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Abstract

Terahertz (THz) quantum cascade lasers (QCLs) are high-quality THz
sources in terms of power (>1W) and compact size, and the application of THz
QCLs has been widely investigated. Spectroscopy is one of the most
widespread application for THz QCLs. The project presented in this thesis is

an application of THz quantum cascade laser.

The project is focused on development of a local oscillator (LO system) aimed
to be used in Earth observation. A single mode THz QCL which produces
continuous-wave signals is designed, fabricated and characterized. In order
to improve the performance of the LO (THz QCL), it is integrated within a
waveguide block, which is more mechanically robust than a normal packed
QCL and a significant improvement in beam profile was obtained by the
integration with little change in the electrical and thermal performance.

Next, the detector (Schottky diode detector) use in the application was
investigated in terms of heterodyne detection and detection calibration. The
heterodyne signal from the Schottky diode detector was used to study a
Fabry—Perot (FP) QCL, whose neighbouring FP modes are coupled into the
Schottky diode detector. The investigation gives a QCL emission linewidth and
thermal equilibrium speed of the THz QCL. QCLs are used to calibrate a new
Schottky diode detector designed by Rutherford Appleton Laboratory (RAL),
which gives a 3.67 THz room temperature cut-off frequency.

Lastly, spectroscopy with the THz QCL is carried out. A single mode CW
lasing QCL and a photomixer are used in this application. The system gives a
clear demonstration of methanol spectroscopy. Different partial pressure and
absolute pressure of methanol are investigated. The measured result is
backed by the simulation result from a JPL database. The measured result
also proves the possibility of obtaining absorption linewidth broadening by
increase methanol pressure. The noise level of the system is also investigated,
which gives a detection limitation of 6.0 x 10'® molecules in the 73 cm long

gas cell that can be detected for the system.

Key words: Terahertz, quantum cascade lasers, single mode source,

spectroscopy, and Schottky diode detector
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Chapter lintroduction

1.1 Earth Observation

Earth Observation aims to study the dynamic status of Earth in terms of its
physical, chemical and biological systems. Common methods include the use
of remote sensing instruments, installed on satellites in a range of different
orbits. Earth Observation has become increasingly important because of the
impact of modern civilization on the planet, such as climate change caused by

greenhouse gas emissions.

A range of passive and active remote sensing techniques are commonly used
in Earth observation. In general terms, passive sensing techniques analyse
radiation that has been reflected, transmitted or emitted by the object of
investigation, whereas active sensing techniques illuminate the object with
radiation with well-known spectral characteristics, and analyse the reflected
or transmitted signal. Common passive sensing techniques analyse the
spectrum of transmitted solar radiation, which is extremely broadband, and
therefore it has been possible to develop remote sensing techniques across
a wide range of frequency bands, including visible light M, infrared [,

microwave Bl and ultraviolet radiation “l.

Microwave and infrared (IR) technologies have been proven effective
methods for Earth observation. Microwave detectors are commonly used in
water, ice, and cloud observations [¥l, whereas greenhouse gases are usually
studied using IR detectors. One example is the Aqua Earth-observing satellite
mission, whose payload includes the Atmospheric Infrared Sounder (AIRS),
and the Advanced Microwave Sounder Unit (AMSU-A) instruments. The

infrared detector gives information about CO, CO2 and methane.

Climate change is an important and timely topic of Earth observation. The
mesosphere and lower thermosphere (MLT) regions of the Earth’s
atmosphere (55-90 km and 90-150 km from ground respectively) form the
“gateway” between the Earth’s atmosphere and the near-space environment.

In this region, ultraviolet radiation and particles from the sun collide with the



upward energy from the lower atmosphere [Bl. Key molecular species
(including O, Oz, O3, H and OH") are very important for the energetic balance
in this region, as shown in Figure 1-1 6], The temperature of this region is
balanced by O2 and Oz UV absorption (203+ UV radiation—302) "], and
chemical interactions involving O and H (H+O3—OH+O2 and
OH+0O—02+H) 8. CO and NO in this area act as atmospheric coolant and

indicator of Solar particle reaction respectively [,

The temperature in the MLT is balanced through radiation and absorption of
energy these interactions. The influence of human activity on this radiative
balance can be determined by studying the molecular species in this
atmospheric region.
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Figure 1-1 Averaged temperature of MLT over both diurnal and annual
cycles

[21. Three different regions are identified to show the roles played by O and
H.

Although small molecules, such as O, OH, CO and NO are very important
components of the MLT, traditional method as infrared can only indirectly
detect them by study higher order harmonic components of their emission
spectrum 1%, They can only be directly observed via their emission lines
within the terahertz (1-5 THz) band of the electromagnetic spectrum [,

Conversely, infrared detection schemes may only obtain the higher order



harmonic components of the emission spectrum, which have much broader
linewidth compared to the sharp fundamental THz lines of these species. In
order to have a good resolution, altitude across the MLT region need to be
measured. This can be done either by an aeroplane or a limb sounder which
is much cheaper than multi-fly of aeroplane. As such, THz instrumentation
installed in a satellite has the potential to enable the first direct global mapping
of these key MLT species. The following sections describe the properties of
THz radiation, a review of THz system components (with a focus on their
satellite compatibility), and the architecture of a proposed satellite mission
(LOCUS) to study the MLT using THz radiometers.

1.2 Terahertz radiation

The terahertz-frequency (THz) radiation band lies between the infrared and
microwave regions of the electromagnetic spectrum [ spanning from

300 GHz to 3 THz (1 mm to 0.1 mm wavelength) as shown in Figure 1-2 [12],

Figure 1-2 Terahertz radiation

[12]

THz radiation shares a number of properties with microwave-frequency

radiation, which underpin a wide range of potential terrestrial and satellite-



based applications. These properties include the ability to penetrate non-
conducting materials (including clothing, paper, cardboard, wood, masonry,
plastic, ceramics and biological tissues), although the penetration depth is
typically less than that of microwave radiation 1. This enables applications
including the detection of concealed weapons 231, Another characteristic of
THz radiation is that it is non-ionizing due to its relatively low photonic energy.
This enables potential applications in biomedical imaging 4, security %! and
non-destructive evaluation of samples [l without the ionization risks
associated with X-rays. Due to its longer wavelength, images of objects
formed using THz radiation lack resolution, when compared with infrared and
visible imaging techniques. However, the relatively long wavelength provides
the possibility of obtaining a deeper background than optical cameras. 2D [17]
& 3D 8 imaging with THz radiation is another extensive research field. The
frequency of THz radiation is significantly higher than traditional microwaves,

potentially enabling high-data-rate communications 29,

As stated in Section 1.1, another important property of terahertz radiation is
that many gas absorption lines occur in this region. For instance, water vapour,
which is abundant in the Earth’s atmosphere, has a very broad absorption
band within the terahertz region. Many molecules, ions and atoms such as
methanol, water, OH~, CH™, O and so on, exhibit THz emission spectrum [20}
This property makes THz radiation useful for the detection and spectroscopy
of a wide range of chemicals 1. However, the significant water absorption also
limits the scope of terrestrial applications of THz radiation, such as the length
of communications links and the tissue penetration depth for biological

sensing.

Spectral analysis in the THz band has historically been challenging, as the
well-established instrumentation used in millimetre wavelength technology is
typically limited to frequencies below ~1 THz [Bl. Conversely, the generation of
coherent THz radiation using bulk semiconductor lasers is not possible since
the required phonon energy is significantly lower than the material bandgap 2.
New devices and techniques are, therefore, required to detect and emit
radiation in this range, and these will be discussed in Section 1.3. However,
some detection methods developed for higher wavelength instrumentation,

such as Fourier transform infrared spectroscopy (FTIR) 22 and energy
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measurement using bolometers, are also suitable for use in the terahertz

region.

1.3 THz sources

This section, and the next, review a range of THz system components, and

evaluate their suitability for use in satellite instrumentation.

Active and passive THz remote sensing systems commonly require a high-
guality THz source. Inthe case of radiometry systems, a local oscillator (LO)
is required: i.e., a stable, narrowband THz source, which provides a local
frequency reference. For satellite applications, this source must be small in
terms of both weight and volume, and must also have low power consumption.

It also needs to be stable and mechanically robust.

There are many methods used to generate THz radiation including thermal
sources, vacuum electronic devices, solid-state electronic devices, lasers,
laser pumped sources and mechanical excitation techniques. This section
gives an overview of THz sources based on these principles. These sources
are evaluated against the indicative specifications of THz LOs for satellite
applications. These include the need for a compact size, large continuous-
wave output power, high enough operation temperature and narrow spectral

linewidths.

1.3.1 Thermal THz sources
A black body can emit electromagnetic radiations with a range of wavelengths
at a given temperature T when the system achieves thermal equilibrium, which

can be described by Planck’s law [23],

Mercury lamps and electrically-heated silicon carbide (SiC) rods are common
thermal THz sources used in the laboratory environment 2425, Thermal
sources operated at around 1650 K correspond to emission between 0.5 and
0.8 THz 24, The operation temperature would be increased to even higher if
a THz radiation above 2 THz is needed.

1.3.2 Vacuum electronic sources
In order to generate THz frequency radiation in vacuum based electronics, a

high-energy electron beam is injected into a resonant cavity or waveguide.



The energy is transferred from the kinetic energy of the electron beam to an

electromagnetic wave 271,

The three main types of device that use this technique are Gyrotrons [26-31]
backward wave oscillators (BWOs) [32-3¢] and free electron lasers (FEL) 187,
The FEL can operate over a large bandwidth, ranging from microwave to X-
rays. BWOs are usually very large and complex, and require high voltage and
thus water cooling systems. These features make vacuum electronic sources
unsuitable for satellite applications. However, the output power and the
frequencies achievable make them attractive sources for terrestrial research
applications. Powers as high as 50 mW at 300 GHz and several mW at 1 THz
have been reported 8. Work is currently being done to make these smaller
and more convenient for use in micro-fabrication and micro-assembly
technologies 138, Extended-interaction klystrons 3% and synchrotrons % also

use vacuum electronic sources using similar principles as BWOs and FELSs.

1.3.3 Solid-State Sources

Resonant tunnelling diodes (RTDs), Gunn diodes [*1, transferred electron
devices (TEDs), tunnel diodes and avalanche diodes are all solid-state
sources based on the properties of two dimensional electron-gases. Among
them, Gunn, tunnel diodes and RTDs are diode based. Gunn diode sources
have been the subject of extensive research and consequently have been
successfully used as commercial millimetre-wave and THz sources [*2. Field
effect transistors, such as high electron mobility transistors (HEMTS), can also
be used to generate THz radiation. Those devices can give relatively high
frequencies compared with three-dimensional electron-gas solid-state THz
sources such as heterojunction bipolar transistors (HBTS).

Due to the transit time of carriers through semiconductor junctions, electronic
solid-state sources are only effective in the low-frequency range, typically
below 500 GHz 3. The power available from these devices tends to be
inversely proportional to the output frequency [“3l. Electronic solid-state
oscillators suffer from physical scaling issues, metallic wall losses and the
need for high magnetic and electric fields, as well as high electron current

densities as the frequency is increased [“3l. In some aspects, traditional three



dimensional electron gas devices are more desirable, as they can provide

better low noise performance and wideband amplifier applications.

Frequency multiplication techniques are also widely used for THz generation.
THz frequency multipliers consist of a nonlinear device, such as a Schottky
diode, and a lower frequency generator, which usually outputs microwave
signals. The nonlinear devices generate harmonics of the input signal. A filter
is then employed to select the required frequency, removing the unwanted
fundamental frequency and outputting the harmonics. Commonly used
multipliers include doublers, which output twice the frequency of the input, or
triplers which output three times of the frequency of the input. These THz
sources are widely researched and applied to achieve high frequency

signals [44-46],

Most solid state sources are compact and fulfil the LO requirement, in terms
of weight and volume. However, the power output of these devices is small

compared with other sources at high frequencies beyond 2 THz.

1.3.4 Laser pumped sources
A laser source is used as an incident pump to generate terahertz radiation in
this approach. The driving laser can be operated in either continuous wave

(CW) or pulsed mode.

Photomixers is commonly used sources that employ CW visible or infrared
lasers to generate THz radiation. This is discussed in Chapter 6 in detail. In
a photomixer, the wavelength of the laser used is dependent on the bandgap
of the material used to fabricate the photomixer [#71. Photomixers are
fabricated using low-temperature-grown Gallium Arsenide (LT-GaAs). When
pumped by a pair of infrared diode lasers, coherent CW THz radiation is
generated with a frequency bandwidth up to 5 THz [*7-48], The principle of THz

generation using photomixers is presented in Section 6.3.1 .

A related technique exists, in which ultrafast pulsed lasers are used to
generate terahertz radiation from photoconductive switches [“°l or non-linear
crystals 19, As the incident photon energy is greater than the bandgap of the
semiconductor, electron—hole pairs are generated, and a bias across the

device causes the carriers to accelerate. The acceleration and eventual



recapture of these carriers in the timescale of picosecond provides the source

of pulsed terahertz radiation.

Non-linear crystals for use in terahertz generation include lithium niobate 5%,
gallium selenide 2. When quasi-phase matched with GaAs 53], these will
generate a second order harmonic when they are irradiated by infrared or
visible lasers. LiINbOs is widely used as the target, which is always pumped
by ns-Nd:YAG lasers. This process will yield coherent, tuneable, and
unidirectional THz radiation but high power emission can only be realized

through efficient output coupling 5.

The laser-pumped THz source can give as high as several mW THz power.
But the conversion efficiencies from pump power are very low, less
than 1% 54, And this can't fulfil the low power consumption requirement of

LO used in satellites.

1.3.5 Gas lasers

THz gas lasers can be realised by irradiating a gas using a CO2 pump-laser 5],
When the gas within the cavity is excited by a COz laser, a molecular state
inversion of the gas as rotation and vibration states achieved. The lasing
obtained when those states inversion jump to the equilibrium states again.
The emitted radiations’ photon energy is the energy difference between those
states. A large span of emission frequencies is possible, (0.1 to 8 THz 5%) by
changing the gas filling the cavity. It is common to achieve 1-20mW of THz
power for laser pump powers of 20-100mW [6-58], The methanol line, which is
located at 2522.78 GHz, is known to provide the most output power [56-58],
Recently, a compact gas laser, with the dimensions of 75x30x10 cm?® and a
weight of 20 kg was reported, through which 30mW power at 2.5 THz was

obtained 9,

However, the application of this type of laser is also limited by the fact that it
is hard to achieve continuously tuneable broadband THz emission, as with
photomixers. Furthermore, the power of this type of laser is relatively low
compared with that of quantum cascade lasers. Considering the requirement

of satellite instrumentation, gas laser is too heavy and large to be installed.



1.3.6 Quantum cascade lasers

The first THz semiconductor lasers were developed in 2002 [¢9, These THz
guantum cascade lasers (QCLs) are based on quantum wells (typically
GaAs/AlxGai-xAs), which are grown using molecular-beam epitaxy (MBE) 611,
QCLs have better beam profiles 162, comparably higher power [63. 64 and they

are more compact than other sources, such as photomixers.

