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ABSTRACT OF THE THESIS

Theory and Design of Tunable Terahertz
Metamaterials for Application to Tunable
Terahertz Quantum Cascade Lasers

by

Christopher Curwen
Master of Science in Electrical Engineering
University of California, Los Angeles, 2014

Professor Benjamin S. Williams, Chair

Terahertz quantum cascade lasers are compact, coherent sources of THz power
that have drawn considerable attention in the past 10-15 years for their potential
use in THz applications such as spectroscopy and imaging. One of the key develop-
ments required to further the usefulness THz QCLs is robust, broadband tunabil-
ity. In this work, I suggest a new technique for tuning THz QCLs by incorporating
MEMS fixed-fixed and fixed-free cantilever beams into a THz transmission line
metamaterial resonant cavity. An analytic model for such THz transmission line
metamaterials is demonstrated using transmission line theory and is supported
by 2-D and 3-D finite element simulations. Proposed processes for fabricating
tunable THz transmission line metamaterials are outlined and current progress

on actual fabrication and device testing is reported.

i



The thesis of Christopher Curwen is approved.

Robert N. Candler

Mona Jarrahi

Benjamin S. Williams, Committee Chair

University of California, Los Angeles

2014

11



TABLE OF CONTENTS

1 Introduction . . . . . . .. .. .. ...
1.1 Terahertz applications . . . . . .. . . ... ... .. ... ...

1.2 Terahertz sources . . . . . . . . ... Lo
1.3 Terahertz quantum cascade lasers . . . . . . ... .. ... ....
1.3.1 Optical gain from QCL heterostructures . . . . ... ...

1.3.2 Waveguide . . . . . . . ...

1.4 Metamaterials . . . . . . . ..

2 Tunable terahertz metamaterial QCL theory and design . . . .
2.1 Introduction . . . . . . ...
2.2 Transmission line metamaterial theory . . . . . . .. ... ... .

2.2.1 Left-hand waves and CRLH structures . . . . . . ... ..
2.3 Tunable THz metamaterial . . . . . . . .. ... ... ... ...
2.3.1 Finite element simulations . . . . . . ... ... ... ...
2.4 Tunable THz QCL design . . . . . .. .. .. .. ... .. ....
2.4.1 Tuning of compound resonant cavity . . . . .. .. .. ..
2.4.2 Three mirror resonant cavity . . . . . . . . ... ... ...
2.5 Self-actuation of cantilevers . . . . . ... ... L.
2.5.1 Mechanics of cantilevers . . . . .. ... ...
2.5.2  Pull-in power, transmission line model . . . . . .. .. ..
2.5.3 Pull-in power, energy approach . . . . ... ... ... ..

2.5.4 THz metamaterial effective nonlinear index . . . . . . . . .

v



2.5.5 Comparison . . . . . . . . . . . ... 52

2.6 Higher order THz metamaterial design . . . . . . . ... ... .. 53
2.7 Summary ... ... 57
3 QCL ridge waveguide fabrication and modeling . . . . .. . .. 59
3.1 Imtroduction . . . . . . . . ... 59

3.2 MM self-actuated fixed-free cantilever metamaterial fabrication . . 59

3.3 Fabricationresults . . . .. .. ..o oo 62
3.4 Fixed-fixed beam Fabrication . . . ... . ... ... ... .... 66

4 Device testing . . . . . . . ... 71
4.1 Introduction . . . . . . . .. ..o 71
4.2 Experimental setup . . . . . .. ... oL 71
4.3 FLseriesdevices . . . . . . . . . .o 73
4.3.1 Moduledesign. . . . .. ... ... .. 73

4.3.2 FL86Qresults . . . . . . .. ..o 76

4.3.3 FLI91R results . . . . .. . . ... 79

4.4 OWI series devices . . . . . . . . . . . 79
441 OWIl12results . . . . . . . ... ... . 79

4.4.2 OWIL13F results . . . . . .. ... ... ... ... ... 82

4.4.3 Fathololoumi growth results . . . . . ... ... ... ... 82

4.5 Summary and conclusions . . . ... ... ... 83

5 Conclusions and future work . . .. . ... ... ... ... ... 85
References . . . . . . . . . . 87



1.1

1.2

1.3

1.4

1.5

1.6

L1sT OF FIGURES

(a) Spectrum of the Milky Way taken with NASA’s COBE satellite
showing about half the measured luminocity in the submillimeter
region and about half in the IR /optical range [12] (b) A closer look
at the THz region of the spectrum compared with a 30 K blackbody

and the cosmic background [7]. . . ... ... ..o

Overview of THz sources as a function of frequency and power.
Electronics based CW sources are shown to roll-off in power com-
ing from lower frequencies. At higher frequencies, THz QCLs, gas
lasers, p-Ge lasers, and nonlinear optics techniques provide THz
power at a variety of levels in pulsed and CW modes, they are
rarely as compact or convenient as electronic sources. Figure taken

from [3] . . ..

External cavity tunable THz QCL designs using (a) a movable mir-

ror [42] and (b) a diffraction grating [43]. . . . . .. ... ... ..

Comparison between (a) interband radiative transitions and (b)

intersubband radiative transitions. Figure taken from [51] . . . . .

Electron transport through a biased 3-well QCL module repeated
twice. The suggested scheme uses LO-phonon scattering to depop-

ulate lower states [ and I’ to upper states v/ and v”. . . .. ...

(a)General 3-level laser scheme. (b)Intersubbandband scattering
mechanisms in QCLs including radiative scattering at the I'-point,
LO-phonon scattering from higher in the conduction band, and

elastic electron-electron scattering. . . . . .. .. ... ... ...

vi

11

12

12



1.7

1.8

1.9

1.10

2.1

2.2

2.3

2.4

(a) Loss and confinement of the first three modes of a 25 pm wide,
5 pm thick metal-metal waveguide. (b) Threshold gain values for

the three modes and cross-section electric field profiles. . . . . . .

Vector relationships for (a) right handed wave propagation and
(b)left handed wave propagation. (c) Propagation characteristics
and refractive index of materials with positive and negative € and /or
. Quadrants II and IV only allow evanescent wave propagation
while quadrants I and III allow wave propagation but have opposite

phase velocity directions. . . . . . . . . ... ...

[lustrations taken from [57] of (a) a TW structure used as electric

dipoles and (b) SRR structures used as magnetic dipoles. . . . . .

SEM images of (a) THz metal-metal waveguides based metama-
terial showing both RH and LH wave propagation [82], and (b)
MEMS based switchable scattering metasurface [69]. . . . . . ..

Lumped element circuit diagrams for (a) a lossless, purely right-
handed transmission line, and (b) a lossless, purely left-handed

transmission line. . . . . . . . ..

(a) CRLH generalized transmission line unit cell and (b) combined
plot showing CRLH dispersion, purely right-handed dispersion, and
purely left-handed dispersions. Figure (b) from [90]. . . . . . ..

Tunable THz metamaterial designs using (a)separately biased MEMS

structures and (b)self-actuated cantilevers. . . . . . . .. ... ..

Simulation setup and eigenfrequency field profiles determined using
COMSOL for (a) a 5 pm period, free-standing overlay structure,

and (b) a 12 um, self-actuated structure. . . . . . . ... ... ..

Vil

15

17

18

20

23

26

29



2.5 (a)Dispersion of the metamaterial anticrossed with radiative modes
and the corresponding transmission line model. Inset shows the
effects of simulation space on eigenfrequency solutions inside the
light line. The GaAs line gives the dispersion of plane TEM waves
in GaAs (the light line scaled by the refractive index of GaAs,

nGaA8:3.6). ..............................

2.6 (a)Tuning of the bound modes of a 5 um period, separately biased
structure. (b)Tuning of the bound modes of a 12 um, self-actuated

cantilever structure (parallel plate estimate for cantilever Cp, is 2.1-

2.7 Tuning of compound resonant cavity as a function of relative active
and passive section lengths. Metamaterial in question is a 12 ym

self~actuated structure. . . . . . . . . . ...

2.8 (a)lmpedance of metamaterial and MM waveguides over frequency.
(b)Passive 300 pm metamaterial Fabry-Perot reflectivity with and

without losses (r3=0.9) . . . . . . .. ... oL

2.9 (a) Loss and confinement for a 5 pm, free-standing overlay THz
metamaterial (Drude parameters: Ny, = 5.9 x 10 ecm ™2, 74, =
0.039 ps, m*,, = 1, Nyety = 5x10%t em ™2, 7,04, = 0.5 ps, m,,=0.067).
(b)Threshold gain requirements for a THz QCL made entirely from
the structure in (a). (c)Cantilever displacement due to bound
modes. Displacement drops rapidly when the dispersion approaches
the light line and more of the mode’s power is in an evanescent wave

in the air above the waveguide. (d) Threshold gain requirements

as a function of facet reflectivity. . . . . . .. ... ... ...

viil



2.10

2.11

2.12

2.13

2.14

2.15

2.16

(a)Physical model for MEMS cantilevers and bridges based on a
parallel plate assumption. (b)Actuation of cantilever height with

applied voltage shows an instability at h~200 nm. . . . . . . . ..

Simulated (red dots), and analytically determined (blue lines) can-
tilever pull-in voltage as a function of (a) initial cantilever height
(constant overlap = 3 pum), (b) cantilever overlap (constant height
= 250 nm), and (c) cantilever thickness (constant overlap = 3 pm,

constant height = 250 nm) using K.¢r from [102]. . . . . . . . ..

Forces calculated for constant 5 and constant w expressions as well

as simulated force on the cantilever. Parallel plate estimation for

Opis 216F . . .

Varying initial height. Forces calculated using equations (2.29) and
(2.38) compared to simulated forces extracted from simulations.

Parallel plate estimations for C, are (a) 3.5 fF and (b) 1.5 fF . . .

Varying cantilever overlap. Forces calculated using equations (2.29)
and (2.38) compared to simulated forces extracted from simula-

tions. Parallel plate estimations for Cf, are (a) 3.2 fF and (b) 1.1
Nonlinear coefficient assuming cantilever spring constant K.¢. . .

Power requirements for cantilever pull-in. Cantilever thickness has

the largest influence on pull-in. . . . . . . ... ... ... . ...

1X

40

42

47

49

50

o1



2.17

2.18

3.1

3.2

3.3

(a)Unit cell of a TMy; metamaterial design. (b)Approximate trans-
mission line model. (c)Full structure for tunable TMy; metamate-
rial design with TMy; E-field profile shown. (d)Simulated disper-
sion of TMy; and TMg, mode with simulated dispersion of anti-
crossed air-mode plotted as black dashed line. (e)Group-index-
scaled confinement factor for TMgy; and TMgy modes (using equa-
tion (1.2)). Confinement is >1 through the entire dispersion of
the RH-branch and the fundamental mode while the LH-branch

confinement drops to nearly zero at the anticrossed point. . . . . .

95

Meander design. (a)Tuning of TMp; mode. (b)Tuning of TMyy mode. 56

Details of QCL wafer growth. 5 pum of QCL modules are grown
on top of a =500 pm GaAs wafer. Close up shows the QCL mod-
ules are sandwiched between Si-doped GaAs contact layers, and
Alg 55Gag 45As substrate-removal etchstop layers are grown below

the contact layer. . . . . . . . . ...

Fabrication process for metal-metal metamaterial waveguides. Steps
(a)-(c) describe the standard QCL metal-metal waveguide process
(with series capacitance) first developed in [49,50]. Steps (d)-(g)
describe the additional fabrication steps for making the cantilever.
The Ni and Au layers in step (e) require two separate metal evap-

OrationsS. . . . . . . . . o

SEM of a 50 pm wide THz QCL tapered to a 20 pum wide pas-
sive metamaterial section. The metamaterial has a 12 ym period
with 3 pum series capacitive gaps in the top metalization and 9 pym
cantilever overlays. The cantilevers have not been released, so the

metamaterial appears dark (oxide) with light Au patches. . . . . .

60

63



3.4

3.5

3.6

4.1

SEM of cross-sectional cut of cantilever. Discontinuities in the sac-
rificial oxide and cantilever metal are observed at points of sidewall

COVErage. . . . . . . . . .o e e e e e e e e e e e

(a) SEM of metamaterial QCL ridge. A 300 nm Ni mask was used,
causing photoresist peeling during evaporation and sloped sidewalls
during the dry etch. (b) SEM of sharp ridge from a standard metal-

metal waveguide using a 200 nm Ni mask. . . . .. .. ... ...

Fabrication process for free-standing, separately biased bridges.
Same process can be used to fabricate self-actuated cantilever struc-
tures such as that in Figure 2.17. Figures show cross-section of
structure, rather than the profile of the structure, which was used
to illustrate the fabrication process for the self-actuated structure
in Figure 3.2. Metal-metal wafer bonding and substrate removal
are done first but not shown. Width of BCB trenches and BCB
electrodes are not necessarily to scale. See Figure 2.17 for more

accurate scales. . . . .. L

Experimental setup for measuring LIV and spectrum data at cold

temperature. . . . . ... oL oL

X1

64

65

70



4.2

4.3

4.4

4.5

(a) Conduction band diagram and electron states for two modules
of a four-well resonant-phonon QCL at lasing bias. (b) Anticrossing
between states as a function of applied bias. At the designed bias,
the anticrossings Asy, Ajo, and Ay are all are all at a minimum
for strong resonant tunneling. (c) Oscillator strength as a function
bias. At design bias, the oscillator strength of the lasing transition
(5 — 4) is at a maximum. (d) Scattering times as a function of bias.
At design bias, the scattering time out of the upper lasing state
(Ts4raw) is longer than the scattering times of the depopulation

and injection states. All figures and data taken from [50]. . . . . .

New FL86Q growth. LIV, spectrum, and differential conductance
data from (a)metal-metal QCL device (550x50 pm etched facet),
and (b)metamaterial QCL devices (50x220 pum QCL tapered to
20x250 pm metamaterial). Differential conductance is determined
numerically from the IV data. The metal-metal QCL devices show
a rough spike in conductance at lasing threshold, while the meta-

material devices don’t show any spike and don’t lase. . . . . . ..

