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Abstract

Interplay of quantum confinement, electron-electron interactions, and

terahertz radiation in InGaAs quantum posts and GaAs quantum wells

by

Christopher Michael Morris

Electron-electron interactions in semiconductor heterostructures are typi-
cally much weaker than the quantized energy spacings between their states.
For materials with unusually small level spacings in the terahertz frequency
range, however, these Coulomb interaction energies become comparable and
can result in unique effects. Here, several systems are investigated in which
these interactions play a major role.

InGaAs quantum posts are nanostructures with terahertz conduction level
spacings. They are approximately cylindrical in shape, with heights in the
range of 10-60 nm and diameters of ~30 nm, and are embedded in an InGaAs
quantum well of the same height. Here, the terahertz absorption of quantum

posts is investigated when they contain their maximum allowable number of
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electrons. At this point, strong Coulomb repulsion in the posts prevents further
charging, and the surrounding well is charged. Theoretical calculations show
that absorption in this state is due to the “ionization” of charge from electronic
states in the quantum posts to states in the surrounding quantum well. This
ionizing transition, which otherwise would occur in the mid-IR band, is shifted
to terahertz frequencies only because of a strong modification of the effective
band structure of the quantum post and quantum well when highly charged.
[onization of these artificial atoms surrounded by an electron gas has no known
analogue in atomic physics.

The use of quantum posts for quantum cascade lasers is also investigated.
Quantum posts are integrated as the active region in a single period cascade
structure. The UCSB Free Electron Laser, an intense quasi-CW source of
terahertz radiation, is used to induce a resonant photocurrent as a method of
characterization of charge injection and extraction in these structures.

Additionally, ultrafast spectroscopic techniques are used to determine the
carrier capture times of quantum posts. Dynamics of charge pumped directly
into the posts is also investigated, resulting in time and pump wavelength
dependent absorption behavior that show complex charge dynamics.

Finally, the response of asymmetric quantum wells to intense terahertz fields

X



is investigated, with a goal of finding a period-doubling bifurcation in the elec-
tromagnetic response. Period doubling is expected to occur in this system due
to the strong Coulomb interaction of charge in the asymmetric well, which in-
troduces nonlinearity into the equations of motion. Extensive simulations are
performed to model the period doubling emission response, and an optimal well
design is found. Experimental investigations of this effect in real samples are

performed with the Free Electron Lasers at UCSB and in Dresden.



Contents

Introduction and Basic Intersubband Physics

1.1 Quantum wells . .. ... ... .

1.1.1
1.1.2
1.1.3

Basic physics. . . ... ... .. .
Intersubband absorption . ....................
Depolarization shift . . ... ... ... ... ... .. ... ..

1.2 Quantum dots. . .. ... ...
1.3 Quantum posts: a new nanostructure. . . .. ... ..........

Terahertz Absorption of InGaAs Quantum Posts
2.1 Sample

2.2 Capacitance . . . ... ... ..

221
2.2.2

Technique . . . . .. ... .. .. ...
Sample Capacitance and Interpretation. ... ... .....

2.3 Absorption . . . .. ...

23.1
2.3.2
2.3.3
2.3.4
2.3.5

Experimental Setup . ........... ... ... ......
Voltage Dependence . . .. ... ... ... ... .........
Temperature Dependence . . . . . ... ... ..........
A Perforated Electron Gas . . ... ...............
Future Directions . . . . . ... ... ... .. ... .......

Quantum Posts for Terahertz Quantum Cascade Lasers

3.1 Quantum Cascade Lasers . ........................

3.1.1
3.1.2

Quantum cascade laser operating principle . .. ... ...
Temperature Dependent Performance . . ... ... ... ..

3.2  Quantum Posts in Cascade Structures . ................

x1



3.2.1 Active Region Design: Direct vs. Indirect . . ... ... .. 63

3.2.2 Resonant Photocurrent Experiment . ... .......... 67
3.22.1 Samples . . .. ... 67
3.2.2.2  Experimental Setup . ............ ... .. 68
3.2.3 Experimental Results . .. ... ................. 71
3.2.3.1 Quantum cascade laser .. .............. 71
3.2.3.2 Single period quantum post and quantum well

measurements . . . ... ... .. ... 75
3.2.4 Further directions . .. ... ... ... ... ... .. ..... 80
4 Ultrafast Carrier Dynamics in InGaAs Quantum Posts 82
4.1 Terahertz Time Domain Spectroscopy . ................ &3
4.2 Ultrafast Carrier Capture . ... ... ... ... ... ......... 86
4.2.1 Experimental Setup ... ..... .. ... ... .. .. ..., 88
4.2.2 Experimental Results . .. ... .. ... ... ......... 88
4.3 Ultrafast Intersubband Dynamics . ... ... ............. 91
4.3.1 Experimental Setup . ........ ... ... ... ..... 92
4.3.2 Experimental Results . .. .................... 94
4.3.3 Further Directions . .. ... ... ... ... .. ... .... 96

5 Period Doubling Bifurcations in Asymmetric Quantum Wells:
Theory and Simulations 98
5.1 Period Doubling Theory and Previous Calculations . . . . ... .. 100
5.2 Redesign of Optimal Samples . . . .. ... ... ... ... ...... 107
5.2.1 Simulations. . .. ... . ... .. ... 109
5.2.2 Newwelldesign . . . ... ... ... ... ... ... ..... 117
5.2.3 Sample structure . .. ... ... ... .. .. ... .. 120
5.3 Continuous wave vs. pulsed measurements .. ............ 124

6 Initial Searches for Period Doubling Bifurcations in Quantum
Wells 127
6.1 Capacitance . . . . . .. . .. .. 128
6.2 Intersubband spectroscopy . . .. ... ... .. .. .. .. .. 130
6.2.1 Newsample .. ..... ... ... .. .. .. . ... . ... 130
6.2.2 B. Galdrikian Sample . .. ... ... ... .. ..., ..... 131
6.3 UCSBFEL Results . ... .... ... .. . . . .. . . ... ... ... 132
6.4 Dresden FEL Results . . ... ... ... ... ... ... .. ...... 136

xii



6.4.1 THz absorption . ... ....................... 138

6.4.2 THz Intersubband Emission . .. ... ... .......... 141

6.4.3 Discussion and future experiments . . . .. ... ... .... 144
Bibliography 147
A Processing Details 158
B Period Doubling Electric Field Calculations 164
C Period Doubling Emission Analysis 166
D Resonant Photocurrent Data Analysis 169

E Period Doubling C Code 173

xiii



Chapter 1

Introduction and Basic
Intersubband Physics

In condensed matter physics, the terahertz frequency range (for us 100 GHz
- 10 THz) can provide a wealth of information about the complex processes
that occur in many solid materials. A wide variety of techniques have been
developed to probe solids in the terahertz range in an effort to understand the
processes dictating their material properties. Here, we investigate the physics
of several semiconductor heterostructures specially designed to have terahertz
energy spacings.

One of the most interesting properties of heterostructures with terahertz
energies is that the energy scales due to confinement and those due to Coulomb
interactions between electrons are nearly identical. Effects that can usually be

ignored for heterostructures with larger energy scales now dictate the behavior,



creating unique effects only possible in this energy range. In Chapters 2-4,
the physics of quantum post nanostructures are investigated. Confinement of
charge within these nanostructures alters their confining potential and produces
a solid state analogue to the ionization of charge from atoms. Chapters 5 and 6
detail the search for experimental signatures of subharmonic emission possible
in asymmetric quantum wells, a nonlinearity brought about entirely by the

strong interaction of charge within the well.

1.1 Quantum wells

1.1.1 Basic physics

In a crystalline material with a regular potential, the wave functions can be

written using the well known Bloch functions:

Ui (r) = XUk (r) (1.1)

The quantum number n denotes the energy band of the wave function.
Energies of these bands differ from material to material due to the different
potential energies of the atoms forming the crystal lattice. The differences

in band energies between different materials make it possible to artificially
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Figure 1.1: A simple picture of a quantum well potential energy with valence
and conduction bands, formed by placing a low band gap material between
two layers of higher band gap material. An example would be a layer of GaAs
between two layers of AlGaAs.

engineer potentials by placing different materials next to each other. When
a material with a low band gap is placed in a higher band gap material, the
result is a confining potential for the charge existing in that band (Figure 1.1).

The simplest version of this is the infinite square well, familiar to anyone
who has taken undergraduate level quantum mechanics. The band gap of the
surrounding material is assumed to be infinite, impossible in a real material,

but often an excellent approximation. Looking at a single band (within this



work, always the conduction band), for a well of width L, extending from z = 0

to z = L, the wave functions and energies take the form:

n?h?r

=7 () 19

Of course, these are just the energies due to the confinement in the z-
direction, and the freedom of charge to move in the x-y plane of the quantum
well creates a continuous range of energies. If charge is then introduced to the
well through doping, charge occupies these conduction subbands according to
the density of states and the Fermi distribution function.

The density of states for a system with one confined and two free dimensions

is given by the expression [1]:

m

Nap = T35

(1.4)

This two dimensional density of states is unique in that it is independent
of energy. Of course, this is just the available states for electrons. The Fermi

distribution function is then used to determine how electrons are distributed



in these states at a given temperature for a given Fermi energy.

1
exp ((F — Ep) [kgT) +1

f(E) = (1.5)

In order to find the total electron density in a band, one then must integrate
the density of states times the fractional filling of the states over all possible

energies.

= - FE)dE = dFE 1.6
2D /0 20 f (E) o mh?exp((E — Ep) /kgT)+1 (1.6)

kT
Nap = mﬂhf’; In (1 + exp (Ep/ksT)) (1.7)

This expression for the densities in the occupied subbands is accurate even
for wells with finite confining potentials.

For the wave functions and energies of real wells, many situations will re-
quire a more accurate solution of the energy eigenstates and wave functions.
For a single particle, an analytic solution of the Schrodinger equation can still
be obtained for a simple well with finite potentials. However, to calculate the
wave functions and eigenenergies for more complicated wells with charge in

them, numerical solutions must be used. To do this, an iterative approach is



used. First the Schrodinger equation is solved for the basic wave functions of

the well containing no charge.

n* o2

2m* 022

i (2) + V(2)¢i (2) = Eithi () (1.8)

The wave functions are then used to calculate a new potential due to the

distribution of charge within the well, using the Poisson equation:

P?V._, Ame?

Where the total potential energy now consists of two terms:

V(2) = Vi (2) + Vie () (1.10)

The first term V[ describes the original potential energy due to the band
structure of the well material, and V,_. is the modification to the potential
that the electrostatic forces of the electrons in the well produce. This numer-
ical solution for the new charge distribution and resulting potential addition
V._. gives a modified total potential, and the wave functions for this new po-
tential must be solved using (1.8). An iterative process is run between the two

equations until the solution for the potential and eigenstates/energies reaches
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Figure 1.2: Wave functions and the well potential for increasing charge den-
sities. As the charge is increased, the energy between the ground and first
excited states decreases.

a steady state. The effect of increasing charge density in a well on both the
wave functions and resulting energies is shown in Figure 1.2.

For a more complicated set of wave functions and energies such as those in
Figure 1.2, the wave functions can still be split into complicated wave functions
in the z direction, ¢, (2), and plane waves in the x-y directions, e’**. The energy

of an electron in the n' subband and with in-plane momentum k| = (k,, k,)



E, K

Figure 1.3: Quantum well subbands, with parabolic dispersion from the in-
plane freedom of motion and energy levels from the z quantization.

is then given by:

with wave functions given by:

fo=Co(z) ™" (1.12)

where n denotes the subband, C' is a constant to normalize the wave func-
tions, and the subband energies E,, are found by solving (1.8) and (1.9). This

gives a parabolic dispersion relation with bands as shown in Figure 1.3.



1.1.2 Intersubband absorption

In the single electron model, filled states of the quantum well will absorb
light that is resonant with the energy spacing to the next excited state, causing
a transition of an electron in a lower subband to an excited subband. To look
more carefully at this transition, we can first look at Fermi’s golden rule for
the transition rate between two states, in the electric dipole approximation (the
wavelength of light is much large than the extent of the states):

2r e*E}

Wz’f:fWKNe'PUHQ(S(Ef—Ei—ﬁW) (1.13)

where Fj is the electric field amplitude of the exciting wave, |i) and |f) are
the initial and final state wave functions, e is the polarization vector of the
electric field, £y and E; are the final and initial subband energies, and p is the
quantum mechanical momentum operator.|2] Assuming the photon energy is
resonant with the subband spacing (E; — E; = hw), the main term determining
for which state combinations absorption will occur is |(i|e - p|f)|°. It has been

shown that for quantum well systems, this expands into two terms,

(ile-plf) = e (uy| pluv) (fulfr) + € (un| ww) (fullfrr) (1.14)



related to the interband (conduction to valence) and intersubband (between
states in the conduction band), with v denoting bands, and n denoting sub-
bands.

Writing the intersubband integral explicitly using (1.12) for the form of f,,,

we get:

(fule-p| fu) = C? / dPre*Ton (2) (e p) € T dy (2) (1.15)

The x and y terms of e - p :Zj € <—iha%j) will both leave ¢, undifferen-
tiated , making its integral with the orthogonal ¢,, zero (unless n = n’). In the
case n = n', a non-zero value for the integral is possible only if k; = kl, since
otherwise an oscillating exponential term exp (—z’ (k 1 — kl) -r) is left, which
will average to zero. This also means that even for the surviving z term, the
initial and final k; must be the same. Additionally, the fact that just the p,
term survives means that only radiation polarized along the growth direction
will be able to produce an intersubband absorption, a selection rule important

for the measurements carried out in this work.
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1.1.3 Depolarization shift

While (1.8) and (1.9) give the correct intersubband energy spacing and wave
functions, the observed intersubband absorption actually occurs at a higher
frequency due to the depolarization shift. This is due to the fact that the actual
absorption is a collective charge excitation, not a single electron excitation.
Essentially, the charge in the well dynamically screens the effect of the infrared
excitation field, which in turns shifts the absorption frequency. Allen et. al. [3]
calculated this effect, and found that the shifted absorption energy is described

by:

Ny — N,

N (1.16)

Eu :Elg\/l+0é

where N; and N, are the sheet charge densities in the first and second
quantum well subbands, N, = N; + N, is the total sheet charge density, Elg
(E\2) is the depolarization shifted (bare) intersubband frequency, and « is the
depolarization parameter. This factor a = 8me%N,S1910/ kw10, where Sigig is an
integral over the wave functions, « is the dielectric constant (~ 13 for GaAs),
and wyg is the bare intersubband frequency. The effect grows as the sheet

density increases and is more pronounced for smaller wig. For mid-infrared

11
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Figure 1.4: The depolarization shift for a 40 nm quantum well. It pushes the

infrared absorption frequency higher in energy than the actual intersubband
spacing.

quantum wells the effect is negligible, but in the terahertz the shift can become
a large fraction of the intersubband energy and cannot be ignored.

The next logical step beyond the quantum well is the introduction of further
confinement. Systems with two-confined dimensions are known as quantum

wires, and introducing a third dimension of confinement produces a quantum

dot.
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1.2 Quantum dots

Quantum dots have excited considerable interest since their inception due to
their ability to function as artificial atoms.[4] Unlike real atoms, their optoelec-
tronic properties can be engineered through materials selection and geometry,
allowing for production of dots with properties suited to their application. As
in atoms, discrete energy levels are formed for confined carriers. However, due
to their significantly increased size, their energy levels are usually much more
closely spaced. Coulomb effects play a more important role in these structures
as their dimensions grow larger and the Coulomb energy scales become a sig-
nificant fraction of the intersublevel energy spacing. Considerable study has
gone into the way in which electrons fill and interact in quantum dots, and
their corresponding infrared and optical spectroscopic properties.|5, 6, 7, 8, 9|

The quantum dots studied here are based on InAs self-assembled quantum
dots. Their growth process is detailed in Figure 1.5. Monolayers of InAs are
successively grown on a GaAs substrate. Due to the lattice mismatch between
InAs and GaAs (Indium is a bigger atom than Gallium), after a few monolayers
it becomes energetically favorable for the InAs atoms to redistribute themselves

to form small islands on the GaAs, quantum dots. These dots have a lower
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Figure 1.5: Growth process for InAs quantum dots.

band gap than the surrounding GaAs, and as for quantum wells they confine
charge, but three dimensionally. They are roughly shaped like a pancake, with
diameters of ~ 30 nm and heights of ~ 5 nm.

