeneities [15, 16]. Those may
prohibit the high frequency gain. In an inhomogeneous field, the Bloch frequency
varies locally over the superlattice, which prohibits the synchronisation of electrons
in k-space. To avoid a negative dc conductance, the use of a parallel resistor, which
shunts the superlattice at dc and at low frequencies, has been proposed [17]. Exper-
imentally, transport free of field inhomogeneities has been demonstrated in a surface
semiconductor superlattice, which was prepared by cleaved edge overgrowth [18].

Another possibility to generate THz-radiation with a semiconductor su-
perlattice is a frequency multiplier. The nonlinearity of the miniband electron trans-
port, is used to generate radiation at higher harmonics. Based on the nonlinearity,



frequency multipliers [19] have been developed generating radiation up to 3 THz
[20, 21].

Recently, a high-frequency driven oscillator for generation of THz-radiation
was proposed [22]: the superlattice is pumped with a high-frequency field and radi-
ation at a higher harmonic is fed back to the superlattice, resulting in an oscillation
at the higher harmonic. An experimental realisation of such an oscillator with a
GaAs/AlAs superlattice is the superlattice parametric oscillator (SPO) [23], which
was pumped at 100 GHz and oscillated at 300 GHz. Theoretically [24, 25], the SPO
should work up to THz-frequencies. Parametric oscillations in a semiconductor su-
perlattice material, which should be suitable to realise an SPO at THz-frequencies
(up to 3 THz), could be demonstrated at 300 GHz [26]. Pumped with a microwave
field the SPO allows to convert pump radiation to radiation at the 37, 7t 11t
and so forth harmonic [27, 28]. Parametric oscillations for the case of a pump field
and a static field have been treated theoretically [29].

In this work we present two novel types of high-frequency field driven
semiconductor superlattice oscillators: The double-resonance superlattice paramet-
ric oscillator is for up conversion of radiation. We could demonstrate experimentally
double-resonance superlattice parametric oscillator action in a GaAs/AlAs super-
lattice and generated radiation with a frequency of 500 GHz. Theoretically the
superlattice is suitable as active element of a double-resonance superlattice para-
metric oscillator which generates radiation up to frequencies of the order of 10 THz.
The THz-field driven Bloch oscillator is for down conversion of radiation. It de-
livers gain over a wide frequency range and allows in theory to generate radiation
in the whole sub-THz and THz frequency range up to the pump frequency. The
THz-field driven Bloch oscillator can be operated such that the formation of field
inhomogeneities is suppressed.

The results presented in this work could only be achieved by intense col-
laboration. The superlattices used in this work have been grown by molecular beam
epitaxy by Dr. Dieter Schuh and Prof. Dr. Werner Wegscheider. Sample fabrication
was done in a collaboration with Anatoly Glokovskoy, Dr. Manish Jain, Matthias
Muthmann, Christian Reichl and Benjamin Stahl. The waveguide structure used
in the experiments was manufactured in the the mechanical workshop by Walther
Wendt.

Financial support of the DFG through the GK 638 ”Nichtlinearitét und
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Chapter 3 High-frequency driven miniband
transport

3.1 Semiconductor superlattice

A semiconductor superlattice is a heterostructure, which consists of a periodic ar-
rangement of semiconductor superlattice material. The periodic arrangement influ-
ences the electron transport in the direction perpendicular to the layers, the super-
lattice axis. The periodic structure confines the energy of the conduction electrons,
which is due to the motion along the superlattice axis, in minibands. Perpendicular
to the superlattice axis the transport of conduction electrons behaves like in bulk
material. The miniband structure of a semiconductor superlattice can be derived

2| 2

< &

B —
a dans 9 caas

Abb. 3.1: Schematic structure of a GaAs/AlAs Superlattice: « superlattice
period length , d;45 thickness of the AlAs layers, dg,as thickness of the GaAs
layers

making use of a tight binding model [30]. The dispersion relation of the lowest
miniband (Fig. 3.2) can be approximated by a cosine dispersion relation

e(k) = %[1 — cos(ka)], (3.1)

where A is the mini bandwidth and a the period length of the super-
lattice. The energy has a minimum of ¢ = 0 at £ = 0 and a maximum at the
mini-Brioullin zone boundary at k = 7. For a semiconductor superlattice like the
one used in our experiment, the period of which consisted of 14 monolayers of GaAs
(thickness dgaas ~ 4.5 nm) and 2 monolayers of AlAs (thickness dgqas ~ 0.65 nm),

5



>

£ (k)

0
-T1/a 0 m/a

Abb. 3.2: Dispersion relation of the lowest miniband. A is the miniband width
and a the miniband period

the period length a is approximately 5 nm (Fig.3.1) and the miniband width A is
approximately 140 meV.

3.2 Static-field driven miniband transport
Under the influence of a static electric field with field strength £ a miniband electron

is accelerated until its k vector reaches the mini-Brioullin zone boundary, where it
is Bragg reflected. The reflected miniband electron moves against the field. It is

(ag Bragg reflection (b& Bragg reflection
w w “\@é’
\‘%
0 0 2
-Ti/a 0 K ma -m/a 0 K T/a

Abb. 3.3: (a) Sketch of a Bloch oscillation in k space. (b) Sketch of a Bloch
oscillation interrupted by a relaxation process

decelerated by the static field until its k vector becomes zero and the miniband
electron is accelerated again; the electron performs a Bloch oscillation (Fig. 3.3a)

with the Bloch frequency
eal

. (3.2)

wWp =



where e is the electron charge! and A the Plank constant.
This can be derived using the acceleration theorem

hi: = eE (3.3)

and the miniband dispersion relation (eq. 3.1): The k-vector increases linearly with
time
ka = wpt (3.4)

and the group velocity
10e Aa .
vy(t) = Fon 2—hsmwBt (3.5)
oscillates with the Bloch frequency.
The trajectory of a miniband electron is found by integrating the group

velocity over time:

£(t) = /0 Sty () = (12 — 12 coswpt). (3.6)

where & = Aa/(hw) is the length of the trajectory. The miniband electron performs
a Bloch oscillation in space; it is accelerated by the electric field until its energy
reaches the upper miniband edge, is Bragg reflected and moves against the electric
field until its energy reaches the lower miniband edge and the process starts again.
For a superlattice with 14 monolayers of GaAs and 2 monolayers of AlAs, & is
30 a if the critical field strength E, (E = 10 kV/cm) is applied. The miniband
electron oscillates over a large number of superlattice periods. The length of the
trajectory diminishes with increasing field strength, at £ ~ 30E. the electron is
localised within one superlattice period. The spatial Bloch oscillation can easily be
associated with the oscillation of the group velocity: Every time v, equals zero, the
miniband electron is either Bragg reflected (k = 7/a, £(t) = &) or has reached the
lower miniband edge (k =0, £(t) = 0).

The Bloch oscillation is interrupted by relaxation. By emission of a
phonon, the electron can lose energy and starts to oscillate at a lower energy with a
different phase (Fig. 3.3b) which leads to a drift velocity in direction of the electric
force. The drift velocity is given by

v(E) = /0 S %e*t/Tvg(t,E) (3.7)

where 7 is the intraminiband relaxation time. At room temperature, the intramini-
band relaxation time is of the order of ~ 150 fs [31]. The integration over time leads
to the Esaki-Tsu formula [1]

2 E/E.

) =T E Ry

(3.8)

Le is used here for convenience as electron charge, of course —e should be used, where e is the
elementary charge



where v, = % is the peak drift velocity, which is achieved at the critical field
strength E. = % For low field strengths F < E,, the drift velocity increases

1
>0
-1 1
-1 0 1
E/E

Abb. 3.4: Esaki Tsu characteristic: At field strengths exceeding the critical
field strength E. the semiconductor superlattice exhibits a negative differential
conductivity. The maximal drift velocity for a miniband electron is the peak
drift velocity v,

linearly like pionmF (Fig. 3.4), where jiop, = A;g? is the ohmic mobility of the
superlattice. For E > E., the drift velocity decreases with increasing field strength.
The negative differential conductivity at field strengths higher than FE,. makes the
superlattice suitable as active element for a microwave oscillator.

The Esaki-Tsu formula is only valid for the steady state. Therefore a
miniband electron under the influence of a static and a high-frequency field cannot
be studied by the Esaki Tsu formula, as in its derivation the time dependence of the
drift velocity was averaged out by integrating over time.

3.3 High-frequency field driven miniband transport

To describe the time-dependent dynamics of the drift velocity, a time dependent
field E(t) must be considered in the derivation. Now, the k-vector

K=+ /t B (3.9)

at time ¢ is dependent on the instantaneous field E(¢p) in which the electron motion
started at time ty. If the electron does not undergo a relaxation process its group
velocity at time t is

vyt to) = 2v, sin / ' wp(t) (3.10)
where
ws(t) = ZE() (3.11)




is the instantaneous Bloch frequency. For a sinusoidal field E(t) = Esinwt, the
maximal instantaneous Bloch frequency,

ea ~

WBmaz = %E
is achieved twice per period. The instantaneous Bloch frequency corresponds to an
instantaneous trajectory length of the electron motion &(t) = a - A/[hwg(t)]. The

minimal instantaneous trajectory length is achieved at the maximal instantaneous
Bloch frequency, i.e. at the time of maximal instantaneous field amplitude

al A
507 h(UB,maz = aE ( )

Relaxation processes are incorporated in our description by averaging
the group velocity over all starting times of the electron motion %,

= [ dtoptt 10, (313

—00

where 1
plt,t) = —e~ =07 (3.14)
T

is the probability that the electron does not undergo a relaxation process in the time
interval [to,t]. A derivation of v(t) by use of the Boltzmann equation [32] leads for
zero lattice temperature to the same result. For finite lattice temperature, v, has
to be replaced by v, %, where Iy(x), I;(x) are the Bessel functions of zeroth
and first order. For a superlattice with 14 monolayers of AlAs and 2 monolayers of

GaAs, Iy/1; is about 0.8 at room temperature.

