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Abstract

Terahertz (THz) region is one of the least developed regions of the electromagnetic

spectrum. Lack of compact and high power sources and detectors in this wavelength
range has limited its use for various key applications. In this thesis, three different

appraches adopted for the generation of THz radiarerdiscussedguantum

cascade lasers (QCLs), photoconductive emitters and photomixers and emphasis is

given to photomixing.

Photomixers generate continuous wave THz radiation by beating two independent
laer beams on a semiconductor material. Beat frequency between the laser beams
determines the emission frequency. In this work, two different materia{Bed
dopedindium galum arsenide (Fe:InGaAs) anddapedindium gallium arsenide
phosphide (FenlGaAsP) is used for THz photomixing at telecommunications
wavelength. Characterizing the materials gave an idea about its intrinsic properties.
With a standard antenna design, exemplar performance in terms of bandwidth

(>2.4THz) and output power was olrtad from these materials.

In order to improve the THz power from photomixers, two different electrode designs
with nanometre dimensions were attempted on Fe:InGaAsP wafer. The spectral
bandwidth and power from the emitters were studied at differentidridations and
polarizations. Mapping the emitters gave an insight into the geometrical dependence of
the emission mechanism. Tdhesign was tested in a THz tidmmain system to

confirm the results.

Using photomixers, a ZI6iz QCL was injection locked a heterodyne source. The
emission frequency of the QCL was locked oveivit2f) QCL voltage modulation

was monitored for different emitter modulation frequencies. Locking experiment was
performed at different injected signal strengths and QCL bigSkeserission

frequency was monitored at the injection locked frequency an@é&@brmodes.
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Chapter lintrod uction

1.1 Terahertz radiation

The terahertz (THz) frequency region spans betweeBHRO@3mm) and 30Hz

(10um) in the electromagnetic spectrbigurel.l) [1]. This area lies between microwave
frequencies and midfrared frequencies. Due to a previous lack of compact sources and
detectors, it has been one of the least developed regimtdrofmagnetic spectrum and

has thus been r ef er[2. Eaeverosigrafisanttadvanced madaira h e
the past twenty years have developetieesnand detectors to be used for several key

applications.

Radiowaves Microwaves — Terahertz Infrared Visible UV~ X-rays
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Figure 11 Electromagnetic spectrum showing the THz gap. Image modifiet
ref[3].
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For example, astronomers and meteorologists are interested in the THz field due to
spectral features in the interstellar dust ¢fhu@he abundance efairious chemicals,

which result in ozone layer depletion, hawession inthe THz region5]. Also, the
composition of earthos at mo ollatienr can bee a d i
monitored as web]. This has caught the widespread attention of atmospheric
chemist$7]. The emission from interstellar dust provide information about the
composition, star formation in our galaxy and the cosmic abundance of various
element$B, 9]. Applications have also been reported in other fields such as [ib@aging

11), security screenifit, 13 and drug spectroscofiy, 1414.

An advantage of using THz radiation for imagiatgrials is that is norrionising in

nature. Many chemical species have characteristic vibration spectra in the THz frequency
range. The interand intramolecular modes can be accessed allowing aletiev
information about not only the chemical Egebut also its crystallographic structure and
packind1€g. Since many nemetallic and nepolar materials are transparent to THz
radiation, they can be eds for illicit materials detection and -destructive
evaluationl4]. This technique enable treliable detection of drugs hidden in paper,
plastics and cardboard. The detection of concealed weapons, ideal for security application:
in the airport, can also be carried out using THz radibB2jdr3 17].

Unlike Xrayq18, THz radiation is neionizing due to its low photon energy. Due to the
high concentration of water in human tissue, THz radigparally does not penetrate
further than several millimetres before complete absorption. THz radiation can be used
for the ex vivomaging of cancerous tissy#9. This research was carried out in a
laboratory environment. The same group la@t@odstrate@x vivandin vivamaging of
biological tissues (basal cell carcinf2@an a hospital environment. THz radiath@s
been used for imaging human breast cancer tj2duasd colon cancer detecti@a).
Furthermore, there have been applications demonstratdddinip wireless
telecommunication®3, darkfield imaging24] and dental cavity diagnof2&]. There
havebeen searal review articleser a wide range of top[ds3, 4, 2630 and several
books publishef81-35 on the development of THz radiation and its poteyjaicabn

in a wide range of fields.
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1.2 Terahertz sources

The lack of high power, roai®emperature and efficient sources of THz radiation has
hindered its impact in industrial applications. The majority of the high power THz sources
available today eitheequire cryogenic temperature oper§B@nor expensive laser
sources to excite thdBv]. In this section, a brief ook at the different methods

adopted for THz generation is given.

The first demonstration of the generation of THz radiation dates back to th®g920s
using a Hertzian dipole. Although this demonstration wgsfacant step in bridging the
electrical and optical region of the spectrum, there was no significant advancement in the
field over the next sixty years. Black body temperatures in the raiddd @ 14 lie in

the THz range. However, the radiation is weak and incoherent and thus cannot be
detected efficiently. For many THz applications, a high power coheremisoequired.
Vacuum tube sources (VTS) such as the gyrotron produce THz radiation by electrons
spiralling in a strong magnetic field and electromagnetic radiation is emitted when
resonance is achiej8§ and can produce THz power in the milliWatt rgdjgén the
10®200GHz frequencyrange, output power 6fl MW has been obtained from gyro
oscillatorg4(. Backwardvave oscillators (BWO) generate THz radiation through the
modulation of electrons using a magnetic field spiralling in the opposite (W8 ctith

are the most advanced among tbe sources. Power levels of /80 at 30@5Hz have

been reporteft?. Although these VTS genetaitgh power radiation, they require higher

magnetic fields,tens of Tesli3.

SinceheTHz region lies between the electrical and optical wavelengths, possible methods
for generating THz incledthe upconversion of signals at electrical frequencies or the
nortlinear dowrconversion from optical frequencies. Frequency multipliers and doublers
generate THz radiation by multiplying the source frequency inlineaordevicgt4.

The reported power levels using this technique are low and tordee inefficient at

higher frequencies. For example, Gaes®d planar Schottky diodes (using multiplier
chains at 60@GHz at 12(K) produced a power level of 1%/ at 1.7THz [45. The

negative differential resistance property of resonant tunnelling Ridds}scan be used

to generate and amplify THz radiation. There has been reported power levgls\bf ~23

at 342GHz and ~0.uW at 1.0ZHz from a GalnAs/AIASRTD [46. Other soliestate

sources currently used include impact avalanche transit time (IMPATT) diodes and tunnel
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injection transit time (TUNNETT) diodg5. The electronic uponversion process is

subjected to parasitic and transit time effects, resulting in a high frequefficy roll

One method of genating THz from the downonversion of optical frequencies is
through optical rectification in ntinear crystals. This is achieved by exciting the crystals
with an ultrafast femtosecond source, usually in the visible or near IR region. This method
has ben used tgenerate radiation between 8618/THz from a GaSe crys{dl], with

~1 mW average poweandbetween 0.4Hz and 3.9Hz from quasphasenathed
GaAs[48. The process of optical rectification requires phase matching between the
incident optical field and THz field, restricting crystal choicesnaasains. Another
means of generating THz radiation is through use of a THz wave parametric oscillator.
This employs a ndimear crystal placed in a FaPéyot cavity, excited with an ultrafast
laseff49. Optically pumped gas lasers have also been studied. In this, ithstagas

within the cavity determines the wavelength of the emitted radiation. Methanol is a
common choice as it possesses a lasing transition at @522.P8wer levels are of the

order of B20mW using ~100V excitation powdBY. However, their energy

consumption is high and the apparatus is quite bulky.

Free electron lasers (FEL) can also be used for THmtgenehere electrons are
accelerated within an alternating magnetic field. They can produce high powered, tunable
THz radiatior]50, but possess several drawbacks in that they are typically very large,

expensive and require strong magnetic fieldsT):10

A significantly different approach to generate THz radiation is with the use of a hot hole
germanium laser. In this case the lasing frequency is dependent on the hole transition
betweeriwo Landau levels in the presence of electric and magnetjiddiefisverghW

of powe were reported at a heat sink temperature & 450.42T [51]. Another
approaclused strained Ge layers and the lasing transition was engineered to be between
light hole and heavy hole valence subbands and have power leveis\Wi530While

these sources are easily tunable and have reported emission beanwedidizfz, and

output power of ~1@GnW, they require a continuous flow of liquid helium to make them

operational.

Photoconductive THz emission (PCE) using semiconductors does not require cryogenic
temperature for its operation and is broadband. This was first demonstrate{bB) 1984
and is now a wedistablished area of research. Initially, this technique was demonstrated

for pulsed THz emission and later for continuous wave (C\88oaniihis technique
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and t he G&picedbdowntiibe discudsed in detail in Chapter 3 of this thesis.
Consequently, power levels as high asW2zhave been repged[37]. More recently, a

major breakthrough in THz laser research was the invention of quantum cascade laser
(QCL) in 19945Y. Initially developed for emission in the-mfcared (IR) region, it was

later developed for THz frequencies, with the first THz QCL repo2602f56. QCLs

will be discussed in Chapter 2.

In this work, two different methods are adopted for THz generation, THz QCLs (Chapter

2) and photoconductive emission (Chapter 3, Chapter 4 and ChaptertérhBabes

can be used for the generation of pulsed (Chapter 2 and Chapter 5) and continuous wave
(Chapter 2, Chapter 3, Chapter 4 and Chapter 5) THz radiation.

1.3 Structure of this thesis

Chapter 2 gives a brief introduction to the history and operafid#tzoQCLs. It also
describes the fabrication and characterization of THz QCLs in detail. The performance
parameters of a fabricated device are presented and this is used for injection locking

experiment in Chapter 6.

Chapter 3 presents a study of the thebphotomixing and the development of a fibre
based photomixing system, operating at Af5Emphasis is given to the emission
mechanism behind photomixing and various factors affecting the emitter performance are
explained. The performance of a photemsystem is optimised using the commercial
TOPTICA emitter.

Two new different materials adopted for photomixing atrtB56e doped InGaAs and

Fe doped InGaAsP are discussed in ChapRrotbluminescence experiments used for
confirming the bandgapeagy of both materials, are discussed in detail, together with the
fabrication steps applied to both wafers. The performance of photomixers are compared
in terms of bandwidth and output power and the Fe doping levels are varied to observe
the effect this &s on both single gap and interdigitated active region designs. The
dependencies on bias and optical power for the two material are investigated and
explained.

Chapter 5 presents the different methods applied to improve the CW THz power. This is
predomintely focused on enhancing the emitted and detected sighblzatRsonant

antennas with dudlpole duaklot elements are discussed. Designs fabricated on a
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Fe:InGaAsP wafer are characterized in the-ddaweled photomixing system. Two
different desigs, encompassing electrodes with nanometre spacing anetuen two
antenna are adopted. The fabrication and characterization of the emitters is discussed.
Mapping of the emitters as a function of excitation spot, performed at various
polarizations, biasesda frequencies, is explained to understand the geometrical
dependence of the THz emission. In order to validate the results, the experiment was
repeated in a timdomain system and to confirm the results, the experimental details

performed on a thraern antenna are also presented.

The injection locking of a THz QCL to a heterodyne photomixer source is presented in
Chapter 6. Different methods adopted for locking QCLs are provided and a brief
introduction into injectiofocking of lasers is given. A congmr of the various
photomixers discussed in the Chapter 3 and 4 is performed, in order to find the most
suitable source. The injection locking setup is explained and the experiment is performed
at different injected power levels and QCL bias. The dféacthts has on the QCL

output spectrum is presented and discussed.

Chapter 7 summarises the major achievements and results from this work and suggest:

topics for future work.
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Chapter 2Terahertz quantum cascade

lasers

This chapter gives an overviefvone of the most advanced THz sources, quantum
cascade lasers. The first section gives an introduction to the historical advances that led tc
the development of THz QCLs. The theory behind the emission mechanism is described
in the second section, dising the different active region designs. In the third and fourth
sections, QCL fabrication and characterization procedures are explained. The
characterization results from a fabricated QCL are explained, including tldsatagent

relationship and speal performance.

2.1 Introduction

The first laser was demonstrated in 1960 by Theodore NE&r/mdihis device, with a
ruby gain medium had an emission wavelength ofm®d.%5®on after the invention of
the first laser, a semiconductor laser was demonstrated by two groupd&5Paad

they demonstrated stimulated emission &@aAs @n junction. The invention of the

first quantum wellaber was only in 19[B8]. GaA®Al,GasAs heterostructures were
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grown on GaAs substrates and emission reported min82%09V). The gain medium
and the population inversion mechanism is extremely different in each case and is briefly

discussed here.

In any laser having a sedtdte[57], liquid dyg61] or gag62 as the gain medium, lasing
occurs due to electron transition between two discrete energy levels, asKgoven in

2.1 (a). The emission wavelength is determined by the energy difference between the two
energy level§ O O and thus each material has its own characteristic wavelength.
Population inversion, necessary for lasing, is achiepedutgting the upper laser level

with more electrons compared to the lower laser level. In order to initiate lasing by
stimulated emission, an external pump source is used. The energy of the incident photons
is absorbed by the electrons and they are taisedupper level, emitting a photon to
subsequently reach the lower level by stimulated emissitted Erhotons will be

coherent, whichmplies they have identical frequency and phase.

@ Electrons
Holes

(’\\Ufr\l\ )If \UH f\ J‘Uﬂ —p (L(b%__'

Figure 2.1: Sclematic of the lasing transitiongdha soligtate laser an{l) a semiconductc
laser. The lasing wavelength (red line) is determined by the energy differenc®b
(upper lasing level) a@d (lower lasing level) and an external pumgedgreen line) is us
for achieving population inversion. For a semiconductor laser, the lasing wavelengtt
is O b@ndgap (

In a semiconductor lagéf, the lasing transition takes place between the conduction
band (CB) and the valence band (VB) edge. The bandgap of the semiconductor
determines the maximum emission wavelength. The emission wavelength is determined by
the characteristic waeegth,O 'O 'O, whereO andO are the conduction and
valence band edges respectively. The electron recombines with a hole and emits a photor

as shown irigure2.1 (b). Population inversionashieved by either electrical or optical
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pumping. Quanta well (QW) lasers on the otland have heterostructures of different
semiconductor layers. A narrow bandgap material is placed between two wide bandgap
materials to forraquantum well. Owing toetsmall thicknesses of these layers, quantum
confinement effects appear resulting in the formation of bound states in the well (the
multiple energy levels in a quantum well are called subbands). The emission wavelength i
determined by the thickness of uantum wel63. The energy difference between two

discrete level® in an infinite potential well is given by,

UsqV

where’Qa “ and0 represent the plancks constant, electron effective mass inside the well

O

2.1)

and the well width, resgtively. However, no barrier is infinitely thick and the

wavefunction penetrates through the barrier.

Well width

Figure 2.2. Schematic diagram showing the lasing transitio
guantum well laser. The laser ttmmsioccurs between tt
lowest occupied energy level in @B, and the highes
unoccupied energy level in \@,. The emission wavelenc

(red line) will be thus greater than the bandgap energy.

The lasing transition occurs when an electron in a bound state in 'Ge, @G&ks a
transition to aother bound state in the VB, , as represented kilgure2.2. Tuning the
lasing wavelength can be achieved by alternating the well thickness, since it creates

change in energy level. The emitted photorgyemne greater than the bandgap energy.
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Due to the involvement of two different charge types, electrons and holes, semiconductor

| asers are Obipol ard.

A similar approach for generation of THz wavelengths betwsartd 10Qum has been
impossible until reatly due to the lack of a sufficiently stvedidgap semiconductoA

different approach for light amplification in semiconductors was proposed by Kazarinov
and Suris in 19764]. They sggested a possible amplification of light in intersubband
transitions. Intersubband transitions occur between the different energy levels in the CB of
a QW itself (i.e. holes are not involved). This can result in an emission at wavelengths
smaller than thbandgap energy of the semiconductor, since valence band energy levels

are not involved in optical transition.

It was Jerome Faist al[55 who demonsated the first quantum cascade laser. It had an
Alo4dnosAY GaysdnosAs superlattice grown on an InP  substrate. It involved
sophisticated barstructure engineering of semiconductor heterostructures leading to
lasing due to intersubband transitidrigey reported an emission wavelength qfmd.2
(71THz) and 8nW of output power at cryogenic temperature.

N

—>

€ injection

Figure 2.3: Schematic diagram showing the lasing transition in a (
an applied bias. Eleatare injected via an injector miniband or
(blue arrows) into the upper lasing level (dotted line) in the qt
well, transits to the lower lasing level (solid line) emitting a phot
lines). The electrons are extracted into the upperléagihgf the nex

period and the process repeats. A cascade of photons is emittec
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The principle behind the QCL is different from that of a QW laser or bulk semiconductor
laser. It consistsf a series of heterostructiagers forming quantum wells aadiers to

form a O6superlatticeo. As a result o f 0
guantum wel l s, Omi ni bandsd ar e §&iofastee d. T
scattering of electrons. These minibands can serve both asaromgecextractor. The

electron is injected to the upper lasing state from the injector region at an applied bias.
Population inversion is attained between the upper lasing level and lower lasing level. The
electron in the upper lasing level will tramigitthe lower subband with the emission of a
photon with THz energy. On reaching the lower subband, coupled to the extractor state,
the electrontunnelto the next quantum well which contains the upper lasing level in the
next period, will emit a phot@md move to the lower subband. Thus, a single electron
can produce a cascade of photons resulting in a coherent emission and hence the nami
guantum cascade lasers, as showigume23. These | asérasatbepun
only one type of charge carrier for lasing. Changing the lasing frequency is achieved by
changing the layer thickness due to the change in energy level.

Several factors affect the lasing itimms. Population inversidretween the uppéasing

level and lower lasing level, is affected due to thermal backfilling of electrons and phonon
scattering (thermally activated). Thermal backfilling of the lower lasing level occurs when
electrons gain energy due to thermal absorption and movagleraemergy state, thus

not contributing to lasing transition. Thermal phonon scattering is when siedtien

upper lasing level transit to the lower subband by emitting a longitudinal optical (LO)

phonon.

Similar to any laser, in a QCL the gaindarc#tvity should overcome tbsses. The losses

in QCL arisadue toseverafactors, a) mirror losses from the two output coupling facets
b) free carrier absorption losses due to thedoped semiconductor layerand
c)resonant intersubband transitiosses. The threshold current density,defined as

the current density required for the lasing to ini@i&tds given as

: | |

' Te (22
wherg ,| ,"Qand3s represent the waveguide loss, mirror loss, modal gain and overlap
factor between the optical field and the active region, respectively. It is tesiaable
0 as low as possiblegrresponding tées current to operate the device, wicieh be
accomplished by low loss and high gain.
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The continuous wave (CW) operation of alRIQCL was reported in 19989 and
room temperature operation in 198974 by the same group. Power levels ofA\BHas
been achiedefrom the mid IR QCLs CW mode at room temper§é&e

2.2 Terahertzquantum cascadelasers

Soon after the invention of rid quantum cascade lasers, many attempts were made to
operate the laser in the terahertz region. InGhdHz region, the photon energy ¢4
25meV) islower thanhe LO phonon (lattice vibratipenergy (~3éneV in GaAs)69,

70. There are other contributing factors due to eleetemtron scattering, electron
impurity scattering, interfacgighness scattering and phonon scatténiragldition the
requiredspacing beteen the intersubband energy levels in the THz region is much
smaller tham thelR region, making it more difficult to selectively depopulate the lower
lasing level, thus the LO phonon cannot be used for population inversion. Another
constraint in achigwg THz QCL was waveguiding. The free carrier absorption losses are

quite high, which is proportional to the square of the wavelétjgth

The first demonstration of a THz QCL was only a decade later by &@t|B€. It was

a GaAs/AlGaAs chirped superlattice active region, (which is discussed in the next
subsection) QCL having a single plasmon waveguide (explafeetom2.2.) and

emitted at a sgle mode frequency of A Kz and 2nW output power and had a
maximum operating temperature oK50 pulsed operation.

A range of active region designs were developed to improve the emission frequency,
efficient removal of the electrons from lower antb and efficient injections. THz QCL

active regions can be classified into four principal design schemes: a) chirped superlattice
(CSL), b) bountb-continuum (BTC), c¢) resonant phonon (RP) and d) hybrid design, as
shown in thd-igure2.4.

a) Chirped superlattice (CSL)
The wavefunctions of the different quantum wells and barriers in the active region couple
to form minibands and thus the lasing transition takes place between a pair of minibands.
As shown irFigure2.4 (a),thelasing transition takes place betwisetower state of the
upper miniband and the upper state of the lower miniband. Here, the population inversion
is due to scattering of electrons in the variawsle@d minibands. The electron relaxation

from the upper state of the lower miniband takes place due to elastic scattering. This
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design has the advantage of low threshold current density and the disadvantage is therme
backfilling which limits its operatianhigher temperaturg.