As in quantum wells, bound states for charge are formed in the quantum
dots. The simplest model for a quantum dot is just a three dimensional version
of the particle in a box. Assuming a rectangular box with sides L,, L,, L. the

energies and wave functions become:

Rr (n2 n2 p2
ene = o (B B ) (A7)
8 x . . z
Yy nym. = LI, sin (nL::L’) sin (n;zy> sin (nLiz) (1.18)

The largest dimension of the dot, L., L,, or L, determines the energy

14



spacing between the lowest two levels. This becomes important when making
the transition to quantum posts. For quantum dots, the largest dimension is
in the radial dimension, and the lowest energy states are controlled by this
dimension. This radius is difficult to change outside of a narrow range, setting
a limit on the size tunability of the lowest energy states. More complicated
models of the energy states in quantum dots are used in practice, with most
actual calculations of energies being done numerically, but they are beyond

what is necessary here.

1.3 Quantum posts: a new nanostructure

The quantum post is a nanostructure based on quantum dots in the InGaAs
materials system. Quantum posts are roughly cylindrical in shape and have
diameters similar to quantum dots (~ 30 nm). While the heights of typical
quantum dots are ~ 5 nm, quantum posts have been grown with heights of up
to 60 nm. This height is controlled with nanometer precision during growth.
If they are sufficiently tall, their lowest energy levels can be controlled directly
by selection of their height |10, 11| rather than being defined by the radial

confinement as in quantum dots, as (1.17) suggests.|12]| This produces an energy

15
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Figure 1.6: Calculated intersublevel spacings for quantum posts of two different

heights. Taller quantum posts produce smaller level spacings. Calculations by
Craig Pryor. [10]

level structure with spacings that are tunable from the MIR to FIR depending
on the height of the post. Calculated energies for posts of two different heights
are shown in Figure 1.6.

Their increased height also increases the buildup of Indium lattice mismatch
strain, which significantly alters the energetic depth of quantum posts compared
to dots. Quantum posts are offset from the GaAs conduction band edge by only
120 meV, shallower than dots of similar Indium content, which are offset by

~ 300 meV.[13, 14, 15| A final important difference between the two is that the
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Figure 1.7: TEM image showing two quantum posts embedded in the 10%
indium quantum well. 10|

quantum posts are embedded in an energetically shallower InGaAs quantum
well matrix of the same physical height as the posts. This quantum well is
similar to the wetting layer in quantum dots and is an unavoidable byproduct
of the post growth process. Like the wetting layer it acts as a charge trap, but
it is far thicker, and its spectral and charge transport properties are accordingly
different.|16]

The growth of the quantum posts is essentially a repeated layer structure
of quantum dots. A seed layer of InAs quantum dots is grown at a density
of 1x10'°/cm? to serve as nucleation centers for the post structures. After
this, repetitions of 7 monolayers of GaAs and 1 monolayer of InAs are grown,
with a 60 second wait time after each layer of GaAs or InAs. This wait time
gives the system time to come to equilibrium. The GaAs layer moves away

from the strain center at the dot, leaving its peak exposed, and the InAs layer

17



selectively moves onto the top of the now exposed dot layer, forming another
quantum dot directly in contact with the first. This growth forms a fairly
homogenous columnar structure after intermixing occurs during the growth.
The heights of these structures are directly controlled via the number of rep-
etitions of the GaAs/InAs layers. Energy dispersive x-ray analysis has been
performed on posts, and it is found that after intermixing, the post composi-

tion is Ing45Gag s5As, while the surrounding quantum well is Ing;Gag gAs.

18



Chapter 2

Terahertz Absorption of InGGaAs
Quantum Posts

Here, an investigation of terahertz absorption due to electrons confined in
quantum post and quantum well nanostructures is presented. The original goal
of the project was to observe single electron transitions from ground to excited
states in the conduction band of quantum posts. As mentioned in in Section
1.3, the three dimensional confinement of charge in the posts reduces the phase
space available to electrons occupying their states. This should increase their
lifetimes over their quantum well analogues, where confinement is only in a
single direction, by reducing coupling to non-radiative decay mechanisms. A
reduced coupling makes them attractive for possible incorporation as the active
region of devices such as quantum cascade lasers. The first step was to deter-

mine the energy level structure of the posts, which had already been calculated

19



to be in the terahertz range for the heights available by MBE growth.
However, as the project evolved, it was found that controllably loading
single electrons into the large number of posts necessary to observe terahertz
transitions presented a number of problems. In the end, spectroscopic mea-
surements of quantum post samples where electrons inhabit both the quantum
posts and the surrounding quantum well were performed. While this was not
the original goal of the project, the results proved to form a very interesting
physical picture. In the interpretation of the absorption of the structures, sin-
gle particle calculations were found to be insufficient to explain energy level
structure of the quantum posts and the observed spectroscopic behavior. Full
calculations with many interacting electrons were performed to predict the shift
of the post energy levels due to the Coulomb blockade and to understand the
electronic filling of the posts and surrounding quantum well. The energetically
shallow nature of the posts and surrounding matrix quantum well means that
both can be charged at the same time. Significant Coulomb interactions be-
tween electrons in the posts and electrons in the matrix quantum well play an
important role in the electronic structure of the system. Consequently, the ab-
sorption measurements along with the energy level calculations led to a picture

where the normal two dimensional electron gas present in the quantum well is
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perforated by highly charged quantum posts that can locally alter the density
of electrons in the well.[17, 18, 19|

Both the capacitance measurements and voltage dependent absorption mea-
surements in Section 2.3 were taken at 10 K , close to the zero-temperature
limit for these samples where the thermal energy (kgT = 0.86 meV) is much

less than the energy of the THz transitions being studied (3 THz = 12.9 meV)

2.1 Sample

The design used for the samples in the final experiments in this chapter
was relatively simple, but the development to the final structure took several
iterations. The sample design is modeled after samples used in experiments
on conventional InAs quantum dots.|20] The basic design principle is to use
a DC bias voltage to selectively fill successive energy levels in the quantum
posts. This has previously been accomplished in quantum dots and studied
extensively. However, in quantum posts this proved more difficult. Their more
closely spaced energy levels and high level of inhomogeneous broadening proved
to make it impossible to resolve electronic loading of individual energy levels

within posts using the large sample pads necessary for the terahertz absorption
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experiments.

The basic design in all versions of the sample uses a MISFET (Metal In-
sulator Semiconductor Field Effect Transistor) structure.|21| This is shown
schematically in Figure 2.1. An insulating region containing the active region
of the sample (in this section, a layer of quantum posts or a reference quan-
tum well) is placed between a heavily doped back contact and an aluminum
Schottky gate at the top. The heavily doped back gate pins the Fermi level
in the conduction band. An AlGaAs barrier between the Schottky and back
gates is added to reduce leakage current between the two contacts. A structure
like this can be used as a transistor if two contacts are placed on opposite sides
of the Schottky contact. The Schottky contact can then be used as a gate
controlling current flowing between the two back contacts (source and drain).
Here, the sample is processed such that a single back contact is used, so that
current is not flowing in the back contact during measurements, there is merely
a bias between the Schottky contact and the back gate. This causes the device
to function as a diode. A bias can be applied between the back gate and the
Schottky contact, simultaneously altering the electric field in the active region
and modifying its charge density. This effect can be seen in Figure 2.2 for the
final sample design.
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As bias is applied, the actual change in voltage at the active region must
be calculated by taking into account the built-in Schottky barrier and the
effect of the lever arm. The Schottky voltage in our samples was ~ 0.7 V.
This means that the effective voltage at the surface in Figure 2.1 is Viy, face =
Vschotthy — Vapplied, Where Vgpicq is defined at the top contact relative to the
back contact sitting as a ground. At the active region, the distance from the
surface reduces the total change in voltage to (toarrier/total) Vsur face, Where the
factor (tparrier/tiotar) 18 known as the lever arm. This lever arm is an important
factor when analyzing the capacitance of the sample in Section 2.2.

In the design of the quantum posts, there were three main sample design
iterations. In the first sample design, the structure from earlier works|20| with
quantum dots was copied nearly exactly. This used a relatively short 25 nm
tunneling barrier. However, absorption measurements using this design did
not show any evidence of absorption from quantum posts. The electric field
at which the posts load is determined directly by the distance tpqppier, and
calculations|22| suggested that at this electric field the single electron transi-
tions would in fact be Stark shifted out of the detection range of the absorption
experiment.

To solve this problem, in the next sample iteration the tunneling barrier
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Figure 2.1: General conduction band structure of the MISFET samples.

distance was significantly increased to 45 nm. This flattens the bands signifi-
cantly when the quantum posts begin to load with electrons. Additionally, the
total thickness of the sample was increased to keep the lever arm approximately
the same. However, the voltage at which the quantum posts loaded was now
close to the forward bias breakdown voltage of the diode structure, which made
the capacitance of the sample difficult to measure.

In the final sample design iteration, a delta-doped layer was added to the
GaAs spacer between the active region and the AlGaAs barrier, to decrease

the voltage at which the quantum posts began to load with electrons. This
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Figure 2.2: Sample band diagram at several voltages. The inset shows the
associated charge densities as the active region, and then the modulation doped
region fill with charge.

proved to give terahertz absorption that could be attributed to the quantum
posts (Section 2.3). The sample band diagram is shown in Figure 2.2 for several
bias voltages, along with the charge density. The final sample structure was as
follows: A 40 nm heavily n-doped region (2x10'®electrons/cm?®) serves as the
back gate for the structure. Next a 45 nm GaAs layer is grown, to act as a
barrier between the n-doped layer and the quantum posts. The quantum posts
are grown on top of this GaAs layer at a density of 1x10'°/cm?. For the final
sample design, quantum posts with 12 dot repetitions were grown, resulting in

a total post height of 30 nm. After the post layer is completed, a 60 nm GaAs
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Figure 2.3: Schematic of the structure of the sample, showing the various layers.
[17]

layer is deposited, followed by a 176 nm Aly4GaggAs barrier to reduce current
across the sample, and a 20 nm capping GaAs layer. A delta doping layer
(6x10'electrons/cm?) is placed in the 60 nm GaAs spacer, 50 nm from the
active layer, to allow the active layer to fill before current is drawn across the
sample. A 300 nm aluminum layer is evaporated on the surface of the sample,
forming the Schottky gate. Indium metal is annealed to contact the back gate.

For the samples investigated here, only a single active layer containing quan-

tum posts is grown. As Section 1.3 details, the quantum posts and surrounding
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Figure 2.4: Band diagram in the z-direction for the quantum posts and quan-
tum well. [17]

quantum well matrix are of approximately the same height. In the 30 nm tall
quantum posts investigated here, the vertical confinement defines the smallest
level spacing. Thus, the energy spacings between conduction subbands of the
quantum well matrix are similar to the energy spacings between conduction-
band levels arising from vertical confinement in the quantum posts. To distin-
guish between effects occurring in the quantum well and those occurring due
to the presence of the quantum posts, we compare experimental results on a
sample containing a layer of 30 nm high quantum posts with results from a ref-
erence sample that contains a 30 nm Ing;GaggAs quantum well with no posts.

The reference quantum well resembles the matrix of the quantum post sample.
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2.2 Capacitance

Capacitance-voltage spectroscopy was used to measure the charging of the
sample.|23] For a simple parallel plate capacitor, the capacitance is simply given
by C' = €A/d, where € is the dielectric constant of the sample, A is the area of
the capacitor plates, and d is the distance between the plates. For the samples
studied here, there are most often large sheets of charge, so this model is very
useful in understanding the capacitive behavior. Initially, before any charging
of the active region of the structure, the capacitance between the heavily doped
back gate and the aluminum front gate is measured. When charge tunnels into
a structure closer to the back gate, the distance between the aluminum front
gate and the closest charged layer decreases (reducing d), in turn increasing
the capacitance. By monitoring the capacitance at different DC biases, charge
moving from a back gate layer to another part of the sample structure can be

detected, as illustrated in Figure 2.5.

2.2.1 Technique

To measure the capacitance, the sample is biased with a DC voltage and a

small AC signal.
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Figure 2.5: The sample before charging (left) and after charging (right). (Left)
At large negative biases, the active region of the sample is above the Fermi level,
and electrons cannot tunnel into the active region. The capacitance measured
here is between the gate and the back contact. (Right) As the bias is increased,
the energy of states in the active region become resonant with the Fermi level,
and tunneling into the region occurs. This results in a corresponding increase
in capacitance.

VApplied = Vpe + Vac cos (wt) (2.1)

Vpe is used to tilt the band structure, modifying the electric field and
charging of the active region, as shown in Figure 2.2. The small AC voltage
is used to measure the capacitance at Vpo. The impedance of a capacitor in
response to an AC voltage is given by Z.,, = 1/iwC. Using Ohm’s Law, one

can see that the AC current response will be directly related to the capacitance

I (w)=—+—=<=V(v)iwC (2.2)



The AC current response is thus used as a direct measurement of the sample
capacitance. In practice, a DC voltage from a Keithley 2400 SourceMeter is
added to a small AC voltage (~ 2 mV peak to peak) from the internal reference
sine wave of an SRS 830 lock-in amplifier using a special isolating circuit. This
combined voltage is then applied to the sample. The sample’s current response
to the AC voltage is sent to a transimpedance amplifier where it is converted
to a voltage, which is then measured by the lock-in. The out-of-phase current
response corresponds to the capacitance of the sample. In order to determine
the magnitude of the capacitance measured, a reference capacitor placed within
the isolating circuit is first measured, which accomplishes two things. First, it
establishes the correct phase for the lock-in when measuring purely capacitive
signals (including possible additions to the phase due to the internal amplifica-
tion in the circuit). Second, it gives a measured signal magnitude for a known
capacitance, which works as a calibration to determine the magnitude of the
measured sample capacitance. This second feature is important when using
the capacitance to determine to the charge in the sample.

Care must be taken when choosing the magnitude of this AC voltage. Its
size directly determines the level of the signal response, as can be seen from

(2.2). If there is a certain inherent level of noise in the measurement, choosing
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a bigger AC amplitude can be used to improve signal to noise. However, the
bigger the AC amplitude, the more of the capacitance curve that is sampled by
the AC waveform, and the more the capacitive features are washed out. This
means the amplitude of the AC voltage must be chosen to be smaller than the
voltage resolution that is desired in the measurement. With the measurements
presented here, the area of the gated area was large to improve the terahertz
absorption, so the signal level was well above the noise even for small AC
voltages, so the achievable voltage resolution was not a limiting factor in the
measurements.

Once the capacitance has been measured, the charge can easily be deter-

mined, using

dQ:C(V)dv_)Q:/o(V)dv (2.3)

Most often, the relevant figure is the areal charge density, which is easily
calculated since the size of the top contact is known. Specific examples are

shown in the following section for the quantum post samples.
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Figure 2.6: Capacitance of the quantum well (a) and quantum post sample (b).
2.2.2 Sample Capacitance and Interpretation

Figure 2.6 shows the capacitance spectra of the quantum well and quan-
tum post samples. The two capacitance curves look similar, except for a small
extra feature in the quantum post sample starting at -2.0 V. In order to un-
derstand the capacitive behavior of the two samples, simulations of the sample
band structure and resulting capacitance were performed as a function of bias
voltage. The simulations were performed using Greg Snider’s one dimensional
Schrodinger-Poisson solver.[24] The results of the quantum well sample simu-
lation are shown in Figure 2.7. While the curves do not line up exactly, they
serve the purpose of understanding the sample band structure as a function

of voltage, and understanding what charging state the three main capacitive
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Figure 2.7: Modeling curve for the quantum well sample capacitance.

regions correspond to.

In the quantum well, below -1.5 V the conduction band of the active layer
remains above the Fermi level, and the active region is uncharged. This corre-
sponds to the blue curve in Figure 2.2. As the voltage is increased above -1.5
V, the lowest subband of the quantum well reaches the Fermi level, leading to
the electronic filling of the quantum well. This increases the capacitance by
reducing the distance between the front gate and the leading edge of the charge
distribution. The band diagram for this state is shown in red in Figure 2.2.

As the bias voltage is further increased above -0.75 V, the delta-doped region
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of the sample reaches the Fermi level and begins to fill with electrons, causing
another step-like increase in the capacitance, reflected in the black curve of
Figure 2.2.

The capacitance spectrum of the quantum post sample (Figure 2.6b) is
similar to that of the quantum well. The two rises found in the quantum well
reference sample are present, again caused by electronic filling of the quantum
well matrix and delta doped region. As mentioned above, at -2.0 V there is
an additional capacitance increase associated with the onset of charging in the
quantum posts. Due to their higher indium content, the posts are energetically
deeper than the quantum well, and their bound states reach the Fermi level
and begin to fill at lower voltages.