The dynamics of the miniband electron manifests itself in the drift ve-
locity. For the case of a sudden switching of a static field (at time t,nset) from zero
field strength to a constant value (Fig. 3.5, top), the group velocity starts at ¢ypset
to oscillate with the Bloch frequency. Let us consider a large number of miniband
electrons. At t,,se all electrons move synchronised with the same group velocity.
Relaxation processes lead to a phase shift between the group velocities of the mini-
band electrons (Fig. 3.5, centre). With each relaxation process the synchronisation
diminished. The synchronisation decays with the probability that an electron did
not undergoes a relaxation process: like e~ (t=tonset)/™  The synchronised motion of
the miniband electrons manifests in the slope of the drift velocity (Fig. 3.5, bottom).
At tonser, the drift velocity oscillates with the Bloch frequency, i.e., the drift velocity
performs a transient Bloch oscillation [5]. The oscillation decays and the value of
the drift velocity relaxates to Vi, which is the value of the drift velocity predicted
by the Esaki-Tsu relation. The Esaki-Tsu formula predicts, for a switching of the
field, an instantaneous switching of the drift velocity from zero to vaue. The time-
dependent drift velocity can be split up into two parts, in a quasi-static part (which
can be calculated by the Esaki-Tsu formula) and in a dynamic part, which is due
to a synchronisation of the miniband electrons and the amplitude of which decays
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g Sl

Abb. 3.5: For a sudden switching of the field (top), the oscillations in the
group velocity v, (centre) translate into oscillations in the drift velocity v
(bottom); E. is the critical field strength, v, is the peak drift velocity and 7 is
the intraminiband relaxation time [5]

with time like ~ e=/7,

Transient Bloch oscillations can also occur if a field is changed continu-
ously, i.e. they can be excited by a high-frequency field. To investigate the features
of high-frequency driven miniband transport, we have studied the case of a sinu-
soidal high-frequency field E(t) = Esinwt. To identify the quasi-static part of the
drift velocity, we have first studied the drift velocity as it is predicted by the Esaki-
Tsu curve: During a half cycle of the high-frequency field E(t), the magnitude of
the drift velocity (Fig. 3.6) increases with increasing field amplitude, until, at the
critical field strength, the maximal drift velocity magnitude v, is reached. At higher
field amplitudes, the magnitude of the drift velocity decreases with increasing field
amplitude. After the maximal field amplitude is reached the drift velocity shows the
same behavior for the decrease of the field strength, as it has shown for the increase.
The drift velocity is symmetric around the time of maximal field strength. A good
method to identify the dynamic part of the drift velocity is to draw a v(t)-E(t)-curve
and compare it with the Esaki-T'su-curve. For the quasi-static case, the v(t)-E(t)-
curve (Fig. 3.6) is just the Esaki-Tsu curve. (This is clear as we used the Esaki
Tsu curve to calculate v(t), but for the case of dynamic miniband transport the
v(t)-E(t) curve will deviate from the Esaki Tsu curve, revealing dynamic miniband
transport).

Now, let us study the drift velocity of a sinusoidal field with a frequency
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Abb. 3.6: (a) Drift velocity according to Esaki and Tsu for a sinusoidal high-
frequency field. (b) v(t)-E(t) curve acquired by associating v(t) and E(t).

(a) (b)
wt=0.2
1 1
o a t*=1/2
> > /
20 Z0 7
t* =0
MTwr=02 -1
0 1/2 1 14 0 1
t* =t 211/w E/E,

Abb. 3.7: (a) Drift velocity for a sinusoidal high-frequency field of frequency
wr=0.2 and with wp w7 = 3. The first maximum of the drift velocity is
enhanced by transient Bloch oscillations, the drift velocity displays a phase
shift against the high-frequency field. (b) The v(t)-E(t) curve does not cross
the origin, which is a manifestation of the phase shift. The drift velocity is
enhanced in comparison to the quasi-static case, as the maximal value of the
drift velocity exceeds v,,.

wt = 0.2. In the first quarter (t* = 27t /w < 1/4) of the pump cycle the magnitude of
the drift velocity (Fig. 3.7) increases, with increasing field strength, reaches a value
exceeding v,, decreases, shows a small increase and decreases again. In the second
quarter of the pump cycle (1/4 < t* < 1/2), the amplitude of the drift velocity
increases with decreasing field, reaches its maximum value, which is smaller than v,
and decreases. At the end of half the the pump cycle (t* = 1/2) the drift velocity
has a value different form zero although E(t) = 0. This manifests in the v(t)-E(t)-
curve. The curve does not cross the origin, the maximal value of the drift velocity
exceeds vy, for increasing field strength, and is located at field strengths exceeding
E.. For decreasing field strength the maximal value of the drift velocity is smaller
than v, and is achieved at field strengths below E.. The dynamic high-frequency
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driven miniband transport leads to an enhanced drift velocity, a phase shift between
the drift velocity and the high-frequency field and an oscillatory behaviour of the
drift velocity.

The oscillatory behaviour in the first half of the high-frequency field cycle
indicates a synchronised motion of the miniband electrons. The synchronised motion
occurs during the time of low field, where the Bloch frequency is low: Consider the
phase difference between the group velocity of two miniband electrons which relaxte
in two consecutive relaxation processes, with a time difference At . The phase
difference is Ay ~ wpAt (taking a constant wgp, as At is small). A low Bloch
frequency leads to a low phase difference. This also holds for a time dependent
Bloch frequency, the miniband electrons are synchronised at times of small field
strength. The synchronisation is destroyed by relaxation processes which take place
at higher field strength.

wt=0.05

1M 1 ﬁ
a a t*=1/2
> >
> 0 \/\/ > 0\j /

t* =0
1 1

wTt=0.05

0 1/2 1 -1 0 1
t* =t 2w E/E,

Abb. 3.8: (a) Drift velocity for a sinusoidal high-frequency field of frequency
wr=0.05 and wpme,T = 3. (b) The v(t)-E(t) curve does not cross the origin
and the drift velocity is enhanced, the v(t)-E(t) curve is clearly distinct from
the Esaki Tsu curve cf. Fig.3.6.

The strength of the dynamic effects in the drift velocity depends on the
frequency and the field strength of the high-frequency field i.e. on the relation
between the frequency w and the maximal instantaneous Bloch frequency wg maq-
The higher the ratio wp e, /w, the more pronounced are the dynamic effects. If
WEmaz 1s high, the dynamic effects are also present at low frequencies wr < 1 (Fig.
3.8).

At high frequencies w7t 2 1, the drift velocity is completely determined
by dynamic miniband transport (Fig. 3.10). The high-frequency field changes its
polarity, before the miniband electrons does undergo sufficient relaxation processes
to reach a steady state. The time of a half period of the high-frequency field is
shorter than the relaxation time. This manifests in a further increase of the phase
shift between the high-frequency field and the drift velocity.

If the frequency of the high-frequency field is increased beyond the max-
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Abb. 3.9: (a) Drift velocity for a sinusoidal high-frequency field of frequency
wr = 1.0 and wBme™ = 3. (b) In the v(t)-E(t) curve the maximal value of
the drift velocity is reached at field strengths F > E., only a small region of
negative differential conductivity occurs at high fields.
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Abb. 3.10: (a) Drift velocity for a sinusoidal high-frequency field of frequency
wr=4.0 and wp T = 3. (b) The E(t)-v(t) curve is almost a circle, the drift
velocity simply follows the high-frequency field (with a phase shift).

imal instantaneous Bloch frequency, the high-frequency field interrupts the Bloch
oscillation before it can fulfill a half oscillatory cycle. The drift velocity oscillates
nearly sinusoidally (Fig. 3.10), following the high-frequency field with a phase shift.

Usually, as a criterion for using the Esaki-Tsu-curve as an approximation
for high-frequency field driven transport, wr < 1 is used. However, this criterion
alone is not sufficient. To see if transient Bloch oscillations can be neglected also
the change of field strength within the time scale of a relaxation time has to be
considered. We propose to use wp a7 - w7 < 1 and wr < 1 as criterions to check
if the Esaki-Tsu curve can be used as approximation.

To estimate the upper frequency limit up to which transient Bloch os-
cillations manifest in the drift velocity, and are not interrupted by the change of
polarity of the high-frequency field, we suggest to use the criterion w < wp maq-
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3.4 Gain induced by high-frequency driven miniband trans-
port

To illustrate how in principle gain arises from high-frequency driven miniband trans-

port and to introduce the terminology we will use to discuss high-frequency driven

oscillators, we consider the drift of a miniband electron under the influence of a
high-frequency field E(t), which consists of a pump field and a third harmonic field.

E(t) = Ey coswt + Ej5 cos 3wt. (3.15)
For the case Ey = 3E,, E3 = E. (Fig. 3.11 first graph) at a frequency wr = 0.01,

0 T
time —»

Abb. 3.11: Gain induced by high-frequency driven miniband transport: A
pump field, £, and a third harmonic field, F3, cause a drift velocity, v, which
has a third harmonic drift velocity component, v;, with a phase that is shifted
in by 7 comparison to E3 , indicating gain; energy is transferred from the
miniband electron to the third harmonic field. The drift velocity component
at the pump frequency, vi, is in phase with the pump field, energy is transferred
from the pump field to the miniband electron.

we calculated the drift velocity (Fig. 3.11, second graph) making use of the Esaki-
Tsu curve. The field causes a drift velocity , which contains a component at the
third harmonic (Fig. 3.11, third graph), whose phase is shifted in comparison to Fj
by more than 7/2. The integral over the product Es(t)vs(t) is therefore negative,
indicating gain at the third harmonic. Energy is transferred form the miniband
electron to the third harmonic field. The drift velocity component at the pump
frequency (Fig. 3.11, fourth graph) is in phase with the pump field. The integral
over the product Fi(t)vi(t) is positive, energy is transferred from the pump field
to the miniband electron. The high-frequency driven miniband transport gives rise
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to gain at the third harmonic. The discussion of the double-resonance superlattice
parametric oscillator and THz-field driven Bloch oscillator will in principle follow
the same procedure: the drift velocity under the influence of a high-frequency field
E(t) is calculated and by Fourier analysis, the drift velocity components v,,(t) at the
frequency wy, is calculated. The phase between v,,(¢) and the component of the field
at w, are a sign for gain at the frequency w,.

To discuss the operation conditions of an oscillator based on high-frequency
driven miniband transport, it is convenient to introduce for each frequency w,, the
voltage U, the current I,, and the dynamic resistance R,. The voltage U, is deter-
mined by the relation g— = & the current amplitudes I,, by the relation I—” = ‘v’f,

and the dynamic resistances R by the relation RH = M . Ropm 18 thc ohmic

resistance of the superlattice, U, the critical Voltage at Wthh the field in the super-
lattice is £, and the current is I,. The power at the frequency wy, is P, = (U2/R,,).
The efficiency for conversion of radiation at the frequency w, to radiation at the
frequency wy, is given by 7, ., =

Pn

.