Within a traditional diode laser, the frequency of radiated emission is
determined by the transition between the conduction band and the valence
band edges. Electrons are injected into the active layer through a forward
biased p—n junction and radiation is emitted when the electrons recombine
with the hole. As such, the band gap of the material determines the radiated
wavelength. Since both types of carrier (electrons and holes) are involved in
the lasing mechanism, these are referred to bipolar lasers. However, the
mechanisms governing a QCL are different. In this instance, the lasing
transition relies on only one type of carrier (i.e., electrons in the conduction
band only) and thus QCLs are referred to as unipolar lasers. Electrons
cascade down a potential “staircase”, sequentially emitting photons at each
step. The steps consist of coupled quantum wells in which the population
inversion between discrete conduction band states is achieved by control of

the tunnelling and scattering rates through bandstructure engineering (651,

In QCLs the emission wavelength is determined by the lasing transition, which
itself is dictated by the energy levels in the quantum wells. By varying the
thickness of the layers in the heterostructure, the emission frequency can be
varied from the mid-infrared region 69 of the electromagnetic spectrum to the
THz [60],

The first QCL was developed for 4.2 um mid-infrared emission [¢%in 1994 and
the first THz QCL, lasing at 4.4 THz with a peak power of 2.4 mW, was
realized in 2002 %9 by implementing a novel waveguide design. Since this
point, much process has been made, investigating novel active region and
waveguide designs, with the aim of achieving higher working temperatures,
extending the frequency range, and improving the beam profile and emission

power.
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Due to THz photon energy is quite close to longitudinal optical phonon energy
of GaAs most widely used material for QCL growth, the THz QCL is still
operated in low temperature environment in which longitudinal optical phonon
can be supressed. The highest reported operating temperatures of a THz-
QCL are approximately and 200 K [61 117 K [ in pulsed and CW operation,
respectively. The highest powers obtained from a THz-QCL are 1 W 67 at
3.5 THz and 138 mW at 4.4 THz [®8] for pulsed and CW mode, respectively.

THz QCLs have a very narrow intrinsic spectral linewidth, which can be
stabilized to the order of Hz [68-701, Additionally, QCLs are compact, which is a
significant advantage for satellite-based LO development. However, there are
still significant challenges, such as the requirement for low temperature
operation, which will be discussed in more detail in Section 1.5.

1.4 THz detectors and mixers

Detection methods at terahertz frequencies can typically be divided into two
categories: coherent (i.e., measurement of both the amplitude and phase of
the THz signal) and incoherent (i.e., amplitude only) "4, Devices that are
sensitive to thermal changes are the most commonly used form of incoherent
THz detection, examples of which include Golay cells 274, bolometers [7]
and pyroelectric detectors 76,

For coherent detection, the THz radiation can be detected directly [e.g., in
Fourier Transform Infrared (FTIR) spectroscopy] or through heterodyne
mixing methods using nonlinear devices such as Schottky diode detectors,
photoconductive antennas and photomixers [/, In radiometry applications,
nonlinear devices are required to downconvert the spectrum of the incident
THz radiation to a more easily measureable intermediate frequency (IF);

typically, in the 1-10 GHz range [78.79],

1.4.1 Superconducting Bolometers

The bolometer uses a material's resistive and thermal properties to
incoherently detect THz radiation. The general operation principles are shown
in Figure 1-3. The temperature of the bolometer will increase when the

bolometer receives THz radiation, causing a significant detectable change in
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the electrical resistance 8%, THz bolometers are commonly based on either

semiconductor 84 or superconductor 82 materials.

If a bolometer is designed to be used as a THz mixer, the response time must
be short enough to generate the IF. Conventional bolometers, like other
thermal devices, for a long time had very slow responses compared with
electronic devices, making them unsuitable for use as mixers. However, Hot
Electron Bolometers (HEBs) have been developed in recent years, [ which
respond fast enough to be used for THz mixing (821,

Operating point

Resistance (Q)

Temperature (K)

Figure 1-3 Operating principle of a superconducting bolometer

: The temperature of the bolometer increases as a function of the intensity of
the incident THz radiation.

Hot electrons are non-equilibrium electrons in semiconductors, which follow
the Fermi-Dirac distribution 3. The number of electrons above the Fermi
level of the semiconductor will significantly increase with temperature.
Materials such as n-InSb and NbN are the most commonly used for HEBs, [7°]
although other materials, such as Ge [#4, AlGaAs/GaAs [#] and Si (8] have
also been proposed. HEB mixers are fast enough to allow GHz output IF
bandwidths. However, bolometers must work at a low temperature, cooled by

liquid helium, for increased sensitivity. Another drawback of bolometers is that



12

energy accumulation in the detector can cause a DC drift of the detected
signal and a reduction in the accuracy of detector are long time period "4, To
avoid this, an optical chopper is used to modulate the THz signal and to
provide time for energy dispersion within the detector. All those factors add

extra cost to LOCUS satellite if a superconducting bolometer is installed on it.

1.4.2 Golay cell detector

Golay Cells " work by heating a gas inside a cavity using incident THz
radiation. The resulting expansion of the cavity (proportional to the incident
power) distorts a flexible membrane at the rear, which can be measured using
an optical read-out system. A diagram of the Golay cell is shown in Figure
1-4 74,

Gas filled cavity

Window Membrane Housing

Absorber Optical read-out system

Compensation leak

Figure 1-4 Golay cell detector operation principle

[74]

One advantage of the Golay Cell detector over the bolometer is that they do
not require cryogenic cooling. However additional noise is introduced by
ambient infrared flux during the measurement, which requires the effective

suppression of the incoming near infrared radiation. THz low pass filters [72],
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rough surface mirrors 7] and commercial membranes are applied to achieve
this goal. The Golay cell detector is too slow to be used in LOCUS project as

other thermal based detectors.

1.4.3 Pyroelectric detectors

The pyroelectric detector is another thermal THz detector, operating at room
temperature. A schematic of the device is shown in Figure 1-5 [#8]. Again, the
detector is equipped with an IR filter to reduce background noise. After the
radiation passes through the filter, the THz signal is used to heat a dielectric
material 89, The change of temperature can change the polarization of the
dielectric material, which gives rise to a voltage across the material. If the
temperature stays constant at its new value, the pyroelectric voltage gradually
disappears due to leakage current 188 8 The filter material is one of the key
elements for this detector, as is the case for Golay detectors. The other
important part of the pyroelectric detector is the dielectric material. Lithium
tantalate (LiTaOs) has been successfully demonstrated for direct infrared
radiation [°0- 9] detection with a very good noise equivalent power performance

(92 in the THz region.

Passive infrared-motion
sensor block diagram

Fresnel
lens +V
2 PIR _ [ Amplifier Comparator
Thermal T [} [ Output
energy Z b2
> “—~Pyroelectric
IRfilter MO

Figure 1-5 Schematic of a pyroelectric detector

[88].

As with most other thermal detectors, pyroelectric detectors have a slow
response and also the accuracy of the detector can be affected by
accumulated heating if the detection time is too long [,
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1.4.4 Photoconductive broadband THz antenna sensors

Photoconductive detectors are based on similar antenna structures to those
used for the pulsed broadband THz emitters, as discussed in Section 1.3.4 .
These kind of detectors are typically used in time domain spectroscopy (TDS)

experiments 193 94 or imaging 95 %I,

The generation and detection of THz radiation by photoconductive antenna
(PA) is discussed in detail in Chapter 6. The device consists of two metallic
electrical contacts, deposited in a specific geometry onto a semiconducting
material. As with photoconductive emitters, the antenna works by focusing a
femtosecond laser beam between the electrodes, which introduces a transient
bias voltage across the gap. A photocurrent is generated when the laser pulse
coincides spatially and temporally with the THz electric field of the incoming
THz radiation, and this allows THz detection by measuring the pulsed current.
Low-temperature grown GaAs % and narrow-gap InGaAs °l are commonly

used materials for the antennas.

1.4.5 Schottky diode detectors

Schottky diode detectors make use of the electronic properties of Schottky
diodes, under the influence of electromagnetic waves. A detailed description
of the working principle of Schottky diode detectors can be found in chapter 4.
Most diode detectors are GaAs-based Schottky barrier detectors. Since
Young and Irvin [°8] developed the first lithographically defined GaAs Schottky
diodes for high frequency applications, more and more research has been

conducted in THz detection using Schottky diode detectors [99-101],

The Schottky diode has previously been demonstrated for both heterodyne
and direct detection of THz radiation, and has been shown to work at ambient
or cryogenic temperatures below 300 K 192 Furthermore, they have an
extremely fast response time compared with other room temperature
detectors, such as Golay cells and pyroelectric detectors [190. 1011 An ultrafast
Schottky barrier detector with a response time of 20 ps has recently been
reported [1%1, However, a drawback of using Schottky diodes for THz detection
is their poor sensitivity and the high LO power requirements of 3—-5 mW, which
is roughly 3—4 orders of magnitude higher than that of a cooled HEB receiver.

But we develop a LO based on a THz QCL which can give the power required
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to pump the Schottky diode detector. In this thesis Schottky diode detector
direct detection is characterised in chapter 4 and the heterodyne signal is

studied in chapter 5.

1.5 The LOCUS satellite concept

This thesis focuses on the development of THz instrumentation and sensing
techniques for a proposed satellite mission—‘Linking Observations of Climate,
the Upper-atmosphere and Space-weather’ (LOCUS) ® 1031 whose payload
includes a multi-THz channel radiometry system to perform a global mapping
of key species in the MLT and hence to improve understanding of climate
change processes. Table 1-1 lists the species of interest, and the frequencies

of the principal spectral lines that will be studied.

Table 1-1 THz spectrum of targeted species [104

Species Transition Frequency (THz)

o 4.745
OH 3.544
3.543

HO:2
3.544
1.153

NO
1.153
CoO 1.152
02 0.773

A high spectral resolution detection method is essential for detection of these
species in the MLT because of the low pressure and temperature environment
in this atmospheric region. As such, the planned resolution of LOCUS is
1 MHz.

LOCUS is a UK collaboration between RAL space, University of Leeds, SSTL
and STAR Dundee, involving antenna design, novel engineering, THz, IR,
digital electronics, and cryocooler technology. The LOCUS proposal has been

submitted as a mission candidate for the European Space Agency (ESA)
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Earth Explorer 9 (EE9) programme. The payload of this satellite mission
contains a 45 cm used-diameter off-axis antenna, THz and IR receivers, and
an aluminium optical bench used to feed the detectors. A schematic of the

payload is shown in Figure 1-6 [103],

To target the lines in Table 1-1, four THz heterodyne radiometry channels are
included (4.7 THz, 3.5 THz, 1.1 THz and 0.8 THz). The two higher frequency
channels (4.7 THz and 3.5 THz) use QCL LOs, while the other two LOs are
multiplied microwave oscillators. All four channels generate an intermediate
frequency (IF) between the LO and the species emission. The IF is then read

using a high-resolution digital fast Fourier transform (FFT) spectrometer.

Schottky diode detectors are used for heterodyne detection in all four THz
channels. Compared with thermal detectors, Schottky diode detector are
faster and avoid the requirement for 4 K cooling associated with HEBS.
However, since THz QCLs require a low operating temperature, the system
design includes a 100 K closed-cycle cooler system, which will be developed
by Rutherford Appleton Laboratories Space Division (RAL Space). CW

operation is also necessary for this high resolution spectroscopy.

(oo ][ ]

Band 2

l—( 3.5THz

e
2

.
R I i mall

Antenna Interface

System Control

( Up Link/Down Link )

Figure 1-6 Payload schematic of LOCUS project

[103]
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THz QCLs with double-metal waveguides can operate at higher temperatures
than single-plasmon devices, which is explained in Section 2.1.2 . However,
the beam divergence from double-metal devices is much wider, which makes
it difficult to couple power efficiently from the QCL into the Schottky diode
detector using lenses or mirrors. As such, both devices are required to be
integrated within a single waveguide structure. This integrated waveguide
approach can both improve the coupling and reduce the volume of the system
dramatically.

The linewidth of the LOs is required to be < 1 MHz to meet the frequency
resolution specifications. In THz QCLs, the linewidth is broadened by
fluctuations of the working environment, such as temperature, bias and
mechanical stability. Typical temperature and current tuning coefficients of
-200 MHz/K and -45 MHz/mA have been measured for THz QCLs 11%], and
therefore good stability of the cooling system and bias control system are

required.

1.6 Thesis structure

The work presented in this thesis aims to develop and characterise key
components and techniques for the THz radiometry channels in LOCUS. This
includes design and fabrication of tuneable single-mode THz QCLs for use as
LOs, characterisation of Schottky diodes and waveguide-integrated QCLs,
and the demonstration of gas analysis using THz systems. The structure of

the thesis is illustrated schematically in figure 1-7,
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Figure 1-7 Schematic illustration of the LOCUS radiometry concept, and
associated work presented in the thesis.

The next two chapters focus on fabrication and characterization of THz QCL
LOs. Chapter 2 describes the standard methods used to fabricate and
characterize Fabry—Pérot (FP) THz QCLs, while Chapter 3 presents describes

the development of single mode THz QCLs, based on photonic lattices.

The following two chapters focus on system development and integration. O
describes the characterisation of optically-mounted Schottky diodes as THz
detectors using QCLs as a source. Chapter 5 describes the characterisation
of waveguide-integrated QCLs and a commercially-sourced waveguide-

integrated Schottky mixer.

Chapter 6 demonstrates the use of a single-mode QCL to target molecular
absorption lines in a gas spectroscopy application. For comparison, THz
spectroscopy is also performed using a photomixer. Chapter 7 presents a

conclusion of the investigations, and potential directions for future work.
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Chapter 2Fabrication and characterisation of terahertz

guantum cascade lasers

2.1 Introduction

As discussed in Chapter 1, one of the LOCUS mission objectives is the
realisation of a high power, compact THz local oscillator emitting a stable
single frequency, with the quantum cascade laser selected as the optimum
solution. In order to achieve this a number THz QCLs were fabricate and
characterised. This chapter describes the cleanroom processing techniques
used to fabricate THz QCLs and the experimental techniques used to evaluate

the laser characteristics.
2.1.1 Activeregion

Figure 2-1 shows the working schema of a quantum cascade laser, (a)
illustrate an interband semiconductor device whose emission is from
recombination of electrons in the conduction band with holes in valence band.
(b), (c) and (d) show how a quantum cascade laser works. A single quantum
well has quantized energy levels and electrons distributed across those
energy levels 1% jllustrate in figure 2-1 (b). Several single quantum wells can
be combined together to form a superlattice [1°71 structure, with electrons
confined to subbands as figure 2-1 (c). When those superlattices are under a
current bias, electrons in one subband can drop to a lower energy level 6%

leading to radiation, as shown in figure 2-1 (d).

In semiconductor laser diodes, electrons and holes recombine to emit a
photon. In a QCL, however, the electrons tunnel to the next period of
superlattice after dropping to a lower energy level subband and generating

radiation. This gives a greater quantum efficiency than a semiconductor laser.
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Figure 2-1 QCL active region conduction band structure. (a) is a normal
semiconductor laser where lasing arises from recombination of electrons in
the conduction band with holes in valence band. (b) is a single quantum well
in which electrons are distributed in quantized energy levels. (c) is the
combination of many quantum wells, with electrons distributed in subbands.
(d) is a biased superlattice, lasing occur from electron transition between
different subbands.

Subband structure can be engineered by using different layer thickness.
Different emission frequencies can then be obtained by changing the
molecular beam epitaxy (MBE) 63 growth. The emitted frequency is
determined by the energy difference between upper-level subband and lower-

level subband, given as the green circle marked area in figure 2-1. The
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radiation emitted by a QCL has a very narrow intrinsic linewidth due to the

guantized subbands.

The QCL working environment, such as the temperature and bias, can affect
the subbands. The increase of bias across the device will increase the voltage
difference between each period of quantum wells, which will increase the
energy difference between subbands. This will cause the frequency of the
emitted radiation to undergo a blue shift. At the same time, an increase of
applied bias will cause an increase in the operating temperature caused by
the QCL'’s electrical resistance. This causes the material’s refractive index to
increase 1% resulting in a redshift in the radiation. The temperature and
current tuning of a THz QCL were measured to be -202.2+1.4 MHz/K and
-45.2+0.4 MHz/mA respectively, by A. L. Betz [10%],

The highest reported operating temperature of a THz-QCL in continuous wave
(CW) is approximately 117K ["® and in pulsed mode 200K [7®l, The cryogenic
temperatures required for operation of the THz QCL currently limit its
applications. There is a decrease in the gain of the laser when the working
temperature increases. There are two main reasons for the gain decrease.
Firstly, the electron concentration in the higher level subbands will increase
according to Boltzmann distribution. The increased population of electrons in
the higher energy level subband causes backfilling from lower energy level
subband, which will decrease the gain 3. Secondly, the lifetime of upper level
subband electrons decrease because of longitudinal optical (LO) phonons,

which increases with temperature.