21) ~ Chirped superlattice b> Bound to continuum

1l

2
L s 117 N
7 - - |a 2 M ~ 4
e IR e : ==t 24 |
mﬁ = = ’TL v e ~CJ [ ks
| Module | Module 1
: ~105nm ! ~110nm
©)
2 Resonant-phonon Hybrid/interlaced
r” | l
2 |
1 { o—— H 13 ‘ F
L Mwg I ‘
2 \ S T —
[ — 2
L J ' Wy 1
inj === ~ S
Module — ~| |

~55 nm

= Upper lasing level
s | ower lasing level
Minibands

Figure 2.4: Schematic diagram representing commusalgt active region designs in THz Q(
(a)Chirped superlattice, (b) Botmoecontinuum, (c) Resongpttonon and (d) Hybrid, showil
energy levels and lasing transitions. Image reproduced &8 ref

b) Bound to Continuum active region
Very similar to the CSL design, the upper lasing miniband is replaced by a bound state
which forms an isolated state adjacent to the injbetigar. Lasing takes place between
the bound state and the miniband and depopulation involves elastic scattering within the
minibands. The radiative transition is more diagonal (from one well to another well) in real
space compared to the CSL design. oukess thermal backfilling, better operating

temperatures and power performaficd<an be achieved.

c) Resonant phonon active region
The collector and injector barrier energy level differs from the lower lasing state by the
energy of a LO phonon, &36meV in GaA$70, whch enhances the efficient
depopulation of th@Wwer lasing state by emittl@ phonon. Minibands are not involved
in the lasing transition and thus it is possible to selectively depopulate the lower lasing

state compared to the previous two active regsigns. Electrereaching the upper
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lasing level emits a photon and reaches the lower lasing level. The collector, then emits LO
phonon, which is in a tunnelling resonance with the excited energy level in the adjacent
quantum well. Electrons are effiliememoved from the lower level to the upper level
which reduces the lower state lifetime. The upper state hagditdp with the injector
stateand has better lifetime compared to the lower state. The only disadvantage is higher
threshold currer73, required for the alignment of different energy levels (LO phonon
energy ~36neV).

d) Hybrid design
This design is actually a compromise between the BTC and RP ldesggtise upper
lasing state remains a bound state as in the BTC design and the lower miniband is at a LC
phonon energy difference from the injector well. The direct coupling between the upper
level and the extractor well is relaxed. Also the alignnileatextraction well is relaxed
as the alignment can take place over a miniband with respect to a particular level. The RF
design has the greatest disadvantage of requiring high threshold current for alignment of
the energy levels (upper lasing levely llasimg level and the injector level) for lasing.
However, for a BTC design, optical transition occurs at a very low threshold current. Both
designs are combined to produce this hybrid dédjgmilso a new design termed

scattering assisted injection was also demonstrated 52010
2.2.1 Waveguiding in THz QCLs

For waveguiding in THz QCLs, two different methods are employed -&)sséting

surface plasmon (SI§8q and b) metainetal or double metal (DM) waveg(ité: In a

SISP waveguide, the mode is confined between top metal layer and the"Bay®m n
which acts as a quasetallic layer, as shownHigure2.5 (a). The hlayer between the

active region and the substrate astdoth an optical confinement layer and electrical
contact layer. The electromagnetic mode is confined due to the overlap of the modes with
the surface plasmon modes beneath the top metal laygguse®5 (b) and the bottom

n* layer. In the case of DM waveguide, the bottohayer is replaced with a second
metallic layer, resulting in better mode confinement and thus reducing the losses. The
processing complexity and growth requirements had made SISPfalewicable. In

fact, the tighter mode confinemenDiM QCLs results in a divergent beam compared to
SISP QCL.
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Figure 2.5: Electric field intensity pattern observed in the
commonly used waveguide desi@) SISP and (b) doul
metal. Image reprodutiEom ref[69.

2.2.2 THz QCL advances todate

225 ,
A

¥ i . o .A.AA.A. Yo

1 2 3 4 5
Emission frequency, THz
Figure 2.6: Summary of the THz QCL performance at diffe
maximum operating temperatures and the corresponding
frequency. Image reproduced from [7&f Red triangle
correspond to RP design, black squares are scatssigige
design, blue circles are BTC design and green dii
correspondo material system other than GaAs/AlGaAs.

Ever since the first demonstration of THz QCL in 2662 there have been several
repats to improve the operating temperature in both pulsed and CW7&8de The
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maximum operating temperature attained is Kg8@| in pulsed mode and ~1K9[85

in CW mode, without the presence of any external magnetic fieklgsee.6.
Maximum operating temperatras high as 226[86 have been obtained using
magnetic field (B), since the presenceagnetic field can redutanradiative scattering
between energy levels. The range of frequeaciesved with QCL$s between

1.2THz [87] and ~5THz [8F. The maximum power levels obtained to date avé il

pulsed modf8g and ~138nW in CW mod¢89. A recent review of THz QCL
performance in terms of maximum operating temperature and frequencies is also provided
in ref[77).

In this chapter, fabrication of a BTC QCL with a SISP waveguide is demassitatdd
be used for injection locking, which will be discussed in Chapter 6. Fabrication procedure

is the same for wang active region QCLs witlsESP waveguide.

2.3 Fabrication of THz QCLs

The active region of a QCL encompasses hundreds of period®RAIGaAs[56

layers, grown on a lattice matched semiconduct®aASI substrate. The growth process

is usually carried out in aolecular beam epitaxy (MBE) machine. MBE growth is
preferred over other growth techniques due to the uniformity and improved surface

quality. The growth is performed under vacuum and precursors used are of high purity.

The active region of the QCLs usethis work had GaAs/AlGaAs hetestructure and

was grown on SbaAs substrate. The wafers were grown by Dr. Lianhe Li in the MBE
machine at The University of Leeds and were processed in the Wolfson nanotechnology
cleanroom. A standard SISP waveguideQ®iz fabrication procedure carried out in the
group was followed and can be found in these refe[@®8& The different steps

involved in the fabrication process are discussed in detail in the following subsections.
2.3.1 Defining the fabrication window

Initially, a 8nmx6mm piece was cleaved from thanéh wafer. The wafer size was
chosen to match the dimensions of the photolithography mask, to be used in the
subsequent steps. The sample was cleaned using acetone and isopropyl alcohol (IPA) t
remove any dust or debiifiesample was left in acetone for 5 min in a beaker and placed

in a 20% power ultrasonic b&Bandelin Sonorex Digital 1G#)d this was followed by
repeating the same in IPA. The sample was blow dried using dry nittpdéom(@ver,
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to ensure the remowvafl any sort of organic waste, the sample was left in a plasma asher,
Emitech K1050X at 85 W power for 5 min.

It was then spun with Shipleys S1813® photoresist in a spin coater at a ratemwf 4000

for 30s. This ensured a resist thickness 6L A@m. The resist was then baked using a
hotplate at 119C for 1 min to remove any excess solvent on the sample surface. The first
photolithography step was to remove the edge beads that might have arisen due to resis
buildup, from the four corners of the saendf they are not removed, it can affect the
subsequent fabrication steps. The sample was exposed using a UV mask aligner at a
incident wavelength of 3ffh at 10nWcm %for 6s. The exposed sample was developed

in Microposit MF 319 developer for &/5-ollowing this, sample was cleaned using de
ionised (DI) water for thin and blow dried using dry.N

2.3.2 Defining laser ridge

The active region of QCL (multiple periodsGafAs/AlGaAs layers) is sandwiched
between two highly dopetlayers which is intended for applying bias. The tayer is

for top contact and the bottom rayer is for bottom contact. All the layers are grown
uniformly in the MBE machine and a meshimg has to be carried out to define the laser
ridge of required length and width. The laser ridge is defined by photolithography
followed by a mesa etching process to expose the active region.

Resist

Top n+ layer

Bottom n+ layer

e

150 pum

Figure 2.7. Schematic representation (left) and optical image (right) of the ridge d
lithography step. Different layers are marked in the schematic diagram and with the |
layers after development. In the optical image, laser ridge is inr¢hancetite small rectany
shapes on both sides are alignment marks.

With the edge beads removed, the sample was exposed by a second photolithography stej
A chromeon-glass mask was used for this purpose. The sample was exposed using the

same mask ghier used for edge bead removal at similar power levels, with an exposure
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time of 3sl. The exposed sample was developed in MF 319d4dpli&ved by a quick
wash in DI watefrigure2.7 showsa schematic repregation and photographic image of
the topsurfacesoon after lithography. The mask has ridge widths ranging betyween 90
and 20Qum, in the present work the ridge width ispdB0unless stated. The alignment
marks were defined on both sides of the tm@elp identify the right design for further
lithography steps.

A wet chemical etch was carried out for the mesa etch. Fthalkample was initially

stuck to a glass plate using S1813 and soft baked@tf@dd min. The wet chemical
etching solubn comprised otoncentrate®ulphuric acid ((3$Q;), hydrogen peroxide

(H-02) and water (kD), i.e., HSQ:: H,O2: HO in a 1:8:40 ratio. The prepared solvent

was left for 12minutes at 23C to have a uniform etch rate. The required etch depth
dependsipon theactive region design and usually ranges betwHé&nuaR Special care

was taken to ensure that the sample was not overetched, as overetching the sample ma
lead to removal of the bottom fhayer, thus rendering it useless. To confirm the etch
depth, an Alpha step 600 surface profiler was useidure2.8 shows the sample after

theetching process, both schematic and photographic images.

—
150 pm

Figure 2.8: Schematic representation (left) and optical image (right) of the
after etching.

Wet etching is partialigotropic with slightly different etch rates in the horizontal and
vertical directions resulting in slightly different etch height and widthay #red the
bottom of the ridge, shown Kigure2.8. The sample was then removed from the glass
plate and the resist was cleaned by leaving the sample in acetoneutes5The
sample was later cleaned in B blow ded using dry N Plasma ashing was also
performed at similar power levels.

1The exposure time for usual lithography steps @8 is used for all the photolithography steps
from now on. However, a longer exposure time was used for edge removal step to ensure that
thick resist at the cornerssaeposed properly.
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2.3.3 Defining the bottom contact

The bottom contact layer, as mentioned earlier, i$ ngenburied underneath the active
region. This layer is exposed by wet etchthgpanake an electrical contact, metallization
and annealing was performed. The sample was spun with S1813 and baked at 115
before photolithography. After exposure in the UV mask aligner, the sample was left in
chlorobenzenéo enablehe lift-off process. In order to facilitate this, the sample after
exposure was left in chlorobenzene fomirfuites and blow dried. The sample was
developed using MF 319 fors/&nd cleaned using DI water. Chlorobenzene changes the
solubility of the resist in the exposeul unexposed regions thus creating an undercut
profile[93 94. The sample was plasma ashed feras@@25N to clean the surface before

loading on the thermal evaporator.

For bottom contact metallization, AuGeNi alloy was used. AuGeNi alloy is the most
popularly used metal for Ohmic contacts on Ga\96. The alloy was evaporated in
Leybold thermal evaporator at vacuum pressure of <f.B& and ~25@m

thickness was evaporated. After evaporation, tiptesass left in acetone for 8 for

lift-off. The beaker with acetone and sample was placed in an ultrasonic bath for 2 minutes
at 10% power to remove any unwanted metal flakes and resist residue left on the active
region or on the edges. For a B0 lidge,the width of the bottom contacts was

~200pm. The sample was cleaned using IPA and blow dried zsing N

With the metal evaporated on thdayer, the sample was annealed &CI18% 1 min in
Rapid Thermal Annealer (RTA) from AnnealSys. Anneadimiggd that the Ge atoms are
doped into the bottom*nayer thus reducing the contact resis{@#y08 (making it an
Ohmic contact)Figure2.9 shows the sample after (a) litlapdwy, (b) metallization and

(c)annealing. The change in the metal surface appearance is attributed to annealing effects

The contactesistance between the two annealed metal contacts on both sides of the ridge
was measured in a probe station using a multimeter and the resistance needs to be betwee
60100. The resi stlnicreplviad sueasn odverlS5etnth r es

layer, in which case the sample is unusable.
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Alignment marks

Bottom contacts

Active
region
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Top n+ layer
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Active region
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Figure 2.9: Schematic representation (left) and optical image (right) of the QCL «
bottom contact (a) after lithography (b) after metallization)afte(@nnealing.

2.3.4 Defining top contact

To apply the electrical connection to a QCL, a top contact is also dedifmdthe
bottom contact, resist spinnindgpaking, lithographygchlorobenzene curingnd
developmentvere conducted to create the top aontThe alignment marks made the
process easier. Instead of completely covering the top surface of the ridge, twthin 20
wide strip lines were defined using photolithography to remedy waveguidif2fissues
AuGeNi was used for metallization and the preferred thickness wa@®12Gnm.
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Metallzation was carried out in the Leybold thermal evaporator under similar vacuum
levels as for the bottom contact and the sample was lifted off in acetone in an ultrasonic
bath at 10% power for 2 min. The sample was later cleaned using acetone and IPA and
blow dried using N Figure2.10 shows the top view of the surface after (a) lithography

and (b)metallization. Unlike the bottom contact, the top contact was not annealed after
metallization to prevent the diffusioinGe atoms into the active region which can affect

the waveguiding.
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Figure 2.10 Schematic representation (left) and optical image (right) of th
defining top contact (a) after lithography (b) afeallization.

2.3.5 Over-layer deposition

Although the top and bottom contacts are defined, in order to ensure that the THz wave
is confined within the laser cavity and also to make it easier for wire bonding, top and
bottom contacts were covered with a Tidverlayer.The Ti layer was used along with

Au layer as an adhesive. The resist spinning, baking, photolithography, exposure,
chlorobenzene curing and development process remained the same as the bottom contac

definition discussed in Sect®8.3
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Figure 211 Schematic representation (left) and optical image (right)
QCL defining overlayer (a) after lithography (b) after metallization.

The metallization was carriegt @ Leybold electrebeam evaporator 350. Ti/Au of
10nm/150nm thickness was deposited on the surface. After metallization, sample was
left in acetone in an ultrasonic bath fomi2 at 10% power for li{iff. The sample was
cleaned in acetone and IFferlift-off and blow dried using.NFigure2.11 shows the

schematic and optical images of the sample soon after a) lithography-affd b) lift
2.3.6 Substrate thinning

The whole fabrication process to this pointeaased out on a ~5Q@m thick SiGaAs
substrate. Since QCLs operate at cryogenic temperatures and the maximum operating
temperature is 200[84] to date, the substrate thickness is reduced t@20&0m to

reduce thermal retance.

Figure 2.12 Schematic of the QCL after substrate thinning
metallization. The thickness of the substrate is reducec
~500pm to ~200um.
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The sample was stuck to a glass plate with theidgsefacing down using wax. A small
(5mmx5mmx3mm) piece of wax was placed on one end of the glass plate which was
left on a hot plate at 9C. When the wax melts the QCL was placed gently on top of it. It
was ensured that the wax covered the tdpeaidge and also sides, otherwise the sample

can be damaged by etching the laser ridge.

The etching solution used for ridge definition, discussed in ekttomas used with a
different solvent concentration. The etcle raquired for ridge definition needs to be

lower or else it can result in oe¢éching the substrate. To increase the etch rate, the
solvent ratio was altered to beS@&;: H.O.: H:O at 1:8:1 ratio. The sample stuck to the

glass plate was immersed insthleent and the etch depth was monitored using Testronic

mi crometer. Once the s ub s200um,tthe et¢ching weak n e s ¢
stoppedThe simple was removed fraime wax on the glass plate by placing it on a hot
plate at 99C and immersindié molten wax along with the sample in trichloroethylene

(TCE). TCE ensured removal of any remaining wax on the laser ridges or bottom contact.

With the substrate thinned dowime sample was found to be extremely delicate to handle
and special care waketa to avoid breakage. The back surface was then metallized in
Leybold electron beam evaporator with Ti/Au of thickneasn2Z200nm to help it stick

to the indium and then to the copper block Fagare2.12

2.3.7 Top contact sintering

In Section2.3.4 it was mentioned that the top contact was not annealed. However, the
top contact was sintered at 2€0for 4 minutes so that Ge atoms will not penetrate too
deep into the active regionnmealing was carried out in an RTA for four minutes
Although this process could haeenperformed soon after top contact metallization,
carrying out at this stagesured that all deposited métailuding overlayei§ properly

adhered to the subs&aiThe sample was further cleaned with acetone and IPA, and blow
dried using dry No remove any waste deposited on the surface and was plasma ashed for
90s at 25 W. With thithe sample is ready to be cleaved and mounted on a copper block
for testing.

2.3.8 Cleaving, mounting and bonding

The sample had three ridges ofrf length and 150m width separated by 1im. The
cleaving process was started by separating the laser ridges. -TI0® JeRer was used

for this purpose. A scribing mark was made erséimple using the scriber, as far as
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possible from the ridges, and was separated manually. The separated laser ridge was ag:
scribed to specify the laser dimension of required length. The laser ridge was then checkec
underamicroscope to ensure a mitlige facet, or else this can contribute to losses in the
cavity. Scribing using the mackeinsured a length accuracy of ~hursloécdhm.

The laser ridge was mounted on a copper block in order to carry out the characterization
at cryogenic temperaturés.20mmx7 mmx2mm copper block was cleaved from a
copper sheet. The top and bottom surface was polished in a lapping station with a mirror
like finish for the top surface. The bottom surface was also polished to get rid of any non
uniformities that migtdffect the thermal contact between the QCL and the cryostat. The
copper block was then cleaned using acetone and IPA. The top surface was then deposite

with Ti/Au of 20nm/150nm thickness in a thermal evaporator.

Two gold coated ceramic pads were gisid) GE varnish at the two ends of the copper
block for wire bonding the QCL. The copper block was kept at a heatsink temperature of
100°C on the hotplate on a Kulicke & Soffa 4524 ball bonder machine. A small piece of
indium sheet was placed at the lygtpveen the two ceramic pads. Initially, the hotplate
heatsink temperature was increased t8CL&8ightly above the melting point of Indium,
which is 142C) and as the indium melted, it was spread into a uniform thin layer using a
flat-end blade. Withotplate temperature reduced to AD0the QCL was placed on top

of the indium. QCL was pressed slightly to the indium using two stationary metal needles.
As the hotplate temperature was further increased 1€ 14 needles pressed the QCL
gently intothe molten indium and thus soldering the QCL to the copper block. The
heatsink temperature was reduced t8@®@which the bonding was performed.

Figure 2.13 Photographic image of the QCL mounted lon

copper block and wire bonded to contact pads.

Au bond wires were used to bond the top and bottom contacts to the two separate

ceramic pads. The two ceramic pads used on the two sides of the copper block ensured
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that the THz radiation can be accessadltaneously from both facets which is crucial
for experiments, and will be discussed further in Chapter 6 of thisFihese2.13

shows the photographic image of the device mounted on a copper block.

2.4 Charaderization of THz QCLs

A QCL mounted on the copper block was characterized soon after fabrication in a
continuous flow liquid helium (Li:He) Janisl80 cryostaifhe QCL was placed on the
cryostat coldinger (also made cbpper) and two copper pins wearsed for providing
electrical connections to the QCL. The cryostat was initially pumped down to a low
pressure of ~4x1@mBar to isolate thedHchamber from room temperature followed by
cooling down using Li:He tokd The QCL was characterized in both pulsed and CW
mode, discussed in Sectidrsland2.4.2respetively.

2.4.1 Pulsed mode

The experimental setup used for acquiringdtigitendvoltage (LIV) characterization
details othe QCL is shown in thEigure2.14. An Agilent 8114A pulse generator (APG)
capablef producihg pulse trains of variable duty cycle from 0.1% to 99% was used. The
APG was used to generatekH2 pulses at 2% duty cycle. Th&H@ frequency pulses

were electronically gated at H&7by an Agilent arbitrary waveform generator (AWG).

The voltage wameasured using a digital Oscilloscope, Keysight 2002A. For the current
measurement an inductive loop current probe was used. The temperature controller
monitored the temperature of the heatsink. The cryostat was mounted on an XYZ linear
translational stagenabling navigation of the THz beam position. T8ooff-axis
parabolic mirrors collected the THualiation and focussed it oradiquid hFeium (He)

cooled bolometer. The bolometer response was measured usingn aatogkfier
referenced at 167z, to matchits frequency response (/& response time). The cryostat

and the parabolic mirrors were placed inside a purge box pumped with nitrogen to avoid
any atmospheric absorption of terahertz radiation. The LIV of the QCL was acquired

using a LabView pgoam controlling the various instruments.

For the absolute power measuresyenfThomas Keating (TK) powaeter was used.
The bolometer was replaced with the poneter. Similar to the bolometer, the power
meter had an optimised frequency dfi30Leaing the QCL running in a pulsed mode,

the modulation frequency was changed front26@ 30Hz for power measurement.
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Figure 2.14 Experimental configuration used for characterizing QCL in pulsed o«

bolometric detection.
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Figure 2.15 Experimental configuration used for measuring the spectra of the (
pulsed mode

The spectra from the QCL was measured using a Fourier transform iRfF#Rad (
spectrometer to confirm the exact frequency. The experimental setup used for FTIR
measurement is shown in Ehgure2.15 The THz generated from the QCL was focussed
into a Bruker Optics IFS66/V FTIR spectreter with a resolution bandwidth of
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7.5GHz using twof/3 parabolic mirrorsThe FTIR spectrometer had a Michelson
interferometer inside.

2.4.2 CW mode
Temperature
monitor
0 -
Current
probe
Oscilloscope
 /
A Bolometer
< Bignal
Cryostat ! |Chopper
L ¢ |Reference
\ 4 A 4

Lock-in

Figure 2.16 Experimental configuration used for charaatg QCL in CW
mode with bolometric detection. An optical chopper is used for refere

With the device confirmed to be lasing in puisede the duty cycle of the pulse was
slowly increased from 2% to 95%, if the QCL still continued to lase, ¢hgegndsator

was replaced with a DC source. The experimental configuration for CW characterization is
shown in thd-igure2.16. The pulse generator used for biasing the QCL was replaced by a
DC source. A Keithley 2@ was used for applying DC bias. Since the bolometer has an
optimum response frequency at @/ the THz beam was optically modulated using a
mechanical chopper. The chopping frequency was adjusted Ha 1&7 LIV
measurement and B@ for the power nmasurement. The spectra was also measured using
the same configuration as shownFigure 215 except that the pulsed source was
replaced with a DC source.

2.5 Results

Although a series of different active region Q@ére fabricated and characterized,

characterization data of one particular QCL is mentioned in this section, L1071. This
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wafer has a BTC active region and was designed for emission at a low frequency
~1.95THz [10Q. For integration with QCLs involving photoconductive emitters, it is

desirabléo have frequencies lower thahHz, aswill be discussed in detail in Chapter 6.

A 2.5mm long, 20@m wide device was cleaved from the laser ridge. The device was
indium soldered and mounted onto a copper block as discussed in2S&tidhe
resistance between the top and bottom contact was measured to confirm that the device
wasndt shorted or if there is an open ci
copper block on the cold finger to ensure better Hiezomtact between the two. With

the thermal and electrical connections confirmed to be fine, the device was cooled down
to 5K and was characterized in pulsed and CW experimental configurations. The LIV,

output power and spectral features are preserthedfollowing subsections.

2.5.1 Pulsedmode

The LIV of L1071 THz QCL is acquired at different heat sink temperafteklV
characteristicwas recorded for every KGstep In Figure2.17 the LIV is plottedas a

function ofthreshold current densifyhe QCL had a maximum operating temperature of
52Kand the QCL didndt | ase beyond Ktwasat . T
~4.0mW. The threshold current density was low, At8% at 10K.