3.5 Frequency limits for oscillators based on high-frequency
driven miniband transport

There are several limitations for oscillators based on high-frequency driven miniband
transport. One limitation is given by the dielectric current. The current I, induced
by a high frequency voltage U, splits in the superlattice into two components, a
component which is carried by the miniband electrons and a dielectric current. To

R sL CSL <¥> U

w

Abb. 3.12: Equivalent circuit of a semiconductor superlattice. The ohmic
resistor, Rgy, carries the miniband-electron current, the capacitor, Cg;, carries
the dielectric current induced by the high frequency voltage U,,.

estimate the portion of the current which flows as dielectric current and which is
carried by miniband electrons, we discuss the equivalent circuit of a superlattice
(Fig. 3.12), which consists of a resistor, carrying the miniband electron current,
and a capacitor, carrying the dielectric current. The total current through the
superlattice is:

1

= (R+ —=)U. (3.16)

The ohmic resistance of the superlattice is Rgy, = U./2I, = L/(Aenofionm),
where ng is the n-type doping concentration, the capacitance of the superlattice is
Csr = €pe,A/L. The high frequency current splits evenly between the dielectric
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current and the miniband electron current at the dielectric relaxation frequency.

Waiel = eNofto/ (€o€r) (3.17)

To exploit high-frequency driven miniband in the superlattice it is favor-

able to use a high-frequency voltage with a frequency below the relaxation frequency,
to minimise “losses” to the dielectric current.
Limit of the minibands model: Out theoretical description, based on the concept
of a miniband, cannot describe an electron which is located within one period of the
superlattice, i.e. the extent of the trajectory of an electron has to be larger than
one period (§omin > a). The extent of the trajectory is based on the instantaneous
field strength, which is applied to the superlattice. For a superlattice, whose period
consists of 14 monolayers GaAs and 2 monolayers AlAs, &y mnin i approximately 30a
at the critical field strength E.. Our theoretical description should be valid up to
field amplitudes of 30F,. In the oscillators we will discuss, the oscillation frequency
is coupled with the pump field strength. Which limitations the dynamic localisation
proposes to the oscillation frequency will be discussed later on, individually for each
oscillator.



Chapter 4 Double-resonance superlattice
parametric oscillator for
generation of submillimeter waves

In this section we report on a novel type of high-frequency field driven oscillator,
the double-resonance superlattice parametric oscillator. It oscillates simultaneously
at two harmonics of a pump frequency, namely the third and the fifth harmonic.

We could demonstrate experimentally double-resonance oscillations in
a GaAs/AlAs superlattice. The superlattice was pumped at 100 GHz and was
mounted in a waveguide structure, which served as resonator for the third and the
fifth harmonic. Both third and the fifth harmonic showed a threshold behaviour.
Oscillations at the fifth harmonic did only occur together with oscillations at the
third harmonic. In a spectral analysis of the emission of the double-resonance super-
lattice parametric oscillator we found that also higher harmonics were emitted up
to frequencies of about 1.1 THz. By blocking the third harmonic radiation we built
a sub-THz source delivering tunable (~ 10%) monochromatic radiation around 500
GHz (output power ~ 10uW).

We studied the double-resonance superlattice parametric oscillator the-
oretical using the semiclassical theory of high-frequency driven miniband transport.
Our theoretical results show that the double-resonance superlattice parametric os-
cillator was driven by two joint parametric processes. The theory predicts that in
principle, with a double-resonance superlattice parametric oscillator, radiation can
be generated up to a fifth harmonic frequency of the order of 10 THz.

4.1 Principle of the double-resonance semiconductor super-
lattice parametric oscillator

In the double-resonance superlattice parametric oscillator (Fig. 4.1a), a pump field
(frequency w) excites parametrically a third and a fifth harmonic field. Resonators
for the third and the fifth harmonic fields deliver feedback to the superlattice. In the
double-resonance superlattice parametric oscillator two joint parametric processes
occurred (Fig. 4.1b). In one of the processes, a pump field produced a third har-
monic field. In the other process, the pump field produced, together with the third
harmonic field, a fifth harmonic field.

17
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Abb. 4.1: Principle of the double-resonance superlattice parametric oscillator :
(a) Pump radiation (frequency w) excites double-resonance superlattice para-
metric oscillations at the third (frequency 3w) and fifth harmonic (frequency
5w). (b) The double-resonance superlattice parametric oscillations are based
on two parametric processes: in one the pump field excites a third harmonic
field, in the other one a third harmonic field together with the pump field
excites a fifth harmonic field

4.2 Experimental setup

4.2.1 Setup of the double-resonance oscillator

Abb. 4.2: double-resonance superlattice parametric oscillator: The pump-
radiation (frequency w) is guided via a fin-line antenna (dotted) and a coaxial
structure (grey) to the superlattice. The superlattice is mounted in the res-
onator waveguide. The resonator and pump waveguide can be tuned by back-
shorts (black). The resonators for the third and fifth harmonic (indicated by
the thick black line) were formed by the resonator waveguide and the coaxial
structure.

The double-resonance superlattice parametric oscillator (Fig. 4.2a) con-
sists of a double-waveguide structure. It contained a pump waveguide (cut-off fre-
quency 60 GHz) and a resonator waveguide (cut-off frequency 170 GHz). The waveg-
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uides were arranged such that they enclosed an angle of 90 degrees. The resonator
waveguide had two functions. It served as resonator for the third harmonic and at
the same time as part of the fifth harmonic resonator. The fifth harmonic resonator
was formed by the resonator waveguide and a coaxial structure (length 1.5 mm).
The superlattice was mounted in the resonator waveguide. Pump, third and fifth
harmonic radiation was coupled to the superlattice by a whisker antenna connected
to the coaxial structure. The coupling between the coaxial structure and the pump
waveguide was achieved by a fin line antenna. The coaxial structure which con-
nected the pump and the resonator waveguide was designed as a band-stop filter for
the third harmonic preventing loss of third harmonic radiation to the pump waveg-
uide. The coaxial structure could either be connected to mass during operation as
oscillator or to a voltage source for measuring the current-voltage characteristic of
the superlattice. The coaxial structure hindered loss of pump radiation. Backshorts
in the waveguides allowed it to vary the lengths of the waveguides. Third and fifth
harmonic radiation was coupled out of the resonator waveguide via a horn antenna.

4.2.2 Simulated field distribution

The design of the waveguide structure was tested with a numerical high-frequency
field simulation (using HFF'S, from Ansoft). In the simulation, the field distribution
at the pump, third harmonic and fifth harmonic frequency in the waveguide structure
were calculated. In the simulation the waveguide structure contained the coaxial
line, the fin-line antenna and a mesa consisting of GaAs (diameter 3 pm, height
pum). In the calculation of the pump field distribution (Fig. 4.3 a) the waveguide
structure was excited at one end of the pump waveguide. According to the simulation
the pump field is be guided by the fin-line antenna and the coaxial structure to the
mesa. The whisker antenna leads to an additional enhancement of the field strength
at the site of the GaAs mesa. The pump field amplitude at the site of the mesa
is almost as big as in the pump waveguide. Leakage of pump radiation out of the
waveguide structure along the coaxial line is minimised by the coaxial filter.

To study the third and fifth harmonic fields, the waveguide structure
was in the simulation excited at the end of the resonator waveguide, where the
backshorts is situated. The other end of the resonator waveguide, where the horn
antenna is located, one end of the pump wave guide and the end of the coaxial line
were taken to be transparent for radiation.

For the third harmonic fields a standing wave forms in the resonator
waveguide (Fig. 4.3 b). In the simulation in between the backshort and the whisker
antenna the field amplitudes are larger than in the rest of the resonator waveguide.
Also a resonance along the whisker antenna occurs. Leakage of third harmonic
should be minimised by the coaxial filter in between the pump and resonator waveg-
uide: the third harmonic field strength is in the pump waveguide by a factor of
1000 smaller than in the resonator waveguide. The simulation indicates that the
third harmonic resonator is located in the pump waveguide and along the whisker
antenna.

The fifth harmonic field has a standing wave inside the resonator waveg-
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Abb. 4.3: Simulated field distribution in the waveguide structure for (a) the
pump, (b) the third harmonic and (c) the fifth harmonic.

uide (Fig. 4.3 ¢). The fifth harmonic field amplitude is more pronounced in between
the backshort and the whisker antenna. In addition a resonance inside the coaxial
line and along the whisker antenna occurs. The leakage of fifth harmonic radiation
into the pump waveguide is weak: the field amplitude in the pump waveguide is by
a factor of 100 smaller than the field amplitude in the resonator waveguide.

We expect that in the experiment the fifth harmonic resonator is dis-
tributed between the resonator waveguide, the coaxial line and along the whisker
antenna.

4.2.3 Active element

The superlattice which was used as active element (Fig. 4.4a) had 60 periods, each
period (length 4.5 nm) consisted of 14 monolayers GaAs and 2 monolayers AlAs.
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Abb. 4.4: (a) Sketch of a superlattice contacted by a whisker. (b) Current-
voltage characteristic of the superlattice (solid) and a theoretical fit (dotted),
taking into account a series resistance.

The superlattice was homogeneously doped with silicon (concentration 107 cm=3)
and had a large miniband width (~140 meV). By molecular beam epitaxy we had
grown, on a semi-insulating GaAs substrate, an n doped GaAs layer (Si doping
concentration 210" ¢m ™3, thickness 1 ym), a graded layer (thickness 18 nm), then
the superlattice (thickness 270 nm), another graded layer and another n doped GaAs
layer (thickness 200 nm). By use of photolithography, metal vapour deposition and
dry and wet etching processes, we prepared superlattice structures. A superlattice
structure contained about 400 superlattice mesas with circular shape (diameter 4
pum), each with an ohmic contact on top of it. Electrical connection to a single mesa
was obtained by a metal whisker on one side and by means of the n doped GaAs
layer on the other side. The current-voltage curve of the superlattice (Fig. 4.4Db)
showed a non-linear behaviour. The characteristic was almost antisymmetric and
at voltages exceeding the critical voltage U, (~ 0.8 V), the current decreased with
increasing voltage. At voltages U < U,, the current-voltage curve indicated ohmic
behaviour. The ohmic resistance at low voltages was due to the ohmic resistance
of the superlattice, R, ~ 5 €2, and due to a series resistance (~ 15 Q). The series
resistance was mainly due to the contact resistance.