Although there are proposals to use other materials with high phonon energy
to overcome those two limitations, GaAs/AlGaAs quantum wells are still most
widely used THz QCL material system because the mature growth technology

for this material system gives higher wafer quality than other 111-V materials.
2.1.2 THz QCL waveguide

Due to the large free carrier loss for radiation with a longer wavelength
compared with the traditional MIR laser, a dielectric index waveguide has high
losses at terahertz frequencies. The longer wavelength of THz QCLs require
a thick dielectric index waveguide sandwiching the active region, which has

proved to be difficult using MBE growth. In order to decrease the overlap of
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modes with the QCL active region, surface-plasmon (SI-SP) and double metal

(MM) waveguide are most widely used waveguide for THz QCLs.

A SI-SP waveguide is formed by two thin (<0.8 um) layers of heavily doped
layers sandwiching the active region layer. Those two thin layers confine the
THz modes. MM waveguide is achieved by directly fabricating a metal layer
above and below the active region layer. In this instance, THz modes are
almost completely confined to the active region 62, Due to this strong
confinement, THz modes can be confined in all directions, which minimize the
dimension of the device and reduces the generated heat and also provides a
better thermal dissipation. Consequently, the MM waveguide gives a higher
working temperature for THz QCLSs, especially in CW operation mode. The
MM waveguide has a poor beam pattern and lower output power compared
with SI-SP waveguide device. The low power of the MM waveguide is caused
by the small mirror loss, so most photons generated are reflected back into
cavity instead of radiating out 68, The low power performance of the MM
waveguide is made worse by the poor beam profile which is caused by the
long free space wavelength of THz radiation, around 100-200 um, which is
much larger than the MM device’s facet (around 10 um). The divergent angle

of the beam is therefore larger than 120°".

In order to obtain a better performance at higher temperatures and an output
power as large as possible, MM device can be integrated into an external
waveguide. This integrated device will be introduced in Chapter 5. The
LOCUS project requires the LO working at a high temperature (100K) 193, in
CW operation and with enough output power to pump a Schottky diode
detector (several mW [1%3]), The external waveguide together with a feed-horn
can help the MM device to have a higher output power and a significantly

better beam profile (20°).

2.2 Material used for fabrication

THz QCLs used in this project were grown using InAs/AlGaAs by molecular
beam epitaxy (MBE) 611, due to the mature growth technology of this material
systems. A 250 nm GaAs buffer layer is first deposited on a 500 pm

commercial GaAs wafer which is used as a substrate. The active region is
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grown between two highly doped electrical contact layers forming the anode
and cathode respectively. The two heavily doped n* layers are usually only
<0.8 um thick and are used to confine the THz modes and minimize the

influence of free carrier loss.

n* (GaAs Si doped)

Active region (GaAs/AlGaAs quantum wells)

n* (GaAs Si doped)

Buffer

Substrate (GaAs)

Figure 2-2 Structure of the cross-section of a THz QCL wafer

A 600-700nm-thick GaAs layer doped with Si (typical concentration of
3.5x10%8 cm3) was grown to form a buried electrical contacting layer on top of
the GaAs buffer. The THz QCL active region material comprising of
GaAs/Alo.1sGao.gsAs hetero-structures were grown next. The thickness of each
of the barriers (AlGaAs) and wells (GaAs) depends on the QCL active region
design. Growth concluded with a 50-80nm-thick GaAs layer doped with Si
(typical concentration of 5x10'® cm) to form another electrical contacting
layer. The maximum doping level of the n+ layers is limited by the MBE growth
(1201, The higher the doping, the smaller the electrical resist, which can reduce
the threshold Voltage and increase CW operation temperature. A schematic
of the cross-section of a typical MBE grown THz QCL wafer is given in figure
2-2.

After growth, the THz QCL wafer is diced into 8mm x 6mm chips, which are
processed in the cleanroom to fabricate laser ridges. The cleanroom
processing of THz QCLs involve multiple iterations of photolithography,
subtractive etching, and thin film metal deposition. Once the THz QCL chip is
fully processed individual lasers are diced to form high quality mirror facets
and are packaged on a copper block. The following sections briefly describe

the major cleanroom processing techniques used to fabricate THz QCLSs.
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2.3 Methods used in the cleanroom

2.3.1 Photolithography

Photolithography ' is used in the fabrication procedure to pattern micron
and nanometre scale features on to parts of the QCL chip coated with a thin
film of ultraviolet (UV) sensitive photoresist. Typically, photolithography
comprises three major steps: photoresist preparation, UV exposure, and

pattern development.

A photoresist [112] js a chemical which can react with certain energy of photon.
The underlying principle of photolithography relies on the way photoresists
respond to exposure by UV light. There are two types of photoresist - positive
and negative photoresists. In a positive photoresist, areas that have been
exposed to UV will exhibit selective solubility in a developing solution, which
results in an exact copy of the pattern on the chrome mask being transferred
onto the photoresist coated sample. Whilst, a negative resist will result in the

inverse of the pattern being transferred onto the photoresist coated sample.

The photoresist Microposit S1813 and the developer Microposit MF-319 (an
agueous solution of tetramethylammonium hydroxide) were used for all
photolithography based processing of THz QCLs chips. A homogenous and
1.2-1.3-um-thick layer of S1813 is spin coated at 5000 rpm (for 1 minute) on
the surface of the chip. The photoresist coated chip was then baked at 115°C
on a hot plate for 1 minute to remove the solvents from the resist and to harden
the resist for further processing stages.

The photoresist coated chip is then exposed to UV light through a photo mask
[113], The photo mask consists of chrome patterns on the glass substrate and
is the master pattern which is replicated onto the photoresist. The photomask
allows UV light to pass through its transparent area and block the light by its
metal area. So after UV light exposure behind the mask, the device achieves

a copied pattern from the mask.

Development is a method that dissolves the exposed part and keeps all the
other areas of the photoresist. After development of the pattern in a developer
[114] (MF319), the exposed part of the photoresist is removed. During the

exposure, it is the exposure time and UV source power that determines
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development time. Enough development time can remove exposed part of the
covered photoresist while the pattern copied from mask was clear. After that,
the device is rinsed in DI-water and dried by a nitrogen jet. The pattern is then
checked under microscope before the next step.

Important parameters for photolithography are the spin speed for photoresist,
time of exposure, and time of development. A higher the spin speed will give
a thinner covered photoresist. The exposure time and development time
cannot be too long, because the pattern may be etched away or too short to
obtain a clear pattern. After experiments, the spin speed was chosen to be
5000r/min and development selected to be 75s when exposed under
3mwW/cm? for 90 s.

2.3.2 Metallisation

Metallization is the method used to deposit a homogenous thin film layer of
metal on a chip. In this thesis, metallization is used for Ohmic contact
formation, waveguide formation and improving thermal conductance. The
principle of metal deposition in a vacuum 14 is shown in figure 2-3. A
patterned wafer is placed in a vacuum chamber at the bottom of which is a
heater. Metal ingots are then placed in a ‘boat’ heater and the temperature of
the heater is gradually increased to the boiling point of the metal, at which

evaporating will occur.

The deposition quality is determined by the background pressure in the
chamber, and the purity of the metal material used. In order to achieve a high
quality deposition, the mean free path 115! of the metal gas in the chamber
should be bigger than the distance between solid metal source and the place

of the sample.

The mean free path length of a metal atom in the vacuum is given by [115I:

1

A=—— 2.1
\/ETl'dZNV ( )

Here, 1 is the mean free path, d is the diameter of the gas molecules and Ny,

is the number of molecules per unit volume.
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Figure 2-3 The principle of metal deposition in a vacuum
chamber

Typically, the pressure in the chamber is below 2x10® mbar which will give a
molecular mean free path of more than 100m 114 which is much larger than
the size of chamber. There is therefore is no molecular collision inside the
chamber during the evaporation, which will make the molecule travel
homogenously in every direction. Deposition occurs when the hot molecular

vapour meets the cold sample at the top of the chamber or the chamber walls.

After the deposition, the sample should be kept in the vacuum for 15 mins to
allow it cool and prevent contamination by water from the atmosphere. Then
the deposited sample is put into acetone to cause the photoresist on the
sample to dissolve and remove the metal deposited on the photoresist. As
such, the areas exposed to the UV light and dissolved by developer will keep

the metal deposited on them and the pattern is obtained.

There are two types of contact between semiconductor and metal: Ohmic
contact and Schottky contacts. Schottky contacts are described in detail in
Chapter 4. In the THz QCL fabrication, bottom and top Ohmic contacts are
needed for the mesa whilst Schottky contacts are required for over-layer and

back side metallization. The type of contact is determined by the



27

semiconductor Fermi level [*16] and metal work function [*16] and the interface
between the semiconductor and metal. The contact resistance of a THz QCL
IS a very important parameter because a high contact resistance can result in
high heat generation, which prevents the QCL operating at high temperature.
In order to increase the working temperature of a THz QCL and the power
efficiency, the contact resistance should be as low as possible, which is
realised by annealing the contacts. At the same time, a Schottky contact is
used for waveguide because it leads to a more abrupt interface and a less

interaction with optical field 1171,

For the Ohmic contact, a fast annealing in a vacuum was carried out. The
heating process makes the deposited metal atoms penetrate into the GaAs
lattice forming an Ohmic contact 18, The vacuum applied during the
annealing creates an inert environment which will prevent any chemical
reaction between the device and atmosphere. Dry N2 was used during the

cooling to conduct the heat much more efficient.
2.3.3 Etching

Etching is used to selectively remove material from a sample. The etching
must be very precise and the etching speed must be controllable. The most
important factor is having a solution that can etch away the wafer material,
without effecting the photoresist. The etching should occur at a reasonable
rate, typically completing the process in 10 minutes for 10 uym thick active
region layer. As QCLs in the project are all GaAs/AlGaAs based
semiconductor, the solution chosen is a mixture of H2SO4, H202and H20. This

is a widely used solution for GaAs wet etching 119,

The etching speed can be controlled by the concentration of H2SOa, the higher
the concentration, the higher the etching speed will be. The reactions in the

solution are as follows [120. 121]
2GaAS+9H202 — Ga203ASZO6 + 9H20
Ga,03As,04 + 2HT — 2Ga3* + 2As0%™ + H,0

For a volume ratio of H2SO04:H202:H20 at 1:8:40, the etching speed is
1.5 ym/min at the beginning of etching and decreasing to 0.8 ym/min due to
a reduction of chemical concentration and the formation of a layer of oxides
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on the substrate surface. Sulfuric acid is exothermic when dissolved in water
and the etching speed is strongly influenced by solution temperature. To allow
the solution to cool, a delay of 30 minutes is needed between preparation the
solution and starting etching.

The Alpha step profile is used to measure the etched depth before, during and
after the etching. The sample is removed from the etching solution, rinsed with
Dl-water and measured. This process is repeated until the bottom contact can

reach the lower n+ layer.

During the entire THz QCL fabrication process, wet etching is completed three
times: for ridge etching, backside thinning and PL patterning. Different etch
concentration were used. Ridge etching and PL pattern etching should be
slow because precision is more important than the etching speed for those
two steps. However, the backside thinning process requires a quick etch,
about 450 um GaAs needs to be removed. The concentrations of the mixed
solution are thus different. Details of the individual solution will be presented
in the QCL process section of this chapter and single mode QCL development

in Chapter 3.

2.4 Processing

The QCLs used in this thesis were fabricated in the Wolfson Nanotechnology
Cleanroom at the University of Leeds. The processing procedure includes
cleaning the wafer, ridge etching, bottom contact metallisation, top contact
metallisation, over-layer metallisation, backside thinning, backside
metallisation, annealing, sintering, cleaving and bonding. All processing steps
should be performed in the cleanroom that has stringent dust control
measures, as any dust may contaminate the chemicals or solutions. This is
important as the size of dust particles is similar to that of patterns on the wafer.
The flow chart of QCL processing is shown in figure 2-4, The whole detailed

processing recipe is attached in appendix I.
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Figure 2-4 Flowchart of QCL processing

2.4.1 Cleaning wafer

After a QCL is grown via MBE, it is then cleaved into parts, typically 8x8 mm.
This can introduce dust and contaminations. Contamination can remain on the
wafer and become programmatic during the photolithography and etching
steps. This can result in defects on the device and decrease the yield of QCLs

manufactured.

Before processing begins, the wafer is placed in acetone for 2 minutes then
in room temperature IPA for another 2 minutes. A repeat of this step is
necessary to make sure all the small organic contaminants are removed. The
wafers are then put into an oxygen plasma asher which can clean the organic
waste shown in figure 2-5. This is a fully automated, table top oxygen plasma
asher, used primarily for sample cleaning and etching graphene. The
substrate was put in the plasma asher for 5 minutes, under 50 W of power.
After these steps all organic waste and dust should be removed, as shown in
figure 2-6 (a). However, there may still be something left as figure 2-6 (b)

shows. They are probably defects of the wafer.
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Figure 2-5 Oxygen plasma asher

(b)

Figure 2-6 The wafer used for QCL fabrication. (a) is the wafer surface
before cleaning and (b) is the same region of wafer surface after cleaning.
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2.4.2 Ridge etching

Having cleaned the chips to be processed, the laser ridge is etched. Figure 2-
7 shows the device after ridge photolithography. The dark area is covered by
photoresist S1813, whilst the pink area is GaAs.

The patterned sample was then etched in H2SO4:H202:H20 (1:8:40). The
photoresist S1813 is acid resistant as well. After the etching, the pattern is
checked under a microscope and recorded, (figure 2-8 (a) and (b)). The
etched wafer with photoresist is given in figure 2-8 (a) which shows the shape

of the ridge.

After etching, the device is cleaned with acetone and IPA as shown in figure
2-8 (b). The dimensions of the ridge are slightly different from the pattern put
onto the wafer. It is around 10 um narrower than the 150 um wide pattern and
the shape of the ridge is trapezoid instead of rectangular, which is caused by
anisotropic wet etching 122 1231 of GaAs by the acid solution used in the

processing.

100 pm

Figure 2-7 The device after ridge photolithography
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Figure 2-8 Process of ridge etching. (a) is the device after etching and (b) is
the etched device after cleaning

2.4.3 Bottom contact metallization and Ohmic contact annealing

A bottom Ohmic contact is formed to the n+ layer which is exposed when the
top n* layer and active region are etched away. The doping level of this n+
layer is Si doped and the doping level is around 1.0x10*®cm-3. There are four
steps needed: photolithography, metal evaporation, lift off and annealing.
Pictures taken under the microscope after each processing steps are shown
in figure 2-9 (a), (b) and (c).

Figure 2-9 (a) is the device after bottom contact photolithography. The dark
area is covered by photoresist S1813 and the white area is exposed to UV
light and dissolved in the developer MF319. In order to avoid direct contact
between bottom n* layer and the top n* layer, the pattern used to cover the

ridge should be wider than the size of ridge, as seeing in figure 2-9 (a).
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Figure 2-9 Process of bottom contact metallization. (a) is the picture after
photolithography, (b) is the picture after metal deposition and lift off and (c) is
the picture after bottom contact annealing.
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After obtaining the pattern, 0.5-0.6g of AuGeNi alloy was deposited with an
evaporator to achieve a 240 nm thick bottom contact layer, which is shown in
figure 2-9 (b).

