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Abstract

Terahertz (THz) electromagnetic field, which lies in the frequency gap between the infrared
and microwave, roughly between 1 THz to 10 THz, is highly desirable for both fundamental
research and application. Yet tuneable compact THz sources are still not available. On the
other hand, ever since first proposed in 1970, semiconductor superlattice provides new
playground for various new technique and devices of tremendous research and application
interest. In this thesis, an innovative theme, relying on Bloch oscillations in a dc biased
semiconductor superlattice, is explored to realize tunable compact THz source THz Bloch
oscillator. For doped superlattice Bloch oscillator, we designed quantum cascade
super-superlattice structure to realize Bloch oscillations whilst prohibit electrical domain
formation. The designed structures were processed into various waveguide and grating
devices for electroluminescence detection using Fourier transform infrared spectroscopy
(FTIR). The Bloch gain of semi-insulating surface plasmon waveguide device was also
measured using THz time domain spectroscopy. Even though the electroluminescence and
gain at THz regime were observed, no direct evidence of Bloch emission was confirmed. For
undoped superlattice, the THz emission from Bloch oscillations was observed by time
domain spectroscopy. At last, the photocurrent corresponding to heavy hole and Wannier
Stark Ladder (WSL) states transitions in undoped superlattice was studied. Under CW laser
pumping, the photocurrent as function of the applied voltage showed multiple WSL peaks,
which indicated laser induced and controllable negative differential conductance (NDC).
With increasing pumping power, the nonlinear NDC regime and bistable states were

investigated as well.

Key words: terahertz, Bloch oscillations, Wannier Stark Ladder, photocurrent, superlattice
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1 Introduction

1 Introduction

As one of the most underused electromagnetic field regions, terahertz (THz) radiation is
loosely defined from 0.1 THz to 10 THz, bridging the electromagnetic gap between
microwave and infrared portion of the electromagnetic spectrum. THz rays show specific
properties: they are low energetic, non-ionizing, very poorly absorbed by the atmosphere for
some wavelengths and a lot for others. Until now, THz radiation was relatively little studied,
and their "general public" applications are practically nonexistent. This fact is due to the
failure of the use of traditional electronic or optical methods for the development of emitters
and detectors in the THz frequency range. However, THz radiation has enormous promising
applications in various fields of science and technology. To name a few, THz radiation can be
applied in imaging to recognize and detect materials in industrial, medical and security, since
in contrast to visible or infrared light, THz radiation can penetrate materials such as woods,
plastics cloth, or paper products. THz radiation can also resolve chemical reactions, evaluate
pollution contaminants, as well as detect gas and molecules, as the THz photon energies are
resonant with rotational and vibrational modes of many molecules, especially organic
molecule. Besides, THz radiation also has advantages for wideband telecommunication
wireless network applications. Indeed, comparing with microwave wireless communication,
the higher carrier frequency in the THz range would enable to carry more information.
Considering all these interesting features for applications, powerful THz emitters, sensitive
detectors as well as efficient THz instrumentation are widely desired. This context has
motivated many advanced researches to push forward the state of the art of THz technology.
The research works have been focused on the improvement of the operation frequency of
electronic devices, on the extension to higher operation wavelength of photonic devices and
on ultrafast opto-electronic devices since they show promising characteristics for THz
generation and detection. At least, various investigations have been devoted to support the

emergence of new concepts and new materials for THz generation and detection.

Considering electronic devices, like traditional Gunn diodes and resonant tunneling diodes,
they have advantages of room temperature operation and easy operation; however the
characteristic electron transit time in Gunn diodes and the tunneling time in tunneling diodes
limit the fundamental oscillation frequency to several hundreds of GHz. Multiplication
techniques must thus be used to extend to the operation frequency to the THz range reducing
significantly the output powers of these electronic devices. With delicate material selection

1



and structure design, Gunn diodes and resonant tunneling diodes at present can deliver

0.1 uW output power up to 1.2 THz at room temperature [1, 2].

Considering optical devices, traditional semiconductor laser based on interband transitions
can’t be extended to the THz range since no bulk semiconductor has band gap energy
sufficiently low. One of the most powerful achievements is the quantum cascade laser, where
THz generation comes from intersubband transitions in the tailored conduction band obtained
by the growth of repeated stack of semiconductor multiple quantum well heterostructures.
However, the main problem for quantum cascade laser is the operating temperature lying on
cryogenic temperature. Until now, the maximum operating temperature is 189 K at 3.9 THz
and reaches very recently 200 K [3, 4] for 3.22 THz. Moreover, the tunability of quantum

cascade laser is limited[5].

Optoelectronics THz sources deliver THz pulses using essentially photoconductive
antennas illuminated by femto-second optical pulses or optical rectification or difference
frequency generation in nonlinear crystals. Such THz optoelectronic sources are used in
advanced instrumentation as THz time domain spectroscopy system and THz imaging. The
THz pulse intensity can reach up to 15 TW/cm® (the corresponding electric field amplitude is
108 MV/cm)[6]. Continuous THz emission is also provided using optoelectronic sources such
as photomixers or uni-travelling photodiodes, which ensures broadband tunability. THz
output power up to 24 W was obtained at 1 THz using integrated resonant antenna[7]. THz

optotelectronic sources have the main advantage to operate at room temperature.

In this context, to support the dissemination of modern THz systems, a current challenge is
to develop compact, tunable and powerful THz sources operating at room temperature.
Semiconductor superlattices under dc applied electric field attract considerable interest since
the Bloch oscillations of electrons in such materials can provide dispersive gain and emission
of THz radiation. The THz frequency of the emission is easily tunable by changing the dc
applied electric field. Moreover, previous theoretical and experimental works have
demonstrated the existence of Bloch oscillations and of a dispersive Bloch gain at room

temperature in semiconductor superlattices.

This thesis aims to study the potential of dc biased semiconductor superlattices for THz
emission relying on Bloch oscillations of electrons. During my thesis, I have made use of

advanced design, processing and experiments to investigate Bloch oscillations of electrons
2



1 Introduction

and the associated Bloch dispersive gain in semiconductor superlattices.

Historically, F. Bloch [8] proposed the so-called Bloch waves to describe the electron
wavefuntions in the periodic structure of semiconductors in 1928. Later in 1934, based on the
Bloch theorem, C. Zener [9] predicted that an electron in a semiconductor under static
electric field perform periodic oscillations and emit electromagnetic waves. The electron
oscillation period is inversely proportional to the dc applied electric field and to the
periodicity of the lattice in the field direction. Based on this prediction, tunable oscillators
relying on Bloch oscillations should be achievable. While so far, Bloch oscillations could not
be observed in bulk crystals, because the coherent electron motion is destroyed by scattering
and tunneling processes before the electron can fulfill a complete Bloch cycle. For instance,
the moderate electric field of 40kV/cm applied on bulk GaAs at room temperature gives the
Bloch oscillation time period of 1.85ps, which is far more than the scattering time of

0.24ps[10].

The breakthrough came when Esaki and Tsu proposed semiconductor artificial periodic
structures, superlattices, where two semiconductors with different band gap energy are
periodically arranged in the growth direction. By the alternative growth of the semiconductor
layers with small and large bandgap, a “lattice” with much larger period and therefore much
smaller miniband can be designed. Thus, the electric field needed for electrons to perform
one cycle of oscillations in the miniband is greatly reduced. More precisely, with a period of
10 nm, the applied electric field requires to produce Bloch oscillations at 2.5 THz is
10 kV/cm, an easily achievable value. The development of THz emitters based on Bloch

oscillations becomes possible.

In 1960, Wannier [11] theoretically proved that the eigenstates of an electron in a periodic
potential with an applied static electric field can be described by equally spaced discrete
energy levels, which were latterly named Wannier Stark Ladders (WSL). The existence of the
WSL was then verified by Mendez et al. [12] in 1988 by means of photoluminescence and
photocurrent spectroscopy. Indeed, WSL states are actually the quantum counterpart in
energy domain of Bloch oscillations in the time domain. The concept of WSL states provides

a clear picture to understand and design Bloch oscillations based on band energy engineering.

According to the way the electrons are injected in the superlattice, two different devices are
developed: 1/ devices based on undoped semiconductor superlattices photoexcited by

3



femtosecond optical pulses to create electron-hole pairs in the superlattice; 2/devices based
on doped semiconductor superlattices, where electrons are provided by doping impurity.
Despite both of these devices rely on Bloch oscillations, the quantum mechanics that
describing the origin of these effects are different since electrons in doped semiconductor
superlattices have no phase relation (only the transport is coherent) while the electrons
generated by femto-second optical pulses are coherent with a fixed phase relation. The

detailed description of this can be found in the chapter 1.

For doped superlattice devices, research on dispersive gain associated to Bloch oscillations
has long been carried out since Esaki and Tsu’s groundbreaking paper in 1970[13]. In 1971,
Ktitorov et al. [14] calculated the complex conductivity in doped superlattices with single
scattering time using Boltzmann transport theory and they predicted that the real part of the
conductivity is negative for frequency lower than the Bloch oscillation frequency, while
remains positive for higher frequency. This prediction addressed at the first time the
dispersive Bloch gain, through quasiclassical point of view. More recently, the quantum
mechanical description of the dispersive gain was developed by Willenberg et al. [15]. The
authors employed density matrix formalism to calculate the electron intersubband transition
between adjacent Wannier Stark Ladder states, and obtained the dispersive gain by including
inelastic scattering into the transition process; the scattering contributes to the momentum
change in the electron transition and induces a local population inversion. Moreover,
Tarakanov et al. [16] calculated this second order transition by involving acoustic phonon

scattering.

Despite theoretical prediction, to date, electromagnetic emission or amplification has never
been obtained in doped semiconductor superlattice devices exploiting dispersive Bloch gain.
The main obstacle is that electron Bloch oscillations are associated to dc negative differential
conductivity in usual doped superlattice devices, which leads to the formation of high field
electric domains. Such high-field domains induce nonuniform electric field distribution in the
superlattice leading to instabilities, which prevents the operation of doped superlattice
devices relying on Bloch oscillations. Several suggestions have been proposed by Romanov
[17] and Kroemer [18], Ryndik [19], and Allen’s group [20] to realize operational conditions.
These approaches, which have not yet lead to the observation of Bloch gain, are nevertheless
stepping stones towards the realization of Bloch oscillator based on doped semiconductor

superlattice.



1 Introduction

For undoped superlattice devices, femto-second optical pulses are used to create coherent
electron wave packets, which can perform several cycles of oscillations within their
dephasing time. Compared to doped superlattice devices, the ensemble electrons are created
with a coherent phase relation. Holes are also created simultaneously with electrons, and the
electron-hole Coulomb interactions induce excitonic modifications of the Bloch oscillation
characteristics. The Bloch oscillations in optically excited undoped superlattices originate
from the quantum beats of adjacent Wannier Stark states excited via the same ground
state[21]. Roskos et al.[22] first measured the THz emission from wave packet oscillations of
two subbands in double quantum wells, using THz time domain spectroscopy. Shortly after,
Waschke et al. [23] succeeded in measuring the THz emission from the Bloch oscillations in
semiconductor superlattice using the same detection technique; this works directly verified
for the first time the existence of emission due to Bloch oscillations. Moreover, Lyssenko et
al.[24] have measured the absolute spatial displacement of Bloch oscillating electrons using
four-wave-mixing technique. The change of Bloch oscillations to breath mode, where Bloch
oscillations amplitude is zero, obtained through manipulating the exciting wave packet, has
also been successively achieved by Sudzius et al.[25] and Fenciulli et al.[26]. Shimada et
al.[27] Sekine et al[28] have demonstrated that the Bloch oscillations Bloch gain by indirect

calculating the small signal conductance of the time domain signal.

In summary, the THz emission due to Bloch oscillations in undoped superlattice devices
excited by the femto-second optical pulses has been demonstrated, while the THz emission
relying on the dispersive Bloch gain in doped superlattice devices has not yet been observed.
Moreover, no experimental study was devoted to the optical excitation of undoped
superlattice devices using two monochromatic lasers. These guidelines are that this thesis
initially launched. During my thesis, I investigate the Bloch oscillations in doped and
undoped GaAs/AlGaAs superlattices with both the aim to improve physical knowledge

related to Bloch oscillations but also to develop powerful THz sources and amplifiers.

® First, doped superlattice devices were designed, fabricated and characterized to provide
continuous THz emission due to electron Bloch oscillations.

® Secondly, THz emission from Bloch oscillations in undoped superlattice devices excited
by femto-second optical pulses was investigated through the development of a THz time
domain emission spectroscopy set-up.

® Thirdly, photocurrent-voltage characteristics in undoped semiconductor superlattice



devices excited by monochromatic laser light were investigated, showing laser-induced
and-controlled of a differential negative conductance based on field-dependent
absorption of negative index Wannier Stark transitions. We studied also the nonlinear

regime of this differential negative conductance and highlighted bistable behaviors.



2 Bloch oscillation in semiconductor superlattice

2 Bloch Oscillations in semiconductor
superlattice

2.1 General description of Bloch oscillation

Electron transport in semiconductor exhibits vital importance in many electronic and
optoelectronic application. In general, the transport of electrons in semiconductors under an
applied electric field can be described by the Drude model[29], where the electron is regarded
as free-like electron and it is assumed to travel ballistically before it is scattered. However,
the electron can be regarded as the free-like electron only when the electron lies in the bottom
of the conduction band. Indeed, this is justified when the applied electric field is low that the
ballistic acceleration within the mean free time cannot support the electron reaching the
higher, non parabolic, portion of the conduction band. When the electric field becomes high
enough that the electron can be accelerated to the higher part of the conduction band within

the scattering time, then new phenomena appears.

Let’s assume the scattering time is long that the electron can reach the higher portion of the

conduction band with the electric field under investigation. According to the Bloch’s

N
acceleration theorem, the quasi-momentum vector k of an electron in the semiconductor

under an electric field F can be written as

hdk:

— —=¢eF 2.1
dt

where h is the Planck constant divided by 2m, € is the electron charge unit. With a constant

electric field, the electron vector k will thus linearly increase with time. In semiconductor,

using the tight binding method as described in[30], the energy dispersion relation is given

by :
E(k):%—%cos(kd) 2.2

with A is the width of the band (bandwidth) and d is the lattice constant of the structure.

The electron vector is extended in the whole reciprocal space, while the energy values are
7



periodic. For electron motion in the semiconductor, the electron energy gained from the
electric field follows the energy dispersion relation, and the electron group velocity is

expressed as:
Vo =—— 2.3
Using energy dispersion relation equation 2.2, we get:

v, :d—Asin(kd) 2.4
2h

As the K vector is increasing linearly with time, the electron velocity oscillates sinusoidally

with time, which in turn indicates the periodic motion of electrons in the real space with time.

The real space position of electrons is:

1=1, +Acos(6d—|:t) 2.5
2eF h

This periodic motion of electrons under an electric field is called the Bloch oscillations, and

the oscillation frequency is characterized by:
gy =—— 2.6

which is formally termed as Bloch frequency. The Bloch frequency depends linearly on the

applied electric field and the lattice constant. The Bloch oscillation amplitude is directly

proportional to the bandwidth A, but inversely proportional to the applied electric field.

As an unique electron transport dynamic in semiconductor, Bloch oscillations are interesting
not only for fundamental physical research, but also for practical applications. Indeed, Bloch
oscillations can serve as electromagnetic field source, with the radiation frequency easily
being tuned just by changing the applied electric field. However, no actual experimental
evidence has been reported of the existence of Bloch oscillations in bulk semiconductor since

the prediction of Bloch oscillations in 1934. The reason lies that, under acceptable applied
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2 Bloch oscillation in semiconductor superlattice

electric field, the electron scattering event prevents the electron from reaching the upper part
of the conduction band, and thus prevent the electron oscillation. For example in bulk GaAs,
the bulk semiconductor lattice period is 0.56 nm, and if we suppose a moderate electric field
of 40 kV/cm, the time that electron performs one single oscillation in the first Brillouin zone
is calculated as 1.85 ps. This is far longer than the scattering time at room temperature, which

is 0.24 ps [10]. The electrons are thus scattered far before they can fulfill the oscillation.

The emerging of semiconductor superlattice has nicely resolved the problem in bulk
semiconductor. The superlattice is the artificial semiconductor structure formed periodically
arrangement of two semiconductors with different band gap energy in the growth direction.
The artificial superlattice period is about ten times larger than the bulk lattice, which makes
the time that needed to fulfill one cycle oscillation ten times shorter than in the bulk material.
Moreover, as the electrons have one dimensional confinement in the growth direction, the
scattering times is much longer as well, and up to few picoseconds[31] has been reported.
Both of these properties make the observation of Bloch oscillations possible in semiconductor
superlattices. In the following section, I will introduce the electron states in semiconductor
superlattices, and then the semiclassical and the quantum description of Bloch oscillations in

superlattice.

2.2 Electronic states in superlattice under electric field

Superlattice is an artificial structure that is realized by the periodically growth of two
semiconductor layers with different band gaps, forming one dimensional electron
confinement in the growth direction. The confinement of the electron motion leads to the
quantization of electron energy in the growth direction. Whereas in the direction parallel to
grown layers, electrons transport as they are in bulk semiconductor. Making used of the
difference of the electron transport in the growth direction and the plane layer direction, the
theoretical description of the electron eigenfunction can be simplified. Similar to the bulk
semiconductor, the envelope function approximation is employed for theoretical description
of the electron states in semiconductor superlattice. The three dimensional electron
wavefuntion can be divided into two parts as mentioned previously: the x, y direction, where
the electrons move freely as Bloch wave, and the z direction, where the electron is quantized

in their motion. Thus, the wavefuntion of electron is given by

¥(r,z) :%eik'“ul(r”);(z(z) 2.7



where K is the momentum wave vector, V is the normalized volume, u; is the Bloch
wave in parallel layer direction, and X,(z) represents the envelope function in the z direction.
Since only the electron transport in the z direction will be discussed in this thesis, only the z
dependent terms is interested. To obtain the eigenfunction and eigenenergy of the electron
transport in z direction, the Schrodinger function must be solved. The z direction Hamiltonian
for electrons in the superlattice under electric field can be written as

oo

H=-—>——+U(z)+eFz 2.8
2m (z) oz

where U(z) = U(z + R) describes the periodic potential of superlattice, m*(z) is the
effective mass of electron in z direction, and €Fz is the energy term that is induced by the
applied electric field. The eigenfunction and eigenenergy can be obtained by solving

Schrodinger equation for the z direction:

w0
{— 2m*(z)§+U(z)+er}CD(z)_ Ed(2) 2.9

To solve this, one can make use of tight binding method of first-neighbor approximation,
where the envelope function is found as the combination of various single well functions with
the weight factor given by the Bessel function of first order. The eigenfunction is then

expressed as:

q)m(z):z\]nm(g)fe(z—nd) 2.10

In which ¢ is the oscillation amplitude, and is equal to A/eF, where & represents the

coupling intensity between adjacent wells. Assuming that the electric field is high enough tha

tA<K eFd, the Bessel function will become:

A 1 A

J ~ In=m 2.11
”’m(edF) (n— m)!(2edF)

and
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2 Bloch oscillation in semiconductor superlattice

Jo_n—>Ln=m
2.12
J. n—0,n=m

It can be seen that under high field assumption the electron wave functions are localized in
single wells, forming what we call the Wannier Stark Localization. The resulting
eigenenergies are discrete energy levels with equal spaced, what is well known as Wannier
Stark Ladder (WSL),

E, =E, +nedF 2.13

where E, is the energy between the valance band and the conduction band in the same layer
and N corresponds to the well number starting from the center. The energy between adjacent
wells is equal to the Bloch energy €dF . The Bloch oscillation is regarded as the oscillation of
electron wave packets between adjacent WSLs. Apparently, no Bloch transition is possible
under high electric field as the oscillator strength between WSLs is extremely small due to
the strong localization of the electron wave function in the single quantum well. While for
moderate electric field, electron wave functions expands into neighboring wells, as can be
seen in Figure 2.1. The expanding wavefunction enable certain tunneling or transition
possibilities between adjacent Wannier states, which in turn enables electron oscillations.
Apparently the oscillate strength is reduced with the increase of the applied electric field

because of the electron wavefunction localization.