Integration of the capacitance curves was performed to determine the charge
density in the quantum posts and quantum well. To determine the charge
density in the quantum well reference sample, the capacitance was integrated
as shown in Figure 2.8. The 1-D Poisson simulations showed that it is only
in this voltage range that the well is charging. After, the charge density in
the well stays essentially the same, and all the charge entering the sample goes
to the modulation doped region. The total capacitance in this region must

be used, as the charge layer in the quantum well covers the entire area of the
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Figure 2.8: (a) Integration of the capacitance of the reference quantum well
sample to obtain the charge density. (b) Extracted charge density in the well
as a function of the applied bias.

sample under the front gate, essentially becoming the closest parallel plate in
the capacitor.

Interpretation of the quantum post capacitance was slightly more compli-
cated. Figure 2.9b shows the region that was integrated to obtain the charge
in the well, the same as in the reference well. The region beginning at -2.0
V must be associated with charging of the posts directly, since it is absent in
the reference well. In this region where only the posts have begun to fill with
electrons, however, most of the capacitance of the sample is still due to the
large background caused by the back gate. The quantum posts are just a small

perturbation on top of this, and to take into account their capacitance, the
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Figure 2.9: The charge integration process for the quantum post sample, de-
scribed in the text.
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Figure 2.10: Frequency dependence of the direct tunneling region of the quan-
tum post capacitance.

background must first be subtracted. However, integration of the capacitance
in this region between -2.0 and -1.5 V reveals that the posts have only filled
with 2.5x10%lectrons/cm?, significantly less than their areal density. This in-
dicates that direct tunneling across the barrier layer into the quantum posts
is inefficient. Decreasing the frequency of the oscillating voltage in the CV
measurement shows no increase in the electronic filling down to 50 Hz, indicat-
ing that the limiter to direct tunneling is coming from increased filling being
energetically unfavorable at this voltage, not from the oscillating voltage being
faster than the tunneling time constant (Figure 2.10) This behavior is not fully

understood.
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However, as the first subband in the well reaches the Fermi level, charge is
able to efficiently transfer into the well. If the two curves from the quantum
post and quantum well reference sample are overlaid, it can be seen that the
quantum well region of the quantum post sample appears to be charging over a
larger voltage range (Figure 2.9¢). Energetically they should match each other,
so the charge must be tunneling into the well, and then dropping into the posts
in this region.|25] By subtracting the number of electrons in the quantum well of
the reference sample from the number of electrons in the quantum well matrix
of the post sample, the number of electrons in the posts can be extracted
(Figure 2.9d). Comparison of the two capacitance curves shows that the post

2

electron density is 6x10'%lectrons/cm?, or 6 electrons per post by the time

the modulation doped region begins to fill at -0.75 V.

2.3 Absorption

To investigate the terahertz electronic resonances of the quantum posts,
the voltage and temperature dependent absorption spectra of the quantum
well reference and the quantum post samples were compared. With the known

electron distribution from the capacitance, these measurements can be used to
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determine what is happening in the sample at different charge densities.

2.3.1 Experimental Setup

The terahertz absorption spectra were taken using Fourier transform in-
frared (FTIR) spectroscopy with a Bruker IFS66v FTIR. A mercury arc lamp
is used as a broadband black body source of terahertz light. This is sent through
a scanning arm Michelson interferometer and then through the sample. The
transmitted light is detected by a 4.2 Kelvin Si composite bolometer. A square
wave voltage at 250 Hz is applied to the sample, alternating the charge state of
the active layer between -3.0 V (a voltage where no charge has tunneled into the
posts or well) and the voltage being investigated. This modulates the absorp-
tion of the sample, which is detected by a lock-in amplifier. The scanning arm
of the interferometer steps through its range and the resulting interferogram is
Fourier-transformed to an absorption spectrum.

By locking-in to the modulated absorption a background-free measurement
is obtained. Since the voltage is alternating between a charged and fully un-
charged state in the structure, the absorption is directly measured, rather than

the derivative of the absorption. Changing the high voltage of the square wave
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Figure 2.11: Experimental setup for the terahertz absorption of quantum posts.

for each scan gives the absorption as a function of voltage. To normalize out
the frequency response of the spectrometer and detector, a reference transmis-
sion spectrum is taken at -3.0 V, a voltage where the active layer is depleted.
Each modulated absorption spectrum is divided by this reference, to extract
the true absorption of the sample. Experiments presented here always probe

an ensemble of approximately 2.5x10° posts.
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2.3.2 Voltage Dependence

The absorption measurements in this section were all taken at 10 Kelvin.
The absorption as a function of voltage for the quantum well reference and
quantum post samples are shown in Figure 2.12, along with the associated
capacitance curves.

When the quantum well reference sample (Figure 2.12a) begins to load at
-1.5 V, a single absorption line appears near 5 THz. It is Stark shifted by
the DC electric field to a frequency that is significantly higher than the bare
intersubband frequency for the well. As the voltage is further increased, the
DC electric field at the well decreases (Fig. 2.12a, inset), and the absorption
red-shifts strongly as the magnitude of the DC Stark effect decreases. Self-
consistent simulations including the dynamic electron-electron interaction in
the random phase approximation|26| (depolarization shift) match these ob-
served transition energies at the well electron density derived from the capac-
itance data (~ 2.4x10" electrons/cm?).|27] These simulations show that this
corresponds to absorption from the lowest quantum well subband to the first
excited subband. As the charge density in the well increases, a second peak

is observed near 4.6 THz, starting near -0.25 V. Quantum mechanical selec-
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Figure 2.12: Voltage dependent absorption of the quantum posts and quantum
well. (a) The quantum well shows two distinct absorption lines, associated
with intersubband transitions from the ground to first excited state (14 meV
line) and the first to second excited state (19 meV line). (b) In the quantum
post sample, the same two absorption lines are present, but additionally there
is a large background absorption, associated with a transition involving the
quantum posts. [17]

tion rules forbid the ground to second excited state transition, and theoretical
calculations predict the first to second excited state transition to occur at this
frequency, and the second peak is associated with this transition.

Since the posts are energetically deeper than the well in the reference sam-
ple, they begin to load at -2 V rather than -1.5 V. The Stark shift at this
voltage is so large that it pushes the frequency of the post transition above 6

THz, where phonon absorption makes the sample opaque to THz light. The
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Figure 2.13: (a) Quantum post and quantum well absorption at 0.5 volts. (b)
An additional underlying absorption is present in the quantum post sample,
associated with an absorption involving the quantum posts. The black line is
the original absorption, with the green dot-dash line being the total fit. The
Lorentzian fits for the quantum well absorption are red dashed lines, and the
fit for the quantum post absorption is shown in blue, with black has marks
under it. [17]

features of the quantum post sample absorption seen in Figure 2.12b are sim-
ilar to those in the quantum well reference sample. Two peaks are observed,
corresponding to the same transitions in the quantum well region. However,
it can be seen that there is a large additional background absorption in the
quantum post sample that is not present in the quantum well reference.
Absorption spectra were investigated in detail at 0.5 V, when the charge
in each active region is nearly independent of voltage and the quantum well
and quantum posts are close to flat-band (zero electric field) conditions. The

quantum well spectrum (Figure 2.13a) shows the two clear peaks at 14 and
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19 meV discussed earlier, as well as a linear background absorption starting at
10 meV. The origin of the linear background absorption is unclear, although
it may be associated with TO phonon absorption in InAs, or possibly weak
bound to continuum absorption from a filled subband of the well. The ab-
sorption of the quantum post sample shows the two peaks characteristic of the
quantum well reference sample, which are assigned to the quantum well matrix
surrounding the posts. In addition, there is a large underlying absorption that
is absent in the quantum well sample, which is assigned to transitions involv-
ing the posts. Figure 2.13b shows a deconvolution of the spectrum in which
the two Lorentzian peaks due to the quantum well transitions and the linear
background are subtracted. The remaining absorption is fit with a Gaussian
line-shape, the expected absorption line-shape for a transition dominated by
inhomogeneity as in quantum dots. The simplest assignment of the Gaussian
line would be to single-electron transitions between sublevels of the quantum
posts, which are at THz frequencies. However, the capacitance measurements
in Section 2.2 show that the posts have accepted their maximum number of
electrons and the well has started to fill. This leaves all intersublevel transi-
tions within the posts Pauli-blocked. This leaves the question of the origin of

the post absorption. To understand this, temperature dependent absorption
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measurements were performed.

2.3.3 Temperature Dependence

To further investigate and clarify the origin of the quantum post related
absorption, temperature dependent absorption measurements were performed
on both samples. The post states are energetically deeper below the Fermi level
than the well states, and as such should have a different temperature depen-
dent filling fraction. Figures 2.14 (a) and (b) show the temperature dependent
absorption of the quantum well and quantum post sample at a voltage of 0.5
V, where conduction band states in the posts are full, and both the first and
second subbands of the quantum well have begun to fill. As in the voltage
dependence, Lorentzian fits of the quantum well absorption and Gaussian fits
of the quantum post absorption were performed at each temperature, and the
transition strengths derived from the fits are plotted in the top panel of Fig-
ure 2.14. Self-consistent calculations were used to predict the quantum well
absorption strengths based on the transition oscillator strengths and the elec-
tronic filling of the well, with the results shown as solid lines. As expected in

the quantum well, the first subband quickly depopulates with increasing tem-
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Figure 2.14: Temperature dependent absorption spectra of the reference quan-
tum well (a) and quantum post (b) samples. In the top panels of each, fits of
the Lorentzian quantum well absorptions and Gaussian quantum post absorp-
tions are shown as dots, with the calculated strengths shown as solid lines. (c)
Band structure of the quantum well energy levels, along with the temperature
dependent filling fractions calculated according to the Fermi distribution and
the constant density of states for a quantum well. [17]
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perature, and a corresponding decrease in absorption is seen from the ground
to first excited subband transition. The slight mismatch in the quantum well
between the predicted and measured transition strength at low temperatures
for the ground to first excited subband transition is not understood, but the
good match at higher temperatures indicates that thermal depopulation of the
states is occurring as would be expected based on the Fermi distribution. The
population of the second subband increases with temperature, and correspond-
ingly the absorption from the first to second excited subband gains strength.
The underlying Gaussian transition is nearly unaffected by the temperature
increase, consistent with an energy level that is deeper below the Fermi level
than the quantum well subbands, implying the involved energy level must be
in the posts.

Additionally, many-body effects (the depolarization shift) change as the
temperature is increased in the quantum well sample. As the temperature in-
creases, the population N; decreases while N, increases, which decreases the
total factor shifting the transition energy in 1.16, thus decreasing the depolar-
ization shift.[28] As the temperature increases in the quantum well sample, the
ground to first excited state energy shifts towards its bare transition energy.

While the temperature dependent measurements have confirmed that the
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transition is starting from a post level, which should not depopulate in the same
way as a quantum well level, the exact transition occurring is still unclear. For
this, theoretical calculations were performed by Craig Pryor at the University

of Towa.

2.3.4 A Perforated Electron Gas

To identify the involved states, eight band k-p calculations of the 30 nm
quantum post bound states and their energies were performed as a function of
the number of electrons in the posts.[29, 30, 31| As found experimentally from
the capacitance, the calculations predict that the charging energy from the
Coulomb blockade prevents more than 6 electrons from occupying each post.
Although the quantum posts are physically much larger than quantum dots,
the total charge they can hold is found to be similar because of their smaller
band offset.

With 6 electrons in a post, the calculated strongest transition is from the
filled third conduction band level to an unoccupied higher post level as shown
in Figure 2.15. The associated transition energy is 20.5 meV, matching very

well with the observed value of 21 meV found for the background Gaussian.
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Figure 2.15: Theoretical calculation of the band structure in the x-y plane of
the quantum well matrix, tracing through a post. As the post charges with
electrons, the band structure is highly dependent on the electron number, as can
be seen for the calculated states for 0 electrons and 6 electrons. The observed
transition centered around 20.5 meV is shown. [17]
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Figure 2.16: Nominal parameters used in the calculation of the post band
structure. Parameters were determined by TEM and EDX, as well as photo-
luminescence measurements. The regions at the top and bottom of the post
form small quantum dots with Indium content slightly different than the main
structure of the post. In addition, the post slowly expands in diameter as it is
grown higher. Also taken into account in the calculations is the slight elliptic-
ity of the post, with the diameter in the (110) direction ~20% larger than the
diameter in the (1-10) direction.

Electrons from the third level absorb a terahertz photon and transition to the
excited state, then scatter into the lowest subband of the quantum well. This
is reminiscent of the transition used in quantum dot infrared photodetectors
(QDIPs) and quantum dot-in-a-well photodetectors (DWELLs), but with sig-
nificantly reduced energies.|32, 33|

The inhomogeneity of the posts leads to the spread in transition energies
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seen in the Gaussian in Figure 2.13. The post modeled in the calculations is
the average post, but there is a variation in the size and shape of the posts as
seen in quantum dots. This size variation also translates into different charging
of posts which in turn additionally broadens the absorption line: posts with
different numbers of electrons have energy levels that are modified differently
by the charging energy from adding additional electrons. This charging energy
effect works to spread the post energies out in addition to the broadening
expected from variation in energy levels for posts of different sizes and shapes.

Additionally, the theoretical calculations show that the interpretation of the
post states lying much deeper than the quantum well states is incorrect. The
post state with the transition that we are observing is actually directly at the
Fermi level. The charging energy (< 10 meV) is very close to the intersublevel
spacing for the states in the post. Thus, the Fermi level is always quite close
to the highest occupied post state. This is a unique situation that occurs as
the post charges with additional electrons, and differentiates posts from dots
due to their smaller energy level spacing.

A remaining question is how scattering from the highest filled state of the
quantum post to the first quantum well subband is possible with the given elec-

tron distribution. Based on the capacitance and comparisons of the observed
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quantum well energies and transition strengths with theoretical calculations,
the well has an electronic sheet density of approximately 2x10/cm? in the
first subband, and 4x10'° /cm? in the second subband. With the first subband
of the well filled, scattering from the posts to these states should be blocked.
However, calculations show that the quantum well matrix does not obey the
ideal two dimensional parabolic dispersion relation everywhere. Far from the
posts this is a good approximation, but near the posts electrons in the well feel
a strong Coulomb repulsion from the six electrons in the posts. This pushes the
local level for the well above the Fermi level, leaving open states for the quan-
tum posts electrons to scatter into. The continuous electron gas normally found
in a quantum well is perforated by these regions of strong Coulomb repulsion

near the posts.

2.3.5 Future Directions

Previously, two dimensional electron gases have been perforated by “an-
tidots.” (34, 35] In antidot systems, the perforations in the electron gas are
created by etching regular arrays of cylindrical holes near an electron gas, and

thus depleting it by the surface field. In quantum post systems described here,
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the perforations in the electron gas in the quantum well matrix have a very
different origin—they emerge as a consequence of the Coulomb repulsion by the
high concentration of electrons in each quantum post. The length scales in the
post systems (spacing and radius of perforations) are also significantly smaller
than those typically investigated in artificial antidot systems, which are limited
by processing restrictions. Normal incidence spectroscopy of the quantum post
perforated electron gas system did not reveal any associated resonances, as ob-
served in antidot systems. However, the small size of the posts may push the
associated resonances above the experimental frequency range presented here,
and their random distribution may also inhomogeneously broaden it enough to
push the signal below the noise floor of the experimental setup. Further ex-
perimental investigation and calculations beyond the effective medium theory
normally used in the antidot systems could prove to be an interesting area of
investigation in the quantum post perforated electron gas system.

The development of the quantum post materials system was initially mo-
tivated by the goal of creating nanostructures which resonate at terahertz
frequencies, with potential applications including terahertz quantum cascade
lasers based on a three-dimensionally-confined active region, improved tera-

hertz detectors, and even quantum information processing. With further de-
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Figure 2.17: Artist’s representation of the energy landscape of the quantum
well two dimensional electron gas, perforated by the highly charged quantum
posts. Higher electron density regions are represented by “hotter” red colors,
lower electron density regions are represented with “cooler” blue colors.

velopment, these applications of quantum posts may come to fruition. Chapters
3 and 4 discuss further investigations of the terahertz properties of the quantum

posts and their use in practical devices.
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Chapter 3

Quantum Posts for Terahertz
Quantum Cascade Lasers

3.1 Quantum Cascade Lasers

The first quantum cascade laser (QCL) was demonstrated in 1994 at Bell
Labs, operating at mid-IR frequencies.|[36] Although intersubband emission was
first observed in the terahertz range by Helm et. al.,[37] it was seven years
before a terahertz QCL was demonstrated by Kohler et. al. in Pisa, Italy
at the Scuola Normale Superiore.[38] This proved difficult both because of
difficulty selectively injecting/extracting charge from the closely spaced energy
levels in the active region, and because getting good modal overlap with the

active region in the resonant cavity proved difficult at longer wavelengths.[39]
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3.1.1 Quantum cascade laser operating principle

Quantum cascade lasers are semiconductor heterostructure devices. They
essentially consist of a set of carefully designed quantum wells, engineered to
have intersubband transitions at the desired frequency. This set of quantum
wells is then repeated, often hundreds of times in a row. Operation involves
a single type of carrier traveling through the quantum wells, emitting photons
when they pass through the intersubband transition. This is dissimilar to
interband lasers such as diode lasers, which operate based on the recombination
of electrons and holes across the semiconductor band gap. The carriers (usually
electrons) travel entirely within a single band (the conduction band).