Following the deposition of a thin film of metal on the surface, an annealing
process is required to make the GaAs and AuGeNi intermix. The annealing is
carried out for 1 min while temperature is maintained at 430°C, which will make
metal atoms penetrate deeper than 30 nm into GaAs 124, After annealing, the
n-GaAs and AuGeNi contact resistance is around 0.1Q [6. The resist
between the two bottom contacts is then measured to make sure the whole
bottom contact processing is correct. Normally, the resistance should be less
than 10 Q at room temperature. If the resistance is much higher than this
value, the sample has been over-etched and the bottom n+ layer is partially

or completely etched away. The device can no longer be used.
2.4.4 Top Ohmic contact metallization

Top contact processing forms a metal-semiconductor contact to the top n*
layer which is Si doped GaAs with a doping level 5x108 cm3. There are two
differences between the bottom and top contact formation. Firstly, the size of
the top contact is much smaller than the bottom contact. The reason for this
Is that the Ohmic contact will introduce free carrier loss and affect the laser
performance, such as threshold current, maximum working temperature and
the radiated power. The other difference is the annealing temperature after
contact metallization, as it is important that the metal doesn’t penetrate the

active region.

For the top contact, sintering is used to make the AuGeNi and GaAs intermix.
The sintering is carried out for 4 minutes while the temperature is kept at 270C.
A higher temperature would make metal atoms penetrate into the active
region, which would damage the active region structure and affect the
performance of the laser. Top Ohmic metallisation is illustrated in figure 2-10
(@) and (b). The sintering process for top contacts is performed after the

metallisation has taken place.



(b)

Figure 2-10 Process of top contact formation

(a) is the picture taken after photolithography and (b) is the picture taken
after metal deposition and lift off.
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(b)

Figure 2-11 Process of top contact formation. (a) is the picture taken after
photolithography and (b) is the picture taken after metal deposition and lift
off.

2.4.5 Over-layer metallization

The over-layer metallisation is a thin film of metal covering the ridge and
bottom contact. The over-layer metal has two functions: 1, it forms a Schottky
barrier with the top layer of GaAs and this layer of metal will form the
plasmonic waveguide cladding; 2, the bottom contact layer is actually very
rough after annealing and a layer of metal (Ti/Au) deposited on top makes it

smooth and easy to bond.

Photolithography, metal deposition and lift off are all used to achieve an over-
layer metallization. The over-layer metal is 150+10nm Au deposited on the
top of 20 nm of Ti. The following figure 2-11 shows a picture of the device

taken under microscope after over-layer metallization processing.
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Figure 2-13 Device picture after over layer metallization

2.4.6 Back side thinning

The thickness of the wafer used is around 500um. This prevents efficient heat
extraction when bias is applied to the contacts. The thickness of the wafer
should be as thin as possible but it becomes very difficult to process if it is
below 150um. After several tests, a substrate thickness of 180 pm was

chosen.

The etching solution used was H2S04:H202:H20 (1:8:1), given an etching
speed of 8-15 um/min. The width of the wafer before backside thinning is
around 602 pum which is shown in figure 2-12 (a) which is 440 pum thicker than
the substrate width after the backside thinning processing shown in figure 2-
12 (b).
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(b)

Figure 2-14 The substrate thickness of the fabricated QCL wafer. (a) is the
cross section of the device which is around 600 pum before backside etching
and (b) is the cross section of the device which is around 165 um after
backside etching.

2.4.7 Back side metallization and sintering

In order to improve the thermal conduction, a 20 nm/150 nm Ti/Au is
deposited on the backside after wafer thinning. After the metallization is
finished, the device is sintered for 4 min at 270 C. The sintering makes the top

contact, over-layer and back side metallization penetrate into the GaAs.
2.4.8 Cleaving

The length of a THz QCL can affect the device power and temperature
performance. Longer devices have larger gain and generate more heat than
the shorter devices. On the other hand, the heat emitted will increase the

electron gas temperature making the gain smaller.
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A scriber is used for cleaving which has a precision of 0.1 um. The scriber
gives a high probability (up to 85%) of good facet. A high quality facet partially
reflects the radiation back into the cavity and partially radiates. A well-cleaved
facet is presented in figure 2-13 (a), and (b) presents a poor facet.

(@)

(b)

Figure 2-15 The cleaved facet of the fabricated QCL. (a) is a good facet
which can give a mirror like reflection while (b) shows a poor facet which will
give too much loss.

2.4.9 Wire bonding

The cleaved device is then placed on a copper block, which acts as a
convenient mount for the cryostat and a good thermal conduction. In order to
stick the cleaved device to a copper block, an indium ingot is put on the
surface of copper block and heated to a molten state and spread into a thin
and smooth layer. The cleaved sample is put on this thin layer of molten
indium which is then cooled. The QCL and copper block are then bonded by

a thin and homogenous layer of indium.
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After the device is bonded to the copper block, the bottom and top contacts
are bonded with gold wires to two different ceramic pads. The bias applied to
the ceramic pads will be transferred to the QCL contacts by the gold wires.
The bonded QCL is shown as figure 2-14.

Figure 2-16 Gold wire bonded QCL. The black wires are gold wire
connecting the contacts of QCL and the ceramic pads.

2.4.10 Summary of processing

The performance of a QCL is dependent on the active region design and
waveguide. However, the processing also has a big influence on the
performance. During the project, many devices were fabricated to give
feedback on MBE growth and fabrication.

The most important processing step is ridge etching. It creates an area for the
bottom contact and also defines the waveguide. Both over and under etched
will give bad device performance. Usually, the ridge etching stops at 0.5 um
above the bottom n* layer. There will be a large electrical resistance if the
bottom n+ layer is etched away due to the lack of carriers. The normal
resistance between the two bottom contacts on both sides of the QCL is
around 10 Q. The resistance will be several orders larger than that value if the
device is over etched. On the contrary, the device will be shorted if the etched
depth isn’t enough because the metal contacts will contact the active region

directly. So the etching speed is controlled at around 1 pm/min.
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The etching depth of the backside substrate is also important. A thinner
substrate will improve heat dissipation of the device but it will make processing
difficult when the substrate is too thin. The substrate thickness presented in
the thesis is 180 um which proved to be a good compromise.

The length of device is also critical. A longer device can emit more power but
gives more heat, leading to a compromise between power and maximum

working temperature.

2.5 Characterization of a THz QCL

2.5.1 Parameters need to be characterized

THz QCLs offer the advantages of high power, easy integration with other
semiconductor devices, good beam profiles and low cost compared to other
THz sources. However, there is also a critical disadvantage, which is the need
to operate at cryogenic temperatures. The current-voltage relationship (I-V
curve) is another important characterization parameter, both from the view of
application and also understanding designs and wafer growth. The other two

parameters are emission power and emission frequency as a function of bias.

Much information can be obtained from the L-1-V curves of a QCL including
the QCL operating resistance, power efficiency, dynamic range and highest
operation temperature. The I-V curve also allows better understanding of the
active region design, with the threshold current density being closely related

to the n* doping level.

Another important parameter for a THz QCL is the emitted frequency, which
is dependent on active region structure. The active region structure of a QCL
is determined by the MBE growth procedure. The emitted frequency can
provide feedback to active region designer and MBE growth for adjustment.
The frequency of a QCL is also important to the application of spectroscopy

and imaging.

The output power of the QCL is also an important parameter. The highest
recorded output power to date from a THz QCL is 1.02W [3], A higher power
from the QCL indicates higher wafer quality, which is very important to MBE
growth.
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Some other parameters such as beam profile can also be measured according

to the need of application.
2.5.2 Operation modes of characterization

There are two operating modes in which the QCLs are characterized: pulsed
mode and continuous-wave (CW) mode. In pulsed mode the QCL is electrical
pumped for a short period of time at a high repetition rate, whereas in cw mode
electrical power is used to bias the QCL without turning it off at any point.

Under a pulse bias, the heat generated by resistance of the QCL in the ‘on’
period of the pulse can dissipate when the QCL is temporarily turned off during
the ‘off’ period of the pulse. During most of my characterization, a pulse duty
cycle of 2% (10 kHz repeat frequency) is applied to obtain a sufficient cooling
effect. At the same time, the THz detector used in the characterization is
thermal based and therefore can only operate at a slow detection speed
(167Hz). In order to obtain a lock-in detection, which is used to improve the
signal to noise ratio (SNR) of the measurement, a modulation frequency
(167 Hz) is applied to gate the 10 kHz pulse train. A figure showing the bias

pulse train applied in the measurement is provided in figure 2-15.

2 Us

H 98 us H
LR p

e 1

Figure 2-17 The pulse used to drive a QCL. (a) is the period of the pulse is
100 ps (10kHz) which contains 2-us-wide ON state (2% duty cycle). (b) is
detector modulation frequency (167Hz). And (c) is the gated pulse (between
the detection pulse and the drive pulse trains) bias applied to the QCL during
the measurement.
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2.5.3 LIV characterization

A cryostat contained the QCL is cooled using liquid helium to temperatures as
low as 4K. Due to heavy absorption of THz radiation in the atmosphere, the
cryostat is placed into a dry-nitrogen purged box and the emission is coupled
to a liquid helium-cooled bolometer using a pair of parabolic mirrors, in order
to minimize the loss of THz power during the measurement. The bias voltage
applied to QCLs is from a current source, where the output pulses has been
modulated. When the measurement begins, the QCL bias device is steadily
increased. At a certain point, the current exceeds the laser’s threshold and the
outputted THz radiation is detected using a helium cooled bolometer. The
detected radiation has the same period as modulated current source so do
the reference of phase locker which is used to lock the radiation generated at
a given point of current. This point represents the current source. Therefore,
the power given by phase locker can represent the power generated by a

constant continuous current source.

The oscilloscope, lock-in amplifier and power-meter are directly connected to
the computer. Using this equipment, integrated with specially designed
LabVIEW software, values for the bias applied bias (voltage and current) and
the corresponding output power are retrieved and can be plotted to form LIV
curves. These are then performed at different temperatures. The absolute

power from the device are different bias conditions can also be determined.

As mentioned before, Tmax is one of the most important parameters in QCLs
measurements. As such, a temperature controller connected to the cryostat is

used to set the working temperature of the device.

As the heat sink temperature increases, the THz power emitted from the QCL
will decrease. Tmax is the temperature at which the THz radiation outputted
from the QCL can no longer be detected by the bolometer, therefore it is the
highest operation temperature of device. The setup for pulse mode

measurement is given as figure 2-16.

As well as characteristic LIV curves, the TK power meter can also be used to
measure the absolute power from QCL. The TK power meter is also sensitive
to changes in temperature and thus has a response time that is too long for

use in QCL dynamic power measurement sweeps. Therefore, usually a single
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measurement of absolute power is taken at a single bias condition, which acts
as a scaling factor for the data taken using the bolometer. An example of a

set of LIV curves in pulsed mode is provided in figure 2-17.
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Figure 2-18 QCL LIV characterization setup (pulse). The trigger is the gate
modulation frequency generator which modulates lock-in amplifier (LIA),
oscilloscope, and pulse generator at 167 Hz given as blue arrows. LabVIEW
code running on a computer is used to collect the signal from the lock-in
amplifier and the 1-V signal from the oscilloscope. The LabVIEW code is also
used to control pulse generator given as black lines. The red arrow is THz
radiation and black arrows are electrical signals.
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Figure 2-19 Measured LIV of a 180 um-thick-BTC device. The device
dimensions are 3.5mmx150 um operating at 2.2 THz for various heat sink
temperatures. The measurement was performed under pulsed operation

using 2% duty cycle at a repetition rate of 10 kHz, gated at 167 Hz.

The LIV curve contains LI and IV curves. All the IV curves remain a similar
shape as heat sink temperature increases, while the magnitude of the LI
curves decreases as heat sink temperature increases. This decrease in power
is caused by a drop in QCL gain at high working temperatures. An explanation
for this is presented in the introduction section. There is also a slightly
decrease in voltage at the same current density, which is due to increased
carriers at high temperature. As the current density scans from zero to the
threshold current density, there is no lasing at all. Once the bias reaches the
devices threshold current density, lower lever subbands begin to align with the
higher level subband of next lasing period and the QCL begins lasing. The
peak power occurs when the two subbands align. As the current density
continues to increase, parts of the subband begin to misalign which will
decrease the gain of laser. The power therefore decreases with an increase

in bias.

If the bias continues to increase after the two subbands have completely

misaligned, there is no longer gain and the power decreases to zero. The
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device conductance decreases dramatically when misalignment occurs as the

electron carriers are bound to separate quantum wells again.

For some QCL applications such as imaging and spectroscopy, CW operation
IS a more common choice than pulse mode. To fully characterise a device CW
mode operation is also required. Running a QCL in CW mode will generate
much more heat than pulse operation during a certain period of time (longer
than the pulse duty cycle). The heat will increase the QCL real working
temperature, which will make the phonon energy big enough to stop the lasing
of QCL. Thus before any CW characterization, the QCL is characterized by a
high duty cycle (95%) pulse mode.

The setup for CW operation is similar to that of pulsed except for the power
supply and lock-in detection shown as figure 2-18. A DC current source is
used to electrically drive the QCL. An optical chopper at a frequency of 167
Hz is used as a reference for the Lock-in amplifier. The measured CW mode

LIV curves are given in figure 2-19.
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Figure 2-20 QCL LIV characterization setup (CW). Compared with pulse

operation, A DC power supply is used instead of the pulse generator. The

LIA is modulated by the chopper frequency which also modulate the THz
radiation receiver mechanically given as the blue arrows.
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Figure 2-21 Measured LIV of a 180 um-thick-BTC device (CW). The device
has dimensions 2.4mmx150 pum operating at 2.2 THz for various heat sink
temperatures. The measurement was performed under CW operation mode.

The CW LIV curves is the same shape as in pulse mode. However, CW
operation will generate more heat than in pulse mode, which will decrease the
maximum working temperature. This device can only lase up to 45K in CW
mode, when in pulse mode can output radiation as high as 65 K. Due to heat
accumulation resulting a decrease in gain, CW mode also provides lower
power for the same heat sink temperature, when compared to pulse mode
operation. The threshold current density in CW mode is also higher than that
in pulsed mode. This is again due to the accumulation of heat resulting in a

decrease in the gain.

After the LIV curve is obtained, the lasing dynamic range of the QCL is also
determined. The emission spectrum of the QCL can be measured. This is
achieved using a Fourier transform infrared spectroscopy (FTIR) [l system.
The spectrum obtained is given in figure 2-20 and 2-21 for pulse and CW QCL
radiation spectrum respectively. In pulsed mode, spectra at bias currents
ranging from 0.78 A to 0.98 A have been measured. Spectrum in CW mode
at different bias current from 0.74 A to 1.04 A are measured.
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Figure 2-22 Measured spectrum of a 180 um-thick-BTC device of
dimensions 2.4mmx150 um operating at 2.2 THz for various bias at 30 K.
The measurement is taken under pulsed operation using 2% duty cycle at a
repetition rate of 10 kHz, gated at 167 Hz.
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Figure 2-23 Measured spectrum of a 180 um-thick-BTC device of
dimensions 2.4 mmx150 um operating at 2.2 THz for various bias at 30 K
(CW)
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2.6 Conclusion

In this chapter, the fabrication of a single plasmon waveguide THz QCL is
presented including the cleanroom fabrication method. All the fabrication

parameters and the reasons for the choice of these parameters is introduced.