11
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Figure 2.1: Wannier Stark Ladder in conduction band of semiconductor superlattice under
bias

2.3 Quantum description Bloch oscillation in semiconductor

superlattice

In Wannier Stark Ladder picture, Bloch oscillations result from the oscillation of the wave
packets between WSL states. In order to well discribe the Bloch oscillations, the initial
electron wave packets can be established by the linear combination of adjacent Wannier Stark
states. Manipulation of the initial combination of the wave packets permits the possibility of

exploration of the oscillation dynamics. Taking the eigenfunctions of WSL eigenstates given
by equation 2.10 and the combination amplitude C_, the electron wave packets are initialed

as[32, 33]:

O(z,t)=>.Ce™™*> Jn_m(g) f.(z—nd) 2.14

The weight amplitude C_ represents the m" well composition of the wave packets. One

can calculate the expectation value of the wave packets center of mass through

12



2 Bloch oscillation in semiconductor superlattice

(®]z|@)=dY Cim+cos(wt)(y.C, C, 2.15

The calculated center of mass of the wave packet consists of two terms: the first term
indicates the permanent displacement relative to the center quantum well, it gives the
permanent value. In case of optical selective excitation, this value indicate the permanent
polarization to the ground hole state. The second term shows oscillation with time of the
wave packet, where the frequency of the oscillation is the Bloch frequency and the amplitude

of the oscillation is given by

2.16

A=tyC,.C,

The oscillation of wave packet, terms as Bloch oscillation, originates from the quantum beat
of the WSL states, and the oscillating amplitude is composed of the multiplication of the
amplitude of neighboring Wannier Stark states, which means that only when at least two

Wannier Stark states are excited, the oscillating amplitude is not zero. In particular, it is also
possible that, even more than two states are excited, the oscillation amplitude A, can be very
small under the condition of ‘ZCm_lCm‘ < 1. This is called breathing mode, and can be

realized by choosing the initial composition symmetric to the center well[21, 34]. The

breathing mode has been verified experimentally [24, 25].

When semiconductor superlattice is excited by femto-second optical pulse which preserves
broad spectrum, at least two WSL states are excited simultaneously, thus the initial electron
wave packet is established. Supposing the optical pulse is seen as transform limited Gaussian

beam, the electric field of the optical pulse is written:

E)=E e ™% 4cc. 2.17
where the €2 is the optical pulse spectrum width and the @ is the optical center frequency.

The optical spectrum width can be large enough to have more than two states excited and the
central wavelength can be adjusted to decide the initial wave packets composition as
C OC&e—(Em—r‘zw)z/z(mLf 218
n .
L
The exponent part describes the spectral weight of the optical pulses at the Stark Ladder

13



position E_, and the term O, indicates the overlap integral between the hole wave function

located at z=0 and the electron Stark states at Nnd .
Without considering excitonic effect, Figure 2.2 shows the calculated oscillation amplitude of

the wave packets as function of the central wavelength of the optical pulses and spectrum

1
width. In the simulation, 5:4.52 and the central wavelength of the optical pulses is

represented by @, =@ —E, / . It can be seen from the figure that if the central frequency of

the optical pulses goes far from the center of the Wannier Stark Ladder, there is a maximum.
When the excitation is located at the center of the Wannier Stark Ladder, there exists the

minimum, which corresponds the breathing mode mentioned previously. A strong reduction

of the oscillation amplitude is also observed when Q /@<0.5, this can be explained by the

fact that he spectral width of the optical pulses becomes too small to form a wave packet. The
comb-like structure is caused by the fact that a smaller spectral width can still generate a
wave packet if the optical pulse wavelength is adjusted in the center between two Wannier

Stark Ladder states.

-154
Q. | B 3 4
/W

Figure 2.2: Theoretical calculation of the oscillation amplitude of the wave packet when
excited by optical pulses given by Reference[32]. The amplitude is shown in gray scale.
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2 Bloch oscillation in semiconductor superlattice

When exciton effect is considered, as will be illustrated in section 4.1, the energy spacing
between Wannier Stark Ladder states is modified. Because of the asymmetric exciton energy,
the energy spacing becomes asymmetric for positive and negative WSL states, such that the
breathing mode becomes less obvious. However when exciting the WSL close to its center, a

minimum of the oscillation amplitude is still predicted[32].

2.4 Dispersive gain in semiconductor superlattice

2.4.1 Negative differential conductivity (NDC)

When electrons are performing Bloch oscillations, they are actually “oscillating” inside the
superlattice instead of “transporting”. As given by the equation 2.3 in which infinite
scattering time is assumed, the ideal velocity of one electron under electric field in
superlattice is sinusoidal. So these electrons contribute to the AC conductance but not DC
conductance. To describe the DC conductance of superlattices under this situation, several
models have been developed. Esaki and Tsu proposed a model in their breakthrough article to
describe the electron transport when Bloch oscillations happen. In their model, the average
drift velocity of electrons is calculated using a simplified path integration method under the
assumption of a single scattering time. They regarded the average drift velocity to decay

exponentially with the scattering time 7 [8], and the drift velocity goes:

v, = J:O exp(—t/7)dv, 2.19

Using the dispersion relation given in equation 2.1, solving the equation 2.19, one obtained

the drift velocity :

2eFdn/zr

2.20
(eFd)* +(h/7)’

Vd(F) :Vmax

where v,.x 1S constant and independent of the applied electric field. Assuming fixed
scattering time, and taking zero electron wave vector and zero velocity as the initial condition,

Figure 2.3 depicts the drift velocity as a function of electric field:
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Figure 2.3: Drift velocity as a function of electric field. The electric field is normalized by the
critical electric field and the drift velocity is normalized by vyjx.

As can be seen in the figure, the drift velocity first linearly increases at low electric field, it
reaches a maximum at eF.d = %, where F. is called the critical electric field, and then the
velocity decreases, showing negative differential velocity. The Esaki-Tsu model for the drift
velocity of electrons can also be written in the form of critical electric field as

Vy(F)=v,, — L F

i W As the current density is proportional to the electron velocity, the
+ c

negative differential velocity also indicates negative differential conductivity. The differential
conductance in superlattice is calculated as shown in Figure 2.4. With increasing the applied
electric field, the differential conductance decreases and it turns to negative above the critical

electric field, showing negative differential conductance (NDC).
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Figure 2.4: Superlattice differential conductance as a function of the applied electric field.
The electric field is normalized by the critical electric field.

Further improvement of Esaki-Tsu model has been made to account for the thermally

broadened distribution of electrons in k space at finite temperatures[35]. Using a simplified

solution to the Boltzmann equation, the form of V,(F) remains the same, but a temperature

dependent coefficient is included:

B |1(A/(2kBT)) T, F/FC
Vo) =y kT Gt e 15 (FE)

2.21

where |, and |, are the Bessel functions for complex argument of the first and zero order.
The temperature dependent coefficient is equal to 1 when k,T < A/2 and decrease

asymptotically as 1/T when T increases.

NDC is well-known in physics, it was observed in other structures, such as Gunn diodes and

resonant tunneling diodes. In GaAs Gunn diode, when the electrons in the T" valley of

17



conduction band gain sufficient energy from electric field, they can be scattered to the L
satellite valley of conduction band, which lies higher than the " valley while preserving
higher electron effective mass. As a result, the electrons mobility in the L satellite valley is
reduced. When more and more electrons are scattered to the L satellite valley with increasing
electric field, the average electron velocity decreases and then NDC appears. In the NDC
region, small spike or fluctuations of electrons can be amplified, which induces space charge
accumulation, which finial develops into electric field domain. Making use of the domain
transport in semiconductors, Gunn diode are developed as high frequency oscillators which
operate with frequency in the sub-THz and microwave range, providing a useful microwave
source for applications. In case of the NDC in semiconductor superlattices, sub-THz emission
resulting from the domain transport was also reported [36-38]. However, the emission
frequency is limited to 150 GHz with 0.1mW output power; these performances are not
comparable to the performances of traditional Gunn diode or resonant tunneling diode for
practical application. Moreover, electrical domain development and transporting induce
unstable nonuniform electric field distribution, which in turn prevents the operation of the
Bloch oscillations, thus suppressing domain formation is a prerequisite to observe Bloch

oscillations.

2.4.2 Dispersive Bloch gain

In the previous section, the DC conductivity of the superlattice is calculated with the
Esaki-Tsu model, which shows negative differential conductivity at electric field higher than
the critical electric field. The AC conductivity represents the electromagnetic gain and
absorption characteristic. To calculate the high frequency AC conductivity, Ktitorov and
co-authors[14] proposed a method by solving Boltzmann transport equation in the relaxation

time approximation.

Firstly, the DC conductivity is calculated using Boltzmann transport equation. In one

dimensional semiconductor superlattice, distribution function f (k) describes the occupied

probability at the position K. Under the static electric field F , the temporal evolution of

the distribution function follows the Boltzmann equation:

o, erFadf, f-1

s S

= 2.22
ot h ok T
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2 Bloch oscillation in semiconductor superlattice

o, eFd, __f 2.23
ot h ok T

In these two equations, f,and f, are the symmetric and antisymmetric parts of the

distribution function, which are given by:

2.24

c_TR+fER =Tk
S 2 > Ta 2

f, represents the equilibrium distribution, and t is the scattering relaxation time. Here the

momentum and energy relaxation times are taken as the same, which are regarded as
independent of K . Taking into account of the periodic boundary condition of the superlattice,
as well as the dispersion relation of equation 2.2, one obtains the current density as function

of the electric field:

oFh
i =¢=0 F 225
’ h7 +(edF)?
TZ

Here, o, is the DC conductivity that is obtained from Boltzmann equation, and o in the
equation is a constant. Comparing with Esaki-Tsu model, one finds they share the same
negative differential conductivity and critical electric field. Both models well describe the
superlattice DC conductivity.

Then to get the small signal high frequency AC conductivity, one takes the high frequency
AC electric field as the perturbation. In this way, adding the frequency dependent electric

field and distribution function perturbation
F.(t)=F (w)e', f, = f(w)e™ 2.26

into the equation 2.22 and 2.23, under the same periodic boundary condition, the high

frequency conductivity can be calculated as[14]

1—(8d—|:)2r2 —lwr
o(w)=o0, odF h 2.27
((7)2 —0)2)72 +1—2i6()2'

In order to get intuitive view of the Bloch gain, only the real part of the conductivity is
considered. The real part of the high frequency conductivity relative to the DC conductive as

function of frequency is plotted in Figure 2.5.
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Re(c(w))

Figure 2.5: Real part of the high frequency conductivity as a function of the frequency for
different applied electric field. The frequency is normalized to the Bloch frequency.

From the Figure 2.5, we can see that, when the applied electric field is higher than the critical
electric field of NDC, the real part of the conductivity becomes negative at frequency below
the Bloch resonance frequency. With increasing frequency from zero, the AC conductivity
becomes more negative until a minimum peak is reached ; the frequency of this minimum
peak is determined by the applied electric field:

W = Wy, -(l—;) 2.28

F/F,
This frequency of the minimum peak moves towards the Bloch oscillation frequency as the
applied electric increases. The peak value decreases with the increase of the applied electric
field because of the reducing of DC conductivity with increasing applied electric field. The
crossover between negative conductivity to positive conductivity occurs at the frequency
given by :
1

= Bo'l_—z
o= (1= e

) 2.29
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2 Bloch oscillation in semiconductor superlattice

With large applied electric field, this crossover lies just below the Bloch frequency. For
frequency higher than the Bloch frequency, the conductivity preserves positive. The positive
conductivity goes to a maximum peak and then decrease. The positive conductivity peaks
move towards the Bloch resonance with increasing applied electric field. As the gain is
proportional to the real part of the differential conductivity through:

_ Re(o(w))
ne

a(w) 2.30

where N is the refractive index of the semiconductor, the negative conductivity indicates
gain and the positive conductivity indicates loss. Thus it is important to note that there exists
dispersive gain profile in semiconductor superlattice, where there is gain for photon energy

smaller than Bloch energy but absorption for higher photon energy.

2.5 Second order transition gain--Bloch gain

In the previous part, the Bloch dispersive gain has been obtained through the semi-classical
Boltzmann equation. In this part, the dispersive gain will be described by the quantum

electron transition from intersubband, taking the method used in Reference[16].

In semiconductor superlattice under an applied electric field along the growth direction, the
conduction band electron states evolve from miniband to WSL scheme, forming equal spaced
energy levels, and because of the translational symmetric of the WSL, the WSL preserve the
same electron population. While in the plane layer perpendicular with the growth direction,
the electron is still free to move, where their dispersion relation is two dimensional parabolic
like, as indicated in Figure 2.6, and the electron occupation states share the same thermal
distribution. Consequently for electron transition with the same momentum, the initial states
and final states preserve the same population, and thus neither gain nor loss exist, only
spontaneous emission can occur. Whereas, if the scattering event is included in the electron
transition, the electron’s initial and final states will not have the same momentum, which
indicate different electron population, thus gain or absorption exists for such second order

transition.

Let’s consider two adjacent quantum wells. We assume parabolic dispersion relation parallel

to the layer direction with effective mass approximation:

21,2
Enk:En+hk*

2m

2.31
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where E, denotes the lower subband edge. In stationary states, according to carrier thermal
distribution, the carrier density is reduced exponentially as the energy increases, as indicated

in the shadow area of Figure 2.6.

elasic scattering
Ky
inelastic scattenng

Figure 2.6: Electron transition with scattering involved

An electron transits between the intersubband N, to n, by emitting or absorbing one

photon. For direct transition, where the momentum conservation guarantees the same k vector,

namely k; =k, the electron population of the initial state f, (k;)equals the final state

fnf (K;), there is no gain or loss for this transition. If the scattering is involved in the
transition, as indicated the transition in Figure 2.6, either elastic scattering or inelastic
scattering will mediate the changes of k vector. In the case of Figure 2.6, k <K,, as a

consequence the electron population of the initial state fni (k,) 1is higher than the population

of the final state fnf (K ), thus the population inversion is established. Following Reference

[16], the treatment of the electron transition involving, for instance, one acoustic phonon is
described as a second order radiative transition. Suppose H,_, and H, are the electron
phonon and electron photon interaction Hamiltonians respectively. The transition rate
W, ok, from the initial position nk to the finial positionnk, , emitting one photon with

energy ico and one acoustic phonon, is
22
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‘<niki |He—r|nmkm><nmkm He_ph‘nf Ky >
E, (k)-E, (k,)—1y ‘ 2.32

27

Wniki’nfkf = 72

q

x(N, %%)5[% (k)—E,, (ky)—~hoF his|q]

where N K. represent the mediate virtual state and wave factor, #s |q| is the acoustic phonon

energy with the speed of sounds, and N is the number of phonons

5 -1
N GX[)( d ) -1
! ke T

with the wave vector ( at the temperature of T. And ¢y represents the energy level
broadening because of varies scattering effect. Then the emission probability R®(%iw)and

absorption probability R®(7®) corresponding to the initial and final states can be written as

RA(0) == S Wy o T (KDL= f, (k)] 233
ki ng K¢

Ry =2 3 Wi, oo [1- T, (kDI (K,) 234
ki ng K¢

where V is the volume of the system. In order to evaluate the gain for the incident light,

assuming the incident power is |,(®). The gain can be written as

G(hw) = hw[Re(ifa(’;l;f ((he)] 235

One can see that for direct transition, the initial state and finial state have the same electron
population, thus the radiation possibility and absorption possibility is the same, the gain is
zero. For indirect transition, the phonon changed the initial and final wave vector, which
induced large radiation rate than absorption rate, hence gain exists. Tarakanov et al. [16] used

deformational potential and piezoelectric coupling to calculate the electron-phonon
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interaction. By carrying out Monte Carlo simulations to get the electron distribution function
with different wave vectors, they obtained the gain and absorption as the dashed line sketched
in Figure 2.7. The figure shows gain at frequency lower than the Bloch frequency and loss for
higher frequency, which indicates the same result with previously presented semi-classical
description. The solid line in the figure is the measured gain and loss by Sekine et al.[28]

using THz time domain spectroscopy.

] T | T T
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Frequency (THz)

Figure 2.7: The gain and absorption calculated by Tarakanov[16](dashed line) and measured
by Sekine[28] (solid curve) taken from Reference [16].

Alternatively to the acoustic phonon involved in the second-order transition, Willenberg and
co-authors[15] calculated the gain by involving inelastic scattering, such as impurity
scattering and interface scattering. They employed density matrix to calculate the indirect
transition between two intersubbands, and the corresponding dispersive gain was also
obtained. Moreover, they calculated the gain profile of quantum cascade laser, and they
claimed that, in the gain profile of quantum cascade laser, Bloch type dispersive gain is
included. In 2007, Terazzi and co-authors[39] verified experimentally the Bloch type
dispersive gain in quantum cascade laser by gradually reducing the population inversion
between the two intersubband states involved in the laser process, which motivate further

research on Bloch gain[40, 41] and the work of this thesis.
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3 Doped semiconductor superlattices for development of THz emitters

3 Doped semiconductor superlattices for

development of THz emitters

In the previous chapter, the general theory of the Bloch oscillations in semiconductor
superlattices was presented. In this chapter, we explore the potential of doped semiconductor
superlattices for the development of tunable THz amplifiers/oscillators relying on Bloch
oscillations. We made use of advanced design and processing strategies to investigate
dispersive Bloch gain in doped semiconductor superlattice devices. The devices were
characterized by static electrical measurements, by electroluminescence measurements using
Fourier Transform Infrared spectroscopy and absorption/gain measurements using THz time

domain spectroscopy system.

3.1 Electrical domain suppression

In the last chapter, we discussed that electron Bloch oscillations induce negative differential
conductivity (NDC) region in doped semiconductor superlattice. The most important tough
problem for NDC region is the space charge instabilities that lead to electric field domains
and current self-oscillations. The electric field domain formation results in non uniform
electric field distribution inside the superlattice structure. The non uniform electric field
destroys the high-frequency Bloch gain in superlattice. A critical challenge for the successful
observation of THz Bloch gain is the suppression of electric field domains. To stabilize the
electric domains, several suggestions in the design of the superlattice device have been
proposed. We will briefly discuss S.J.Allen’s method and put forward our solution to this

problem.

S.J.Allen’s group proposed an original scheme that consists in embedding short superlattices
into heavy n-doped regions made of bulk semiconductor, forming what they called
super-superlattice. The superlattice material is thus engineered as a stack of short
superlattices interrupted by n-doped regions. The basic idea is based on the domain
prohibition that implemented in Gunn diode. In Gunn diode that operates in the NDC region,
if the thickness of the diode is thinner than certain critical length, the small space charge
fluctuation will transport through the diode without amplification, and then during
transporting through the heavy doped bulk semiconductor which preserve positive differential

conductivity, the space charge fluctuation will be relief and electrical domain cannot be
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established. Let’s consider the detail. The growth and collapse time of the electrical domain is

determined by the dielectric relaxation time [42, 43],

&g,

- 3.1
fael = en, [dv, (F,)/dF|

In the equation, the € and g, represent the relative and absolute permittivity of the well
material, e is the element charge unit, and n4q is the doping density of the superlattice.
The vy represents the electron velocity. If the electron velocity is determined by the Eski-Tsu

model, as indicated in the equation 2.20, the dielectric scattering time is given by

F (+(F/FE))

T . = 3.2
diel N 1—(F/FC)2

max

The space-charge growth, given by exp (L/v4(F) 7,,) Where L is the length of the

superlattice, is considered as large if this growth factor is greater than unity. This implies that
Tgiel > L/v4q(F). This inequality description is frequently remarked as Kroemer’s criterion
for domain formation. As a result, the electrical domain cannot be established if Tgie <
L/v4q(F) is satisfied. Indeed, the amount of space charge that can be built up within the time
of the electrons to transit across the superlattice is not enough to form strong space-charge
instability. To determined the thickness of the short section of elementary superlattice and the

doping density, the Kroemer’s criterion can take the form of

sg, F(L+(F/F))

3.3
e [1-(F/F)|

ngxL<

Let’s consider the widely used GaAs/AlGaAs material system. For the right part, the
minimum value comes when the applied electric field satisfies: F=2.058F,. If the left part
keeps smaller than the minimum value of the right part, the Kroemer’s equation can be
satisfied for all the possible values. With this minimum value, considering the GaAs relative
permittivity of 12.9, and substitute these values into the inequation 3.3, we get a range of
superlattice length and doping density values as in inequation 3.4, which avoid domain

formation with any applied electric field, irrespective NDC or not.

n,xL<025x10"F, 3.4
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In the criterion, the critical electric field takes the unit of kV/cm.

Taking the critical electrical field F. of the value 6 kV/ecm (corresponding to a typical

scattering time of 690 fs in GaAs/AlGaAs material) , we have the critical condition

(n,xL), =1.5x10"cm™

3.5

in which, the nq is in cm™, and the L is in cm. Plotting this critical condition in Figure 3.1,

the critical line divides the figure into 2 parts, and for the part under the line no domain could

be established, whereas for the other part, domain exist. Considering the objective of

developing THz emitters, higher is the doping level, higher is the electron density involved in

the emission process and thus higher should be the THz output power delivered by the THz

emitters.