Figure 3.1a shows the basic operating principle of the QCL. This design is
called the Wannier-Stark ladder, and is the type of structure in which intersub-
band emission was first observed. It consists of a single quantum well repeated
over and over, specially designed to feed directly from the ground state of one
well into the excited state of the next well in the cascade via resonant tunneling.

In reality, however, this design is impossible to make into a true laser. In or-
der for a laser to work properly, a population inversion must be maintained. The

Wannier-Stark ladder leaves the upper and lower laser states equally populated,
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Figure 3.1: (a) The simplest design for a quantum cascade, called the Wannier-
Stark ladder. A voltage is applied across the quantum wells, causing the drop in
energy across the structure. Tunneling is denoted by black arrows, and radia-
tive emission is denoted by dark blue arrows. This design is unable to maintain
a population inversion due to equal tunneling forwards and backwards. (b) The
basic design of modern quantum cascade lasers. After the radiative laser tran-
sition, a region that quickly depopulates the lower state, “cooling” the electrons
and sending them into the upper laser state of the next cascade period.
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since resonant tunneling is equally likely to occur forward as it is backward. In
order to maintain a population inversion, a design like that shown in Figure
3.1b must be used. Specially regions are designed to clear the bottom laser
level and prevent backwards tunneling, thus creating a population inversion.
This type of structure is the basis for operation of all modern QCLs, although

the details of the electron cooling regions can vary in different designs.

3.1.2 Temperature Dependent Performance

Since the first demonstration of a terahertz QCL, the technology has ad-
vanced rapidly, with improvements in design pushing laser operating tempera-
ture above 180 K in pulsed operation. One of the main goals of the research has
been to push operating temperatures into the range of Peltier coolers (~ 240
K). This would allow QCLs to truly be THz lasers on a chip, without the need
for bulky cryogenic cooling mechanisms. Higher temperature lasing (to ~220K
at 3 THz) has been achieved by placing QCLs in high magnetic fields (up to 30
T, see Figure 3.2). This increases the quantization in the electron gas as Lan-
dau levels from and provide three dimensional confinement. However, outside

of a research setting these fields are impractically large, and another method

o8



Current density (A cm-2)
0 100 200 300 400 500 600 700 800 900

6 300 47, (1 TH2)=180K ~" 8K

78K ; 23 S
100K ] 20 4 Ji / /
4 9 f / /
- ; g [ A
b | |
T
0 50100150200 | |

100
0.01- T ‘ \ ‘

C" TRy
2 2 .‘" \\‘
2 ) L | -
25 27 29 160K | ‘
Frequency (THz) 167K = T S =—— T
0 < 0

02 04 06 08 10 12 14 16 18 2 Q 100 200 300
Current (A) J(Acm2)

Pulsed

J(Acm™

o
L

Voltage (V)

]

B

=
(Mw) Jamod [ando sead
Power (a.u.)

Figure 3.2: The temperature performance of terahertz quantum cascade lasers
is improved by introduction of a perpendicular magnetic field, which introduces
confinement. (40, 39|

of achieving this same beneficial confinement in a QCL structure is desirable.

Figure 3.3 demonstrates how increasing the degree of confinement improves
the temperature performance. For a quantum well providing only one confine-
ment dimension, the electrons can occupy a continuous band of energies, and as
the temperature increases, the Fermi distribution widens and electrons occupy
higher states in the upper laser band. Eventually, electrons significantly occupy
states that are > 36 meV above the lower laser state, the LO phonon energy
in GaAs. This makes non-radiative phonon emission a major pathway to move
to the lower laser state. This becomes extremely detrimental to operation at
higher temperatures. Making a fully three dimensionally confined structure,
however, reduces the density of states to delta functions in energy. As the

temperature is increased, even though electrons can occupy higher states, if
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Figure 3.3: a) Parabolic dispersion in a quantum well allows non-radiative
transitions via LO phonon emission to become the dominant mechanism for
moving to the lower laser state at high temperatures. b) For a fully confined
system, the laser states are not resonant with the LO phonon energy, and this
decay mechanism is blocked.

the laser state is not resonant with the LO phonon energy, it should not be

susceptible to the same non-radiative decay channel as the quantum well.

3.2 Quantum Posts in Cascade Structures

In this chapter, the first steps have been taken to incorporate quantum posts
as the active region of a quantum cascade laser structure. Posts act as efficient
charge traps because of their lower band gap, and their three dimensional
confinement is ideal for the improved temperature performance discussed in the

previous section. However, their relatively large conduction band offsets makes
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incorporating posts into the cascade structure complicated, because selectively
injecting and extracting charge from these structures is difficult. Strain causes
the nucleation of quantum posts, so growing a well with high enough indium
content to be resonant with post levels while at the same time not introducing
quantum dot nucleation or strain dislocations is difficult. The main goal was
to design and test a cascade structure that could efficiently inject and extract
electrons from the posts.

To test the injection/extraction of charge from the posts, a resonant pho-
tocurrent measurement was designed based on stimulated emission of electrons
in quantum posts. In normal operation of a quantum cascade laser, current is
injected into the active region, and the resulting transport of electrons through
the energy level structure results in the emission of light. The structure is de-
signed so that the excited state of the laser transition has the longest lifetime,
leading to a population inversion.

For the resonant photocurrent experiment, the process is run in reverse. The
active region is biased as in normal operation, so that current is running through
the structure. However, the active region is not placed in a resonant cavity, so
the device never reaches threshold. An intense source of THz radiation (the

UCSB free electron laser) with pulse duration of a few microseconds is then
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Figure 3.4: The basic operation of the resonant photocurrent experiment. (a)
Resonant driving fields induce stimulated emission, increasing the current dur-
ing the FEL pulse (b). This should result in a different IV curve when the FEL
is on and off.

focused onto the active region. When the free electron laser (FEL) frequency
is resonant with the laser transition, the lifetime of this transition decreases
as the FEL induces stimulated emission. This is observed as a corresponding
increase in current during the FEL pulse as charge moves through the cascade
structure more quickly.

The experiment took place in two stages. First, the experiment was per-
formed on a working quantum well cascade laser with many periods, as a test
of the experimental principle. Second, the experiment was run on the quantum

post cascade structures. To simplify the experiment, a single layer of quantum
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posts (or a single quantum well for a reference sample) was grown. In current
state of the art quantum post growth, no more than a few layers have been
attempted. A single layer ensured that any effects of strain buildup or post

inhomogeneity between layers would not alter the results of the experiment.

3.2.1 Active Region Design: Direct vs. Indirect

The first design difficulty was injecting charge into the quantum posts.
As discussed in the previous section, their states are energetically deep, and
growing an InGaAs quantum well layer to match this is difficult because of
strain buildup. Instead, it was realized that the results of the capacitance from
Chapter 2 demonstrate that the quantum well layer is easier than the posts
to charge and is also an excellent way to transfer charge into the posts. The
injector quantum well was therefore designed to inject charge into the matrix
quantum well of the quantum posts.

In the design of the quantum post cascade structure, the original goal was
to use a direct intersublevel transition in the post as the laser transition. The
energy of this transition can be engineered during the growth by selection of

the height of the posts. However, the lifetime of the first excited state is not
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experimentally measured, and is most likely significantly shorter than the time
it takes for electrons in the ground state to tunnel into the first extraction
quantum well. This would mean that maintaining the population inversion
necessary for a laser would be impossible.

Instead an indirect transition design was chosen, similar to the operating
design of some conventional (quantum well based) QCLs. The rapid electron
decay into the ground state of the post is used as an advantage in this design.
The electron decays to the ground state, and the laser transition is then the
spatially indirect transition from the post ground state to the lowest band of
the first extraction quantum well, as shown in Figure 3.5. The lifetime of this
transition should be quite long, both because of its indirect nature and because
tunneling from a 0-D to 2-D state is a slow process.

Even though the terahertz transition within the post is no longer being used,
it is still advantageous to use posts over dots, since the quantum well matrix is a
much easier structure to inject into than the quantum dot wetting layer.|41, 42|
In addition, although there is now a quantum well state in the laser transition,
the advantage of decreased coupling to LO phonons at higher temperatures is
not lost. The upper laser state is a level in the post, whose discrete density of

states will not allow electrons to increase their energy continuously and become
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Figure 3.5: Direct (left) and indirect (right) design for the quantum post cas-
cade structure.

resonant with optical phonon energies as the temperature increases.

To confirm that the relative lifetimes of the direct and indirect transitions
favor the indirect design, calculations of the transition radiative lifetimes were
performed by Craig Pryor.|22] Figure 3.6 shows calculations of lifetimes for the
direct lasing scheme with quantum post excited to ground state transitions, as
well as the indirect lasing scheme with quantum post ground state to extractor
ground state transitions. The calculated times are purely radiative lifetimes,
which is of course not practical in a real structure. In the real structure, cou-
pling to phonons can significantly reduce lifetimes. However, the reduction in
lifetimes should scale approximately equally for each scheme, so the relative

lifetimes for each are still comparable. For the direct scheme, AFE, the rela-
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Figure 3.6: Radiative lifetimes for direct and indirect transitions in the single
period quantum post cascade. [22]

tive energy difference between the quantum post ground state and extractor
ground state, needs to be zero so that electrons can resonantly tunnel out of
the quantum post. At this applied bias the lifetime is 6x107% seconds and the
intra-post laser transition energy is 25 meV (energy not shown). For the same
laser transition energy in the indirect scheme, one can see that the lifetime for
a 25 meV transition is 3x107* seconds, nearly two orders of magnitude greater
than the direct scheme. This shows that the lifetime of the indirect transition
is much more favorable for maintaining population inversion. Additionally, the

quantum post to extractor transition is the depopulation mechanism for the
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direct scheme and at zero energy difference between the quantum post and
extractor the lifetimes are very large, over 1073 seconds. This means that
population inversion would be impossible to achieve using the direct transition

with an indirect laser transition depopulation mechanism.

3.2.2 Resonant Photocurrent Experiment
3.2.2.1 Samples

For the initial experiments on the quantum well based QCL, a working
quantum cascade laser operating at 3.25 THz was used, grown and character-
ized by the QCL group in Vienna. This was based on the surface plasmon
waveguide, where a heavily doped layer near the substrate of the sample acts
as the bottom terahertz waveguide layer. The surface plasmon design is used
rather than the more common metal-metal waveguide design so that light can
be coupled into the QCL through the substrate.

For the quantum post single cascade samples, the design shown in Figure
3.7 was used. The layer structure was as follows: on a semi-insulating GaAs
substrate, a highly doped n-type GaAs layer (bottom contact) was deposited.

This layer was followed by four InGaAs extractor quantum wells, separated by
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AlGaAs barriers. The indium concentrations in these four wells were 15%, 20%,
25% and 25% respectively. The indium content in these wells had to be carefully
considered, as growing InGaAs layers with high levels of indium quickly causes
buildup of strain, eventually resulting in nucleation of quantum dots.|[7] A single
layer of 30 nm quantum posts (30 nm quantum well in the reference sample) was
then grown to serve as the active region. Two Ing;GaggAs injector quantum
wells separated by AlGaAs/GaAs barriers were grown directly on top of the
quantum posts to serve as the injector layers. Finally a layer of highly doped

n-type GaAs was deposited to make the top contact layer.

3.2.2.2 Experimental Setup

Both the quantum well and quantum post samples were processed with
mesas containing the active region with an ohmic contact on top and an ohmic
back contact. This back contact was well removed from the active region to
avoid any possible antenna-like effects from the FEL being incident on both
contacts at once. The experimental geometry of the sample is shown in Figure
3.8. The facets of the samples were polished at an angle of 15 degrees to
increase the THz coupling to the active region. Samples were mounted to a

chip carrier with one side removed to couple in the THz light, then the contact
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Figure 3.8: The chip carrier with sample mounted for the resonant photocurrent
experiment.

pads were wire bonded. The chip carrier was then mounted inside a sample-
in-vapor helium flow cryostat and temperatures were maintained at 10K. The
sample-in-vapor cryostat was chosen for its large cooling power, as the currents
that must be run through the samples are on the order of milliamps and cause
significant heating.

Terahertz radiation was provided by the UCSB Free Electron Lasers (FELSs):
pulsed, narrowband radiation sources tunable between 0.1 and 4 THz, emitting
pulses with durations of several microseconds. A small portion of the beam was
split off to measure the power of individual pulses with a pyroelectric detector,

and the remaining THz power was focused onto the facet of the samples using an
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off-axis parabolic mirror (Figure 3.9). The photocurrent response of the system
was obtained by measuring the voltage across a resistor of known resistance in
series with the sample. Voltage across the resistor was amplified by a voltage
pre-amplifier and then measured by an oscilloscope during the FEL pulse. The
voltage measured from the test resistor for each FEL pulse was divided by
the pyroelectric signal in order to normalize out pulse to pulse fluctuations
in THz power. A DC voltage was applied with a Keithley source meter and
the photocurrent response was recorded as a function of applied bias. The
polarization and power of the THz radiation was controlled by a successive

pair of wire grid polarizers.

3.2.3 Experimental Results
3.2.3.1 Quantum cascade laser

The first system investigated was the sample of a quantum well based QCL
(multiple cascades) known to produce radiation at 3.25 THz. An increase in the
photocurrent at high voltages (>15V) for frequencies near 3.25 THz would be
expected as the system moves through the electric field where the proper level

alignment of the radiative transition occurs. The system was investigated at a
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Figure 3.9: The experimental setup for the resonant photocurrent experiment.
Photocurrent is monitored via a voltage across a test resistor in series with the
sample.

number of different powers for a driving frequency of 3.3 THz (Figure 3.10b).
It was found that an overall increase in current occurs for higher THz powers,
but this effect is most likely due to increased heating of the carriers and not
an effect associated with stimulated emission. Investigation of this sample at
different THz frequencies shows similar behavior is present, as is seen in Figure
3.10 a, and strengthens the argument that this is an effect which is caused by
heating.

The photocurrent response of this sample at a number of different THz

frequencies (Figure 3.11) showed similar response: a large peak at low voltages
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Figure 3.10: Power dependent photocurrent of the quantum cascade laser for
two frequencies. All spectra are normalized to their maximum value.

between 2 V and 4 V. However, at larger applied biases, the features that appear
are clearly frequency dependent. When the system is irradiated with light at
3.3 THz there is little response at applied biases above 4 V; the photocurrent
only decreases as the voltage is increased. The system being driven at 1.5 and
2.75 THz show interesting features above 4 V, with several peaked features.
However, the transitions being affected are not the lasing transitions; the THz
frequency is far from the lasing frequency. The complexity of the full quantum
cascade laser band structure presents a large number of possible explanations
for the effects seen in the photocurrent data and prevents a straightforward

interpretation of the QCL data. Unfortunately, due to time constraints, the
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Figure 3.11: For 50 W pump power, the frequency dependent photocurrent
response of the quantum cascade laser.

understanding of the THz interaction with the QCL structure is very limited
and we are unable to conclusively say that stimulated emission was observed
in this structure.

Though the complexity of the full QCL structure prevented a full under-
standing of the photocurrent results, the quantum post and well samples are a

more straightforward system and yielded better results.
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3.2.3.2 Single period quantum post and quantum well measure-

ments

The ideal measurement would compare the photocurrent response at dif-
ferent frequencies and should only show a response for frequencies within the
gain bandwidth of the QCL. However, as the experiments were performed, it
became apparent that this approach fails to take into account the large number
of electronic states present in quantum cascade lasers in addition to the upper
and lower laser levels. These additional levels have some electronic occupation
as current flows through the device, and they will shift as the bias is adjusted.
In essence, at most biases there will be some set of levels in the structure that
are approximately resonant with the FEL, and which can produce changes in
the current via absorption of the radiation, sending the electrons into higher
bands in the structure, allowing them to pass by the active region and produce
an increase in current.