After introducing the fabrication procedures, the characterization of this QCL
is presented. The basic theory of the QCL is also introduced to explain how
the QCL works under forward bias and why the parameters chosen are
measured during the characterization. Two operation methods are applied for
the characterization, pulse mode and CW mode. For both operation modes,
the experimental setup is presented and the parameters used in the
measurement are also given. Two types of measurement, LIV curves and
spectrum for both operation modes are presented. The results of this
characterization of a single metal THz QCL are given as figure 3-5, figure 3-
7, figure 3-8 and figure 3-9 for LIV and spectrum characterization result for

pulse and CW operation mode respectively.
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Chapter 3Development of single mode THz QCL

3.1 Introduction

In Chapter 2, a typical spectrum of an as-cleaved Fabry-Pérot laser was
presented. This displays multiple modes over the gain spectra of the laser. As
mentioned in Chapter 1, however, the LOCUS [ 103] project aims to address
high definition spectroscopy in MLT region. This is achieved by heterodyne
detection between the Local oscillator (LO) radiation and the detected
emission. This requires development of a highly stable LO, operating on a
single mode.

The THz LO proposed in the project uses a single mode THz quantum
cascade laser (QCL). The development of this single mode THz QCL is
presented in this chapter.

3.1.1 Fabry-Pérot laser

In a semiconductor laser with cleaved facets, a resonator is formed between
two partially reflecting mirrors. The radiation is partially absorbed by electrons
in upper level subband to undergo stimulate emission and partially reflected
by the facet, with the other part of the radiation being emitted into air. The
basic principle of such a FP laser is shown in figure 3-1.

—

)

Figure 3-1 The generated electromagnetic wave in FP lasers

Electromagnetic wave superposition happens when the constituent waves
have the same phase. When an electromagnetic generated by a gain medium
travels from one facet and returns to this facet by reflection, the total travel

distance is 2L, where L is the length of resonator. The wave function,

©(t) = asin(wt + 0) (3.1)
shows that wt should equal to 2mm during this period if the waves are to
interface, and the corresponding electromagnetic wave phase requirement is

shown as Equation 3.1. So 2L equals to nA as shown in Equation 3.3.
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wt = 2mm (3.2)

Here, w is the angular velocity and m is an integer. So the frequency of

the selected mode can be calculated from Equation 3.3.

2L
W= 2mT

(o
V==
n
_mnc
_nL
_(o_mc (33)
f_27t_2nL '

In which, n is the refractive index of the laser and c is the light speed in

vacuum.

Forbidden modes

Figure 3-2 The modes allowed and not allowed in FP lasers

As figure 3-3 (a) shows, any modes which satisfy the requirement f=mc/2nL
can resonant within the cavity. These modes are known as Fabry-Perot
modes. However, it is the gain of the laser which limits the observable modes
that emitted from the cavity. The gain function of a semiconductor laser is
complicated and a simplified schematic is presented in figure 3-3 (a). The
superposition of the laser’s gain spectrum with the FP modes permitted within

the cavity, provides the radiated laser modes shown in figure 3-3 (b).
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Experimental results typically show multiple modes as seen in figure 2-21 and

figure 2-22, presented in Chapter 2.

F-req uency

(b)

Figure 3-3 The modes selected by combining laser gain with FP
resonances. (a) Schematic of FP laser modes unrestricted by laser gain. (b)
FP laser modes with laser gain included.

3.1.2 Single mode quantum cascade laser design

Many laser applications require stable, repeatable single mode emission at a
precise frequency. One of the most reliable way to generate single mode
operation is the introduction of an artificial mode modulation into a FP laser by
fabricating a periodical interrupted waveguide. This results in periodic
modulation of waveguide loss and refractive index. A desired single frequency
can be selected from the laser's gain spectrum by specifically tailoring the

periodicity of the waveguide.

Distributed feedback (DFB), distributed Bragg reflector (DBR) and photonic
lattice structure (PL) are widely applied to achieve this modulation. These
devices all employ refractive index and waveguide loss modulation, due to
periodic interruption of the FP waveguide structure. As mentioned in Chapter
2, the vertical waveguide of a FP THz QCL can be formed by two n* thin GaAs
layer sandwiching the active region. Periodic disruption of the waveguide is
then achieved by etching away the top n* GaAs. Typical gratings for DFB, PL

and DBR structures are given in figure 3-4 (b), (c) and (d), respectively. A,,,
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A and A are the width of the non-etched section, etched section and a whole

period respectively. Those three parameters must be optimised for the design.

Figure 3-4, (a) shows a normal FP THz QCL resonator with a single metal
plasmon waveguide, which is formed at the interface of the active region and
metal. Artificial modulation of the QCL modes is obtained by simply etching

away the plasmon cladding waveguide.
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Figure 3-4 Different patterning schemes to achieve single mode lasing. (a)
is a normal FP THz QCL resonator, (b) is a DFB THz QCL resonator, (c) is a
photonic lattice THz QCL resonator and (d) is a distributed Bragg reflector
for THz QCL

A photonic lattice (PL) resonator forms a ‘bandgap’ for photons. The bandgap,
like the electron bandgap in semiconductors, forbids generation of photons
with certain energies. Thus, radiation frequencies with only selected photon
energies can be obtained. This bandgap is formed by materials with different
dielectric constant. There are one dimensional, two dimensional and three
dimensional PL designs depending on the structure of the optical

nanostructure.

A DFB resonator builds on the one dimensional PL structure concept and also
provides optical feedback for the laser. So the selected modes in a DFB laser
are amplified by these gratings and not the end mirrors. In contrast, a DBR
structure as given in figure 3-4 (d), only acts as a mode selector. So DFB
structures use the gratings to both select modes and reflect radiation, while

DBR and one dimensional PL use the grating to simply select modes.

The emission frequency is determined by the design of the grating rather than

the laser gain spectrum. The grating is designed to reflect only a narrow band
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of wavelengths, and thus produce a single longitudinal lasing mode. In this
chapter, single mode emitting devices are presented at a wavelength of
2.22 THz.

This chapter discusses the modelling, design, fabrication and measurement
of THz QCLs with PLs. PL design parameters, such as the grating pitch, are
calculated from analytical expressions. Photonic bandgap in PLs are
calculated from the variation of detuning factor and propagation constant of
the PL. THz QCLs with PL are fabricated by different methods and their

spectra are measured.

3.2 Photonic-lattice pattern design

In this work, a PL is used to achieve a low-cost and reliable single mode
frequency THz radiation source based a QCL. The frequency selected by

those gratings corresponds to the Bragg frequency 124,
3.2.1 Grating design parameters of photonic-lattice design
The Bragg frequency is determined by A as the equations 12 below.

c

}\B = ZneffA == (3 4)

fs
A=Ay + A, (3.5)
Angg? = Apng? + Agng? (3.6)

Here Ag is the targeted Bragg wavelength, f; is the Bragg frequency, A, Ae
and A are the grating pattern width of the metal, gap and the whole pitch
respectively. ngg is the effective refractive index at the Bragg frequency, ny, is
the refractive index of the mode with a metal cladding on the laser cross-

section and n, is the refractive index of the etched part of the PL laser.

Another important parameter for PL grating design is the duty cycle of the
pitch y. This is defined by Equation 3.7, and for all designs shown in this thesis,
the value was chosen to be 0.5. A small duty cycle tends to increase the loss
of the waveguide, as well as making it more difficult it fabricate, especially

when using low resolution optical photolithography.



nmAm
Yy = (3.7)
Negell

For those equations, A, and A, are the parameters used in fabrication for a
certain desired emission frequency. To determine these two parameters,

n,, and n, are also required and these are acquired from experimental results.
3.2.2 Measurement of the QCL refractive index

As was discussed in Section 3.1.1 , the mode spacing emitted from a normal

FP THz QCL s % where n is the refractive index of the laser, and the beating

mode of two neighbouring FP modes is ﬁ n,, has the same value of n

because the waveguide of a normal FP laser is the same as the part covered
by metal in a PL laser. So the refractive index of the metal section of a PL
laser is given as:

C C
foeat = o’ ™ = B (3-8)

The value of n,, can be obtained by measuring the gap (fy.q:) between two
neighbouring FP modes. The beating mode was measured by a Schottky
diode detector, which gives a heterodyne signal. The detailed measurement
of this beating frequency is given in Section 5.3.5 , and a value of 3.77 is

obtained for the device.

The refractive index of the etched part of the PL is also obtained by
measurement, after obtaining the value of n,,. The etched part is treated as
pure GaAs and an estimated value for n, is given as 3.5 1261, A, A, and A
can be calculated from Equation 3.4, 3.5, 3.6 and 3.7 for a targeted f5. The
first PL patterned QCL can then be fabricated and characterized. The actual
frequency emitted by the laser is then used to calculate the actual value for
refractive index n, since ng can be calculated by equation 3.4, 3.5, 3.6 and
3.7. Finally, the pattern can then be optimised. The design process is given in
figure 3-5. The designed parameters of PL pattern for a 2.22 THz QCL (L1007)
and a 2.62 THz QCL (L1014) are given in table 3-1, both devices contain a

bound-to-continuum active region.
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Figure 3-5 Schematic of PL pattern design

Table 3-1 Designed PL patterns for 2.22 THz and 2.62 THz QCL

fg(THz) Neryr ne Nm A . A
(Hm)

e
(um)
L1007 2.22 3.61 3.46 3.77 8.96 9.76

L1014 2.62 3.36 3.15 3.60 7.95 9.09

3.3 Fabrication of a 2.2 and a 2.6 THz single mode QCL

From table 3-1, the width of the PL pitches is around 20 pum, which means
only a 2 um variation to the design can result in a 10% error. The fabrication
precision, therefore, much be <lum. Three methods can be applied for this
fabrication: optical photolithography using a mask aligner, electron beam
lithography and focused lon beam lithography. Fabrication is presented in the

following section.
3.3.1 Optical photolithography

Optical photolithography is the simplest way to pattern the QCLs. However,
there must be a mask allocated for each possible design, which makes the
optimising process for the desired emission frequency quite difficult. However
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it is a very convenient and fast method when the frequency is already close to

the desired frequency and only small adjustment is needed for the design.

The fabrication is based on the processing of single metal FP lasers presented
in Chapter 2: ridge etching, bottom contact realisation, top contact realisation,
over-layer waveguide metallisation, backside etching, backside metallisation
and packaging. The differences are the top contact and upper waveguide
pattern. There are no defects in an FP laser upper waveguide in contrast to a
PL laser. As such the top contact and over-layer mask must be different. After
top contact and over-layer photolithography and metallisation, as shown in

figure 3-6, the designed pattern can be obtained.

To obtain the pattern shown in figure 3-6(a, b), the following processing was
applied after ridge etching and bottom contact metallisation, which are the

same as the single metal FP laser processing presented in Chapter 2.

1. top contact realisation:
The top contact is slightly different to a FP laser. There is no top contact
and n+ layer in the PL region, this is to reduce waveguide losses from
n+ layer. S1813 is put on the surface and spun at 5000rpm for 70s.
This is followed by a 3.5 s exposure to UV under the designed mask.
MF319 is then used for development, which takes 75s. The pattern
after development is shown in figure 3-6 (a). Figure 3-6 (b) is the

pattern after metallisation of a layer of around 120 nm AuGeNi.
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(b)

Figure 3-6 Optical microscopy of a THz QCL chip with a PL. (a) is the
pattern after top contact development and (b) is the pattern after
metallization of the top contact

2. Over-layer waveguide metallisation
The over-layer metallisation also needs to avoid the PL window region,
which is 150um x 0.53mm. The PL pattern will be placed on the left

window area as shown in figures 3-7 (a) and (b). The over-layer is a
layer of Ti/Au(20/150nm).
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(b)

Figure 3-7 Process of over-layer deposition for PLs lasers. (a) is the pattern
after PL over layer development and (b) is the pattern after PL over-layer
metallisation.

3. n+layer etching in the PL region
In order to increase the waveguide loss contrast between the metal and
non-metal area, the top n+ layer is etched away. Before etching,
photolithography is used to create a pattern to protect areas excluding
the PL window. The n+ layer is a Si doped 50nm thick GaAs layer and
this is removed. Selected etching solution is H2S04:H202:H20 (1:8:400)
with an etching speed of 30 nm/min.

4. PL pattern photolithography and metallisation
The designed pattern is placed on the PL window by a further
photolithography step. Ti/Au(20/150nm) is then deposited on the

etched window surface. The patterns can be seen in figures 3-8.
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(b)

Figure 3-8 Fabricated PL device with patterning of the PL region. (a) is the
pattern formed by photolithography and development, and (b) is the pattern
obtained after metallisation. The double size metal in the middle of the
device gives bigger stopband for PL, which make the chance of single mode
emission bigger 1271,

5. Backside thinning, backside waveguide metallisation, annealing,
sample cleaving and bonding.
In order to have a better thermal dissipation, the substrate is wet etched
to 180 um as was done for FP laser fabrication presented in Chapter
2. This is a compromise between good thermal dissipation and
convenience of fabrication. All other packaging processes are the
same as for a single metal FP laser, except for the cleaving processing.
Because the position of the PL patterns is critical to the emission
frequency. The cleaving should make sure the PL patterns is in the

centre of the whole laser cavity, as designed.
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3.3.2 Focused lon beam lithography

A focused ion beam (FIB) system is an important tool for imaging, analysis
and sample modification of materials at the nanoscale. It can be used for
material etching, in situ characterization of materials, and imaging of
nanoscale structures including 3D structures. Here we use an FIB for milling

the PL as an alternative to photolithography.

It has a higher precision than optical photolithography and does not require
the photoresist used in electron beam lithography. At low primary beam
currents, very little material is sputtered and modern FIB systems can easily
achieve a 5 nm imaging resolution (imaging resolution with Ga ions is limited
to ~5 nm by sputtering [*?8 129 and detector efficiency). At higher primary
currents, a great deal of material can be removed by sputtering, allowing
precision milling of a specimen down to a sub micrometre or even a
nanometre-scale. Instead of a new mask design and new device fabrication,
FIB can mill and put a pattern directly on the device. Photonic lattices defined
with FIB achieved here with the guidance of Dr Iman Kundu and Dr Li Chen
at the University of Leeds. The FIB fabricated PL patterns are given in figure
3-9. The devices were achieved on an already tested device, which could not

be done using photolithography and EBL.


https://en.wikipedia.org/wiki/Focused_ion_beam#cite_note-1
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Figure 3-9 SEM imaging of an FIB fabricated PL pattern

3.3.3 Electron beam lithography

The wavelength of an electron beam can be much smaller than that of an
optical source, and so has a better resolution than optical lithography. Another
advantage of electron beam lithography (EBL) is the convenience of the mask
design. Optical photolithography needs one physical mask for every pattern,
whilst EBL only needs to redefine the mask based on a computer.

EBL and optical lithography use different photoresists. During a EBL
processing, two layers of photoresists were put on the sample. The EBL resist
PMMA® 495 A8 was spun at 3000 rpm for 40 seconds. Then it was baked on



63

a hot plate at 170°C for 5-10 mins. Then a second layer of EBL resist PMMA®
950 A4 was spun subsequently in two stages — initially at 2000 rpm for 15
seconds, followed by 5000 rpm for 40 seconds. After that the resist covered
device was kept in a 170°C oven for 8 hours. The two stages make photoresist

thick enough for fabrication.

A Leo-Raith 50 EBL workstation was used to do pattern exposure. The
position and movement of the electron beam is monitored and controlled by a
computer connected to the work station. During the exposure, the movement
of electron beam is guided by a digital mask designed and opened on the
computer. There are two types of area in the digital pattern, manifested by two
different colours (green and blue). The areas covered by green will be
exposed by the electron beam whist the blue areas will remain. So the
photoresist covered by green areas will be removed after development. The
sample is put in a solution of MIBK and IPA in a volume ration of 1:3 for
development. Optical microscopy of samples after EBL resist development
are shown in Figure 3-10 a.