So special care must be taken for the combination of the superlattice length and

the doping density. For the typical doping density of 1 X 10'®cm™, the length of the

elementary superlattice should be in the scale of 100 nm.
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Figure 3.1:nL-diagram for the superlattice length and doping density, calculated from the
Esaki—Tsu formula. Domain region represents the parameter range for which a space-charge
fluctuation in the superlattice grows into a domain.
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3.2 Structure design

3.2.1 Cascade super-superlattice

As doped semiconductor superlattice, we choose the benchmark system with well-
established growth conditions: the GaAs/AliGa;.xAs material system. Layer thickness and
compositions are precisely controlled and heterointerfaces can be abrupt at the mono-atomic

layer scale. The band gap of the ternary alloy AlyGa, xAs is determined by the mole fraction x,

following the empirical equation[44] at 0 K: Eg(I' =0)=1.519+1.25x[eV ]. The band gap of

AliGa;4As is higher than that of the GaAs, making it the barrier material. Moreover, the
lattice distance of AlyGa;xAs keeps nearly unchanged as the x changes, this unique properties
avoid lattice mismatch between GaAs and ensuring the high quality heterointerfaces. For

x<0.4, the AlyGa;As is direct semiconductor.

To set the width of the quantum wells and of the barriers in the superlattice, there are two
criterions: the first minband should be large enough to ensure a delocalization of the electron
wavefunctions at intermediate applied electric field when the WSL exists, and the first
minigap should be large to limit Zener tunneling with the second miniband. Keeping these

criterions in mind, we designed two series of superlattice as summarized in Table 3.1.

Parameters Series 1 Series 2
a 6.8 nm 8.6 nm
b 3.3 nm 1.3 nm
d=a+b 10.1 nm 9.9 nm
XAl 15% 33%
AE. 134 meV 295 meV

Table 3.1: Parameters of the doped semiconductor superlattice samples, where a is the well
width, b the barrier width and x4; the Aluminium mode fraction. The conduction band energy
offset AE..[45].

The band energy and the amplitude of the electron wavefunction are calculated using a

software based on self consistent solution of Schrodinger equation and Poisson equation.
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Figure 3.2 and Figure 3.3 show the conduction band profiles for the two series of samples. In
series 1, the mole fraction of Al is x=0.15, the superlattice first miniband is 24 meV and the
first minigap is 64 meV. For series 2, the mole fraction is x=0.33, the first miniband is

29 meV and the first minigap is 59 meV.

68/33 superlattice conduction band structure
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Figure 3.2: Self-consistent conduction band profiles of the superlattice region of samples
from series 1. The mole fraction of Al is x=0.15, the superlattice first miniband is 24 meV
and the first minigap is 64 meV.
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Figure 3.3: Self-consistent conduction band profiles of the superlattice region of samples
from series 2. the mole fraction is x=0.33, the first miniband is 29 meV and the first minigap
is 59 meV.

Noticing the superlattice period in the two series is around 10nm, the criterion for domain
suppression requires the thin superlattice length of 100nm, so we would design thin

superlattice module of no more than 9 periods of unit cells.

In Allen’s scheme, the heavy doped bulk semiconductor was employed to facilitate the
electron transport between thin superlattice modules and suppress domain. Noticing the
conduction band energy levels of the bulk semiconductor are substantially lower than the
energy levels of the quantum wells. The energy level mismatch induces low effective electron
injection to the next neighboring superlattice module. Moreover, in super-superlattice scheme,
the bulk semiconductor was heavily doped to have sufficient conductivity in order to
eliminate space charge fluctuation formed in the superlattice region. In reference[20], where
the author observed the first time the reduction of absorption with electric field, the total
thickness of the heavy doped layers inside is about 3.4um in the whole structure, and the free
electron absorption in these layers will block any observation of Bloch emission, that is why
they can only observe reduction of absorption. Note that in terahertz cascade lasers (QCL),
electron transport between active regions through so called injector, where electrons are fast

mediated by phonon emission and/or resonant tunneling to next module. It is a good idea to
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borrow these injectors into super-superlattice structure, forming what we called cascade

super-superlattice.

In quantum cascade laser, there are basically two different types of injectors being

successfully demonstrated: chirped superlattice[46, 47] and resonant LO phonon injector[48].

The chirped superlattice injector is utilized in middle infrared and THz QCL with the active
scheme of miniband transition[46] or band to continuum transition[49]. A typical structure is
illustrated in Figure 3.4, which demonstrates the bound to continuum type injector in THz
QCL by Scalari in 2003[49]. In this structure, the upper radiation states is marked as level 8,
where the electron are injected from the upper miniband through fast resonant tunneling. The
lower miniband is level 7, which located in the upper part the chirped superlattice. Within the
superlattice, because of the close overlapping of the wavefunction, the electron can be fast
relaxed to the bottom thanks to the fast LA phonon or other scattering process. In this way,
the population inversion can be established between level 8 and 7. The chirped superlattice is
efficient for transporting electrons; however the alignment of the chirped superlattice energy
levels is sensitive to the applied electric field, which in turn influences the electron transport
inside. This complexes the interpretation of the electron transport in the whole structure,

which is not favored in our design.
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Figure 3.4: Example of the conduction band diagram of a bound to continuum THz QCL[49]

Resonant LO phonon injector was first used in the middle infrared QCL, where radiation
came from diagonal or vertical transitions and the fast depopulation of the lower radiative
state was realized by the efficient LO phonon emission resonant tunneling to the

sublevels[50]. As the intersubband energy enters in terahertz range which is smaller than the
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LO phonon energy, the problem of selective injecting electrons only to the upper radiative
state while preserving sufficient oscillator strength of the radiative levels become more
serious. Williams[48] improved the LO phonon injector design, and used four quantum well
module. In his design, the intrawell LO phonon relaxation scheme was selected, which
making the LO relaxation less sensitive to the working bias comparing with diagonal LO
phonon relaxation. Seen in Figure 3.5, at working bias, the terahertz is emitted from the
electron transition between level 5 and 4. The electrons in the level 4 and 3 can be fast
transported through electron-electron scattering. Because of large overlap of wavefunction of
4, 3 and 2, 1, the level 4 are fast depopulated by emitting LO phonon, and the electron
injection to the upper radiative state 1 or 5 are also guaranteed at the same time. As the
depopulation is depending on the emission of LO phonon not on the distribution of electrons,
this kind of design is thermal insensitive and can also prevent thermal back filling for higher

temperature operation, which make it highly perspective in high temperature THz QCL.

Figure 3.5: Example of the conduction band diagram of a resonant LO phonon injector
QCL[48].

Making use of LO phonon injector and combining the thin superlattice mentioned above, we
designed the cascade super-superlattice: the electrons will transport in the thin superlattice
and perform Bloch oscillations, then they will be relaxed to the next thin superlattice module
through the LO phonon injector (Figure 3.6). In the injector region, there are three or four
quantum wells, in which one quantum well with wide width is responsible for the LO phonon
relaxation, and the other two or three wells are designed for energy level alignment, from

which the electrons are filled in.

32



3 Doped semiconductor superlattices for development of THz emitters

superlattice

injector

Figure 3.6: Schematic diagram of the LO phonon cascade structure.

Based on the two series of superlattice structures listed before, five samples are designed, as

summarized in Table 3.2.

Table 3.2: Parameters of the doped cascade super-superlattice samples based on LO phonon

injector.

L358 L414 L416 L527 L665

Al % 15 15 15 33 33
SL unit cell number 9 9 9 9 5
Injector quantum wells
4 4 4 3 3
number
Doping region Wells Wells Wells Wells
Barriers

in the injector Barriers | Barriers | Barriers | Barriers

SL doping N N Y N N

In the sample L1358, the barrier material is Aly ;5GaggsAs, there are 9 superlattice unit cells in
the superlattice and 4 quantum wells in the injector. The quantum wells and barriers in the

injector are Si doped with 1 x 10'®cm™.Thesuperlattice region is not doped. Comparing
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with L358, the doping density is increased to 4 x 10%cm™ for L414, and superlattice region
and injector region are doped with 8 X 105 ¢cm™ and 4 X 10%cm™ respectively for L416.
The conduction band of L358 is shown in Figure 3.7, where the applied electric field is
11kV/cm.
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Figure 3.7: Self-consistent conduction band profiles for sample L358 under electric field of
11 kV/em.

Sample L527 have 33% Al in the barrier to limit the thermal electron injection to the
continuum band, and 3 quantum wells injector is designed to reduce terahertz re-absorption.
The doping density in the injector is 1.5 x 10%®cm™, and no doping in superlattice region.
For the sample L6635, the superlattice period is 5, and only the barriers in the injector is doped
to avoid impurity emission, the doping density is 7.5 x 10%cm™. The doping sheet density
in L527 and L665 are designed to have the same level with L358.

3.2.2 Waveguide and surface emission

To maximize our capability to observe the THz radiation emitted by these electrically
biased doped superlattice devices, it is crucial to optimize the confinement of the THz
radiation with the oscillating charges as well as the extraction efficiency of the THz radiation.
The radiation emission resulting from the intersubband transitions between two WSLs of
adjacent quantum wells is polarized in the transverse direction (TM) due to the intersubband

selection rule. Namely the electric field is polarized perpendicular to the superlattice layers.
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The dielectric mode confinement widely used in near-infrared and visible diode lasers to
confine the radiation in the vertical (growth) direction, and obtained by the presence of
cladding layers with lower index than the active layer, while it is not feasible at THz
frequencies for two reasons. First, to be effective, the thickness of the cladding layers must be
on the order of the wavelength of the radiation inside the semiconductor, which would be
larger than 10 pm, a thickness unreasonable to grow by MBE. Second, loss due to free carrier
absorption increases for frequencies above the plasma frequency, and as consequence the
mode overlap with doped regions must be minimized. Furthermore, for GaAs/AlGaAs
growth systems, the GaAs substrate has a higher refractive index than AlGaAs, and hence the
substrate provides no natural mode confinement. In this context, the research community
working on THz QCL has developed two types of waveguides for the confinement of the
THz radiation: the semi-insulating-surface-plasmon waveguide and the metal-metal
waveguide. These waveguides designed for TM polarized emission provide relatively high
coupling factor with limited losses in the THz range. With such waveguides, the THz

radiation is emitted only from the edges of the waveguides.
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Figure 3.8 Calculated semi-insulating surface plasmon waveguide mode profile (a) (taken
from ref[46]) and the mode profil in the substrate for the cut-off profile (b).

The semi-insulating surface plasmon waveguide, first proposed by Ulrichet al., was a key
enabling component of the first terahertz QCL[46-48]. In this waveguide, the mode of the
THz emission is bound to the upper metallic contact and a thin heavy doped contact layer
grown directly beneath the active region and above the semi-insulating GaAs substrate.

Because the doped layer is thinner than its own skin depth, the mode extends substantially
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into the substrate. The mode profile is shown in Figure 3.8. Since the mode overlap with the
doped contact layer is small, the free carrier loss is minimized, for instance, loss is typically
~8 cm™ at 3 THz with a confinement factor of ~0.3. The main advantage of this waveguide is
the large fraction of the mode propagating outside the gain medium providing a high efficient
coupling between the guided and the free-space radiation. The coupling efficiency of

waveguide devices enables 50% of the THz photons to be coupled out[51].

The improvement of the mode confinement and the reduction of the loss of semi-insulating
surface plasmon waveguides can be made by replacing the lower thin heavy doped layer with
a layer of metal to form a metal-metal waveguide. The typical mode profile and the
waveguide schematic are reported in Figure 3.9. Since the skin depth in gold is only several
hundred Angstroms at THz frequencies, the metal-metal waveguide shows weak loss with a
confinement factor close to unity. For instance, loss is typically ~15 cm™ at 3 THz with a
confinement factor close to 1. These advantages come at the expense of processing
complexity, as a flip-chip wafer bonding technology. Moreover, the mode mismatch between
the guided and the free-space radiation modes is severe. With the help of surface grating, this
coupling problem can be resolved.

Hll——

Active region

mental

~10 um

Gals substrate

Figure 3.9: Left : Drawing of the metal-metal waveguide. Right: Electric-field profile for the
fundamental propagating mode in a metal-metal waveguide.

The performances of surface plasmon waveguides are limited if the loss are much greater
than the mirror loss (facets) so that photons emitted further away from the edge are absorbed,
since consequently only a small fraction of emitted light escapes the waveguide. For this
reason, | have fabricated some devices with a metallic grating on top of the sample, typically
with period of 10-20 um and a 50% fill factor, which we term it the subwavelength-grating
surface emitting device. The purpose of the grating is to efficiently couple radiation from the
large surface of a device. Coupling efficiency in grating coupled surface emitting up to

30%][52] have been reported. This approach was one of the earliest methods for measuring
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intersubband emission[53]. However, the edge emission configuration is preferred whenever
possible, because it eliminates the possibility of any grating induced artifacts in the emission

spectrum.

3.3 Device fabrication

Our designs were grown by molecular beam epitaxy (MBE) technique, which provides
extremely precise thickness control of the growth layer to atomic scale. The samples were
grown on semi-insulating (100) oriented GaAs wafers by S. Kumar and E. Linfield of Leeds
University. The super-superlattice structures of our samples are inserted in a stack of layers
including sacrificial layers and contact layers as illustrated in Figure 3.10. The 300 nm
AlpsGagsAs layer is an etch stop layer for substrate removal for double-metal waveguide
structures. The 600 nm and 80 nm n'GaAs layers provide the bottom ohmic and top contacts

respectively. The bottom n"GaAs layer is thicker for the etch depth tolerance.

5X10'® n+ doped GaAs (80nm)
Aly 15Gag gsAs (4.5nm)

cascade super-superlattice (~10um)

2X10"® n+ doped GaAs (600nm)

Al 5Gag sAs etch stop layer (300nm)
GaAs buffer layer (250nm)

Semi-insulating GaAs substrate

Figure 3.10: Structure of the MBE-grown doped Bloch samples, showing the thickness and
the doping of the sacrificial layers, the active region and the contact layers.

I have carried out all the fabrication at University Paris-Sud in the Centrale Technologique
Universitaire(CTU) Minerve collaborating with R. Colombelli and D. Fowler, with the
exception of the wafer bonding stage, which was fabricated by Applied Microengineering Ltd
at UK. The fabrication follows the standard contact photolithography techniques. The
fabrication processes of the semi-insulating surface plasmon structures and double-metal

structures are discussed in the following. Both semi-insulating surface plasmon waveguides
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and surface emitting grating devices are based on the same single surface plasmon structures.
The process sequences are thus similar for both types of devices, except for the mesa shaped

ridge or square. The detailed processing procedure and recipe can be found in the Appendix.

3.3.1 Semi-insulating surface plasmon structure

Following MBE growth, three photolithography steps are performed for the processing. The

Figure 3.11 illustrates the process sequences.

- The first step is to define the mesas on the epitaxial layers in a form of a ridge or a square
for semi-insulating surface plasmon waveguides and surface emitting grating devices
respectively. After the wafer is cleaned, the positive photoresist S1818 is spun onto the wafer
surface. The photoresist is then baked for harden. With designed mask for ridge or grating
mesa, the wafer is exposited in the UV radiation, and developed in MF319 or MF351
developer. If the wafer is well developed in this step, it is going be wet etched for mesa. The
typical etchant solution for AlGaAs/GaAs material system is H,SO4:H,0,:H,0, with the ratio
of 1:8:40. This type of etchant etches both AlGaAs and GaAs with equal speed, which
guarantees good quality of the mesa edge. The concentration of H,O in the etchant can also
be changed to control the etching speed. The etching is carried out with several intervals. For
each interval, the etching depth was regularly measured by the surface profiler (Dektak),
making sure that the etching stops right in the upper middle of 600 nm n" doped GaAs layer.
Longer or short etching time may induce over or under etching, which may cause parasitic

resistance, or an open circuit.
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UV Radiation
Mask ———
Photoresist —
Cascade SL—|
n+ GaAs—" Developement Etch
Substrate
Sample with photoresist Selected photoresist left Mesa defined after
exposed under UV light after developement wet etch
UV Radiation
Photoresist exposed after Photoresist left after Metal contact doposited
aligned with another mask devepement on the bottom
UV Radiation
Photoresist exposed after Photoresist left after Metal contact deposited
aligned with another mask develpement on the top of the masa

Figure 3.11 Schematic diagram of the technological processes to fabricate the semi-insulating
surface plasmon structures.

- The second step is performed to provide NiGeAu alloyed ohmic contacts as bottom contacts.
Image reversal photoresist Ti35ES was used in this lithography stage, since edges of this
photoresist have undercut profile, which allow the later lift-off process after metal deposition.
The mask alignment and development follow the same procedure as previous lithography.
Ni/Au/Ni/Ge/Au was deposited on the n+ layer about 50 pm away from the mesa, following
by the rapid thermal annealing to form alloyed ohmic contact. The annealing was carried out
at 400°C and lasted 1 min.

- The third step is to deposit the metallic non-alloyed Schottky contacts on the top of epitaxial
layers as the top contact. The process was the same as the bottom contact process. Ti/Au was
deposited on top of the mesa, but not annealed. Indeed, if the top metal is annealed, the
dopants under the metal film can diffuse into the active region and contaminate it. Moreover,

the diffusing of the dopants induces thick heavy doping area, which can increase the free
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electron absorption of the THz radiation. The top Schottky contact formed by Ti/Au metal
and 50 nm heavily doped n"GaAs layer is reported as 0.8 V [4].

3.3.2 Double metal structure

The major steps of the double metal structure processing procedure are illustrated in Figure

3.12. The detailed procedure can be found in Appendix

Substrate —
Etch stop lasyer

Substrate removal

Wafer bonding via polishing and
selective etching

Etch

— [
Lithography for ridge Etch stop layer removal
or grating structure via selective etching

Figure 3.12: Schematic diagram of the technological process for the fabrication of the double
metal structures.

After the MBE growth, the wafer was cleaned with solvent and acid. Ti/Au (10nm/500nm)
metal was then deposited on the top. A piece of semi-insulating GaAs substrate was cleaned
and Ti/Au (10nm/500nm) was deposited on it, as the new supporting substrate. The two
pieces of wafer were carefully aligned according to the crystal axes, and then thermal
compressed together. The firm Applied Microengineering Ltd at UK carried out this process.
After the wafer was bonded, the substrate of the original wafer was removed. At first, it was
mechanical polished from about 400 pm to 100 um thick. During the mechanical polishing,
the sand papers with grain sizes of 30 um, 12 um and 3 pum were subsequently used to keep
uniform surface and avoid grooves. Care should be taken to make sure not only the surface

uniform but also the etching thickness uniform, as big nonuniformity of the substrate
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thickness may induce thinner part being the over etched in the subsequent wet etching. The
remaining substrate was selectively etched by citric acid/H,O, solution. Citric acid
monohydrate, hydrogen peroxide and DI water were mixed with the ratio of
CsHgO7:H,0,:H,0 (3g:1mL:3mL) for preparing the solution. The selectivity of GaAs versus
Alp4sGagasAs as high as 200 has been reached [54] for this composition. We used
AlpsGagsAs as a stop layer, which would give much higher selective etch ratio. The etch stop
layer of 300 nm is used for all our samples. When the substrate was all etched, the surface

became mirror like, which was a good indication that this process was finished.

Following substrate removal, the etch stop layer was also removed. 300 nm thick AlysGagsAs
on top of the GaAs was selectively etched by HF. A longer time of more than 2 min is
preferred for this etching for totally removal, due to extremely high selectivity of AlysGagsAs
over GaAs in HF solution[55]. Beneath the etch stop layer, the 600 nm heavily doped layer,
which original used as bottom ohmic contact for semi-insulating structures, was thinned to

about 100 nm, to limit the free electron absorption.

After the previous processing, the wafer was processed in two technological stages. First, the
mesas on the epitaxial layers were defined with the same procedure than the one used for the
processing of semi-insulating surface plasmon waveguides. Secondly, the metallic
non-alloyed ohmic contacts were deposited on the epitaxial layers to do the top contact. At
last, to facilitate the device mounting and to reduce the thermal dissipation, a metal layer of
Ti/Au (10nm/200nm) was on the backside of the sample. The sample is then ready for its

mounting and for the realization of wire bonding.

3.3.3 Device mounting

The processed semi-insulating structures and double metal structures were mounted onto
sample holders made of copper. The processed samples were leaved into small device pieces,
containing one or two mesas. The device pieces were soldered with Indium on a copper
surface, with two electrical pads on both sides. An Au wire was then used to connect the top
contact with one pad, serving as positive electrode. The bottom contact of the mesa was
connected to the copper holder using gold wire, which was then connected to a negative
electrode. Figure 3.13 shows the mounted and bonded device, where the gold bonding wire is

connected with the pad.
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Figure 3.13: Schematic of a mounted and bonded device.
3.4 Experimental set-up

To study these doped cascade super-superlattice devices, we carried out three measurements.
At primary, the current-voltage (I-V) characteristics of the devices were measured to study
the electron transport and band alignment in the devices. Then, we used Fourier Transform
Infrared Spectroscopy (FTIR) measurements, to measure the spectrum of the THz radiation
emitted by these devices. To probe the gain with the aim to observe the dispersive gain
predicted semi-classically and with quantum-mechanic, we performed THz time domain

spectroscopy (TDS) measurements.