6 —6K 465

| —— 10K
sL 20K
—— 30K 452

40K

Voltage (V)
w
Power (mW)

80 100 120 140 160 180
Threshold current density (A.cm™)

Figure 2.17 LIV from the L1071 2.Bam long BTC QCL at differer
heat sink temperatures in pulsed mode. A maximum powem/-
wasmeasured at 10

The spectral measurements were perfoahd@K, soon after the charadition to

confirm the emission frequency of the device and is plottedFigtine2.18 The lasing
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frequency was predominantly single mode afTHH29The slight difference in the
emission frequency comparedthe paper 1.9BHz [10Q is attributedto the growth

difference, which was conducted at two different places.
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Figure 2.18 Spectra from the L1071 208n long device at differe

bias levels. Laser was predominantly single mode with a |

1.997THz.
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Figure 2.19 LIV from the L1071 2.5hm long device at different he
sink temperatures in CW mode. A maximum power ohWz

measured at X
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When the QCL was tested at 95% duty ,cy@edevice continued to lase. The device was

tested in CW mode by replacing the pulse generator with a DC source. The applied bias to

the QCL was slowly ramped up, recording the emitted signal for each bias step. The LIV

plot is shown in th&igure2.19 The flat top in the LIV plot is due to the bolometer

saturation.

The power from the QCL was measwsidg TK power metet 30Hz by mechanically
choppingthe THz beam using an optical chopdre measured spectat different

current levels is plotted in tRegure2.20. The measured frequency was consistent with

the pulsed measurements, having a peak emission atHz.99he QCL was
predominantly single mode with alpemission at 1.99Hz and FabApPerot mode
appearing at 2.0I4z. The FabrnpPerot mode spacing was found to &tz which is
consistent with the FabRerot spacing equation,

. W

ce 0 (2.3
whereY’ is the frequency difference between masissthe speed of light, is the

refractive index of the gain medium ans the cavity length of the laser. For arrb

long lasecavity with refractive index of ~3.5 (GaAs)is found to be ~1GHz.
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Figure 2.20 Spectra from the L1071 208n long device at different bi
levels in CW mod&he hser was predominantly single nvaitte a peak
at 1.997THz and a second FaHpPgrot mode at 2.0THz.
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2.6 Conclusions

One of the most advanced THz sources, THz QCLs, their history and invention were
discussed in the chapter. The fabrication procedures adopted for fabricating a SISP
wavegule THz QCL was explained and the LIV and spectral feaneBscussed. The
fabricated QCL had an emission frequency of T8 7which was almost consistent

with the published result from this active region dg€in The threshold current
density of the device was low with ~A851% at 10K andit lased in both pulsed and CW

mode. The main agenda behind the fabrication of this low THz QCL was to use it in

injectionlocking experiment which will be discussed in detail in Chapter 6.
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Chapter 3Photomixing theory

This chaptegivesatheoretical background on photomixers, and how they can be used as
coherent souredo injection lock QCLs. Photoconductive emission of electromagnetic
radiation from semiconductors is discussed, followed by a brief comparison of pulsed and
CW operationAn emphasis is then given to the theoryC@W THz emission in
photomixersand ©herent detection of THz radiation using photomixing is explained.
Characterization of tH#ore coupled DBR lasers used for photomixinigeis presented

along with a commertihotomixer purchased from TOPTICA. The experimental setup
that is used in the subsequent experimental chapterst explainedincluding the
importance ohchievingzero optical delay. Finally, the bandwidth and THz power from
TOPTICA emitter is measad.

3.1 Photoconductive emission

A range ofsources adopted for the generation of THz radiation prvesentéd in
Chapterl. Among the different technigugdotoconductive emission (PCE) is one of the

most desirable due to its room temperature operatiomgat optical to electrical
conversion efficiegc Unlike noA i near generation met hods
relatively long interaction lengths and is not limited by the ¥Ranveyimi{107].
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The first ever demonstration of photoconductive emission (PCEchiasd when
Auston developed the photoconductswitch in 198f63. Ultrafast electromagnetic
pulses were generated from sil@osapphire (SoS) substrateisich had beerradiated

with Ar* ions. The 1um gap between the two contact electrodes was excited ussng 100
optical pulses from a ring dye lasehich gavel.6ps longelectromagnetic pulses
Coherent detection, in which the generated electric field is probed using phsssond
lockel optical pulsewith the appropriatetime delay, was also demonstrated using an
identical devic&ince this timegseral advances have been made in this field to improve
the performance of the photoconductive emijtteesming a few,large aperture
emittes[102 103, antenna arrayB04, large area emitters (LAE) with microlens
array$105 104, plasmonic nanostructuemitter$107.

Figure 3.1 Schematic diagram of photoconductive emi
from (a)a photoconductive switch aiid) a photomixer. One
of the electrodes is biased (marked) and the other is grou

PCE from semicondttors can be classified into two modalities, p&ggole3.1 (a)and
continuous waveCi\), Figure3.1 (b). Pulsed operation is when a photoconductive switch

is integrad with an antenna on the semiconductor surface and is excited by a single
pulsed laser. CW operation is when a photoconductive semiconductor is excited using the

beat frequency between two discrete CW lasers, resulting in the emission of CW THz
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radiationThe devices used in the CW modality are called photomixers. The two emission

processes will be discussed in detail in the follswsegrtions.
3.1.1 Pulsed THz emission

When laser pulses of photon enefgygreater than or equal to the bandgap energy of a
semiconductorfg, are incident on the semiconductbe photonsare absorbed and
generate photarriers. If the semiconductor surface has a biased antenna pattern, the
generated electrons and holes will be accelerated towards opposite electrddssr If the
pulse is ~18150fs long, and the carrier recombination rate is fast, THz transients (EM
pulses <Jicosecond in duration) are emitted via the antenna. The rise time of the pulse is
determined by the duration of laser pulse and fall time is deddmgnthe recombination
of photacarriersThe generated THz electric field infi@d, O  is proportional to the
transient current density,

QU

o ° =53 (3.)

where theurrent @énsityp) , is given by
0 0 Q
(3.2
HereOis the applied electfiield, ¢ is the carrier concentratiand‘ and‘ are the
electron and hole mobilities regtpesly. Substituting ER.2) into Eq. (3.1), we get

o °® 0Q Qe 4
Qo “ Qo (33)
where thehole terms have been ignored' ast ‘ . The generated THz amplitude

depends on mobility, carrier concentration and applied bias. In order to have a high THz
electric ield, it is ideal to have high degkistanceemiconductorsvhich carwithstand
high biasewith ashortcarrier lifetime and high mobilityogd. Short lifetimesnsure fast

recombination of the electrons and heégtucing the fall time of the pulse.

Photoconductive switches are most commonly found intifidzdomain (THA D)

systems. Usually, the system has a femtosecond lasernbdeanhearsplitter that

divides the laser beam into two. The pump beam excites the biased amdittes,
generated THz transient is focussed into the detector and sampled using the probe beam
as shown inFigure 3.2. The detection technique used depend the application.

Incoherent detection of THz radiation is performed by collecting the signal on a receiver
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of e.g.abolometef109. Coherent detection nsainlycarried out intreedifferentways
photoconductiv§l1d, nonlinear optical detection and elecptic detectiofll]. A
detailed comparison betweenttireedetectiorprocess is discussed in detail ifilted,
andassedthatbetter SNR and bandwidii® obtainedith electreoptic detection.

For eleato-optic detectionthe THz pulse and probe bearemade tacoincide spatially

and temporally inside the ele@pic crystal using a variable time delay. The electric field
of the incident THz pulse causes a phase modulation of the probe putsmlinear
crystal (for e.g. ZnT&hich is converted into anentity modulation. This is achieved
using a quarter wave plate, a Wollaston prism and a pair of phofadi$déke gated
nature of the detection scheme ensures significant performance improwepaied to

the incoherent bolometric detectiontlas THz pulse is measured only whenptbbe

pulse is present. Thisduces the system noise.

4 <I\¥ probe beam 1 Balanced photodiodes
o e Probe beam2 N4 p|ate\
s :
oPo| | @ :
2 : £
= ¢ |
% .......... 565&5"655}%"%"

Figure 3.2 Schematic of a THz TD system vétlctreoptic detection systerain OPO is use
in this seup for switching the emission wavelength.émggroduced from rgf09.

The term 06ti me d asthe measurersepmecariad outiirsa time e d
domain.The gobe beam scatise THz electric field by delaying the beams with respect
to each othefThe generated THz $ia pulse widtbf ~400500fs. A Fourietransform

of the pulse retrieves the frequencyoresp

o (%Y (3.4)
Since frequency, and time;Y are inversely proportionttie frequency resolution of the
data is inversely proportional to the time window of the recorded data. The pulse width is
precominantly determinedly the pulse width of the laser anke carrier lifetime.
Although pulsed systems emit high THz power, the system cost and size restrict their
applications.
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3.1.2 CW THz emission - Photomixing

Althoughthedemonstrationf pulsed THz generan from semiconductors dates back to
theear |l y 19800s, CWTiHe radipeon adsp aalled @ptical héterodyne
mixing or photomixingvas realised only a deckderdue to the lack ahaterials with
ultrafast lifetimesNith improvenents inthe intrinsic properties semiconductorsuch

as lowtemperaturegallium arsenidd-T-GaAg9 [114 115, grown at low temperature
using MBE, the idea of photomixing for THz generdtemame practical. Photomixing
for the generation of THz radiation was first demonstrated by Btaiim 199354].

The photomixer was fabricated on ar@GaAs substrate and had a reported bandwidth
of 193GHz. The device had ten Lt electrodes and nine url gaps fabricated in the
gapof a500 copl anar waveguiUdet rams méandswas nt ¢ i
illuminated at an excitation wavelength of né@20 A complete theoretical and
experimental analysis of the photomixer was given for the generatiorsmeaha also

the dependence on bias and optical powers. imhial device demonstrated
approximately 2Q00W power, but the same group went on to demonstrate upt®\0.8
output power at 200Hz using a slightly different photomixer design, where the
photomixer had forty 0j2m electrodes with QuBn gaps at the active region of an
electrical coplanar waveguide stru¢ii®. The photomixer was excited using a single
frequency Ti:Sapphire laser and the etalon was adjusted to produce two identical modes
with equal opticglowers separated by a frequency oM@ A quadratic dependence

of THz powerwith bias was observed untV 8after whicha superquadratidoehaviour

was seerue to the spaasharge effects. In the same wadhey demonstrated that
another design hayg twenty 0.4im electrodes separated byu6gaps. When tested at
77K, the performance was better than raemperature for biases abovevlhe
optical to electrical conviens efficiency was 1.5% atKT11q. Using two Ti:Sapphire
lasers and tuning one of the iade produce a beat frequency,dme groupbtained
constant output power up to &Hz before a @B/octave roHoff in output power was
observed, attributed to capacitive eff@dfg.

These initialdemonstrations wer@owevernot strictly in the THz regimeroducing
wavelengths in the millimetre region of the electromagnetic spectrum. Furthermore, the
lack of a proper antenna structure to aopit the THz radiation and the absenca of
silicon lens to collimate the beam resulted in low output pdweir895,Jepseret

al [119 studied the influence of silicon lenses on the THz radiation pattern from
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photoconductive switches and measured the beam shape of the emitted radiation. The
beam shape was found to be Gaussian. Out of the total generated outpulyti2®¥ on

was coupled outBrown et al[119 subsequentlylemonstrated photomixing up

3.8THz from an LT-GaAs photomixer in 1999 he photomixer had a threen self
complementary legpiral antenna, as showrkigure3.1 (b) with a20um square active
regionanda hypetemispherical silicon lens attached to the backside. The electrodes were
0.2um wide and gaps were [1m8. When excited using two different Ti:Sappheeslas

50mW opticapower, an applied bias of\25a constant output powerl00uW) up to

300GHz wasobservedusing bolometric detectiofollowed by 12 dB/octave ralff

beyond 500 GHz.

Even though a bandwidth of ~38lz was obtained, it involvetetuse of expensive, and
bulky Ti:Sapphire lasers. Subsequensing distributed Bragg reflector (DBR) lasers,
using an active area design pfm3square on a lagpiral antenna with only 2 gaof

IDTs, ~5 THz bandwidth was reported 1999119. Matsuuraet al[12(Q later used
singlefrequency freeunning diode lasers to excite dipole antennas fabricated on LT
GaAs. The lasers were tuned by changing the temperature. With bolometric detection, the
bandwidth wagreater than 3’BHz. The use of resonant dipole antennas resulted in very
high powers at the resonant frequency, whichsetaatl THz. Subsequently, they
demonstrated photomixing using the two longitudinal modes of a laser diodélat 0.9
The longitudhal modes were defined by patterning the DBR on the laser diode and could
be expandetb 4 THz [12].

Vergheseet al[129 addressed various issassociatewith using photomixers as local
oscillatorancluding bias, optical power and temperaftirte performance of the fibre
coupled photomixers were studied at different bias levels and opteral Qaiverent
emission and detection of microwave and THz weagslemonstrataging a coaxial
transmission line to couple the radiation between 0.05 G5 Between the emitter
and detector. For higher frequencies apogl antenna design withTi® mounted on
hyperhemispherical silicon lens were used to measure frequencies Tz tol Re
detector response was flat up to &6z, followed by asignatto-noiseratio SNR of
~3 dB, roll-off at 2THz [123.
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3.2 Photoconductive emitters for imaging

applications

Once photomixing was established as an efficient method of generating THz signals,
practical applications of the technology were developed. Early work in THz imsiging w
pioneered with THZ D systems. Imaging with THz radiation was reported ey &lin

1995[10. They demonstrated imaging of samples using - Dietupwith the emitter

and detector fabricated on@4As and radiation damaged,3eSpectively. ThéHz
absorptionvas imagedn this casehe THz beamvasscanned over the sample and the
transmitted amplitude was acquifidds demonstration of imagingngsa THZTD setup

was a major breakthrough in the THz imaging field. Soon after the worktta} AHz-

TD system was used to measure the absorption of various combustible products including
OCH and NH in a premixed propafaar flame in th®.2 to 2.6 THz regimg124. The
amplitude spectrum confiesithe presence of various gases and the concentration was
determinedfrom the relatie amplitude A realtime THz imaging system wtmen
developed by Usami al[123. With a resolution of 1#m, images of static and moving
objects were capturad frame rateof 30 and l@rames per secondespectively
Numerous furtheapplicatbng were also showimcluding illicit drug detecti¢hg and

biomedical imagirig]].

Mostinitial THz applications were demonstrated using aTtHgystem due to thagh
signato-noiseratio SNR), of the order of 10,000f124, arising fromthe coherent
detection techniquedthmugh photomixing systems have better frequency resolution than
THz-TD systems, the relatively poor SNR (100:1 fromil2€f hampers their
applicability. Continuous wave THz imaging using photomixers hoagver
demonstratethy Ostmanret & [11]. An all optoelectronic CW THz imaging system was
thendeveloped by Siebettal[127. A two colour Ti:Sapphire laser was used to extite
LT-GaAs photomixer and the generated THz was fooats®the sample using a hyper
boloidal lens. Coherent detection was empl@yeldgical imaging was carried out at
1.1THz and when compared with the pdisgstem, CW imaging was found to be faster
a SNR of 100:was reportedSubsequentlythey demonstratedx vivdbiomedical
imagind12g. CW imaging of a canine skin tumour (basal cell tumouglssasarried

out at 1.17THz in whichthe THz power transmitted through the sampldiveggarameter

used for imaging.
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Gregoryet al[128 demonstrated the first coherent CW imaging system using diode lasers.
Two external cavity tunable diode lasers at an emission wavelengtinmoiv8390used

to excite the dipole antenna on an@dAs substrate. The imaging of a razor blade
enclosed in a cotton cloth was carried out dtHrz4and a SNR of 100:1 was reparted

The frequencyresolution provided from the CW system is one of the moesttiat
features, since many gas samples have absorption featureiaf Kindelet al[129
demonstrated the use of photomixing for pollutant detection and quantification. Spectral
features of the order ofMHz were resolekfrom HS and they were able to detect the

particulate matter in cigarette smoke

3.3 Comparison between pulsed and CW emission

Even thoughhe use oboth pulsed and CW THz radiation have been used for various
applications, CW THmdiationstill lagspulsed systemslue to the poor SNR. The CW
performance can be improved by using good quality semicondrictoithéhortcarrier
lifetimes andhigh resistivity semiconductasg thiswill be discussed in detail in Chapter

4 and by adopting improved phwoiger designs by incorporating natextrodes, which

will be discussed in Chapter 5.

Pulsed systems are inherently broadband since the emitted THz pulse incorporates
informationovera wide frequency range. The laser pulse width determines the bandwidth
ofthesysteprand t he Oextent of measur eméenitedd det
to a few GHz, for e.g., a 1€ scanthe maximum resolution that can be attained is
~10GHz, from Eq(3.4). Howeverjn CW systerg the linavidth of the exciting lasers
determines the resolution. Diode lasers with a few MHz linewidths have long coherence
lengths (several metres) resulting in narrow THz linewidths. Also the high spectral power
density from the CW system implieigh SNRat a particular wavelengtAnother
advantage with CW sysg&ns that components can be designed to be resonant at a

particular frequency.

In the case of THZD systemsthe THz pulse and probe pulse have to arrive
simultaneously for samplimgorder to retrieve the phasedamplitude information. In

CW syste) this condition is relaxeé.difference of a few integer wavelengths will not
alter the amplitude and phase information, but can affect the spectral bandwidth.
However,CW systems def from low power levelswhich is attributed due t@n

impedance mismatch between the active region and antenna.
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Apart from logspiral and dipole antennas, different antdesgns have been studied
including slot antennaad dual dipole antennas tmprove THz power. Since the
emphasis of this work is to find a high power coherent CW source for locking a THz
QCL, one of the most successful designs, an IDT active region is initially studied in
Chapter 4and a new design appro&cnvestigateith Chapter 5.

3.4 Theory of photomixing

Photomixing is defined as the modulation in the conductance of a semiconductor due to
the beating of two laser beams. The modulation in conductance arises due to modulation
in the carrier generation, which is determinedebglitference in laser frequencies. This
difference frequen@an beset to lie in the THz range.bdasedlanar antenna structure
formedon a semiconductor surface ¢am a modulated conductaniceo an emitted
electromagnetic wav&everal factorsan hinder the performancef a photomixer
includingJoule heating due to the impedance mismatch between the antenna and active
regions electrodes.
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Figure 3.3: Schematic representation of the electric pieiflle
from the superposition of two detuned continuous wave be
a function of time. The sum frequency (blue curves)
difference frequency (red dotted lines) are marked.

In order to understand the physical phenomena behind photonaixthgoretal

background of the processi@v given Assuming two CW laser beams having perfectly
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sinusoidal beams with equal amplit@eand frequencies andf , on superposition
these will yield,

06 coi ot _* O ic FOaefpr ® T 0 ¢c Fo (35
Figure 3.3 shows the electric fielprofile from the superposition of two detuned
continuous wave laser beams. The sum frequency (blue lines) is too fast for the
semiconductor to respond and is ignored, it is the difference frequency (red dotted lines)
that can iteract with the semiconductor. The difference frequency, ¥ I, is
set to lie in the THz frequency range. The difference frequency is focussed on the
semiconductor surface to generate photocarriers. The instantaneous laser power inciden
on the material is the square of the electric figilitae,

~, . ¢ F F0
E|l—F—

DO TOW
C (3.6)

If the two incident laser beams are of two different optical powers, then the laser power
incident can be written as, which is in accordaticesi{b4],

DO U0 U ¢ aGLoLwWwéEE £ f o 37)

whered and0 are the power from the two laser beams danis the parameter
determining the overlap of the be&awving a maxium value of 1. The incident laser
beam is absorbed by the semiconduchmtite and will generate pluataiers. The rate
of change in photocarrier concentratiol® due to an incident beam of powier) , on
an illuminated area of the photomixerand depth of the active region,in which the
cariers are generated is given by;

Q¢ —-00 ¢

Go Ta T @9

where— is the external quantum efficieriy,is theincident photon energy,is the

decay lifetime of the phat@rriersThe external quantum efficiency isrgefihere as the
number of photoarriers generated per incident phoidre second term represents the
decay of the generated carriers in timd3y substituting the incident power from
Eq.(3.7) into Eq.(3.8) and integrating the equation, the instantaneous carrier density can
be calculated. The time varying qadaémsity introduced into the semiconductor due to
the THz periodic difference frequefit3q is,
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where] ¢ ¥ * . The photomixer illuminated grear active egion has
interdigitated fingers (IDTs), thds 0 0 0 0 0, wherel 0 and 0 h)

corresponds to the number and width of fingers and gaps respécto@iyesponds to

the length of the fingers. Thenductance of the semiconductor in the presence of the
incident laser power can be thus writtgB4hs
€E0Q 000

O ’
0 5 (3.10

This conductance has a dependence on madbilignd here the hole mobility is ignored
as the hole mobility v&ry lowcompared to the electranobility andits contribution to
the fast processes is negligible. The carrier density term fr{@®)Hs|.substituted in
Eqg. (3.10 to obtain the time dependent coothnce’O0 .

Q60-0 0t

Oo 5 T P (311

Cm H Qo GE o
0o 0 p 1 T

This resulin the ac component whithresponsible for THz emission (inside the square
brackets). The power radiated from the antenna was explained using an equivalent circui
model by Gregorgt al[13(Q. The impedance from the antenna and the active region
incorporating IDTs are not purely resistive. Thigeacegion with the IDTs impose a
capacitive impedance at THz frequencies. The power radiated from the antenna can be
expressed as the power dissipated in the Yoadhe radiation impedance (only the
resistance component is considered here) of the antenna. The radiated power can be
expressed as,

0 Y o Y (312

w]

In which, @ is the applied bias andl] o is the impedance of the circuit. The
impedance of the circgit] 'Y & . The impedance of the photomixer is given
by "06 Q1 6 . Substituting the values of the conductance in t(8. B and after
simplification, the power radiated from the photomixer can be exprgS4etBgs
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The dependence of THz power from a photomixer can be understood from the above
equation, where is the spdatize of the laser beam. The THz power scales quadratically
with the applies bias, thus requiring a semicondumittor high resistivity so that high

biases can be applied. The contribution from the denominator, carrier lifetime and

capacitance terms is ngigle at lower frequencies (<%2idz).