Old FL86Q growth. LIV and spectrum data from metal-metal QCL
devices (550x50 pm etched facet). Differential conductance shows
a characteristic spike at the lasing point with the onset of stimulated

CIMISSION. . .« o v v o o e,

FLI1IR growth. LIV, spectrum, and differential conductance data
from (a)metal-metal QCL device (550x50 pum etched facet), and
(b)metamaterial QCL devices (50x220 pm QCL tapered to 20x250
pm metamaterial). Neither device shows lasing or a spike in differ-

ential conductance. . . . . . ...

xii

74

77

78



4.6

4.7

4.8

4.9

Conduction band diagram and electron states for Fathololoumi
three-well resonant-phonon design. Lasing occurs through the 2 —

3 and 1 — 3 transitions. Figure taken from [34]. . . . . . . .. .. 81

OWI112 growth. LIV, spectrum, and differential conductance data
from a metal-metal QCL device (55050 pm etched facet). A very

brief, noisy spike is observed at high bias, but no lasing was measured. 81

OWI113F growth. LIV, spectrum, and differential conductance
data from a metal-metal QCL device (550x50 um etched facet).

No signs of lasing, and no spike in conductance. . . . . .. .. .. 82

Fathololoumi et al. growth (wafer number V774) [34]. LIV, spec-
trum, and differential conductance data from metal-metal QCL de-

vices (550x50 um etched facet). Lasing is observed up to 175 K. . 83

xiil



ACKNOWLEDGMENTS

I would like to thank my advisor, Professor Benjamin Williams, for his guidance
on this project and for teaching me the fundamentals of good scientific and en-
gineering research. I want to thank my former labmates Amir Tavallaee, Philip
Hon, and Zhijun Liu for laying the foundational work for this project. Finally, I

want to thank my parents for their love and support as I pursue graduate studies.

X1v



2010-2012

2011

2012

2012-present

ViTA

Undergraduate Researcher for Professor Srinivas Tadigadapa,
Department of Electrical Engineering, Pennsylvania State Uni-

versity.

Research Experience for Undergraduates Program, Department
of Electrical Engineering, Atmospheric Electrodynamics Labo-

ratory, Pennsylvania State University.

B.S. in Electrical Engineering, Pennsylvania State University.

Graduate Research Assistant, Electrical Engineering Depart-

ment, UCLA.

XV



CHAPTER 1

Introduction

The THz frequency range is often defined as 300 GHz - 10 THz (wavelengths 1
mm - 30 pm). It lies above the radio and microwave ranges and lies below the
infrared and visible ranges, but the THz range has seen significantly less devel-
opment than its neighbors due to unique engineering challenges in the THz. For
example, at THz frequencies, most traditional electronic semiconductor devices
are less effective due to limited electron transit times and increased losses from
parasitic resistive and reactive elements [1]. On the other hand, small photon
energies associated with the THz range (roughly 4-40 meV) make traditional op-
tical and optoelectronic device design difficult. Additionally, THz radiation does
not propagate well through atmosphere due to strong THz spectral features of a
large number of gas-phase and solid-phase materials, though this does make THz
a good candidate for many high-resolution spectroscopy applications compared
to its neighboring frequency ranges. Furthermore, compared to the microwave
range, the THz range offers higher spatial resolution in imaging and access to
higher bandwidth for communications purposes, and compared to infrared and
optical frequencies, the THz range offers advantages in that THz waves can still
be guided and controlled by many traditional metallic and dielectric waveguide
structures that are well established in the microwave and RF ranges. The chal-
lenges associated with the THz region has slowed progress in the development of
THz sources, detectors, and applications, however, the potential for the THz range

has continually driven a number of research efforts, many of which are summarized
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Figure 1.1: (a) Spectrum of the Milky Way taken with NASA’s COBE satellite
showing about half the measured luminocity in the submillimeter region and about
half in the IR /optical range [12] (b) A closer look at the THz region of the spectrum
compared with a 30 K blackbody and the cosmic background [7].

in review articles [1-3].

1.1 Terahertz applications

The primary application and drive for the development of THz technologies has al-
ways been and may always be high-resolution frequency-domain and time-domain
spectroscopy. Many chemical species have rotational and vibrational transitions
on the order of THz energies and show their strongest absorption and emission
signatures in the terahertz (ex. HyO, O, O3, CO, HCI, and OH) [4]. THz spec-
troscopy has been demonstrated in lab based studies of gaseous species and has
been implemented for plasma fusion diagnostics [5,6], but the dominant interest
and application for THz spectroscopy systems lies in atmospheric and space sci-
ences, i.e. remote sensing using heterodyning and Fourier transform spectroscopy

techniques. Measurements made by the Cosmic Background Explorer satellite



(COBE) of absolute broadband radiant energy in the universe suggests that most
of this energy lies in the terahertz range and upper ends of the microwave region
(see Figure 1.1) [7]. The microwave content of this measurement mostly accounts
for the cosmic background radiation of a 2.7 K blackbody, while the terahertz
content comes from warmer regions of interstellar space associated with processes
such as star formation and galaxy evolution. THz spectroscopy offers both higher
frequency and spacial resolution than microwave in these warmer regions, and THz
radiation can penetrate particulate matter surrounding these regions that near-IR
cannot. A set of three instruments aboard the European Space Agency’s Hershel
space observatory, for example, successfully collected new spectral information at
wavelengths of 60-600 ym (500 GHz - 5 THz) from 2009-2013 [8]. Space-based
THz observations of our own atmosphere and those of other planets and celestial
bodies can also provide valuable information about their environments. Indirect
observations of ozone depletion in Earth’s atmosphere, for example, have been
made using atmospheric limb sounding tuned to the 2.5 THz OH line [9]. Re-
cently, some atmospheric and deep space THz observations have also been made
from high altitude observatories such as the Stratospheric Terahertz Observatory
(STO), a long-duration stratospheric balloon equipped for measurements at 1.46
THz and 1.9 THz [10], and SOFIA (Stratospheric Observatory for Infrared Astron-
omy ), an observatory constructed in a Boeing 747 capable of making observations

from 0.3-1600 pm [11]. Both projects are largely funded by NASA.

Ground and space based THz spectroscopy has been demonstrated using Fourier-
transform interferometry, Fabry-Perot interferometry, and heterodyne mixing. In
many cases, heterodyne spectroscopy is the preferred technique, which requires a
stable, coherent THz local-oscillator (LO) to mix with the received signal, down-
converting the THz frequency content to a lower frequency that can be amplified
and sampled. Lack of compact, coherent, tunable THz sources is arguably the

most significant barrier to progress in this field.



Another THz spectroscopic technique that should be mentioned is THz time-
domain spectroscopy (TDS), which uses a femptosecond laser to excite and sample
a THz pulse in the time domain. By passing the THz pulse through a sample and
observing the change in the time dependent electric field of the pulse, impor-
tant material parameters can be determined. THz-TDS has been used to study
and image biomolecules, medicines, semiconductor, narcotics, cancer cells, and
more [13,14]. Early THz-TDS systems required large optical setups and typically
large Ti-Sapphire lasers, but with the development of femptosecond fiber lasers,
benchtop and even hand-held THz-TDS systems for imaging and spectroscopy
are now available [?,16,17]. Imaging in the THz domain is appealing because
THz wavelengths can provide good resolution, and many materials such as cloth-
ing and packaging are transparent in the THz, presenting potential advantages
in non-invasive inspection and security applications. THz-TDS has fueled much
of the recent activity in THz imaging, but femptosecond sources typically deliver
low THz power, greatly limiting the penetration depth and scan speeds of such
systems. The recent development of higher power continuous wave (CW) THz
sources such as THz quantum cascade lasers has led to several examples of nearly
real-time, CW THz imaging [18,19].

Development of THz information and communications technologies has been
limited due to severe atmospheric absorption of terahertz radiation, but the draw
of large bandwidth and high speeds is appealing enough to stir-up some talk of
short distance, secure THz communications and secure inter-satellite communica-

tions [20].

1.2 Terahertz sources

As suggested in section 1.1, there is a general deficiency in THz sources to meet

the demands that THz applications require. An ideal THz source should be com-



pact, coherent, operate at room-temperature, and provide sufficient power and
tunability for the desired application. A number of techniques for THz generation
are in development, both optical and electronics based, but none meet all of the

desired requirements. Figure 1.2 (taken from [3]) gives a summary of THz sources.

Upconverting microwave signals to THz signals using GaAs Schottky diode
frequency multipliers may be the most relied upon method for generating narrow
band, continuous-wave sub-millimeter and THz radiation below 3 THz. These
frequency multipliers use the reactive and resistive nonlinearities of Schottky
diodes to distort incoming GHz signals and generate higher harmonics in the
THz. NASA’s Jet Propulsion Laboratory, for example, has demonstrated GaAs
Schottky diode multipliers ranging from 300 GHz to 2.5 THz with CW powers
from thousands of microwatts for the former, down to <10 microwatts by the
latter [21]. GaAs frequency multipliers seem to be the preferred choice for THz
heterodyne spectroscopy and will likely maintain this status in the near future
as potential competitors still have several performance and reliability issues to

overcome before they are robust enough for space applications.

Coming from the optics end, one of the simplest techniques for generating
THz radiation is by generating THz frequency photocurrents in a photomixer.
Photomixers are materials with extremely short carrier lifetimes, such as low-
temperature grown (LTG) GaAs, whose photoconductivity can be modulated at
high frequencies. CW THz radiation can be provided from photomixers driven
by the beat frequency of two mixed lasers signals. Photomixers are relatively
simple to make and tune, but they typically produce low THz powers. Recently
demonstrated ErAs:InGaAs photomixers using plasmonic contacts, for example,
are tunable from 0.25-2 THz and output tens to hundreds of microwatts of power
(larger power at lower frequencies) [22]. Similar to the photomixing technique,
pulses of THz radiation can be produced by a photoconductive switch (also com-

monly made of LTG GaAs) excited by a femtosecond laser. The frequency of the
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Figure 1.2: Overview of THz sources as a function of frequency and power. Elec-
tronics based CW sources are shown to roll-off in power coming from lower fre-
quencies. At higher frequencies, THz QCLs, gas lasers, p-Ge lasers, and nonlinear
optics techniques provide THz power at a variety of levels in pulsed and CW
modes, they are rarely as compact or convenient as electronic sources. Figure

taken from [3]

radiation produced depends on the length of the pulse. This method is partic-
ularly important for its use in THz-TDS, but the broadband, pulsed nature of
photoconductive switches make them unsuitable for applications requiring a THz

local oscillator.

Other optics based approaches to the generation of THz radiation use non-
linear effects such as difference frequency generation (DFG), optical rectification,
and optical parametric oscillation (OPO). For example, DFG in a GaSe crystal
has produced THz radiation from 0.18-5.27 THz with peak output powers from 5
ns pulses (pulsed at 10 Hz) reaching 69.4 W at 1.53 THz [23]. THz OPO systems

typically use LiNbOj3 as a nonlinear material but have not demonstrated as much



output power or tunability as DFG techniques [24]. Both techniques operate at
room temperature and offer widely tunable, watt levels of peak power, but they
require large lasers and optical setups and do not produce CW power. Another
recent DFG approach to THz generation that looks promising uses two different
frequency mid-IR QCL devices that have been grown on top of each other. The
nonlinear material is the QCL active region itself, so the entire generation scheme
is contained to a room-temperature, QCL sized device that can produce a few
microwatts of CW THz power and peak pulsed THz powers greater than a milli-
watt [25,26]. An external cavity diffraction grating has been used to demonstrate
tuning of a pulsed mid-IR DFG source from 1.2-5.9 THz with peak powers just
under 100 pW [27].

A more recent technology that has emerged is the THz QCL, which will be the
focus of this work. The THz QCL is an all semiconductor based THz laser that
produces THz photons using intersubband transitions in quantum wells. The first
THz QCL devices were demonstrated in 2001, produced a few milliwatts of peak
pulsed power in the range of 3-5 THz, and operated up to about 50 K [28-30]. To-
day, THz QCL devices have produced CW powers up to 138 mW at 4.4 THz [31]
and pulsed output powers greater than 1 W [32]. The maximum temperature re-
ported for CW THz QCL operation in now 129 K at about 3 THz [33], and pulsed
operation has reached 200 K around 3.22 THz [34]. Demonstrated THz QCL
devices have covered frequencies from 0.84 THz to 5 THz, but typically operate
best above 2 THz. Subwavelength dimensions of QQCL resonators make outcou-
pling of usable radiation difficult, however use of distributed feedback designs and
THz metamaterial antenna structures has enabled improvements in beam pat-
tern and outcoupling strength [35,36]. Cryogenic temperatures are required for
THz QCL operation because THz photon energies are comparable in strength
to longitudinal-optical (LO) phonon energies in semiconductors, allowing phonon

scattering to dominate radiative scattering of electrons at higher temperatures.



(a) (b) Cryocooler

10 mm Lens + QCL

Figure 1.3: External cavity tunable THz QCL designs using (a) a movable mirror

[42] and (b) a diffraction grating [43].

This is likely the largest drawback of THz QCL technology as cryogenic tem-
peratures are typically achieved using large, unwieldy dewars cooled using liquid
nitrogen or liquid helium. It should be noted, however, that advancements in
cryogen-free cryocoolers, such as Stirling engine coolers, now allow for tempera-
tures as low as 77 K in tabletop setups weighing under a kilogram and consuming
<5 W of power, offering greatly increased flexibility in low temperature opera-
tion [37]. Achieving room temperature operation is the preferred solution and
continues to be one of the major challenges for this technology. One approach
to solving the phonon scattering problem is to look towards lower dimensional
devices such as nanowires and quantum dots, where increased confinement of
electron wavefuctions prevents interaction with LO-phonon energies [38]. Despite
the challenges associated with THz QCL devices, they have been successfully
demonstrated as local oscillators in THz heterodyne spectroscopy systems and as

THz sources for imaging systems [39-41].