As mentioned previously, the top and bottom contacts of each mesa were connected to two
electrodes; the bias is applied between these electrodes. The bias value on the samples was
measured using oscilloscope and the current was measured using a homemade current sensor.
All the measurements were performed at cryogenic temperature under liquid helium (~10 K)

except special indication.

3.4.1 Fourier Transform Infrared spectroscopy

Fourier Transform Infrared spectroscopy (FTIR) is wildly used in measuring the THz
intersubband spontaneous emission and stimulated emission for THz quantum cascade
structure. It is also used in this thesis to detect THz emission from Bloch oscillations. The
detail description can be found in well known text books[56, 57]. The setup for our

measurement is Bruker 66V/s. The main measuring path is shown in Figure 3.14.
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Figure 3.14: Experimental setup for emission measurements based on FTIR spectrometer
operating in step scan mode.

The Bloch oscillator device was mounted in the cryostat cold finger, which was kept
cryogenic temperature by continuous flowing liquid He. The Bloch emission, either form
ridge edge or grating surface, is collected through two parabolic mirrors into the spectrometer.
The terahertz emission transported through Michelson interferometer would be detected by
the bolometer. A lock-in amplifier was used to suppress the noise. Several key components

are illustrated as follows.
Beam splitter

Several different Beamsplitters can be chosen for Bruker 66V/s according to required
wavelength. KBr beamsplitter has a broad pass of 375 c¢cm™ to 7000 cm™ (11.4 THz to
212THz) for middle infrared. The Quartz beam splitter ranges from 2800 cm™ to 25000 cm™,
corresponding to 84.8 THz to 757.6 THz. The Mylar beam splitter is for far infrared, with
thickness of 6 um, 50 um and 125 um, their passing range is 30 cm™ to 650 cm™(0.9 THz to
19.7 THz), 10 cm™ to 55 ¢cm™(0.3 THz to 1.7 THz), and 4 cm™ to 30 cm™'(0.1 THz to
0.3THz). For our consideration, the Bloch oscillations have the working range of around

3THz, which is about 100 cm™, the Mylar beam splitter with thickness of 6 um is preferred.
Bolometer
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The weak Bloch oscillations emission was detected by silicon composite bolometer, together
with lock-in amplifier to increase the signal noise ratio. The bolometer is from Infrared
Laboratories. The silicon thermal detection module is responsible for the detection, where the
silicon element responds to the radiation heating, changes resistance, and then transmits to
voltage signal. As the thermal responds time of the silicon element is on the order of
millisecond range, the chopping frequency is limited by no more than 400 Hz. In our case,
300Hz was used. The silicon element works in liquid He temperature, which is realized by
the heat sink connecting with the liquid He dewar. Since the bolometer is broadband detector,
the spectrum selection is controlled by a series of cut-off filters. The two filters responds in
our bolometer is shown in Figure 3.15 where the radiation is from the internal Globar source.
The filter 1 is more sensitive than filter 2 for the range of higher than 3 THz (100 cm™), and

filter 2 has advantage in frequency lower than 3THz. Filter 1 is selected for our measurement.

Frequency(THz)
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Figure 3.15: Globar emission spectra at 300 K taken with the Si bolometer using Filter 1 and
Filter 2.

Step scan mode

The FTIR can work on rapid scan and step scan mode. The step scan mode has the advantage
for weak signal measurement, which is the case for our experiment. So the spectra of our
samples were achieved in the step scan mode. For the step scan measurement, the translating
mirror moves certain distance to get the interferogram of the emission intensity as function of
the mirror position. During the movement of the translating mirror, it pauses at each step, and

the intensity is recorded by the lock-in amplifier, and then the mirror moves to the next
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position and pauses again. The interferogram recorded through the whole moving distacne is
then Fourier transformed to yield power spectrum. To ensure enough responds time for
lock-in amplifier, the pausing time was set 3 times of the lock-in constant time. With 1s
lock-in constant time and 282 scanning point, it takes about 14mins for every scan. The AC
electrical bias with frequency of 100 kHz and 10% duty cycle was intentionally used to avoid
thermal heating and also preserving detectable emission signal. Function generator Agilent
33220A was used to gate the pulse generator at 300Hz as the Lock-in reference for step scan

mode operation.

3.4.2 THz time domain spectroscopy

Bloch gain has long been predicted in superlattice under bias, as illustrated in part 2.3. The
crossover between THz gain and absorption happens at Bloch resonance. Measuring this
electric field depended crossover will give clear evidence of the Bloch oscillation existence.
Shimada[21] claimed to have observed gain in optical pumped superlattice, through indirect
calculation of the THz transient, although it was doubted by other authors[58]. Until now, no
gain related to Bloch oscillation has been obtained directly in superlattice. Gain measurement
in THz QCL have been successfully carried out recently using THz TDS[44,45].As the TDS
setup is similar with the Bloch emission TDS used in the following chapter, I will just briefly
describe the setup and concentrate on the measuring mechanism, detailed information of the

THz time domain spectroscopy setup can be found in chapter 4.

Figure 3.16 shows the THz TDS setup developed by S. Dhillon and J. Tignon at LPA (ENS),
which I used for the absorption/gain spectra measurements. The Ti: Sapphire femto-second
laser provide 100 fs laser at 800 nm wavelength with modulation frequency of 76 MHz. the
photoconductive inter-digitated antenna under bias is illuminated by femo-second laser and
generates THz transient. The emitted THz is collected and focused on the Bloch oscillator
devices. As the relative long wavelength of THz, the focus beam is estimated of about 300
um diameter under diffraction limit. To well couple the THz beam in to the waveguide, the
semi-insulating surface plasmon ridge waveguide device is preferred comparing with double
metal waveguide for large mode area and easy coupling. The focused THz transient transmits
through the device and was detected by 200 pm GaP electro-optic crystal. THz frequency up
to 4.5 THz can be well detected with this crystal. A delay line stage was mounted on the
probe beam to map out the whole THz pulse transient. A lock-in amplifier was used to
increase the signal noise ratio with the reference frequency given by the modulated bias on

the antenna. Figure 3.17 shows the THz time domain transient measured in the setup and the
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frequency spectrum calculated by the Fourier transform of the measured THz time domain

transient without Bloch device.
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Figure 3.16: Schematic drawing of the THz time domain spectroscopy setup developed by S.
Dhillon and J. Tignon from LPA (ENYS).
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Figure 3.17: Temporal waveform (a) and amplitude spectra (b) emitted by the
photoconductive antenna and detected by the electro-optic sampling technique.

The basic idea to obtain the gain and loss of the Bloch oscillator is comparing the transmitted
THz pulse when the biased is on and off. The difference between these two will give gain and
loss induced by the bias. The basic assumption in this method is that the absorption induced
by the waveguide, substrate or doping layer is the same for bias on and off. The easy way is
to direct measurement THz spectra with bias on or off, and compare these two to have gain or
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loss information. But the problem is that the input THz pulse intensity is small and the device
gain or absorption, which is normally narrow band, overlaps only a small extremity of the
input THz bandwidth, which induces low sensitivity. So another technique was developed by

previous authors in LPA (ENS) [59, 60], where our experiments were also carried out.

The transmitted THz at frequency @ from the sample can be written as

S(w) =T exp[-al/2+iAk,L]exp[-yL/2+iAk, L]E, (@) 3.6
R(w)=T exp[-aL/2+iAk L]E, (®) 3.7

The S(w)andR(w) represent the transmitted THz field with bias on or off respectively. The

T is the THz coupling coefficient for in and out the sample. « and AkyL are the loss and

loss induced phase of the waveguide. Here they are supposed to be the same for bias both on

and off. yand Ak, L are the sample gain and gain induced phase. The previous equations are

in frequency domain, the time domain correspondences are S(t) and R(t).

During the measurement, the antenna bias was modulated at 50 kHz with duty cycle of 50%,
it is the same to say that the generated time domain THz pulse is in modulated in 50 kHz. The
waveguide ridge sample is biased in 25 kHz pulse with duty cycle of 25%. This pulse width
is the same with antenna electrical bias, but is turned off for every another antenna pulse (see
Figure 3.18). The two pulse generators are phase locked and the 25 kHz was send to the
lock-in as the reference. In this case, the lock-in measured the difference between the signal

with the sample bias turned on and off:
Diff (t) = +(R(t)— S(1)) 3.8

This is the difference signal in time domain, the corresponding difference signal in frequency

domain is obtained by the Fourier transform:
Diff (w) = t[R(®) — S(®)] 3.9

The problem of this method is that it is hard to know whether R-S or S-R is measured, so

whether it is gain or loss is determined by reference measurements.
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Figure 3.18: Schematic of the modulation technique of the photoconductive antenna and of
the Bloch device used for the absorption/gain measurement.

By taking a reference scan R(w) when the sample bias is off. The gain or loss can be

calculated as

exp[—yL/2+iAk L]=[Diff (») + R(w)]/R() 3.10

From this, both gain and phase change for the waveguide can be calculated:

}/zgln(|Diff (w)+R(w)| .
L IR(@)|
Ag = arctan( Im[ Diff (w)]Re[R(@)] - Re[ Diff (w)]Im[R(®)] 312

Im[Diff (w)]Re[R(w)]+ Re[ Diff (w)] Im[R(w)]

3.5 Result and discussion

Several measurements will be discussed in this part to verify the structure design and

processing and also to provide essential feedbacks for future improvement.

3.5.1 I-V characteristic

a) Experimental Set Up

For the I-V measurement, the device mounted on the cryostat was connected to an Agilent
8114A pulse generator. The top n+ contact layer was connected with the ground and similarly
the bottom n+ was connected with the source, so that reverse bias voltage was applied on the
device. Thus, the structure is in negative polarity. For instance, the corresponding band
structure for the sampleL.358 is shown in Figure 3.19. In order to avoid thermal contribution,
the I-V characteristics were measured in a pulse mode with voltage pulses of 1250 ns

duration at a repetition rate of 1 kHz.
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Figure 3.19: Self-consistent conduction band profiles of L358 sample under negative polarity
(Eapp]iedzlo kV/ Cm)

The electrical properties of the devices provide insight into the evolution of the band structure
with the applied electric field. Information can be gathered on negative differential
conductance regime and alignment of the energy bands on these structures. Indeed, under an
electric field ranging from 6 kV/cm to 10 kV/cm according to the considered samples, the
resonance condition is reached and electrons can cascade throughout each period of the
super-superlattice structure: electrons are resonantly injected into the each elementary
superlattice. Far-infrared emission is expected to occur via a diagonal transition of electrons
between the WSLs (first miniband) of the quantum wells of the elementary superlattices. The
injector is used to extract electrons from the each elementary superlattice and channel them
into the next period by resonant tunneling and phonon-assisted transition. As this process
relies on resonant transport through the quantum wells, signatures are observed in the

current-voltage characteristics.
b) Results
L358

The I-V characteristic of the sample L358 with mesa size of 475 umX610 um and with a
surface grating period of 40 um(filling factor 50%) is shown in Figure 3.20. Up to 2V, the
current does not flow indicating that there is no electric field inside the active layer. This
voltage offset is thus related to additional series resistances in the device mostly due to the

non-alloyed Schottky contact[4], and this voltage offset decreases with the temperature
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increase as will discussed later. When a small electric field (voltage) is applied inside the
active layer (3 V<V<9 V), the current density increases since the tunneling current can flow
through the superlattice miniband and the periods within the structure begin to align to the
desired configuration. As the field is increased (9 V<V<13 V), an alignment between the
energy subbands in adjacent wells is getting worse and we observe a reduction of the slope of
the I-V characteristic resulting from the competition between the driving force (electric field)
and subbands mismatch. When the field is increased further (V>13 V), whereas the subbands
misalignment is still increases, the transport is efficient again and the current density begins
to increase as at low electric field. At high electric field, the current is dominated both by the
conduction over the quantum well barriers and the escape into the continuum and by the
intersubband Zener tunneling. The later mechanism results from the alignment in the
super-superlattice structure, of the lower subband of quantum wells with the upper subband
of neighbor quantum wells. Due to these contributions in the current at high electric field, the
region of negative differential conductance is not visible in the voltage range where the
subbands mismatch is significant too strongly localized the wavefunctions on their own WSL;
instead only a decrease of the differential conductance with the increase of the voltage is
observed. Note that the effective electric field inside the super-superlattice cannot be easily
deduced from the applied voltage value V due to the additional contribution of contacts in the
drop voltage but since the thickness of active layers are 1~10 um, the effective field in the

super-superlattice structure is in the range of V/I.
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Figure 3.20 Current density versus voltage at 10 K in pulsed mode for L358sample.
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To extract information related to the energy band alignment, [ have plotted on Figure 3.21 the
differential conductance as a function of the applied voltage. Such representation highlights
resonances and changes in the slope of the I-V characteristic. As mentioned previously, once
the drop voltage at the Schottky contact is compensated, the current density starts to increase
with the increase of the electric field. As the electric field increases, the electron
wavefunction tends to be localized, and a decrease of the differential conductance is expected;
that’s what we observed between 3V and 6 V. A slight increase of the differential
conductance is observed around 7 V, the exact interpretation remains to be answer, but one
possible reason is the following. As can be seen on the band structure profile at 8 kV/cm
(Figure 3.22 a), the wavefunctions of excited states in the injector overlap with the
wavefunctions of the Wannier Stark ladders in the superlattice. This overlap may cause
parasitic current injection into the continuum, increasing the differential conductance of the
sample. The minimum of the differential conductance arrives at 11 V, which corresponds to
an applied electric field in the range of 11 kV/cm. As can be seen from the band profile
(Figure 3.22 b), at such applied electric field, the electron wave functions of the WSLs in the
superlattice are relatively localized and no wavefunction overlap with the excited states in the
injectors is observed. Further increase of the applied electric field is expected to induce
negative differential conductance since the electron wavefunctions in the superlattice are
more strongly localized and the subbands in the injector tend to mismatch. However, an
increase of the differential conductance instead of a negative differential conductance is
observed. This increase of the differential conductance at a bias voltage higher than 12 Vis
related to both the conduction over the quantum well barriers and the escape of electrons into
the continuum, and to the intersubband Zener tunneling preventing the observation of the
negative differential conductance. In addition, we observed some local rises in the differential
conductance at 12.5V, 15.8' V and 17.5 V. These rises may be due to the alignment of the
wavefunctions of excited states in the injector with the wavefunctions of the Wannier Stark
ladders in the superlattice (as seen in the conduction band profile at an applied electric field
of 12 kV/cm in Figure 3.23).
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Figure 3.21: Differential conductance as function as voltage at 10 K in pulsed mode for the
L358 sample.
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Figure 3.22: Self-consistent conduction band profiles of L358 sample for an applied electric
field of 8 kV/cm and of 11 kV/cm.
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Figure 3.23: Self-consistent conduction band profile of L358 sample for an applied electric
field of 12 kV/cm.

The I-V characteristic was also measured at different heat sink temperatures. In the
measurement, the small mesa with 130 umX 130 um was used to reduce the thermal
accumulation. Keithley model 2400 Sourcemeter was used to act as the power source as well
as to record the current. The results are shown in Figure 3.24. As discussed in chapter 2, the
increase of the temperature induces thermal broadened distribution of electrons in the

conduction band, and reduces the conductance. For small miniband, the electron miniband
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transport presents thermal saturation [61, 62]. The semiclassical Boltzmann transport

equation gives the temperature dependence of the conductance along the superlattice region:

_ o (/2K T)
7= @ lkT) i

Where | (X)are the Bessel functions of complex argument and o, = Ne’z, / m, is the Drude

conductivity with 1, and m,, the momentum relaxation time and effective mass along the
superlattice axis. For the L358sample, the width of the first miniband is 24 meV. I calculated
the relative conductance as a function of the temperature; the result is shown in Figure 3.25.
With the increase of the temperature, the relative conductance decreases. This means that the
current in the superlattice region should decrease with the temperature increase, which is not
what we observe in Figure 3.24. The measured increase of the current in the L358 sample as
the temperature increase is attributed to the involving of the injector region. When the
temperature increases, the electrons gain higher energy, which may assist them to escape to
the excited band of the injector or to the higher minibands. Even through the contribution of
the parasitic current competes with the reduction of the current resulting from the subbands
mismatch at intermediate applied electric field, the change in the slope of the I-V
characteristic at intermediate electric field is still observed until 220 K. The Figure 3.24 inset
shows the enlarged part of the current at low voltage. A reduction of the offset voltage with
the increase of the temperature is observed, which is consistent with the reduction of the

Schottky barrier expected as the temperature increases[63].
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Figure 3.24: Current versus voltage for L358 sample with 130 pumXx130 pm dimensions at
different temperatures from 10 K to 220 K. The inset shows the enlarged part of the voltage
offset.
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Figure 3.25: The calculated miniband relative conductance of superlattice as function of the
temperature[61]

L414 and L416

The samples L358, L.414, and L416 have the same design except the density of the doping
and its profile. L358 sample is doped only in the injector wells and barriers with 1 X
101%cm™ doping density. L414 sample is doped in the injector wells and barriers with
4 x 10%cm™. For the L416 sample, not only the injector is doped with 4 x 10%6cm™, but

also the superlattice module with a doping density of 8 x 10%5cm™.
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Figure 3.26 displays the I-V characteristics of the samples L358, L414 and L416 with mesa
size of 475 umx610 pm and second order metallic grating on the mesa. For the L414 sample,
the increase of the current until ~6 V corresponds to the electron flow through the superlattice
and the injector regions. Between 6 V and 12V, a reduction of the slope of the I-V
characteristic is still observed, even through this effect is less pronounced than in the L358
sample. This lowing of the current increase with the voltage increase is attributed to the
electron wavefunction localization in the WSL of the superlattice region. Above 12V, the
current increases almost linearly with the applied electric field. The current characteristic of
the L416 sample is different to the previous two samples, on the overall voltage range, the

current increases almost linearly, no reduction of the slope of the I-V curve is observed.

1000

900+

——1L358
.......... L358 model
—L414
_____ L414 model
——L416

800+

700+

600

_________
zzzzz

500 4

400+

300+

Current density (A/cmz)

200+

100

1 1
0 2 4 6 8 10 12 14 16 18 20
Voltage (V)

Figure 3.26: 1-V characteristics at 10 K for the samples L358, L414 and L416 with mesas of
475 pmx610 um. The dashed lines are the fits using the Esaki-Tsu model.

The dashed lines in Figure 3.26 are the fits of the I-V characteristics using the Esaki-Tsu
model given by the equation 2.20:

ed(U —UO)
J= AeNyVyiq — A LIJ “U
Py +ed(—— )

T | 3.14

where n, is the sample doping density, v, the electron drift velocity, 7 the scattering time,
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A is constant of proportionality, U, accounts for the voltage drop at series resistance

(Schottky contacts) andlthe superlattice active region thickness.The dashed lines are the
currents versus voltage calculated with n01=2.7><1016 cm™ for sample L414 and nd=9><1015
cmfor sample L358 (these values are close to the design values), Vd,,-ﬁZO.95><1050m/s and
=67 fs for both samples, Uy=3.6 V for L358 sample and Uy=2 V for L414 sample and |
=10 pm for both samples.

The differential conductances of the samples L358 and L414 are calculated and reported in
Figure 3.27.As analyzed previously, the differential conductance decreases as the electron
wavefunction tends localization, which is observed from 3 V to 11 V for the L358 sample and
from 3V to 9V for the L414 sample. The differential conductance minimum of the L414
sample appears earlier than the L358 sample. As these samples preserve the same multilayer
stack except the doping density, this difference can be explained by the non-uniform
distribution of the electric field in the superlattice and the injector region. The two band
profiles at 10 V are shown in Figure 3.28. We see that the injector region of the L414 sample
experiences a smaller electric field because of the higher doping density. So, for a same
electric field applied to the sample, the superlattice region in the L414 sample is subjected to

a higher electric field.
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Figure 3.27: Differential conductance versus voltage at 10 K in pulsed mode for the samples
L358 and L414.
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Figure 3.28: Self-consistent conduction band profiles of the L358 sample (upper) and the
L414 sample (lower) for an applied electric field of 10 kV/cm. The arrows show the region of
the doped injector where the electric field is weaker.