For a typical sefomplementary legpiral antenna the radiation g&sice is expected to
be~720 on a s uarefractivaindex ofvi3@ohGaAs119). The capacitance
of the IDTs or MSM structure can be calculated ukmdollowingequation from
reference§l 31 1323:

- p - o “

# — — —
co 0 11cCp MM Tp U (319

wherell is given by,

[T 7
V]

I p OOE—m— (3.16)
TU V)

This equation is valid for electrode gaps of the orded2yfirh and swmicron wide
electrodes, the capacitance of which are of the order of femtoFarads. The THz power
does not have a frequency dependence at lower frequencies. At higher frequencies, whel
1 t>>1 the power rolls off at a rate @fdB/octave andvhen] Y 0>>1, there is a
contribution of another6 dB/octave. The THz power will thus roff at a rate of
12dB/octave above the'Y §>>1 limit and thus) 57 at highefrequencieshe

emitted THz powealsodepends on the intrinsicoperties of the semiconductor such as

the carrier molbity, lifetime and resistivjgs discussed in the followisigsections.
3.4.1 Carrier mobility

The mobility of the carriers needs tohiigh for efficient THzgenerationin a CW
system, the generated carriers need to be accelerated to the contactielecttedes

contributeto the THz emission. If the mobility is too laue to scattering from the
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dopants or other impuritiethe arriers cannot acceleratad thus do not contribute to

THz emission
3.4.2 Carrier lifetime

The lifetime of the semicondacthas to beshort (hundreds of femtoseconde)allow
fastrecombination of the carriers. If the recombination lifetilnag¢few pcoseconds)

the generated carriers get accumulated at the contact electrodes which can screen th
applied bias resulting ancubic or evequartic bias dependendyis can result in the

need to apply very high biaskethe recombination time is tebort (less than 108), the
generated carriers get recombined before reaching the contact electrodes, thus not
contributing to THz generatiofhe recombination lifetime of the carriers is an intrinsic
property of the semiconductor, and can be reducedtrdogucing defects in the
semiconductor for e.g. doping, {®mperature growth, annealing. The dependence of
THz output power of a photomixer on carrier lifetime has been studied bgdorehe

carrier lifetime of the semiconductor increased with bias due to thesspataion of

electrons and holes.
3.4.3 Wafer resistivity

The resistivity of the wafer affects the maximum limit of bias that can be applied before
thermal damageccurs. An ideal semiconductor for photomixing will have high dark
resistance and low photo sémnce. LiGaAs wafers are found to have very high electrical
breakdown limit, 5xt&Vcn*.

In summaryyvarious factors affecting the THz power from a photomixer have been
discussed and it is clear that a semiconductor shibrtacarrier lifetime, higmobility

and resistivity will optimise the performance. However, the greatest challenge in operating
in the THz frequency range is finding and engineering suitable semiconductor materials, as
the vast majority of perfect semiconductors have unsuitaiglelidatimes. The different

materials adopted for the photomixing work in the THz range are discussed in Chapter 4.

3.5 Coherent detection

The output power from a photomixer is lotamn other THz sources such as @Qhe
maximum reported power level iSWlat 3.4THz [3€), or UTC-PD (10.4uW at
1.04THz [133. Incoherent detectorsuch asolometers are often used to measure the
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outputpower howeve the disadvantage is that the phase information will be lost, which

is an important parametemrmanyapplications.

Photomixers can be used as coherent detectors and this has been derfi&&trited
combined laser beamsplit and is focussed ontplreotomixer emitter and receiver, just

as in a THZID setup.In the detector, the generated pbatoers due to the laser beam
absorption are driven by incident THz radiationdimgy a current. The electric field of

the incident THz field withusgenerate a potential difference which is then measured as
current induced due to the photomixer impedance. The phase between the incident THz
radiation and the beat frequency in thectier is changed using a variable delagy line
hence changing the optical path length. The detected amplitude of the current is
proportional to the incident THz electric field. As there is no applied bias, there should
not be any dc current flowing in gteotomixer. Thisemoves detrimental effectslotile

heating.
The detected current from a photomixer receiver can be wr[ité4,as
Qs
YO T - Qf Go o -
q 0aE p 11t p 1Y

(317

From Eg.(3.17), the roloff for the detectohasalmost the same dependence as the
emitter.However, here can be thermal noise ingiistem due to thermal agitation of the
charge carriers, which a@@neratdohnson noise. As can be seen from(ELj), it is

good to have a shocarrier lifetime, high mobility, and the dark resistivity of/dfer

needs to be very high. The crucial factor for THz devices is the Igatiine, which

needs to be shoenough(~ hundreds offemtosecondsfor the semiconductor to
respond at lgher frequencies. The advantaj@a photomixer receiver is that Bec

phase information can be achieved. The amplitude of the THz current needs to be high
for a better SNR. The generated THz current is amplified using -enpeasnce
amplifier (V/A).Butelectrical noise in the system will be amplified as a result.

LT-GaAs has been a favourable chimiceemiconductor photomixingjth abandgaat

~800nm andTi:Sapphire lasers Ivayan emission wavelength that matchissLif+

GaAs bandgap. However, the need for chillers and associated components makes
Ti:Sapphirequite expensive (in excess of £100,000). Diode lasers on the other hand are
quite cheap (£108P10,000) and easier to operiie¢he work of this thesis, photomixers
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were characterized using two diode lasers with an emission wavelengthroh,~S€s50
Setion3.6

3.6 Characterization of1550nm diode lasers

A pair of commercially available, tunable -tibupled digital super mode distributed
Bragg reflector lasers (Oclaro Lambda FLEX iTLA TL5000) with an emission wavelength
arond ~1534n m (t el e c o mima nwedysedl TherfibresGnChis wavelength
range haveninimum dispersion and attenuation compared to other wavelE8fhs

and also have the advantage of verydersdloped optic componendsch aamplifiers
(erbiumdoped fibre amplifier [EDFA]) awduplers.

The distributed Bragg reflector (DBR) lasers have several added advanteties over
lasers emitting at this wavelengt), ditributed feedback lasers amtkrnal cavity lasers.

A DBR laser is a semiconductor laser with the active region split into a gain region and a
grating region. There have been variations in the designatugfiesof these lasers.g.

having a single grating on one side or gratingstibendsof the active regiolhey are
renownedfor their single wavelength and narrow linewidth emission. The Bragg grating
satisfies the Bragg reflection conditon, c¢&¢ ‘@ "Qgwhere is the refractive index of

the gain mediund, is an integer, is the wavelength ards the angle of incidence. The
grating actas a reflecto reflecting the light backtanthe gain region with maximum
reflection at ta Bragg wavelendtt8g. The lasers can be tuned by changing the applied

bias or temperature. However, the tuning range is narrow, usuahy[£34.

In our work, we keptre lasef(DBR1) ata fixed wavelength of 1584, and the other

laser (DBR2) was tunable, ranging betweemtba4d 1568m providng a frequency
difference of 82600GHz. The lasers were packaged pnogrammed by Dtalitha
Ponnampalam from University College London, UK. The lasers had multiple sections of
grating whichvereswitchedo givecoase frequency ste(k25 GHz). Fine tuning of the

beat frequency (up to @Hz) waghenpossible by chamg the applied current to lasers
between 5.A to 9.ImA. Changing the current slightly changes the carrier

concentration effectively changing the refractive, iedenting irawavelengtichange.

Both lasers provided an output power omY% and tle combined power was 13QV.
The output from DBR1 and DBR2 was combined and split using a 2x2 splitter. The two
outputs, outputl and outputBad optical power of ~14BW each. The insertion loss
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and coupling loss from the fibres caused the differenoe imput and output powers,
although the ends of the fibre had polished connect®®$. (Fhe optical power from the
fibres were measured usahorlabs fibre power meter, by connecting out@uithutl

was connected to a 90:10 splitter. The 10% powewnas connected to a fibre coupled

optical spectrum analy$&SA), as shown Figure3.4.

DBR 1
1534 nm

15341?1B51802nm ZXZ Powermeter
splitter
90:10
splitter
Optical (90%)
SpCCtrum (1 Uth))
analyser Beam stop

Figure 3.4: Experimental configuration showing the two C
lasers combed and split using a 2x2 splitter. One art
connected to the poweneter for power measurement. 1
output from the 10% arm on the outputl is connected t

OSA.

DBR 1

1534 nm .
1 534[—)‘1B516{02nm 2X2 Powermeter

splitter
90:10
splitter
(90%0)
(10%)
Electrical In(Ja"f\S Beam stop
photodiode

spectrum
analyser

Figure 3.5 Experimental configuian used for laser jitte
measurement. The 10% power arm of the splitter connec
an InGaAs photodiode, was fed to an electrical spe

analyser.
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The jitter of the lasers were measured by beating the two lasers on an InGaAs photodiode
(Thorlabs 150). The photodiode was fibre coupled and the output from the photodiode
was connected to an Agilent electrical spectrum analyser (ESA). The 10% power arm of
the 90:10 splitter was measured (with attenuators) since high optical powers saturated the
photodode. The frequency difference between the two lasers was seGtézb@uding
measurement.he experimental setup Figure3.4 was modified for the measurement.

The OSA was replaced by the photodiode, whichomagcted to the ESA, as shown in
Figure3.5.
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Figure 3.6: The spectrum analyser frequency measured as a functior
detected laser signal. Laser jitter mehfara the two DBR lasers set @
beat frequency of GHz.

Figure3.6 showslaser jitterdata over d0min measurement. Although the frequency
difference was set to b&6iz, the ESA frequency showaedeat noe between 20AHz

and 60MMHz. The laser jitter was measured to be slightly dy&tH® over a 1 hour
measurement, andan be quite disadvantageous for SpEdpy and imaging
applications. H pho®mixers bandwidtivand @oweeasuregrase t

which is the scope of this ahéfollowing two chaptetsere

Anotherimportantparameter is the optical power variation with laser frequency. There
can be losses in the cavity since changing the laser frequency involves switching the
gratings irthe laser. Additionally, the dispersion and absorption losses in the fibre can
contribute ashey mayary slightly with wavelength. For the measurement, the combined
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laser power was measured betweerGH@0and 200@GHz. Figure 3.7 shows the
measured laser power as a function of beat frequency. It is apparent from the figure that
the | aser power didnot f | uwith«l®% diffenence h f r
between 10GHz and 200GHz.
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Figure 3.7: Laser power as a function of beat frequency betwe&Hx0
and 200@Hz. The fluctuation in power is less than 10% in the mee

range.

The coherence time of the lasers will be discussed in 3&ctioWVith these
measurementmcluding the laser jitter and laser power, an initial characterization of lasers
was completed. These lasers were then used for the setup and characterisation of the

photomixer system.

3.7 Characterization of a TOPTICA emitter and

detector

A commercial fibreoupled photomixer emitter and receiver was bought from TOPTICA
Photonics, Germany to characteriseCiesystem. Although an-iouse emitter can be
used, the relatively low output powers from thaermiakes alignment difficult using an
incoherent detector (bolomete&k)photograph of the TOPTICA emitter is shown in the
Figure3.8. The TOPTICA emitter and receiver looked adike both emitter and receiver

had a ocoatedo silicon | ennslasertwavelendgths.drhet o |
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fibres required for the system were bought from Thorlabs. They were polarization
maintainindPM), singlkenode, lowloss panda fibres designed for 1580

Figure 3.8: Photograplt imageof the fibre coupled commercial photomix
emitter, TOPTICA

The initial experimental setup was a two parabolic mirror system. The emitter optical path
involved a fibre length of 417, (1.7m long (90:10 splitter) + onar2long fibre + Im

long fibre #ached to the TOPTICA emitter)orthe detector optical path, the fibre
length was B (2m long fibre +2m long fibre+ 1 m long fibre attached to the
TOPTICA detector). The reasar having a 21 long fibre on both arms was to convert

the connectionsThe fibres copled out from the lasers were polished connecii) (P

fibres, whereas the TOPTICA emitter and receiver had angled polished connections
(APC). Even though short convest¢<0.5m) areavailable, these were not used in the

initial development of the THz photomixing system.

DBR 1
1534 nm

DBR 2
1534-1560 nm

2X2
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Lock-in
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ETRIY :0.01m
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pre-amplifier

I/ -
Voltage

Optical

spectrum h
analyser |° -

TOPTICA

detector

source

Delay line

X 7 TOPTICA

emitter

Figure 3.9: Experimental setup used for the characterization of the TOPTICA emitt
detector.
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The system used for characterization of the emitter and detector is as BlupweSif.

A 2x2 splitter was connected diredtlythe laserFor the emitter, theoutputl of the
splitterwas connected to then2long fibre cable using a PM mating sleeve (Thorlabs).
The 2m fibre had BC on one end and APC on the other end. @& dhd had an anti
reflection coating on the facet to reduce the reflections back into the fibre. The APC end
was connected to the APC esfdTOPTICA emitter fibre using another PM mating
sleeve. The loss from the fibres and connectors was negligible, with the laser power
measured directly before the TOPTICA emitter to be arourdd +W. In the detector

arm,the output2 from the splitterasconnectedo two separat@ m long fibre using

mating sleeve3he second & longfibre had APCat one endvhich was connected to

the APC end of th@ OPTICA receiveusing mating sleeves

The fibre facets were cleaned using fibre cleaning éissugere checkednder a
fibrescope. This step was repeated eacle¢imemaking connections to ensure that the
facets were free from any sort of dust or debrif2Aparabolic mirror collected tieliz
radiation from the emitter and collimated the be&rnhwas focusseoito the detector

using a secorft? mirror. The second parabolic mirror and the detector were placed on a
mechanical delay line controlled by a motion controller (Ndwstouments). The delay

line was ~0.15 long, and thus can chartpe path length ofhe collimated THz
radiation bymoving the second parabolic mirror and the receiver together forward or
backward. The delay was measured in psa Wis = 3mm conversion and, hence, the

total scan length was ~568)

The emitter ws biased using an Agilarbitrarywaveform generatoA\WWG). The bias

levels for the emitter were set2® to 0.5V square pulses at a frequency dkHzand

a maximum laser power ofl2mW was appliedo the emitter and receiver, as
recommended ke datasheet provided from TOPTICA. Although an EDFA could be
used to amplify the laser power, it was not employed for emitter characterization as it
tends to amplify the noise in the lagegrounding strapvasworn each time while
making an electricabnnection and disconnection to the emitter and detector to ensure
there was no static discharge. Also, thevasalways on when making any electrical
connection$o avoid electrical discharge

The generated THz radiation from the emitter was foougethe eceiver for coherent
detectionSince the emitted THz waveform is a sine wave, accurate amplitude information

isrecoveredavhen the delay is scanneduinberof factors can affect the measured THz
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amplitude, e.ghe step size of the delaysiifficiently small steps are not used there is a
high probability the peak amplitudabe missed. The second factor is the length of the
scan it is desirable to have as many sine waves in the scan length to minimize the
amplitude errors and to retriglie THz frequency. It was deemed appropriate to have at
least 100 points per delay scan in order to optimise the scan quality, whilst keeping the
total time for each measurement to a sensible limit. Also a time constam230

used in the loek anplifierto reduce the electrical or mechanical noise. The noise level is
not as significant at lower frequencies where the SNR is high, but at high frequencies the
SNR is low and frequencies above Bz drogedbelow the noise floor. Earlier studies

showsignificant reduction in noise levels aboves[033.

The generated THz current was amplified agtasgMTO transimpedance amplifier. The
transimpedance amplifier was left at a gain ‘ofv18). At this gain, the bandwidth was
50MHz. Increasinghe gain further (f0resulted in less bandwidth kH). The trans
impedance amplifier output was connected to thenl@kplifier referenced at ki8z
frequency. The gain was left at(¥0A) for all the measurements witte TOPTICA

receiver in tis work (including Chapter 4, 5 and 6).
3.7.1 Zero path delay

For the system to be coherent, phaet of thesine wave responsible for the generation of
the THz radiation from the emitter has to be sampled by th@admethesine wave in

the detector. Théree space propagation distance from the emitter to the detector is
approximately 0.48. This time difference is compensated for using a fibre with an
optical refractive index of=nl1.5 and, hence, a length of fi.3vas added to achieve

coherence.
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Figure 3.10 THz signal amplitude as a function of beat frequ
between 50GHz and 52@Hz at different delay positions. T
optimum delay position was aroundd30ps (blue and gree
lines) as the randochange in phase was absent compared 1

other positions.

However, in order to confirm that the receiver wabeatexact zero delay position,
multiple scans were performed in which Heterodyntbeat frequencywas changed

While changing the beatfueg n c vy , the | aser ph&Kzespad.i dn ot
Hence, the detected THz phase shoul dnot
amplitude zero delay position. Scans <car
in the THz waveformaking random, nossinusoidal shape3o confirm this, the
frequency was scanned from 68z to 520GHz with an increment of GHz, for delay

range between p8 and 45@s with a 5@s step.
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With an initial delay scaat to have 80ps step size, théngse was fluctuating when the

delay was betweem$ to 25(@s and 33@s to 50(s. Thus the optimum delay was
determined to be between 280to 33(s and a fine scan was carried out ps Xiep

size. InFigure3.10 the THz amplitudes measured at the delay positions betw&en 250
330ps at 1(ps step size is shown. It is apparent that the optimum delad2B0ps) as

there was no phase chaimg&Hz amplitude and this is due to the sampling being carried

out using the sine wave responsible for the emission (the measured delay position was
saved as the zero position in the motion controller). This is due to the coherence time of
the lasers. From rgf33, the detected THelectric field] 0 can be represented in terms

of the coherence timg, and frequency, as,

L 88
L1 Q Al100 (318
If the delay position is too far from the zero delay position, the amplifudecrease
and the period of oscillation decreases. The THz amplitude decreases exponentially with

the coherence time of the lasers. From the lasejiffenéasurement dataRigure3.6,

the coherence tingan be calculated as,

‘ p
°  Ig (319
p ,

TTTPp T @ pml

Aside from this calculation, when the fibre length was changed to have a path length
difference of In and 2m, the change in THsignal amplitudat 5S00GHz is shown in
Figure3.11
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Figure 3.11 THz signal amplitudat 500GHz as a function of path leng
difference. Black dots represeimé¢ tdata points anthe red line is ar
exponential fit

An exponential fit to the curve gives the coherence time of the lasers and was obtained to
be ~5ns. This method of calculating the coherence time is not accurate as there are only
three data pointanited by the fibre lengthsailableHowever, the coherence time of the
lasers calculated by both techniques confirm coherence time of the order of a few ns. This
can explain the requirement for an optimum delay position. Tispdoeepropagation

path of the THz radiation was calculated to be aroudd5m. Thus, a 0.3® optical

path length difference in fibre was equivalent to nO d@atical path length in air.

3.7.2 Bandwidth measurement

Once the optimum delay was measured, the emitter and recesvaligwedat the

maximum signal. The alignment was carried out at different frequencies. Initially, the
emitter was aligned for the maximum THz amplitude &HzGollowed by alignment

at 500GHz and 1.0’'Hz. Since the spotsize of the THz signal deseagh each
increase in frequency, the emitter was alignedXnati@Y axis for maximum signal. As

soon as themitter was aligned for maximum signal atHz0 the detector was aligned

in theX andY axs. Carrying out the alignment using this metletged to reduce the
misalignment, since alignment at lower frequencies can cause errors due to the large

spotsize.
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Figure 3.12 THz signal amplitude as a function of delay
500GHz, 800GHz, 10THz and 14THz beat frequencie
The period of oscillations increases with frequency for &
delay scan between p$ to-5ps with 50@GHz having the
lowestvalueand 14 THz having the highest.

The datasheet provided B®PTICA reporteda bandwidth b greater thaB.5THz. The
bandwidth was measured in our experimental agtwpll With an incident laser power

of ~11mW on to the emitter which was biased using square pulkeé wf 0.5V
amplitude at 7.6kHz frequency, and ~18W laser poweapliedto the detector, the

laser beat frequency was tuned betweeGHBO@Nnd 260GHz with a 1GGHz step size.

For each frequency step, the delay was further scanned Hepseent5ps, with os

being the optimum delay position. The gain of the-itrepezlance amplifier was left
unchanged (i.e. 1¥/A)) which was connected to the lankamplifier referenced at
7.6kHz frequency. The scans were taken using a Labview program written by Dr. Joshua

R FreemanFigure3.12 shows the THz signal amplitude measured as a function of the
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fixed delay position betweénps to +5ps. The period of oscillation increased as the
frequency was increased from G6{x to 1400GHz.

For each delay scan at different frequerigise wave was fit using the programming
language MATLABA first order sinevave was usddr fitting and can be expressed as
QO Oi @ @ wheredis the fitted amplitudé)= 2" 3sthe fitted frequency and

wis the fitted phas@his dlowed tocompare the set frequency and fitted frequency from
the measurememtithough, a fast Fourier transform (FFT) can be carried out to recover
the amplitude and phase information, sine wave fitting was used for charactettation of
TOPTICA emitte.
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Figure 3.13 THz signal amplitude as a function of beat frequency betweBHhIA(
and 260@Hz for the TOPTICA emitter. The water absorption lines are pl

(green curve)

Figure 3.13 shows the THz signal amplitude as a function of beat frequency for the
TOPTICA emitter. The amplitude decreased with frequency and a maximum was
measured at 1@Hz. The experiments were carried out in apooged environment
causing the shardips around 1008BHz, 1600GHz, 2200GHz due to the water
absorption lines. At an incident laser power af\W/land a bias o2V to 0.5V applied

to the emitter and 1QV/A) gain, the bandwidth wa24THz. The roHoff in the THz

power was calculated by dividing the THz power at all frequencies with respect to
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100GHz which is the lowest measured THz powee THz power spans more than
90dB including both emitter and receiver-ofis.

To removethe receiver rebff in output pover, the emitted THz power from the
TOPTICA emitterwas measured directly on a bolometer, (discussed in detail later) and
then subtraed fromthe roltoff from the receiver, is shownkigure3.14. The roltoff

was ~10 dB/octave in the 1@200GHz range followed by a constant power regime in
the 25@500GHz regimeThe reason for the sudden decrease in power within the 100
250GHz frequency is currently unknown as it is too low for the carrier lifetime to trigger
the roltoff and, hence, this may be attributed to the emitter design. The power was
constant between the 8500GHz rangeThe emitter power spanned overd®0in the
10®2600GHz range.

0
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THz power ratio (dB)

100 1000
Frequency (GHz)

Figure 3.14 Rolloff in THz power plotted as a function of the beat frequency be
the lasers. The ralff was ~D dB in the 108200GHz range followed by an almc
constant power regime between thé280GHz (marked using dotted lines).

The frequency of the THadiation can be extracted from sine wave fitting. Although the
scan length is an important parameter, the delay range that has badhisiseork is

sufficient to get an estimate of the frequency. The measured THz frequency values are
plotted as a fugtion of laser beat frequencyrigure3.15 The frequency values between
100GHz and 100@GHz are plotted due to the better SBIiRhese frequencies. A linear
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fit to the experimental data gave a slope of ~ 1LOBOGBGhermore, the poor SNR at

higher frequenes can hamper the recoverysdful frequency information.
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Figure 3.15 Measured frequency as a function of the set freq
between 10GHz and 100GHz. A linear fit (red line) to the da
(black dots) has a slope of 15100

Unlike the TOPTICA detector which measures only the THz amphitaemeter is an
incoherent detdor and it measures the power amal intensity of the THz radiation
faling o the bolometewhichis a direct measure of the THz powerHe cooled
bolometer was usedrheemitter was biased using squauésef -2V to 0.5V
amplitude at 16Mz frequency and was placed directly in front of the boloRieies.the
bolometer imot fast enough to respond atktz, the emittemodulatiorfrequency was
altered to 16Hz where the bolometer response is maximitim. bolometer was
calibrated to THz power using a TK poweter and measuring the power from a THz
QCL on both.The beafrequency was changed betweenGH) end 1000GHz. The
measured powergere5 pW and 3GW at 50@5Hz and ZTHz, respectively.