In order to further improve the usefulness of THz QCLs in heterodyne and
imaging applications, broadband tunability must be available. Several sources
document efforts to provide tunability to THz QCLs, but most require inconve-
nient external cavity configurations and/or show mode hoping rather than con-
tinuous tuning. Examples of an external cavity (EC) THz QCL devices include

a simple movable mirror setup that demonstrated 90 GHz of rough tuning and



12 GHz of continuous tuning around 4.8 THz [42], and a Littrow cavity setup
that used a diffraction grating to provide 165 GHz of discontinuous tuning and 9
GHz of continuous tuning around 4.4 THz [43]. These configurations are shown in
Figure 1.3. EC tuning of THz QCLs is challenging due to large mode mismatch
and poor outcoupling from the facets of THz QCL devices, making it difficult
to strongly couple to an EC. THz EC QCL examples only show discontinuous
fractional tuning (%—0”) ratios of <3% compared to >10% continuous tuning ratios
demonstrated from similar EC cavities with IR QCLs [44]. The current standard
for tuning a THz QCL is set at =330 GHz of continuous mode tuning around 3.85
THz, which was reported using a MEMS dielectric structure to tune the transverse
wavenumber of the mode [46]. This an impressive ~8.5% tuning range that is lim-
ited by the upper limit of the gain bandwidth of the laser rather than the tuning
mechanism, but the design is challenging to fabricate and requires very precise
alignment of a separately fabricated MEMS flexure to the laser waveguide. This
thesis will deal with the design and development of a new MEMS based tunable
THz QCL using a tunable THz metamaterial waveguide. The proposed design has
the potential for new levels of fractional tuning and does not require an external
cavity. Furthermore, the proposed structures are fully monolithic and suitable for

various integrated tuning and modulation schemes.

Other noteworthy sources of THz radiation labeled in Figure 1.2 that have
not been mentioned include vacuum electronic sources (i.e. traveling wave tubes,
klystrons, free electron lasers, etc.), p-type Germanium lasers, CO5 laser pumped
molecular gas lasers, and electronic oscillators and amplifiers including Gunn and
IMPATT oscillators, GaN amplifiers, InP amplifiers, etc. These sources have pro-
vided important demonstrations of THz generation, but have not seen as much
active research lately for varied reasons [1]. A COs laser pumped molecular gas
far-infrared laser, for example, has been incorporated as part of NASA’s Earth

Observing System-Microwave Limb Sounder (EOS-MLS) satellite experiment de-



spite being large and heavy [48].

1.3 Terahertz quantum cascade lasers

THz QCLs, like any laser, require a gain medium and a resonant cavity. The
gain medium provides photonic gain to an electromagnetic mode supported by
the resonant cavity, while the cavity itself adds loss to the mode via outcoupling
of radiation and material free carrier losses. In order for the system to lase, the

threshold condition on the mode is:

Lnod9ocr = Qmod (1.1)

where gocr, (cm™!) is the bulk material gain coefficient provided by the het-
erostructure, I',,,q is the confinement factor of the mode in question, and g
is the round-trip average loss coefficient per unit length of the mode in question.

The confinement factor:

L2
Ng f factv €actv |Fy| dxdy
nffoe

describes the percentage of the mode that is confined to the active region and

Tyod = (1.2)

o2
E( dzdy

electric field polarized normal to the quantum well growth. In the numerator, n,
denotes the group index of refraction, €,., is the permitivity of the active region,
EZ is the component of the E-field normal to the quantum well growth, and the
surface integral is over the active region where gain occurs. In the denominator,
the integral is over the entire mode and the appropriate n and € should be applied
in each region of space. In order to reach lasing threshold, it is important to have
as much gain (ggcr) as possible from the active region and to have a resonant
cavity with high modal confinement and low losses. For detailed reviews of THz

QCL theory and design, see [49,51].
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Figure 1.4: Comparison between (a) interband radiative transitions and (b) inter-

subband radiative transitions. Figure taken from [51]

1.3.1 Optical gain from QCL heterostructures

Traditional bipolar semiconductor lasers use radiative transitions across semicon-
ductor bandgaps to generate photonic gain. Typical semiconductor bandgaps,
however, are in the range of hundreds to thousands of meV, making them un-
suitable for THz applications, which require energy separations of tens of meV .
Instead, heterostructure quantum wells are used to quantize electron energies in
the semiconductor growth direction while parabolic free carrier dispersions still
apply to the in-plane directions. This breaks the conduction band into subbands
and THz photonic gain comes from intersubband transitions that take place en-
tirely in the conduction band. Because the in-plane dispersions are identical, the
joint density of states for the transition is a delta function at the energy of the
optical transition, which can be tuned with proper selection of the well width.
These differences between interband and intersubband transitions are illustrated

in Figure 1.4.

THz QCLs are typically made using GaAs/Al,Ga;_,As material systems,
though there have also been demonstrations in InGaAs/InAlAs, and InGaAs/GaAsSb
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Figure 1.6: (a)General 3-level laser scheme. (b)Intersubbandband scattering
mechanisms in QCLs including radiative scattering at the I'-point, LO-phonon
scattering from higher in the conduction band, and elastic electron-electron scat-

tering.
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systems [52,53]. Figure 1.5 shows a typical bandstructure diagram for a resonant-
phonon depopulation design. The design consists of a three well module that
would be repeated tens or hundreds of times (though only two modules are shown
here). When the modules are properly biased, the subbands in the wells line up
to allow electron transport via an upper radiative state v and a lower radiative
state [ that depopulates to the upper radiative state of the neighboring module

u'.

1.3.1.1 3-level QCL laser model

Many QCL designs can be modeled by a basic 3-level laser system as shown in
Figure 1.6(a). The upper level 3 is pumped by current % Electrons in level 3 can
either scatter to level 2 at a rate 73," by emission of a photon, or scatter parasiti-
cally out to another state at a rate 7 ;am, giving the total rate of depopulation of

L=r5l+ T3, ;}ara‘ Electrons collected in level 2 will depopulate to a

level 3 to be 75
ground level at a rate 7, . Writing rate equations for this system and solving for

steady state conditions gives us the following expression for population inversion:

AN = Lo = 2 (1.3)

e 732

As should be intuitive, equation (1.3) says that to obtain a large population
inversion, we need to maximize 73, with respect to 7 while minimizing 73 perq-
Radiative scattering rates in a QCL can be determined using Fermi’s golden
rule, while non-radiative scattering rates are a result of longitudinal-optical (LO)
phonon scattering, electron-electron scattering, and electron impurity scattering.
While outside of the scope of this thesis, successful QCL design requires a detailed
knowledge of these scattering mechanisms to influence the rates of each transition.
The modules in Figure 1.4, for example, tune the [ — u’ transitions to the LO-

phonon resonance, encouraging quick depopulation of the [ states while the u — [
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transition is below the minimum quantization of LO-phonons and so can scatter
radiatively with a much longer time constant. Intersubband scattering processes

are illustrated in 2-dimensional k-space in Figure 1.6(b).

The gain available from the radiative u — [ transition is described by:

AN f
Av

9(vo) o (1.4)

where Av is the linewidth of the transition, and f is the oscillator strength of
the transition, which is primarily an overlap integral of states u and [. The oscil-
lator strength can be increased by increasing the overlap and symmetry of states
u and [, but this is often accompanied by an increase in non-radiative scattering
out of state u, decreasing population inversion. Optimization of QCL design often

involves trade-offs between oscillator strength and population inversion.

1.3.2 Waveguide

In order to provide feedback and oscillation for lasing, QCL active region het-
erostructures are processed into so-called metal-metal (MM) waveguide resonant
cavities. The basic MM waveguide structure is shown in Figure 1.7(a). It consists
of a rectangular slab of QCL gain material sandwiched between an infinite ground
plane and a top metal contact. The waveguide is made into a resonator simply
by cleaving facets at the ends of the waveguide. In order for the active region to
provide gain to modes in the resonator, the modes must be electric field polar-
ized normal to the quantum well growth, so only TM modes need be considered.
Furthermore, only TMyx modes need be considered because higher order modes
normal to the quantum wells are forbidden by the subwavelength confinement.
Normalized E-field mode profiles for the lower order TMyy and TMy; modes are
shown in Figure 1.7(b). THz QCLs made by the author are typically 50-100um in
width and THz wavelengths in a GaAs/AlGaAs system are on the order of 30-40

14
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Figure 1.7: (a) Loss and confinement of the first three modes of a 25 pm wide, 5
pm thick metal-metal waveguide. (b) Threshold gain values for the three modes

and cross-section electric field profiles.

pm, so lasing typically occurs in these lower order TM modes. To evaluate the
performance of MM waveguides as THz QCL resonators, we must consider the

mode loss a,,,¢ and confinement I',,,4, as noted from equation 1.1.

The loss parameter a,.q is a combined result of radiative outcoupling through
the cleaved facets and free carrier losses in the material. Due to the subwavelength
confinement of THz MM waveguides, MM waveguide facets have large reflectivities
(>0.7) and outcoupling of radiation is usually weak [54]. Material free carrier
losses are estimated using the Drude model. The Drude model treats conduction
electrons in a metal or semiconductor as free particles that obey Newton’s laws of
motion when subjected to an electric field, but experience momentum relaxation
scattering events with time constant 7 [55]. Using the time dependent equation
of motion for these electrons in an AC electric field, the AC conductivity for a

metal or semiconductor is given by:

o(w) = — ) (L5)
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where n is the free carrier density and m™* is the effective mass of the free carriers.
Using Maxwell’s equations to write permitivity in terms of conductivity, we can

write the complex permitivity as predicted by the Drude model to be:

o(w) _ W) = je"(w)

pr— r O— 1 p— 1.6

() = oty — 57 . (16)
w2r? w2T

Y P N 1.7

¢ (6 1+ w?r? jw(l—l—w?TQ)) (1.7)

where w, = 7;“3: is the plasma frequency of the material. The Drude losses,

confinement factor, and threshold gain for the first three TM modes a 5 pm thick
MM waveguide is plotted in Figure 1.7. Drude parameters for Au are given by:
N, = 5.9 x 10*® cm™3, 74, = 0.039 ps, m%, = 1; and Drude parameters for

-3

the heterostructure are modeled uniformly doped GaAs: Nggas = 5 x 10%! cm ™3,

TGaAs = 0.5 ps, m*GaAs:O'O67'

1.4 Metamaterials

Metamaterials are a class of engineered electromagnetic structures that effectively
behave as homogeneous materials with designed electromagnetic properties; i.e.
metamaterials exhibit engineered permittivity and permeability. Metamaterials,
similar to atoms organized in natural materials, are periodic electrical structures
with periodicity that is small enough compared to the wavelength in question
that refractive effects on the wave dominate over scattering or diffractive effects
(typically p < %g’ where p is the period of the metamaterial structure and A, is the
guided wavelength in the structure). Designing metamaterials that demonstrate
simultaneously negative € and i has been one of the primary goal of metamaterial

research [56,57].

Observing Maxwell’s equations for time harmonic waves in a source free medium,

we have the following relationship between electric field E , magnetic field H , and
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Figure 1.8: Vector relationships for (a) right handed wave propagation and (b)left
handed wave propagation. (c) Propagation characteristics and refractive index of
materials with positive and negative € and/or u. Quadrants II and IV only allow
evanescent wave propagation while quadrants I and III allow wave propagation

but have opposite phase velocity directions.

propagation constant 5 :

BxE=wuH (1.8)

Bx H=—wekE (1.9)

If a material has positive € and p, we have the commonly recognized right hand
(RH) triad relating these three components of the wave. If we have a material
with simultaneously negative € and p, the relationship between E, H , and 5 is
described by a left handed (LH) triad where phase and group velocities are an-
tiparallel (noting from Poynting’s theorem that group velocity is always in the
positive direction, or away from the source), see Figure 1.8. The possible physical

effects of a negative ¢ and p material were first proposed by Russian physicist
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Figure 1.9: Illustrations taken from [57] of (a) a TW structure used as electric

dipoles and (b) SRR structures used as magnetic dipoles.

Victor Veselago in 1967 [58]. Veselago theorized properties for a naturally occur-
ring, homogeneous negative € and p material. These properties included negative
refraction, reversal of the Doppler effect, reversal of Vavilov-Cerenkov radiation,
along with others. Naturally occurring materials with simultaneously negative e
and p materials are not known to exist, but today many such properties are being

effectively realized in metamaterials.

The first experimental demonstrations of metamaterials with simultaneously
negative € and g came in 2000 from Smith, et al. [59,60]. These first demonstra-
tion were based on periodic resonant structures such as metal split-ring resonators
(SRR) and thin metal wire (TW) grids (see Figure 1.9). These structures act as
electric and magnetic dipoles distributed at subwavelength periodicity, influencing
the effective € and i seen by waves similar to the way naturally occurring e and
1 parameters can be described as the collective effect of charge oscillations in a
material. The effective permittivity and permeability of SRR and TW structures
have been determined to reflect the drude model with plasma frequency and scat-

tering times that are dependent on the density and mobility of carriers in the
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metamaterial structure [61,62]. While SRR and TW based metamaterials seem
to dominate metamaterial research efforts, the practicality of these structures
are often under skepticism because the resonant nature of the designs results in
narrowband performance and high material losses. The first SRR and TW struc-
tures were demonstrated in the microwave range, around 1-10 GHz, but as we
move to higher frequencies, especially optical frequencies, material losses become
worse and it becomes difficult to scale dimensions of the metamaterial structure
in accordance with the decreasing wavelengths. Metamaterials using metal SRR
and other nanoscale metallic configurations have been demonstrated up to THz
and IR frequencies [63,64]. These higher frequency metamaterials are typically
two-dimensional and can be fabricated using photolithography techniques. 2-D
metamaterials and metasurfaces show unique transmission and reflection charac-
teristics, in the operating frequency range. The structural nature and decreasing
dimensions of higher frequency metamaterials has drawn attention to the idea of
tuning, switching, and modulating metamaterial properties using MEMS [66, 67].
In the THz, for example, tunable michromachined platforms have been used to
adjust the spacing between planar SRR patterns, tuning a notch in the transmis-
sion from frequencies of ~4-5.5 THz [68]. In another recent study, a switchable
THz metasurface described by transmission line theory (nonresonant, see following
paragraph) was demonstrated by incorporating switchable Au MEMS structures.
By pulling in the MEMS membranes, the surface impedance switches, allowing
for broadband phase modulation of reflected and transmitted waves below ~1.5
THz [69] (see Figure 1.10(b)). Broadband phase and amplitude modulation of
planar THz metamaterials has also been studied by tuning carrier concentrations

in the substrate material [70, 71].