The differential conductance of the L416 sample is calculated and reported in Figure 3.29.
The differential conductance increases first with the increase of the applied electric field
below 6V, as the subbands of the injector are gradually aligned for resonant tunneling. Then
the differential conductance saturates. No reduction of the differential conductance is

observed. As can be seen in Figure 3.26, the current densities in the L416 sample are higher
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than in the samples L358 and L414, which cause higher thermal dissipation. The thermal
heating assists the parasitic current channels and prevents the observation of a reduction of

the conductance[20]
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Figure 3.29: Differential conductance as function voltage at 10 K in pulsed mode for the
L416 sample.

To conclude, the increasing of the doping density in the samples L414 and L416 did not
benefit to the observation of the negative differential conductance in the super-superlattice
structure. On contrary, a leakage of current to the excited states of the injector or continuum
band is observed. To reduce the electron conduction over the quantum well barriers and their
escape into the continuum, new material systems with higher barrier height must be chosen.
We have selected the alternative material system Al 33Gag¢7As/GaAs since the height of the
barrier is increased from 134 meV to 295 meV. Using thus material system, I have designed

and fabricated a second series of samples: samples L527 and L665.
L527

Except the height of the barriers, the L527 sample design is nearly the same than the 1358

sample. The module sheet doping density was set as 6.465x10'°cm™, keeping similar with

L358. Based on the gain measurements of L358 that will be discuss after, we modify the
four-well injector to three-well injector to reduce the THz absorption in the injector region.
Figure 3.30 shows the measured I-V characteristic and its fit with the Esaki-Tsu model in

dashed line. The discrepancy between data and the fit at low voltage is due to the role of the
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injector, not accounted in the model: the subbands in the injector are not aligned to provide
electron tunneling. The conduction band profile for the L527 sample under an applied electric
field of 2 kV/cm is reported in Figure 3.31. The electron wavefunctions are not well
overlapped at this low electric field, which induces a slow increase of the current. To get
further information of the conduction band alignment, the differential conductance is
extracted from the data and plotted in Figure 3.32, together with the one extracted from the fit.
Once the subbands in the injector are gradually aligned, the resonance condition is reached
providing an efficient electron transport through the super-superlattice structure, which is
indicated by the increase of the differential conductance between 3V and 6 V. Then, the
differential conductance decreases up to 12 V. As given by the model, this reduction of the
differential conductance comes from the localization of the wave functions in the quantum
wells of the superlattices. A main result is the observation of the negative differential
conductance between 11V and 20 V. In this voltage region, we observe a plateau of the
negative differential conductance, which is the result of the competition between the current
reduction induced by the electron wave function localization in the superlattice and the
current increase induced by the electron tunneling to excited states in the injectors and
intersubbands Zener tunneling. Above 20V, the latter mechanisms dominate the current

transport and a rise of current versus the voltage is observed.
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Figure 3.30: Current density versus voltage at 10 K for the L527 sample. The dashed lines is
the fitting using the Esaki-Tsu model with the, drift velocity of vg:ig=2.25 %1 0’ cm/s, scattering
time of 83 fs, doping density of ng=9%10"° cm™ and voltage offset of U=3.6 V.
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Figure 3.31: Self-consistent conduction band profiles of the L527 sample for an applied
electric field of 2 kV/cm.
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Figure 3.32: The differential conductance versus voltage at 10 K for the L527 sample. The
dashed lines are the fits using the Esaki-Tsu model.

L665
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The sample L665 was designed in the same way than the L527 sample, except that the
superlattice region consists of 5 periods of unit cells instead of 9 periods in the L527 sample
and only the barriers in the injectors region are doped with a module sheet density of 6.3 X

10" em™. The I-V characteristic of the L665 sample is depicted in

. The extracted differential conductance of the L665 sample is illustrated in Figure 3.34. At
low voltages below 5V, the current increases because the energy subbands in the injectors are
gradually aligned for resonant tunneling. Between 5V to 7V, the current differential
conductance decreases when the electron wave functions become localized in superlattice
region. An abnormal sudden decrease of differential conductance from 7 V to 9 V was
observed. To reveal the reason of this sudden decrease of differential conductance, energy
band structure profile with applied voltage between 7 V and 9 V was investigated. A
tunneling channel was observed in the energy band structure profile at 7.55 V, however
tunneling channel causes increasing of current not decreasing. So the origin of this unstable
behavior is not clear. Indeed, strong localization of electron wave function in the injector
region was observed at 9.7 V, as indicated by the arrow in Figure 3.35. This explains the
negative differential conductance at 9.7 V. For voltage higher than 9.7 V, the current plateau
persists with slightly increasing. This characteristic stems from the competition between
reducing of current because of electron localization and increasing of current because of

electron tunneling to excited states in the injectors.
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Figure 3.33: Current versus voltage at 10 K in pulsed mode for the L665 sample.
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Figure 3.34: Differential conductance versus voltage at 10 K in pulsed mode for the L665

sample.

E (eV)

0.25

0.15

TRVA VAV SRR [ =0
- VR i
N VANV /\/\ e ON/ON/AN & /

T NN - ? J/ —H

AL AL Ri/A)

NJ\/\W\/\, N L /

LN H~
,?~#;§ ngg/ﬂ\\(/r\ka
mj\ ~

IR

Al

-1500 -1000

Z position

Figure 3.35: Self-consistent conduction band profiles of the L665 sample for an applied
voltage of 9.7 V.

3.5.2 Electroluminescence measurements

The electroluminescence spectra of all the samples listed in Table 3.2 were measured. The
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samples were processed into ridge waveguides or surface emitting grating devices. As
pointed out previously, the THz emission resulting from second-order transitions is TM
polarized. This is one of the criteria to identify the emission related to Bloch gain. The
surface grating couples out only the TM polarized emission, whereas the edge-emitting ridge
waveguide allows the THz emission with both TM and TE polarization. To detect only the
TM polarized emission, we used a grating polarizer. The second criteria to identify the
emission related to Bloch gain is the linear shift of the peak frequency of the emission with
the bias voltage since the Bloch frequency increases linearly with the applied electric field.
The results of several measurements are presented and discussed in this section. All the

measurements were carried out at 10 K. The resolution of the step scan mode is 8 cm™.
L358 surface emitting grating device

Figure 3.36 shows the emitted light intensity versus the current (L-I) and the V-I curve of

L358 from surface-emitting device at 10 K. The mesa is 475 1 m X610 1 m, and the surface

grating periods is 30 u m with 50% filling factor. Between 10V to 13V, we observe a

reduction of the conductance due to the localization of electron wave functions in the
quantum wells of the superlattices as discussed previously, and this is in this voltage range
that the emission related to Bloch gain is expected. The electroluminescence intensity was
recorded using the lock-in amplifier. We observe that the electroluminescence signal
increases as the increase of the current (voltage bias). We also measured the spectra of this
sample with FTIR operating in the step scan mode, but we didn’t observe reliable spectra,

because of their extremely low emission intensity.
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Figure 3.36: V-I and L-I curves for L358 surface-emitting sample at 10 K. The mesa is

475 p m* 610 1 m, and the surface grating periods is 30 & m with 50% filling factor.

L416 semi-insulating surface plasmon ridge waveguide

The L416 semi-insulating surface plasmon ridge waveguide was tested and the measured V-I
and L-I characteristics are shown in Figure 3.37. The light emission of the ridge waveguide
was coupled directly from the edge of the ridge. Comparing with the surface-emitting device,
both TE polarized and TM polarized edge emission is coupled out. The identification of the
origin of the emission is performed by selectively detecting the TE polarization and the TM
polarization of the electroluminescence with the grid polarizer. Both TE and TM polarized
emissions are measured and shown in the Figure 3.37. From the L-I curve, it is observed a
change in the phase of the measured signal from the lock-in. Indeed, the emission intensity
first increases in absolute value up as the current increases up to 1.2 A but with a phase
opposite to the signal measured at higher current (I>1.2 A) which increases with the increase
of the current up to 1.5 A. This change in the phase of the signal indicates that there exist at
least two different emission mechanisms, which with opposite phases. The TE and T™M
polarized emissions give relatively similar features but with different intensities, indicating
that the detected signal is not only a thermal emission. Indeed, thermal emission provides no

distinguishable features for the TE and the TM polarization.
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Figure 3.37: V-I and L-I characteristics for L416 semi-insulating surface plasmon waveguide
at 10 K. The TE and TM polarized L-I characteristics were also measured using a grid
polarizer.

The emission spectra were recorded at 9 V (1.1 A) without polarizer, as well as for TE and
TM polarizations. The spectra are reported in Figure 3.38. For TE and TM polarized emission,
the emission intensities are weak. Two broad peaks centered at 11 meV and 35 meV are
observed for TM polarized emission and three broad peaks centered at 8§ meV, 21 meV and
35 meV are observed for TE polarized emission. To verify the reliability and reproducibility
of the spectrum, two spectra without polarizer and in the same experimental conditions were
recorded at 9V, as shown in the Figure 3.38. It is clear that due to the weak intensity of the

signal the reproducibility of the spectra is poor.
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Figure 3.38: L416 spectra at 10 K from ridge waveguide biased at 9 V, measured without
polarized (upper) and for TE and TM polarizations (lower).

L527 semi-insulating surface plasmon ridge waveguide

Figure 3.39 shows the V-I and L-I curves for L527 semi-insulating surface plasmon ridge

waveguide. The device size is 500 1 m *X145 v m. As discussed in the previous part, the

differential conductance of the device is negative between 14 V to 24 V, and we also observe
some small fluctuations of the current in this voltage range. The TE and TM polarized
emissions were recorded as a function of the current (L-I curve). At low current (I<0.55 A),
the light intensity is extremely weak for both polarizations. The emission intensity begins to
increase just before the transport regime with negative differential conductance starts. The TE
polarized emission shows higher intensity than the TM polarized one. We measured the
emission spectra (Figure 3.40) with FTIR spectrometer at the voltage corresponding to the
transport regime with negative differential conductance. For the TE polarized emission, we
observe one broad peak (FWHM=5.1meV) centered at ~22 meV (5.45 THz), and its intensity
increases with the increase of the bias voltage. To verify the reproducible of the
measurements, the spectrum at 14 V were measured twice, and the similarity of each other
demonstrates the relatively good reliability of our measurements. For the TM polarized
emission, we also observe the broad peak centered at 22 meV (5.45 THz) but with lower
intensity. The intensity of the broad peak also increases with the increase of the bias voltage.
The fine satellite peaks on the main peak region are always the same. These may come from
the combination of beam splitter, filters, and windows in the FTIR spectrometer and the
bolometer. These fine satellite peaks add difficulties for interpreting the data. Due to its

polarization mainly TE, we expect that this broad peak centered at 22 meV is not related to
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perpendicular current through the super-superlattice but could rather originate from in-plane
current. Such lateral exists for instance in the n+-doped GaAs layer beneath the active layer
and used for the bottom contact. The TM polarized emission spectrum also shows another
broad peak (FWHM=7.6 meV) centered at ~9.7meV (2.4 THz). The intensity of this peak is
relatively constant with the increase of the bias voltage. This low frequency peak has the
promising characteristic to be only TM polarized so it can be attributed to vertical transport
through the super-superlattice structure. If this low frequency peak emission would originate
from Bloch gain, according to the calculation of the energy splitting of the WSL, changing
the applied voltage from 10V to 18 V should shift the peak frequency from 10 meV to

18 meV. However, no clear shift is observed in the spectra when changing the bias voltage.
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Figure 3.39:V-I and L-I characteristics for L527 semi-insulating surface plasmon ridge
waveguide at 10 K. The TE and TM polarized L-I characteristics were measured using a grid
polarizer.
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Figure 3.40: L527spectra at 10 K from ridge waveguide at different bias voltages and for TE
polarization (upper) and TM polarization (lower).

L527 subwavelength-grating surface emitting device

To improve the extraction efficiency of the THz radiation emitted by our devices, I processed
subwavelength-grating devices, where the grating period on the surface is in the

subwavelength range giving broadband coupling efficiency[64].

Figure 3.41 gives the L-I and V-I curves of the L527 subwavelength-grating surface emitting

device. The mesa size is 300 b m>X400 v m. The V-I characteristic shows the similar
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negative differential conductance character as the ridge waveguide device. The L-I curve also
indicates that the emission starts to increase when the negative differential conductance
regime is reached, but with a steeper increase. We measured the spectra at several bias
voltages within the negative differential conductance region. From the measurements
reported in Figure 3.42, we observe that all the spectra show the broad emission peak
centered at ~9.7 meV (2.4 THz), which is the same than the one measured with the ridge
waveguide in TM polarized configuration. All the satellite peaks didn’t change with the
change of the bias voltage. No frequency shift as function of voltage is observed. Besides, a
small peak from 1 meV to 4 meV gradually appears as the voltage increases. The FTIR
spectrometer is not sensitive to this low frequency region as discussed before, so this peak

may comes from the noise.
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Figure 3.41: L-I and I-V plots at 10 K for L527 subwavelength-grating surface emitting

device. The mesa size is 300 1 m X400 © m, the grating period is 16 1 m, with a filling

factor of 50%.
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Figure 3.42:1.527 spectra at 10 K from subwavelength-grating surface emitting device at
different bias voltages.

L527 double-metal subwavelength-grating surface emitting device

I process some devices with metal-metal waveguides since such waveguides have the
advantage of low loss and strong mode confinement. However,the strong confinement of the
THz mode into the active region with subwavelength dimensions induces a strong divergent
of the emitted radiation. By employing surface subwavelength-gratings, the divergence is
reduced and the TM polarized THz emission is well coupled out from the large surface. The
sample L527 was processed into a double metal subwavelength-gratingsurface emitting
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device. The L-I and V-I curves are illustrated in Figure 3.43. The sample in use has the size of
400 p m *X400 v m. The V-I shows only a decrease of differential conductance at

intermediate bias voltage, and the emission intensity increases very slowly with the increase
of the current. The Figure 3.44 shows the emission spectra from the double-metal L527
device at different bias voltages around the negative differential conductance region. We
observe an extremely broad peak centered around ~10 meV whose intensity increases with
the voltage increase. This peak is relatively similar to the one observed in the TM polarized
emission spectra of the L416 sample. Likewise, there is not clear evidence that the emission

frequency peak shift with the applied voltage.
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Figure 3.43: L-I and I-V plot at 10 K for L527 double metal subwavelength-grating surface

emitting device. The mesa size is 300 1 m X400 U m, the grating period is 16 1 m, with

filling factor of 50%.
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Figure 3.44: L527 emission spectra at 10 K from double metal subwavelength-grating surface

emitting device at different bias voltages.

Lateral current emission and comparison

In most of the measured spectra, two main peaks are observed: one broad peak centered at
~22 meV (5.45 THz) mostly TE polarized and one broad peak centered at ~9.7 meV
(2.4 THz), which is TM polarized. Even if the FWHM of these peaks is changed from one
sample to the other, their central energy (or frequency) is similar for all the samples. As I

have suggested previously, the TE polarization of the high frequency peak let us to believe
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that the emission may originate from an in-plane current as the one flowing in the n+-doped
GaAs layer. To identify the origin of these two broad peaks, I prepare specific samples to

apply a voltage across contacts on the bottom n+-doped GaAs layer.

t 4

: Cleave )

10pm SL sample
Bottom contact

‘_
Lateral current \

n+ layer
S.1.GaAs substrate

Figure 3.45: The lateral current measurement configuration. a) Device processed for grating
coupling. b) Device connection for ridge coupling

The devices are processed as shown in Figure 3.45. The grating device a) was cleaved at both
ends and then the bias voltage is applied between two bottom contact sclose to the grating.
The current thus flows laterally through the n'-doped GaAs layer beneath the superlattice
active region. In this case, no current flows vertically through the super-superlattice structure
and therefore no intersubband emission is expected. The radiation emitted by this n doped
GaAs layer is transmitted through the active region and coupled out by the grating. The
resistance between the two bottom contacts is low (15 Q) as expected and the emission
spectra is measured at a current value of ~0.9 A, which is acomparable value with the current

values of the recorded spectra of the super-superlattice samples. The emission spectra
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delivered by this lateral current are shown in Figure 3.46. We also investigated the lateral
current flowing through the n'-doped GaAs layer of a ridge waveguide. The device
connections are shown in Figure 3.45 b): two bottom contacts of the semi-insulating surface
plasmon ridge waveguide are connected and biased. The contact resistance of such device is
also low (6 Q), and the emission spectra were recorded at 1 A and 1.5 A and are reported on
Figure 3.47.
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Figure 3.46: lateral current emission from grating device.
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Figure 3.47: Emission spectra from the lateral current of the ridge device

The emission from the lateral current of the ridge waveguide show two main peaks centered
at ~8 meV and ~22 meV. In return, only one emission peak is observed in the emission
spectra of the grating device, which is centered at ~10 meV. The difference between the two
devices is that the grating device only couples TM polarized emission, while the ridge
waveguide couples both TM and TE polarized emissions. So the high-energy peak observed
in the spectra of the ridge waveguide at 22 meV is identified as TE polarized and the lower

energy peak around 9 meV may be the hybrid TE and TM polarized emission.

To identify the origin of these doped layer emission, we first suggest it is thermal emission.
As the thermal emission has no dependence on polarization, it can be TE or TM polarized.
And it is used to explain the electroluminescence at around 10 meV. As plotted in Figure 3.48
is the blackbody emission for three different temperatures. Since the sample temperature is
higher than the hint temperature, three higher temperatures blackbody emission is plotted. For
sample temperature between 30 K and 50 K, the blackbody emission peak lies between 7
meV to 12 meV, which overlaps with the measured emission range. The measured emission
intensity increase with current and duty cycle, which can be explained that the increased
current or duty cycle increase the sample temperature and then increase the thermal emission
intensity. Whereas the thermal emission peak also increase with increasing temperature,

which is not observed in the measurement.
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Figure 3.48: black body emission spectra for temperatures of 30K, 50K and 70K.

Another mechanism that can explain the measured electroluminescence at about 10 meV is
the donor impurity emission. Since doped layer is about 600 nm thick with Si doped density
of 2 x 108cm™, which is possible that the impurity levels will contribute to the emission.
Figure 3.49 illustrates electroluminescence measured with FTIR from Si doped
Alyg3Gag7As/GaAs superlattice and the corresponding energy level profile[65]. The measured
electroluminescence from 2py-ls, 1-1s, 2p,-2s, as well as 2-1 transitions shows the
luminescence peak of 6.3 meV, 10 meV, 12.4 meV and 14.9 meV. These impurity
electroluminescence spectra range overlaps with what we measured in the lateral current
emission at around 10 meV, which indicates that impurity emission may contribution to our

experimental result.
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Figure 3.49: electroluminescence measured from Si doped superlattice and the schematic
diagram of energy levels and possible optical transitions. Taken from reference.[65]

In addition to the devices based on lateral current, the emission spectra of the other three
devices based on vertical current for L527 are also sketched in Figure 3.50: the
semi-insulating subwavelength-grating surface emitting device, the double-metal
subwavelength-grating surface emitting device and the semi-insulating surface plasmon ridge

waveguide. To ensure a relative comparable intensity, the duty cycles of the electrical AC

voltage pulses for all the devices are normalized to 10%.
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Figure 3.50: Emission spectra provided by the lateral current through the bottom n+doped

GaAs layer compared to the emission spectra in a regime of vertical current through the
super-superlattice structures.

We clearly see the broad peak centered at ~10 meV in the emission spectra of all the five

devices. As discussed earlier in the lateral current part, this broad band emission range can be
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explained by black body emission or impurity emission. There may exist the Bloch emission,
but these unwanted signal screen small Bloch emission signals in this frequency range, which
in turn prevents the observation of the Bloch resonance peak shift with the increase of the

bias.

To overcome this problem, we further plan to develop new Bloch devices operating at high
frequency, in order that the Bloch frequency correspond to energies ranging from 12 meV
(3THz) to 24 meV (6THz). In this frequency region, even though the lateral current provides
emission, the emission is TE polarized. Using grating coupling configuration, there will be no
contribution of the lateral current emission in the frequency range of interest. Moreover, this
frequency range is 12 meV lower than the LO phonon resonance in GaAs material, making
sure that the LO phonon scattering will not take the main contribution for the electron

transport.