A 20-nm thick layer of Ti and a 100-nm thick layer of Au were deposited after
EBL patterning. Optical microscopy of a sample after metal lift off is shown in
Figure 3-10 (b).
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Figure 3-10 Fabricated PL device using EBL. (a) is after development, (b) is
the pattern after pattern metallisation

The actual pattern put on the device is a few tens of nanometres shifted
compared with the designed pattern caused by the shift of the electron beam
during the exposure and a mismatch of the digital mask compared to the real

position of the sample. A typical wire-bonded PL device is shown in figure 3-
11.
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Figure 3-11 Wire bonded PL device

3.3.4 Comparison of the three fabrication methods

Compared with electron beam lithography and FIB, optical lithography is much
faster. The whole optical lithography takes only round 15 mins when EBL and
FIB needs several hours. However, the mask for optical lithography can't be
changed once the design is finished, whist the patters of EBL and FIB can be
edited directly on a computer. Another disadvantage of optical lithography is
that the resolution is worse than the other two methods. The resolution of EBL
and FIB can be controlled under 100 nm, when the wavelength of UV source
limits optical lithography resolution.

EBL is typically used when a new design is required. It will be an economic
way to test new designs and give feedback. Once the new device is fully
characterized, FIB can be used for modification of the pattern directly by ion
beams if only small a modification is needed. Compared with EBL, FIB is

faster because it doesn’t need preparation of photoresist.
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3.4 Measured result

The QCL LIV and spectra before and after defining a photonic lattice pattern

are presented and compared in this section.
3.4.1 Spectra measurements of fabricated QCL

Two wafers were fabricated into PL lasers: L1007 (2.22THz) and L1014
(2.56THz). The spectrum and LIV of L1014 will be presented in Chapter 6
where the PLs are applied for gas spectroscopy. So the following section will
focus on the PL LIV and spectra of L1007 (2.22THz).

The PL device is 4mm long with a 0.53 mm long PL pattern on the top of QCL
ridge. Figure 3-12 and figure 3-13 are pulsed mode and CW spectra of a
normal single metal device respectively. The spectra are measured under
different bias currents which covers the dynamic range of the QCL. Figure 3-
14 and figure 3-15 are pulsed mode and CW spectra respectively, of the PL
single metal device fabricated from the same wafer.

All the measurement conditions remain the same including the setup, heat
sink temperature and the wafer. The FTIR used for spectral measurement has
a resolution of 7.5 GHz. The heat sink temperature is 20K during all the
measurement, and spectra at different biases in the dynamic range of the QCL

are measured. The values of the biases are given in the legend of the figures.
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Figure 3-12 Spectrum of normal single metal L1007 (pulsed). The device is
4 mm*150 um. The duty cycle of the pulse is 2%.
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Figure 3-13 Spectrum of normal single metal L1007 (CW). The device is
4 mm*150 pm.
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Figure 3-14 Spectrum of PLs single metal L1007 (pulsed). The device is
4 mm*150 um. The duty cycle of the pulse is 2%.
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Figure 3-15 Spectrum of PLs single metal L1007 (CW). The device is
4 mm*150 pm.

In figure 3-12 and figure 3-13, multi-mode spectra seen under both pulsed and
CW bias for single metal FP devices. Single mode spectra are, however, seen
for both pulsed and CW biased PL single metal device, and the designed 2.2
THz is achieved. A slightly different frequency is seen for pulsed and CW
modes. The reason for this is the real working temperature for pulsed and CW

modes, these differ from the heat sink temperature. The QCL should have a
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slightly higher real working temperature under CW mode, owing to power
dissipated in the active region during the ‘switch off’ in pulsed mode. Current

tuning is seen for both devices and bias modes.
3.4.2 LIV measurement of fabricated QCLs

LIV curves were also measured for a FP single metal device and PL QCLs.
Both pulsed and CW modes are considered. Figure 3-16 and figure 3-17 show
the pulsed mode LIV for the FP single metal device and the PL QCL
respectively, whist figure 3-18 and figure 3-19 show CW mode LIV.
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Figure 3-16 LIV curve of an FP single metal L1007 (pulsed). The duty cycle
of the pulse is 2%. The dimension of the device is 4mm*150um.
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Figure 3-17 LIV curve of PL single metal L1007 (pulsed). The duty cycle of
the pulse is 2%. The dimension of the device is 4mm*150um.

As figure 3-16 shows, the FP single metal device has a maximum working
temperature of 70K, a threshold current density of 155A/cm? at 25K and a
maximum power around 8.0 mW at 25K. Compared with this, the PL QCL
shown as figure 3-17, has the following characteristics. 1, PL QCL have a
slightly higher threshold current density at the same heat sink temperature,
173 A/lcm? compared with 155 A/cm? at 25K of a FP single metal device. 2,
PL QCL have a lower maximum working temperature, 45K compared with
70 K for FP laser. And 3, PL QCL have a smaller maximum emission power
at the same heat sink temperature, 4 mW compared with 9mW at 25K. The

dynamic range is also smaller for a PL QCL compared with a FP device.
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Figure 3-18 LIV curve of FP single metal L1007 in CW.
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Figure 3-19 LIV curve of PL single metal L1007 in CW.

The PL QCL has three different characteristics compared with a FP single
metal QCL. Firstly, the top Ti/Au waveguide of PL QCLs are partially etched
to form index and waveguide loss modulation. The total waveguide loss is
increased after etching part of the waveguide. So the PL laser gain should be

bigger than a FP device in order to have a net gain above zero. This is the
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reason why the threshold current density of a PL QCL is larger than a normal

device.

Secondly, the PL lasers have a lower maximum power under a same heat
sink temperature compared with a FP laser. This is caused by a bigger
waveguide loss as well. The maximum operation temperature of the PL is also

lower that of the FP laser which is caused by the bigger loss.

The dynamic range of the PL lasers is also much smaller than the normal FP
laser, 50 A/lcm? for PL and 90 A/cm? for FP laser. As given in figure 3-3 (b), a
PL laser only selects limited number of modes over the whole range of the FP
laser gain. The limited gain and waveguide loss together make the dynamic

range of a PL laser much smaller than a FP laser.

Another single mode device was developed in the project from L1014 whose
central frequency is 2.56 THz. The fabrication methods are same as here. The

spectrum of this device will be presented in Chapter 6.

3.5 Conclusion

In this chapter, the principles of refractive index and waveguide loss
modulation of a FP laser were introduced. Three methods to achieve
modulation were discussed: DFB, DBR and PL. The PL pattern was chosen

to obtain single mode emission in this thesis.

Design of the pattern parameters was presented. A Schottky diode mixing
signal is used to measure the refractive index of the PLs covered with metal.
And a measurement method to determine the refractive index of the PLs
without metal are given. The measured and calculated parameters of the PL
patterns for 2.22 THz and 2.62 THz are given as table 3-1.

After presentation of single mode waveguide design, three different fabrication
methods: optical lithography, electron beam lithography (EBL) and focused
ion beam (FIB) were introduced. Fabricated photonic lattice structure

waveguide devices were shown in each case.

Finally, the measured LIV and spectral performance were compared between

the FP single metal device and a PL QCL fabricated from the same wafer. The
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characteristics of the PL device were studied and their parameters were

explained.
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Chapter 4Schottky diode detector characterization with THz
QCLs

4.1 Introduction to the Schottky diode

Heterodyne detection with a Schottky diode detector was proposed for high
resolution spectroscopy in LOCUS project. In this chapter, Schottky diode

detectors are introduced, characterised and studied.
4.1.1 History and basic theory

The first observation of the rectifying effects of Schottky diodes dates back to
1894, when Ferdinand Braum performed experiments on metal-sulphides 13,
The Schottky diode was, however, named after Walter Schottky for his
pioneering work during the 1930's and 1940's in the field of metal-
semiconductor interfaces 131, The Schottky rectifier characteristics 132 can
be explained by the Schottky-barrier model first proposed by Cowley and Sze
[133,144] which also novice understanding the effects of surface states at a

metal-semiconductor junction 1321,

Compared with p-n junctions, only electrons are involved in current conduction
in Schottky diodes, rather than electron-hole recombination after travel
through the depletion region. Owing to the high mobility of electrons, Schottky
diodes are thus preferred for high frequency devices.

4.1.2 The Schottky barrier

There are two types of contacts that characterise the possible interfaces
between a semiconductor and a metal: an Ohmic contact and a Schottky
contact. The I-V curves of the two are illustrated by figure 4-1. As the voltage
across the contacts increases, they demonstrate very different responses.
The Ohmic contact has a linear I-V relationship, whereas the Schottky contact
has a highly non-linear response. The current increase is minimal until a
voltage threshold is reached, at which point the current increases
exponentially. The reason for the different I-V performance lies in the
conduction band structure of the semiconductor where it meets the metal. Due
to the differing Fermi levels of the materials, the conduction band “bends”

where the materials meet, as figures 4-2 and 4-3 show.
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Figure 4-3 Conduction band structure of an Ohmic contact [13°!

In figure 4-2 and figure 4-3, ®,, is the work function of the metal, ®s is the

work function of semiconductor, E is the fermi level of the metal, u is the

chemical potential of semiconductor, and y is the electron affinity. The work
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function of a material is the energy required to remove an electron from the

chemical potential and provide enough just energy for it to escape to infinity.

If the Fermi level of the metal, Eg, is lower than the chemical potential, u,
electrons from the semiconductor move to the metal when they join, lowering
the chemical potential of the semiconductor to the same level as the Fermi
energy of the metal. As a result, the conduction band will bend and a potential
barrier will be formed arising from electrons flowing from the semiconductor
to the metal. This is shown in figure 4-2 133 Below threshold and under
reverse bias, electrons don't receive enough energy to overcome this barrier
so the current across the contact remains near zero. In the forward bias the
barrier decreases both before and after the threshold and, beyond a threshold,

the current will increase exponentially.

On the other hand, if Ey is higher than u, electrons from the metal move to the
semiconductor when they join and u will rise to the same level as Eg, as figure
4-3 [135] shows. Although the conduction band also bends, there is no barrier
formed when electrons flow from the semiconductor to the metal. This kind of

contact is known as an Ohmic contact and the |-V curve is linear.

In a Schottky diode, quantum effects allow tunnelling of electrons through the
barrier, which is a process independent of temperature 1361, The tunnelling
current increases with decreasing barrier thickness and is not so pronounced

at forward bias 1371,

For resistive mixers it is the non-linear resistance-voltage (R-V) relationship in
the forward direction that is used for mixing. This is the basis of Schottky diode
heterodyne mixing and is explained below.

4.1.3 The principle of detection using a Schottky diode

4.1.3.1 Schottky diode direct detection

Some of the most common uses of Schottky diodes are in multiplier and mixer
applications, where the devices are well suited for high-speed operation with
reported cutoff frequencies reaching several THz. In particular Au-GaAs (n
doped) Schottky barriers are widely used in microwave and submillimetre

wave detection.
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To understand the principle of detection, the IV performance of a
Schottky- diode should be studied first. The exponential characteristic with
respect to electron energy distribution in the semiconductor gives rise to a
highly non-linear relationship between the forward current and applied voltage
over the barrier (138 as given in Equation 4.1. The working principle of a

Schottky diode detector is then given in figure 4-4,

A

\ Detected
(lo, Vo) current signal

< Unknown signal

“~—_ Bias (dash
line)

Figure 4-4 The working principle of Schottky Diode detection. When the
diode is biased at the operating point (DC bias), there will be a measurable
current change (detected I) after the unknown signal is detected by the
Schottky Diode.

The |-V characteristic of a semiconductor based Schottky diode is given by
[168]

qV
(V) = I <eW — 1) (4.1)

_ads
Is = AA*T2e ksT (4.2)

where I is the reverse saturation current, A is the contact area of the metal
with the semiconductor, A* is the effective Richardson constant (varies with
material and dopant), R is the series resistance, n is the diode ideality factor

(determined by the metal-semiconductor interface), kz is Boltzmann’s
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constant (1.37 x 10723J/K), q is the charge on an electron (1.6 x 1071° C), ¢p
is the barrier height in volts and T is the absolute junction temperature in

Kelvin.

Detection of an electromagnetic wave is realized by measuring the current
change of the Schottky contact. Due to the exponential relationship between
current and voltage given in Equation 4.1, a small change in voltage incident
on the Schottky diode leads to a large change in current. When the diode is
biased at an operating point (lo, Vo), the voltage will change to Vo+Vsigna when
an electromagnetic wave is incident on the Schottky diode illustrated as figure

4-4. The total output current from the Schottky diode then changes to

9V signal

4Vo+Vsignal)
Is (e nkpT — — 1) and the detected signal is Isigna = (I + I5)(e "7 —1).

4.1.3.2 Schottky diode mixer

Mixing is also based on the non-linear I-V characteristic of the Schottky diode.
The mixer is pumped by a local oscillator (LO) and the signal to be detected
with the LO is mixed with the radiation of LO in the Schottky diode detector.
Two frequencies are thus present in the mixer, V,, from the LO radiation, and
Vp from signal. w;, w,, 68, and 6, are the LO frequency, detected signal

frequency, initial phase of the LO and initial phase of detected signal. I and

b are the reverse saturation current and 2% in Equation 4.1, respectively.
VLO = ALO COS((Ult + 81) (4 3)
VD = AD COS(wzt + 02) (4‘ 4‘)

Substitution into Equation 4.1 and applying a Maclaurin series expansion, the
total current generated by the LO and detected signal can be expressed as,

|4
AW+ 1) =1 (exp () = D + 1
3 4

“t-en () = aot e (D) +ar (L) as(l) an(l) + @)

2 3 4

=ag+a, (%)+a2 <%> +a3<%) +a4(%) + - #(4.6)
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(Io+p +1s) = a- exp((VLo + Vp)/b)
= ao + a;((Vio +Vp)/b) + az((Vio + Vp)/b)?
+az((Vio +Vp)/b)? + as((Vyo + Vp)/b)* +
=ay + a,;(4,0/b) cos(wt+ 6;) + a,(Ap/b) cos(w,t + 6,)
+ a,((ALo cos(w it + 0;) + Ap cos(w,t + 6,))/b)2 + -+ (4.7)

((ALo cos(w t + 6;) + Ap cos(w,t + 8,))/b)?

AZ, A%
= ?cosz(wlt +6,) +ﬁcosz(w2t +6,)
2A;04Ap
2 cos(w 1t + 6;)cos(wat + 6;5) + -+
2 AZ
sz L9 (cos(Rwt +26,) + 1) + — h2 (cos(Rw,t + 26,) + 1)
ApAp
+ b2 cos((wy — wx)t+ (61 — 6,))
ApAp
+ COS(((Dl + a)z)t + (81 + 92)) + i (4. 8)

b2

2 2
azALO azAD

So I,p4p IS composed of several terms: DC components: a, + e 52

the signal of the LO a,(4.0/b)cos(w t+ 6;), the signal to be detected

a,(Ap/b) cos(w,t + 8,), the heterodyne S|gnal cos((a)1 W)t + (6, —

6,)) from down conversion and AL}‘)’—ZDcos(((u1 + wy)t+ (6; + 6,)) from
upward conversion, and higher order harmonics. Using a low pass filter, the
heterodyne signal can then be isolated and detected.

4.1.4 Figure of merit for detector and mixer

GaAs is commonly used as the semiconductor material in Schottky diode due

to its high electron mobility which is essential for high frequency operation.

From the principles of direct detection and mixing introduced in 4.1.3, the

4Vsignal

output signals are (I, +I5)(e ™8T —1) and 2edo Cos((w1 w )t + (6; —

8,)) for direct detection and heterodyne detectlon, respectively. Both output
signals should be described to be as large as possible. The exponentially
amplified current signal is dependent on the |-V curve of the diode. The bigger

the slope the bigger the output. The heterodyne component from the mixer is
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though determined by both the power of LO and the parasitic losses. A higher

LO power can decrease the conversion loss.