An alternative, non-resonant approach to THz metamaterials uses transmis-
sion line metamaterial techniques that were originally demonstrated in the mi-

crowave regime using microstrip waveguides [74-76]. THz metal-metal waveg-
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Figure 1.10: SEM images of (a) THz metal-metal waveguides based metamaterial
showing both RH and LH wave propagation [82], and (b) MEMS based switchable

scattering metasurface [69].

uides, similar in structure to microstrip waveguides (see section 1.3 and chapter
2) have been used to demonstrate active THz transmission line metamaterials
with RH propagation above ~2.6 THz and LH propagation below (see Figure
1.10(a)) [80,81]. Broadband dispersions characteristics of these THz metamateri-
als have been shown to tune with the specific transmission line parameters [82].
The purpose of this thesis is to propose a new tuning mechanism for THz QCLs us-
ing metal-metal waveguide based THz transmission line metamaterials that have

tunable MEMS elements.
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CHAPTER 2

Tunable terahertz metamaterial QCL theory and

design

2.1 Introduction

Broadband single-mode tunability is one of the key features needed to further
the development of THz QCL applications. Tuning of a laser can typically be
accomplished by either tuning the refractive index of the resonant cavity medium,
or mechanically tuning the resonant cavity geometry. In semiconductor lasers,
refractive index tuning can be achieved by varying the temperature of the de-
vice or current through the device, but both techniques are typically limited to
<1% tuning [83,84]. THz QCLs have shown temperature tuning up to 19.7 GHz
around 2.92 THz (<1% tuning) using a surface emitting DFB design [85] and
a peak electrical tuning up to 30 GHz around 3.5 THz (still <1% tuning) has
been demonstrated using the cavity pulling of a photonic crystal resonant cav-
ity [86]. As an alternative, external cavity (EC) setups that are mechanically
tuned to provide selective feedback to the laser can provide more broadband tun-
ability. EC semiconductor lasers are almost exclusively based on the use of a
diffraction grating to tune the frequency feedback by adjusting the angle of the
diffraction grating (see Figure 1.3(b)). Diffraction grating EC lasers have demon-
strated broadband, continuous mode tuning of semiconductor lasers in the infrared
and optical regimes [44,87]. EC tuning of mid-IR QCL devices has shown up to
~30% continuous tuning, but EC tuning of THz QCL devices has been more diffi-
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cult because the large reflectivity of THz QCL facets makes it difficult to strongly
couple to the grating feedback. As mentioned in chapter 1, EC grating imple-
mentations with THz QCLs have only shown up to ~4% discontinuous tuning
and <1% continuous tuning using a silicon hyperhemispherical lens to decrease
the reflectivity of the coupled facet [43]. Some research efforts are now looking
to less traditional tuning techniques. The most successful tuning of a THz QCL
was reported using a large MEMS plunger to distort the mode profile of a THz
"wire” QCL (only 10-15 pm ridge width) [45]. Using a micrometer to move the
MEMS plunger, Qin et al. achieved 330 GHz of continuous, single-mode tuning
around 3.85 THz (8.6%) [46], and using an electronically controlled version of the
MEMS structure, Han et al. demonstrated 240 GHz of tuning around the same
frequency [47]. In this chapter, T will present an alternative THz QCL tuning

mechanism based on a tunable THz transmission line metamaterial.

2.2 Transmission line metamaterial theory

Many TEM and quasi-TEM transmission lines can be analyzed by replacing the
physical structure of the transmission line by an equivalent circuit model. For
example, many common right-handed transmission lines such as coax cables,
stripline, microstrip, and two-wire lines can be modeled by the equivalent circuit
in Figure 2.1(a). It consists of an infinite cascade of unit cells, each containing a
lumped series inductance per unit length L, (H/m) and a lumped shunt capaci-
tance per unit length C% (F/m). Applying Kirchhoff’s voltage and current laws

to a single unit cell, we can write the lossless Telegrapher’s equations:

—d‘c/if) WL (2) 2.1)
_d d(;) = jwClLV (2) (2.2)
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Figure 2.1: Lumped element circuit diagrams for (a) a lossless, purely right-handed

transmission line, and (b) a lossless, purely left-handed transmission line.

which are two first order coupled equations that can be used to write current and

voltage wave equations:

d’V (z) 27)
T2 7 V(z)=0 (2.3)
dQ—f(Z) 27
T I(z)=0 (2.4)
with solutions:
V(z) =Vste ™ + Vy* (2.5)
I[(2) =Ife " + I}7 (2.6)

where the propagation constant ~y is given by:

v =a+ 8 =/ (wli)(jwCh) = ju/TnCh (2.7)

The general form of the wave’s propagation constant includes an attenuation
coefficient a (cm™') in the real part, and wavenumber 3 (rad/m) in the imaginary

part. In the lossless example, « is zero and [ is a positive imaginary number at
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all frequencies, describing typical RH wave propagation. The specific slope of ~

is determined by the values of the lumped components, L', and Cf,.

The transmission line metamaterial concept is based on the theory that if sub-
wavelength periodic electric elements (i.e. capacitors and/or inductors) with a
period p < A\;/4 are added to a transmission line, then the dispersion character-
istics of the transmission line can be determined and engineered by treating the
added components as lumped elements in the unit cell of the transmission line

model. Much of this theory is developed and demonstrated in Caloz et al. [90].

2.2.1 Left-hand waves and CRLH structures

If we were to imagine a transmission line with a series capacitance times unit
length €} (Fm) and a shunt inductance times unit length L (Hm), as shown in
Figure 2.1(b), and performed the same circuit analysis on this unit cell as done

above, we find the propagation constant of guided waves is given by:

. 1
vY=V 'Y = —jm (28)

which describes a phase velocity that is opposite to group velocity v, = g—‘g (gives

the velocity of energy propagation in the material).

A purely left-handed transmission line is not physically realizable because
right-handed components are inherent to any physical structure being used as the
transmission line. However, combinations of right-handed and left-handed trans-
mission line lumped elements can be used to create composite right /left-handed
(CRLH) transmission lines that have both RH and LH propagation constants de-
pending on the frequency of operation. A generalized CRLH transmission line
model is shown in Figure 2.2(a). In microwave engineering, a common implemen-
tation of such a CRLH transmission line is a microstrip line loaded with periodic

capcitive gaps in the conductors and periodic inductive current paths to virtual

24



@ Ly ¢ (b) P
o LA 11 : o
( :J _________ l_'______._ ________ BrLn Brrn
Use i |
E CR r _E:? LL r : max(w.\'(" , w.\'ﬁ)
Wep : —E :
e ik Ak min(wse, @) :
o
p< l/ 4 B o

Figure 2.2: (a) CRLH generalized transmission line unit cell and (b) combined plot
showing CRLH dispersion, purely right-handed dispersion, and purely left-handed
dispersions. Figure (b) from [90].

grounds [90], [92].

Figure 2.2 offers a comparison between typical dispersion curves of a purely
right handed transmission line (PRH), a purely left handed transmission line
(PLH), and a CRLH transmission line. It should be observed that the RH and LH
branches of the CRLH dispersion are separated by a stopband. Cutoff frequencies
are defined by resonances in the series circuit w,, = (C} L’5)~'/? and shunt circuits
we, = (C L} )72 of the CRLH structure. Inside of the stopband, v is purely real
so there is no wave propagation. If the transmission line is designed such that
Wee = Wsp, then the line is said to be balanced and there is no stop band. In a
balanced design, there is a smooth transition between the RH and LH branches
and the group velocity is non-zero at § = 0. In sections 2.3-2.5, I will discuss a
RH only THz transmission line metamaterial with an added series capacitance.
There is no added shunt inductance, so this structure will not support any LH
wave propagation. In section 2.6, a tunable THz CRLH design with LH capacitors

and inductors is presented.

25



Figure 2.3: Tunable THz metamaterial designs using (a)separately biased MEMS

structures and (b)self-actuated cantilevers.

2.3 Tunable THz metamaterial

One candidate for THz metamaterial transmission lines is the THz metal-metal
waveguide described in Chapter 1, which is the preferred choice for many THz
QCL resonators. THz metal-metal waveguides are very similar in design to mi-
crostrip transmission lines, which have provided the bases for successful work in
microwave metamaterial transmission line engineering [77-79]. As done with mi-
crostrip lines, LH capacitive elements can be added by introducing discontinuities
in the top metalization of the waveguide. By actuating the cantilever, the LH
capacitance of the metamterial can be tuned, tuning the dispersion of the trans-
mission line. Proposed unit cells of this structure are depicted in Figure 2.3. The
free-standing overlays in 2.3(a) would presumably take the form of fixed-fixed
MEMS bridge structures fabricated around the waveguide ridge that can be bi-
ased by separate electrodes that are not shown (see Chapter 3). The fixed-free
cantilever structures in Figure 2.3(b), on the other hand, are self-actuated by the

power in the waveguide mode (see Section 2.5).

The transmission line model for the structures in Figure 2.3 is given in the
inset of the figure. This model applies assuming the TMyg mode is propagating

(no phase variation in the z-direction). The dispersion is given by:
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_ LpCr

h (w* — we) (2.9)

where wy, = (CpL R)*l/ 2 is the series cutoff frequency. Note that because we're
now describing a physical metamaterial unit cell, we no longer have a truly ho-
mogeneous distribution of lumped elements L', C}, and C7, but rather we can
define absolute Lz, Cr, and C}, values for a unit cell and divide by the period to
determine average per-unit-length values. Lumped elements C'z and Ly can be
approximated using parallel plate expressions: Cg = eye,wp/d, Lr = pop,dp/w,
where w is the width of the unit cell, d is the thickness of the active region, and ¢,
and p, are the relative permitivity and permeability of the material in the waveg-
uide (GaAs/AlGaAs~ 3.6). A first estimate of C', can be made by Cy, =~ eqwl/h,
where [ is the length of the overlap between the cantilever and the ground plane,
and h is the height of the cantilever. Using the series cutoff observed in the simu-
lation, a more precise effective LH capacitance can be determined (Cf, = 1/w? Lg)
and the equivalent transmission line model dispersion can determined (assuming
parallel plate estimations for Lgr and Cg). Actual values of Cp extracted from
simulations are around a factor of two larger than the parallel plate estimate,

suggesting C', is not strongly confined to the cantilever gap.

2.3.1 Finite element simulations

2-D finite element simulations of the proposed structure were carried out using
COMSOL Multiphysics. The simulation space and resulting field profiles are il-
lustrated in Figure 2.4. An infinite cascade of unit cells is effectively modeled
by applying Floquet-Bloch periodic boundary conditions to the edges of a single
unit cell, enforcing a given propagation constant § in the x-direction. In order to
simulate an infinite free space above the waveguide, the top boundary of the simu-

lation space is set to an impedance boundary condition defined by the impedance
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of free space. The structure is assumed to be uniform in mode profile and extend
infinitely in the z-direction (i.e. the lateral direction). An eigenfrequency solver
is used to determine the mode profile and dispersion characteristics. Using the
series cutoff observed in the simulation, an effective LH capacitance can be deter-
mined (C, = 1/w? Lz) and the equivalent transmission line model dispersion can

determined (assuming parallel plate estimations for Lgr and Cg).

Simulated dispersion data along with the subsequently determined transmis-
sion line dispersion for the structure in Figure 2.3(a) are shown in Figure 2.5.
There is good agreement between the transmission line model and the simulated
dispersion when looking at larger § values, but the two show very different behav-
ior at smaller § values, within and around the light line. As the dispersion of the
waveguide crosses into the light line, it will begin to radiate. At this point, there
is a coupling and an anticrossing between the mode confined to the waveguide and
plane wave modes excited by the radiation traveling in the air along the top metal
of the waveguide. As a result of this coupling, the dispersion splits into a bound
mode that hugs close below the light line and a radiating mode that hugs close
above the light line. Structures with larger cantilever gaps show greater discrep-
ancy between simulated and TL model results because there is stronger coupling
to the light line through the larger opening in the waveguide. Structures with
smaller gaps show weaker coupling to the light line and are more closely matched

to the transmission line model.

The anticrossing at the light line has been observed experimentally by Hon,
et al. in passive CRLH waveguide metasurfaces [98], but it is difficult to model
accurately because reflections at the upper impedance boundary will cause the
waveguide mode will couple to rectangular waveguide modes in the air space of
the simulation rather than coupling to the true modes supported by free space.
This is demonstrated in the inset of Figure 2.5, where the dispersion in and around

the light line is shown to be highly dependent on geometry. Using a 100 um tall
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air box, for example, results in several solutions inside the light line correspond-
ing to coupling with different order modes in the airbox (see inset of Figure 2.5).
However, because we are primarily interested in tunable waveguides suitable for
laser resonators, the intended operating range of the proposed designs is outside
the light cone, and the anticrossing will likely to be much weaker for a thin QCL
ridge compared to the infinite surface of the 2D simulation. Fortunately, all ge-
ometries converge to the same cutoff frequency and the same solutions in the
operating range of the device. For these reasons, in Figure 2.6, the dispersions in-
side the light line are not plotted, while bound mode dispersions and series cutoff

frequencies are reported.

The dispersion tuning of a 5 pum period, free-standing overlay structure is
shown in Figure 2.6(a). The height of the overlays over the waveguide is adjusted
from 400 nm to 25 nm. For a constant wavenumber 3 = 1.5 x 105 (rad/m), the
structure shows a tuning of about 0.7 THz around a center frequency of 2.5 THz.
For comparison, the dispersion tuning of a 12 um, self-actuated structure is shown
in Figure 2.6(b). The height of the cantilever is adjusted from 250 nm to 175 nm,
giving a tuning of about 0.05 THz (50 GHz) around a center frequency of 2.5 THz.
The actuation of a cantilever is limited to the upper third of it’s initial height (in
the ideal case, see section 2.4), greatly limiting its tuning range. Additionally,
the 5 pm metamaterial shows more tuning because the smaller period increases
the series resonant frequency, bringing the 2.5 THz operating range closer to the
wse. Operating closer to the series resonant frequency suggests more of the mode’s
energy is in the series circuit, in turn suggesting that tuning of the series circuit
will have a greater effect on the mode in this region. More formally, from the

transmission line model, we can write:

232
W= \/([i—gR + w;) (2.10)
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where we see that frequency tunability around a fixed 3 is largest at smaller values

of beta, closer to the cutoff frequency.