3.8 Conclusions

The advantages ofingphotoconductive emissidor THz generatiorwas discussed
compared to other generation hdsms. The theory behind photoconductive switch
and photomixingperationwasthen revieweavith emphasis givedn the CW emission.

The physicaunderpinningthe generation mechanism wasliined andexpression for
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emitted THz power from a photomixgien The incident laser power, applied bias,
antenna design and semiconductor propestiel ascarrier mobility, lifetimend
conductivitywere considered brief overviewon the theory of coherent detection using

photomixers wakengiven.

Two DBR lasers with a 1550m emission wavelength were characterized. The combined
laser jitter was of the order o#G0MHz. A commercial emitter and receiver from
TOPTICA were thencharacterized using the lasers. An optimum delay position was
measured for the fibmupled coherent detection system dredmeasurable bandwidth
was ~2.4THz. The output power from the emitter veasibratedising a bolometer. At
100GHz, the measured power was 10a/w 5uW at 50@G5Hz.

With a stable DBR laser and commercial TOPEi@i#ter and receiver, a high resolution
photomixing system was built which had a bandwidth of greater thbiz.ZTdhe SNR

was extremely good at lower frequencies with ratios greaterdBaat B0GGHz.
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Chapter 4Materials for photomixing at
1550nm

This chapter gives an overview of the materials adopted for photomixinghat. 165G
(Fepdopedindium gallium arsenidn@GaAs) andindium gallium arsenide phosphide
(InGaAsP) materials grown by MOCVD are used, and their performances as THz
photomixes are illustrated. The first section gives a brief background about the recent
advances in developing InGaAs and InGaAsP materials suitable for photomixing. The
details of the growth process are discussed followed by the measurements of the materia
bandgps. The procedures for fabrication of photomixers and the experimental setup for
their characterisatioare described. The performance of the Fe doped InGaAs and
InGaAsP photomixers is then compared in terms of resistivity, photocurrent, bandwidth
and THzpower.The dependencies of the emitted power on the photomixer applied bias,
incident laser power, and material doping level, were alsa Stueliedapter concludes

with a comparison between the photoconductive switch and photomixer performance of
the wéers.

4.1 Introduction

The theory of photomixing was discussed in detail in Chapter 3. Among the various

factors affecting the generation of CW THz radiation from photomixers, the most
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significant is the semiconductor substrate. The THz power emitted fronotthmixer
depends on the intrinsic properties of the semiconductarrier lifetime, resistivity and
mobility, discussed in Sectidh4 One among the popular choices for photomixing
materialsfor THz generation is letemperature grown gallium arsenide-GlaAs)
because of the sydicosecond carrier lifetime and very high resistivity. The first
demonstration of THz photomixing on semiconductors usedsdfs as the
substrat¢54, 1164. However, LIGaAs has a bandgap corresponding to R800
(~1.5eV), which restricts the use of wieleloped lasers, amplifiers, fibre optics and
integrated components operating in the telecommunicatibaad@53@1565nm)
wavelength range. A bandwidth of <& [119 and a power of greater thanh\&/ at
250GHz [137 has been reported before from a®&3As based photomixerasers in

the ~800nm wavelength range are quite expensive and bulky, for example dual
wavelength Ti:Sapphire lasers. Although vasaoks agliode lasers, DBR lasers and
distributed fedback (DFB) lasers are also available, they are still expensive compared to
their 1550hm counterparts. The operation of a GaAs photomixer in thenib50
wavelength range has been demons{c8§dfrom an ErAs doped GaAs wafer. The
extrinsic photoconductivity arisingedto the incorporation of Er atoms in the GaAs

resulted in absorption at 1558. However, the bandwidth reported wasl¥i4.

A promising material to operate in the I%&0wavelength range is indium gallium
arsenide (InGaAs). It is the most commonlgdugernary semiconductor for
optoelectronic applications. It is aWlcompound; indium and gallium are from group
[Il and arsenic is from group V. The bandgap &dnAs can be tuned by changing the
alloy composition of indium and gallium. The mashsively studied InGaAs compound
for various optoelectronic applications has a compositions@anAs. This results in
material lattice matched to indium phosphide (InP), with a banggapP&4eV. This
composition has been used extensieelthé fabrication of fast photodiod&39 and
field effect transistof$4Q.

Undoped InGaAs has poor resistiity- f e w [14d)coompared to the L-GaAs
substrates. Also, the carrier lifetimes are of the order of hundreds of picoseconds. Since
the bandwidth and emitted THz power from a photomixer(3E4) dgends on the

carrier lifetime, an ideal material should have a low carrier lifetime i.e. ~hundreds of
femtosecondd 33. Over recent years several schemes to improve the characteristics of
InGaAs for THz emission have been reported, which will beséidéngetail in the next

Section.
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An alternative material that can be used for CW THz emission at telecommunications
wavelengths is indium gallium arsenide phosphide (InGaAsP). InGaAsP is a quaternary
semiconductor which has significant applicatiotieimptoelectronics industry. It is a

[l 8V compound like InGaAs. The bandgap of this quaternary material with different alloy
compositions has been studibt, and can be tuned between @Vand 1.38V when

lattice matched to INR43. It has been widely used for the development of
semiconductor lasers emitting in the wavelength range betweemm 13200

1550nm [144144. In this chapter, the various possibilities of using InGaAs and InGaAsP
for photomixing at THz frequencies is discussed.

4.2 Historical overview

Research was carried out to improve theorpesthce of InGaAs wafers in terms of
resistivity, carrier lifetime and mob|li41 147. The different gneth techniques used
include molecular beam epitMBE), metal organic chemical vapor deposition
(MOCVD), metal organic vapor phase episQVPE) and metal organic liquid phase
epitaxy (MOLPE). To increase the resistivity of InGaAgetaperature (LTyrowth,
annealing, doping, ion implantation and ion irradiation have been carried out previously.
Chenet al[148 used Fédoped InsGasAs material grown by liquid phase epitaxy
(LPE) on Fédoped InP substrates for the fabrication of low noise photoconductive
detectorsat MHz frequencies. The mobility of the doped wafer (9398") was lower
compared to the undoped wafer (8€08/s?), and the dark resistance of the devices was
found to decrease with Fe incorporation.éefal[14] sudied the resistivity of Fe doped
InosGansAs wafers grown by metal organic vapor phase epitaxy (MOVPE) on InP
substrates. A resistivity of880000cm was measured from waf
concentrations between1@ 10° cni®. The mobility chaegl from electrotike to hole

like when the Fe doping cemdration was increased abovéd>cm?®,

One of the earliest reported works to improve the resistivity of InGaAs was froratGupta
al [149. They found that LThosGasAs grown on InP substrates using MBEa at
growth temperature of 180 was found to exhibit resistivity values in the rangé, 0.01
1U0c m, and the carrier l i feti mes weerte of
al.[150 implanted SInGaAs with Fe, Cor grou@V elements followed by a subsequent
annealing at 8%C and 900C, and found that the resistivity improved with Fe
implantation. This is explained due to the introduction of Fe acceptor levels in the
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material. It was Carmodi/al[15] who first tried to implant the InGaAs wafer using Fe

for better resistivity and carrier lifets. They grew a JuBrthick InsGay4As layer on a
SHnP substrate using MOCVD followed by1@V Fé ion implantation at doses ranging
between 1x10cn? and 1x1¢ cm® The wafers were annealed at temperatures between
500°C and 800C. The Fedose of 1x1& cm? annealed at 50C had a sheet resistance
of4x1dU0 and a carrifer | ifetime of ~300

The first use of InGaAs for THz generation and detection was frommn L& As

wafer, excited using pulses of w6 wavelength by Baket &[153. The LT
InoGaAs was grown on a-SlaAs substrate using MBE at a growth temperature of
230°C. This work demonstetta THz imaging system working at infrared wavelengths
for the first time. The bandgap of the material was destgabdorb at 1.0é6m. Since

this demonstration of a THz imaging system usintn@3dAs several attempts were
made to make InGaAs more resistive and change the bandgap rim.1S&Qukiet

al.[153 used Féimplanted las&Ga.4As grown on an InP substrate using the MOCVD
technique for THz generation. Fe ions of IBB0 energy were implanted at a dose of
1x10" cm?, and theyaported a carrier mobility of 150V 's* from the Fe implanted
emitter. Chimoet al[154 used heavy ienradiation of lasGa.4AS using Brions. The

wafers wer grown on a ShP:Fe substrate using MBE. A carrier lifetime of pg).2
resistivity of cm and car r i e rcndisd Wware reported forfa Br 4 9 0
irradiation dose of 1x3@m?% They demonstrated coherent emission and detection of
THz radiation using the samafers excited at 156 [155. Takazatet al[15 used
Bedoped LFIn,Ga.As grown by MBE on a Sl: InP substrate for the detection of THz
radiation. Three different indium concentratiors0x0, 0.47and 0.53 were grown with

a Bé doping density of 7x1@m?, with the material later being anne&léth an indium
concentration of x = 0.4, a dark resistivity of7f@0m was reported. The
the detection of THz radiation using the materials with the different indium
concentrations annealed at 850 and achieved bandwidths exceedifigz3when

excited with 1.58m pulses. They were also able to demonstrate coherent THz emission
and detection using Hmo.GasAs with the same Be doping density, which was
annealed at 653C. They found that L-Tho.GasAS had a better emitter performanc
compared to LInesGay 4As, and the resistivities measured weré 6t a nlblc m, 7 0

respectivelfromthe two waferfgl57].

Apart from these different methods adopted to increase the performance of bulk InGaAs

layers on GaAs or InP substrates, various other complicated layer structures of InGaAs
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have been used. Driscell al[15§ reported the demonstration of ultrafast photo
response of InGaAs wafers embedded with ErAs nanoparticles. A superlattice of
Inosf5a.4AS was grown by MBE on a-I8P: Fe subsaite. The superlattice included
InosGavsAs layers of varying thickness andG#nAs with different indium
compositions. ErAs nanopatrticles were incorporated on the active layer, which was later
covered by another InGaAs laydrey observed carrieietimes of the order of O3 by

doping the superlattice with Be and found that the carrier lifetime decreased with
increasing ErAs concentration. Another work was reported by &uE@A®] in which

Feddoped InGaAs/InP multiple quantum wells (MQW) provided an ultrafast electrical
and optical response. MQWs were grown on InP substrates using gas source MBE and
had 40 periods of InGaAs/InRyers in which Fe was doped uniformly on the various
layers. A range of Fe doping concentrations was studied and obtained a photoresponse
time of ~0.45s.

Other materials that have been studied to operate atm5b0lude the narrow bandgap
material$ndium arsenide (InAs) and indium antimonide (InSbhet @{16Q studied the

THz emission from InAs and InSb wafers and found thaththie-Dember effecfl6],

i.e. THz emission due to diffecenin electron and hole mobility creating an oscillating
dipole, is the dominating mechanism in both, due to the narrow gap. InAs and InSb
wafers were excited at 800 and it was found that InAs is highly efficient compared to
InSb, even though the lattexd better electron mobility. On excitation at hEbGhey
obtained twice the THz signal than atr@@0Suzukiet al[163 studied tk wavelength
dependence of InAs, InSb, laticatched InosGasAs and latticenismatched
INnoeGansAS by exciting the emitters at H8® 1050m and 1568m. The InGaAs

layers were grown on al&P substrate using MOCVD. With an excitation wavklehg
1560nm, they reported the greatest emission from InSb but lower power when excited at
780nm; they attributed this dependence in wavelength to be due to the change in carrier

mobility.

All the previously mentioned reports about the studies tovieniir® material resistivity

and carrier lifetimes on InGaAs wafers were performed usingDridgstems. As
discussed in Chapter 3, in order for a material to emit CW THz radiation, the carrier
lifetime of the material is crucial. Unlike pulsed emissiamialm a simple botie
antenna can generate good THz power, photomixers requireesigaktd antenna with

active area incorporating interdigitated fingers for excellent performance.
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The first use of an InGaAs material for photomixing was developadkHhntirSet

al.[163 in which thelnosGasAs layers were embedded with monolagérErAs
nanoparticles. The active layer was doped with Be during the MBE growth on a InP
substrate. The wafer had a resistivity of €160mn and pi cosecond car
reported a breakdown field of 1X¥@m*. The emitters were excited at IH0and
0.13uW power was obtained at T8z, although the bandwidth of the emitters were
restricted to 65GHz due to the capacitive loading. Baket[164 demonstrated the use

of a LT-InosGasAs emitter for CW THz generation. The wafers were grown-on Si
GaAs substrates using MBE at 280 which was followed by pagbwth annealing at
450°C. They reported a carrier lifetinfe<500fs and a resistivity of ~10 ¢ m. The
emitters were excited at 880 and they obtained a bandwidth ofTHz. Chimotet

al.[165 demonstrated the use of {doradiatedInysGasAs for photomixing. The
undoped lpsGasAs layer was grown on al@P:Fe substrate using gamirce MBE

which was irradted with heavy Biions at 1MeV energy and an irradiation dose of
4x10" cm® A carrier lifetime of 0.4%6 and mobility of 4%hvV's® were reported, and

the wafer had a breakdown field of 0.17¥t@1'. When excited at 156, the
bandwidth of ke emitters were ~IHz and power levels were lower compared to those
obtained with LIGaAs. Subsequently, the same group demonstrated THz emission up to
2THz by changing the Birradiation dose to ~3xm? from the same BGa.As

wafer. The ex@tion wavelength was 1580 and a peak power of ~@@/ was obtained

at 1THz [164.

Although InGaAsP has found tremendous applications in the optoelectronics industry, its
potential 6 act as a stable THz source has not been studied in detail yet. The first
demonstration of INnGaAsP as a THz emitter was by Fetkalfs67. An InGaAsP layer

grown by MOCVD on a ShP substrate was implanted with Fe ions Kt @&3ulting in
1.1x10°cn® Fe concentration. They obtained a resistivity of @250th and mob i
400c?Vist. The carrier lifetimes were between f808nd 3s. When excited at
1550nm, the dipolar antennas gave a bandwidth of greateritHan 2

In this work, Fe doped InGaAs and Fe doped InGaAsP layers grown by MOCVD on InP
substrates are used for tlarication of CW photomixers. MOCVD ensures a better
surface quality and more uniform doping compared to approaches suaiaaBaton.

Also, MOCVD is cheap compared to MBE growth or implantation methods.
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The details of the growth technique are mqaan detail in Sectign3 The Fe:InGaAs

and Fe:InGaAsP wafers used in this work for the fabrication of photomixers have
previously been demonstrated for pulsed emission by our group. Pulsed emission and
detection has bea@lemonstrated before from Fe:InG4d239 169 whereas only pulsed

emission has been reported from Fe:InG§E&®from a THz2TD system.

4.3 MOCVD grown Feddoped InGaAs and Fédoped
InGaAsP

The wafers used in this study were grown by the MOCVD technique at the Centre for
Integrated Photonics,niled Kingdom under the supervision of Dr. Paul J. Cannard, Dr.
Michael J. Robertson and Dr. David G. Moodie. The active layers used in the study,
Fe:lnsGasAs and Fe:livGasASsPo13 were grown on [100] InP substrates in a
horizontal quartzeactor at pressure of 810 Torr at &80growth temperature. Baking

and cleaning of the susceptor and reactor were carried out, to ensure the reproducibility
for each growth. The precursors used were trimethylindium (TMI), trimethylgallium
(TMG) and 1009%rsine(AsH) for the Indium, Gallium and Arsenic respectitaythe

growth of InP and InGaAsP layer, 100% phosphing (#&$ used as the source. For the
growth of Fe:InGaAs or Fe:InGaAsP active layer, Fe ions were sourced from Ferrocene
(Fe(GHs),) using a sublimation bubbler. The precursors and sources used for the growth
were semiconductor grade. Epitaxy was performed under hydr)gavifdnment at a

flow rate of ~115cAs*. H, was used for the dilution, pusher flows and bubbleupsck

The gowth of the Fe:InGaAs and Fe:InGaAsP wafers were terminated wHinRan n

layer in order to protect the surface from oxidation, since leaving an As terminated layer is
detrimentalandto protect the active layers fragrsituannealing The growth ratesf

the active layer andimP layer were ~7.24m/hr and 3.0Qum/hr, respectively. The

doping density of the different wafers was confirmed by secondary ion mass spectroscopy
(SIMS) analysikigure4.1 shows thedyer structure of the Fe:InGaAs and Fe:InGaAsP
soon after the growth. It was observed that the surface quality of the Fe:InGaAsP wafers
was significantly better than that of the ternary Fe:InGaAs wafers, for which FeAs
precipitates formed notable defediat twere visible after fabricatiais¢ussedn
Section4.5. This improved surface quality of the quaternary material is attributed to the
better matching with the InP substfat&].
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Figure 4.1 Layer structure and thicknesses of the Fe:InGaA:s
Fe:InGaAsP wafers grown on InP substrate by MOCVD.

There are advantages WIOCVD over other growth techniques. lon irradiation
techniques damage the wafer surface due to bombardment with heavy ions. It can form
defect clusters of the order of nanomefiés, which is not a major issue when
fabricating large gap photocootive emitters although it can be severely detrimental
when fabricating electrodes or nanostruckiivdson the activeegion. Also, MOCVD is

cheaper compared to other growth techniques such as MBE.
4.3.1 Bandgap measurement

The alloy composition used wEeelnsGa.sAs and Fe:liydGa sASsPo.1z The chosen
alloy composition is quite unusual for InGaAsP wafer. @fisybar composition was
chosen to enhance the absorption at 4650~or an undoped quaternansGaASP.y

wafer, the bandgap of the semiconductor is given by,
% p8ZB WY ¢

where% is the bandgap of the semiconductor. In orderhi@rsemiconductor to be

lattice matched to InR/= 2.2x needs to be satisfi¢t43, and is not satisfied in the
wafers chosen in this work. The advantagetmaiparticular quaternary material is the
freedom to change the bandgap of the material independently from the lattice constant
through the choice of compositid44. However, to confirm the absorption of the
material at 155@m, photoluminescence and transmission spectroscopy measurements

were carried out, which are discussed in théwextiisectios.
4.3.2 Photoluminescence

Luminescence, in general, is ddfias the emission of light from a material due to
excitation. Depending on the excitation method luminescence can be of different types,

for example photoluminescence, electroluminescence or bioluminescence. A schematic
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representation of PL in a semiconducs shown irFigure4.2. Photoluminescence (PL)

is defined as the emission of photons with engrggrk a semiconductor, when excited

with photons of energy greater thap Ehis transition is usually observedlimect
bandgap semiconductors where the conduction band (CB) minimum and valence band
(VB) maximum has the same momentum value in the dispersion curve. When the
semiconductor is excited with photaisenergy E O E,, electrons from the VB are
excited tolie CB. Electrons from the VB are excited to the CB depending on the incident
photon energy, creating excess electrons in the CB and holes in the VB. The electrons
cannot stay at the high energy levels in the CB and tend to emit phononsddetiven
recombination), and relax at the bottom of the CB. Theraddative processes
responsible for the transition of electrons from higher to lower energy levels follows the
conservation of momentum and energy, laméis faster (~10s) compared to radies
processes (~¥®)[173. The electrons from the Gach emit ahoton and relax to the

VB, and thughe photon energyqeials the bandgap energy of the semiconductor. The
photons emitted from the semiconductor are incoherent artiractional. A schematic

representation of PL in a semiconductor is shotigume4.2.

Conduction
band

Photo-
luminescence

Excitation
laser

Valence
band

Figure 4.2 Schematic diagram showing the photolumines:
emission from a semiconductor.

In the present study, PL was used to measure the Fe:InGaAsP bandgap. The experimenta
setup for the PL measurement is showmgure4.3. The experiments were carried out at

room temperature. A continuous w@vé/) HeliumNeon (H@&Ne) laser with an
emission wavelength of 63@mM and an output power off®V was focussed to the
sample using ankg, at an incident angle of 45°. The sample was placed on a XYZ linear
translational stage to facilitate alignment. The laser beam reflected from the wafer was

blocked using a beam stop. Due to the incoherent andiraotional nature of PL
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photons, a lenwith a large numerical aperture (NA) was used to collect a portion of the
emitted photons. The collimated beam was then focussed onto the slit of a Princeton
Instruments Acton Series 2150 spectrometer using another lenspass$oogtical filter

was phced in front of the spectrometer to block any diffusdeHaser light. The grating
spectrometer was scanned over the desired wavelength range and the photons were
captured by a charge coupled d€@&D). The laser beam incident on the sample was
mechaically modulated using an optical chopper aHi8Bequency, and the data
acquisition output of the spectrometer was connected to the kublifier, which was

referenced to the chopper frequency. The amplified signal was fed to the computer.

Sample

N\ et
\
v
¢ Spectro-
@3‘% meter e
% &
& | Signal |
Reference

Figure 4.3: Experimental setp for the photoluminescence measuremel

PL data was measured from the various Fe:InGaAs and Fe:InGaAsP wafers. During the
measurement, the grating spectrometer was scannéldeowerelength range between
600nm and 2006m with a Zam step sizekFigure4.4 shows the PL spectra obtained

from the Fe:InGaAs and Fe:InGaAsP wafers. The Fe:InGaAs sample was found to emit
photons in the wavelengtange 1406mi 1700nm, corresponding to photon energies
between 0.88V and 0.7@V. The emitted photon energy indicates the series of energy
levels occupied by the electron and hole, after transition from the higher energy level,
which isthe top of CB br electronsandthe bottom of the VB for holes.Figure4.5

shows the PL data plotted in terms of energy. Thesbarp rise in energy beyond
~0.734eV i.e. he bandgap of the semiconductor. Thidue to the edribution from

excitons and the exponential decay observed beyond the bandgap due to the Boltzmann
factor[173.