In the single period cascades, a quantum post cascade structure was com-
pared with an identical reference structure where the quantum post layers were
replaced with a 10% indium quantum well identical to the matrix well. In

addition to a comparison of quantum well and quantum post structures, pho-
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tocurrent vs. voltage curves from vertically and horizontally polarized THz
light were measured to help differentiate between signal produced from actual
quantized electronic transitions and background signals such as carrier heating.
The vertically polarized light aligns along the growth direction and obeys the
quantum well selection rules to be able to cause electronic transitions, whereas
the light polarized parallel to the planes of the quantum wells should not be
able to stimulate any quantum well transitions (Section 1.1.1). Only signals
that differ for the two polarizations are of interest for the resonant photocurrent
experiment. Any signal that is the same is due to background effects, shown
to mainly be heating of carriers in the doped regions (Appendix D).

The current response of the single cascade quantum post (well) system has
similar qualitative behavior at many different frequencies (Figure 3.12). First,
there was very little response below 3 V (2.5 V) at all THz frequencies. Second,
for the quantum post sample at all pump frequencies, an increase and plateau
of the current response between 3 V and 4 V was observed. In the well samples
there was an increase in the current and an onset of features between 2.5 V and
4.5 V. Finally, all THz frequencies showed a continuous increase in the current
response as the applied bias was increased above 4 V (4.5 V).

In the quantum post samples, a difference was observed in the photocurrent
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Figure 3.12: Frequency dependent photocurrent response for the single period
quantum post and quantum well samples. Vertically polarized light is along
the growth direction (z-direction) while the horizontally polarized light is in
the plane of the quantum well (x-y direction).
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Figure 3.13: Frequency dependent intersubband response for the single period
quantum post and quantum well samples.
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response from the two polarizations of THz radiation between 3.5 V and 4.5
V. In the quantum well samples, no significant or systematic increase in pho-
tocurrent was observed for one polarization compared to the other. In order to
quantify this difference, the difference of the vertical and horizontal photocur-
rent was integrated for both samples, and divided by average photocurrent at

high voltages (> 4.5 V) to give a normalized intersubband response:

Vmam
Intersubband response = / (Lverticat — Ihorizontat) (3.1)

avg szn

A positive “intersubband response” occurs when the vertical polarization
has a larger response than the horizontal polarization, as is expected for a
stimulated emission process. This intersubband response is plotted in Figure
3.13 for all the FEL pump frequencies that were accessible. While the response
of the quantum well stays constant and close to zero, the quantum post sample
response increases with frequency. This increased response over the quantum
well reference sample indicates that some process involving the posts is re-
sponsible for this increase. However, the actual mechanism for the response is
unclear. An emission being resonantly pumped as designed would produce this

type of signal, but an absorption from the posts into the well as in Chapter 2
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could produce a similar effect. Qualitatively, the results indicate that charge
is being injected and extracted from the posts, but to determine the exact

mechanism more work is required.

3.2.4 Further directions

A great deal of materials science effort would be required to make a quantum
post cascade laser. Their growth is a highly non-equilibrium process, and
every growth must be extremely carefully calibrated to even allow quantum
dots and posts to nucleate properly. Further standardization of the growth
process is the first step that would be necessary to fully explore the quantum
post cascade concept. It is still unclear from the results to date whether or
not a quantum post cascade is feasible from a device standpoint. However, it
is an interesting structure in which to study the injection and extraction of
charge from three dimensionally confining nanostructures. Understanding this
physics better would lead to optimization of the structures and the design of the
injection/extraction cascades. Additionally, the resonant photocurrent method
should be investigated further. Unexpected complexities were discovered, but,

this measurement still offers the possibility of a powerful technique to test new

80



concepts for QCLs in materials systems that are far too immature to build a

working QCL and observe intersubband emission.
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Chapter 4

Ultrafast Carrier Dynamics in
InGaAs Quantum Posts

After the terahertz absorption experiments detailed in chapter 2, there were
still unanswered questions about the terahertz behavior of the quantum posts.
The single electron transitions that were the original goal of the experiments
were still unobserved. Additionally, no knowledge of the time scales for basic
processes such as charge capture into the structures were known. It was with
this in mind that a collaboration with the ultrafast materials science group at
the Center for Integrated Nanotechnologies at Los Alamos National Laboratory
was formed. Several visits to Los Alamos were made to use an amplified laser
system capable of both generating broadband terahertz pulses and optically
pumping samples over a large frequency range in the near infrared.

The samples in this chapter consisted simply of two layers of quantum
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posts, separated from each other and the surface by a GaAs spacer. No doping
was added, and all the charge was generated by ultrafast laser pulses. Three
samples were grown: a sample with two layers of 40 nm posts, a sample with
two layers of 50 nm posts, and a sample with 2 quantum wells, each 40 nm thick
to serve as a reference. Two sets of experiments were performed: pumping into
the GaAs to observe the transient photoconductive response with the terahertz
probe, and pumping with longer wavelength light below the GaAs band gap

and directly into the well and posts to observe their intersubband behavior.

4.1 Terahertz Time Domain Spectroscopy

The main technique used in this section is terahertz time domain spec-
troscopy (THz-TDS).|43] Broadband pulses of terahertz radiation are created
by femtosecond pulses of a near infrared laser. Multiple generation and detec-
tion schemes are used for THz-TDS, and considerable work has been performed
on this technique in the last 10 years, extending the possible frequencies well
into the mid-infrared.

A short (<100 fs) centered at 800 nm is split into two paths. The first

pulse is used to generate the THz waveform, and the second is sent to a path
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Figure 4.1: A terahertz time domain spectroscopy system, using optical rectifi-
cation in ZnTe as the terahertz generation mechanism, electro-optic detection
in ZnTe, and a Wallaston prism as the beamsplitter.
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with variable delay. Depending on the system, a variety of emitters can be
used. In this chapter, a ZnTe crystal is used to generate THz pulses via optical
rectification. This pulse has a spectral range of ~ 0 to 3 THz. The terahertz
light from the Zn'Te is collected by an off-axis parabolic mirror, collimating the
emitted light. A second off-axis parabolic mirror is used to focus the THz pulse
into a small spot on the sample in a cryostat. The transmitted THz pulse is
collected and collimated by a third off-axis parabolic mirror, and finally focused
onto the detection crystal by a fourth. A second ZnTe crystal is used for the
detection. The delayed 800 nm pulse that was sent through the delay path is
timed such that the THz pulse and near-infrared pulse arrive simultaneously.
ZnTe is a birefringent crystal, and the terahertz waveforms causes a slight
change to the birefringence. This rotates the 800 nm pulse slightly.

The rotated pulse is then sent through a quarter waveplate, then a Wollas-
ton prism or polarizing beam splitter, and each polarization is sent to a separate
photodiode. These photodiodes are paired, and produce a total current that is
proportional to the difference of the signal between them, I, —I;. By producing
circular polarization at the quarter waveplate when no terahertz is present, the
light is an equal superposition of vertical and horizontal polarizations, and the

currents from the two photodiodes are equal, producing a difference signal of
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zero current. When the terahertz pulse rotates the 800 nm light’s polarization,
the light after the quarter waveplate is slightly elliptical in polarization, which
will result in more intensity on one photodiode, and a corresponding non-zero
difference signal. A terahertz waveform is much longer than an ultrafast pulse,
so the pulse samples only a small part of the THz waveform. This signal is
recorded and the delay is increased slightly, so that the pulse samples slightly
later in the THz waveform. The delay is then scanned over the THz pulse, al-
lowing the entire waveform to be measured with time resolution corresponding

to the near infrared pulse duration.

4.2 Ultrafast Carrier Capture

For the first set of experiments, the goal was to determine the response
of the quantum posts under ultrafast excitation with the pump laser tuned
above the band gap of the GaAs. Electron-hole pairs are created directly in
the GaAs, and from there can be captured by the quantum well and quantum
posts. The terahertz waveform is then sent through the sample as shown in
Figure 4.2. In this geometry, the terahertz waveform is partially absorbed by

free carriers in the system. The degree to which it is absorbed is related to
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Figure 4.2: Experimental geometry at the sample for the 800 nm pump -
terahertz probe experiment. An ultrafast pulse centered at 800 nm is incident
on the sample, creating electron-hole pairs in the GaAs. The absorption of
the terahertz signal that is measured is then a direct measure of the sample
conductivity. [25]

the number of carriers in the sample. Only free carriers will contribute to this
absorption, so the change in the electric field is essentially a measurement of
the free carrier population as a function of time.[44, 45, 46] While the quantum
posts have radial transitions that can couple to the terahertz waveform in the
given geometry, the signal from these transitions will be buried under the large

signal from free carrier absorption.
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4.2.1 Experimental Setup

The experimental setup uses the terahertz time domain setup from Section
4.1, but is now modified to add the 800 nm pump pulse to generate carriers in
the sample. This pump pulse can be delayed as well, so that it arrives before
or after the terahertz waveform. To carry out the experiment, the transmitted
waveform is first measured, to serve both as a normalization, and to find the
THz probe delay to sit at while the optical pump is scanned (Figure 4.3). While
the THz probe delay remains at this peak, the optical pump is then chopped,

and the delay is scanned.

4.2.2 Experimental Results

Figure 4.4 shows the results of the pump scan for the quantum post and
quantum well samples for different pump fluences. Zero time delay indicates
when the THz pulse and the optical pump pulse arrive at the same time. Posi-
tive time delay indicates that the THz pulse is arriving after the optical pump
pulse. A larger implies more absorption of the terahertz waveform, meaning
that more charge is present in the sample. As the fluence is increased in both

samples, the overall signal increases, which is expected as more charge is created
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Figure 4.3: (left) Experimental setup for the 800 nm pump - terahertz probe
experiment. An 800 nm pulse from a 250 KHz regenerative amplifier, approx-
imately 75 fs in duration was used to both generate and detect the terahertz
waveform, and to pump the sample. The sample was placed at normal incidence
to the incoming terahertz waveform. (right) Example transmitted waveform,
showing the peak delay for the THz probe. The THz probe delay remains at
this position for the entire optical pump delay scan.
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Figure 4.4: Time dependent change in the E-field vs. probe delay after the 800
nm pump pulse in the quantum post (left) and quantum well (right) samples.
[25]

and more free carrier absorption occurs.

In the quantum post sample, there are two different timescales present in
the response. Looking at the highest fluence (blue) curve, there is clearly a
long time-scale delay, lasting for hundreds of picoseconds. In the quantum well
reference sample there is a similar long time decay of the signal. This long time
scale decay indicates the electron-hole pair recombination time in the bulk of
the sample. At shorter time scales in the quantum post sample, there is an
initial fast decay component, occurring in the first 5-10 picoseconds. Detail
is shown in the inset. The quantum well reference lacks this fast time decay

component. This leads to the interpretation that the fast time component is
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capture of charge by the quantum posts. Their three-dimensionally confined
states will not contribute to the conductivity signal, which is the reason for the
rapid decrease. This result indicates that the posts trap charge very quickly,

on the order of 10 picoseconds.

4.3 Ultrafast Intersubband Dynamics

For the second set of experiments, the goal was to eliminate the large signal
associated with free carrier absorption. This signal is large enough to com-
pletely hide any response due to intersublevel transitions in the posts. To do
this, the posts must be excited with a pump laser energy well below the band
gap of the GaAs, tuned to be resonant with levels in the quantum posts.

Before the posts can be directly pumped, their band gap must be known.
For this purpose, time dependent photoluminesence was performed on the 50
nm quantum post sample, shown in Figure 4.5. This indicates that the pump

should be tuned between 1000 and ~ 930 nm in order to pump the posts.
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Figure 4.5: Time-resolved photoluminesence from the 50 nm quantum post
sample, and the reference quantum well sample. This measurement is used to

determine where the quantum posts and well samples should be pumped with
the OPA. |25]

4.3.1 Experimental Setup

The experiment is similar to the 800 nm pump carrier capture experiment,
but the pump beam is now sent to a UV OPA. The idler of this OPA is used,
which allows the wavelength to be converted to the desired range from PL,
between 930 and 1000 nm. As in the first experiment, the pump beam is
chopped and directed onto the sample, which is now oriented at a 45 degree
angle with respect to the THz beam. This allows the THz beam, whose light
is polarized parallel to the page in Figure 4.6, to couple to vertical transitions

in the quantum posts, which is not possible at normal incidence.
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Figure 4.6: Experimental setup for the variable wavelength pump - terahertz
probe experiment. The sample was placed at 45 degrees to the incident THz
waveform, so that both horizontal and vertical polarization was present at the
posts. A UV OPA was pumped with the 800 nm light, and the IR idler beam
was used as the pump source for the quantum posts. This could be tuned over
a large range, from 1000 nm to <900 nm while still keeping appreciable power
levels. The THz waveform is polarized parallel to the plane of the page.
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4.3.2 Experimental Results

The results for two pump wavelengths, 950 nm and 1000 nm, are shown
in Figure 4.7. The time resolved PL shows that the two wavelengths pump at
the high and low end of the post energy levels. Distinctly different behavior is
evident for the two pump wavelengths.

For the shorter wavelength, 950 nm, the response starts off very small and
spectrally broad for very short time delays after the pump pulse. However, as
time goes on, the modulated electric field grows stronger, and the spectrum
grows stronger and becomes peaked. Higher frequency components around 1.6
THz grow rapidly, while the lower frequency components initially present below
1 THz disappear at longer time delays. For the 1000 nm pump, the behavior
is quite different. For longer time delays, the signal only gets smaller. It starts
off spectrally broad and stays this way for longer delays. The overall spectrum
decays, with no evidence of any peaked structure forming, as for the 950 nm
pump.

The exact mechanism for this behavior is not well understood. The life-
times of states in the posts are not known, and it is possible that the observed

behavior indicates the time it takes for electrons and holes to decay from the
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Figure 4.7: Electric field waveforms and their Fourier transforms for 950 nm
and 1000 nm pump wavelength. The two pump wavelengths show markedly
different spectral characteristics. The shorter wavelength pump produces spec-
tra that increase in spectral intensity as time evolves, growing narrower. The
longer wavelength (1000 nm) pump shows only a broad, decaying spectrum.
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highest to lowest states in the posts. Another possibility is that the response
of the posts is always broad because of the large number of closely spaced
states in the posts, combined with their large inhomogeneous broadening. The
signal at long time delays for the 950 nm pump could be charge that is able
to occupy the well due to Auger processes in the posts. These then produce
a strong absorption with a narrower linewidth. When the posts are pumped
at lower energies, the Auger processes may be less likely, or less energetically
favorable for charge at lower energy states in the posts. This leaves only the

broad absorption from the posts, which decays over the 800 ps delay time.

4.3.3 Further Directions

To understand the results of the OPA pumped samples, a further wavelength
dependence with intermediate wavelengths connecting the two behaviors would
be desirable. Also, it is possible to increase the time delays more with the
system. Seeing if the behavior for 950 nm changes at any point as the electron-
hole pairs recombine could give further information about the behavior of the
sample. Additionally, an important reference scan to determine the origin of

each type of behavior is to switch the THz polarization to be polarized entirely

96



in the plane of the well, rather than half perpendicular to the well, half parallel
to it. A polarization dependent measurement would distinguish between effects
coming from intersubband transitions and those associated with possible free

carrier absorption in the well.
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Chapter 5

Period Doubling Bifurcations in
Asymmetric Quantum Wells:
Theory and Simulations

Period doubling bifurcations are dramatic changes in the response of driven
dynamical systems such as the damped harmonic oscillator. For most values
of the driving force and damping the response of the system occurs at the
same frequency as the drive. However, for certain combinations of the driving
force and damping, the system can undergo a period doubling bifurcation, and
exhibit a response at half of the driving frequency.

For a single electron in a quantum well, a period doubling bifurcation is
not possible, and the charge will always respond with the frequency of the
electric field. The Schrodinger equation for this particle is linear, and period

doubling bifurcations require a nonlinearity in the equations of motion. How-
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ever, when many electrons are present in a well, non-linearity is introduced in
the form of electron-electron interactions. It has already been seen (Section
1.1.1) that these effects can dramatically alter the intersubband absorption be-
havior of a quantum well through the depolarization shift. The similar energy
scales of the Coulomb repulsion forces and the intersubband spacing make this
non-linearity especially strong for quantum wells with terahertz intersubband
energies. For specially designed, asymmetric quantum wells, this nonlinearity
can have a significant effect on the equations of motion and produce period
doubling bifurcations.[47, 48, 49|

This effect was first predicted by B. Galdrikian and B. Birnir 27| in 1994
at UCSB. They modeled the response of an asymmetric well under strong CW
driving fields from the UCSB free electron laser. When the well was driven be-
low the intersubband transition frequency, a complex response was predicted,
including cascades of period doubling bifurcations that could eventually take
the system to a chaotic response regime as the electric field strength was in-
creased. Here, the same theory is used to design an asymmetric well with
single bifurcations occurring at fields much lower than those investigated by
Galdrikian and Birnir, and over a larger parameter range. The well is designed

to be optimized for the frequencies and powers available at the free electron
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lasers at UCSB and in Dresden, Germany. The simulations leading to this new,
optimized well design are discussed in this chapter, while chapter 6 discusses

preliminary efforts to experimentally observe period doubling.