The maximum frequency that can be directly detected by a Schottky barrier
detector is determined by the cut-off frequency f£.[*3°. The diode intrinsic cut-

off frequency f_ is defined as the frequency at which the magnitude of the

reactance i equals the diode series resistance Rg and is given by the
J

equations 13

1
 27RC;

fe (4.9)

where the voltage dependent junction capacitance C; is given by [13%:

(4.10)

C:
C;(V) = (4.11D)

where € is the relative permittivity of the semiconductor, N, is the n-doping
level in the semiconductor, V is the applied voltage, V; is the voltage across

the capacitor, and (;(0) is the junction capacitance with no applied bias.

The conversion loss is composed of two parts: a mismatch loss which is
determined by the frequency mismatch of the input signals, and a parasitic
loss, which is determined by the parasitic elements of the diode such as its

junction capacitance (C;) and series resistance (Rg).

The noise of the detected current is strongly affected by the shape of the IV
curve. A larger series resistance R; can make the forward current I(V)
smaller at a given bias, which will lead to a smaller current change when the
same input signal is incident on the Schottky diode. The noise current will be
comparably larger. The noise will also be worse at higher frequencies, as are

approach the cut-off frequency 149,

Both direct detection of high frequency radiation and effective heterodyne

detection require low junction capacitance (C;) and series resistance (Rs).
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Reducing of junction capacitance can be achieved by choosing a lower doping
concentration for the epitaxial layer, N, or by decreasing the contact area, A,

but this will lead to a higher series resistance.

Many designs of Schottky diode structures currently exist. Whisker contacted
and planar air bridged devices are the most commonly used structures.
Whisker contacted devices [141. 142, 143, 136] gre illustrated in figure 4-5 (a) and
have a very small contact area which gives a low junction capacitance (C;).
So in principle, whisker-contacted Schottky diode detectors have a high cut-
off frequency, and a smaller parasitic loss, which is favourable for THz
detection. But when it comes to the practical realization of modern Schottky
diodes for THz detectors, planar air bridged devices 144 given as shown in
figure 4-5 (b), are typically used, owing to their ability to withstand stress, their

ease manufacture, their reproducibility and their ease of assembly.
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Figure 4-5 Two different structures of Schottky diode detector. (a) is a
whisker-contacted Schottky diode [*4l and (b) is a planar air bridged
Schottky diode [146],

Moreover, planar technology enables simple realisation of complex diode
structures such as anti-parallel, anti-series and in-series diode configurations
used for subharmonic mixing ™#7l. To minimize parasitic capacitance, the
GaAs substrate between the contact pad and anode is etched away, forming
an air-channel. The noise of a GaAs Schottky diode detector at 400GHz is to
be reported around 1700K [148], The corresponding conversion loss is around

10 dB which requires a 2-4mW LO power to pump the mixer.
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4.2 Setup of the characterization measurement

In the following sections, two planar air bridged Schottky diode detectors are
characterized from 2.2 THz GHz to 3.5 THz. Five different THz quantum
cascade lasers are used as THz sources. THz QCLs lasing at 2.22 THz,
2.56 THz, 2.75 THz, 3.05 THz and 3.50 THz.

The measurement setup is presented in figure 4-6. The THz power from the
source is focused on to the Schottky diode detector with two parabolic mirrors.
The output signal was monitored by an oscilloscope in real time and by a lock-

in amplifier, see figure 4-6.

QCLs or

photo-mixer — Oscil Lock-in
scilloscope amplifier

Current — ) Realtr|—
driver Lo ®_ Circuit
| Schottky Diode

Wave detector
generator

Figure 4-6 Schottky diode detector calibration setup

The QCL LIV curve, signal/noise ratio and detectivity are measured and
analysed. The QCL LIV characterization is the similar to that with a bolometer
in Chapter 2, but using a Schottky diode detector. The measured voltage will
be the combination of the received THz radiation and system noise. In order
to determine the noise response of the detector, the THz radiation was

blocked by a metal sheet. The Signal/noise ratio (SNR) can be calculated by:

VTotal

SNR = ——— (4.12)
VBlock

in which V.4 is the recorded voltage from the lock-in amplifier without metal
sheet and Vg, IS the recorded voltage when metal sheet is in place block
the THz source. Detectivity is used to describe the relationship between the
output voltage and the incident radiation on the detector. A larger detectivity
means the detector has better performance. The responsivity (R*) of a

detector is calculated using:
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R* = VTotal

(4.13)

Psource

in which P,,,.c. is the real power of the THz source and is determined by a TK
power meter, 149 as presented in Chapter 3.

4.3 Schottky Diode detector characterization with THz QCLs

One of the advantages of a Schottky diode detector compared to other
(typically thermal) THz detectors is the fast response rate %1 (~ps compared
to ~seconds). Five THz QCLs were used to characterize Schottky diode
detectors based on a planar air-bridged structure. In order to demonstrate
their performance, LIV curves, measured by a bolometer, were used to
calibrate the Schottky diodes. The responsivity of two Schottky diode
detectors was measured: a high gain detector with an integrated and a
medium gain detector without an integrated amplifier. The setup of the QCL
LIV characterization with the Schottky diode detectors is the same as was
presented in Chapter 2 for LIV characterization with a bolometer.

4.3.1 LIV curves measured with Schottky diode detectors

Radiation from devices lasing at 2.22 THz, 2.56 THz, 2.75 THz, 3.05 THz and
3.5 THz was focused onto the Schottky diodes sequentially to measure the
LIV response of the devices. These QCLs were previously characterized using
a bolometer in order to allow a comparison, with the lasing spectra measured
using an FTIR [, The spectra of the device are given as figure 4-7 and figure
4-8 for radiation at 2.75 THz and 3.05 THz, respectively. The spectrum for
radiation at 2.22 THz, 2.56 THz and 3.50 THz are given as figure 2-22, figure
6-11 (a) and figure 5-4 (a) respectively. The heat sink temperature was
monitored and maintained at 10K. The devices were driven in pulsed-bias
mode, using a 15% duty cycle that is modulated at 10 kHz with the same

frequency being used on the reference for the lock-in amplifier.
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Kundu, University of Leeds
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Figure 4-9 Measured LIV of L1007, lasing at 2.22 THz, with the Schottky
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Figure 4-12 Measured LIV of L1156, lasing at 3.50 THz, with the Schottky
diode detectors

The LIV responses of these devices are shown in figures 4-9 to figure 4-12. A
study of the effect of different lock-in time constants is presented in figure 4-
13 and figure 4-14 for the high gain and medium gain detector, respectively.
Figure 4-13 and figure 4-14 show that the same LIV is measured independent
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of time constant, down to 50 ms, demonstrating that the Schottky response
time is below this lower time constant. These results will be further analysed

in the following section.

In order to compare the LIV measured with the bolometer to those measured
with the Schottky diode detectors, the LIV curve measured by a bolometer for
the QCL lasing at 3.05 THz is presented as figure 4-15. For each device, the
LIV characteristic was measured by the medium gain detector and the high
gain detector, respectively. In the measured LIV curves, both the lasing
threshold and cut-off of the THz QCLs are clearly seen. This means that the

detectors can detect the radiation at each frequency.
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Figure 4-13 LIV curve of L981, lasing at 3.05 THz, taken with a high gain
Schottky diode detector for various time constants.
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Figure 4-15 LIV curve of L981, lasing at 3.05 THz, taken with a power meter

From Figures 4-13 to 4-15, it can be seen that the Schottky diode detectors
give the same threshold current (1.15 A), dynamic range (0.3 A) and peak



89

power position (1.43 A) as the bolometer, thus proving their accuracy as a

method of detecting THz radiation.

4.3.2 Schottky Diode detector responsivity measurement and

analysis

Responsivity (see equation 4.12) is one of the most crucial parameters for
choosing a detector. Detectors require a responsivity operating range large
enough to measure the full range of the expected detected power. In order to
find the working range of the Schottky diode detectors. The QCLs were driven
at a range of current values and the corresponding output signal from the
Schottky diode detectors was recorded. After measurement with the Schottky
diode detectors, in order to quantify the absolute measured power, the
detector was replaced with a TK power meter. All other measurement
conditions, such as the QCL heat sink temperature, pulse duty-cycle,
modulation frequency and measurement equipment are the same. The
responsivity of the Schottky diode detector at different frequencies is given in
figures 4-16 to 4-20 at 2.22, 2.56, 2.75, 3.05 and 3.50 THz.

At a certain frequency, the Schottky diode detectors has a constant
responsivity to express how much output single the detector can give when a
unit power of radiation is detected. Since the responsivity at a certain
frequency is a constant, the output single from the detectors should increase
linearly with the increase of radiation power. So a linear fitting is applied to fit

measured output values against THz power coupled into the detector.
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Figure 4-20 Responsivity of the Schottky diodes at 3.50 THz

As figures 4-16 to 4-20 show, the output of the Schottky diode linearly
increases with the THz power at each frequency. The slope of the fitted line
is responsivity of that frequency. The standard error of fitted the slope is
collected and plotted together with the fitted slope in figure 4-21. The
responsivity measurement at 2.56 THz presents a big noise signal, the signals

shown in figure 4-17 are noise from measurement.

The high gain detector has a larger responsivity for all the frequencies tested,
because it has a higher gain amplifier. But measured noise is also amplified,
which will affect the detectors’ sensitivity.

The responsivity is plotted for the various tested frequencies in figure 421 to
study the cut-off frequency for the two detectors. Normally, the responsivity of
a detector goes down sharply beyond a certain frequency range. This is found
in the measurement of those two Schottky diode detectors.

The medium gain detector shows an increase in responsivity up to 2.56 THz,
at which point the responsivity rolls off. The high-gain detector on the other
hand shows a linear decrease in responsivity with an increase in detected
frequency. The low responsivity of the medium-gain detector at 2.22 THz may
be caused by several reasons. During the measurement, the detectors are

aligned manually to the focus of the focusing parabolic mirror leading to the
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potential for human error in alignment, especially when the emitted power of
the laser is low. Either lateral or longitudinal misalignment can cause a
reduction in the measured THz power. The QCLs are also sensitive to
alignment; where each device requires manual alignment to the focus of the
mirror and the detector. Those factors combined can lead to variations in the

measured power, even for repeating measurement of the same detector.
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Figure 4-21 Responsivity of the Schottky diode detectors

The cut-off frequency of the high gain detector can be established from the
intercept with the x-axis at 0 V/W of the line fitted to its measured responsivity.
The relationship between frequency (f) and responsivity (R*) shown as the red

fitted line in figure 4-21 is given by:
R*=—-12.73 x f + 46.71 (4.14)
This value is calculated to be 3.67 THz.

The errors plotted in this figure are standard errors of fitted slope. This error
only gives information on how good the fittings are to the measured data. For
each frequency, a new QCL is installed in the cryostat to provide the THz
power due to the limited frequency tuning of an individual QCL. So system
alignment is needed after each new QCL is installed. Due to the different
quality of alignment, different proportion of QCL power can be coupled into

the detector. But due to the large detection area, the TK power meter isn’'t as
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sensitive to the alignment as the Schottky diode detector. It is possible the
alignment was bad for 2.22 THz measurement with the medium gain detector
and the 2.56 THz measurement with the high gain detector. In order to study
the errors in more detail, repeat measurement with different alignments need

to be undertaken.
4.3.3 Noise level characterization and analysis

The signal/noise ratio is also called the sensitivity, another important

parameter for applications. Noise can come from multiple sources:

e From the detector

e From the amplifier

e From the electrical connections and equipment
e From thermal fluctuations in the QCL

e From voltage fluctuations in the QCL

Even when the Schottky diode detector is blocked from the THz source, a
background signal is still measured; this signal can be treated as background
noise as it doesn’t originate from the THz source. In order to detect the noise
measured by the detector with no radiation source present, a similar
measurement is performed as was used to measure the responsivity, but the
THz signal is blocked using a metal isolator. This is not perfect as reflection
can lead to portion of the radiation entering the detector; this can increase the
noise level of the detector. In the two experiments, the total and background

signals are measured, respectively.

The mean noise level of the medium gain detector is 6.06 pV and the standard
deviation is 3.22 pV. For the high gain detector, the mean is 2.09 mV with a

standard deviation of 1.40 mV. The noise level is given as figure 4-22.
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used to block the THz radiation from reaching the Schottky diode detector.

Using Equation 4.11, the SNR is calculated and presented in figure 4-23. In
figure 4-23, the SNR of the medium gain detector is shown to be much larger
than that of the high gain detector; even though high gain detector has a larger
signal. The added noise is from the amplifier circuit itself, but due to the
enhanced detector performance, especially at high frequencies response, the
trade-off in SNR can be tolerated. The responsivity measurement shown in
previous figures shows that system noise at 2.56 THz are biggest, illustrated
in figure 4-17 and figure 4-21. In order to study it, SNR at 2.56 THz is given in
figure 4-23.

For application purposes, a detectable signal level of three times the
background noise is required. With this is mind, the medium and high gain
detectors require radiation levels corresponding to greater than 28 pVv and

10.5 mV, respectively.
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Figure 4-23 SNR of the Schottky diode detectors at 2.56THz

The SNR of medium gain detector (black one) is much larger than high gain
detector (red line) due to noise introduced by integrated amplifier in high gain
detector.

4.3.4 Response speed measurement

A very fast response rate is one of the main advantages of Schottky diode
detectors compared with other THz detectors. Due to the electronic nature of
the sensor, its response rate is limited only by electron transport time (~ps).
Typically, the limiting component of using a Schottky diode as a sensor is the

response rate of the accompanying measurement circuitry or equipment.

In order to test the response speed of a Schottky detector, the THz source
was switched on and off at a high speed (1 kHz), and the measured signal
compared to the driving signal. For this measurement, a THz QCL was driven
with a current driver using a small duty cycle (2%) in order to minimise device
heating. At this rate, each pulse is only 20 us wide. The measurement system
is based on that given in figure 4-7, but in order to acquire the signal at a high
enough resolution to measure the response rate, the lockin amplifier was

replaced with a fast reading oscilloscope.

In order to measure the power from the THz QCL source, the background

radiation was measured separately by blocking off the THz beam, using the
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technique explained in Section 4.3.3 , and subtracted from the measured
signal in analysis. This is shown in figure 4-24 and figure 4-25, for the high

gain detector and medium gain detector, respectively.

The actual signal from QCL measured with high gain and medium gain
Schottky diode detectors are given as figure 4-26 and figure 4-27,
respectively. Here, the detector is able to measure the QCL switching at
1 kHz, even with pulses of only 20 ps. A smaller time scale should thus be
studied in order to calculate the response time of the Schottky diode detector.

To analyse the detected signal, the data was magnified and fitted with an
exponential decay, which is given in figure 4-28 and figure 4-29 for the high
gain and medium gain detectors, respectively. A 4 us time scale was used.

The fitted equation is shown as:

_(x—xo)

y=yo+A; Xe u (4.15)

where x, is the time when the signal becomes stable and ¢, is the time to

reach a stable state.
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Figure 4-24 Recorded signals from the oscilloscope with the high gain
detector. The blue and green line are total measured and background
signals, respectively.
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Table 4-1 Fitted parameters of Equation 4.

Yo (MV) Ay X ty (Us)

Switch on-high gain
0.037 -0.093 7.1E-7 1.33
detector

Switch off-high gain
0.0024 -0.035 2.1E-5 1.25
detector

Switch on-medium
. 0.0070 -0.014 2.3E-7 0.41
gain detector

Switch off-medium
_ 0.0024 0.0076 2.1E-5 0.33
gain detector

The fitted parameters for the high gain and medium gain detector response
times are given in table 4-1. From the fitted result shown in figure 4-32, the
medium gain detector response times are 410 ns and 330 ns, for switch on
and turn off respectively. The time-resolution was limited by the readout
electronics and was estimated to be 1.1 ns 150 which is far below the

response times measured.