The 5 pm period design is intended not necessarily as the starting point, but
rather an aggressive design, so as to demonstrate the potential of this approach.
The larger, 12 pum period, self-actuated design shows significantly less tuning
potential, but for initial demonstration, requires fewer processing steps and uses

larger dimensions so that it will be easier to fabricate using contact lithography:.

2.4 Tunable THz QCL design

In sections 2.2 and 2.3, analysis of an infinitely long metamaterial waveguide was
developed. If the waveguide presented here was filled with QCL gain material, the
gain material could not be biased by a single wire bond because the LH capaci-
tances create discontinuities in the top metalization. This problem can be solved
using higher order TMj; metamaterial designs that have continuous top contacts,
but the fabrication process is notably more complex (see section 3.4). In order to
develop a tunable THz QCL using the TMy, metamaterial designs, a two-section
cavity is designed that includes a passive (i.e. unbiased) metamaterial waveguide
fed by a biased metal-metal THz QCL waveguide. The passive metamaterial adds
material losses to the cavity round trip, increasing the threshold gain, while cou-
pling of the MM waveguide mode to the metamaterial mode decreases dw/dC}, of
the full structure compared to a purely metatmaterial structure. In this section, I
will develop designs criteria to maximize tuning without increasing losses beyond

the gain capabilities of the QCL.
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2.4.1 Tuning of compound resonant cavity

In order to meet resonant conditions for lasing, the laser mode must have a cu-

mulative round trip phase change given by:

AD = LB, + LB, = %(Laneff,a + Lonespp) = mm (2.12)

where [, is the propagation constant in the active region, L, is the length of the
active region, m is an integer, w is the frequency of operation, and ncff.q, Mefsp
are the frequency dependent effective refractive indices of the active and passive

sections respectively.

In an ideal active metamaterial THz QCL, the resonant waveguide would be
made entirely from active THz metamaterial. In such a uniform waveguide, laser
operation would be defined by a fixed wavenumber [, forcing w to tune as C7, is
tuned. Comparatively, if w were somehow fixed, 8 would be forced to tune as C7, is
tuned. Discussion of frequency tuning to this point has assumed the laser operates
at a constant 3, where frequency tuning with C7, is a maximum. However, if we
assume the total phase change A® is locked to the mn condition for the compound
cavity, then as C', tunes, both /3, and 3, must tune to continue lasing in the same
mode (constant m integer). The new lasing frequency is determined from equation
(2.12). This hybrid tuning of § and w results in less net tuning with C', than when
w alone is forced to tune with C7. Assuming a constant L,, equation (2.12) is used
to determine the influence of relative passive and active lengths on the tuning of
the compound cavity and the results are plotted in Figure 2.7 (see Appendix A
for details on calculation). The data suggests that the majority of the frequency

tuning potential is achieved if L, > 3L,.
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2.4.2 Three mirror resonant cavity

The compound cavity can be modeled with three reflections: two reflections from
the etched facets (r; and r3) and one reflection due to mode mismatch between
the MM QCL and the MM metamaterial (). This can be simplified to a simple
two mirror laser where one mirror, representing the passive metamaterial, is given

by the complex reflection of a Fabry-Perot etalon:

t2ry exp~20PrLe

Teff = - + (2]‘3)

1 — ryrg exp=28oLs
where L, is the length of the active section, L, is the length of the passive section,
and S, is the propagation constant in the passive region. Reflection coefficient 7y

can be determined using the transmission line model:

Zmeta_ZMM Y, w2_w§e_w (2 14)

Zmeta - ZMM w2 — wge —+ w

9 =
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where Z)/,s is the characteristic impedance of a regular metal-metal QCL waveg-
uide (Zyyr = sqrt(Lg/CRr), and Z,,e, is the characteristic impedance of the

metamaterial design:

Zmeta = — /1= (215)

The threshold gain condition is then given by:

1
thh = Qmat — Eln(rlreff) (216)

Where ay,q represents material losses as described by the Drude model (see section
1.3), and I' is the modal confinement to the active region. Zy, Zyetq, 72, and 7y
from a lossless 300 um metamaterial Fabry-Perot cavity are plotted in Figures
2.8(a) and (b) using the transmission line model and equation (2.35). The periodic
rippling of 7.y is characteristic of Fabry-Perot reflectivity. As frequency increases,
the rippling in 7.5 decreases as as a result of the decreased mode mismatch
between Zperq and Zysar. The effect of 30 cm™! of material loss on the reflectivity
is also demonstrated in Figure 2.8(b). The structure will lase at the reflection peak
in r.ss that is closest to the peak of the laser gain profile. Lasing at the largest
Teff Minimizes the threshold gain requirements, but it also means that more power
is reflected due to mode mismatch ro and less power is be transmitted into the
metamaterial, decreasing the potential to tune the structure via self-actuation. As
Zmeta approaches Zyryr, less power is reflected at ry and 7.y approaches a constant
equal to the reflection r3. Bragg reflections from the period of the metamaterial
will dominate at higher frequencies, but they are avoided by operating within the
Ag/4 metamaterial limit. As dispersion of the metamaterial is tuned, the reflection

peaks will tune.

Material free-carrier losses in the self-actuating metamaterial design have the

effect of lowering the overall magnitude of r.ss, as seen in Figure 2.8(b). Losses for
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a b pm period metamaterial are plotted over frequency in Figure 2.9(a). Losses
outside the light line are consistent with typical THz QCL losses (see Figure 1.7),
showing increasing losses at lower frequencies. There is a steep drop-off in losses
as the dispersion approaches the light line because confinement has decreased and
most of the mode is in the air. Poor confinement along with leaky wave radiation
make lasing more difficult near and within the light line. Furthermore, increased
mode mismatch between the QCL and metamaterial at low [ values will decrease
power coupling into the metamaterial, and poor mode confinement decreases the
force on the cantilever as simulated in Figure 2.9(c). For these reasons, we must

operate outside the light line.

Threshold gain requirements gy, for an all metamaterial QCL are plotted in
Figure 2.9(b), and threshold gain requirements for a metal-metal feed QCL with
varying r.sy are plotted in Figure 2.9(d). Consider Figure 2.8(b), for example,
which predicts a peak reflectivity of r.sr ~0.45 from a 300 pm passive metama-
terial section with free carrier losses of 30 cm™!. Referring back to Figure 2.9(d),
and assuming THz QCL gains in high quality active regions readily reach 40-60
cm™ !, we can predict that the feed QCL will need to be at least 300 pum long,
giving L,/La = 1, which gives access to about half the tuning potential of the

metamaterial.

2.5 Self-actuation of cantilevers

Observing the TMyq eigenfrequecy mode profiles in Figure 2.4(b), we see that the
mode has significant electric field strength in the fixed-free cantilever’s capacitive
gap. The E-field will generate a force between the cantilever and the top metal
of the waveguide, but the mechanical response times of the cantilever are well
below THz timescales, so the cantilever experiences a constant force from an

root-mean-square voltage proportional to the electromagnetic power in the mode.
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shows an instability at h~200 nm.

The laser is tuned by sweeping the output power/bias on the QCL. In other words,
the self-actuated metamaterial is in effect a nonlinear material with an intensity
dependent refractive index. THz QCLs are not particularly high power sources, so
it is necessary in this section to investigate the plausibility of actuating cantilevers

with the power available in a typical THz QCL.

2.5.1 Mechanics of cantilevers

A simple physical model that can be applied to electrostatically actuated can-
tilevers is shown in Figure 2.10. The cantilever is represented by a metal plate
hanging from a spring with spring constant K. This plate is held parallel with a
fixed metal ground plane as an electrostatic voltage is applied between the two
plates. The spacing between the plates with no voltage applied is given by zy. The
equation of motion for the system is an equivalence between the restoring force
of the spring Fyy = k(z — 2) and the electrostatic force of the applied voltage

Fg = —%, where U is the energy stored in the parallel plate capacitor:
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2
k(= — 20) = Cfl—g _ % <%ov2) _ %“;V (2.17)
where C' is the capacitance, V is the voltage across the capacitor, and A is the
area of overlap between the plates. The restoring force is a linear function of
z while the electrostatic force is a nonlinear function of z. This results in an
unstable point at z = %zo as demonstrated by the plot in Figure 2.10(b). If the
plate starts at zp and is actuated by an increasing voltage, at %zo, it will pull-in

to zero separation. This pull-in voltage can be determined as:

2 2K 2 8K
V;)ull—in =V (gZo) = \/E_AZ2 (ZO — (gZQ)) = 276A28 (218)

Pull-in voltage is a well known phenomenon and is a common design parameter

in MEMS work [99]. Actual pull-in voltages for MEMS cantilever and bridge
structures, however, are not so easily modeled [100]. Ground planes and biased
planes are not perfectly parallel, spring constants are nonlinear, and fringing fields

at the edges of the plates are not accounted for in the parallel plate model in Figure

2.10.

More accurate pull-in models for MEMS cantilevers and beams have been de-
veloped in several sources [101], [108], [102]. One approach proposed by Pamidighan-
tamn, et al., is to use equation (2.18), but replace spring constant K with an ef-
fective spring constant K.sr, and overlap area A with effective overlap area A.yy.

For cantilever beams, K. f f is determined by [102] as:

2 Buwt? 3
Ko == 2.19
=33 [8—6Q+CE’} (2.19)

where w is the width of the cantilever, ¢ the thickness of the cantilever material,

[ the total length of the cantilever, ¢, = l;o1/lopr is the ratio of the total cantilever
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length to the length of the overlap area, and E = E/(1 — 12) is the plate mod-
ulus and E is the Young’s modulus (79 GPa for room-temperature Au). A.ss is

determined by [102] as:

Aeff(&?CT) = Oé<€7CT)beff<€)l (220)

alg,¢) = %\/% (arctan(m — arctan [(ﬁ) tan %(1 — Q)D
(2.21)

beff(g) =W <1 + 065%) (222)

w
where & = z,4./h is the ratio of the pull-in cantilever displacement to the initial
cantilever height. In Figure 2.11, pull-in voltages have been plotted using equa-
tions (2.18-2.22) for 9x20 pm Au cantilevers as a function of cantilever thickness,
initial cantilever height, and cantilever overlap. For comparison, the pull-in volt-
age of the structure has been simulated in Comsol Multiphysics (shown in red

dots).

The above expressions for fixed-free cantilever mechanics are good for initial
estimations, but it should be noted that operations at cryogenic temperature will
complicate cantilever behavior and likely increase cantilever pull-in voltage. For
example, as temperature decreases from room temperature to 4 K, the Young’s
modulus of Au thin films has been reported to increase by about 5-10% depending
on the quality of the film [103]. Additionally, differences between the coefficients of
thermal expansion of the substrate and cantilever material causes deformation of
the cantilever and increases pull-in voltage. This problem is particularly acute for
fixed-fixed beam structures and can cause up to an order of magnitude increase in
the actuation voltage of beams [104-106]. For all gold, fixed-free cantilevers (2.2
pum thick, 75 pm long, 40 um wide), Gong, et al. have reported a 60% increase in
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actuation voltage from 300 K to 4 K [107]. Both sources attribute the increase in
pull-in voltage largely to cantilever deformation, and only slightly to the Young’s
modulus increase. Lastly, the yield of MEMS cantilevers will be important to this
project as the designed structures use long arrays of cantilevers. Yield in fixed-
fixed gold beams has shown to decrease from 82% to 39% as temperature decreases
from 300 K to 80 K, which could pose a challenge for successful realization of this

structure [105].

2.5.2 Pull-in power, transmission line model

One approach to estimating cantilever displacements and power requirements for
full actuation of the THz metamaterial structure is using the transmission line
model to estimate the voltage on the series capacitor and determine when it will
pull-in the cantilever. The average power for TEM and quasi-TEM modes in
transmission line theory is given by:

V()"

P,, = 2.23
27, (2.23)

where |V (2)| is the magnitude of the shunt voltage phasor, and Z, is the charac-
teristic impedance of the THz metamaterial transmission line given by equation

(2.15).

The root-mean-square voltage across the series capacitor is given by:

oo Vel _1IG)Ze, @) WV 1 /P .20
V) V2 Zo/2 wCr, v/ ZpwCy, ‘

substituting equation (2.23) for |V (z)|. Using the cantilever pull-in voltages calcu-
lated in section 2.5.1, we can estimate the power required to reach pull-in voltage

on the cantilevers in the metamaterial, Py = Zow?C7 V5.

44



2.5.3 Pull-in power, energy approach

As done in the parallel plate model, the force of the THz mode on the cantilever
can be calculated as Fry, = —%, where h represents the height of the cantilever
and Ug, is the energy stored in the series capacitor (. The energy in Cp,

assuming a parallel plate model is given by:

1, 1 P
UCL - §CLVCL,T'mS - ZCL (Zow20%> (225>

where Z; is the characteristic impedance of the metamaterial transmission line,
and P is the power in the transmission line. Substituting equation (2.15) for Zj,
we have:

Ppwy,

Ue, = == —5*n, (2.26)

where ng is the group refractive index derived from equations (2.9) and (2.10) as:

n cdﬂ No 14 Cr
g —_— = —— =N, B ———
7 Tdw 1_ <k ’ p*B*Cy

w?

(2.27)

where ng = ¢\/L,.Cg/p is the refractive index of an unperturbed metal-metal
waveguide of the same dimensions, and w,, = (LRCL)_I/ 2. Assuming a constant
power in the waveguide and a constant 3, the force on a parallel plate LH capaci-
tor, C, = €A/h, as a function of plate separation h and LH capacitor energy Uc,

can be calculated as:

dU, dn
st - (32 (%

dnyg

)& e

P Uc,w?
pno Wse _ Cste (229)

T 2he (JJ3, /w2 — wge N 2hw2

The same force can be calculated under the assumption of constant frequency:
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dUCL> <dng ><d0L)

F Z.w U >h = 230

rhzw(Ucs, ) (dng acy|, )\ dn (2.30)
4

P Ug, w?
_ o Wse = YO (2.31)
2he ) (w? — w2)*? 2h (w? — w?)