3.5.3 Bloch oscillation gain measurement

The recent developments of gain measurement technique in THz QCL provide more sensitive
detection enabling to probe the absorption and the gain dynamics inside the active region of
the laser. We carried out absorption measurements on the super-superlattice devices we have
developed with the aim to observe Bloch gain. The measurements were carried out at ENS
Paris in collaboration with S. Dhillon and J. Tignon, using the set-up and the method
described in part 3.4.2. In such this experiment, one of the key steps is to couple the THz
pulses into and out of the super-superlattice devices. Semi-insulating surface plasmon
structure has the advantage of a larger mode extension compared to double surface plasmon
structures and hence has the advantage for efficient THz coupling in and out. Consequently,
all the super-sperlattice samples used for absorption measurements were processed into

semi-insulating surface plasmon ridge waveguides.
L358

The L358 ridge waveguide used for the absorption spectrum measurement is 45 pm large and
1 mm long. Figure 3.51a) shows the THz pulses transmitted through the L358 sample without
bias voltage and with a bias voltage of 14 V. Figure 3.51b) shows the corresponding
amplitude spectra obtained by Fourier transform. As we can see from these figures, small

differences are observed in both time domain and frequency domain between signals without
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and with bias voltage. Aroundl.1 THz, the amplitude of the spectrum measured when the
device is biased at 14 V is lower than the spectrum measured when the device is not biased
(0 V), indicating an increase of the absorption loss in this frequency range when voltage is
applied. In addition, at2 THz, the amplitude of the spectrum measured when the device is
biased at 14 V is higher than the spectrum measured when the device is not biased (0 V). This

increase of the transmitted signal when a voltage is applied to the device indicates at least a

reduction of the absorption loss. The 0 V signal serves as the reference R(w)and R(t), as

will be used latter.
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Figure 3.51: a) THz pulses transmitted through the L358 sample without bias voltage and

with a bias voltage of 14 V. b) the corresponding amplitude spectra obtained by Fourier
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transform.

In a second stage, we applied on the antenna a voltage modulated at a frequency of 50 kHz
and 50% duty cycle, and on the device a voltage modulated at a frequency of 25 kHz and 25%

duty cycle; the latter was also used as the reference signal for the lock-in amplifier. The

differential signals Diff (t) were measured as indicated in part 3.4.2 for different bias

voltages. Note that from the I-V characteristic of the L358 sample, we have seen that the
minimum of the differential conductance occurs at 11 V. Figure 3.52 a) shows the differential
transient for different applied voltages ranging from 4V to 18 V. We clearly observe a
continuous shift of the transient to longer delays as the applied voltage increases. We also
observe that the amplitude of the differential signals increases when the applied voltage

increases from 4 V to 11V ; at higher applied voltage, the amplitude of the differential signal

decreases. The Fourier transform of the time domain signal Diff (@) is reported in Figure 3.52

b).

V increases
e

—4V
—7V
1ov
11v
12v
13v
14v
15v
— 16V
— 17V
— 18V

0.00004

Signal(a.u.)
o
o
S
8

-0.00004

T T —T7T 7T
14.8 152 156 160 164 168 172 176 180

Delay (ps)

81



Amplitude (a.u.)

T T T T T T T T T
0.0 05 1.0 1.5 2.0 25 3.0 35
Frequency (THz)

Figure 3.52: a) Differential transients for different applied voltages ranging from 4 V to 18 V.

b) The corresponding spectra obtained by Fourier transform.

From these measurements, we have calculated the absorption spectra of the L358 sample
according to the equation 3.21, as shown in Figure 3.53. To determine the sign of the
absorption, we consider the results reported in Figure 1 which showed an increase of the loss
around 1.1 THz when the applied voltage is 14 V. As seen from the absorption spectra, at
frequency lower than 1.3 THz, the loss are increased as the applied voltage increases whereas
at frequency around 2.4 THz, the absorption becomes negative and gain is obtained when a
voltage is applied to the device. The frequency at which occurs the crossover from loss to
gain decreases as the applied voltage increases. This behavior is opposite to the one we
expect if this gain was related to Bloch gain. Indeed, the Bloch frequency is proportional to
the effective electric field applied to the superlattice, and absorption (gain) is expected at
frequencies lower (higher) than the Bloch frequency. The frequency at which occurs the
crossover from Bloch loss to Bloch gain increases with the increase of the applied voltage,
which is not the case with the L358 sample. Note that the values of gain reported in Figure 3
are very low. For 1 V to 7V, the gain persists up to 3.5 THz. At higher voltages, the gain
begins to decrease at high frequencies, and the frequency at which occurs the gain to loss
crossover decreases with the increase of the bias voltage. Since the loss and the gain
measured here cannot be easily related to Bloch mechanism, the question that arises is their
origin. We suggest that the loss and the gain can result from the involving of the injector.
Indeed, the injector includes four doped quantum wells, so transitions can occur from low

electron levels of the quantum wells to some excited states or to WSLs providing loss and
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gain. The applied voltage modifies the energies of such transitions. Figure 4 depicts the
conduction energy band profile at an applied electric field of 7 kV/cm a) and 10 kV/cm b),
enlarged at the injector region. As discussed previously, applied voltages of 7V and 10 V
correspond approximately to electric fields of 7 kV/em and 10 kV/cm. As pointed out in
Figure 4 a), the energy differences between the four lower electron levels in the injector are
3.5meV and 7.5 meV for an applied electric field of 7 kV/cm, corresponding to frequencies
of 0.875 THz and 1.875 THz. Taking into account that the scattering induced energy level
broadening, such frequencies may explain the absorption observed in the frequency range
from 0.66THz to 1.75 THz. For an applied electric field of 10 kV/cm, the energy differences
between the four lower electron levels in the injector are shifted to 4.6 meV (1.1 THz), 5.9
meV (1.44 THz) and 6 meV (1.46 THz). These values are consistent with the observation of
an absorption from0.7 THz to 1.64 THz and thus with the decrease of the frequency at which
the loss to gain crossover occurs compared to the one measured at 7 kV/cm. For an applied
electric field higher than 12 kV/cm, the electron wavefunctions in the superlattice region can
overlap with the wavefunctions of the excited states in the injector. Consequently, the
electrons can tunnel from the WSLs to excited states in the injector and transitions from
excited states of the injector are allowed, inducing absorption. Figure 5 displays the
conduction energy band profile for an applied electric field of 13 kV/cm, the arrows indicate
the possible electron transitions from excited states of injector to higher excited states or to
the continuum band at the energies of 11meV(2.68THz) and 12 meV (2.93 THz). These
transitions can explain the absorption observed at higher frequency, around 3 THz, in the

measurements.
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Figure 3.53: Absorption spectra for the L358 sample at 20 K at different voltages ranging
from1 Vto 18 V.
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Figure 3.54: Conduction band profile of sample L358 with bias of a) 7 kV/cm and b) 10
kV/cm. The possible electron absorptions transitions in the injector region are indicated with

transition energy.
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Figure 3.55 : Conduction band profile of sample L358 with bias of 13 kV/cm. The possible
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electron absorptions transitions induced by the tunneling are indicated by the arrows with

transition energy.

In summary, the absorption spectra of L358samplemeasured for different applied electric
fields show very weak gain and absorption. Moreover, the measured absorption and gain
cannot be related to Bloch gain. Through detailed analysis of the energy conduction band
profile and the absorption spectra, it is found that absorption may originate from unwanted
electron transitions from the energy levels of the injector. To reduce the influence of the
injector in this measurement, we designed new series of sample (series 2) with only three
wells in the injector and with lower energy differences between the first electron levels: L527
and L665.

L527

Figure 6 shows the absorption spectra at different applied voltages for L527 sample. At
frequency around 1.5 THz, the absorption is independent of the applied voltage. This
contribution in the absorption may come from waveguide loss or n doped layers, and thus is
not relevant for our study. When voltages of 5V and 7.5 V are applied to the device, gain is
observed from 2 THz up to 4.3 THz and its magnitude is constant. At higher voltages, the
gain amplitude decreases with the increase of the voltage and the frequency at which occurs
the crossover from gain to loss decreases from 4.3 THz to 3.3 THz. Such evolution of the
gain to loss crossover frequency is opposite to the one expected for the Bloch effect.
Moreover, since in L527 sample, the energy differences between the lower electron levels in
the injector are less 1.3 THz , the origin of the absorption and the gain cannot be attributed to
unwanted transitions in the injector. We suggest that the observed absorption and gain are
originated from the electron transitions between resonant and localized impurity states and to
the electron transitions involving the subband states since the quantum wells in the injector
region are Si doped with the sheet density of 6.465x10'" cm™. From reference[65], the
transition 2pz-2s in GaAs/AlGaAs quantum wells structures doped with Si is located at
3.3 THz; this value correspond approximately to the spectral position of the gain peak. This
contribution of the impurity may come from the doped quantum wells of the injector and by
the n'-doped GaAs layer beneath the super-superlattice active layer. To minimize the
impurity contribution to absorption and gain we have designed the L665 sample, in which the

only barriers of the injector are doped and no more the quantum wells.
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Figure 7 depicts the measured absorption spectra for the L665sample. At frequency below

2 THz, the absorption still exists. Between 2 THz and 3.5 THz, the gain is still observed and

at higher frequency, the absorption appears.
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We observed that the gain peak decreases from 3.2 THz to 2.6 THz as the applied voltage
increases from 4 V to 25V, that the magnitude of the gain increases with the increase of the
voltage from 4 V to 11 V and remains relatively constant beyond 11 V at a typical value of
1.3 em™. As in the L527 sample, the frequency at which occurs the crossover from gain to
absorption decreases as the applied voltage is increased, indicating that this gain and
absorption features cannot be related to Bloch effects. The similarity between the absorption
spectra of the L527 sample and the L665 sample let us believe that the contribution of the
electron transitions between resonant and localized impurity states and to the electron
transitions involving the subband states still happens, and probably in the n"-doped GaAs

layer of 600 nm thick beneath the super-superlattice active layer

3.6 Conclusion and perspective

In this chapter, we have designed, fabricated as well as tested cascade super-superlattice
structure devices based on AlGaAs/GaAs superlattice system. The cascade super-superlattice
strucuture was designed based on resonance LO phonon injector scheme, where the thin
elementary superlattices are imbedded with resonant LO phonon injector to simultaneously
preserve the Bloch gain and suppress the electrical domain formation. The samples were
processed into semi-insulating surface plasmon waveguide edge emitting device,
semi-insulating subwavelength-grating surface emitting device, and double mental
subwavelength-grating surface emitting device for experimental measurement. The
electroluminescence at around 10 meV (2.4 THz) was observed for all the devices, however,
the center frequency of the electroluminescence spectra is not sensitive to the applied voltage,
which is not expected in theory. Further investigation of black body emission and lateral
current electromagnetic emission from n+doped bulk GaAs present the same
electroluminescence spectra, indicating that what we have observed may originate from black
body emission or impurity energy level transition. The absorption/gain of semi-insulating
surface plasmon waveguide devices was measured using THz TDS to explore the Bloch gain.
The gain to loss crossover was obtained at around 3 THz for all the test devices, and the
frequency where the gain to loss crossover occurs shifts to lower frequency with increasing
electric field, which is opposite to the theory prediction. Considering the measurement results
are not sensitive to the sample design, it is indicated that the electron transitions between
resonant and localized impurity states and to the electron transitions involving the subband

states contribute to the measured result.
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3 Doped semiconductor superlattices for development of THz emitters

To overcome this problem, we further plan to develop new Bloch devices operating at high
frequency, ranging from 12 meV (3THz) to 24 meV (6THz). In this frequency region, the
Bloch gain is expected to be observed in higher frequency than the resonant transition
between impurity states, such that the distortion from impurity can be excluded. Moreover,
the frequency range is 12 meV lower than the LO phonon resonance in GaAs material,
making sure that the LO phonon scattering will not take the main contribution for the electron

transport and a large part of the electrons can still contribute to the Bloch gain.
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4 Bloch emission time domain spectroscopy

In this chapter, we explore the THz emission of Bloch oscillations in undoped superlattices
illuminated by femto-second optical pulses. Firstly, we investigate the Wannier Stark Ladder
(WSL) using photocurrent spectroscopy based on FTIR spectrometer. Secondly, the THz

emission of Bloch oscillations was detected using THz time domain spectroscopy.

4.1 Exitonic Wannier Stark Ladder

The conduction band profile and the energy states in superlattice biased by a dc electrical
field were discussed in paragraph 2.2, where electrons were treated as free carriers with
confinement in the growth direction. Equally spaced discrete energy levels called WSL states
are formed. In the experiments reported in this chapter, the electrons are not free electrons;
they are generated through optical interband transition, which simultaneously generated
electron-hole pairs with Coulomb interaction (exciton). The exciton substantially changes the
energy states in the conduction band, leading to asymmetry in the excitonic Wannier-Stark

ladder and thus to unevenly spaced energy excitonic WSL states.

Dignam and Sipe presented the first calculation of exciton image WSL[66, 67] considering
the bound 1s exciton, for which the electron-hole pairs are treated as only confined in the
growth direction. Because of the exciton binding energy, the conduction band energy levels
of equation 2.12 would be modified as

E,=E,+nedF +E,_;(n,F) 4.1

exci
where the Eq,(n, F) represents the exciton binding energy at the n™ well under the electric
field F. The exciton binding energy varies with different quantum well states, it is larger for
negative states while weaker for positive states. The exciton WSL of a Aly3Gag;As/GaAs
superlattice with 6.7 nm thick well and 1.7 nm thick barrier shown in Figure 4.1 was
calculated by Dignam and Sipe. The energy axis is relative to the GaAs band edge. The
diameters of the circles correspond to the oscillator strength of the transitions. It can be seen
that the negative WSLs are much closer to the center transition and preserve stronger

oscillator strength comparing with their positive counterpart WSLs.

The Dignam and Sipe model only included the 1s bound state, the continuum state which
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4 Bloch emission time domain spectroscopy

represents the in plane motion of exciton was neglected. Whittaker[68] first developed a full
exciton model with both 1s exciton and continuum states included. Figure 4.2 illustrates the
absorption spectrum calculated with 1s exciton included but without exciton continuum states
included (left) and with exciton continuum included (right). 1s exciton calculation shows
only discrete WSL absorption peaks, while for the absorption with the exciton continuum
states included, the continuum absorption edge is clearly visible beside the 1s exciton levels.
Another different interesting feature is that the absorption peak is asymmetric in exciton
absorption calculated with continuum, as can been seen for +1, 0 , -1 absorption peaks, and
the asymmetric is stronger for +1 absorption and less stronger for 0, -1 absorption peak. This
phenomenon is interpreted as the quantum interference between different absorption paths for
transition to: 1) the discreet 1s level and 2) the continuum of the energetically lower state,
from the shared ground heavy hole states. This is normally known as the Fano effect and was

verified in experiment by Holfeld[69] in superlattice.

100

Energy [meV]

0 5 10 15 20 25
F [kV/icm]

Figure 4.1: Calculated exciton fan chart of 1s heavy-hole excitons. The energy axis is given
relative to the GaAs band edge. The diameters of the circles correspond to the oscillator
strength of the transitions. Taken from reference[33]
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Figure 4.2: Theoretical heavy-hole exciton absorption for F=15 kV/cm from Reference[70].
Left: Without exciton continuum states. Right: With exciton continuum included: the
continuum edges are marked by c,.

4.2 Sample description

The samples used for optical investigation of Bloch oscillations were undoped
AlxGa; xAs/GaAs semiconductor superlattice. The sample information is summarized in table
4.1. Sample 9AQ13 and BO9R231 were grown by J.C.Harman in Laboratoire Photonique et
Nanostructures (LPN). V1764 was provided by Kaz Hirakawa in Tokyo University.

Parameters 9AQ13 BOR231 V1764
a 9.7 nm 6.8 nm 8.49 nm
b 1.7 nm 1.2 nm 0.56 nm
d=a+b 11.4 nm 8 nm 9.05 nm

X 33% 33% 100%
18 meV 52 meV 35 meV

Table 4.1 Parameters of the semiconductor superlattice samples used for the optical
investigation of Bloch oscillations, where a is the well width, b the barrier width and x,; the

Aluminium mode fraction. The miniband width is represented by A.

9AQ13 sample was grown on heavily n'-doped GaAs substrate, it has 40 periods of
superlattice unit cells and there are 50 nm Al 33Gag ¢7As buffer layers on the both sides of the
superlattice region. The width of the first miniband is 18 meV and the first minigap is 55 meV.
B9R231 has 130 periods of superlattice unit cells, and there is a 300 nm thick Al 33Gage7As
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4 Bloch emission time domain spectroscopy

buffer layer beneath the superlattice region and a 200 nm-thick Alj33Gag7As layer on top.
The width of the first miniband is 52 meV and the width of the first minigap is 63 meV.
While for V1764, the superlattice barrier is AlAs, the width of the first miniband is 35 meV
and the first minigap is 80 meV.

Using traditional optical lithography technique, as described earlier, the samples were wet

etched to form circular mesas, see Figure 4.3. The mesa diameters are 600 g#m. The mesa

thicknesses are 556 nm, 1540 nm and 500 nm for 9AQ13, B9R231 and V1764 respectively.
On top of the mesa, Ti/Au (10 nm/200 nm) was first deposited to form the ring circle and,
inside the ring a Cr/Au (1 nm/5 nm) semitransparent layer is deposited. The semitransparent
layer works as a Schottky top contact whilst enabling light transmission. The bottom contact
of the device was deposited near the mesa on the n-doped GaAs substrate using
Ti/Au/Ti/Ge/Au metals and annealing to provide ohmic contact. The electric field bias was
achieved by connecting the bottom and the top contacts to a dc voltage source (Agilent

E3647A power supply), which can provide up to 35 V dc bias.

For all the measurements, the samples were mounted in the liquid He flowing cryostat to set
cryogenic temperature. The cryostat series is XE-102-6E3, the input and output windows are

made of 3 mm thick quartz, enabling both near infrared and THz transmission.

Figure 4.3: Image of the processed mesa structure for optically
4.3 WSL photocurrent spectroscopy investigated by FTIR

The WSL was first predicted in theory by Wannier in 1960. Since then, there has been long

controversial of whether the WSL states or even Bloch oscillations really exists[71]. The
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argument was rather in theory before high quality superlattice can be grown. With the
development of MBE technique, high quality superlattice was no longer obstacle for
superlattice in later 1980s. In 1988, Mendez, Agullo-Rueda and Hong[12] announced their
experiments of the first observation of Stark localization in semiconductor superlattice
through photoluminescence and photocurrent experiments. Almost at the same time P. Voisin

et al.[72] also observed the WSL states using electro-reflectance experiment.

Here, we exploit Fourier transform photocurrent spectroscopy experiments to investigate the
WSL of the undoped superlattice samples. The configuration of the measurement is similar to
the FTIR spectroscopy setup used to measure the electroluminescence spectrum in chapter 3.
For the electroluminescence spectrum measurement reported chapter 3, the Bloch device was
working as the light source, the emitted light transmits through the Michelson interferometer,
and the interfered light was detected by the bolometer. Whereas here, the white light from a
Tungsten lamp is transmitted through the Michelson interferometer and illuminates the
superlattice device. The generated photocurrent is recorded using current preamplifier as the
photocurrent interferogram, from which the Fourier transform provides the photocurrent

spectrum. The experimental configuration is show in Figure 4.4.
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Current preamplifer

/
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Tungsten lamp

Applied bias O Nitolet FTIR spectrometer
|

—

Cryostat

Figure 4.4: Photocurrent spectroscopy setup based on FTIR spectrometer.

The FTIR spectroscopy system is a Nicolet FTIR with a Tungsten lamp inside used as the
white light source, providing continuous emission from visible to near infrared. A quartz
beam splitter is placed in the Michelson interferometer. After the interferometer, the white
light is guided and focused on the superlattice sample. A dc voltage is applied to the

superlattice sample and the photocurrent is coupled to a current preamplifier connected to a
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4 Bloch emission time domain spectroscopy
computer.

In contrast to the electroluminescence measurements discussed previously, the Nicolet FTIR
spectrometer works in the rapid scan mode for this photocurrent spectra measurement. The
translating mirror moves continuously without pause, the photocurrent is recorded
continuously during the moving and gives the interferogram. The interferogram was then

processed by Fourier transform to generate photocurrent spectrum.

Figure 4.5 shows the photocurrent spectrum at applied voltage of -0.3 V. Figure 4.6 shows the
photocurrent recorded at different applied voltages; the photocurrent is offset at the y axis and
the lines are added for the guide of the eyes. Combining these two figures, we can identify 5
photocurrent peaks corresponding to heavy hole—electron transitions, which are named hh;,,
hhy, hh.; and hh.,, and one peak for light hole—electron transition, lhy. Their spectral position
shifts with the increase of the bias voltage, leading to the increase of the energy splitting
between the adjacent photocurrent peaks, as expected. The photocurrent current was distorted
by the Fourier transform at -0.5 V, nevertheless, it did not prevent from identifying the WSL
states. Between heavy hole—electron transitions hh.; and hhy, as well as between hhy and lhy
transition peaks, we observe some small photocurrent tips, which are attributed to the heavy
hole-electron 2s transitions. This 2s exciton transitions were also observed by Leisching et al.
[73], in a relatively similar superlattice structure. Besides, for the hh.; and hhy transitions, the

photocurrent clearly shows asymmetric shapes, due to Fano effects as discussed previously.
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Figure 4.5: Photocurrent spectrum for 9AQ13 sample biased with an electrical field of
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8.1 kV/cm at 10 K.
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Figure 4.6: Photocurrent spectra of the 9AQ13 sample at 10 K for different applied voltages.
The photocurrent spectra are shifted vertically for clarify.