The peak mission wavelength was found to be from ~b84{0.73:V) implying the
higher density of states in that particular energy level. Photon emission at wavelengths
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lower than the bandgap could be due to the presence of excitons. This particular bandgap
is alnost similar to that of lattice matched InGaAs (g-€0.E4eV for InsGa.+As) and
we attribute this small change in bandgap to the growth conditions that have been used in
the study (Fe:lnGa+As). No dependence with Fe doping could be obssugggsting

that the Fe acceptors forming deep acceptor levels in the bandgap do not alter the

bandgap.
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Figure 4.4: PL intensity measured from the Fe:InGaAs and Fe:InG
wafers with different Fe concexions plotted as a function

excitation wavelength.

The measurements were repeated with the Fe:InGaAsP wafers. Photons in the
1350nm (0.89eV)31600nm (0.75eV) wavelength range were emitted with a peak
emission at BBnm(0.78eV). The bandgap dahe material was observed to be
~1540 nm. As explained previously for the Fe:InGaAs wafer, the emitted photon range
corresponds to the energy states occupied by the electrons in the CB and the emission
lower than bandgap is due to exciton emission. Amengal decay was observed
beyond, confirming the Boltzmann factor. The peak emission waveleng@mm-15
corresponds to higher density of states. This confirms that the bandgap of the
Fe:InGaAsP wafer has shifted from 130 typically observed foroGay A% .66 0.34

lattice matched to InP, to ~1580. The quantised nature of the curvésgaore4.4 and
Figured.5is due to the sensitivity range used in thenakplifier; when the sensitivity

range is set high (I®@f mV, unintentionally set), small signals such as those measured

here (a few pV) experience quantisation in thenlackplifier.
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Figure 45 PL intensity measured from the Fe:InGaAs
Fe:InGaAsP wafers with different Fe concentrations plotted

function ofexcitation energy.

4.3.3 Transmission spectroscopy

Another method adopted to confirm the bandgap of the samples was to measure the

transmision through the wafers. Since photons with energies higher than the bandgap will

be absorbed and the lower energies will be reflected back from the sample, transmission
spectroscopy is an alternative method that can be employed to obtain the bandgap of
mderials.

Halogen
lamp

Sample

Spectro-
meter

Figure 4.6 Experimental setp for the transmissio

spectroscopy measurement
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The experimental setup is shown inFilgeire4.6. It involved a broadbandHhigsource (a
tungsterhalogen lamp) which emitted photons in the wavelength rangen 400
1700nm. The light was collimated and focussed to the wafer using a pair of lenses. The
sample was placed in front of the spectrometer slit (same as the one thee@lfo
measurement), and the spectrometer was scanned over the required wavelength range. .

reference scan was also taken before scanning each wafer.

Figure4.7 shows the transmission data from the Fe:InGaAsP weHlfiersvafers were
scanned in the wavelength range betweem@08Ad 180@m. It was found that all the
Fe:InGaAsP wafers were transparent abovent®508lo0 dependence with Fe doping

could be found, again confirming that the bandgap of the materiallisredtdue to the
presence of Fe acceptors. However it should be noted that this measurement does not give
a complete picture of the band edge or presence of impurity states; measuring the
transmission through the sample alone is not sufficient torctimditoandgap precisely.

The reflections from the wafers also have to be taken into account, since surface
deformities can result in the reduction of transmitted light. A solution to the problem is to
calculate the light absorbed by the sample, by sSobtithet reflected and transmitted

light. Furthermore, a peak appearing on the absorption spectrum cannot necessarily be
assigned to the bandgap (i.e. same k values), but may be due to absorption from the VB tc

CB at a different k value.
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Figure 4.7 Transmission through the various Fe:InGaAsP w
plotted as function of wavelength.
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In summary, the shift in the Fe:InGaAsP bandgap due to the choice of composition has
been measured using transmission sgeopy and PL. Both techniques confirmed a
bandgap of ~1550m for the Fe:InGaAsP wafers.

4.4 Antenna design

When the active region of the phogomi xe
photocarriers are generated. The photocarriers are then accelerated by the applied bias
The generated photocurrent has to be fed to a suitable antenna structure which can then
couple the radiation to free space. The use of antennas for transmitting or receiving
electromagnetic radiation dates back to edtlgelBury when Marconi invented the

radio. The use of an antenna for coupling the radiation generated in a photocgasiucto
employed by Mouroet al[173. In the THz regime, planar antennas are typically used to
couple the generated THz radiation from the photoconductor-&pfee. The antennas
usually employed for the microwave or millimetre regamestde scaled down directly

for THz due to the smaller wavelength compared to the thickness of the $LB4trate

The plaar antennas can be classified into two types, resonant antennas and broadband
antennas. Resonant antennas are strongly frequency dependent and are thus less efficie
at frequencies away from the design frequency. On the other hand, broadband antennas
arefrequencyndependent (in the frequency range we are interestedGided3d Hz)

I.e. a flat response over a wide bandwidth. The most commonly used broadband antennas
are the bowiie antenna, spiral antenna andplegpdic antenna. Among those, the
logaithmic spiral antenna is preferred over the othgrdogdic antenna designs due to

its circular polarization emissiamhich is advantageous. For-pegiodic antennas,

linearly polarized radiation can only be detected if the polarization directies méh

that of the detector, thus creating constraints. Spiral antennas on the other hand do not
have this issue. They emit a circularly polarized beam at lower frequencies, and this
changes from elliptical to linear at high frequencies. Fpifalgntennas, the generated
photocurrent travels along the spiral arms and will be emitted when the frequency
resonance occurs. The-Bgral antennas can emit good radiation pattermewignthan

2 turng[179.

In this work, a durn selfcomplementary logarithngpiral antenna with an active region
of 11.3umx11.3um was used, as showrFigure4.8. The performance of this antenna

has beeoptimizedpreviously174.
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Figure 4.8 Schematic of the-tBrn selfcomplementary lec
spiral antenna usadth an active area of 1ju®x11.3um

4.4.1 Incorporation of IDTs

There has been successful demonstration of photomixing ugd iz 3rbm a bare gap

actve regiorj12Q, however, the power levels obtained were low. The photomixer
performance is dependent on the capacitance of the active region, accord{8d.4p Eq.

Since the capacitance is inversely proportional to theasegiythe obvious solution is to

reduce the active area. This is inconvenient due to fabrication issues and also the difficulty
of focussing the laser spot to a smaller active region. The practical solution for this issue is
the incorporation of interdigied fingers (IDTs) in the active region. The introduction of
IDTs on the active region can ensure that, while the interaction area between the
photocarriers and electrodes has been increased, the gap between the two arms of the
antenna remains constanheTtransitime of the carriers is thus reduced, resulting in
faster recombination and increasing the photocurrent. However, incorporating too many
fingers can result in increasing the capacitance, thus reducing the output power. This
capacitance resulisa-12dB/octave roloff at high frequenci¢$19. The influence of

gap spacing on the performance has been reported prg¢tRilishithough a smaller

active region with IDTs can enhance the power at higher frequencies, the higher
photocurrent can result in joule heating, damaging the sample.
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Figure 4.9: Schematic of the active region of thesjugal
antema with 3 pair of IDTs, having a finger width ofu®®2
and gap size of 1uén.

In this work, 3 pair of IDTs with a finger width of 2 and a gap size of & was
used. Optimization was carried out ifXég and abandwidth of greater than 2.0z

was obtained from the design on a@aAs substrate photomixer excited atnrg0

4.5 Fabrication procedure

The layer structure of the Fe:InGaAs aathGaAsP waferasasshown inFigure4.1.

The fabrication procedure involved the removal of the cap ldgEramd RinGaAs/n-

INnGaAsP for both Fe:InGaAs and Fe:InGaAsP, respectively. The cap layers protect the
Fe:InGaAs and Fe:InGaAsP active layers from oxidation, since the preseatencs Fe

on the surface makes the active layer susceptible to atmospheric oxidation. The fabrication
procedure started with the cleaving of mm®&10mm piece from the-idch wafer. The

scribing was performed using a-3#BO scriber. The cleaved samplethveascleaned

using acetone in an ultrasonic bath at 10% power for 2 min to remove any debris or dust
left on the surface. The sample was then-dii@a using dry nitrogen. The sample was
later cleaned again using isopropyl alcohol (IPA) in ultreatmat 10% power for 2

min to remove any organic waste deposited on the sample, followed by a blow dry in dry

nitrogen.

Before the removal of the cap layers, the sample was stuck to a glass slide for ease a
handling. For doing so, a drop of Shipleys® 18B38presist was placed on the middle

of the glass slide. The glass slide was then held vertically for 1 min to form a uniform thin
layer of the resist. The sample was placed on top of the resist on the glass slide surface
which was baked using a hotegktt 115C for 1 min. The dried resist held the sample to

the glass slide.
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The cap layer-imP was then removed using concentrated hydrochloric acid (HCI); InP is

a lllav compound and is easily dissolvable in HCI. Depending on the thickness of the InP
layer, the concentration of HCI can be vdfiéd. HCI can be diluted using-idaised

water, which gives control over the etch rate. However, for the wafers used in this work,
the 200nm thick nInP layer is followed by anlmGaAs/n-InGaAsP layer. Since n
InGaAs/n-InGaAsP is not soluble in concentrated HCI, it can act as an etch stop layer.
Thus, the sample stuck to the glass slide was immersed in concentrated ISCA&r 20
soonas the sample was immersed in HCI, bubbles were found to be escaping from the
sample surface confirming that the InP layer has been etched. This was followed by

cleaning in DI water in 1 minute.

The ninGaAs/n-InGaAsP layer was etched using a sulphcidcwet etch solution.
Concentrated sulphuric a@it}SQ,), hydrogen peroxidel.O,) and watefH.O) were

used to prepare the solution. The ratio between the soly8@dHA,:H,O was 1:1:10.

The solution cannot be used immediately after preparat®thsirtch rate was too high

and didnot provide wuniform etching. The
hotplate at 23C for 15 min for cooling to provide a uniform etch rate. After 15 min the
solution was removed from the hotplate and the saraplénwnersed in the wet etch
solution for 42 s. Since the bottom Fe:InGaAs/Fe:InGaAsP active layer is also dissolvable
in the etch solution, caution was taken to ensure the solvent temperature and etching time
to be precise. The 38t thick nInGaAs/n-InGaAsP layer was completely removed
during etching. The sample was theaned using DI water for 2 maxposing the active

layer. The surfaces of the Fe:InGaAs and Fe:InGaAsP layers soon after the processing are
shown in thd-igure4.10.

10 pm 100 pm

Figure 410 Wafer surface of the Fe:InGaAs (left) .
Fe:InGaAsP (right). FeAs precipitates clearly visible o
Fe: I nGaAs surface, wleanywdsbls
surfae deformities.
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Figure 411 SEM images of the FeAs precipitate on

Fe:InGaAs surface.

The Fe:InGaAs surface had many visible deformities due to FeAs prgcypitate

Fe: I nGa Aswany eéformitiesIn dndar to estimate the size and nature of the
FeAs precipitates, images were captured using a scanning electron niEddoplee

size of the surface defects were of the order of a few microns. The defects were due to
both precipitates gesited near the surface and deep intrusions into the active layers.
Figure4.11 shows SEM imagef an Fe:InGaAs sample with the two major types of
surface defects.

For large gap emitters (especially-tmantenngshe rinGaAs/n-InGaAsP layer can be

used for defining the contact electrodes. The gap between the contact electrodes is then
later etched to expose the active [4g€). However, in the present study, since the IDT
design had dimensions of the order ofuth2etching after fieing the lithography can

be difficult.

The sample was separated from the glass slide by immersing in acetone for 2 min. It was
then cleaned using acetone and IPA anddred using dry nitrogen. The various stages

involved in the preparation of thefevastructure are shownkigure4.12

The sample was then coated with electron beam resist, ZEP 520A@mn4888ulting

in a 420hm thicknes. The resist was baked at°@8@or 2 min. The electron beam
lithography was carried out by Dr. Mark C. Rosamond udti@j_aebeam lithography
system. Electron beam lithography was used due to the better resolution and
reproducibility. The exposed sample was developed uSih@ridmylacetate) for 30
followed by ainse in IPA.
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Figure 4.12 Various stages involved in the processing o
wafers (a3ample after growth, (b) and (c) concentrated
removing the #inP cap layer, (d) wet etch solution dissol
n-InGaAs/nInGaAsP layer, (&pal structure of the wafé
before resist spinning antbeam lithography.

The developed sample was then metallized in an elsdronevaporator (Leybold e
beam 350). Theleam evaporator was used instead of a thermatatwapm avoid any
cracks in the resist that may occur at the higher temperatures in a thermal evaporator.
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Titanium/gold (Ti/Au) of thickness Ifim/150nm was used to ensure good contacts
which can withstand milliamps of current. After evaporation, theesemas left in
cyclopentanone at 60 for 10 to 20 min on a hotplate for-diff, followed by a 10%

power ultrasonic bath in cyclopentanone. The sample was then cleaned using IPA and

dried using dry nitrogen.

A 10mmx10mm sample can usually have @rards fabricated on it. The sample was
then cleaved using a JFIPOB scriber. The sample was coated using S1813 before scribing
to prevent the wafer flakes from scribing getting deposited on the active region and

damaging the IDTs.

Figure 4.13 Fabricated loegpiral antennas on Fe:InGaAs i
Fe:InGaAsP wafers

Figue4.13shows the Fe:InGaAs and Fe:InGaAsP devices after fabrication. The separated
devies were cleaned using acetone and IPA and dried using dry nitrogen. In order to
define the contact pads a separate optical lithography was carried out. S1813 resist wa
spun on the devices using a spin coater atr@g®O0fbr 30s. This provided a coating
thickness of around +im. The contact pads were then defined using an optical mask and
exposed under UV light. The exposed device was cured using chlorobenzene for 2
minutes to define the undercuts and developed using MF 31%dapii8s followed by

DI water cleaning. Ti/Au with a thickness of 20nm/100nm was used for metallization and
the device was liftaadf using acetone, followed by an IPA wash anddied using dry

nitrogen.

The device was stuck &ospecially designed printed circuit board (P@B),copper

defined contact lines, using RS® silver conductive paint. After applying silver paint, the
device was left for 2 hours to dry before any measurefeintsage of the fabricated
device mounted on the PCB board can be sé&aguired.14
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Figure 4.14 Samples mounted on PCB after fabrication

4.6 Emitter characterization

The experimental setup used for the characterization of emitters was identicalifo the set
used for characterization of the commercial TOPTICA emitters, as explained in Chapter 3.
Except for the emitter, all other componentseaquipmentemained the same, as shown

in Figure4.15 The TOPTICA emittewas fibre coupled, whereas thbanse emitters

were not. The emitters thus had to be aligned to the excitation laser beam to generate THz
radiation. The laser beam exiting out of the output arm 1 of the fibre splitter was
collimated using a 1560 colimator(F220APE1550), propagated through a-hafe

plate (Thorlab4550nm) and focussed onto the emitter using an asphdizEMEME

C).

DBR 1
1534 nm

DBR 2
1534-1560 n

2X2
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Trans-impedance
pre-amplifier

/T
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spectrum
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Figure 4.15 Experimental setp used for the characterization of thlednse emitters

While mounting the sample on the PCB board, slight misalignment can occur due to the
lack of alignment marks and manual errors, resulting in the samipéing exactly-in
line with the contact lines on the PCB. In order to address this issusyaadhalfate


http://www.thorlabs.de/thorproduct.cfm?partnumber=C430TME-C
http://www.thorlabs.de/thorproduct.cfm?partnumber=C430TME-C
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(WPHO5M155(0 was used. Thealfwave platéHWP) provides precise control over the

linear polarization of the incident laser beam. The depenafethe polarization of the

laser beam is discussed in detéeation4.7.5 An aspherical lens with amtilection

coating and numerical aperture (NA) = 0.53 was used. The focal length of the lens was ~
5mm. Since thsilver paint thickness can affect the position of the sample, the lens was
mounted on an Lontrolled linear translational stage, enabling the beam to be correctly

focused on the emitter.

The emitter was also placed on an ¥ar translational staglwlng precise control

over the position of the focussed laser spot on the device. Aéypgpherical Si lens

with 2.5mm diameter was attached to the back of the device using a lens mount on a
smaller XY linear translational stage. Since the refantiex of Si in = 3.44, close to

the refractive index of the InP wafers studied in this wei& %3.7), this reduced the
reflections back into the substrate. The device was aligned initially at a low frequency
(110GHz due to the better SNR), follaliey more precise alignment at G6{x, 1THz

and 1.5THz. Once the sample was aligned, the Si lens position was adjusted to maximise
the measured signal. As explained before in Sddliotmhe generated THz current
propagateshrough the spiral arms and will be radiated when the resonance occurs.
Therefore, the Si lens position was crucial to obtain the signal at higher frequencies
(1.5THz), for which the signal was emitted from the centre of the spiral. However, the
signalsat lower frequencies (BB00GHz) were found to be less dependent on the exact

alignment of the silicon lens.

The different components (collimator, aspherical lens and device) were all mounted in a
30mm cage structure which was then mounted on an-Xi¥igar translational stage.

This arrangement of the optical components provided independent control of the incident
laser beam on the device and the emitted THz radiation from the device. The THz
radiation was collected byf/2 parabolic mirror which cishated the radiation. The
collimated radiation was focussed to the TOPTICA detector by an &2opaabolic

mirror. The second parabolic mirror and the coherent detector were mounted on a
mechanical delay to ensure the optimum delay between theammhitietector. While
aligning the position of the detector, special care was taken to perform the alignment at
higher fequencies due to the small sizet at lower wavelengths. The detected current
was amplified using the FEMTO trampedance amplifiet a gain of 1Q(V/A). This

gain was the same as that used when characterizing the TOPTICA emitter, to ensure a fail

comparison between the TOPTICA antianise emitter.



4:Materials for photomixing at 15%® 83

Comparing the experimental setup discussed in Chapter 3, the introduction of the
collimator, halwvave plate and aspherical lens onto the laser beam path caused a slight
change in the optimum delay position. The difference induced by the new components on
the beam path was less tharrhQwhich was adjusted by changing the delay pdsition.

frequency scan at different delay positions was repeated to obtain the optimum delay
position using a standardizedhiouse emi tter that didnodét r

significance of the optimum delay position was discussed in $&ction

4.7 Results from characterization

For the emitter comparison study, two Fe:InGaAs and four Fe:InGaAsP wafers with
different Fe doping concentrations were chosen. The Fe doping concentration for the
different wafers are given in Table The Fe:InGaAs wafers were limited to only two
doping concentrations due to wafer availability. All the Fe:InGaAs and Fe:InGaAsP
devices were processed as explained before in 8dctiod mounted on theCB for

testing.
Fe doping
Wafer type concentration
(cnt)
Fe:InGaAs 0.5x10°
Fe:InGaAs 5.5x10°
Fe:InGaAsP 1.0x10°
Fe:InGaAsP 4.0x10°
Fe:InGaAsP 9.5x10°
Fe:InGaAsP 10.0x16°

Table4.1: Various FénGaAs and Fe:InGaAsP wafers with
respective Fe doping concentration.

4.7.1 IV characteristics

The devices were first tested for electrical connection using a Keithley 2400 source meter
at an applied bias of /2vithout any incident optical beam. Thisapagh was used for

all devices since measuring the resistance directly using a multimeter can cause shorting «
the interdigitated fingers due to the high current flow. Also a grounding strap was worn
each time while mounting, changing samples, or makelgcaic connection to avoid

any static discharge which may damage the IDTs.
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The dark resistivity of the wafers was measured by colleagues-tesimgnal4Hall bar.

The details of the experiments are discussed irjk&daiigure4.16 (a) shows the four

terminal resistivities of the two Fe:InGaAs wafers and four Fe:InGaAsP wafers. In the
case of Fe:InGaAs, the resigtiwalues were <k Uc m a@®ldUc~m f or t ot
0.5x10%nT® and 5.5x18cm?® doped samples, respectively. For the four Fe:InGaAsP
wafers, the resistivity was found to decrease fromk-ID®Om t kUerm. @s t h
doping increased from 1x%46m® to 10x10°cm?®. As discased previously, the aim of
doping the InGaAs and InGaAsP material with Fe is to increase the resistivity of the
intrinsic semiconductor. However, for the range of doping studied in this work, the
resistivity was found to decrease with increased dogiggstsuy that the material was
overcompensated. In the case of Fe:InGaAs, the optimum doping level was found to be
around 2.5x10cn®*[17§, whereas no such optimum doping level was found for the
Fe:InGaAsP. The earliendteq141, 169 179 also confirm that Facceptoraicrease the
resistivity from the measured intrinsic valueloflc m t o a maxi mum at
around 1x18 cn*for Fe doped InGaAs.

1 1 T 1
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A Feln ., Ga , As, P
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(kOhm.cm)
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Figure 4.16 (a) Resistivity, measured under dark conditions,)asmditter
photoresistance at an incident optical power of\WQ as a function of F
doping for InGaAs and InGaAsP material. Lines are guides for the €

The breakdown field of the devices used in this work was measured by biasing the emitter
using a Kighley 2400 source meter and slowly increasing the applied bias until breakdown.
The dielectric breakdown occurred at a field of KMZ81". The breakdown in the
samples was initiated at the IDTs due to the concentrated electric field at the finger tips.

All the devices were found to have a similar breakdown field.
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Photocurrent is another crucial parameter determining the amount of emitted THz power.
It gives a measure of the number of photo carriers generated for an incident photon. The
devices were atigd for maximum photocurrent at an applied bias & By2adjusting

t he devi clanéastranslatianal dtagds. The focusing lens was also adjusted to
maximize the photocurrent. In this case, the larger spacing between the spiral arms
compared tohte smaller active region IDTs leads to a large difference in photocurrent
(few PA between the spiral arms and a few mA at the IDT), making the alignment easier.

An IR camera was also used to confirm the lasemieesnitting the active region of the
photamixer.
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Figure 4.17 Photocurrent measured from the (a) Fe:InGa#é:
(b) Fe:InGaAsRvafers as a function of bias at an incident
power of 10nW

Figure4.16 (b) shows the photeesistance of the devices when illuminated with\L@f
optical power at 1534n. The resistance of each device was found to fall by almost three
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orders of magnitude under illumination. Phesistance of the devices were calculated
using the measured photocurrent values 0.2 usi ng Ohmds | aw, V :
resistivity the photoresistance of the device increased with doping for Fe:InGaAs and
Fe:InGaAsP. This is due to the increase in Fe trapping centres at high dggirlg lev
Figure4.17, the photocurrents of the devices in the bias ravige 0.2V are plotted. In

each case, thmmaximumphotocurrent measured from the devices was of the order of
milliamps ~2.5mA from the FenGaAs and Fe:InGaAsP wafer with Fe doping
concentration 0.5x1&n? and 1.0x18cn, respectively. The lowly doped wafers were
found to generate higher photocurrents compared to the highly doped wafers for both
Fe:InGaAs and Fe:InGaAsP, as exukctor the higher doped wafers, maximum
photocurrents were ~0BA, in the case of both Fe:InGaAs and Fe:InGaAsP. This is
attributed to increased trapping of photocarriers by Fe acceptors. For this measurement,
the DC bias was limited to ¥.2o avoid thermdbreakdow in the devices across the

1.6um gap, and all devices showed ohmic behaviour in this range.