As discussed in section 2.4, an entirely metamaterial laser should follow a fixed 3
analysis, but the proposed structure involves movement of both  and w, so both
models should be considered. Similar techniques for deriving optical forces on
dielectric optical waveguides have been demonstrated in [109,110]. Assuming the
cantilever’s equation of motion can be described by an effective spring constant

K¢y, the cantilever tip displacement can be estimated as:

FTHZ
Kegy

In simulations, the force on the cantilever can be determined numerically via

integration of the time averaged Maxwell stress tensor (MST) along the cantilever:

(F) = /S (T) - nda (2.33)

where s is the surface of the cantilever, n is the unit vector normal to the cantilever

surface, and T is the MST given by:

I
T = ccoEE + juy1oHH — 2 (eco |E” + pupo [H|?)(2.34)

where I is the identity tensor. Cantilever displacement can be directly simulated

through application of the MST to a Comsol structural mechanics solver.

Figure 2.12 shows a comparison of Frp, . and Frg, g calculated using equa-
tions (2.29) and (2.31) assuming a constant power of 100 mW in the 12 pm
self-actuated structure. Frp,, is observed to be considerably larger than Fry. s
because group index n, changes more quickly with C, for a constant w compared

to a constant [:
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Figure 2.12: Forces calculated for constant § and constant w expressions as well

as simulated force on the cantilever. Parallel plate estimation for C7, is 2.1 {F

The forces extracted from simulations are also plotted in Figure 2.10. At lower
frequencies, the simulated forces seem to be in better agreement with the constant
[ expression. At higher frequencies, the constant § and w expressions converge
to similar results, while the simulated force is a little larger. This is likely due to
the inaccuracy of describing the series capacitance by a parallel plate capacitor,
as is also observed in the discrepancies between extracted values of C', and those

calculated using the overlap of the cantilever.

For comparison, consider the force resulting from the total change in the energy

in the waveguide (not just the change in Ug, ) when a constant power is applied:

Ppn
Utot = ¢

(2.36)
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The force, assuming constant [, can be derived as done previously:

Fri.s(Uso, h) = (%) (% /3) (%) (2.37)

dng dOL
Ppny w2, U2, (2.38)

- 2he ww/wz —wge T 2hw2

The expression is the same in terms of energy as that in equation (2.29), appro-

priate expression for energy just needs to be used. The force from U,, accounts
for forces on all elements of the waveguide and is determined in simulations by
integrating the MST over all surfaces of the waveguide unit cell. In Figures 2.13
and 2.14, constant [ equations (2.29) and (2.38) are plotted along with their
equivalent simulated forces for varying cantilever structures. It’s observed that
in all cases, the expression for total force from equation (2.38) is consistently in
good agreement with integration of the MST along all surfaces of the unit cell.
Results of equation (2.29) compared with the simulated forces on the cantilever
alone show little agreement and suggests that the confinement of C to the can-
tilever gap is highly dependent on the specific geometry and cantilever height. It’s
observed, however, that the simulated force on the cantilever alone never larger

than the total possible force predicted by equation (2.38).

2.5.4 THz metamaterial effective nonlinear index

Similar to the force calculation above, the actuation of the cantilevers and tuning

of the structure can be described by the change in effective index:

. dneff dCL
Anepp = ( dc, ) ( 7 ) Ah (2.39)

Using the expressions for K.rr (eqn. (2.18)) and Fry, s (eqn. (2.29)) calculated

above, Ah can be determined as a function of power and An.s¢ s can be written

in terms of an intensity dependent nonlinear index:
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Figure 2.13: Varying initial height. Forces calculated using equations (2.29) and
(2.38) compared to simulated forces extracted from simulations. Parallel plate

estimations for Cf, are (a) 3.5 fF and (b) 1.5 {F
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Few naturally occurring materials show strong nonlinear properties in the THz
range. The nonlinear index described here reflects a slow nonlinear process limited
by the resonant frequency of the cantilever (simulated to be ~4-7 MHz depending
on cantilever thickness). This nonlinearity can be used for slower-speed applica-

tions such as switching and tuning, and does not require such high field intensities.

A number of research efforts are studying fast terahertz nonlinear properties in
semiconductor material systems, superconducting thin-films, and graphene struc-
tures for development of traditional nonlinear processes in the terahertz, such as

frequency mixing [112-114]. Very high field intensities are needed to activate these
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nonlinear process. THz metamaterials have been noted as a good platform for the
development of ultrafast nonlinear THz processes due to high E-field regions as-
sociated with the subwavelength confinement of many metamaterials [115]. The
metamaterial transmission lines presented here, for example, have strong field en-
hancement in the cantilever gaps. Deposition of nonlinear materials inside the
gaps could allow access to the fast THz nonlinear properties of these materials
without the need for extremely high intensity THz sources. Nonlinear index no

from equation (2.41) is plotted in Figure 2.15.

2.5.5 Comparison

The initial goal was to determine if a THz QCL can produce enough average
power to fully actuate the Au cantilevers in the metamterial. We’ve developed
two models for the actuation of the cantilevers by the fields in the waveguide:
one based on voltage calculations, one based on force calculations. In addition,
the actuation has been simulated in COMSOL. Using the K.f¢ model from [102],
the power requirements for actuation around 2.5 THz based on these different
analysis techniques are tabulated for comparison in Figure 2.16. Assuming the
simulated result is most accurate, the pull-in power calculated using F' = dU/dh
is too large. This is expected because the force predicted in section 2.5.3 was too
small. The power requirements predicted by the transmission line model are also
too large, suggesting again that C7, is not strictly defined by the cantilever gap.
Fortunately, both models provide results that are within about a factor of two of
the simulated value, and both models are consistent in their error, making rough

estimation possible.

The data in Figure 2.16 shows that the pull-in power requirements can be
decreased by decreasing the cantilever height and decreasing the overlap, but the
strongest factor determining cantilever pull-in is the thickness of the deposited

cantilever. Based on reported reflectivities at MM THz QCL facets and typical
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h =250 nm, overlap = 3 um

Cantilever thickness Pull-in power, sim | Pull-in power, TL model | Pull-in power, force model
50 nm 132 mW 200 mwW 338 mwW
75 nm 484 mW 684 mwW 1.14 W
100 nm 1.16 W 1.64 W 2.71W
150 nm 4.00 W 5.34W 912 W

Overlap = 3 um, thickness = 100 nm

Cantilever height

Pull-in power, sim

Pull-in power, TL model

Tuning around 2.5 THz

150 nm 530 mW 742 mW 62 GHz
250 nm 1.16 W 1.64 W 65 GHz
350 nm 1.80 W 2.70 W 70 GHz

h =250 nm, thickness = 100 nm

Cantilever overhang

Pull-in power, sim

Pull-in power, TL model

Tuning around 2.5 THz

1.5 um 840 mwW 1.07 W 65 GHz
3um 1.16 W 1.64 W 65 GHz
4.5 um 1.47 W 2.20 W 59 GHz

Figure 2.16: Power requirements for cantilever pull-in. Cantilever thickness has

the largest influence on pull-in.

THz QCL output powers, circulating powers in THz QCLs should be ~100 mW to
1 W, suggesting that full range self-actuation of the purposed THz metamaterial
is plausible if the cantilevers can be fabricated thin enough, and if we have access
to high quality THz QCL materials [89]. The frequency tuning of the structure is
relatively independent of the specific cantilever positioning and height. For details
on the current status of fabrication results and device testing, see Chapters 3 and

4.

2.6 Higher order THz metamaterial design

As discussed in section 2.4, the metamaterials presented thus far are designed
to operate in the TMy, mode and require series capacitive gaps that break the
continuity of the top metalization. This makes it challenging, if not impossible

to bias a metamaterial QCL directly, resulting in two section cavity designs that
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have larger losses and decreased tuning capabilities. In order to directly bias the

metamaterial, higher order TM(; metamaterial designs are under investigation.

A number of theoretical and experimental demonstrations of non-tunable TM;
THz metal-metal metamaterial designs have been published by previous researchers
in this lab [36,80-82,98]. The design of a tunable TMy; THz metamaterial is pre-
sented in Figure 2.17. The design is based on a non-tunable TMy; “meander”
design presented in [50] and can be loosely described as two metal-metal THz
waveguides with left-handed series capacitors coupled together via a left-handed
inductance (see transmission line model in Figure 2.17(b)). By alternating the
series capacitive gaps for each of the coupled waveguides, the top metalization
of the metamaterial waveguide can be made continous and can be biased using
a single wire bond at one end of the waveguide. The inclusion of a left-handed
inductor gives rise to a left-handed branch in the dispersion, making this design a
composite right /left handed (CRLH) metamaterial transmission line as described

in section 2.2.

In Figure 2.17(c), the dispersion of the TMy; mode determined using a 3-D
FEM eigenfrequency solver (COMSOL) is plotted in red dots. The series cutoff
frequency is given by wy, = (LgCr)~/? and the shunt cutoff frequency is given
by we, = (LLCOr)~Y2. The larger of the two cutoff frequencies gives the RH-
branch cutoff while the smaller of the two gives the LH-branch cutoff. In the
design presented in Figure 2.17, the RH-branch cutoff is given by w,. while the
LH-branch cutoff is given by wgp, but it is possible to flip the two by adjusting
the geometry of the unit cell. The waveguide also supports a fundamental right-

handed TMyy mode, which is plotted using blue dots.

The unit cell of a non-tunable TMy; meander design is shown in Figure 2.17(a).
Similar to the TMgy designs presented in section 2.3, tunability can be provided
by the addition of self-actuated or separately biased cantilevers over the series

capacitive gaps. Because self-actuated designs provide less tuning and require
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Figure 2.17: (a)Unit cell of a TMy; metamaterial design. (b)Approximate trans-
mission line model. (c¢)Full structure for tunable TMy; metamaterial design with
TMy; E-field profile shown. (d)Simulated dispersion of TMy; and TMg, mode
with simulated dispersion of anticrossed air-mode plotted as black dashed line.
(e)Group-index-scaled confinement factor for TMy; and TMgy modes (using equa-
tion (1.2)). Confinement is >1 through the entire dispersion of the RH-branch
and the fundamental mode while the LH-branch confinement drops to nearly zero

at the anticrossed point.
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Figure 2.18: Meander design. (a)Tuning of TMy; mode. (b)Tuning of TMyy mode.

high THz QCL power, only separately biased structures are considered here. The
full geometry of the simulated structure is shown in Figure 2.17(c). It is important
to simulate the full structure (including cantilever anchors and bias electrodes)
because the near proximity of such metallic structures to the waveguide could
influence the actual dispersion of the structure as well as the confinement of the
mode to the QCL gain region. Indeed, this is observed in Figure 2.17(d), where
the LH-branch shows an anticrossing with a mode primarily confined in the air
between the cantilevers and their bias electrodes (simulated air mode dispersion is
plotted as a dashed black line). The anticrossing leads to poor modal confinement,
of the LH-branch, but should be of little concern because we intend to operate
at higher frequencies in the RH-branch. If the bias electrodes are removed, the

dispersion is the same, but without an anticrossing in the LH-branch.

Tuning of the TMy; metamaterial is shown in Figure 2.18(a). The RH-branch
of the design shows ~1 THz of tuning around 3 THz (33% fractional tuning), while
the LH-branch shows little movement. The transmission line model in Figure
2.17(b) gives a good qualitative understanding of this tuning, suggesting that
actuation of the cantilevers corresponds to tuning of the series capacitors Cy,

while the LH-branch elements Cr and Lj are largely unaffected. The analytic
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dispersions can be solved as eigenvalue problems using the transmission line model,
but it is difficult to closely match this result to the simulated result as the detailed
transmission line characteristics of the meander design may be more complex than
that drawn in Figure 2.17(b). Tuning of the TMyy mode is plotted in Figure
2.8(b) and shows ~0.65 THz of tuning around 2.5 THz (25% fractional tuning).
Restricting the QCL operation to either the TMgy, mode or the TMg; mode can
be challenging, so it is encouraging to see such large tuning regardless of the mode
that lases. Simulated voltage requirements to actuate cantilevers in Figure 2.17
through 500 pm ranges from 15-70 V as the thickness of the cantilever is adjusted
from 200-500 nm.

Material losses for the structure have not been calculated yet due to the large
computational demand associated with fine meshing of the metallic regions. It’s
noted, however, that modes outside of the light-cone (where we intend to oper-
ate) show similar material losses between plain metal-metal waveguides and the
metamaterial waveguides presented in section 2.4. Considering that the the TMq;
RH-branch and the fundamental mode both show strong confinement to the active

region, it may be safe to assume material losses will again be similar.

Lastly, it is important to set the bias on the top metalization of the waveguide
equal to the bias on the cantilevers so that the series capacitive gaps can be
actuated over the larges range possible. Small potential differences between the
top metalization and the cantilevers can cause pull-in to occur earlier. Such early
pull-in could be a serious problem in the separately biased TMyy metamaterial

designs presented in section 2.3.

2.7 Summary

In this chapter, the design and analysis of tunable THz metamaterials based on

transmission line theory has been presented, as well as the applicability of such
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metamaterials to designing a tunable THz QCL. Large tuning ranges of up to
Af/f = 30% are predicted for TMgy and TMg; designs with small features and
full cantilever actuation capabilities, while smaller tuning ranges of ~50 GHz
around 2.5 THz is predicted for self-actuated, large feature TMy, devices. Self-
actuation of cantilevers generally requires upwards of 1 W of power circulating
inside the QCL, but could be brought down to almost 100 mW if cantilevers
are made thin enough. Assuming about 10% of the power from a THz QCL is
coupled to free space, actuating these cantilevers should be possible assuming 1-
10 mW of peak output power can be achieved (which are relatively average peak
output powers for quality THz QCL devices). In the following chapter, I discuss
fabrication techniques for self-actuated and separately-biased designs and present

current results for attempted self-actuated THz QCLs fabrication.
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CHAPTER 3

QCL ridge waveguide fabrication and modeling

3.1 Introduction

In order to realize the development of real, working tunable THz QCL devices, pro-
posed fabrication processes have been developed for THz metamaterials with self-
actuated and separately biased cantilevers. In this chapter, I will detail the fab-
rication processes and discuss the results of an attempt to fabricate self-actuated
THz QCL devices using 5 pum thick active regions grown by Dr. John Reno at

Sandia National Laboratories.