We observe that the internal electric field starts to rise at 0.3 V. This voltage offset was also
observed for the doped superlattice device (L358) and is attributed to voltage drop at the
Schottky top contact.

In order to determine the effective internal electric field on the superlattice region, we

consider the energy splitting between Wannier Stark ladder state, which is proportional to the
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4 Bloch emission time domain spectroscopy

potential drop in the superlattice region at relatively high bias voltage (since excitonic effect
distorts the energy spaces stronger at low voltage). The energy splitting between WSL states
can be written as :

V1 _Vo

AE =edF =ed 4.2

Where V; is the applied voltage to the whole device and V) is the offset due to the Schottky
contact. The energy splitting can be measured directly from the WSL spectrum, which gives
(ineV)

AE=E)-E! 43

Where the EJ represents the Stark ladder hhy energy at a voltage Vi, and EI represents the
Stark ladder hh.; energy at a voltage V;. Chosen several applied voltages, we get the mean
offset voltage V, of 0.32V. Note that this offset voltage can include in addition to the
Schottky contact contribution some carrier screening of the electric field inside the
superlattice structure. Based on this offset, we are able to calculate the internal electrical field

on the superlattice.
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Figure 4.7: Fan chart of the Wannier-Stark ladders as observed in photocurrent spectra of the
9AQ13 sample at 10 K and at low excitation intensity.

The Figure 4.7 shows the fan chart of the WSL as a function of the internal electric field. It is
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easier to see the WSL evolution with the increase of the applied voltage from the fan chart.
The hhy transition tends to lower energy with the increase of the internal electric field, which

can be explained by the quantum confined Stark effect.

The photocurrent spectroscopy for BOR231 is shown in Fig 4.8, for this sample the offset
voltage is -1.5V. Because of the small quantum barrier width of the superlattice comparing to
the 9AQ13 sample, the coupling between quantum wells is much stronger, which provides
more pronounced WSL. In the Figure 4.8, even the heavy hole-electron transition hh.4
photocurrent peak is observed. It can be clearly seen that with the increase of the applied
electrical field, the conduction band gradually changes from miniband range to WSL. In

contrast with the 9AQ13 sample, the heavy hole-electron 2s transitions are not observed.
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Figure 4.8: Photocurrent spectra of the BOR231 sample at 10 K for different applied voltages.
The photocurrent spectra are shifted vertically for clarify.
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Figure 4.9: Photocurrent spectra of the BOR231 sample at 300 K for different applied
voltages. The photocurrent spectra are shifted vertically for clarify.

The photocurrent of the BIR231 sample was also measured at room temperature. The
photocurrent spectrum is shown Figure 4.9. At room temperature, the heavy hole-electron
transitions hh.; is still resolved with broader resonances. This broadening is attributed to the
much faster decoherence time resulting from the rapid ionization of excitons at room
temperature since the thermal energy KT is much larger than the exciton binding energy. We
observe that the offset voltage is smaller at room temperature, as previously observed by

Leisching et al.[73] until 200 K. We will discuss this point in the next chapter in detail.

4.4 Experimental setup for time domain THz emission

spectroscopy

For optical investigation of Bloch oscillations, broadband optical pulse illuminates biased
superlattice samples, and generates electrons simultaneously on neighboring WSL states. The
photoexcited electrons preserve the same initial phase, which guarantees the coherence of the
electrons. Under an applied electric field, the coherent electrons perform Bloch oscillations,

acting as microscopic dipoles p = ex with x, the electron displacement. The superposion of
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the microscopic dipoles leads to the emission of electromagnetic waves, which lies in THz
region. The single microscopic dipole is oriented parallel to the growth direction of the
superlattice samples, so the THz radiation is mainly polarized in parallel to the surface
superlattice sample. If the illuminated area is comparable or larger than the emission
wavelength, the emission is collinearly directed in the forward reflection direction and the
backward refraction direction because of the constructive interference of the coherent single
dipoles in a large area [33, 74]. The typical radiation geometry is shown in Figure 4.10. The
femto-second laser pulses excited the superlattice sample with a tilted angle a and the

emitted THz radiation can be detected in the reflection and refraction direction.

—_—
100fs j\

Figure 4.10: Illustration of the excitation geometry in the THz emission experiment. THz
transients are emitted from the coherent dipole ensemble into cones collinear with the
transmitted and the reflected optical beams.

The detailed of the TDS setup is depicted Figure 4.11. The femto-second laser is a Coherent
Mira 900 Kerr-lens mode locked Ti:Sapphire laser system. It delivers Fourier
transform-limited optical pulses, with 100 fs pulse width, and 20 meV spectrum width. The
center wavelength is tunable from 700 nm to 1000 nm. The laser beam is first splitted by a
BK7 beamsplitter into the pump beam and the probe beam. The BK7 beamsplitter is only
6.35 mm thick, preserving a small group velocity dispersion of 20 fs. Using an autocorrelator,
I have measured a pump pulse width just before the cryostat window of 123 fs, and the
spectrum was monitored by an Agilent 86142B optical spectrum analyzer. The centre photon
energy of the pumping laser pulse was selected to be slightly smaller than the centre energy
of the hhy transition, covering both hhy and hh.; WSL transitions. The pump beam is focused
by a focusing lens (f=25cm), producing a focusing spot of ~ 600um, approximately of the
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4 Bloch emission time domain spectroscopy

diameter with the superlattice mesa. A mechanical chopper was installed on the pump beam
to provide phase-sensitive detection using a lock-in amplifier for signal processing. The

chopping frequency is selected to 2.6 kHz.

The superlattice sample is mounted in a liquid He flowing cryostat, to ensure cryogenic
temperature. The out coupling window of the cryostat is a 3 mm-thick quartz window,
permitting both THz and infrared beam transparency. The sample is tilted of 45 degree with
the respect to the direction of the pump optical beam. The emitted THz radiation is collinear
with the reflected pump optical beam, making the infrared beam a good indicator for the

alignment of the invisible THz beam.
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Figure 4.11: Schematic drawing of the experimental set-up.

The THz beam emitted by the superlattice sample was first collected and collimated by a
50 cm diameter, 90 degree, off-axis gold coated parabolic mirror. Since the size of the THz

emission spot on the sample was comparable to the emitted wavelength, the THz beam
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diverges from the sample at a wavelength-dependent divergence angle. Therefore, the
parabolic mirror was chosen to have a focal length as small as geometrically possible to
ensure that the THz radiation was effectively collected. The collimated THz beam reflected
by the mirror in the free space is then focused on an electro-optic crystal (EO crystal) using a
second 90 degree, off-axis gold coated parabolic mirror, with 50 cm diameter and 79 cm
focus length. Even though the whole THz beam path was enclosed in a box with dry N,

flowing, water absorption still plays a role in the THz detected signal.

A computer controlled delay stage was installed in the probe beam to vary the path length of
the probe beam. This varying of the time delay permitted the mapping out of the THz field in
time. The gating probe beam was reflected by a 200 um thick quartz wafer and focused onto
the EO crystal. A gold layer of 7 nm thick was deposited on the quartz wafer to increase the
reflectivity coefficient in the infrared range while preserving 50 % of transmission in the THz
range. Before the THz emission of Bloch oscillations was carried out, I used the THz

emission from Ing s3Gag 47As surface to search for the optimal performances of the setup.

The THz electric field was detected by a free space electro-optic sampling technique.
Electro-optic sampling and photoconductive antenna are the most widely used detection
techniques for THz TDS setup[75]. These both techniques provide coherent detection with a
very high signal to noise ratio. With respect to detection based on photoconductive antenna,
the electro-optic sampling technique has the advantage of a very broadand detection range, up
to 70 THz[76] and easy implementation. The electro-optic sampling technique exploits the
linear electro-optic effect (Pockels effect)[77]. I used ZnTe crystal as the EO crystal ; this
crystal is not naturally birefringent. As indicated in Figure 4.12 a), without THz electric field
incident on the EO crystal, the linearly polarized optical probe beam is transmitted through
the EO crystal preserving its linear polarization. Then the quart wave plate transforms the
linear polarization into circular polarization. A Wollaston prism separates the circular light
into two equal intensity beams, which are detected by a balance photodiode. Under good
alignment, the output of the balance photodiode is zero. In the presence of the THz transient
in the EO crystal, birefringence is induced in the EO crystal, which changes the linear
polarization of the optical probe beam to an elliptical polarization. Thus, after the quart wave
plate, the light is no more circular, and the intensity differences of the two beams after
Wollaston prism incident on the photodiode are no more balanced. The induced intensity
difference is proportional to the THz electric field in the EO crystal since its expression is

given by :
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Al = I0(27”n3r41L)F 4.4

Where |, is the intensity of the optical probe pulses, A is the wavelength of the optical

probe pulses, and n is the refractive index of the EO crystal, L is the crystal thickness; T, 1s

the electro-optic coefficient of the crystal. The intensity difference measured by the balance
photodiode was feed to a lock-in amplifier with the frequency of the reference signal given
by the frequency of the mechanical chopper placed on the optical pump beam. By varying the
time delay between the THz electric field and the optical probe beam, we can reconstruct the

whole THz transient.

fs p/u‘lse

EO crystal Quarte Wollaston
wave platel prism
a
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Figure 4.12: Electro-optic detection diagram without (a) and with (b) the THz transient in the
EO crystal.

From the equation 4.6, we can see that the intensity modulation is not only proportional to the
THz electric field, but also to the crystal thickness. Thicker is the crystal, higher the intensity
modulation is. However equation 4.6 is only valid if the phase-matching condition is met.
This requires that the group velocity of the optical probe pulses and the phase velocity of the
THZ frequency components are equal. The velocity mismatch will cause the optical probe

pulses to sweep temporally across the THz transient, and reduce the time resolution and
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hence the detection bandwidth. Thicker is the crystal, larger is the phase mismatch. So there
is a trade-off between intensity modulation and bandwidth. The selection of the EO crystal

thickness depends on the experimental bandwidth that is needed.

For optimal performances, the candidate EO crystal should have a large electro-optic
coefficient and at the same time preserve low velocity mismatch. A variety of EO crystals
have been proposed, like LiTaOs[78], ZnTe[79] and GaP[80]. ZnTe benefits on a large
electro-optic coefficient of 4 pm/V[80], in comparison for instance with 1 pm/V for GaP
crystal. Moreover, the detection bandwidth is relatively broad for a thin ZnTE crystal. The
shortcoming of the ZnTe crystal is it has the first TO resonance at 5.3 THz[81], which limits

the detection sensitivity around this frequency. The detection response of ZnTe crystals with

various thickness is found in reference[33]. In our case, we selected 500 g m-thick ZnTe

crystal to ensure detection bandwidth up 4 THz.

4.5 Results

The superlattice sample used for the THz emission of Bloch oscillations was the V1764
sample. The central wavelength of the femto-second optical pulses used for the excitation
was set to 790 nm (1.57 meV), slightly lower than the hhy transition of the WSL. The optical
power of the pump beam incident on the superlattice sample was 6 mW. For a pump spot
diameter of 600 pm, the carrier density was lower than 10° cm™ to avoid screening of
excitons. During the measurement, the sample was hold at 10 K, and the setup is purged with
dye Nitrogen gas with humidity of 10%. To check for possible contributions caused by
surface states of the semiconductor superlattice sample, the THz emission was measured for
pulse energies well below the first miniband. No THz radiation was detected under this
condition. Thus, we make sure that the observed THz emission only originates from the

superlattice states.

Figure 4.13 shows the detected THz transients due to Bloch oscillations for increasing the
applied electric field. We clearly observe that, with the increase of the applied electric field,
the cycles of the oscillations in time domain increases. Figure 4.14 shows the THz amplitude
spectra for different applied electric field calculated by Fourier transform of the temporal
waveforms shown Figure 4.13. We observe that the spectra shift to higher frequency as the
applied electric field is increased. I analyzed the central frequency of the traces by fitting a

Lorentzian to the emission peak in the THz amplitude spectrum. The center frequency of the
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4 Bloch emission time domain spectroscopy

Lorentzian function as function of the applied electric field is depicted in Figure 4.15. A

linear field-dependence with an emission frequency following the WSL splitting is evident in

the graph.
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Figure 4.13: Temporal waveforms emitted due to Bloch oscillation as function of applied
electric field in V1764 sample at 10 K.
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linear field-dependence is emphasized by a linear fit.

4.6 Perspectives

The THz emission of Bloch oscillations in optically excited undoped semiconductor
superlattices have been observed by several groups[23, 26, 28]. As the electron scattering
time decreases with increasing temperature, the Bloch oscillations are damped faster at high
temperature. The dephasing time at room temperature is estimated to be 130fs in
GaAs/AlGaAs superlattice. Consequently, detection of the THz emission of Bloch
oscillations at room temperature requires the development of THz TDS set-up with a detected
bandwidth of more than 10 THz[82]. Although the existence of Bloch oscillations at room
temperature has been verified using a transmission electro-optic sampling technique, the THz
emission of Bloch oscillations at room temperature has not been directly measured yet. The
fast scattering time induces large energy level broadening. To observe Bloch oscillations at
room temperature, high electric field should be applied on the superlattice to provide larger
energy splitting of the WSL states than the energy level broadening. However, applied high
electric field causes strong electron wavefunction localization and hence reduces the
amplitude of the Bloch oscillations. As a result, superlattice structure with wide first
miniband is preferred to ensure significant Bloch oscillation amplitude under high electric
field applied to the superlattice. The BO9R231 sample shows a wide miniband width of
52 meV and the WSL is well revolved in the photocurrent spectrum at room temperature as
shown on Figure 4.9. This sample is thus a very promising device for the observation of the

THz emission of Bloch oscillations at room temperature. We plan in the future to develop a
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4 Bloch emission time domain spectroscopy

new THz TDS system based on 15-fs duration optical pulses and thin ZnTe or GaP crystal
enabling coherent detection of THz radiation up to 30 THz and exploit it to measure and

analyse the THz emission of Bloch oscillations at room temperature.

Beam splitter Beam splitter
Femto-second laser

-
Delay stage Delay stage

Photocuductive
antenna

Lock-in amplifer

/]

<
S
1]
=
G
]
[t
c
N

Quarter wave plate
Colimating lens
Wollaston prism

o)
k]
k]
k<]
2
9]
<
=Y
@
o
c
K]
©
[is]

Dry Nitrogen Gas

Figure 4.16: Schematic drawing of the optical pump-THz probe experimental setup for the
investigation of absorption and gain dynamics associated with the Bloch oscillations.

Another future experiment we plan to perform is to study the Bloch gain associated with the
Bloch oscillations in optically excited undoped superlattice sample by using an optical
pump-THz probe experiment. Whereas the Bloch gain in optically excited undoped
semiconductor superlattice has never been observed directly, this technique paves the way its
observation opening the practical application of tunable THz sources based on Bloch
oscillations. The possible experiment setup is depicted in Fig 4.16. In such experiment, the
superlattice sample is optically excited by femto-second optical pump pulses to drive Bloch
oscillations. A synchronized THz beam, obtained by the THz pulses delivered by an optically
excited photoconductive antenna, will probe the THz response of the superlattice sample as a
function of the optical pump and the THz probe delay. From this experiment, we will
investigate the THz absorption and the gain associated to the Bloch oscillations and we will

also exam their dynamic.
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5 Photocurrent study of Wannier Stark Ladder

Photocurrent spectroscopy is widely used to explore energy band profile of semiconductor
structures. In the previous chapter, photocurrent spectra of dc biased undoped superlattices
were analyzed and discrete photocurrent peaks related to WSL states were observed. This
study was performed using low excitation intensity provided by halogen lamp In this chapter,
we present the investigation of the photocurrent-voltage characteristic in dc biased undoped
superlattices under low and high excitation intensity provided by a monochromatic laser light.
The laser induces and controls a differential negative conductance based on field-dependent
absorption of negative index Wannier Stark transitions in undoped semiconductor
superlattices. The electric field ranges of the differential negative conductance regions are
controlled by the wavelength of the laser, and the magnitude of the differential negative
conductance can be tuned by the optical power. Furthermore, when pumping at relatively
high optical power, we found that the differential negative conductance become nonlinear and

show bistable behaviors.

5.1 Laser-induced negative differential conductance (NDC)

The negative differential conductance exhibited by many materials and devices has been
widely used to implement oscillators and amplifiers in the microwave and the THz frequency
range. Various physical phenomenons may give rise to negative differential conductance.
Indeed, since the current density in semiconductor is proportional to both the density of
carriers and their drift velocity, a decrease in current density with an increasing electric field
can be brought by a decrease in either of these two parameters. For instance, in the well
known Gunn Effect[83], the negative differential conductivity is based on the field induced
transfer of conduction band electrons from low energy, high mobility valley to higher energy,
low mobility satellite valley. Whereas in gold doped germanium, the negative differential
conductance is due to field enhanced trapping of the electrons[84]. Usually, the
characteristics of the negative differential conductance are determined by intrinsic material
and/or design parameters, which prevent their adjustments in real time by any external
parameters. Here, we study the negative differential conductance based on field-induced
absorption of negative index WS transitions in undoped semiconductor superlattices excited

by monochromatic laser.
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5 Photocurrent study of Wannier Stark Ladder

5.2 photocurrent spectroscopy set-up

The experimental configuration is shown in Figure 5.1, the tunable continuous Ti:Sapphire
laser (Spectra-physics Model 3900) was used as the light source. The output power of the
laser reaches ~0.5W when pumped by a Verdi laser of 7 W.The spectrum width of the TEMyg
mode is less than 40 GHz. The power of the laser incident on the undoped superlattice sample,
ranging from 0.1 uW to 50 mW, is controlled by a variable attenuator. The laser beam is
partially reflected by a pellicle beam splitter with a reflection ratio of 8% to control the
optical power incident on the sample using a power meter. The incident optical beam is
focused by a 25 cm focusing lens; the diameter of the optical beam focused onto the
superlattice sample surface is of the same size with the diameter of the superlattice mesa. The
laser is incident on the superlattice sample at normal incidence and is modulated by a
mechanical chopper at 1.7 kHz. The photocurrent is detected with a lock-in amplifier in
current mode. The power supply (Agilent E3647A) provides the dc electric field applied to
the superlattice sample. For all experiments, the superlattice samples are mounted in a

helium-flow cryostat and are cooled down at 10 K.

Beam splitter
CW laser

Chopper &=

Attenuator [E

Focusing lens = <>

//
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Cryostat | ] Lock-in amplifer
Power supply

Figure 5.1: Schematic diagram of experimental configuration for photocurrent measurement

Power meter

The Lock-in amplifier in current mode saturates at 1 pA, whereas the photocurrent in our
experiment can reach higher values. To overcome the current saturation, a simple circuit as

indicated in Figure 5.2 is used to proportionally reduce the photocurrent flowing in the
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lock-in. Two resistances of 50 Q and 1.5 M Q are connected in parallel, and then connected
in series to the superlattice sample. The equivalent resistance values is about 50 Q, far less
than the resistance of the superlattice, which is typically more than 60M Q without laser
excitation and tens of k @ with the laser excitation at cryogenic temperature. This guarantees
that the applied voltage drops on the superlattice sample, with negligible distribution on the
two parallel resistances. The current measured by the lock-in amplifier with this circuit is

thus 3.3x10™° times smaller than the current that flows through the superlattice sample,

avoiding saturation of the lock-in amplifier.

Oscilloscope

1.5M

Lock-in

]

Figure 5.2: Electric loop for photocurrent measurement
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Figure 5.3: The voltage measured on the superlattice as function of applied source voltage

Before carrying on the photocurrent-voltage experiments, I verify that the voltage drops
essentially to the superlattice samples. To clarify this, I measured the voltage applied on the
superlattice samples through a current sensor (input resistance of 10M Q) and the

oscilloscope. The measured voltage as function of the voltage provided by the source is
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5 Photocurrent study of Wannier Stark Ladder

reported in Figure 5.3. Within only 0.01V difference, the measured voltage equals the voltage

provided by the source.

To estimate the excitation power incident onto the active region of the superlattice samples,
we measured the transmission coefficient of the cryostat window of 16%, and the
transmission coefficient of the semitransparent layer of 40%. The laser beam is Gaussian
beam, and the Gaussian beam waist was adjusted to be ~600um. Taking into account these
parameters, we calculated that 42.3% of the laser power is incident on the active region of the

superlattice samples.