5.1 Period Doubling Theory and Previous Cal-

culations

Period doubling bifurcations in quantum wells were first theoretically dis-
cussed by Brian Galdrikian and Bjorn Birnir here at UCSB. The system they in-
vestigated was an asymmetric quantum well with terahertz intersubband tran-
sitions, driven with intense CW terahertz electric fields.

Under static conditions, the potential energy and eigenstates of the well
can be calculated as described in Section 1.1.1. The potential in a quantum
well is complicated by the addition of charge, which creates a new potential
V (2) = Vo (2) + Ve—e (2), where the term V,_. (z) takes into account the change
in the well potential due to the interaction of charge.

When an AC electric field is then applied to the well, the potential must

of course be modified. The electric field itself adds a potential Vi_fieq =
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eFEzsin (wt). However, this time varying electric field redistributes charge in
the well, creating a time dependent electron interaction potential. The total

potential is then:

V(t) = v (z,t) + eEzsin (wt) (5.1)

where v (z,t) is the time varying electron-electron interaction potential. In
order to solve for the equations of motion for charge in a well with this time
varying potential, Galdrikian and Birnir moved to the density matrix formal-
ism. They first approximated the asymmetric well as a two level well, ignoring
higher subbands. For an asymmetric quantum well with a single barrier, this
is usually valid, as the first two states are usually energetically quite close to-
gether, and the third state is pushed much higher in energy (much larger than
typical energies of the terahertz driving photons).

The density matrix is then:

Poo  Poi
p= (5.2)

P10 P11

In 5.2, poo and p;; represent the fraction population of the ground and

first excited state of the well, normalized such that pgg + p11 = 1. The off-
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diagonal terms can create coupling between the two states. The density matrix
formalism is powerful in some cases, as the expectation value of an observable
A of the system can easily be found using (A) = tr (pA). The time evolution
of the density matrix can be found using the time evolution of the Schrodinger

equation:

Ip/0t = —(i/h) [H (1), p ()] = Rp (t) — po] (5.3)

where R is a matrix that introduces dissipation into the system, and py is the
density matrix in thermal equilibrium.[50] If the time dependent Hamiltonian
H (t) = 0, the relaxation matrix in Equation 5.3 will bring p back to the
thermal equilibrium state py. The components of R are Ry = R1; = I'y, the
energy relaxation rate in the quantum well, and Ryy = Ry = 'y, the energy
dephasing rate. Galdrikian and Birnir calculated the response of the two-level
asymmetric quantum well to a strong terahertz driving field, using Equations

5.1 and 5.3, to obtain the equations of motion:
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Figure 5.1: The original design of the the asymmetric well from B. Galdrikian
and B. Birnir. The sample for this calculation is charged with 1.5x10'/cm?.
The intersubband spacing between the ground and first excited state is 6.2
meV, while the first to second excited state energy is 32.9 meV, ensuring that
the two state approximation is valid at the relevant low temperatures.

pro = —i [wiopio + (¢/R) Vio] — Tapro — (i/R) Vio (t) A (5.5)

with the potential matrix element Vi (¢):

‘/1() (t) = eEzlosm (wt) + Oéhwl() [Replo (t) — (C/4) (A — AO)] (56)

where A = pgo— p11, Qg is the population difference in thermal equilibrium,
o= 87T62N351010/Hu)10 is the depolarization shift introduced in Section 1.1.1,

and ¢ = (200 — 211) /210 characterizes the asymmetry of the well.
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These equations of motion are complex, but an important thing to note is
the source of the nonlinearity that produces period doubling. In Equation 5.5,
the last term is (i/h) Vio (t) A, which will produce a term a( (iwi9/4) A%, which
is a source of nonlinearity in the equations of motion. This term illustrates the
fact that the depolarization shift AND the asymmetry of the well are both
required to produce this nonlinear term. These parameters must be controlled
very precisely during the design of the asymmetric well in order for a period
doubling bifurcation to occur.

The well that Galdrikian and Birnir designed is shown in Figure 5.1. An
asymmetric step in the well produces two closely spaced states at low energies,
significantly separated from the upper states in order to satisfy the two state
approximation. The response of the well was then simulated over hundreds
of periods of the drive field cycle, using Equations 5.4 and 5.5. This time
dependence of the density matrix was then used to compute the expectation
value of the charge density, (z). At each electric field strength, (z) is sampled
once per drive cycle for several hundred drive cycles. For motion with the
period of the driving radiation, all the sample points should lie on top of each
other. However, if a period doubling bifurcation occurs, there should be a

component at half the drive frequency, so if the points are sampled they should
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now only lie on top of each other once every two cycles, and two points will be
produced. (Figure 5.2).

When charge responds to the drive at half the frequency, this creates an
electric dipole oscillating at this subharmonic frequency. This oscillating dipole
radiates at this half frequency, which is then the observable quantity in the ex-
periment. The characteristic of a period doubling bifurcation is a subharmonic
signal that occurs over a limited range of driving electric fields.

B. Galdrikian drove the original well design at 500 GHz, which produced
the complicated bifurcation behavior shown in Figure 5.3. For this drive fre-
quency, well below the frequency of the intersubband transition (1.5 THz), cas-
cades of period doubling bifurcations can occur, eventually leading to chaotic
behavior. The bifurcation regions produce emission at an increasing number of
subharmonics as the number of period doubling bifurcations increases, until the
emission finally becomes completely broadband when the bifurcation diagram

shows chaotic behavior.
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Figure 5.2: pgo and the associated mapping of (z) /219 as a period doubling
bifurcation occurs.
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Figure 5.3: Bifurcation diagram (left) and associated emission power (right)
for B. Galdrikian’s well design. A is a unitless parameter that scales directly
with the electric field. For this well, A =1 ~ 10 kV /cm.|27]

5.2 Redesign of Optimal Samples

The sample design of Galdrikian and Birnir is not optimal for experimental
observation of period doubling. In their paper, they drive the well at 500
GHz, which produces more interesting bifurcation behavior in their sample.
However, electric fields of well over 10 kV /cm are required in order to observe
the predicted behavior. Achieving these field strengths at 500 GHz is not
possible at the UCSB FEL, as the diffraction limited spot size is too large to
achieve these fields at the powers the FEL can produce. The FEL in Dresden
can produce higher peak powers, but the lower frequency limit is 1.2 THz.

Modeling this initial well design under higher frequency drive shows that
period doubling bifurcations can occur at lower electric fields (Figure 5.4), but

they are still at the high end of the UCSB FEL’s capabilities. With this in mind,
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Figure 5.4: The period doubling bifurcation in B. Galdrikian’s sample design at
103 ¢cm-1. The electric fields required to reach the period doubling bifurcation
are high for the UCSB FEL, and the electric fields to move past the bifurcation
are not, possible even with optimal coupling and focusing at UCSB.

we set out to design a new sample optimized for frequencies where high power
densities could be achieved, both at UCSB’s FEL and the FEL in Dresden. The
goals in the redesign of this sample were: 1) To optimize the period doubling
response for 84 cm-1, a frequency with high power levels at both FELs, 2) To
minimize the terahertz electric field strength required to produce a bifurcation,
3) To find a sample design where period doubling bifurcations occur over a
large range of sample parameters, making the phenomenon more robust to the

real variations that are possible in an experiment.
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Figure 5.5: The original bifurcation diagram from [27] (left), and the repro-
duced bifurcation diagram using the new bifurcation code.

5.2.1 Simulations

The first step in the process was to produce a computer code capable of
solving the exact states of a given quantum well, then simulating the well’s
period doubling response. B. Galdrikian wrote a Schrodinger-Poisson code
during his graduate career to solve for the exact states and energies for a
quantum well. This code was moved from Mac to Windows, then combined in
C with code I wrote to solve the differential equations of motion from section
5.1. Notes on this code are in Appendix E.

The first step was to verify the code by reproducing B. Galdrikian’s original
results, which is shown in Figure 5.5.

Once this check was performed, the next step was to perform simulations
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over a large parameter range. Figure 5.6 shows the set of parameters that were
varied in the simulations. The simulations were set up to solve for the wave
functions and energies of a given well, then simulate its behavior under strong
terahertz driving fields at 84, 103 and 110 cm~! (three frequencies the FELSs at
UCSB and Dresden are both capable of producing with high power). If the well
produced a bifurcation, the electric field where the bifurcation first occurred
was recorded. The goal was to produce bifurcations at the minimum electric
field below 10 kV /cm, the maximum estimated field under optimal conditions
at UCSB.

These simulations were used to produce diagrams of the bifurcating electric
fields for various well designs, as shown in Figure 5.7. This shows the simulation
for a well width of 40 nm. The position and height of the asymmetric step is
varied, all for constant temperature and values for I'y = 0.1 and I'y; = 0.05. In
order to ensure the two state approximation from the theory was valid, it was
required that the spacing between the first and second subband in the well be
less than four times the first and third subband spacing, i.e. 4E15 < Ei3.

The simulations indicated that moving the intersubband spacing towards
lower frequencies than the 31 nm well in B. Galdrikian’s work was favorable

for period doubling. This is accomplished by making the well wide. An ex-
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Figure 5.6: Parameters that were varied in the search for the ideal period
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I'5, and the temperature were also varied.
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Figure 5.7: A simulation of a 40 nm quantum well, at 30 K with I'y = 0.1 and
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not produce bifurcations below 10 kV /cm.
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ample of the comparisons performed are shown in Figure 5.8. For an 84 cm™!

pump frequency and 3 nm step width, the bifurcation diagrams for increas-
ing well widths are plotted. Already, it is apparent that wider wells near 385
and 410 Angstroms are producing the widest range of wells with bifurcations.
Conditions become more favorable when the intersubband spacing is lower due
to the fact that the depolarization shift becomes larger. From Equation 1.16
we know that lower intersubband spacings increase the depolarization param-
eter «, which is key in the nonlinearities of the period doubling equations of
motion. It was also found that the drive frequency that would produce bifurca-
tions in these structures was 84 cm™!, which is where most of the experiments
in Chapter 6 were performed.

Moving in on the wide well region, the optimal step size was then explored.
Figure 5.9 shows the results when three step sizes are compared for the 385
Angstrom well. For wide wells such as this, it was consistently found that the
best bifurcation diagrams were produced for step widths of 2 nm. After more
exploration of the parameter space, it was found that the optimal well and step
width were 40 nm and 2 nm, respectively.

With these parameters, the charge density was then varied, shown in Figure

5.10. The goal of this was to choose a step height and position that would bi-
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Figure 5.8: Bifurcation maps for various well widths, each with a 3nm thick
barrier and pumped at 84 cm-1.
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Figure 5.9: For a 385 Angstrom well, three step widths were tried. 2 nm was
chosen as the ideal, because it produced the largest area of bifurcation with

low electric field strengths required.
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Figure 5.10: Charge density variation maps.

furcate at a number of charge densities. A step position of 150 Angstroms, and
height of 100 meV (13% Aluminum) were chosen based on these simulations.
Finally, the sample was simulated for different values of I'; and I's, shown in
Figure 5.11). The values of I'; » for the real well could vary, so this simulation
was important to get a realistic idea of the bifurcation’s robustness to different

relaxation rates. The chosen sample (shown by red lines) produces a bifurcation
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Figure 5.11: Gamma variation map.

for both simulated values of I'; 5.

5.2.2 New well design

The band structure and associated electron states for the final design, along
with the bifurcation diagram, are shown in Figure 5.12.
Once found, this design was then further simulated at a large variety of

charge densities and temperatures. One of the biggest unknown factors in the
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Figure 5.12: The newly designed period doubling sample structure, with a
charge density of 1.5x10'! /cm?. The total well width is 40 nm. The asymmetric

barrier is placed 15 nm from the well edge, and is 2 nm thick, with ~13%
AlGaAs making the barrier ~ 100 meV.

experiment is the temperature of the electrons when illuminated with the FEL.
While the sample itself is cooled to 4 K, the electrons themselves can have a
much higher temperature if they are excited by intense THz fields. Temperature
dependent simulations of the sample (Figure 5.13) show that bifurcations can
be expected over a large temperature range. Additionally, bifurcation diagrams
at a number of sheet charge densities in the well were performed. It has been
shown [51] that as the charge density decreases, I's also decreases, which is
favorable for period doubling.

In reality, practical limitations during growth make the exact structure
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Figure 5.13: Temperature and charge dependent bifurcation simulations of the
new sample design.
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of Figure 5.12 difficult to grow. During MBE growth, the temperature of
the Aluminum cell determines the x value for Al,Ga;_As. To make the well
deep enough to produce well confined states, x = 0.3 is used for the barriers,
producing barriers approximately 230 meV in height. The small asymmetric
step in the well, however, is only 100 meV, corresponding to an aluminum
content of ~ 13%. Changing the temperature of the cell enough to produce
x = 0.13 takes a significant amount of time, in which the GaAs of the well
becomes dirty due to the background particle levels of the chamber. To avoid
this, the grower had to approximate the 2 nm thick, 13% barrier by two smaller
AlGaAs layers with 30% aluminum content, which average out to 13% over the
2 nm spacing. On the scale of the electron wave functions, which are spread
across the 40 nm well, this should look very similar to a 2 nm step of the

appropriate aluminum content.

5.2.3 Sample structure

The well itself was placed in a special structure designed to allow for inde-
pendent control of the charge density and electric field across the sample. In a

sample with just a doped active quantum well and front Schottky contact, the
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Figure 5.14: Final simulations of the period doubling sample before growth, to
ensure that small possible variations during growth leave a large enough margin
of error so that period doubling can still be expected to occur.
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Figure 5.15: Sample structure, including a back gate well to independently
change the electric field across the active well and its charge density.

charge density and electric field are altered simultaneously with applied voltage
and cannot be separately controlled. For most voltages, the transition is Stark
shifted away from the simulated flat band conditions, producing a well with
both the incorrect electronic spacing and a broader transition. This means that
the well will have a fixed charge density at flat band, and most of the flat band
charge density states simulated in Figure 5.13 will not be accessible.

To increase the available range of charge densities accessible at flat band
conditions, a second doped well was added below the first (Figure 5.15). This
well can be independently contacted and biased, and used to alter the flat band
electric field. [52]

Finally, simulations of the sample structure were performed for different

DC electric fields to simulate the effect of an applied bias (Figure 5.16). For
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Figure 5.16: Bifurcation diagrams for several applied electric fields, using the
new well structure at 30 K and 1.5x10' /em? electron density.

modest electric fields, the period doubling bifurcations still occur, albeit at

higher AC field strengths. For the sample structure in Figure 5.15, applying

negative biases at the front Schottky contact (reverse bias) is acceptable, but

large positive biases past flat band conditions (forward bias) will begin to draw

current across the sample. Due to the asymmetry, only negative electric fields

produce bifurcation diagrams, while positive electric fields destroy them. Thus,

the smaller side of the asymmetric well was placed closer to the surface of the

sample, so that the negative applied bias on the Schottky gate would produce

the proper electric fields across the well.
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5.3 Continuous wave vs. pulsed measurements

The simulations described so far have all assumed that the electric field is a
continuous wave. For the FEL at UCSB, this is a good approximation. Pulses
last for between 1 and 3 microseconds, which at 2.5 THz would correspond
to 2.5 — 7.5 million cycles. The simulations come to a steady state response
behavior within approximately 100 cycles, so for all intents and purposes they
are CW pulses if the measurement is made only during the pulse. From the
perspective of reproducing the simulations, these pulses are ideal. However,
the FEL at UCSB has the disadvantage of a low repetition rate (1 Hz) and
poor power stability.

The FEL at Dresden has a very high repetition rate (13 MHz) and good
power stability. However, the pulses are much different than those at UCSB.
It produces short pulses, whose durations are ~ 15 picoseconds. For finding
a period doubling signal, this laser has distinct advantages over the UCSB
FEL, but the response to these short pulses were unknown. To determine this
behavior, further simulations were performed with short pulses like those at
the FEL in Dresden.