4.7.2 Bandwidth comparison between Fe:lInGaAs and

Fe:InGaAsP
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Figure 4.18 THz signal amplitude as a functidrineterodyne frequency for Fe:InGe

with different doping concentrations.

For THz emission measurengeal the emitters were biased using square puls¥s of 1

amplitude at a frequency of ki&. A constant laser power of ~H@V was applied to
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each eitter, and the detector illumination was kept at a constant powemy¥.13
Similaly to the procedure used for characterisation of the TOPTICA emitters, the lasers
were scanned between BMz and 260GHz, with a 1@5Hz step size, and the delay
was scared at each frequency step.

I ' I 4 I ' I 4 I ! I
Fe, ;InGaAsP
10" Fe, ;InGaAsP
% Fey ;:InGaAsP ]
—\8/ Fe,;InGaAsP
2
2.10° k
£ 10" E
<
<
&
T 1ol
=10
10? : : : : -
400 800 1200 1600 2000 2400
Frequency (GHz)

Figure 412 THz signal amplitude as a function of heterodyne frequenc

Fe:InGaAsP with different doping concentrations.

The emission measured as a function of frequesbgvis inFigure4.18 for the two
Fe:InGaAs wafers. In the case of Fe:InGaAs, the emission bandwidths of the emitters
were found to decrease with increasing doping over the doping range studied here. The
measured lpa@width was ~2.4Hz and ~2.0THz for the two Fe:InGaAs wafers with
0.5x10%cm?® and 5.5x18cm? doping, respectively. This improved performance of the
lower doped wafers can be attributed to the better carrier mobility compared to the higher
doped wafes. Increasing the Fe doping is expected to cause higher carrier scattering,
redudng the carrier mobility. Thidan result imcreasetrapping of charge carriers by the

deep Fe acceptors, leading to the observed decrease in THz signal amplitude with
increased Fe doping concentration. While there will be some benefit from having a
reduced carrier lifetime, expected in the more highly doped samples, this appears not to be
a dominant factor. Unfortunately, attempts to measure the mobility by Hall bar

measugments were not successful, probably because of the presence of magnetic Fe ions
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in the sample. The carrier mobility of the InGaAs wafers reported in previous works were
in the range ~4@1000cn?Vs' [108 141.

The data obtained for the four Fe:InGaAsP wafers are plottédure 4.19 The

detectald signal bandwidth decreased from FRlA4 to ~2.0THz for an increase in Fe

doping from 1.0x10cnm? to 10.0x1&cm?® The THz signal amplitude was found to be
highest for the 4.0x1m?® doping concentration, although the level was similar to that
obtained for the lowest doping device (1.62ct6°. The improved performance from

the lower doped wafers could again be due to higher carrier mobility, as discussed above
It should also be noted that the polarization of the radiation emitted from-g¢pedbg
antenna is circular for the lower emission frequencies and becomes linear for the higher
frequenciefl3(. Since the coherent receiver used, TOPTICA, detects linearly polarized
THz radiation (according to the datasheet provided by the company), the detected signal a
lower frequencies may by slightly lower compared to actual emitted signal strength. Since
the measurement parameters are left unchanged, this difference will be the same for al

devices and is thus ignored.
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Figure 4.20 THz signal amplitude as a function of heterodyne frequency for Fe:In
with 10.0x18 cm3 doping with the system purged and-porged.

The sharp absorption features observed in the emission spectralldiz,1114THz,
1.6THz ard 2.2THz correspond to atmospheric water absorption, as a result of the

experiments being carried out in a-porged environment. The water absorption
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features from the HITRAN database fit well with the measured laser beat frequency. Also,
when the emiér was measured under a nitrogen purged environment, with the humidity
<10%, the sharp dips disappeared, confirming that the dips were indeed due to the water
absorptionFigure4.20 shows the THz signal amplitudeasured from the Fe:InGaAsP

wafer with 10.0xE0cni® doping concentration in both purged and -porged
environments.
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Figure 4.21 THz signal amplitude as a function of heterodyne frequency for tt
performed Fe:InGaAs and Fe:InGaAsP wafer.

Figure4.21 compares the THz signal amplitude measured as a function of frequency for
the best performing Fe:InGaAs and Fe:InGaAsP wafers. As can be seen, the Fe:InGaAs
wafers slightly outperformed the Fe:InGaAsP wafers in terms of emitted THz power at
lower frequencies. This improvement is due to the bandgap difference. From the PL data,
the Fe:InGaAsP wafer had an emission peak ahdh4@nfirming the higher densty

states. The wavelength of the excitation lasers used in the study nasfdsdw fixed

laser and 1533564nm for the tunable laser. Since the wavelength of the tunable laser
corresponds to the falling edge of the PL data, the absorption avtiength range will

be smaller. On the other hand, Fe:InGaAs had the PL ped&@atnm, with the
absorption starting at ~1406. The wavelength range in wtilod study isocusseds

therefore more strongly absorbed, due to the higher density of Biageadifference in

the absorption at the excitation wavelength results in the observed difference in emitted
THz power.



4:Materials for photomixing at 15%® 90

4.7.3 Carrier lifetime and output power roHoff
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Figure 4.22 THz power as a functionf tneterodyne frequency f
Fe:lInGaAs and Fe:InGaAsP wafers with (top) 0Bet@ and
(bottom) 4.0x1®cm3 Fe doping concentrations.

Figured.22shows the rolbff in output power R, with frequency for theslst performing
Fe:InGaAs and Fe:InGaAsP devices. Thiffols calculated by normalizing the THz

signal amplitude at the lowest frequencyGHX) followed by the power conversion to

the logarithmic scale. As can be seen, the THz power spannedi@ver (@ 10GHz

to 2600GHz range. This is higher compared to previously reported works@amAlsT

wafers, due to the comparatively superior performance of our devices at high frequencies.

The roltoff is dominated by the carrier lifetimeand the capacitance of the active region,

0 ,asdescribedbyBg. 1, and can be used to esti mat
0 p__©0O A 4.1
<p 1T p 176 (41)

The logspiral antenna has radiation resistande ®f72U [119, and the capacitance of
the IDT fingers calculated from [&8] is 0 = 2.5fF. w is the applied bias to the
emitter andO is the dark conductance of the semiconductor. FroghZ:gowing to the
carrier lifetime and RC time constant of the antenna, the THz powpedtee to
exhibita-12 dB/octave rolbff at high frequencies. Both Fe:InGaAs and Fe:InGaAsP
emitters have & dB/octave rolbff below 110@Hz, caused predominantly by the
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carrier lifetime. Due to the extra contribution of the RC time constantot¢naa, roll

off increased tel2dB/octave above 11@Hz. From the RC constant, the calculated
3 dB roltoff frequency is 88BHz, which is consistent with the experimentally observed
roll-off [17Q.
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Figure 4.23 THz power as a function of beat frequency for thelR€aAs (top) anc
Fe cInGaAsP (bottom) emitters. Black dots and blue curveamipesperimental data a

curve fit, respectively.

A least square curve fitting was performed in Matlab using the THz power (arbitrary units)
and frequency to estimate the carrier lifetime. A curve was fitted to the measured power
values using Hd.1), leaving only the carrier lifetihea variable term. The fit was
performed on the best performed Fe:InGaAs and Fe:InGaAsP wafers. The carrier lifetime
was estimated to be ~BB00fs from fitting the experimental data, as showsiguare

423f or bot h wafers. Although this method
it can provide a good approximation with errors of the order ¢6+50
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It is interesting to note that the short carrier lifetimes measured for these wafers are
incorsistent with the large DC photocurrent measured, shown in ge¢tibin the

present study, for the optical power ) used and the active area dimension of
11.3umx11.3um, one would expect a significantly lower photrduffew pA, according

to Ohmés |l aw). This could be due to an u
frequencies O0GHZz), due to poorer diffractidimited coupling to the detector,
resulting in an underestimatafrihe carrier lifetime. Hower, it is impossible to identify
asingle carrier lifetime that can explain both the photocurrent and the measured THz
power at high frequencies, see @d). This apparent discrepancy can be resolved,
however, pthepr esence of two different <carrier
lifetime. This sort of biexponential lifetime has been previously observed-prqhenp
experiments on similaraterial, ErAs:InGaA48(0. The existence offaite number of
trapping centresvhich is significantly lower than tioenber of photocarriersan result

in a significant proportion of photocarriers with a longer lifetiomeledsof ps). The

longer lifetime carriers cannot contribute significemtlyjHz emission, however, can

contribute to the photocurrent.
4.7.4 THz power

The THz power from the emitters was measured by calibrating the experimental
arrangement with a helitgnoled germanium bolometer. In order to facilitate that, the
power from the comarcial emitter, TOPTICA is measured using the bolometer, as
mentioned irfection3.7. The commercial emitter TOPTICA is then characterized in the
same two parabolic mirror experimental setup using TOPTICA receiver measuring the
THz signal amplitude from 1@MHz to 2600GHz. The emitted THz signal amplitude

from the inhouse, Fe:InGaAs and Fe:InGaAsP, emitters is compared to the TOPTICA
THz signal amplitude and is then calibrated to calculate the THz power.

We estimate the powfrom the low doped (0.5x¥@nm®) Fe:lnGaAs emitter to be

45nW at 1THz, and &@W at ZTHz. Similarly, for the Fe:InGaAsP emitter with doping
4.0x10°cm?®, the powers were 839 and W at 1THz and ZTHz, respectively.
Measuring the power from theittars directly using the bolometer was not possible since

the silicon lens was transparent to 1¥0due its higher bandgap. As a result, the
1550nm detected by the bolometer resulted in added noise to the system. These powers
are higher than the prewusly reported 10 at 1THz obtained from an InGaAs emitter

with interdigitated fingefs64.
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4.7.5 Dependence on polarization

While characterizing the TOPTICA emitter, the polarization of the incident laser beam
was left unchanged. As discussed in Sdcdhe padrization of the incident laser beam

has to be adjusted due to the slight misalignment arising while mountifgptise in
devices. The dependence of polarization of the laser beam on the emitted THz radiation is
pronounced if the distance from the mdtdtedes is <10m and absent beyond this,

was shown by Huggaet al[181, in a THzZTD system. A horizontal beam with
polarization direction perpendicular to the electric field direction between the two
electrodes was found to provide biest performand&81. As such, while aligning our
emitters, the direction of the HWP was rotated to obtain the peak value in THz amplitude.
The HWP was rotated at a 10° step size, causing a rotation of laser polarisation by 20°.

The delay vgascanned for each polarization step.
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Figure 4.24 Normalized THz amplitude as a function of HWP rota
angle at 50GHz for Fe sInGaAs and RegInGaAsP.

Figure4.24 shows the THz signal amplitude as a function of the polarization of the
incident laser beam at a laser beat frequen@HaOMeasured for both thesg&hGaAs

and FegInGaAsP devices. In tHsgure4.24, the HWP rotation angle of 0° corresponds

to the polarization of the laser beam perpendicular to the IDTs. A HWP rotation angle of
45° corresponds to a polarisation angle of 90° and thus parallel to the IDTs, as illustrated
in Figure4.25.
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The THz signal amplitude decreased from the maximum to the minimum value when the
HWP was rotated by 45° changing the polarization by 90°. The THz signal amplitude
changed more than 50% when the incident beam polarized® changed from
horizontal to vertical direction (with respect to the IDTs). A similar trend was observed
for all the wafers. The reason for this phenomenon could be due to the better absorption
of the incident laser beam at perpendicular polarizdtierie a resonance of the optical
radiation in the substrate, as explained [i88f This change in the absorption at a

metaisemiconductemetal interface at different polarizations has previously been studied

on a SiGaAs substraf@83.
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Figure 4.25 Schematic diagram of the polarization direction of the in
optical field,(a) corresponds to the perpendicular alefigid (0° in the
HWP),(b) corresponds to the parallel electric field (45° in the HWP)

4.7.6 Dependence on electrical bias
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Figure 4.26 THz power as a function of bias at %8z for
FesInGaAs and RgInGaAsP
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While discussing the photomixing theory in Chapter 3, it was mentioned that the emitted
THz power has a dependence on the applied biag3.Ef. THz power increases
quadratically with applied bias and is limited ontlyebgotential device breakdown. In

this section, a brief attempt is made to study the bias dependence of the Fe:InGaAs and
Fe:InGaAsP photomixers.
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Figure 4.27 THz power as a function of bias at 500 Gétzthe (a)
Fe:InGaAs and(b) Fe:InGaAsP wafers with different Fe doy
concentration. Lines are guides to the eye. Black dotted lines re
fitting to P=a\L.

For the bias dependence studies, the best performing Fe:InGaAs and Fe:InGaAsP wafers
with doping concentration of ®&10°cm?and 4.0« 10'° cm?® respectively were chosen.

A constant laser power of 1 and a 50GHz beat frequency was used. Sqpalses



4:Materials for photomixing at 15%® 96

with amplitudes ranging from 0\2%o 1.25V at 7.6kHz frequency were applied tmthp
emitters. At each bias the measured THz amplitude was converted to THz power by

comparing it with a calibrated device.

Figure4.26 shows the emitted THz power as a function of bias for th@dréstming
Fe:hGaAs and Fe:InGaAsP wafers. As can be seen from the graph, the emitted THz
power increased as a functio’Vp sfgr both emitters. No saturation of the THz signal

was observed, suggesting that the carrier lifetime does not change signitcsutiigsin t
range. A dependenceRyf,8 Vi: swas reported by Brovet al[116, however it is quite

usual to have more than quadratic or superquartic dependence at high bias.

Figure4.27 shows the THz power measured as a function of bias for all the different
FelnGaAs and Fe:InGaAsP wafers. The dependence on bias is calculated by fitting a
curve of the formd ¢ for all the waferfolack dotted line in thgigure4.27). The

values of the fitting eefficient obtaedaregiven in Table 4.2. The dependence was ~ V

for the low doped Fe:InGaAs wafer. In the case of the higher doped Fe:InGafsawafer
doping concentration of 5.5¢"° cn®), the dependence was different. In this case, the
dependence with bias waghdly lower than quadratic (b=1.6) and this could be due to

the carriers getting trapped by Fe acceptors before reaching the electrodes, thus not
contributing to THz emission. THz power showed saturation behaviour, which was later
found to be due to breatdn occurring at the tip of the electrodes. The device was

damaged due to thermal breakdown from high currents (this device had the lowest device

resistivity).

Fe doping Fitco | Fitco

Wafer type | concentration| efficient,| efficient,
(cntd) a b

Fe:InGaAs 05x10° 0.256 3.19
Fe:InGaAs 5.5x10° 0.056 1.60
Fe:InGaAsP 1.0x10° 0.106 3.63
Fe:InGaAsP 4.0x10° 0.139 3.24
Fe:InGaAsP 9.5x10° 0.049 3.06
Fe:InGaAsP 10.0x10° 0.040 3.25

Table 42 Fe:InGaAs and HeGaAsP wafers with th
respective Fe doping concentration and the fitting para
values, a and b obtainém curve fitting the equatiol
P=a\kr.
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For Fe:InGaAsP, the samiend was observed for the 110%cn® 4.0x10°cnt?,
9.5x10"cn® and 10x10®cm® Fe doping concentration, i.e. THz power varied as a
function of \.. The dependence with bias wa3.63 for the lowest doped, 110¥ cn?,

howeverit reduced to ~3.06 for the 9.53°cm?® The dependence was increased to
~3.25 for the highest duing, 10.0£0°cm?. Similarly to Fe:InGaAs, this could be due to

the trapping of charge carriers by deep Fe acceptors. No clear dependence with fitting

parameter, b and Fe doping could be obtained.

The THz power increased as a function *do¥ emittes as the 7.6 kHz square pulses
were increased to a 1\2%eak, except for the high doped Fe:InGaAs wafer. No
saturation of the THz signal was observed (for the low doped Fe:InGaAs and all four
Fe:InGaAsP wafers), suggesting that the carrier lifetimeotiochange in this bias range.
When the bias was increased beyondvl @arresponding to an applied field in the gap

of ~7.8kVcnt', the interdigitated fingers of the devices were damaged along with the
inner arm of the spiral, as showrrigure4.28 This damage is thought to be caused by
thermal breakdown, since it is below the measured dielectric breakdown field of
~12.5kVcmt. These breakdown fields are significantly lower than the field that can be
appliedto similar LFGaAs devices, owing to the lower resistivities of InGaAs and
INnGaAsP. It is thus ideal to have substrates and active region designs which can withstanc

high currents.

Figure 428 SEM imageof the Fe:InGaAsP device wi
1x10¢ cm3 Fe doping concentration. The sample was dan
due to excess bias. The bias level applied to this pa

device was Y.
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4.7.7 Dependence on optical power

Another contributing factor that can improve the emitié gower fom a photomixer

is by increasing the incident optical power. According tq3Ed), emitter power
increases quadraticllgg with optical power. Similar to electrical breakdown occurring

at higher biases, there can be device breakdown due to highapticsebpisindieating

effects. In this section, the THz power dependence on optical power is studied for both
Fe:InGaAs and Fe:InGaAsP wafers.
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Figure 4.29 Experimental setup used for optical power depeadeeasurement

The dependence of the emitted THz power on the incident optical power is studied. The
experimental setup used is as showkigare4.29. To increase the opdil power, an

erbium doped fibramplfier (EDFA) was used. The outpubrfr the EDFA was split

using a 22 splitter, and fed to both the emitter and receiver. The fibres responsible for
the gain amplification the EDFA were found to be nguolarization maintaining and in

order to compensater that, two Thorlabs manual fibre polarization controllers (PC)
were used. The paddles on the polarization controllers can be rotated giving independent
polarization control on both arms. The three paddles on the PC consisted of a quarter
wave plate, a\MP and a quarter wave plate in the order of arrangement; this gives a

hi gher degree of freedom which isndét acc
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the EDFA can increase the power on the two output arms, which is not desired. To avoid
this, thke output power from the EDFA was kept at a constant valwe2(P90dBm)

yielding an optical power of ~dV on each arm (measured using a Thorlabs fibre
power meter after the splitter). The difference irsehg@owernf the EDFA and the
measured powes due to the various losses, including insertion loss, coupling loss and
splitter loss (since fibre splitters can be wavelength dependent).

An optical attenuator with fixed attenuation dB% was also used on the detector arm,
giving a constant outpubywer of ~13mW. The power to the emitter was then controlled

by using a fregpace adjustable attenuator. The THz amplitude was measured at different
optical powers supplied to the emitter, ranging fromV5to 20mW at a laser beat
frequency of 50GHz. The two best performing Fe:InGaAs and Fe:InGaAsP devices,
with doping concentrations 0.5%Idh®and 4.0x18 cn1®, respectively, were chosen for

the study. The emitters were biased using square pulsésaaiplitude at 7.6Hz
frequency, and the mea=iiTHz amplitude was converted to THz power by comparing it
with a calibrated device.
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Figure 4.30 THz power as a function of optical power at 500 ¢
for FesInGaAs and & InGaAsP.

The THz power mesured as function of optical power for both the Fe:InGaAs and
Fe:InGaAsP device is plotted kigure 4.30. As can be seen, THz power varies
approximately linearly with optical power in theAbto 12mW range foboth wafers.

This linear relationship is due to the increase in the number cfyphetated carriers

with increase in optical power. As the optical power is increased aboik 45
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saturation effect is evident for both wafers. This saturation effdm¢ edimibuted to
screening of the applied bias by the ppeteerated carriersu®to the high density of
photocarriers at high optical powers, accumulation of charge carriers can occur near the
contact electrodes, which can generate a space changéhwegmeating an electric field

that screens the applied bias a reult, the high density of photoriers generated
cannot all contribute to the emitted THz power. In addition, a quadratic dependence with
the optical power was not observed at l@pécal powers W), unlike the previous
reported photomixer studies on InGa28g. We attribute this effect due to the wafer

not operatingn the small signal limit even at smaller optical power levels. Another
probable reason could be the low mobility of the carriers, since the scattering of the

carriers can result in reduction of the carrier mdhiy

4.8 Comparison with the THz-TDS data

The same wafers studied in this chapter were initiaty assphotoconductive switches

using a (pulsed) THED systenj109 168 178. Photoconductive emitters with 300

gaps were fabricated on Fe:InGaAs wafers with Fe doping concentrations in the range
between 4x10cm?® and 5x1¢&cm?® A range of wavelengths were used to excite the
emitter, between 83bn and1550nm, and most powerful emission was obtained when
excited at 155@m. The bandwidth obtained wag.5THz.

In the pulsed system, the {daped wafers performed better compared to-dogkd

wafers- consistent with the CW measurements. As expldioed, ahis is due to the
lessecompensation in these wafers. However, no differences in bandwidth were observed
between differently doped wafers in the pulsed measurements. This is because the pulse:
bandwidth is dictated by the pulse duration, whidt ithe case for CW measurements,

the bandwidth of the lodoped wafer (0.5x3&m?® was 2.4Hz compared to the

2.0THz for the highdoped wafer (5.5x1@&nT).

A combination of several factors is responsible for the difference in the pulsed and CW
opeation:

a) detector responsivity; the detector used in the CW measurement has its own
characteristic rediff limiting the detected signal
b) signako-noise ratio (SNR); the signal emitted could be below the noise level in

the CW system since there isseasociated with laser jittamlike pulsed
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systems, where the signal is measured only when a probe pulse is present
reducing the background noise.
No saturation of the emitted THz power was observed at an incident optical power of
100mW in the pulsed syste whereas the emitter saturated when the laser power was
increased beyond @BV in CW. This can be explained by the fact that a CW laser power
of 15mW incident on a 1im gap can produce an irradiance 30 times higher than
100mW laser power on a 3@t gap. This huge difference in the irradiance due to the

different antenna design resulted in saturation.

Fe:InGaAsP wafers with different Fe doping concentrations ranging betwégent>10

and 1.5x18 cn® were also studied. The emitters were excidasige of wavelengths

from 1150hm to 155(0m, and peak THz power was obtained at A260hen excited

at 1550hm, Fe:InGaAsP with 7.0x%@n1* Fe doping concentration performed better, in
terms of emitted power. The measurable bandwidth wHd2d 1550nm excitation

and 3.5THz at 800hm excitation, and no dependence with doping was observed. Similar
to Fe:InGaAs, a quadratic dependence with applied bias and incident optical power was
reported and there was no saturation observed for the Fe:In@af&sB, up to an

incident optical power of 100 mW.