3.2 MM self-actuated fixed-free cantilever metamaterial

fabrication

Figure 3.1 gives a slightly more detailed look at the heterostructure growth prior
to metal-metal bonding. The top of the heterostructure (that will be bonded
to the n-doped GaAs wafer) is capped with a 500 A, 5x10'® c¢cm~ Si n-doped
GaAs layer (typical bulk n-doping limit in GaAs), followed by a 1004, 5x10"
cm ™ Si n-doped GaAs layer (surface pinning of the Fermi level to mid-bandgap
allows for particularly high surface doping density). The 100 A highly doped
surface layer of GaAs creates a large space charge density near the surface that
facilitates electron tunneling through defect states, establishing an ohmic contact.

To prevent this layer from oxidizing and subsequently being removed by the pre-
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Figure 3.1: Details of QCL wafer growth. 5 pum of QCL modules are grown on
top of a =500 um GaAs wafer. Close up shows the QCL modules are sandwiched
between Si-doped GaAs contact layers, and Aly 55Gag 45As substrate-removal etch-

stop layers are grown below the contact layer.

metal evaporation BOE dip, the surface is passivated with a 35 A low-temperature
grown (LTG) GaAs. The bottom of the heterostructure is forwarded by a 600 A,
1x10'* em™2 Si n-doped GaAs layer that will form a Schottky contact on top of
the QCL. This bottom contact layer sits on top of two Algs5Gag5As etchstop
layers separated by 100 nm of undoped GaAs. These etch stop layers are used for

controlled removal of the GaAs substrate.

Starting with this growth, the following process is used to fabricate the self-
actuated, cantilever based metamaterial of Figure 2.3(b). Upon receiving the QCL
wafers, small pieces (R1x1 cm) are cleaved and individually processed as follows

(see Figure 3.2 for reference):

1. Evaporate Ta/Cu (300/3000 A) on top of the QCL growth and on top of a
n+ doped GaAs receiving substrate immediately after a 10 second BOE dip

to remove native oxide.

2. Bond the metalized surfaces of QCL wafer and the receiving GaAs wafer

using thermocompression bonding.
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10.

11.

12.

Deposit 3000 A of SiO, on the backside of the bonded pair (the back of the
n+ GaAs wafer) using PECVD. This is for protection of the backside during

steps 4-6.

Mechanically lap the top of the bonded pair (backside of the QCL wafer)

down to /50 pum.

Wet etch the rest of the ~50 ym GaAs remaining on top of the heterostruc-
ture growth using NH,OH:H,0, (1:25). The etch stops on a 1500 A AlGaAs

etchstop layer grown on top of the heterostructure.
Remove the etchstop layer with 49% concentrated HF (/10 second dip).

Remove additional 1000 A epitaxial GaAs layer with NH,OH:H,0, (1:100).
Lower NH4OH conentration is used for a more controlled etch of the epitaxial
layer compared to the fast bulk etching in step 4. The etch stops on a second
AlGaAs etchstop layer.

Remove the second etchstop layer (300 A thick) with 49% concentrated HF.

Deposit Cr/Au (200:1500 A) for for the top contact using standard nega-
tive contact photolithography techniques (include a BOE dip prior to the

deposition to remove native oxide).

Etch away exposed n-doped contact layer between series capacitive gaps
with NH,OH:H505 (1:100). This prevents shorting of the series capacitors

and decreases the free-carrier losses in the metamaterial.

Deposit 250 A of SiO, using PECVD and etch openings for cantilever con-

tact.

Evaporate Cr/Au (20/200 A) for the cantilever overlays using standard neg-
ative photolithography.
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13. Evaporate 2000 A Ni mask for mesa definition using standard negative pho-

tolithography.

14. Dry etch 5 pm ridges into the QCL growth using ICP-RIE with BCl; chem-

istry.
15. Remove remaining Ni mask using Transene Ni etchant.

16. Evaporate Cr/Au (200/2000 A) onto the back n+ GaAs surface after a BOE

dip for back contact.

17. Remove SiO, sacrificial layer to release cantilevers. To avoid cantilever stic-
tion, two etch option are: a wet BOE etch followed by critical point drying,

or an HF vapor etch.

3.3 Fabrication results

An SEM of first fabrication attempts is shown in Figure 3.3 prior to cantilever
release. Cross sectional cuts of an unreleased cantilever shown in Figure 3.4 reveal
that poor sidewall coverage during the oxide deposition resulted in discontinuities
in the cantilever metal. As a result, the cantilever structure won’t stand upon
release. Cantilever thicknesses of 200 nm and 350 nm were attempted, but both
showed problems with cantilever continuity. The problem may be resolved by
developing a more effective oxide deposition recipe. Additionally, the use a of
carousel planetary wafer holder during metal evaporation should improve sidewall
coverage but could make photoresist lift-off more challenging. Despite these issues
with cantilever continuity, cantilever release etches have been attempted with both
critical point drying and HF vapor etching, but results are currently inconclusive
due to compatibility issues of the CPD and HF etcher with small wafer pieces.

These issues are currently being resolved.
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(b) Wafer polishing and (c) Evaporate top contact. (d) Deposite and pattern
substrate removal. sacrificial oxide.
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Figure 3.2: Fabrication process for metal-metal metamaterial waveguides. Steps

(a)-(c) describe the standard QQCL metal-metal waveguide process (with series
capacitance) first developed in [49,50]. Steps (d)-(g) describe the additional fab-
rication steps for making the cantilever. The Ni and Au layers in step (e) require

two separate metal evaporations.
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15.0kV 14.6mm x150

Figure 3.3: SEM of a 50 um wide THz QCL tapered to a 20 ym wide passive
metamaterial section. The metamaterial has a 12 pym period with 3 pum series
capacitive gaps in the top metalization and 9 um cantilever overlays. The can-
tilevers have not been released, so the metamaterial appears dark (oxide) with

light Au patches.

Figure 3.4: SEM of cross-sectional cut of cantilever. Discontinuities in the sacri-

ficial oxide and cantilever metal are observed at points of sidewall coverage.
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(b)

Figure 3.5: (a) SEM of metamaterial QCL ridge. A 300 nm Ni mask was used,
causing photoresist peeling during evaporation and sloped sidewalls during the
dry etch. (b) SEM of sharp ridge from a standard metal-metal waveguide using a
200 nm Ni mask.

In light of issues concerning the structural integrity of the cantilevers, attempts
to demonstrate lasing from unreleased MM metamaterial waveguides were made
for the purpose of observing static tuning of different lasers made from the same
growth. Should the devices lase, distinct frequency shifts should be observed
between the metamaterial devices and the standard MM waveguide devices. There
would be no tuning available, but information about losses resulting from the
passive metamaterial section could be determined, and available frequency tuning
could be determined. Unfortunately, none of the devices have lased (see Chapter
4).

SEM images of the QCL ridges (Figure 3.5(a)) show that one problem could be
that the sidewalls from the mesa definition (dry etch, step 13) are sloped rather
than vertical. This is a result of stress in the Ni deposition causing the pho-
toresist edges to peel back during the evaporation, allowing thinning amounts of
nickle to deposit beyond the intended waveguide etch. During the dry etch, these
thin Ni mask extensions are removed progressively, leaving the observed slope

and roughness in the etched sidewalls. Sloped sidewalls can result in uneven cur-
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rent distribution, decreasing the gain of the structure and the sidewall roughness
decreases the sidewall reflectivity and adds loss. Standard, flat MM waveguides
that only use a 2000 A Ni mask show sharp, vertical sidewalls (Figure 3.5(b)). A
3000 A Ni mask was used on the metamaterial waveguides to improve sidewall
coverage, but the increased stress caused the observed photoresist peeling. The
author hopes to resolve this problem by use of a carousel planetary holder during
Ni evaporation to improve sidewall coverage and decreased the required thickness

of the mask.

3.4 Fixed-fixed beam Fabrication

The long-term goal of achieving competitive levels of frequency tuning depends
on the development of the separately biased, free-standing metal overlay design
as shown in Figure 2.3(a). A proposed fabrication procedure for free-standing

overlays is as follows (see Figure 3.6 for illustrations):

1. Repeat steps 1-8 from above to prepare metal-metal waveguide structure.

2. Evaporate Cr/Au (200:1500 A) for the top contact using standard negative

contact photolithography.

3. Etch away exposed n-doped contact layer between series capacitive gaps

with NH,;OH:H50, (1:100).

4. Evaporate 2000 A Ni for mesa definition. Observe in Figure 3.5(c) that
ridges without Cr/Au will be defined to the left and right of the QCL as

anchors for the bridges.

5. Dry etch 5 um ridges into the QCL growth using ICP-RIE with BCl3 chem-

istry.

6. Remove remaining Ni mask using Transene Ni etchant.
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7. Deposit 250 A SiN to prevent shorting the LH capacitive gaps at pull in
and to electrically isolate the anchor QCL ridges from the biased bridge

structures.

8. Spin on BCB (benzocyclobutene) polymer and etch back to expose QCL
ridges.

9. Evaporate Cr/Au (200/1500 A) on the BCB for the bottom electrode of the

bridges.

10. Deposit 6000 A Si0, using PECVD and pattern using positive photolithog-
raphy and BOE etching.

11. Deposit second oxide layer 4000 A thick and pattern using positive pho-
tolithography and BOE etching.

12. Deposit Cr/Au (200/1000 A) for bridges.

13. Release bridges with HF vapor etch.

MEMS bridges, like MEMS cantilevers, typically pull in at a height equal
to ~2/3 the initial height of the structure. In order to fully actuate the bridge
over the metamaterial waveguide, two sacrificial oxide layers are used so the ini-
tial height of the bridge at bias points is larger than the initial height over the
metamaterial. In the process described above and illustrated in Figure 3.6, biased
portions of the bridge are initially separated by ~1 pum, while the initial separation
between the QCL and the bridge is only 400 nm. This way, the pull-in condition

400

for the bridge should occur after ~ 330 nm of actuation (rather than == ~ 133

nm of actuation), allowing for a larger tuning range of the metamaterial.
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(a) Evaporate Cr/Au top metal

Cr/Au (20/150 nm)
N

(b) Evaporate Ni mask
Ni (200 nm)

L

() Mesa definition

(d) Deposit isolation layer (PECVD)
SiN (25 nm)

(e) Spin and etch BCB
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(h) Evaporate cantilever bias electrodes

/ 200 nm Au \

(g) Deposit and etch first sacrificial oxide layer

600 nm Si0,

v

(h) Deposit and etch second sacrificial oxide layer
400 nm SiO,

N

(i) Evaporate Cr/Au for fixed-fixed beams
Cr/Au (15/300 nm)
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(i, alternative) Evaporate Cr/Au for fixed-free beams
Cr/Au (15/300 nm)
Kk N

(j) Release beams

Figure 3.6: Fabrication process for free-standing, separately biased bridges. Same
process can be used to fabricate self-actuated cantilever structures such as that in
Figure 2.17. Figures show cross-section of structure, rather than the profile of the
structure, which was used to illustrate the fabrication process for the self-actuated
structure in Figure 3.2. Metal-metal wafer bonding and substrate removal are
done first but not shown. Width of BCB trenches and BCB electrodes are not

necessarily to scale. See Figure 2.17 for more accurate scales.
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CHAPTER 4

Device testing

4.1 Introduction

This project started with four new 4”7 GaAs wafers with MBE grown QCL het-
erostructures, each with a different active region design. The wafers were provided
by Dr. John Reno of Sandia National Laboratories. Despite the fact that QCL
modules can be designed to lase at very specific frequencies, QCL heterostructures
are challenging to grow and device characteristics can be very sensitive to the qual-
ity of the growth in terms of doping concentration, layer thicknesses, and interface
roughness. For these reasons, the new wafers have first been processed into stan-
dard MM waveguide lasers so their lasing characteristics (frequency, temperature
performance, power output, etc.) can be determined. This also provides control
data to compare with metamaterial laser data. In this chapter, I will describe
the experimental setup used to collect data, provide some details on the active
region designs used, and present the results of tested metal-metal waveguide QCL

devices and metamaterial QCL devices.

4.2 Experimental setup

Fabricated devices are cleaved into small pieces ~1-1.5 mm long and a few mil-
limeters wide. In cases of long MM waveguide lasers, these cleaves provide the
facets for the laser cavity. In the case of etched facet devices, cleaves are simply

made close to the etched facet. The cleaved pieces are then indium soldered onto
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Figure 4.1: Experimental setup for measuring LIV and spectrum data at cold

temperature.

a Cu chip carrier and wirebonded to electrically isolated Cu bond pads on the chip
carrier. The chip carrier is then attached to a cryostat mount with a Winston
cone to collect the divergent beam and the whole structure is mounted to the
cold stage of an Infrared (IR) Labs dewar with a polyethylene window to let THz
radiation out (see Figure 4.1). THz radiation is detected using an IR-Labs liquid
helium cooled gallium-doped germanium (Ge:Ga) photodetector. The detector
dewar also uses a polyethylene widow to allow THz radiation in and a Winston

cone to focus incoming radiation onto the 1x1 mm detector.

Current, voltage, and light intensity measurements (LIVs) are performed with
the device and detector windows face-to-face. Initially, devices are cooled to 77
K and pulsed at 10 KHz and 0.25% duty cycle (250 ns pulses) to avoid device
heating. The pulsed signal from the detector is amplified via lock-in detection

while the pulsed currents and voltages are probed using a boxcar averager. The
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equipment is controlled and data is collected by LabView.

Spectrum measurements are done using a Nicolet fourier transform infrared
spectrometer (FTIR). The divergent laser beam is collimated by an off-axis parabolic
mirror and directed into the FTIR, which houses a Michelson interferometer with
a sweeping mirror on one arm of the interferometer. The time dependent inter-
ference pattern is collected by the FTIR using the Ge:Ga detector as the mirror
is swept and the data is Fourier transformed to obtain the spectral information.
Spectrum measurements are also done in pulsed mode, so the Ge:Ga detector is
fed into a lock-in amplifier and the lock-in amplifier’s output is fed into the FTIR.