Figure 5.17 shows the results of simulations with Gaussian pulses of varying
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Figure 5.17: Simulations of short pulses to see the response expected at the
Dresden FEL. All simulations have peak electric field values of 4 kV /cm, I'y =
0.1, I'y = 0.05, N, = 1.5x10" /em?, T = 30 K.
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lengths. Top panels show the electric fields of the pulses with the corresponding
pulse durations. The bottom panels of each figure show the emitted power.
The short pulses produce subharmonic emission just as the long CW pulses,
but the emission is much broader in frequency response. This corresponds to
the increased pulse bandwidth for the short pulses. This check shows that the

short pulses at Dresden can be used.
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Chapter 6

Initial Searches for Period
Doubling Bifurcations in Quantum

Wells

After the extensive calculations performed in Chapter 5, a sample following
the new design was grown. A previous sample using the design modeled by
B. Galdrikian had been grown in 1996, and experiments to search for period
doubling bifurcations were performed on both samples. The new sample was
grown according to the new design structure of Figure 5.12. The 1996 sample
was grown prior to the development of the back gated sample design, and
consists of only the quantum well active region, a barrier, and a front Schottky
gate.

Unfortunately, the full functionality of the back gate quantum well was

never realized in the new sample, due to difficulties during processing. Both
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samples lacked the ability to independently adjust the charge density and elec-
tric field. After the period doubling experiments were performed, it was discov-
ered by the clean room staff that for the normal nitrogen flow rates used, the
thermal annealer was miscalibrated, leading to extremely high temperatures at
the sample (> 100 C over the targeted annealing temperature). This caused
contacts to the active quantum well layer to spike through the AlGaAs barrier
into the backgate quantum well, leaving the two layers shorted and making it

impossible to apply independent bias to the two wells.

6.1 Capacitance

As in Chapter 2, capacitance was the main tool used to investigate the
charging of the sample. The charging of the two samples are shown in Figures
6.1 and 6.2.

For the new sample design, charging of the asymmetric quantum well begins
at -0.6 V. Before this charging occurs, there is a large background capacitance.
This is due to the fact that the back gate quantum well is shorted to the active
quantum well, but is more heavily doped and further from the surface. Within

the range of voltages before reverse breakdown of the diode structure occurs,
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Figure 6.1: Capacitance and integrated charge density for the newly designed
sample.

Figure 6.2: Capacitance and integrated charge density for the older sample
design.

it was impossible to deplete this backgate well.

For the older well design, the onset of capacitance occurs near -1.0 V. How-
ever, without the backgate, there is no large background capacitance. In both
samples, the capacitance shows a slight additional rise after the onset of charg-
ing. This is thought to be the charge density and electric field where a large
fraction of the charge in the asymmetric well shifts to the other side of the small

step closer to the surface of the sample, causing a slight increase in capacitance.
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6.2 Intersubband spectroscopy

Intersubband spectroscopy was performed on the sample to verify that the
transition occurred at the proper frequency. The spectroscopy was performed
in a THz time domain system similar to that shown in Figure 4.1. A photo-
conductive antenna was used in place of the ZnTe generation crystal, and the
laser was a Ti:Sapph oscillator putting 300 mW average power on the antenna.
The emitter was DC biased with 4 Volts, and the voltage on the sample was
modulated as for the experiments in Chapter 2. This produced a signal that
is only due to the modulation of the THz electric field waveform, which could

than be Fourier transformed directly to the absorption.

6.2.1 New sample

As expected from calculations including the depolarization shift of the ab-
sorption, an absorption slightly above 1 THz was detected in the new sample
design. The absorption is shown in Figure 6.3. The results showed a slightly
shifting frequency for the transition as the D.C. electric field Stark shifted the
transition energy. This shift reaches a minimum frequency at 0.1 V applied

bias, where the transition also shows the narrowest linewidth, indicating this
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Figure 6.3: Waterfall plot of the absorption as a function of voltage for the new
sample design (left). The absorption for 0.1 V, which showed the narrowest
linewidth, is shown along with a Lorentzian fit. The half width-half max of
this peak corresponds directly to I'y, which was 0.08 for this sample.

is the voltage where flatband conditions are achieved in the well. A Lorentzian
fit of the absorption at 0.1 V shows a half-width half max corresponding to

'y = 0.08, which should show bifurcations according to simulations.

6.2.2 B. Galdrikian Sample

Figure 6.4 shows the intersubband absorption from the sample design of B.
Galdrikian. For the narrower well, the transition is shifted to higher frequen-
cies as expected. Additionally, it seems to show a larger range of transition
tunability than the new sample design, for reasons that are not clear. This

is possibly because the signal to noise for this measurement was significantly
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Figure 6.4: Absorption of the older sample design as a function of applied
bias. Measurement performed by D. Stehr and collaborators at the HZDR in

Dresden.

improved, and the shifted absorption for the new sample design was below the

noise floor.

6.3 UCSB FEL Results

The experimental setup at the UCSB FEL is shown in Figure 6.5. The
FEL is tuned to 84 cm™! (2.5 THz), and sent through two polarizers, which
can be variably cross-polarized to control the transmitted power of the FEL.

The maximum power available at UCSB at the output port of the FEL was
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~ 1 kW, and about 700 W at the input to the cryostat. The FEL was then
focused by an off-axis parabolic mirror onto the sample, which was placed at
a 45 degree angle in a helium-in-vapor cryostat. A silicon hemisphere was
mechanically pressed on the back of the sample, and the FEL focused onto
the silicon. The silicon allowed the FEL to achieve a smaller diffraction limited
spot, increasing the electric field at a given power, which is necessary to achieve
the required power densities for period doubling at UCSB. The light coming
out of the sample, which should consist of the main laser line plus a small
period doubled signal, was collected by another off-axis parabolic. This light
was sent through two special QMC filters that attenuate 2.5 THz by a factor of
200 each, while passing 95% of the light at the period doubled frequency, 1.25
THz. This was designed to produce a total attenuation of 4x10*, which was
enough filtration to prevent overload of the bolometer. The bolometer signal
and pyro signal were recorded with an oscilloscope.

For the experiment at UCSB, the FEL was focused (in free space) to a spot
of approximately 300 pym diameter. With this spot size, plus the additional
focusing power of the Si lens, powers of a few hundred watts at the cryostat
entrance could produce the required electric fields (details of the electric field

calculations can be found in Appendix B). Two major difficulties presented
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Figure 6.5: The experimental setup at UCSB. The experiment is done in re-
flection geometry, with a silicon lens to focus the FEL to a smaller diffraction
limited spot, increasing the power density and associated electric field strength.
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themselves for the UCSB experiment. The first was that the reflection geome-
try is difficult to align so that the focal spot occurs just at the active layer. A
pinhole must be used in transmission to ensure that the focal spot is properly
positioned each time the experiment is run. The second major difficulty per-
forming the experiment at the UCSB FEL was the poor stability of the laser.
Power fluctuations of 10% from pulse to pulse were typical, while over periods
of 10 minutes the FEL would not stably lase. Several experimental days were
spent searching for the period doubling signal, but the slow repetition rate (1
Hertz) and the power instability combined to give a low signal to noise, and no
signal with the expected power dependence for period doubling was observed.

The main achievement of the FEL experiments at UCSB was to test the
components of the system that would be used at the FEL in Dresden, which is
far more stable and can achieve a larger power range. The QMC filters were
tested, and it was verified that their specifications were accurate. Attenuation
of each filter was slightly higher than the factor of 200 given; two filters com-
bined gave a total of 50,000x attenuation, corresponding to ~ 220x for each

filter.
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6.4 Dresden FEL Results

The FEL in Dresden produces much different pulses than the UCSB FEL.
Each pulse is much shorter, on the order of 20 ps as compared to 1-3 us at
UCSB. This produces a pulse that is also less narrow in bandwidth, usually
with a full width half max of approximately 2 yum. The repetition rate of the
laser is 13 MHz, much higher than the 1 Hz repetition rate at UCSB. This
results in much higher average powers, extending to the range of Watts, as
opposed to the 1 mW average power at the UCSB FEL. A 13 MHz repetition
rate means that the beam can be optically chopped, and lock-in detection can
be used. This gives a huge advantage in signal to noise over the FEL at UCSB.

The experimental setup for the FEL at Dresden is similar to UCSB, but the
geometry of the experiment is changed from reflection to transmission. Power
levels at the UCSB FEL required that the Si lens be used to increase the focus-
ing and thus the power density. At Dresden, peak powers of over 10 kW can be
achieved, making the increased focusing unnecessary. The transmission mode
experiment is easier to align, as the transmission signal can just be maximized.
The FEL beam is passing through the sample, which is 2 mm thick, so the

focus just needs to occur within that 2 mm rather than the complicated focus
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Figure 6.6: The experimental setup at Dresden. The setup is similar, except
the higher powers of the Dresden FEL make it unnecessary to use the Si lens
in the reflection geometry, so simpler transmission experiment is performed.

alignment necessary at UCSB.

The FEL is attenuated by calibrated attenuators in the beamline, and then
focused by an off-axis parabolic mirror into the side facet of the sample. The
facet is polished to a 15 degree angle, which has been shown to increase the
coupling for previous experiments in this geometry. The transmitted signal is
then collected by another off-axis, the 2.5 THz laser line is filtered out, and the
signal is detected by a Si bolometer.

The beam size of the Dresden FEL is approximately 2 cm, which limits the
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focal spot size, due to the reduced numerical aperture. The minimum spot size
that was achieved was 500 um, which is sufficiently tight focusing to achieve
the required electric fields with the increased power levels available.
Modulation of the beam was achieved in two ways: mechanically with a
chopper, and by voltage modulation of the sample as for the intersubband
absorption experiments. Voltage modulation gave greatly increased signal to

noise, and the results presented here are all for voltage modulated samples.

6.4.1 THz absorption

The first experiment that was performed was an absorption measurement.
The FEL was run at 2.5 THz, and voltage dependent absorption of the 2.5 THz
light was performed. Figures 6.3 and 6.4 show that both samples will absorb
this frequency for certain voltage ranges.

The absorption for B. Galdrikian’s sample (Figure 6.7) shows two distinct
peaks. The peak at -0.3 V is present for all power levels. This peak corresponds
to absorption from the lowest subband to the second subband. At 113 mW
average FEL power, a second absorption peak appears at -0.6 V. Using the

intersubband absorption data (Figure 6.4), one can see that the transition is
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Figure 6.7: Absorption of the 2.5 THz FEL for B. Galdrikian’s sample design,
with the associated band energies and absorption mechanisms.

Stark shifted to high frequencies near 5 THz at this voltage. This means that
the peak at -0.6 corresponds to a two-photon absorption process, still from the
first to second subband.

In the new sample design, the absorption results were more complicated.
As the voltage increases, the transition Stark shifts towards the minimum fre-
quency of ~ 1.1 THz near 0.1 V. Above this voltage, the transition Stark shifts
to higher frequencies, although the intersubband absorption spectra are not
high enough signal to noise to determine the full spectral absorption shift. The
first peak that appears at -0.3 V appears to be associated with the Stark shifted

absorption from the first to second well subbands. However, the second peak
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Figure 6.8: Absorption of 2.5 THz light for the new sample design, with the
associated band energies and absorption mechanisms.

appearing at 0.05 V at 73 mW cannot be two photon absorption from the
first to second subbands as in B. Galdrikian’s sample, since the intersubband
frequency is near 1.1 THz at this voltage. Instead the absorption must be a
two-photon absorption from the second to third subbands, which calculations
show are separated by 5 THz near flat band conditions. From Figure 6.1, it can
be seen that the charge density at this voltage is approximately 1.5x10'!/cm?.
In GaAs, the constant density of states gives ~ 2.6x10'° /cm? per meV, meaning
that the Fermi level is 5.75 meV above the first subband, while the 1-2 subband
energy spacing is only 4.2 meV. This means that the second subband has ac-

tually started to fill by this voltage, and a 2-3 subband two-photon absorption
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matches the intersubband spacing and charge density.

6.4.2 THz Intersubband Emission

After the absorption measurements, the next step was to look for the period
doubling emission, by putting in the QMC 60 cm~'edge filters. A full range of
powers were looked at for both samples, with high levels of averaging, but no
signal indicating a period doubling bifurcation was observed.

For new sample design, the period doubling experiment was tried in several
configurations. First, the voltage on the sample was modulated as before.
Chopping the FEL was tried as well, but despite trying many powers and
averaging extensively for both setups, no period doubling signal was observed.
Additionally, the average power was reduced by covering 5/6 of the chopper
holes, to reduce the average power on the sample and thereby reduce any
possible detrimental effects due to heating, but again no period doubling signal
was observed. The older sample design was probed similarly, but at 103 cm ™!,
where period doubling is predicted to occur for this sample, also with null

results.

While period doubling was not observed, an emission signal whose source is

141



1.0x10”

Absorption (a.u.)

096 04 02 00 02 0a
Voltage (V)

—— 4K Filtered 2.5x10°
—— 10 K Filtered
0.002 —— 20 K Filtered
—— 30 K Filtered
—— 40 K Filtered
—— 50 K Filtered
—— 60 K Filtered
—— 70 K Filtered

2,0x10°

u.)

1.5x10° 4

0.001 1.0x10° 4

Absorption (a.u.)
Absorption (a

5.0x10° -

1.0 -05 00 05 M0 08 06 04 02 00 02 o4
Voltage (V) Voltage (V)

Figure 6.9: Emission with the FEL focused on the sample. (top) Temperature
dependent emission of the new sample design, with and without the QMC 60
cm™? filters, with the FEL blocked. (bottom) Small dips seen in the unfil-
tered spectra were due to slight miscalibrations of the AC voltage source, and
occurred when the source was switching ranges. Conditions were optimized be-
tween the power dependent scans (top) and the temperature dependent scans
(bottom), resulting in the greatly increased signal to noise.
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Figure 6.10: Emission of B. Galdrikian’s sample as a function of the applied
FEL power. The decreased emission for very high powers is most likely due to
heating of the sample.

still unclear was observed, seen for the new and older sample designs in Figures
6.9 and 6.10, respectively. The first instinct was to associate this signal with
period doubling, but as can be seen from the power dependence, the signal is
present when the FEL is blocked as well. As the pump power of the FEL is
increased, there is a change in the emission. To further investigate this effect,
temperature dependent measurements of the emission were performed for the
new sample design. Comparing the two spectra, the change in signal at higher
powers seems to be associated with heating of the sample at high average FEL

powers. Further discussion of the emission is found in Appendix C.

143



6.4.3 Discussion and future experiments

The period doubling experiments at Dresden show with reasonable certainty
that period doubling emission is not present for either sample. The experiment
is sensitive enough to observe emission signals in the sub-picowatt range. If
the period doubled emission is below this signal level, it may not be possible
to observe and distinguish it easily from the power-independent emission.

There are several possibilities that could explain why period doubling was
not observed. First, of course, is that the theory incorrectly describes the sys-
tem, and the effect does not actually exist. The depolarization effect that is
responsible for the nonlinearity of the system is calculated as a perturbative
effect, which may not be valid for such strong driving fields. As the popula-
tion of a state is significantly altered by strong drive, it has been shown that
the depolarization shift is significantly reduced. |28] This was shown in an
experiment with a resonant drive field, however, and here the driving field is
significantly off resonance from the transition. The calculations show that the
population is changing less than ~ 10% because of the off resonant drive.

A second possibility is that the high average power is causing significant

heating of the electrons. This would increase the dissipation in the system,
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possibly bringing it to a regime where period doubling cannot occur. This is
a difficult problem to overcome, as the repetition rate of the laser cannot be
reduced. The only way to improve this would be to grow a sample with a
narrower absorption linewidth so that heating does not bring the sample above
the dissipation limits for observation of period doubling.

Another possibility is that subharmonic emission occurs, but domains form
in the electron gas, each with its own phase. If the phases are randomly dis-
tributed, this would lead to deconstructive interference, leaving a reduced or
completely canceled emission signal.

When the emission signal was not observed in the experiment in Dresden,
we performed calculations that show that the period doubling effect can be
observed in absorption as well. When the bifurcation occurs, the absorption
increases in a step-like manner, and decreases again when the bifurcation is
complete. This is logical, since the energy for the predicted subharmonic emis-
sion must come from the absorbed field. Formation of domains with different
phase would not be a problem in the absorption, since the absorbed photon
is seen a reduced signal at the detector no matter what phase of period dou-
bling oscillation it produces. Additionally, the absorbed signal should always

be larger than the emitted, since some dissipation of energy occurs between the
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absorption and emission.