The emission characteristics of the Fe:InGaAsP wafers observed in the pulsed system is ir
agreement with the CW emission in terms of emitted power, witloded wafers
performing better compared to higped wafers. However, there is slight disparity in the
power levels obtained from the different Fe doping. In CW measurements$® dnfx10

and 4.0x18cm?® performed much better than the higher doped 9'%ert® and

10.0x1¢° cm®, whereas in pulsel5x10°cm?® was found to have better THz power
levels. This discrepancy is associated with the difference in the generation mechanisms fo
pulsed and CW excitation. When the photoconductive switch is excited with the laser
pulse, the transient curremingrated due to the sudden acceleration and deceleration of
the charge carriers is related to the conductivity of the substrate. Whereas, in the CW
system, the modulation in the generation of carriers is transformed into conductance

modulation which is cpled out as THz radiation.

Similar to the Fe:InGaAs wafers, the change in bandwidth associated with the CW
measurement is due to the carrier lifetime, detector responsivity and poor SNR. Also the
saturation obtained with high incident optical power inCle measurements is

associated with the difference in the design and irradiance levels.
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When excited using 155 femtosecond pulses, Fe:InGaAsP performed better than
Fe:InGaAs. However, Fe:InGaAs outperformed Fe:InGaAsP witmmhS8W laser

excitation.

4.9 Discussions and conclusions

In this chapter, two different materials, Fe:InGaAs and Fe:InGaAsP have been studied for
CW THz generation by photomixing at 1550 Twa materials were grown by MOCVD

on InP substrates. The Fe atoms create deep acceplmsandlgap thus acting as a
midgap level which can trap the carriers before reaching the contact electrodes, thereby
increasing the resistivity. The alloy compositions were chosen to give a bandgap of
~1550nm for both InGaAs and InGaAsP. The bandgap efwhfers was characterised

using a PL setup. For Fe:InGaAs, it was found that the bandgap wasm E@Dfor
Fe:InGaAsP, it was around ~15#0. A 3turn sefcomplementary logarithmic spiral

with 11.3umx11.3um active region was chosen for the antéesign. The active region
consisted of 3 pairs of uérwide fingers with a 18n gap and 88 length. The cap

layers were first removed and the devices were fabricated on the active Fe doped layel
using ebeam lithography, and mounted on a PCB boaredting. For characterization,

two tubabdé ©68&ser snmevene usdd.i Omayof thet lasersbvastkept at
fixed wavelength and other laser was tuned betwed&i3&3vm to give a frequency
difference of 82600GHz. The emitted THz radiati was detected using a coherent
TOPTICA InGaAs receiver.

Two Fe:InGaAs and four Fe:InGaAsP wafers with different Fe doping concentration were
studied. For Fe:InGaAs and Fe:InGaAsP, the laopstd wafer had the highest
resistivity but lowest phetesisance. Dark resistivity decreased with doping, whereas
photoresistance increased with doping, and is attributed to overcompensation of the
wafers at higher doping levels. The bandwidth from Fe:InGaAs wafers with Fe doping
concentration 0.5x30cm?® and %x10° cm® was found to be ~2Hz and 2.0’Hz,
respectively. The lowakiped wafer also outperformed the fughed wafers in terms

of THz power, ~4mW at 1THz from the low doped wafer, which is almost 10 times
higher than the high doped wafer, ferl®GaAs. In the case of Fe:iInGaAsP, the
4.0x10%cm?® wafer was found to outperform the higtleped wafers. The leswoped

wafers also had higher dark resistivity than the Jdighed wafers. The maximum
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bandwidth attained was ~ZHz from the two lowesdoped wafers and ~ZTHz and
~1.9THz from the 9.5x18 cm®and 10.0x16cnT® Fe doping respectively.

Due to the absorption differences at the excitation wavelength, the emitted THz power
from the Fe:InGaAs wafers was better compared to the Fe:P@afers. The THz

power output from the emitters was found to exhikl2aB/octave roHoff at higher
frequencies, arising due to the RC time constant of the antenna and the carrier lifetime.
The measured photocurrents from the wafers suggested thiitpassmore than one

carrier lifetime, possibly a biexponential lifetime.

Lower doped wafers oepéerformed higher doped wafers in both Fe:InGaAs and
Fe:InGaAsP, when excited at 18680 due to increased mobility. The THz power
dependence of the Fe:InGaand Fe:InGaAsP emitters was also characterised at different
electrical biases and various optical powers. It was found that THz power3had a V
dependence with bias and there was no s
change. The THz power saiied when the applied optical power was increased beyond
15mW. This saturation is explained by screening of the applied bias by the photo

generated carriers, which affects the mobility of the carriers.

The performances of the photomixers were also cedhpaphotoconductive switches
fabricated on the same wafers. The performance of the Fe:InGaAs wafers was found to be
consistent with the THED measurements, with laoped wafers outperforming the
high-doped wafers.
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Chapter 5Nanostructure emiters

This chapter is an analytical study of emitters with nanostructured electrodes for THz
generation. The first section describes the advantages, fabrication and characterization o
resonant dipole antennas. In the second section, a brief higioteodlaf nanostructure

emitters is described including the recent advances made in the field. The reasoning
behind the adoption of two different nanostructure designs;ssiteglenanostructure

(SSN) and doubkded nanostructure (DSN) is discussetarfdllowing section. The
fabrication procedure is discussed followed by the characterization of the SSN and DSN
emitters. The performance of SSN and DSN emitters is compared in terms of spectral
bandwidth and power. The generated power of the emit@rBiastion of excitation

position was mapped at different frequencies, polarizations, and bias directions in both
photomixing and THZD systems. This chapter concludes with a discussion on the
performance of the SSN and DSN emitters.

5.1 Introduction

Althoudh IDT emitters are one of the most favoured designs in photomixing
measuremenfs65 164, the low obtmable power levels (~bOV at 1THz [164,
~45nW from Fe:InGaAs emitter discussed in Chapter 4) limit their applications. The
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output power from the emitters can be increased by three méthodsreasing the

power at a particular frequency using resonant antennas; overall enhancement at all
frequencies by employing improved semiconductor substrates; or improved active region
designs. The concept behind the first approach of using resonant antennas, is that it
reduces the severe impedance mismatch between the phatotivixeregion and
antennaln the second approach, a broad frequency enhancement in power is achieved
using quality semiconductors with carrier lifetimes of the order of femtoseconds and
broadband antennas. The third method also attain broad frequency enhancement using
improvisedactive area designs. Tkeand approach was already used and was discussed

in detail in Chapter 4. In this work, since the goal is to achieve a high power CW THz

source at ZHz, thefirst and third methods are attempted and will be discussed in detalil.

5.2 Resonant antenna

As mentioned in Chapter 3, the impedance of a photomixer has resistive and capacitive
components arising from the photomixer active region. These include the IDTs and the
antenna used. The radiation resistance of the broadband spinaliantdd) and t he
impedance of the active region (with IDTs) can be betwa&®0ko([183 184. With

larger differences between the photomixer active region and antenna impedance, the
output power scales with the radiation resistance of the antenna. One typarf reson
antennas are dipole desigimsse can be engineered to have high impedances aethe tar
frequency, increasing the overall output power. These antennas have been widely used fo
applications inctling radio wave communications aetevision bandsThe high

directivity from these antennas is a contributing factor {84his

There has been several reports of using dipole antennas for CW THz radiation, Matsuura
et al[12Q providing the reported instance. In this work centre feed dipole antennas of
three different dipole lengths, | #8, 30um and 5m were fabricated on a1GaAs
substrate. They obtained an order of magnitude increase in sighidk atsing the

50um dipole, when compared to a B@vantenna. The maximum attainable bandwidth

was geater than 3Hz. However, the resonance peak was broad and there was a shift in
the designed and measured resonance frequency. @tegfy84 designed lower
frequency dipole antennas for CW THz radiation (640). By simulating end feed and

centre feed dipole antennas, they gbdegood performance from the centre feed dipole

at the fundamental and harmonic frequencies. Chokes were used on the biasing lines tc
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prevent leakage of the THz current. The simulations were in agreement with the
experimental results. An increase ofiB.B; power was obtained, compared to the spiral

antenna.

Duffy et al[183 performed electromagnetic simulations to maximize the power coupling
between the IDTs and the antenna. By simulating single and dual dipole antennas with
choke elements, they observed thatdual dipoles are superior, due to better beam
shapes and higher radiation resistance. For this design, coplanar strip lines (CPS)
connected the photomixer active region (IDTs) and the dual dipoles, thus tuning the
electrode capacitance. Four diffe@esigns with resonance at 85{z, 1050GHz,

1600GHz and 270@GHz were simulated and when fabricated on-@dAs substrate,

the experimental results were in agreement with simulations.
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Figure 5.1 Schenatic of the dualipole duaklot antenna with th
parameters marked. The dasien of the parameters f
the850GHz (D1), 1050GHz (D2), 1600GHz (D3) and2700GHz

(D4) designaregivenin thetable Imagereproducedrom ref[183.

These promising resultsr fa dipole emitter meant they could be utilized for various
applications and an attempt was made to experimentally replicate the performance. In
order to achieve this, the ddgole duatlot antenna with IDT active region designs,
discussed in Duffgtal.[183 were fabricated. Of the four different designs presented in
the work, the 1058BHz design was used in the 1660 CW photomixing system.
Although the desired frequency to have enhanced output poweétzigf@r integration

with QCLSs), initial trials atver frequencies (108MHz) were performed due to the

larger expected signals, according to(Eb7?) in Chapter 3Figure5.1 shows the

schematic of the design fabricated in the work.
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—
30 um

Figure 5.2: Optical images of the 10601z duaidipole resonant antenna fabrics
on the Fe:InGaAsP wafer. A zoomed version of the active region with four |
IDT is shown on the right.

For this dewe, one of the best performing samples of Fe:InGaAsP with Fe doping
concentration of 1.0x10n® was chosen, due to the improved surface quality compared

to Fe:InGaAs wafer. The fabrication steps, discussed in detail in Chapter 4, involved the
removal ofthe cap layers, lithography, metallization aruffiftvhilethe dipole design

was fabricated on an active Fe doped layebdgne lithography using theQL system.

The emitters were mounted on a PEIgure5.2 shows the 1058Hz dipole design soon

after fabrication on Fe:InGaAsP wafer. The-dipale duatlot antenna had 4 pairs of

IDTs in the middle. In order to apply bias to the emitter, contact lines were fabricated on

the four corners of the dipole.

These devices were tested with the experimental setup discussed in Chapter 4. The bee
frequency between the lasers was tuned betwe&H2(0 1200GHz. The emitters

were biased using square pulses®il® amplitude at a frequency of ki-&. A silicon

lens was attached behind the substrate to collimate the THz rafigui@s.3 shows

the measured THz amplitude as a function of laser beat frequency. No visible resonance
could be observed at the designediéecy. Also, no signal could be seen at the lower or
higher harmonics. With the detector and gain of theitnaeslance amplifier fixed to the

same value, the signal levels measured were low, comparedua thogsSpiralantenna

with 3 pais of IDT emitters discussed in Chapter 4. The radiation emitted by the dipole
antenna is linearly polarized. The TOPTICA receiver detects only linearly polarized
radiation and in order to confirm whether the orientation was correct, the measurements
were repeated rfawo orthogonal rotations of the receiver. For the two rotational

positions, 0° and 90° no resonance could be observed. The poor performance could be
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due to the presence of contact lines as, along with the contact pads, this creates an
additional impedaadaesulting in poor resonance from the design as shbigareb.4.
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Figure 5.3: THz signal amplitude measured as a function of
frequency between the lasémem the 105@Hz dualdipole

antenna. Red and black line corresponds to the two di
orientations of the receiver.

The poor performance of the dipole antennas, irrespective of the resonant frequency,
made them a poor choice for this work. In otdesolve this issue, a new emitter design

was fabricated. This design had nanostructured electrodes on the active region of the
photomixer and will be discussed in detail in the following section.

i \
Contact

pads

/

Contact
lines

—

50 um
Figure 5.4: Optical images of the 10681z dualdipole resonan
antenna fabricated on the Fe:InGaAsP wafer. The contacts lir

contact pads used for biasing the emitter are pointed out.



5:Nanostructure emitters 109

5.3 Nanostructure emitters

The term O6nanost r uctibervaridbus aspests di enatter desigre d
From previous works, it can be either that the active region has nanostructured (NS)
electrodes separated with a wide[I§5p 189, or NS electrodes with nanometre gaps
between therfl71. Both methods have been reported to emit high CW THz power from
broadband antennas and CW powers of the order of milliwatts have been reported from
the former group. Although improvements in terms of CW THz power blean

reported, a complete understagdaf the influence of the geometric layout over the
emission characteristics has not been realised. The various aspects behind the emissio
and reasoning for high output power will be studied in this chapter with the goal of

achieving high emitted power.
5.3.1 Historical overview

There hae been several reports of an enhancement in measured THz power from
photoconductive emitters by adopting new antenna designs. The initial reports were on
THz-TD systems. Among the various ceengotitths .
reported by Krokedt al[186. A rise in the measured THz amplitude was reported when
focusing the excitation beam near the anode and is attributed to the higher &lectric fie
strengti187. Although this effect was mainly observed in large gap eteittevt|{m),

a dependence from smgdip emitter with gap +bn was reported by Keait al[189.

This emission enhancement was fuithproved when sharp or pointed anode structures
were i mplemented. This was due to[l8. 6si n
There were no reported enhancement in the THz amplitude from CW photaiitixers

this mechanism, whichudd be due to the small gap5 (g) in the IDT designs.

As discussed in Chapter 3 the carrier lifetinoé, the material is a crucial facikor
determininghep hot omi xer 6s perfor mance. l deal |y
(<500fs in annealed -GaAs substraf@47) the reason for which in this instance is that

the genetad carriers recombine faster, allowing them to contribute to THz generation,
while avoiding heating effects. The requirement for a short carrier lifetime in a
semiconductor implies stricter growth conditions, LT gidd4hor molecular beam
epitaxy MBE) [149, which can be costly. A solution to this problem is to reduce the
spacing between the contact electrodes. This geometry reduces the number of photo

generated carriers by blocking the majority of the semiconductor surface.
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It wasTanotoet alwho demonstrated an enhancement in CW emission, for the first time,
by using a namelectrode photomixer. The design was a -el@strode (100m
electrodes with 300N spacing) with a hagap active region design fabricated on-a LT
GaAs sbstrate. A modified meander antenna was used, which is a dipole antenna with
better impedance matching. The active region was approximatetd | bn. They
reported ~10QuW power at 30GHz from naneelectrodes with nargap spacing
emitter. An IDT emitterwhen used with a similar irtiggitated spacing emitted 1000

times lower power. They attributed this enhancement in the power level frajapnano
emitters to the enhanced electric field occurring at the tip of the electrodes. By varying the
nanegap beween the nanelectrodes in the range ofrf to 1000hm, they obtained an
enhancement of approximately 400 and 100 times respectively, compared to an IDT
structure. The oOevanesewanwtel wageé ht gapél Ik

electrodes, wasv/gn as the reason for enhanced oUipii.
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Figure 5.5: Schematic dgram showing the antenna on a silicon lens with lasag @ReitNSG
(left) and the photmrrier transport underneath the NSG electrodes (right)-pidarized light
coupled into the substrate generates surface plasmons underneath the NSG réessikir

carrier recombination due to the reduced transport léngtie reproduced from @07.

However, a superior design than the fgap naneelectrode design was reported by
Berryet al[189. Their approach for designing a high power emitter involved the concept

of surface plasmons. They refer to their electrodes as nanostructure gratings (NSG). The
NSG consisted of 100 nm electrodes, with a@00eriod. It incorporates an anode and
cathale, separated by a few micrometre gap and they reported enhanced pulsed and CW
emission from the structures. The excitation of surface plasmons underneath the NSG
causes a high concentration of generated photo caefersigure5.5. These carriers

thus had reduced transport path lengths, recombining quicker with the contact electrodes.
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The research in the field of plasmonic NSG (dimensions remaining the same) performed

by the same group in the field of TH2 emitters and photomixing is discussed below.

The earliest example of using a plasmonic (NSG) was reported by the same group in
2012[19Q in THz-TD systems. They choose plasimd¥SG on both the anode and
cathode electrodes, using a dipole antenna design. This was fabricatgBaorAln

grown on a layer of InAlAs and lattice matched to InP substrate. A central ground line was
fabricated in the middle of the gap to cotlexiexcess electrons which did not contribute

to THz emission. The carriers generated withinnhO®f the substrate surface
contributed to emission. The emitters were excited using pbGes at 92%Hn
wavelength. They reportedtBes more power cqrared to an emitter with a single
photoconductive gap. Subsequently, they demonstrated photoconductive detection from
plasmonic NSG based device and reported 30 times higher detection $&@3itivity
They observed that the peak emission power was when the laseasézrused on to

the anode, as this generated a higher density of electrons with greater drift velocity
(0.5x10 cms' from ref.[19Q). The substrate used was®3dAs and waexcited using

200fs pulses of 800m wavelength. Using a 3x3-gm@iral antenna array with plasmonic

NSG electrodes, they reported power levels as highna@/ irDthe 0.42 THz range

from a LFGaAs emittef37. Subsequently, the same group demonstrated power levels of
3.8mW in the 0.d5THz range, from a large area emitter design on-GaA$
substrat¢191.

All the above reported performance enhancement were on time domain systems and the
first enhancement in CW emission reported using the NSG was on an InGaAs
substrat¢18. The designs were fabricated on an ErAs:InGaAs substrate. The NSG
gratings on each arm of the spiral were of the dimensionx15um, with a gap of

20um. They reported power levels of the order anW8at 1THz. This is one of the

highest ever reped CW THz power from a photoconductive emitter on a

semiconductor.

When the logpiral antenna design with plasmonic NSG was fabricated eGaA&T
substrate, they obtained W¥ at 1THz. The plasmonic NSG had the same dimension as

the ErAs:InGaAs eitter i.e. 1umx15um, but the gap between them wagirb When

the dimension of the plasmonic NSG was changed frpmD0pm to 20umx20um

while keeping the gapsize constant, they observed the latter giving higher power at lower

frequencies, while tHEOumx10um emitted higher power at higher frequencies. This
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difference was due to the difference in the RGffa@t higher frequencies and active area

dimension at lower frequendit3].

In order to have a better understanding behind the surface plasmon effect, a theoretical
explanation of the process is studied. THal@sved by an analytical confirmation and

includes the mapping of the sample.
5.3.2 Theory

Surface plasmons are defined as the collective oscillation of electrons -diedectetal
interface. The electromagnetic waves propagate at thdiaettic intdace until they

are absorbed or scattered. Since surface plasmons cannot be excited with normal incidenc
due to momentum mismatfd93, grating®r prisms can be used to satisfy the dispersion

relation.

g oo L T (5.1)

whereE is the momentum vector of the surface plasmomnd - are dielectric

permittivity of the metal and semicondugtors the plasma frequency asid the speed
of light. When excited using a grating, the higher order diffraction modes can cause a
momentum match resulting in the excitation of surface plasmons. For sasfaca9l
(SP) to exist, the thickness of the medium (metal) must be comparable to the skin depth,

or else the plasmon will defbg4.

The plasmonic effect arising from the NSG is the key point of interest. By exciting the
NSG, the optical beam incident on the emitter surface is coupled more efficiently into the
substrate. Diffraction of the laser beam at the NSG imparts itienatlanomentum
required, resulting in the excitation of the SP at the interface. Wittmatiidk Au
layef194 on the semiconductor surface, surface plasman exist underneath. The
enhanced transmission of the optical pump into the semiconductor with a large absorption
co-efficient (at E>E), results in the increased generation of photocarriers. The electron
transport pathength is significantly reducetlie to the immediate absorption of the
carries present underneath the anode electrode, as sheigargb.5. This means that

carriers have a very short distance to travel to the anode.

Since the active aremmains constant, there is no extra capacitive loading of the antenna.

This method also considers that the carriers are generated approximateberdath
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the semiconductor surface. Within the earlier demonstration of high power photomixers
using LTGaAsand ErAs:InGaAs, these have normally been fabricated with NSGs for

higher powers.

5.4 Singlesided and doublesided nanostructure

design

The mechanisms contributing to THz emission in plasmonic nanostructure were discussed
in thesubgction5.3.2 With promising reports of high powers from these designs, it was
an obvious choice to adopt this technique to improve the CW THz power from
photomixers. The objective behind using this design is to help fully understand the process
behird its emission characteristics, as well as to develop a high power THz emitter for use
with QCLs. There are two new N$@&sed designs that have been developed, both
positioned within the active region of a-tum logspiral antenna. One of these
possessea singksided nanostructure (SSN) and the other a dsidel@ nanostructure

(DSN). These are shown kigure5.6. The SSN had NSG on one contact electrode,

while on the other side was plane metal electroddéS@). Forthe DSN, there waa

NSG on both electrodes. The NSG chosen for this work consisted min-ikiy®)
electrodes separated by A80(or 200hm pitch) as shown Figure5.7. The dimensions

of this NSG arédentical to earlier work by Beetyal[189, which showed milliwatts of

output power level from the ErAs:InGaAs emitter.
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Figure 5.6; Schematic layout of the (a) SSN and (b) |
emitter showing the NSG electrodes. SSN has plane
electrode on one side unlike DSN which has NSG on
sides. The dimensions of the NSGt9, plane metal (ifn)
and the gap betwe¢he electrodes is shown.

In order for the generated THz radiation to be effectively coupled out of the emitter, a
broadband spiral antenna was chosen. -Tin@ 2elfcomplementary legpiral antenna

was designed using ANSYS® HFSS (high frequencatiemusloftware) packagk.
simulation of the antenna design could not be carried out due to the lack of computational
memory (RAM). The maximum available RAM that could be used @8s \8Rich
wasnot sufficient f-acomplementaryod-spirali antennas with we v ¢
morethan one and half turns have been reported to exhibit good performance in terms

of bandwidth and pow§t79 with respect to the spiral antennas

The 2turn selicomplementary legpiral antenna design had an active area of

19umx19um. This large gap was chosen to incorporate the NSG on both anode and
cathode (for DSN design). The NSGs on the DSN and SSN had a dimension of
19umx7um. The plane metal electrode had the same dimension as the NSG, i.e.

























































































































































































































