4.2.4 Experimental setup

In our experimental setups the pump radiation (power ~ 50 mW), from a synthe-
siser (and an amplifier), was coupled to the parametric oscillator by use of an E-H
tuner. In one setup (Fig. 4.5 a) radiation from the parametric oscillator was pass-
ing a Fabry-Perot interferometer, with metal mesh reflectors [33], and was detected
with a liquid-helium cooled bolometer. The interferometer was used for a spectral
analysis of the radiation or, alternatively, as a filter for selecting radiation at a single
frequency. In the second setup (Fig. 4.5 b) the radiation of the double-resonance
superlattice parametric oscillator was focused by use of two off-axis parabolic mir-
rors directly on a golay cell detector. For measuring the power of the radiation a
thermal detector was used. The experiments which are presented were performed
at a pump frequency of 97 GHz.
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Abb. 4.5: Experimental setup (a) using a Fabry Perot interferometer and a
liquid helium cooled Bolometer to detect the radiation at different harmonics.
(b) using a Golay Cell detector to detect the radiation.

4.3 Experimental results

A Fabry-Perot interferogram (Fig. 4.6) showed that the radiation of the double-
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Abb. 4.6: Fabry Perot interferogram of the radiation of the double-resonance
superlattice parametric oscillator.

resonance oscillator consisted mainly of third and fifth harmonic radiation. Higher
harmonics did occur but were much weaker. Both the signal for the third and the
signal for the fifth harmonic (Fig. 4.7) showed a jump at the same pump power
level, P. We attribute the jump at the threshold pump power level, Py, to the on-
set of oscillations at both harmonics. We suggest that the second jump of both
harmonics at P > P, was due to a transition from one resonator mode to an-
other. At much higher pump power levels the signal of both harmonics decreased
with increasing pump power. In the range below the threshold (P < Py,), the
signals of the third and the fifth harmonic increased very strongly. We guess that
this increase of the signal was already influenced by feedback with the resonator,
however, without reaching the threshold of oscillation. By changing the resonator
waveguide backshort position, a transition from the non-oscillating in the oscillating
state was observed (Fig. 4.8). The signals of both harmonics increased jumplike at
the same resonator-backshort position. The separation of the onsets of oscillations
(~ 0.6 mm) corresponded to half a wavelength of the third harmonic in the res-
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Abb. 4.7: In both the signal of the third (top) and fifth (bottom) harmonic
radiation jumps occurred at the same pump power level, P;.

onator waveguide. Between the maximum of the third harmonic signal, a minimum
occurred every half wavelength of the third harmonic. The third harmonic oscilla-
tion occurs at backshort positions, where the feedback at the third harmonic is close
to its optimum. The fifth harmonic signal showed minima, with a separation of half
a wavelength of the fifth harmonic, indicating the feedback with the fifth harmonic
resonator. The onset of oscillations at the fifth harmonic is not connected to the
(relative) maxima and minima of the fifth harmonic signal, but with the maxima
of the third harmonic signal. The oscillation at the fifth harmonic is driven by the
third harmonic (and the pump) radiation. This indicates the occurrence of a process
where third harmonic radiation is together with pump radiation converted to fifth
harmonic radiation. If the backshort position was changed at pump power levels be-
low P, a pattern occurred in the slope of S3 and S5, in which no jump-like increase
was found. The pattern of the third harmonic (Fig. 4.9, top) was periodic, with
broad maxima of almost the same height. The pattern of of the fifth harmonic (Fig.
4.9, bottom) had broad maxima. The maxima had different heights and shapes.
The different slopes and heights of the maxima are a sign of coupled resonators for
the fifth harmonic. This is in accordance with the high frequency simulation of the
setup, which predicted that the fifth harmonic radiation is resonant in the resonator
waveguide, the coaxial line and along the whisker antenna.

From the separation and the half widths of the maxima, measured at
P < Py, we estimate for the Q-factors of the fifth and the third harmonic resonator
similar values (~ 3). From the Q-factors, it follows, that the gain coefficient of
the superlattice for the third and fifth harmonic was of the order of 10* em™1!,
corresponding to a gain cross section of a miniband electron of 10™*¥cm 2. To localise
the third harmonic resonator experimentally, testing the predictions of the high-
frequency simulation of the setup, we varied the length of the resonator waveguide
and measured the emission of the double-resonance superlattice parametric oscillator
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Abb. 4.8: Transition form the non oscillating into the oscillating state of the
double-resonance superlattice parametric oscillator by a change of the back-
short position. (a) The signal of the third harmonic increases jump like at
the onset of the double-resonance superlattice parametric oscillations . The
onset is at backshort positions close to the maxima the third harmonic signal
(b) The fifth harmonic signal increases jump like at the onset of parametric
oscillations. The onset is not correlated to the (relative) maxima of the fifth
harmonic, but to the relative maxima of the third harmonic.

(Fig.4.10). With the backshort we varied the distance between the whisker antenna
and the shunted end of the resonator waveguide. By inserting short waveguides in
between the resonator waveguide and the horn antenna, the distance between the
horn antenna an the whisker antenna could be varied. The radiation was detected
with a golay cell. The signal for different distances between the shunted end of the
resonator waveguide and the whisker antenna showed minima and maxima. The
maxima of the pattern were separated by about 0.6 mm. The maxima were broad
and had a double peak-like structure. The signal for different distances between
the whisker and horn antenna was almost constant. The constant signal indicates
[34] that the part of the resonator waveguide in between the whisker and the horn
antenna did not form a part of the third or fifth harmonic resonator. The occurrence
of a double peak-like structure upon change of the distance between the shunted end
of the resonator waveguide and the whisker antenna indicates that this part of the
resonator waveguide was a part of the third and fifth harmonic waveguide. The
measurement is in agreement with the results of the high frequency simulation of
our setup: it predicts, for the third harmonic, the occurrence of a resonance along
the whisker antenna and in the resonator waveguide and, for the fifth harmonic, the
occurrence of a resonance in the coaxial line and the resonator waveguide.

The power emitted by the double-resonance superlattice parametric os-
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Abb. 4.9: Signal of the third (top) and fifth (bottom) harmonic for different
backshort positions at a fixed pump power level (~ 42.8 mW ) below Py,.
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Abb. 4.10: Signal of the double-resonance superlattice parametric oscillator
for different distances between the backshort and the whisker antenna (black
dots) and between the whisker antenna an the horn antenna (red dots).

cillator (~ 40 W) corresponds to a conversion efficiency from pump radiation to the
harmonics of approximately 0.1 %. We suggest that an improvement of the setup
will increase the conversion efficiency.

The frequency of the double-resonance superlattice parametric oscilla-
tor was tunable. It could be tuned by several MHz by simply changing the pump
frequency. To achieve operation in a wider frequency range the backshorts and the
E-H-tuner had to be readjusted for different pump frequencies. We could achieve
double-resonance superlattice parametric oscillator operation within the pump fre-
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Abb. 4.11: Bandwidth of the double-resonance superlattice parametric oscil-
lations: Tuning over several MHz was possible by simply tuning the pump
frequency. To achieve operation within a wider frequency range, the E-H
tuner and the backshorts had to be readjusted (indicated by curves of differ-
ent color).

quency range of 90-100 GHz (Fig. 4.11) where our pump source delivered sufficient
(=50 mW) pump power. We attribute the variation of the output power with fre-
quency by a factor of about four to the fact that the part of the third harmonic
resonator, which was formed by the whisker antenna, could not be tuned. The oc-
currence of jumps in the signal is due to the varying pump power. We suggest that
with a more sophisticated setup and a pump power source, which delivers appro-
priate pump power, double-resonance superlattice parametric oscillator operation
which is fully tunable within a wide frequency range, without the need for tuning
backshorts, could be achieved.

The spectrum of the superlattice pumped at pump power levels exceeding
Py, is shown in figure 4.12a. The spectrum contained harmonics up to the eleventh,
which corresponds to a frequency of 1.07 THz. The power of the odd harmonics
decreased with the sixth potency of the frequency. The fifth and seventh harmonic
were enhanced in comparison to the potency dependence. The even harmonics were
much weaker than the odd ones. Even harmonics are a sign for an asymmetry in
the transport through the superlattice. The asymmetry can e.g. be caused by a
temperature gradient in the superlattice or a static field. That the even harmonics
were small, is a sign for almost symmetric transport through the superlattice.

The spectrum was achieved by taking the strength of the signals of a
Fabry-Perot interferogram and normalising the third harmonic signal strength by
a thermal power measurement. The point at the first harmonic corresponds to
the pump power. The effects of an increasing transmissivity of the Fabry-Perot
interferometer, a frequency dependent sensitivity of the detector and unfavourable
emission characteristics of the horn antenna for higher frequencies have not been
considered. We suggest that the estimated power of the harmonics can be taken as
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Abb. 4.12: (a) Spectrum of the double-resonance superlattice parametric oscil-
lator. (b) Signal of the Fabry Perot interferogram corresponding to a frequency
of 1.07 THz.

an upper limit.

The signal of the Fabry Perot interferogram corresponding to the eleventh
harmonic (frequency 1.07 THz) is shown in figure 4.12b. The signal (0.45 mV) was
twice as strong as the background (0.2 mV). The background was due to radia-
tion of the other harmonics, which were not completely blocked by the Fabry Perot
Interferometer and due to radiation which did not pass through the Fabry-Perot
interferometer. A signal of 0.2 mV corresponds to third harmonic radiation which
is damped by the Fabry-Perot interferometer by a factor of 10® or to third harmonic
radiation which is not transmitted through the intended beam line and is damped
by a factor of 10°. The limit given by our detector is 0.01 mV (which is the signal
measured if we cover the input window of our detector with a metal sheet). If the
background could be eliminated, our setup could deliver at 1 THz a signal to noise
ratio of about 200. The background could be reduced by e.g. inserting in the setup
a waveguide filter which blocks all harmonics but the eleventh.