This setup is illustrated in Figure 4.3.

4.3 FL series devices

Of the four new wafers, two were four-well resonant-phonon designs and two were
three-well resonant-phonon designs. The four-well resonant-phonon designs are
based on the FL series of THz QCL devices first described by Williams [49].
The author of this work was not involved in the design selection; the designs
were adapted by previous researchers in this lab from designs that have been

demonstrated in this and other labs.

4.3.1 Module design

A qualitative understanding of some key active region design parameters is impor-
tant for proper interpretation of fabrication and testing results. The fundamental
operation principles of a four-well resonant-phonon QCL designs were described

in Chapter 1. Here, I will review the design of a specific FL. design.

Figure 4.1 shows the conduction band diagram, oscillator strengths, anticross-
ings, and scattering times of an FL series module (FL178C-MT7) at its designed
bias of 55 mV /module. The FL178C module was designed, tested, and analyzed
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Figure 4.2: (a) Conduction band diagram and electron states for two modules of
a four-well resonant-phonon QCL at lasing bias. (b) Anticrossing between states
as a function of applied bias. At the designed bias, the anticrossings Asy, Ao,
and Ays5 are all are all at a minimum for strong resonant tunneling. (c) Oscillator
strength as a function bias. At design bias, the oscillator strength of the lasing
transition (5 — 4) is at a maximum. (d) Scattering times as a function of bias.
At design bias, the scattering time out of the upper lasing state (7s54q.) is longer
than the scattering times of the depopulation and injection states. All figures and

data taken from [50].
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by Tavallaee [50]. The design uses 178 repeats of the specific FL. module, yielding

a 10 pm active region designed to lase at 2.9 THz.

At the designed bias, the 5 — 4 lasing transition is separated by Es;=11.6
meV (2.9 THz) with a maximum oscillator strength of f=0.87. The 3 — 2 tran-
sition is separated by E3»=34.8 meV, roughly in tune with the LO-phonon energy
Er0=36 meV. Radiative transitions from state 5 into state 4 are selected over
state 5 into state 3 by the large % ratio. The anticrossings Asy, Aqg, and Ay
are all brought into resonance for tunneling at design bias, and the subthreshold
population inversion reaches (75;" + 75;") "' /(74) ~20. Subthreshold parasitic cur-

rents occur between the 2’ — 3 and 1’ — 3 states. At lasing bias, these channels

should be suppressed, but can still be a source of leakage.

The two new growths tested by the author were designs FL86Q-M11-T (de-
signed to lase at 2.5 THz) and FL93R-M4-T (designed to lase at 4.3 THz). Both

designs are nearly identical to FL178C with exceptions that:

e They are only 5 pm thick (FL86Q and FLI3R only use 86 and 93 modules

respectively compared to the 178 modules used for FL178C).

e The well and barrier widths are modified to adjust the lasing frequency
(FLI93R has thinner wells for higher lasing frequency, so it fits more module

repeats into the 5 pum active region than FL86Q).

e The new wafers a use highly Si doped (n=5x10'® cm™) 5 nm GaAs layer
in the middle of the GaAs collection /injection wells rather than using lower
doping (&1.2x10' cm™2) across the full ~15 nm well. This doping technique
was first demonstrated in [116] for improved control over the doping profile
of a wafer and has been successfully adopted by several THz QCL research

efforts (see Figure 4.7).

e The doping concentration of the top contact layer has been reduced from
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5%10'% ecm™ to 1x10'® cm™ and the thickness of the top contact layer
has been reduced from 1000 A to 600 A. The lower doping should increase
contact resistance but decrease free-carrier losses. High temperature QCL

operation with no contact layer at all was reported in [34].

4.3.2 FL86Q results

Figure 4.3 shows LIV and spectrum data collected for an etched facet metal-
metal QCL and a two-section, metamaterial (unreleased) QCL fabricated from the
FL86Q growth. Very weak lasing is observed from the metal-metal QCL and no
lasing is observed from the metamaterial QCL device. Two negative differential
regions (NDR) are observed on both curves. The second NDR region occurs
when the bias becomes too high, causing the states to move out of resonance
with tunneling and scattering processes, resulting in decreasing current flow as
voltage is increased. This second NDR is typical of QCL IV curves and marks
the end of the lasing region. The first NDR observed at the lasing threshold of
the metal-metal QCL device, however, is unexpected. Typical QCL IV curves
should show a slight decrease in differential conductance (%) as the states come
into alignment and the population inversion builds, followed by a sharp spike in
differential conductance at lasing threshold associated with the onset of stimulated
emission that continues until the onset of NDR (see Figure 4.4). The IV in
Figure 4.5, however, shows an early NDR at the threshold bias followed by a
general increase in differential resistance until the onset of the second NDR is

reached. This behavior suggests poor alignment of the intended states leading to

low conduction and low power outputs.

For comparison, and to rule out the possibility of fabrication errors, an old 5
pm thick FL86Q wafer from this lab was processed in parallel with the new FL86Q)
(grown by Dr. Qi-Sheng at Northrop Grumman in 2009). This old FL86Q growth

has the same conduction band structure as the new FL86Q growth, but the old

76



—
Q
~

-
o

5 0.1 0.1
S

< 8 *s _oors 10.075
> 2 005 loos 3
s * PE 5 S

2 4E ©o025 10.025

MW\JWM =
% 100 200 300 40D 0 8
Current density (Alcmz) Voltage (V)
(b)
10

8 0.06} 0.06
s, 2 -
X :I:-; 0.04 0.04 5
S 4 QCL Metamaterial | = )
>° V*‘V 3

2 i 0 0.02 0.02

% ‘ ' ' 0 0

0 100 200 300 400 0
Current density (A/cm?) Voltage (V)

Figure 4.3: New FL86Q growth. LIV, spectrum, and differential conductance data
from (a)metal-metal QCL device (550x50 pm etched facet), and (b)metamaterial
QCL devices (50x220 pum QCL tapered to 20x250 pm metamaterial). Differen-
tial conductance is determined numerically from the IV data. The metal-metal
QCL devices show a rough spike in conductance at lasing threshold, while the

metamaterial devices don’t show any spike and don’t lase.
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Figure 4.4: Old FL86Q growth. LIV and spectrum data from metal-metal QCL
devices (550x50 pum etched facet). Differential conductance shows a characteristic

spike at the lasing point with the onset of stimulated emission.

growth uses the same contact layer and active region doping as the FL178C de-
sign presented in section 4.3.1 (doping across entire collection/injection well and
thicker, higher doped contact layers). This wafer has provided working QCL de-
vices for several publications coming out of this lab [80,81], but has very little
remaining supply. Metal-metal QCL devices from this wafer lased in pulsed mode
from heatsink temperatures of 4 K to 93 K and lased in continuous wave (CW)
mode at 4 K. The lasing threshold IV is marked by a signature spike in conduc-
tance associated with the onset of stimulated emission. At 4 K, the threshold
current density is a minimum of ~475 A /cm? and at by 93 K, maximum temper-
ature of operation, the threshold current density has increased to ~600 A /cm?.
It should be noted that the threshold current densities for this growth are much
larger than the threshold current densities in the new growth. This could be due
to the larger contact resistance in the new growth due to lower contact layer dop-
ing or it could suggest lower doping concentrations in the active region of the new
growths than expected. Metamaterial QCL devices have not yet been fabricated

with the old FL86Q wafer due to the limited remaining supply.
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4.3.3 FL91R results

Data from metal-metal QCL devices and metamaterial devices fabricated from the
FLI1R growth are presented in Figure 4.7. Neither of these devices lased. Their
IV curves don’t show a first NDR, but they don’t show a spike in conductance

either. Again, the current density is notably small.

4.4 OWI series devices

The three-well resonant-phonon designs are based on the OWI series of THz QCL
devices published by Fathololoumi, et al. [34], which have shown the best tem-
perature performance of any THz QCL to date. The conduction band structure
of the Fathololoumi design is shown in Figure 4.7. The module radiates via the
2 — 3 transition and the 1 — 3 transitions. States 3 and 4 are anticrossed, and

the 4 — 1’ transition is in resonance with LO-phonon scattering.

Specific designs tested here include OWI112-M6-QW, and OWI113F-T. Both
designs are similar to that in Figure 4.7, with the well widths modified to radiate
at 2.5 THz and 3.3 THz respectively. Again, the author of this work was not

involved in the specifics of the design selection.

4.4.1 OWI112 results

The IV data for a metal-metal QCL made from design OWI112 is presented in
Figure 4.8. The IV shows a brief spike in conductance before reaching NDR, but
no lasing was measured. The devices did draw notably more current density than

the 4-well designs. Metamaterial devices were not fabricated with this growth.
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Figure 4.5: FLI91R growth. LIV, spectrum, and differential conductance data
from (a)metal-metal QCL device (550x50 pm etched facet), and (b)metamaterial
QCL devices (50x220 pm QCL tapered to 20x250 pm metamaterial). Neither

device shows lasing or a spike in differential conductance.
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spike is observed at high bias, but no lasing was measured.
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and no spike in conductance.

4.4.2 OWI113F results

The IV data for a metal-metal QCL made from design OWI113F is presented in
Figure 4.9. The device did not lase or show any spike in differential conductance.
Similar to OWI112, the OWI113 device also drew notably more current density
than either of the 4-well designs. Metamaterial QCL devices were fabricated using
OWI113F, but they did not lase or show any additional characteristics in their IV

curves.

4.4.3 Fathololoumi growth results

Lastly, to rule out problems with the fabrication process, the author processed
metal-metal QCL devices using a piece of growth provided through collaboration
with Dr. Fathololoumi. The growth was originally done by the National Research
Council of Canada for the work published in [?] and uses the OWT design shown
in Figure 4.6. IV and spectrum data is presented in Figure 4.9. Device lasing

was measured in pulsed mode from heatsink temperatures of 77 K to 175 K with
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Figure 4.9: Fathololoumi et al. growth (wafer number V774) [34]. LIV, spectrum,
and differential conductance data from metal-metal QCL devices (550x50 pm
etched facet). Lasing is observed up to 175 K.

2

threshold current density varying from ~770 A/cm? to 1000 A/cm?. These are

similar results to those originally observed and published by Fathololoumi, et al.

4.5 Summary and conclusions

Testing results for four new QCL growth have been presented along with results
from old growths of the similar designs. Very weak lasing was observed from metal-
metal QCL devices using one new growth (FL86Q)), while lasing from metal-metal
waveguides from the other three growths was not observed. Metamaterial QCL
devices, were fabricated with the new growths and did not lase either. Metal-
metal QCL devices fabricated from the old growths did lase, suggesting that
there is either a problem with the new growths, or a problem with fabrication
of QCL devices using the new growths. It’s noted that the new growths have
two Al s5GagasAs etchstop layers sandwiching a 100 nm GaAs layer (see Figure
3.1). This results in additional etch steps in processing the new growths (steps

7 and 8 in section 3.2) compared to the old growths which only used a single
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Alg55Gag 45 As etchstop layer on top of the doped contact layer. If the additional
etchstop layers on the new growths are not properly removed, there could be
large contact resistances resulting in the small current densities drawn by the new

growths.

Given the observed issues with processing the new wafer growths, no conclusive
comments can made on the success or failure of metamaterial based QCL devices,
though visible issues with the fabrication process were discussed in Chapter 3. As
a next step, metamaterial QCL devices will be fabricated using what remains of
the old growths that have lased while we’re in the process of obtaining new wafers

from our collaboration with Sandia National Labs.
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CHAPTER 5

Conclusions and future work

The purpose of the work was to study and design tunable THz transmission line
metamaterials using MEMS cantilevers and apply such designs to the develop-
ment of a tunable THz quatum cascade laser. Two tuning approaches have been
investigated using transmission line theory and FEM simulations: self-actuation
of cantilevers using the THz power in the metamaterial waveguide, and separate
actuation using additional electrodes. Self-actuated designs are easier to fabri-
cate, but show significantly less tuning (=1-2% tuning of self actuated devices
compared to upwards of ~30% tuning of separately actuated structure) and the
THz power required for actuation may be difficult to achieve in typical THz QCL
devices. Additionally, both fundamental TMy, mode designs and higher order
TMj; designs were investigated. TMgy and TMjy; designs show similar tuning
capabilities, but TMy, designs cannot be electrically biased and thus require the
development of a two section laser where the metamaterial is fed by a standard
metal-metal THz QCL. Such two section resonant cavities shows even less tuning
and require more THz power to tune. Furthermore, the inability to bias the top
metalization of the TMy, designs could cause cantilever pull-in to occur earlier,
substantially decrease the actuation range and tuning capabilities. TMg; designs,
on the other hand, can be electrically biased, allowing for the development of
purely metamaterial QCL designs that show significantly more tuning and have

lower losses.

Fabrication procedures for both self-actuated and separately biased structures
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have been proposed. An attempt has been made to fabricate two-section, 12 ym
period, self-actuated THz QCL devices. None of these devices have worked. SEM
images of fabricated devices have revealed discontinuities in the cantilevers, mak-
ing them unable to stand after removing the sacrificial layer. However, regardless
of the quality of the cantilevers, fabrication of standard metal-metal waveguide
THz QCL devices reveals that most of the QCL growths used do not lase, which
is likely related to problems during their growth at Sandia National Laborato-
ries (not grown by the author). This is unusual as THz QCL devices have been
demonstrated time and time again in the past 10-15 years, have been demon-
strated previously in this lab, and were demonstrated in this work using pieces
of old growths that are in very limited supply. The failure of the growths should
be considered unrelated to the potential success of the designs presented in this

work.

While we're in the process of obtaining growths that lase, work needs to be
done on the development of more structurally sound MEMS. Recipe modifications
in the deposition of the sacrificial oxide layer need to be investigated, and it may
be necessary to consider a different sacrificial oxide layer all together (such as
photoresist). Lastly, different techniques for depositing the cantilever metal need
to be investigated including evaporation using a carousel planetary wafer holder

and sputtering.
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