As mentioned above, the two-photon absorption present in the new sample
design occurs at the same voltage where a period doubling bifurcation would
occur. This two photon absorption would most likely dwarf any period doubled
signal, and would certainly be indistinguishable from it. To eliminate this
two-photon absorption and search for any period doubling related absorption
present, the second subband must be unfilled. To do this, a sample with a
working back gate, where flatband conditions can be reached at reduced charge
density, is necessary.

Additionally, the absorption experiment should be carried out on B. Galdrikian’s
sample design, using 103 cm™! as the pump frequency, where period doubling is
expected to occur most robustly for this sample. This sample should not have
a two-photon absorption at this frequency for flat band conditions, and may be
the ideal candidate for a period doubling absorption. While the phenomenon of
period doubling is still unobserved, future prospects for experiments to display

the effect remain strong.
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Appendix A

Processing Details

The processing for the resonant photocurrent experiment and the period
doubling experiment are similar for many steps. Two different processes were
used with AZ 5214E resist, both of which worked for the general processing
steps. The anneal for a two layer structure in the period doubling sample was
never perfected. The process used for the period doubling samples is preferable

for lithography, as it caused fewer problems during liftoff.

Quantum Post FTIR Samples

1. Cleave sample to 1 cm x 2.5 mm. Clean with acetone, isopropanol, 3

minutes in sonicator at low power levels (3/10).
2. Spin on AZ5214E photoresist at 6000 rpm for 30 seconds. Solvent bake
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at 115 C for 60 seconds.

3. Cover 1/3 of sample with aluminum foil shield. Flood expose for 5 min-

utes.

4. Develop with AZ 400K 1:4 for 60 seconds. Further development time can
be used to get rid of any remaining photoresist around the edges of the
sample. However, leaving a small edge bead was sometimes benificial.
Covering the sample from edge to edge with aluminum sometimes caused

the sample to be leaky under reverese bias.

5. To avoid aluminum covering the side facet and causing a short between
the back gate n-doped layer and the Schottky aluminum front contact,
the sample must be glued to a mount during evaporation. A glass slide
was used during the processing of the QP FTIR samples. AZ 5214E was
used to glue the sample to the glass slide, then the same resist was used
to cover the side walls carefully, being sure not to cover the to surface.
Then the glass slide and glued sample were heated for 60 minutes at 90

C to evaporate the solvents from the resist.

6. Evaporation: 2000-3000 Angstroms of aluminum by e-beam evaporation.
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The evaporator should be pumped to 2e-6 torr before beginning.

7. Liftoff: The long bake to glue the sample down hardens the resist. A
longer than normal liftoff is needed usually. The sample should be soaked
in acetone for 1 hour or more. Any remaining photoresist after this can

be brushed off gently with a small paintbrush.
8. Solvent clean as in step 1.

9. Indium: Make two small scratches in the 1/3 of the sample uncovered
by aluminum. Small pieces of indium are then mechanically pressed into
these scratches. Heat the sample for 60 seconds at 410 C in the strip

annealer to make the contacts.

Resonant Photocurrent Experiment Samples

1. Cleave approximately 1 cm x 1 ¢m sample. Clean with acetone, iso-

propanol, 3 minutes in sonicator at low power levels (3/10).

2. Spin on AZ 5214 photoresist at 6000 rpm for 30 seconds. Solvent bake

at 115 C for 60 seconds.
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. Mesa level lithography. The mask created requires image reversal for this
step. Expose for 25 seconds. Bake at 115 C for 60 seconds to image
reverse. Next is a 60 second flood exposure. This is then developed for

50 seconds in AZ 400K 1:4 developer.

. The etch comes next. The etch used is 1:8:160 HySO, : HyO, : HyO. Mix
for 30 seconds. This should produce an etch rate of approximately 5
Angstroms/second. However, the etch rate is variable, and can be up to
8 Angstroms/second if the mixing ratios are a little off, so it is best to
etch in several smaller steps. The Dektak is used to monitor the etch for

the correct depth.

. Rinse the photoresist with acetone, isopropanol, and water.

. Next, the lithography for the contacts is performed. The top and bot-
tom contacts are both ohmic contacts. This is the same image reversal

lithography performed in step 3.

. The deposition of the top contacts is: 150/300/150,/2000 of Ge/Au/Ni/Au.
This is then annealed in the rapid thermal annealer for 45 seconds at 430

C.
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Period Doubling Processing

The processing for this sample never fully worked. It was discovered after
the trip to Dresden that the calibration for the rapid thermal annealer was
significantly off, which meant all the samples were annealed at a temperature
that was far too high. This caused a short between the back contact quantum
well and the active region quantum well. The processing for this sample is

exactly as detailed in Jon Williams’s thesis, with a few differences.

1. Image reversal lithography: AZ5214E resist. Spin on at 6000 rpm for 30
seconds. Bake for 60 seconds at 95 C to get out the solvents. 5 seconds
initial exposure. Image reversal bake for 60 seconds at 110 C. Flood

expose for 60 seconds. Develop in AZ MIF 300.

2. Etch: 1:8:160 HySOy4 : HyO5 : HyO as in the section for the resonant pho-
tocurrent experiment. First, an etch is done on the region for the contacts
for the quantum well and the back gate, 100 nm. Then an additional 640
nm is etch towards the quantum well back gate. It may be necessary to

etch closer to the contacts than 100 nm.

3. The anneal is still not worked out. The best advice is to slowly increase
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the temperature of the anneal, with constant time. I have tried 30 second
anneals, starting at 370 C. After each anneal at constant temperature,
check the resistance. It will hopefully be in the kilo-ohm level, with the

resistance between the quantum well and back gate contact being larger.
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Appendix B

Period Doubling Electric Field
Calculations

We start with the Poynting vector,

S—ExH (B.1)

In the materials here, u, = 1, so the H field is just H = B/, and the

Poynting vector is:

S=E x B/u (B.2)

We assume a plane wave form for the electric field waves, given by:

E = Ej cos (kz — wt) x (B.3)
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B =Bgcos (kz —wt)y (B.4)

For plane waves, using Maxwell’s equations gives us the constant By in

terms of the electric field Eg

B
VXE:—aa—t—)BOZEok/w:EoII/C (B5)

To determine the average power, we can average over a period of the wave,
getting:
E2n Ein

(8)] = 2 (cos” (k= w)) = 2% = /A (B.6)

The electric field for a given power and spot size can then be calculated:

P/A _ 2Egc 2,&(]CP \/2#06005 o 2 P (B?)
Ho

en A €ocn A
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Appendix C

Period Doubling Emission Analysis

Polarization tests showed that the emission is polarized along the growth
direction, as would be expected for an emission associated with an intersubband
transition. However, these measurements are taken with a square wave pulse,
so essentially the emission occurs at a constant voltage. In this situation, it
is not clear where the energy for such an emission would come from. Several
tests were performed by DC biasing the sample and placing an optical chopper
in various locations in the beam path. When the chopper is placed between
the sample and the bolometer, a large DC signal is observed, as well as the
emission. The DC signal most likely comes from the difference in black body
emission from the 300 K chopper blades and 4 K sample. The fact that the
emission is there in this geometry seems to suggest that the observed signal is

really an emission from the sample, and not merely the modulation of black
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Figure C.1: Emission spectra for the new sample design, taken using an FTIR
without the 60 cm~" filters.

body radiation passing through the sample. As another check on this, the
chopper blade was placed at the entrance to the cryostat, and no signal was
observed.

The emission from the new sample design was investigated spectrally using
an FTIR, with the emission spectra shown in Figure C.1. Due to the low signal
level of the emission, obtaining spectra with good signal to noise was difficult.
However, the spectra seem to at least indicate that the emission is somehow
associated with the intersubband transition, as the linewidth is narrow. Further
investigation of this effect would be necessary to speculate on the origin of the
emission signal.

However, while the source of the signal is unclear, observation of the emis-
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sion, but not the period doubling signal means that a limit can be set on the
strength of period doubling emission. At the level of averaging and signal to
noise present when the power dependent scans were taken, any period doubling
signal would need to be less than the noise level, approximately 1x10~* V signal
on the lock-in. To establish a power level, this signal must first be backed out
of the lock-in, which gives the RMS voltage, and assumes a sine wave instead
of the square wave that is being used for modulation. This gives us a real
noise level of 1.1x10™* V. Given the bolometer response of 2.4x10° V/W and
factoring in the gain setting of 1000, the power corresponding to 1.1x107* V
is = 1.1x107* W/2.4x10% V/W = 4.6x107'3 W. Any signal at the level of 0.46

pW or greater should be observable in the experiment.
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Appendix D

Resonant Photocurrent Data
Analysis

The data shown in Figure D.1 has been modified from the raw data to
allow for proper comparison between the horizontal and vertical polarizations.
Our ability to control the power on the samples is limited by the attenuation
scheme and the pulse to pulse power fluctuations of the Free Electron Laser.
Lack of control over the THz power makes it very difficult to apply the exact
same amount of power at the two separate polarizations. Slight differences in
the power lead to differences in the photocurrent from separate polarizations
of THz light, particularly at high voltages, as can be seen in Figure D.1a.

We believe that the large photocurrents at high voltages are caused by heat-
ing of the carriers from the THz beam, an effect which should be polarization

independent and should be of equal magnitude for both polarizations if driven
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Figure D.1: Calibration of the vertical and horizontal photocurrent for the
intersubband response. The photocurrent at large voltages is assumed to be
due to heating and is matched, thereby taking into account any difference in
coupling of the two polarizations into the sample.

at equal power. Figure D.2 shows the photocurrent response as a function
of voltage which is applied only across the back gate (no current through the
quantum well or post structure). There are no quantum transitions to interact
with in this system and any signal which is seen is attributed to heating effects.
We find that the heating response from both polarizations is equal and that
the magnitude of the photocurrent in the back contact is consistent with the
magnitude of photocurrent seen at high voltages in the quantum well and post
samples. This is a strong indication that the photocurrents seen at high voltage

(>4 V) are induced by heating.
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Figure D.2: Heating of the contacts induces photocurrent. This measurement
was taken applying the FEL in the space between two back contact pads, thus
heating the electrons and causing the photocurrent.
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Under the assumption that the majority of the photocurrent at high voltage
is induced by heating, these photocurrents are indicative of the power incident
on the system and can be used to normalize the measured curves. We expect
that the response from equal applied THz powers at separate polarizations
should be the same in this high voltage regime and scale our data accordingly.
The curve shown in Figure D.1b is produced by adjusting all of the data at
one polarization by a scaling factor such that the high voltage photocurrent
response is the same for both polarizations. If the difference between the two
polarizations is integrated to show the response associated with the quantum
transitions, as is done for the “intersubband response” in Figure 3.13, any offset
at high voltages must be eliminated in order to normalize the powers incident
on the systems. For this reason, the integrated difference between polarizations
is performed on the adjusted data as opposed to the raw data in order to create

the “intersubband response” plot.
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Appendix E
Period Doubling C Code

Several versions of the code were written, to perform different tasks asso-
ciated with the period doubling simulations. However, they all have the same
code running as a backbone, only implementing it slightly differently depend-
ing on if the goal was to create single bifurcation diagrams or simulate large
sets of wells. For each implementation, there is a separate folder, and the main
project file is called PD_Well. Dev C++ was used as the compiler, available
free online.

The part of the code that solves the well energy structure and states was
written by Brian Galdrikian. They were originally written for Mac, and the
code initializing most variables was contained in the Mac specific section of the

code. I added initializations for the variables I wanted to use.
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Files

integrator.cpp Integrates the period doubling equations, the top level.

integrator.h Holds the functions that actually define the differential equation,

and the Runge-Kutta integrator.

main_run.cpp The code that actually decides which wells to run and what

to output. This is the top level of the project code.

param_reader.cpp Reads in parameters from a file set up to provide the in-
puts necessary for the quantum well solver. Most of these variables

are now entered in quantum_well new.h.

quantum_well functions.h Function declarations.

quantum_well new.h Defines constants, programming simplifications, and

some functions.

solve.cpp The main code responsible for solving the well. Brian Galdrikian

is responsible for most of this code.

solve functions.cpp Contains the functions necessary to solve for the wave-

functions and energies of the well.
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support functions.cpp A few more equations that support solve.cpp
TDEVAL.cpp Matrix manipulations for solving the well.
TINVIT.cpp Matrix manipulations for solving the well.

well creator.cpp Creates a well with the specified width, step height, step

width, etc, to be used in solve.cpp.

Futher File Explanations

integrator.cpp

This file contains the top level of the period doubling differential equation
solver. The only function is lam__bif. This function sets up the proper constants
and arrays for the integration. Time and electric field vectors are defined. The
electric fields are converted to the original A used in B. Galdrikian’s period
doubling paper. At each time step, the trace (pz) is calculated. oderkbpdeff is
called to actually compute the value of the differential equations at the next
time step. The time vector is defined by the number of cycles and the resolution

desired within those cycles. The actual sampling to determine if a bifurcation
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has occured does not start until cycle sample start. The variables related to

the timing are defined in quantum_well new.h.

integrator.h

frhs() defines the differential equations to be solved. There are three differ-
ential equations, to account for the fact that pjo is imaginary. The constants
passed in the array c|| are defined in main_run.cpp.

rho _intialize() finds the thermal equilibrium charge densities in the ground
and excited states. Details can be found in Brian Galdrikian’s PhD thesis.

oderkbpdeff() is the Runge-Kutta solver for the differential equations. This
code is adapted from Numerical Recipes in C++. The constants are defined in
quantum__well new.h, and are also from Numerical Recipes.

The older version of this function was designed to reduce the number of
multiplications necessary, but did not seem to increase the speed of calculations,

so was not used.
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main _run.cpp

This is the top level code that actually takes care of opening files, calling the
functions that do the calculations, and defining some of the constants that are
specific to a calculation for a well. The main execution of the program occurs
on three lines. First, well creator() is called to create the well specified by the
constants above. Solve() is called to produce the energies and wavefunctions
for the given well parameters. Finally, lam bif is called to solve the well and

determine the bifurcating electric field.

param_reader.cpp

This is largely unused now, but a few of the variables are still grabbed from
it. It reads the parameters that are required for Brian Galdrikian’s well solver,

assigning them to the proper variable names.

dz Angs The spacing for grid points in the well, in Angstroms. Currently,

this must always be 1 Angstrom.
T The temperature, in Kelvin.

mass_ratio The effective mass of the electron in the material being used.
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kappa The dielectric constant of the material being worked with.
bnum The number of points in the input grid for the well.
ns Number of states to be used in the well.

omegal For the susceptibility calculation, the lower frequency limit. This

does not work in the current version of the code.
omegaF Higer frequency limit for the same.
Gal gamma 1 in the period doubling calculation.

Ga2 gamma 2 in the period doubling calculation.

quantum_well new.h

The main space for defining constants used by many different sections of
the code.

struct parameters holds most of the variables used by solve that the user
can input.

After this many different parameters and notations used in the solve code
are entered. Most of the numbering is done from 1 to N in the solve code
instead of 0 to N-1, by using the replacements defined here.
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Finally, constants used throughout the program are defined.

solve.cpp

This is the main code that solves for the states of the well and the associated
energies. Old code associated with the Mac version is usually still there, but
commented out. Many of the variables are defined close to the top. The
spacing required for this calculation is 1 Angstrom. This can be changed, but
it is assumed throughout the program, and changing it could involve chasing

down all the places where 1 Anstrom spacing is assumed.

solve functions.cpp

This defines the working of the functions that do most of the work solving
for the potential energy and wavefuctions/energies for the well. These were
all written by Brian Galdrikian, and have been proven to work. It is not
recommended that they be modified without a thorough understanding of their

workings.
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support_functions.cpp

A few support functions, these do background work for the algorithms in

solve.cpp.

TDEVAL.cpp and TINVIT.cpp These are both matrix manipulation func-
tions, optimized for dealing with matrices quickly in the solution of the well

and its states. These should not be altered.

well creator.cpp

This sets up the well that will be solved, based on the basic inputs. w is
the width of the well in Anstroms, barrier height is the height in meV of the
barriers that define the sides of the total well (here around 230 meV for 30%
AlGaAs), step _w is the width in Angstroms of the asymmetric step, step pos
is the position of the left side of the barrier from the left side of the well in
Angstroms (not the center of the barrier), step h is the height in meV of the
asymmetric barrier in the well, nz is the number of points in the grid (needs
to be larger than the width of the well in Angstroms by a decent amount,
potential is the array that will hold the created potential energy of the well,

and well edge index and well center index are the positions of the edge of
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the well and center. These last two are integers, which is part of the structure
set up based on the fact that 1 Angstrom is the only size spacing that works

for this well.
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