4.4 Theory of the double-resonance semiconductor super-
lattice parametric oscillator

4.4.1 Operation at wr = 0.1

For a theoretical study of the double-resonance superlattice parametric oscillator
we investigated the motion of a miniband electron under the influence of a high-
frequency field E(t), which consisted of a pump field (amplitude £}, frequency w,
Fig. 4.13, first graph) at a pump frequency of wr = 0.1 (which corresponds to a
pump frequency of about 100 GHz like in the experiment), a third harmonic field
(amplitude Ej, frequency 3w) and a fifth harmonic field (amplitude Es, frequency
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Abb. 4.13: The joint action of a pump field E; (field amplitude 3E., frequency
wiT = 0.1), a third harmonic field F3 (field amplitude 1.2F,, frequency w7 = 0.3)
and a fifth harmonic field E;5 (field amplitude 0.1F,, frequency w7 = 0.5, the
height of Ej; is exaggerated in the figure for clarity) excite a drift velocity v,
which contains a component vs at the third harmonic and a component v; at
the fifth harmonic. The phase difference between v; and Fj3, respectively vy
and Fjs, is shifted by almost 7.

5w)

E(t) = Ecos (wt) + E3cos (3wt) + E5 cos(bwt). (4.1)

The drift velocity (4.13, second graph) contains a drift velocity component vs(t) at
the third harmonic (4.13, third graph) and a component vs(¢) at the fifth harmonic
(4.13, fourth graph). The phases between v3(t) and FEs3(t), and between vs(t) and
Es5(t) are almost 7, corresponding to gain for the third and fifth harmonic. If no
third harmonic field is applied, vs(¢) is almost in phase with E5(t), no gain at the
fifth harmonic does arise.

At the third harmonic, gain occurs (Fig. 4.14, top) if the superlattice is
excited by a pump voltage, the amplitude of which exceeds a threshold pump voltage
amplitude, Uy 5¢,. (To clarify the notation Uy 34, denotes the threshold pump voltage
amplitude need for gain at the third harmonic). At the fifth harmonic, gain occurs
if the superlattice is, in addition to the pump field, excited by a third harmonic field
(Fig. 4.14, centre). The third harmonic field strength which is needed for gain at
the fifth harmonic is dependent on the pump field strength (Fig. 4.14, bottom). If
no third harmonic field is present, gain does not occur at the fifth harmonic, Rs is
positive.

For the operation of the double-resonance superlattice parametric oscilla-
tor, gain has to occur simultaneously at the third and fifth harmonic. We calculated
R3 and Rj for different Us and Us at a fixed pump voltage amplitude (U; = 3U,),
which is sufficient to give rise to gain at the third harmonic. Gain at the third
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Abb. 4.14: (a) The third harmonic resistance R3 becomes negative at pump
voltage amplitudes exceeding a threshold pump amplitude, U 3, (pump fre-
quency wiT = 0.1)b. (To clarify the notation U, 3, denotes the threshold pump
voltage amplitude need for gain at the third harmonic) The fifth harmonic re-
sistance becomes at a fixed pump voltage amplitude becomes negative at third
harmonic voltage amplitudes exceeding a threshold third harmonic amplitude,
Ussin (c) Rs is positive if no third harmonic voltage is applied, Us, depends
on the pump voltage amplitude.

harmonic occurs, if Us is smaller than a critical value, Us 3¢ (Fig. 4.15, top). The
critical value of Us is almost independent of Us.

Gain at the fifth harmonic occurs (Fig. 4.15, centre) if Us exceeds a
threshold value, Us 31, and if Us is smaller than a critical value, Us 5o+ The value
of Us gy, increases with increasing Us.

The ranges of gain for the third and fifth harmonic have an overlap, the
range of double-resonance. Inside the range of double-resonance the pump voltage
simultaneously gives rise to gain for the third and fifth harmonic.

The occurrence of two parametric processes in the active range is indi-
cated by the behaviour of the high frequency current at the third and fifth harmonic:
The third harmonic current amplitude increases at Uy 2 Uy gy, (i.e. shortly after Rs
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Abb. 4.15: Range of double-resonance: The ranges of gain for the third (top)
and fifth (centre) harmonic have an overlap (bottom), the range of double-
resonance. In this range the contour lines of R3;(top) and R;(bottom) are
almost parallel.

has become negative) linearly with increasing pump voltage amplitude (Fig. 4.16).
The pump voltage drives the process, in which third harmonic radiation is generated.
For a constant pump amplitude, the fifth harmonic current increases at Us 2 Us s
(i.e. shortly after R; has become negative) linearly with increasing third harmonic
voltage amplitude (Fig. 4.16). For a constant third harmonic amplitude, the fifth
harmonic increases at Uy 2 U5y, (Le. shortly after R; has become negative) lin-

early with increasing pump voltage amplitude (Fig. 4.16). Both pump and third
harmonic field together drive the oscillation at the fifth harmonic.

To achieve an operation in the range of double-resonance the super-
lattice has to be matched to the third harmonic resonator and the pump circuit.
The matching can be achieved by designing the pump and third harmonic circuit
in accordance with the ohmic superlattice resistance. Inside the active range the
matching of the superlattice is not affected by Us. If Us increases, the superlattice
will react by producing an additional Us, which keeps R3 and R; constant.

The matching to the fifth harmonic resonator is done by the superlattice
itself: the magnitude of Ry increases which increasing Us (Fig. 4.17, top).

Us will increase until Rs is matched to the fifth harmonic resonator. The
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Abb. 4.16: Resistance (top) and amplitude (bottom) of the current compo-
nent at the third (black dots) and fifth (red dots) harmonic (a) for constant
third and fifth harmonic voltage amplitudes and (b)for constant pump and

fifth harmonic voltage amplitude. The regions where not both resistances are
negative are hatched.
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Abb. 4.17: The fifth harmonic resistance (top) increases with increasing Us.
The efficiency 75 (bottom) of the conversion process of pump to fifth harmonic

radiation. In both pictures U; has been changed has for each value of Us;, such
that Ry and R3 are constant

impedance of the fifth harmonic resonator is nevertheless important, as it determines
the value of Us which will build up. The efficiency 75 of the conversion of pump to
fiftth harmonic radiation depends on Us. For small Us, 75 increases with increasing
Us, reaches a maximum (~ 4%) and decreases (Fig. 4.17, bottom). The theoretically
predicted conversion efficiency is much larger than the one found in the experiment.
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We suggest that the experimental setup did not allow to match the superlattice
properly to the resonator circuit and that losses of radiation to the pump waveguide
occurred, such that the optimal conversion efficiency could not be achieved.

Lu/u,

U,/ U

'N\\\\\\\\&xzo double resonance

Abb. 4.18: The contour lines for a pump frequency wr = 0.1 where (a) the third
harmonic resistance and (b) the fifth harmonic resistance switches between
positive and negative values shift with the pump voltage amplitude, resulting
in a shift of (c) the range of double resonance

The extent of the range of double resonance depends on the pump volt-
age amplitude. The range of double resonance shifts with increasing pump voltage
amplitudes towards higher U (Fig. 4.18, bottom): With increasing Uy, Usserit
shifts towards higher values (Fig. 4.18, top). Also Us sy, and Us . increases with
the pump voltage amplitude (Fig. 4.18, centre). Irrespective of the pump voltage
amplitude, a third harmonic voltage is necessary to generate gain at the fifth har-
monic. The conversion efficiency (Fig. 4.19) increases with increasing pump voltage
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Abb. 4.19: The maximal conversion efficiency of the double-resonance super-
lattice parametric oscillator for a pump frequency wr = 0.1 of pump to fifth
harmonic radiation increases with the pump voltage amplitude

amplitude and the magnitude of the efficiency converges at U; = 3.5U. towards 10%.

4.4.2 Operation in the THz-frequency range

If the double-resonance superlattice parametric oscillator is operated at a higher
pump frequency (wr = 0.5, i.e. at a fifth harmonic frequency exceeding 2.5 THz)
an oscillation at the fifth harmonic can be excited with the pump field alone. The
superlattice still provides simultaneously gain at the third and the fifth harmonic:
Double-resonance parametric oscillations can occur and lead to a much higher con-
version efficiency than oscillations at the fifth harmonic alone.

First we studied the double-resonance superlattice parametric oscilla-
tions at wr = 0.5. The third harmonic resistance behaves like at lower frequencies:
with increasing Uy, Us s increases. (Fig. 4.20, top). The behaviour of R5 changes
(Fig. 4.20, centre): At moderate pump power levels (2 < U;/U. < 4) Rs is neg-
ative if Us is below Us e and if Us is below Us ¢ If no Us is applied Us serit
decreases with increasing pump voltage amplitude and becomes zero at Uy ~ 4. At
pump voltage amplitudes exceeding 4U. a third harmonic voltage is needed for gain
at the fifth harmonic. Double -resonance oscillations can be achieved at all pump
voltage amplitudes exceeding 2 U, (Fig. 4.20, bottom). At moderate pump voltage
amplitudes, the operation as a double-resonance superlattice parametric oscillator
is for generation of fifth harmonic more favourable than the operation as a fifth
harmonic oscillator. The conversion efficiency of the double-resonance superlattice
parametric oscillator (~ 4%) is by a factor of about 4 larger than the efficiency of
the fifth harmonic oscillator (Fig. 4.21). At larger pump voltage amplitudes only
double-resonance superlattice parametric oscillations provide gain at the fifth har-
monic. In this operation regime the conversion efficiency is further increased and
reaches values around 10%. The transition between the two regimes can clearly be
seen in the conversion efficiency.

At higher frequencies (wr = 1) the behaviour changes further, a small
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Abb. 4.20: The contour lines for a pump frequency wr = 0.5 where (a) the third
harmonic resistance and (b) the fifth harmonic resistance switches between
positive and negative values shift with the pump voltage amplitude, resulting
in a shift of (¢) the range of double resonance

region of pump voltage amplitudes (3.2 < U;/U. < 3.5) occurs, in which only os-
cillations at the fifth harmonic are possible. At higher pump voltage amplitudes
double-resonance superlattice parametric oscillations occur. The third harmonic re-
sistance (Fig. 4.22, top) is similar to the case of low frequencies: Us 3. increases
with increasing pump voltage amplitude. In addition, Us 3. increases with increas-
ing Us. We guess that parametric processes occur, where the fifth harmonic voltage
together with the pump voltage creates the third harmonic. The fifth harmonic
resistance is at low U; negative if Us does not exceed Usseiy and if Us does not
exceed Usserir. At Uy > 4U,, the behaviour of Rs becomes similar to the low fre-
quency behaviour: Rj is negative if Us < Us serie and Us > Us 5. The value of Us 54,
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Abb. 4.21: The maximal conversion efficiency from pump to fifth harmonic of
the double-resonance superlattice parametric oscillator (black points) and of
the fifth harmonic oscillator (white points) for a pump frequency wr = 0.5

depends on Us, at small Us, Us 5y, is equal to zero, oscillations can occur without
a third harmonic voltage. At larger Us a third harmonic voltage is needed for gain
at the fifth harmonic. We guess that the behaviour at wr = 1 is due to competing
parametric processes. Depending on the voltage amplitudes, the conversion from
pump and third to fifth or from pump and fifth to third is more favourable.