5.3 Results

5.3.1Change from symmetric to asymmetric line shapes as the

optical power increase

Figure 5.4 reports the photocurrent-voltage characteristic measured at 6 uW with the photon
energy of 1.554 eV. Above 2.3 V, the electron and hole minibands split into a series of
discrete levels forming the Wannier Stark Ladder. Since the photon energy is below the
energy of the vertical Interband transition, only diagonal interband transitions with negative
index, i.e. from heavy-hole states to electron states centered in different quantum wells, are
probed. As the applied voltage is increased, the energies of the diagonal interband transitions
decrease as well as their strengths due to the localization of the hole and electron wave
functions in their own GaAs quantum wells. Each voltage value for which the energy of one
diagonal transition fits the photonenergy, a peak in photocurrent appears in the characteristic.
For voltage ranging from 2 V to 8 V, up to four diagonal transition energies (hh.;, hh_, hh.s,
hh.4) fit with the incident photon energy. These photocurrent peaks correspond to a significant
increase of the carrier density resulting from the strong absorption of photons when diagonal
interband transitions are resonant with photon energy. The low voltage side of the
photocurrent peaks reflects the progressive tuning of the diagonal excitonic transitions to the
optical photon energy, resulting in the increase of the carrier density. In return, the high
voltage side of the photocurrent peaks corresponds to a continuous detuning of the energy of
the diagonal transition with photon energy, resulting in the decrease of the current density.
The current density given by the latter process is decreased with voltage increasing. This
NDC is directly caused by the field-dependent absorption of the diagonal Wannier-Stark
transitions. The Lorentzian shapes of the photocurrent peaks are fully determined by the
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spectral distribution of the laser.
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Figure 5.4: Photocurrent voltage characteristic measured with 6 uW optical power and 797
nm wavelength

Commonly, the NDC exploited in semiconductor superlattices is based on quantum tunneling
process; its characteristics are determined by the material properties and the design and thus
are no more adjustable after growth. In return, the characteristics of the NDC reported in this
thesis are based on field-induced absorption which can actively be controlled by the laser.
Indeed, the wavelength of the laser defines the voltage range where NDC regions occur and
the spectral width of the laser, the voltage width of the NDC.

The power of the laser provides one other parameter which can be exploited to change the
characteristics of the NDC based on field-induced absorption in semiconductor superlattices.
Figure 5.5 illustrates the photocurrent-voltage characteristic measured at 90 pW with the
photon energy of 1.554 eV. Comparing with 6 W excitation power discussed previously, the
higher power excitation benefits higher signal noise ratio and hence reveals more diagonal
transition photocurrent peaks: more than 6 WSL transitions can be resolved. With the increase
of the excitation power, the WSL photocurrent peaks shift to higher voltages and the
photocurrent lineshapes are observed to become asymmetric. The detailed analysis on peak

voltage shifts and lineshape changes are discussed in the following.
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Figure 5.5: Photocurrent voltage characteristic measured with 90 uW optical power and 797

nm wavelength

Figure 5.6 a) and b) show the photocurrent-voltage characteristics of the semiconductor

superlattice in the voltage range where the energies of hh.; and hh, Wannier Stark transitions

are resonant with the photon energy for optical powers of 10uW, 100uW and 1mW. As the

power increases, the lineshapes become asymmetric deviating from the Lorentzian type: the

shape broadens on the low voltage side and shows steeper slope on the high voltage side.

This deviation of the Lorentzian lineshapes becomes more and more pronounced as the laser

power increases. At about 1mW, lineshapes are strongly asymmetric with a width on the high

voltage side of less than 0.02V, providing an extremely high NDC. The laser power is thus a

convenient experimental control parameter to tune the NDC characteristics.
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Figure 5.6: Photocurrent-voltage characteristics when the photon energies are in resonance
with a) hh_; and b) hh., WSL energies for different optical powers.

The dependence of the current-voltage characteristics on the optical power is the signature of
a nonlinear regime. We attribute this nonlinear regime to a positive feedback mechanism due
to the interplay between Wannier-Stark absorption, built-in field and accumulation of
photocarriers in the buffer layers on the both ends of the superlattice. The electric field
distribution and electron accumulate characteristic is schematically shown in Figure 5.7
Indeed, the carriers in the superlattice experience a local potential V; corresponding to the
applied voltage minus the potential drops V. and Vj at the two buffer layers which depend on
the density of accumulated photocarriers. Increasing the bias voltage improve the match
between the diagonal interband transition energy and the laser energy increasing the
absorption of photons. The density of photocarriers accumulated in the buffer layers is thus
higher, leading to an increase of the potential drops V. and V. As a result, the local potential
Vi in the superlattice region is lowered, stretching the low voltage side of the peak. Once the
energy of the diagonal interband transition becomes lower than the energy of the photons, the
absorption falls, reducing the potential drops V. and Vj. This initiates positive feedback
where the reduction of potential drops at the buffer layers increases the local potential V;,
further increasing the diagonal transition energy away from the energy photon and further
reducing the absorption of incident photon. This effect causes the sharp drop in the high

voltage side of the peaks. This nonlinear effect becomes increasingly obvious for higher

powers.
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5 Photocurrent study of Wannier Stark Ladder
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Figure 5.7: Schematic band edge diagram of the structure. The electrons and holes transport
in the intrinsic region of superlattice and accumulate at the quantum well beside the buffer
layers.

5.3.2 Peak photocurrent and peak voltage shift with optical power

In addition to the observed distortion of the lineshapes, peaks voltage shift and peak
photocurrent increasing are observed when changing the optical power. Figure 5.8 a) and b)
illustrate the peak photocurrent change and voltage shift with increasing optical power for
electron transition hh.;. The peak photocurrent increases linearly with the increase of the
optical power for over four orders of magnitude. This tendency is expected since
photocarrier’s density is proportional to the optical power in the linear regime. The voltage of
the photocurrent peaks increases following a logarithmic law for optical power of less than 1
mW, and a deviation from the logarithmic law is observed with the increase of voltage at

higher optical power.
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Figure 5.8: hh, transition peak photocurrent increase with optical power a) and the peak
voltage shift with optical power b)

The peak photocurrent and peak voltage shift of higher order WSL transitions were also
measured and the same dependences with the optical power are observed.

To further explore the photo generated carrier transport characteristic and the photocurrent
dependence on the optical power, the photon energy was adjusted to higher the intrawell hhy
transition energy, where the absorption coefficient is not sensitive to the applied voltage. The
photocurrent as function of applied voltage was recorded.

Firstly, the optical wavelength was adjusted to 780 nm, 1.59 eV, slightly higher than the hhy
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5 Photocurrent study of Wannier Stark Ladder

transition energy. The photocurrent was measured with different optical powers. The results
are illustrated in Figure 5.9. For three different optical powers, the photocurrent starts to
increase above an offset voltage and then increases to reach a constant value above a certain
threshold voltage. The small photocurrent variation indicated by the arrow in Figure 5.9

results from the light hole transition, which is not interested here.
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Figure 5.9: Photocurrent as function of applied voltage for three optical powers. the photo
energy is 1.59 eV.
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Figure 5.10: Photocurrent as function of applied voltage for different optical powers at 1.59
eV (780 nm), 1.621 eV (765nm) and 1.771 eV (700 nm).

Other photocurrents with laser wavelength of 765 nm (1.621eV) and of 700 nm (1.771eV)
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were also measured. The photocurrent-voltage characteristics for all the measurements are
illustrated in Figure 5.10. Despite different photon energies, the photocurrent shows the same
characteristic, where the photocurrents start to increase at the same voltage offset, and reach a

constant value above different threshold voltages.

5.3.3 Voltage offset study

All the photocurrent-voltage characteristics show the photocurrent starting point above 2.7 V.
This voltage offset may originate from the voltage drop at the Schottky barrier of the top
contact and at series resistances. To further identify the origin of this voltage offset, two
measurements were carried out.

The temperature dependence of this voltage offset is measured and reported in Figure 5.11.
The voltage offset shows slightly increase from 2.3 V to 2.5 V up to 60 K, and then the
voltage offset decreases to positive 0.9 V until 170 K. After 170 K, the offset then persists
unchanged. Such offset voltage temperature dependence was also observed in the doped

superlattice sample L.358.
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Figure 5.11: Offset voltage measured with different heat sink temperatures.

I applied positive and negative voltage on the sample and measured the photocurrent at 77 K.
the measured results are shown in Figure 5.12. To have good comparison with other
measurements, the positive photocurrent was recorded with negative value. As can be seen

from the results, both positive and negative photocurrents begin to increase at about 1.3 V,
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5 Photocurrent study of Wannier Stark Ladder

which is in accordance with the previous temperature dependent measurement. Both positive
and negative measurement gives well-resolved WSL, and for the same index of WSL
photocurrent, the photocurrent peaks with the positive voltage is higher than with negative
voltage, and hence the peak voltages shift to higher voltages. Since for the same index of the
WSL, the same optical power and same absorption coefficient produce the same number of
photo generated carriers, thus the difference in the photocurrent only stems from the carrier
accumulation and tunneling difference at the both ends of the superlattice. Indeed, the buffer
layers on the both side of the superlattice are difference in thickness (200 nm on the top and
300 nm below). Inversing the applied electric field induces that each of the two kinds of
carriers accumulates at opposite buffer layers, which in return give different carrier

accumulation and tunneling characteristic and hence different photocurrent.
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Figure 5.12: Photocurrent measured with both positive and negative applied voltage
5.3.4 Fan charts at different excitation optical powers

To provide advanced analysis of the observed photocurrent peak shift, we measured the
photocurrent-voltage characteristics for optical wavelengths ranging from 790 nm to 806 nm
in steps of 1 nm at 100 pW, ImW and 10mW. These measurements provide fan charts in the
Wannier Stark regime plotted in Figure 5.13 a-c. The wavelength axis was converted to an

energy axis.
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Figure 5.13: Photocurrent fan chart for 100 pW, 1mW and 10 mW optical power

At 100 puW, the spectral shift of the peak positions lightly deviates from the theoretical

prediction considering the sample parameters and a linear relation between applied voltage
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and internal electric field. The negative slope of the peak positions is indeed 2 and 2.6 times
lower for hh.; branch andhh., branch respectively. We attribute this deviation to the beginning
of the nonlinear regime. As the optical power increases, the red shift of the peak positions is
more pronounced especially as the index of the transition is higher. Furthermore, peak
positions do not follow anymore a constant shift with the voltage increasing over the voltage
range under study. Besides, the slopes of hh; and hh_; branch become surprisingly positive.
These unusual behaviors of the peak positions with voltage increasing is a signature of the
nonlinear regime resulting from the dependence of the local potential drop in the superlattice

by the accumulation of photo generated carriers in the two buffer layers.

5.3.5 Bistability of the photocurrent

Within a certain range of laser powers, a hysteresis of the photocurrent voltage characteristic
is observed in the NDC regions. Figure 5.14 a) and b) show the evolution of the
current-voltage characteristics in the NDC region s associated to the hh-1 and hh-2 transitions
respectively for different laser powers ranging from 10 pW to 1 mW. At 10 pW, the
photocurrent is essentially independent of the direction of the voltage sweep, no hysteresis is
observed. As the incident optical power is increased, hysteresis behaviors appear only in the
DNC regions. More precisely, the limit voltages corresponding to the start and the end of the
photocurrent decay are lower for reverse direction of the voltage sweep than for the forward
direction. When pumping at power levels in the milliwatt range, the bistability effect is more
pronounced. This bistability is the direct consequence of the modulation of the local potential
drop in the superlattice by the potential drops in the two accumulation layers. The width of
the bistability, defined by the difference in voltage of the current steps in the forward and the
reverse directions, as a function of the incident optical power are reported Figure 5.15 for
NDC regions associated to the hh.; and hhotransitions. The width of the bistatiliby is
increased with the increase of the incident optical power and reaches 0.03 V at ImW. At
higher optical power, the width of the bistability saturates and even lightly decreases. The
increase of the bistability width with the optical power increasing is due to the increase of the
photocarrier density located at the accumulation layers which causes the local potential inside

the superlattice region to diverge further from the applied voltage.
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5 Photocurrent study of Wannier Stark Ladder

5.4 Conclusion

We have studied the photocurrent-voltage characteristics of undoped semiconductor
superlattices excited by monochromatic laser. We showed laser-induced and -controlled of a
differential negative resistance based on field-dependent absorption of negative index
Wannier Stark transitions in semiconductor superlattices. The electric field ranges of the
differential negative resistance regions are controlled by the wavelength of the laser light, and
the magnitude of the differential negative resistances can be tuned by the optical power.
Furthermore, when pumping at relatively high optical power, we found that the differential
negative resistances become nonlinear and show bistable behaviors. We explain the existence
of this nonlinear regime by a positive feedback mechanism due to the interplay between
Wannier-Stark absorption, built-in field and accumulation of photo carriers at each end of the
superlattice. Our results demonstrate the potential of exploiting the optical absorption of
negative index Wannier Stark transitions in semiconductor superlattices, which depends on
both photon energy and electric field, to provide laser-induced and -controlled differential
negative resistances. By tuning the incident laser power, linear and nonlinear differential
negative resistance are accessible. The possibility offers by the laser light to tune in real time
the differential negative resistance properties should provide high flexibility and advanced

functionalities for the implementation of devices based on differential negative resistance.
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6 Conclusion

Doped semiconductor superlattices for development of THz emitter

To investigate the Bloch oscillations in doped semiconductor superlattice for the development
of THz emitter. We have designed, fabricated as well as tested cascade super-superlattice
structure devices based on AlGaAs/GaAs superlattice system. The cascade super-superlattice
strucuture was designed based on resonance LO phonon injector scheme, where the thin
elementary superlattices are imbedded with resonant LO phonon injector to simultaneously
preserve the Bloch gain and suppress the electrical domain formation. The thin superlattice
and resonant LO phonon injector module is duplicated to form 10 pm active region. The
sample was processed into semi-insulating surface plasmon waveguide edge emitting device,
semi-insulating subwavelength-grating surface emitting device, and double mental
subwavelength-grating surface emitting device for electroluminescence measurement. The
electroluminescence at around 10 meV (2.4 THz) was observed, however, the center
frequency of the electroluminescence spectra is not sensitive to the applied voltage, which is
not expected in theory. Further investigation of lateral current electromagnetic emission from
n+doped bulk GaAs present the same electroluminescence spectra, indicating that what we
have observed may originate from black body emission or impurity energy level transition.
The sample was also processed into semi-insulating surface plasmon waveguide structure for
absorption/gain measurement using THz TDS to explore the Bloch gain. The gain to loss
crossover was obtained at around 3 THz for all the test devices, and the frequency where the
gain to loss crossover occurs shifts to lower frequency with increasing electric field, which is
opposite to the theory prediction. Considering the measurement results are not sensitive to the
sample design, it is indicated that the electron transitions between resonant and localized
impurity states and to the electron transitions involving the subband states contribute to the

measured result.

To overcome this problem, we further plan to develop new Bloch devices operating at high
frequency, in order that the Bloch frequency correspond to energies ranging from 12 meV
(3THz) to 24 meV (6THz). In this frequency region, the Bloch gain is expected to be
observed in higher frequency than the resonant transition between impurity states, such that
the distortion from impurity can be excluded. Moreover, the frequency range is 12 meV lower

than the LO phonon resonance in GaAs material, making sure that the LO phonon scattering
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6 Conclusion

will not take the main contribution for the electron transport and a large part of the electrons

can still contribute to the Bloch gain.
Bloch emission time domain spectroscopy

Bloch oscillations in undoped superlattice was investigated through femto-second laser
excitation. in this part, the undoped superlattice preserve the thickness of less than 1.5 um,
and the optical excitation provide small photocurrent, hence no electric domain is expected. I
first measured the photocurrent spectroscopy using FTIR. The WSL was observing at both
liquid Helium temperature and room temperature. the Bloch oscillations was detected by the
time domain spectroscopy, where the Bloch frequency increase linearly with applied electric
field. Since we can observe the WSL at room temperature in one of our samples, we plan in
the future to develop a new THz TDS system based on 15-fs duration optical pulses and thin
ZnTe or GaP crystal enabling coherent detection of THz radiation up to 30 THz and exploit it
to measure and analyse the THz emission of Bloch oscillations at room temperature. Another
future experiment we plan to perform is to study the Bloch gain associated with the Bloch
oscillations in optically excited undoped superlattice sample by using an optical pump-THz
probe experiment. Whereas the Bloch gain in optically excited undoped semiconductor
superlattice has never been observed directly, this technique paves the way its observation

opening the practical application of tunable THz sources based on Bloch oscillations.
Photocurrent study of Wannier Stark Ladder

We have studied the superlattice photocurrent as function of the applied voltage when the
photo energy of pumping laser lies below the electron- heavy hole intrawell transition energy.
Indeed, by fixing the excitation photon energy lower than the electron-heavy hole (hhy)
energy, the negative index WSL can be revealed through the photocurrent peaks as function
of the applied electric field. Varying the excitation power, we observed that
photocurrent-voltage characteristic shows unexpected behaviors: the WSL resonant transition
peak photocurrent increases linearly with optical power, while the WSL resonant transition
peaks voltage shifts to higher voltage, this can be interpreted that increasing otpical power
increases the accumulation of photo generated carriers on the buffer layers, which in turn
increases screening electric field. In addition, the photocurrent lineshapes evolves from
symmetric Lorenzian shape to asymmetric shape. Moreover by varying the voltage in

forward and inverse directions, we observed photocurrent bistability
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Processing procedure for semi-insulating surface plasmon structure

Cleave the wafer into sample of 1cm size.

Clean the surface of the sample.

a) Clean the surface with Acetone and Isopropanol in sequence.

b) Clean the surface with O, Plasma etching for 4min

c) Clean the surface with BOE and HCL:H20 (1:3)

Lithography, the photoresist S1818 is used. Align and expose the device with MJB4
Mask Aligner, and develop in MF319 or MF350:H20 (1:4) developer

Etching the sample with the etchant H,SO4:H,0,:H,0, with the ratio 1:8:20, and the
etching speed is about 300nm/min. During the etching, the surface profiler DECTEKS is
used to control the etching thickness.

Clean the surface of the etched sample and remove the photoresist with Acetone and
Isopropanol.

Lithography for bottom metal contact. Image reversal photoresist Ti 35ES is used. Align
and expose the device with MJB4, and develop in AZ400K:H,O (1:4) developer.

Clean the sample surface with O, Plasma etching for 4min. HCI: H,O (1:3) etchant is
used to remove oxidized layer on the sample surface.

Evaporate bottom contact with Ni/Ge/Au/Ni/Au(10nm/60nm/120nm/20nm/200nm)
Liftoff.

Annealing. Anneal the metal at 400°C for 60s to diffuse the metal into the heavy doped
GaAs forming ohmic contact.

Lithography for surface contact, the process is the same with step 6.

Clean the surface and remove the oxidize layer. The same with step 7.

Evaporate the top contact with Ti/Au(8nm/200nm).

Liftoff.

Polishing. Polish the back of the sample to 200um-250um thick.

Evaporate Ti/Au(10nm/200nm) on the back of the sample

Mounting and bonding
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Processing procedure for double metal structure

Clean the sample wafer and a semi-insulating GaAs wafer of the same size.

Evaporate Ti/Au (10nm/500nm) on the two wafer surface

Wafer bonding.

Cleave the wafer into sample piece with 1cm size.

Remove the substrate.

a) Mechanical polishing the substrate to about 100nm with sand paper.

b) Selective etching the remaining substrate to etch stop layer. The selective etchant is
citric acid monohydrate, hydrogen peroxide and DI water mixed with the ratio of
CsHsO7:H,0,:H,0 (3g:1mL:3mL)

Remove the etching stop layer (AlysGagsAs). Clean the surface with O, Plasma etching

for 10min and etch the Aly5Gag sAs with HF for 2min.

Reduce the thickness of the 600nm heavy doped GaAs layer to about 100nm. The etchant

is H2SO4:H,0,:H,O (1:8:120), the etching depth is monitored by surface profiler

DECTEKS..

Clean the surface of sample and remove the photoresist with Acetone and Isopropanol.

Lithography for mesa. Use photoresist S1818, align and expose the device with MJB4

Mask Aligner, and develop in MF319 or MF350:H20 (1:4)

Etching the sample with the etchant H,SO4:H,0,:H,0 (1:8:10).

Remove the photoresist with Acetone and Isopropanol.

Lithography for top metal contact. Image reversal photoresist Ti 35ES is used. Align and

expose the device with MJB4, and develop in AZ400K:H,O (1:4).

Clean the sample surface with O, Plasma etching for 4min. And then HCI: H,O (1:3)

etchant is used to remove oxidized layer on the sample surface.

Evaporate top contact with Ti/Au (10nm/200nm)

Liftoft.

Polishing. Polish the back of the sample to 200um-250um thick.

Evaporate the Ti/Au(10nm/200nm) on back side of the sample

Mounting and bonding
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