The conversion efficiency (Fig. 4.23) increases with the pump voltage
amplitude. At pump voltage levels, where only an oscillation at the fifth harmonic
is possible, the conversion efficiency is small (< 1%). At pump power levels where
double-resonance superlattice parametric oscillations are possible, the conversion
efficiency has a maximal value (~ 10%) when pump and third harmonic voltage
is applied, i.e. when the oscillator is operated as a double-resonance superlattice
parametric oscillator . If the oscillator is operated as a fifth harmonic oscillator the
conversion efficiency is at least by a factor of two smaller.

4.4.3 Upper frequency limit of the double-resonance superlattice para-
metric oscillator

The theory shows that double-resonance oscillations can also occur at THz-frequencies,
with conversion efficiencies in the range of a few percent. To obtain gain in the THz-
frequency range a higher pump voltage amplitude is necessary. There is an upper
frequency limit. It follows from the requirement that the instantaneous trajectory
length is larger than the period length (§ > a), i.e. the voltage amplitudes should
in our superlattice should be smaller than 30 U.. The calculations for the THz-
frequency range showed that with such field strengths generation of fifth harmonic
radiation at frequencies of the order of 10 THz is possible. An experimental indi-
cation that the superlattice we used is suitable for THz-frequency applications are
the higher harmonics up to frequencies of about 1.1 THz which were generated by
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Abb. 4.22: The contour lines for a pump frequency wr = 1.0 where (a) the third
harmonic resistance and (b) the fifth harmonic resistance switches between
positive and negative values shift with the pump voltage amplitude, resulting
in a shift of (¢) the range of double resonance

the double-resonance superlattice parametric oscillator.

4.5 A sub-THz frequency quintupler on the basis of double-
resonance superlattice parametric oscillations

To built a frequency quintupler on the basis of double-resonance superlattice para-
metric oscillations we used the double-resonance superlattice parametric oscillator
and blocked the emission of the third harmonic with a waveguide filter. The fre-
quency quintupler generated radiation at a frequency of about 0.5 THz with a power
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Abb. 4.23: At a pump frequency of wr = 1.0, the maximal conversion effi-
ciency of the double-resonance superlattice parametric oscillator (black points)
is larger than the maximal conversion efficiency of a fifth-harmonic oscilla-
tor(white points)

of about pW. With our pump source we could operate the frequency quintupler in
a wide frequency range (~ 0.45 — 0.5 THz). By observing the weak third harmonic
signal we could show that the quintupler was based on double-resonance superlattice
parametric oscillations

4.5.1 Experimental

frequency 291GHz s 1 NPT
- g 10}
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M 05mm 3100FT .
0 5 10 200 300 400 500
fieldstrength (a.u.) frequency (GHz)

Abb. 4.24: (a) Simulated field distribution of the third harmonic in a waveg-
uide, terminated by the waveguide filter and (b) transmission characteristic of
the waveguide filter.

The setup of the frequency quintupler was similar to the setup of the
double-resonance superlattice parametric oscillator. We modified it by inserting a
waveguide filter in between the resonator waveguide and the horn antenna. We



38

designed the filter such that it blocked third harmonic radiation and was almost
transparent for fifth harmonic radiation. The filter consisted of a short piece of
waveguide, with appropriate chosen dimensions. A high frequency simulation of
the waveguide filter predicted that the filter blocked third harmonic radiation (Fig
4.24a). The simulation predicts (Fig 4.24b) that the transmission of the third har-
monic should be diminished by a factor of about 100, while the fifth harmonic
radiation should pass the filter almost unhindered.

4.5.2 Experimental results

A Fabry-Perot interferogram (Fig. 4.25) showed that the radiation of the quintupler
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Abb. 4.25: Fabry Perot Interferogram of the quintupler

consisted almost solely of fifth harmonic radiation. Other harmonics (including the
third harmonic) were by a factor of about 100 weaker than fifth harmonic.

20
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Abb. 4.26: Bandwidth of the frequency quintupler.

The quintupler was tunable in a range several MHz by changing the
pump frequency. For a stronger variation of the frequency, the backshort and the
E-H-tuner had to be readjusted. In a wide frequency range (450 GHz - 500 GHz) we
could demonstrate quintupling based on double-resonance superlattice parametric
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oscillations(Fig. 4.26), at frequencies where the pump source delivered sufficient
pump power. The third and fifth harmonic signals showed both jumps at the same
pump power levels. The output power, however, varied strongly (2-20 pW). We
suggest that this was due the fact, that we could, for different pump frequencies,
not tune the fifth harmonic resonator, which was partially formed by the coaxial
line.

A sign for the occurrence of double-resonance superlattice parametric
oscillations was the threshold behaviour of the fifth harmonic at P, (Fig. 4.27).
The third harmonic also increased strongly at Py, (Fig. 4.28). A comparison of the
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Abb. 4.27: In both the signal of the fifth (top) and third (bottom) harmonic
of the quintupler, jumps occur at the same pump power level, P.
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Abb. 4.28: Signal of the fifth (top) and third (bottom) harmonic of the quin-
tupler for different backshort positions.

behaviour of the fifth harmonic signal in the quintupler and the double-resonance
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superlattice parametric oscillator experiment shows that the slope of S5 was almost
unchanged. P, was almost the same (in the quintupler experiment it was increased
by ~ 0.4%) and the strength of the fifth harmonic signal was almost unchanged. The
strength of the signal of the third harmonic was in the quintupler experiment dimin-
ished by a factor of about 200 in comparison to the double-resonance superlattice
parametric oscillator experiment.

The influence of the feedback at the third harmonic showed that double-
resonance superlattice parametric oscillations occurred. At the threshold pump
power level the change of the backshort position resulted in a pattern of the fifth
harmonic, in which jumps occurred. In the pattern of the third harmonic the jumps
were at the same backshort positions. The jumps occurred at backshort positions
which corresponded to the rising and trailing slopes of the pattern of the third
harmonic.

In conclusion we showed that with a semiconductor superlattice a quin-
tupler, which is based on double-resonance superlattice parametric oscillations ra-
diation in the sub-THz frequency range (~ 0.5 THz) can be realised.



Chapter 5 THz-field driven Bloch oscillator

The second oscillator we propose is the THz-field driven Bloch oscillator, which is
driven by a THz-field of fixed frequency and can oscillate in a wide frequency range,
where the oscillation frequency can be chosen by tuning the resonance frequency
of the resonator. The THz-field driven Bloch oscillator is based on a synchronised
motion of miniband electrons, which is created by a THz-pump field. The interac-
tion of an oscillation field with the synchronised miniband electrons induces a drift
velocity component at the oscillation frequency, the phase of which is opposite to
the oscillation field, corresponding to gain for radiation at the oscillation frequency.
In a calculations based on a semi-classical theory we found that the THz-field driven
Bloch oscillator can convert THz-pump radiation into frequency tunable radiation
with a high efficiency (about 5-10%). Our calculations showed that THz-field driven
Bloch oscillations can hinder the formation of field inhomogeneities. We will discuss
a possible experimental realisation of a THz-field driven Bloch oscillator, based on
semiconductor superlattice material, which has been designed in the progress of this
work.

5.1 Principle of the THz-field driven Bloch oscillator

(@) THz-pump field, (b) OO
frequency w, S
09
= \\

W
resonator, resonance & - )pz”)ng 2}2’2>>>

frequency w__

Abb. 5.1: (a) Principle of the Terahertz-field driven Bloch oscillator: a pump
field promotes the superlattice in an active state, where it provides gain over
a wide frequency range. Feedback with a resonator starts and maintains an
oscillation at the resonance frequency of the resonator. (b) Arrangement for
an experimental realisation of a THz-field driven Bloch oscillator consisting of
a superlattice mounted in a corner cube and a mirror.
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In the THz-field driven Bloch oscillator (Fig. 5.1a) a superlattice is
pumped by a THz-field, promoting it in an active state. Feedback with a resonator
starts and maintains the oscillation. The oscillation frequency w can be tuned by
changing the resonance frequency of the resonator, but without a change of the
frequency of the THz-pump field. A possible experimental arrangement (Fig. 5.1b)
of a THz-field driven Bloch oscillator could consist of a superlattice mounted in
resonator consisting of a corner cube and a spherical mirror. The superlattice is
situated in the corner cube and coupled to the pump and the resonator field by a
whisker antenna.

5.2 Operation conditions of the THz-field driven Bloch os-
cillator

We calculated R, and 7 for different pump voltages and pump frequencies. A typical
behavior of R, for varying oscillator frequency (all other parameters were held fixed)
is shown in figure 5.2a. The resistance is positive at low frequencies, negative in
a frequency range, the active range, cantered in the THz-frequency range and is
positive at higher frequencies. The positive resistance at low frequencies stabilises
the oscillation against the formation of field inhomogeneities. Any field homogeneity
that might have build up decays due to the positive resistance. The calculations were
performed for different phases between pump and oscillation field. It turned out that
the resistance is at almost all [35] oscillation frequencies independent on the phase
. The extent of active range is dependent on the pump voltage amplitude (Fig. 5.2
b). There are pump voltage amplitudes where the active range is cantered in the
THz-frequency range, pump voltage amplitudes where the active range is in between
almost zero frequency and the pump frequency and pump voltage amplitudes where
the active range is at frequencies higher than the pump frequency.

To study how the active range depends on the pump frequency, we kept
in the calculations the oscillator frequency fixed. We found that the THz-field driven
Bloch oscillator works only at pump frequencies exceeding w,7 = 1 (Fig. 5.3). At
all pump frequencies w, > 1 we considered (w,7 < 5), gain occurred if the pump
voltage amplitude was chosen appropriate (Fig. 5.3). The minimal pump voltage
amplitude needed for gain increases linearly with the pump frequency.

To determine the conversion efficiency of the THz-field driven Bloch
oscillator we calculated the resistances at the pump and the oscillation frequency for
an oscillation frequency of wr =1.1 and a pump frequency of w,7 =3. In the contour
plot of figure 5.4, top, the resistance at the oscillation frequency, R,,, is shown in
dependence of the pump and the oscillation voltage amplitudes, the ranges of loss
are hatched. R, becomes negative above a threshold pump power and positive at
higher pump powers. The active range extends over a wide range (~ 5 U,.) of pump
voltage amplitudes. The resistance at the oscillation frequency is, in the active range,
negative from zero oscillation voltage amplitudes on; the oscillation can start from
noise. The conversion efficiency from pump radiation to radiation at the oscillation
frequency had in the active range a maximal value of ~ 10%.
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Abb. 5.2: (a) The THz-field driven Bloch oscillator delivers gain in a wide
frequency range, the active range. (b) The extent of the active range for
different pump voltage amplitudes U,. (The line at an oscillation frequency of
wT = 3 is an artifact of the calculations, due to the pump field at the pump
frequency w,7 = 3).

At small oscillation voltage amplitudes R, is (for a fixed pump voltage
amplitude) almost constant, indicating that the current component at the oscillation
frequency increases linearly with the oscillation voltage amplitude. In the active
range the oscillation voltage induces the current at the oscillation frequency.

To operate the THz-field driven Bloch oscillator, the active superlattice
has to be matched to the circuit with respect to the pump and the oscillation radia-
tion. The matching to the pump circuit has to be done by appropriate design of the
superlattice and the pump circuit. The matching to the pump circuit is not affected
by the oscillation, in the active range R, is for a fixed U, almost independent of
U, (Fig. 5.4, centre). The matching to the oscillation circuit is done by the super-
lattice itself: R, is constant at low oscillation voltages (Fig. 5.5, top) and increases
with increasing U,,, so U, will build up until the superlattice is matched. Since
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Abb. 5.3: The occurrence of gain depends on the pump frequency w, and
the pump voltage amplitude U,: For fixed w, with increasing U, gain (white
regions) and loss (hatched regions) occur alternately. The values of U, where
a transition between loss and gain happens depend linearly on w,.

the efficiency of the conversion from pump radiation to radiation at the oscillation
frequency depends on U, (Fig. 5.5, centre) the efficiency of the THz-field driven
Bloch oscillator depends on the design of the oscillation circuit.

The constant R, at low oscillation voltages shows, that the oscillation
voltage induces the current component [, at the oscillation frequency. The ampli-
tude of I, increases in the active range at low pump voltage amplitudes linear with
the oscillation voltage (Fig. 5.5, bottom). The oscillation voltage induces the current
component at the oscillation frequency, in accordance with the proposed mechanism.
The linear increases of the drift velocity with the oscillation voltage, manifests in
the conversion efficiency (Fig. 5.5, centre), which increases at low oscillation voltage
amplitudes quadratically with the oscillation voltage amplitude.

5.3 Origin of Gain

The THz-field driven Bloch oscillator is based on the synchronised motion of the
miniband electrons under the influence of a THz-pump field. The synchronised
motion is caused by the fast change of field strength, when the pump field changes
polarity. The synchronised motion manifests in the drift velocity in an oscillatory
behaviour (Fig. 5.6, dashed line). The oscillator field influences the synchronised
motion (Fig. 5.6, solid line), resulting in a drift velocity component at the oscillator
frequency, with a phase opposite to the phase of the oscillation field (Fig. 5.6),
corresponding to gain. If no oscillation field is applied, this drift velocity component
is not present.

How the oscillator field induces the drift velocity component with op-
posite phase can be illustrated by considering the motion of a miniband electron
under the influence of a static field. The miniband electron moves on the trajec-
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Abb. 5.4: Operation conditions of the THz-field driven Bloch oscillator : Resis-
tance at the oscillation frequency, R,., (top), resistance at the pump frequency,
R,, (centre) and conversion efficiency, 7, of pump radiation to radiation at the
oscillation frequency (bottom). Regions of positive R, are hatched.

tory &: it is accelerated, Bragg reflected, when its energy reaches the upper mini-
band edge, moves against the static field and relaxates after the relaxation time 7
(Fig. 5.7). Within the time 7 the miniband electron has moved by z, = (1) =
AaTE/(hE.) [1/2 — 1/2cos(E/E.)], i.e. with a drift velocity vp = x,/7. The num-
ber of Bragg reflections Np the miniband electron undergoes, depends linearly on
the field strength Np = E/(2m). If the pump field strength is chosen such that
the miniband electrons performs 1-1.5, 2-2.5,... Bragg reflections, i.e. such that it
moves against the field when it undergoes a relaxation, a change of field strength
OF results in a change of drift velocity ov with opposite sign (Fig. 5.7). With
increasing field strength, gain and loss occur alternatingly, which was found in the
calculations (Fig. 5.3). If the change of the field is induced by a high-frequency field
with frequency w, a drift velocity component v, with a frequency w is induced, the
phase of which is opposite to the phase of the high-frequency field. The superlattice
provides gain at the frequency w. In a THz-pump field, not the relaxation interrupts
the motion of the miniband electrons but the change of polarity of the pump field.
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Abb. 5.5: (a) The oscillation resistance R, of the THz-field driven Bloch os-
cillator for different oscillation voltage amplitudes. (b) The efficiency 7 of the
conversion from pump to oscillation radiation increases at small voltage am-
plitudes quadratically with U,. (c) The amplitude of the current component
at the oscillation frequency I, increases at small U, linearly with U,.

The condition for gain is now that the miniband electrons performs 1-1.5, 2-2.5,...
Bragg reflections during the time the pump field points in one direction i.e within
tp/2 = 1/(2w,). The value of field strength where a change from loss to gain happens
depends linearly on the pump field frequency, as with increasing pump frequency
also the number of Bragg reflections per time has to be increased in order to keep
the number of Bragg reflections constant within ¢,5. In our calculations (Fig. 5.3)it
has been found that the pump field strength, where the transition from loss to gain
occurs, depends linearly on the pump frequency.

5.4 A possible realisation of a THz-field driven Bloch oscil-
lator with a GaAs/AlAs superlattice

As an active element we propose to use a GaAs/AlAs superlattice with 60 periods,
each consisting of 14 monolayers GaAs and 2 monolayers AlAs, with a doping con-
centration of 1017e¢m™3. Theory predicts for the superlattice a miniband width of
about 140 meV, a critical voltage of 0.26 V, a peak current of 21 mA (for a diameter
of 3 um) and a dielectric relaxation frequency of approximately 1.2 THz. We struc-
tured out of superlattice material, like the one proposed, a mesa with a diameter of
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Abb. 5.6: The synchronised motion of miniband electrons under the influence
of the pump field £, manifests in a oscillatory behaviour of the drift velocity
vp (dashed line). Influencing the synchronised motion with an oscillation field
E,sc results in a drift velocity (solid line) which contains a component v, at
the oscillation frequency, with a phase opposite to the phase of the oscillation
field, corresponding to gain.

3 pm (for a more detailed description of the structuring see [36]) and measured the
current-voltage curve of the superlattice (Fig. 5.8). The current-voltage curve was
ohmic at low voltages and had a peak current of 21 mA at 0.67 V. At larger voltages
the current stayed at the same level. A static voltage of 4 V could be applied to the
superlattice without damaging it. An analysis of the current-voltage curve, using
the Esaki-Tsu relation and taking into account a series resistances, revealed that the
superlattice had an ohmic resistance R, of about 6 €2 and a series resistance of
about 19 Q. The series resistance was due to contact resistance. The critical voltage
of the superlattice was about 0.26 V.

For an optimal operation at an oscillation frequency of 1.1 THz with a
pump frequency of 3 THz the necessary pump voltage amplitude is approximately
6U.. In our superlattice the minimal instantaneous trajectory length would at 6U. be
5a > a. Our theoretical treatment can be used to describe the miniband transport
in this superlattice at field strengths necessary to achieve THz-field driven Bloch
oscillator action. The superlattice did bear in a static field measurement voltages
up to about 15 U, where currents close to the peak current were flowing, i.e. a power
of 15 U, - I,. For an optimal operation a pump power of 6 U, - 0.15], is necessary.
The additional power consumed by the series resistance can be neglected as it is



Abb. 5.7: Trajectory (dashed) of a miniband electron in a static field E (The
upper and lower miniband edge is depicted by the solid line). The miniband
electron under the influence of a field is accelerated, Bragg reflected, moves
against the field and relaxates (sidled line). It has moved by x,. An increase
of the field strength (a) results in a stronger tilt of the miniband and a faster
acceleration of the miniband electron resulting in an decrease of x,. A decrease
of the field strength (c) results in an increase of x;,.
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Abb. 5.8: Current-voltage characteristic (solid) of a superlattice, which is in
principle suitable as active element of a THz-field driven Bloch oscillator . The
dotted line was achieved by fitting the experimental data with an Esaki-Tsu
curve, taking account of a series resistance (~ 6) in addition to the ohmic
resistance of the superlattice (~ 19Q)

much smaller than the dynamic resistance (Rs ~ 3Ropm < Ro ~ T5Ropm)-

The dynamic resistance of the superlattice would be 50 Ry ~ 3002 at the
pump frequency and 75 Ry ~ 450 2 at the oscillation frequency. For the resonator
we suggest to use a corner cube and a mirror (like in the sketch of a THz-field
driven Bloch oscillator in figure 5.1). The resistance of the antenna of a corner
cube is depended on the frequency [37] and decreases with increasing frequency.
The superlattice could be matched both to the resistance at the pump and to the
dynamic resistance at the oscillation frequency. The use of a corner cube would
also allow to separate the pump and radiation frequency spatially, as the angle of
inclination of a corner cube varies with frequency.

The pump power needed to operate the THz-field driven Bloch oscillator
with optimal conversion efficiency would be about 5 mW. At 3 THz presently such
pump powers can be delivered by quantum cascade lasers [38] or optical pumped gas
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lasers [39]. At the optimal operation point could, according to the theory, radiation
at a frequency of 1.1 THz with a power of 0.5 mW be generated.

The dielectric relaxation frequency of the superlattice (~ 1.2 THZ) is,
however, low in comparison to the pump frequency (~ 3 THz). Only 30 percent of
the current at 3 THz will be carried by miniband electrons. This might be sufficient
for an experimental proof of principle. To realise a THz-field driven Bloch oscillator
with high efficiency we suggest to increase the doping by a factor of 10 to increase
the dielectric frequency, such that about 80 percent of the current are carried by
electrons. The same R, could be achieved by either decreasing the diameter of the
mesa by a factor of three or increasing the number of periods by 10. The superlattice
should still be able to withstand the pump voltage amplitudes necessary to operate
the THz-field driven Bloch oscillator.

5.5 A comparison of the THz-field driven Bloch oscillator
with the static field driven Bloch oscillator

With superlattices THz-radiation could in principle also be generated with a static-
field driven Bloch oscillator. But a THz-field driven Bloch oscillator has severe ad-
vantages over the static-field driven Bloch oscillator. In the static-field driven Bloch
oscillator a static field excites Bloch oscillations, which give rise to gain up from
low frequencies up to the Bloch frequency. The gain at low frequencies is the origin
of the main obstacle for the experimental realisation of a static-field driven Bloch
oscillator, it gives rise to the formation of field inhomogeneities, which destroy the
gain at THz-frequencies. In the THz-field driven Bloch oscillator the THz-field ex-
cites transient Bloch oscillations giving rise to gain in a wide frequency range, which
can be in the THz-frequency range only, not extending down to low frequencies.
This suppresses field inhomogeneities. The extent of the active range only in the
THz-frequency range also may simplify the resonator design. In a static field driven
Bloch oscillator the occurrence of feedback at low frequencies has to be avoided,
in order to avoid oscillations at low frequencies. This needs a very sophisticated
design of the resonator and the connection to static voltage source. In a THz-field
driven Bloch oscillator a simple resonator formed with mirrors should be sufficient,
resonances at low frequencies are no issue as the resistance at low frequencies is
positive, and the desired oscillation frequency can be chosen by simply changing the
resonator length or using a frequency selective element inside the resonator.



Chapter 6 Discussion

In theoretical studies a variety of effects caused by miniband transport in a high-
frequency field have been predicted: dynamic localisation [32], self induced trans-
parency [40], dc voltage generation [32] (corresponding to a spontaneous symmetry
breaking [41]) and the occurrence of chaos [42]. Recently, self induced transparency
and dynamic localisation in biharmonic fields have been studied theoretically [43].
Our work contributes by proposing the idea of coupled parametric processes and
demonstrating that simultaneous oscillations at two harmonic fields are possible.
Also we showed that gain in a wide frequency range can arise under the influence of
a THz-field.

Besides the study of nonlinear transport of miniband electrons our work
also contributes to the field of semiconductor-based THz-sources, which has the goal
to develop compact and cheap THz sources. (THz-sources which do not fulfill the last
two criteria are available see e.g. [44, 45]). The most common semiconductor based
THz-sources are Schottky diode based multiplier chains which are driven, e.g. with
a Gunn oscillator, an reach frequencies up to 1.5THz (for an overview see [11, 46]).
Recently developed frequency multipliers based on semiconductor superlattices [21]
have for conversion of radiation to higher harmonics reached better performance
than Schottky diode frequency multipliers. By use of double-resonance superlattice
parametric oscillations the performance of the multipliers might be enhanced even
further.

Another semiconductor-based THz-source is the quantum cascade laser
generating radiation of a frequency down to a few THz [47, 48]. Quantum cascade
lasers deliver radiation at a fixed frequency (depending on the design of the hetero
structure) and need for operation in the THz-frequency range cooling to nitrogen
temperature. The THz-field driven Bloch oscillator could be used to convert the
radiation of a quantum cascade laser into frequency-tuneable THz-radiation.

50



Chapter 7 Outlook

We have investigated the generation of sub-THz and THz radiation based on high-
frequency driven miniband transport.

We proposed, as a new THz-source, the THz-field driven Bloch oscillator
and have investigated theoretically its operation conditions. We found that a THz-
field driven Bloch oscillator can, with superlattice material which has already been
grown, in principle, be realised. Future work is to demonstrate experimentally a
THz-field driven Bloch oscillator. To realise a THz-field driven Bloch oscillator with
a high conversion efficiency, a further task is to design superlattices with smaller
dielectric losses.

With the double-resonance superlattice parametric oscillator we pro-
posed another possible THz-source. In first experiments, we demonstrated the op-
eration of a double-resonance superlattice parametric oscillator at sub-THz frequen-
cies. The radiation at higher harmonics up to frequencies of 1.1 THz indicates that
the superlattice material used is in principle suitable in the THz-frequency range.
Improvement of the experimental setup are required to increase the conversion ef-
ficiency from pump to third and fifth harmonic radiation. We suggest to use quasi
planar devices and designing resonators in stripe technology. By building a double-
resonance superlattice parametric oscillator which is pumped at higher frequencies
the operation at THz-frequencies needs to be demonstrated.

Another interesting goal is to investigate whether other coupled reso-
nance parametric processes are possible. For instance it might be possible to convert
pump and third harmonic radiation parametrically to seventh harmonic radiation.
Also triple resonance oscillations might be possible, which convert the fifth and third
harmonic radiation generated in double resonance oscillations even further, e.g. into
seventh (541+1) ninth (54+3+1) and eleventh (54+5+1) harmonic radiation.

So high frequency driven miniband transport should be studied further
as it offers the possibility to develop THz-frequency sources and as it allow to study
the nonlinear transport properties of miniband electrons.
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Chapter 8 Summary

In this work two novel types of semiconductor superlattice oscillators have been
proposed and investigated. Both oscillators are based on high-frequency driven
miniband transport.

With the THz-field driven Bloch oscillator we proposed an oscillator
for down conversion of THz-radiation, based on transient Bloch oscillations, i.e.,
a synchronised motion of miniband electrons. Our calculations showed that the
THz-field driven Bloch oscillator, pumped at a fixed frequency, should allow to
generate frequency-tunable THz-radiation. The THz-field driven Bloch oscillator
should have a high conversion efficiency (5%-15%) and can be operated such that
it is not affected by field inhomogeneities. We have discussed the possibility of an
experimental realisation based on GaAs/AlAs superlattices.

With the double-resonance superlattice parametric oscillator we have
presented an oscillator for upconversion of high frequency radiation. Double res-
onant parametric oscillations in a GaAs/AlAs superlattice which was pumped at
100 GHz and oscillated at the third and fifth harmonic could be demonstrated. By
investigating the dependence of the third and fifth harmonic radiation on the pump
power we found indications that the third and fifth harmonic oscillation were cou-
pled. In an experiment were we varied the feedback of the third and fifth harmonic
we found that the oscillation at the fifth harmonic did only occur together with os-
cillations at the third harmonic. Using the double-resonance superlattice parametric
oscillator we could build a 500 GHz source which was tunable by 10% and delivered
an output power in the range of 10 uW. By operating the superlattice as frequency
multiplier, we could generate radiation up to a frequency of 1.1 THz.

We could describe the occurrence of double-resonance superlattice para-
metric oscillations theoretically on the basis of a theory for high-frequency driven
miniband transport. Our calculations predict that double-resonance superlattice
parametric oscillations in our superlattice materials should be possible up to fifth
harmonic frequencies of the order of 10 THz.
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The course of this work

The starting point of my work on the generation of sub-THz and THz radiation
based on high-frequency field driven miniband transport was the investigation of
semiconductor superlattice frequency multipliers together with K. F. Renk and B.
I. Stahl. While we were investigating a frequency tripler, which was built by D. G.
Pavele’ev, K. F. Renk became aware that we were in fact studying a high-frequency
driven superlattice oscillator, the superlattice parametric oscillator (SPO) [23]. We
then studied the SPO experimentally [26, 25] and theoretically [24].

During the theoretical studies I found that conversion is not only possible
up from pump radiation (at the first harmonic) to third harmonic radiation but also
down from third to first harmonic radiation. A closer investigation led me to the idea
of a THz-field driven Bloch oscillator, pumped by a fixed frequency, but which can
oscillate in a wide frequency range (not being limited to subharmonics of the pump
frequency). I found that the mechanism of the THz-field driven Bloch oscillator
relies on the synchronised motion of miniband electrons. Together with K. F. Renk
and B. I. Stahl the results were discussed. We are preparing a publication which
will be submitted to Physics Letters A.

The work on SPO also led to the discovery of double resonance super-
lattice parametric oscillations: The superlattice material, in which the parametric
oscillations were discovered, is only suitable for oscillations up to 0.6 THz. We
wanted to extend this limit to the THz-frequency range. Therefore we specially de-
signed new superlattice material. It was grown by Dr. D. Schuh and Prof. Dr. W.
Wegscheider. 1 developed an adequate waveguide structure, which allowed to per-
form experiments with new superlattice devices, which were contacted in a whisker
technique, allowing to test different superlattice samples in the same setup. The
superlattice devices were prepared together with B. I. Stahl, M. Muthmann and C.
Reichel. With the new setup parametric oscillations in the new superlattice ma-
terial could be demonstrated [26]. During experiments with various superlattice
materials I found that in addition to the third harmonic a strong fifth harmonic
component was generated. In the experiments leading to the discovery of the SPO
a fifth harmonic component of such strength did not occur. In the course of these
experiments I found that the fifth harmonic did only occur together with the third
harmonic, which was the first experimental indication for double-resonance oscilla-
tion. To study the occurrence of third and fifth harmonic radiation theoretically,
I extended the numerical calculations used to study the SPO to the case of three
fields. I found that the superlattice can provide simultaneously gain at the third
and fifth harmonic radiation. With these calculations I found that double-resonance
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oscillations should be possible up to the THz-frequency range. In discussions with
K. F. Renk and B. I. Stahl, we developed together the picture of coupled parametric
processes as the origin of double resonance oscillations. Together we are preparing
a publication, which will be submitted to Physical Review Letters.

In addition to the work presented here, I had the chance to work together
with B.I. Stahl and A. Meier on dc-field driven superlattice oscillators in which
radiation up to 130 GHz was generated. Furthermore I worked together with H.
Apple and A. Meier on superlattice oscillators and detectors, which were operated
with ns pulses and generated and detected radiation at frequencies of about 100
GHz. Further work on superlattice frequency multipliers and superlattice frequency
mixers [49] was done mainly in collaboration with D. G. Pavelle’ev, B. I. Stahl and
K. F. Renk.
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