QCL switch on and off is limited by electron transport rates (~ps), so this isn’t
a limiting factor either. At switch on and off, the QCL temperature changes,
and as this is a thermal effect it takes longer, so this could potentially be a
factor that is measured by the Schottky diode. As such, it can be deduced that
it takes ~410 ns for the QCL temperature to stabilise.

Figure 4-30 show the response time of the high gain detector under the same
measurement conditions as above, using a 20 ps driving pulse. Compared
with the medium gain detector, the high gain detector results in a larger output
signal (~5x) and also a larger degree of noise, shown as the ripples in figure
4-30.

The exponential decay fitting gives a response time of 1.33 ps and 1.25 us for
switch on and off respectively. In this case, the QCL thermal equilibrium is not
the limiting factor, but the amplifier read-in and out speed. The time taken by

the amplifier is ~3.6x longer than the QCL takes to reach thermal equilibrium.
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As this is still on the order of ~us, it is much faster than typical thermal THz
detectors such as bolometers, Golay cells or pyroelectric detectors, whose

response times are on the order of ~s.

4.4 Conclusion

In this chapter, two Schottky diode detectors were calibrated and studied,
which is necessary for developing compact local oscillators. The detection
principle and detector structures were introduced. The detectors’ LIV were

referenced to a bolometer in order to understand their operation.

The responsivity of the detectors was tested using a range of THz sources
lasing between 2 THz and 4 THz. A 3.65 THz cut-off frequency is obtained for
the high gain detector. In addition to this, the response speed of the detectors
was measured and it was shown to be much faster than most other typical

THz detectors.
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Chapter 5Waveguide-integrated THz QCLs, and Schottky

diode detectors

5.1 Introduction

The previous chapters have described the development and characterisation
of THz QCLs and Schottky diode detectors. For practical satellite-based
systems, however, these devices must be integrated into waveguide
structures, to provide compact, mechanical robustness systems, and to
eliminate the need for separate optical components. This chapter describes
preliminary work in integration of the system: Section 5.2 describes the
integration of QCLs with metallic waveguides, and antennas. The work in this
section is based on the publication in Ref. 51 in which the present author
undertook device fabrication and characterization of the device and system.
Section 5.3 describes the characterisation of QCL radiation using a

commercially-sourced waveguide-integrated Schottky diode mixer.

5.2 Waveguide integrated THz QCLs

5.2.1 Introduction

Working temperature is one of the key factor that limits the application of THz
QCLs, however the LOCUS LO system is required to work at temperatures
above 50 K. Double-metal THz QCLs operate at higher working temperatures
than single-metal THz QCLs, making them a much better choice for this LO
source. However, double metal QCLs have poorer far-field beam profiles,
making it challenging to couple power efficiently into a system [52, The
LOCUS radiometry channels require several mW of LO power to be coupled
into the mixer, which will be very difficult to satisfy using a normal double-
metal THz QCL. However, the near-field mode profile of the double metal QCL
is potentially a close match to that of an external rectangular metallic

waveguide; making them well-suited to system integration.

Many of the proposals for improving double-metal QCL beam profiles are
either based on complex semiconductor processing technology %3 or using

assemblies of antennas or lenses [154 1581 However, these methods are
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relatively complex and their reproducibility and mechanical robustness is poor.
Here, we have integrated a QCL into an external waveguide, using a
reproducible method that has been successfully used for millimetre-wave

devices in space applications [156],
5.2.2 Device structure

The QCL used in this work is a double-metal FP laser, which was fabricated
and characterized in University of Leeds. The integration work was done by
RAL Space. The QCL has a 3.4-THz bound-to-continuum active region 1571,
which contains 120 periods of GaAs/Alo.sGao.sAs layers and the total thickness
of the active region is 14 um (Leeds wafer L1152). A 10/500 nm Ti/Au layer
was deposited onto the QCL wafer, and onto a separate carrier wafer, and the
two wafers were thermal compression bonded at the metallic interface. The
bonded wafers were processed into a double-metal QCL array with a

separation of 100 ym between neighbouring devices.

The QCL was integrated within a copper heat-sink enclosure containing a
rectangular cross-section metallic waveguide, as shown in Figure 5-1 (a). The
integration work was performed at RAL Space and the waveguide-integrated
device was returned to Leeds for characterization. A rectangular channel with
300x75um? cross-sectional dimensions was precision-micro-machined
directly into a copper block, along with a rectangular recess to house the QCL.
A small gold-plated strip of AIN and a gold-plated quartz substrate is glued to
the copper block using high conductivity silver loaded epoxy. These two pads
are used as intermediate bonding pads between the QCL and a dc bias
connector. The QCL array was placed into the cavity, as shown in Figure
5-1 (a), upon a 20-um-thick layer of indium foil to ensure a good thermal
contact. The facet of the central QCL in the array was aligned with the
waveguide, and connected to the electrical contact as shown in Figure 5-2 (a)
using a 125x12.5 ym? Au ribbon bond to the top contact of the QCL. Three
additional ribbon bonds are connected from the top of the unused QCL ridges
and the copper block to provide mechanical compression when the complete
waveguide unit is assembled, and to ensure a good thermal interface between
the QCL and the surface of copper block. The open-ended waveguide

structure of the complete waveguide is illustrated in Figure 5-2 (b).
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A second copper block was also precision machined to the same size as the
first one. In this copper block, there is an identical waveguide channel, which
is co-registered with the equivalent part of the lower first block to form a
rectangular channel of 300x150 um?2 cross-section.

A sub-miniature (SMA) connector was used to provide an external electrical

bias connection, as shown in Figure 5-1(b).
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Figure 5-1 Waveguide integrated QCL 82 (a) The inner structure of half of
the opened waveguide integrated device. (b) The whole waveguide
integrated device mounted in the cryostat.

Copper block

Quartz substrate

v
QCLE 300um Waveguide channel
%

Figure 5-2 Ribbon-bonded QCL. (a) A microscopy image of the device and
waveguide channel. (b) A schematic illustration of the waveguide channel.

5.2.3 Measurement setup

The waveguide-integrated QCL was mounted onto the cold-finger of a Janis

ST-100 liquid-helium cryostat as shown in Figure 5-1 (b). and a LakeShore
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DT-470 silicon diode was attached to the top of the block to monitor the heat-

sink temperature during operation.

LIV curves at different working temperatures, emission power and device
beam profile were all measured. The LIV curve measurement setup was the
same as a normal QCL characterization described in Chapter 2. Power and

spectral mapping was performed in both pulsed and CW modes.

For pulsed characterisation, a 10-kHz, 2% duty-cycle current pulse train,
which was modulated by a 167-Hz square-wave to match the peak
responsivity of a helium-cooled Ge:Ga photoconductive detector. An optical
chopper, which is modulated at 185 Hz was used for continuous wave (CW)
mode measurements. The CW bias was generated using a dc power supply.
An FTIR spectrometer was used to measure the spectrum of the waveguide
integrated QCL and the unmounted QCL.

A Golay detector with an entrance aperture of 1-mm diameter was employed
for far field beam profile characterization. In order to ensure that the true far
field beam profile was measured, the Golay detector was placed at 32.4-mm
longitudinal distance from the laser facet, which is much larger than the
5.8-mm, Fraunhofer distance for these emitters. During the beam profile
measurement, the device, which was working at 30-K heat-sink temperature
was driven using a continuous 30-Hz square wave. The detector was scanned
through the THz beam linearly in two dimensions over a 30x30mm? area. For
each direction, the scan speed was the same and the step size was 0.5 mm.
The beam intensity was read using lock-in amplifier and recorded at each
position of the 30x30mm? area. The position of the beam intensity was
translated into rotational coordinates along the epitaxial growth axis (8), and

in parallel with the substrate (¢).
5.2.4 Measurement result
5.24.1L1V curve and power measur ement

The LIV of an equivalent (unmounted) device, and the integrated QCL were
measured both before and after integration are measured, as shown in Figure
5-3. The performance in terms of threshold current, maximum heat sink

temperature of the waveguide integrated and normal ‘unmounted’ QCL were
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measured. A comparison is given in Table 5-1 and Table 5-2 for pulsed mode

and continuous wave (CW) mode respectively.

Table 5-1 Performance comparison between waveguide integrated and
unmounted QCL (pulse mode)

Maximum heat Threshold
sink current at 10K Power (UW)
temperature (K) (mA)
Waveguide
integrated QCL 90 130 340
Unmounted
QCL 97 100 1500

Table 5-2 Performance comparison between waveguide integrated and
normal QCL (CW mode)

Maximum heat Threshold
sink current at 20K  Power (ULW)
temperature (K) (mA)
Waveguide
integrated QCL " 130 30
Unmounted
QCL 80 100 120

The power was measured using an absolute THz power meter. For pulsed
measurements, the QCL current was modulated using a 30Hz square wave,
and a mechanical chopper was used to modulate the beam at 30-Hz for CW
measurements. The LI curve of the unmounted device at 60 K gives a bump
when bias is between 200 mA to 220 mA. The origin of the bump is unclear,
but could be the result of mechanical vibrations during measurements. The
integration scheme does not significantly affect the threshold current density
or maximum operation temperature. Although the integration introduces a

significant power loss (80%).
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Figure 5-3 LIV curve of 3.4-THz QCLs.

(a) shows results for an unmounted QCL and (b) is for the waveguide

integrated device.
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Since the loss in THz power is not accompanied by any other significant
change in device performance, this implies that the QCL itself has not been
perturbed by the integration process. The power reduction is most likely to
result from a mismatch between the transverse mode profile of the laser cavity
and that of the relatively-wide rectangular waveguide, and between the

waveguide aperture and free space.
5.2.4.2Spectral measurement

The FTIR emission spectra for the unmounted and integrated QCLs are
shown in Figure 5-4. In each case, a similar spectral bandwidth (120 GHz)
was observed and both devices are centred at 3.4 THz. This observation
supports the conclusion that the mounting scheme does not introduce any
significant perturbation to the performance of the QCLs.

5.2.4.3Beam profile measur ement

The far-field beam profile was acquired by raster-scanning a Golay detector,
as described in Section 5.2.3 . The polarization of the device was not filtered
at this stage, so the measured far-field beam profile contains all the
polarisation components of QCL. The measured far-field beam profile is

shown in Figure 5-5.

Then the beam divergence angles were calculated in terms of x direction ()
and y direction (¢). As stated previously, the distance between the detector

plane and the QCL facet was 32.4 mm. The beam divergence was, therefore

calculated from beam profile using: 6 = arctan(gj—é}) and ¢ = arctan(gé’—é}).

Figure 5-6 (a) and (b) show the horizontal and vertical beam divergence
respectively, showing that an approximately Gaussian beam pattern is
obtained from both directions, with a full-width at half-maximum < 20°. This is
a significant improvement compared with standard double-metal QCLs, which
yield widely divergent emission 1193 194 Furthermore, the spatial “ringing” and
anisotropy that are commonly associated with double-metal QCLs have also

been removed.
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Figure 5-4 Emission spectra of 3.4-THz QCLs. (a) shows results for the
unmounted QCL, (b) is for the waveguide integrated QCL.
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5.3 THz QCL study using a waveguide-integrated Schottky

mixer

5.3.1 Introduction

A narrow linewidth LO is the key component for a high resolution spectrometer
based on heterodyne mixing. The linewidth of the LO is critical for Earth
observation because of the narrow linewidth spectral of the researched atoms,

molecules and gases under low pressure and low temperature conditions.

As a LO source, THz QCLs have a very narrow intrinsic spectral linewidth that
can be reduced to the Hz level through phase locking %879 or to <20 kHz
(FWHM) through frequency locking to a methanol gas cell 58, However,
external fluctuations of the QCL working conditions, such as temperature, bias
and mechanical vibrations can increase the linewidth of the QCL.

In this section, the IF output from a Schottky diode detector is used to study
the linewidth of a bound-to-continuum QCL and to demonstrate THz frequency
detection using a waveguide-integrated detector. The result of the
measurements presented in this section show that the free running QCL has
a linewidth of around 3 MHz, in agreement with previously published

values [105. 158]

By mixing the signal from a THz LO and a detected unknown THz signal in
the Schottky diode detector, the detected radiation can be down converted to
a GHz signal which is much more convenient to study. If the emission of the
QCL itself is considered, then neighbouring FP modes can be mixed in the
detector and the heterodyne signal provides information on the emission of
the QCL.

The waveguide-integrated Schottky diode detector used in this work is
commercially sourced (Virginia Diodes inc.) and has an RF detection range of
1.8-2.8 THz. The IF is limited to <12 GHz, by the bias-Tee and pre-amplifier.
The QCL studied is a multimode, single metal FP laser whose lasing
frequency is centred at 2.2 THz. The resonant cavity length of the laser is
4.2 mm. The FTIR spectra and LIV characteristics of the device are shown in

Figure 5-7 and Figure 5-8 respectively. The resolution of modes in Figure 5-7
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is limited by the ~7.5-GHz resolution of the FTIR spectrometer. However, the

mode spacing can be seen to be approximately 9 GHz.
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Figure 5-8 LIV curve of the studied THz QCL.

The QCL was powered by a 10-kHz, 2% duty cycle pulse train, which was
modulated by a 167-Hz square wave.



116

5.3.2 Setup system and measurement method

The radiation emitted by the QCL was coupled into the Schottky diode
detector using a pair of off-axis parabolic mirrors. DC bias was supplied to the
diode, and was separated from the IF output using a bias-Tee. The IF signal
was amplified using a low noise pre-amplifier and was connected to a
spectrum analyser. The dc side of the bias-tee was also connected to a lock-
in amplifier to monitor the video response of the diode. The setup of the

measurement is shown in Figure 5-9.

The signals obtained from the spectrum analyser and lock-in amplifier were
used to study the free-running QCL spectrum linewidth, thermal equilibration
speed, and refractive index.

5.3.3 Spectral linewidth

The intrinsic linewidth of a laser can be calculated from the Schawlow—

Townes law:

4Athv(v,)?

AVigser = P— (5.1
out

In which, Av, 4., is the half width at half-maximum amplitude linewidth of the
laser, v, is the half width of the resonances of the laser resonator, P,,; is the
laser output power and v is the laser centre frequency. For a THz QCL, the
intrinsic linewidth can be 1-10 kHz 6870 |n this chapter, the linewidth is
measured using a Schottky diode detector and a spectrum analyser and we
find the free running QCL linewidth of a THz QCL is around 3 MHz. In 2003,
A. Barkan et al. reported that the linewidth of a free running QCL can be
around 30 kHz in a real time measurement and 21 MHz in a long-term
averaged measurement 193], They also used the beat signal output from a THz
mixer, but used a pair of gas lasers to generate the local oscillator reference.
They attributed the 21-MHz long-term linewidth to a 0.2 K variation in the QCL

temperature [105],

In this section, the long-term average linewidth of a free running THz QCL was
tested using a much simpler system as shown in Figure 5-9. The beatnote

was recorded at a range of temperatures and currents. A typical spectral
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measurement is shown in Figure 5-10. During the measurement, the QCL was

powered by a 10-kHz, 2% duty-cycle pulse train.

Spectrum a

QCL Bias QC[/

Schottky diode mixer

alyser

Figure 5-9 Setup of Schottky diode mixing apparatus

The beatnote between neighbouring FP modes of the multimode QCL was

found to be 8.9875 GHz, as shown in Figure 5-10. The recorded beatnote was

found to change slightly when the temperature or bias were changed. The

instantaneous linewidth of the beatnote is shown to be at the kHz level.

-30
-40
-50
-60
-70

Signal (db)

-80
-90
-100
-110

—— Signal

8.90 8.95 9.00 9.05 9.10
Frequency (GHz)

Figure 5-10 The beatnote recorded at 20 K when the QCL is driven by a

CW 920-mA current
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In order to study the time variation of the beatnote, the IF spectrum was
recorded every 1 ps for 100 us using a time-gated spectrum analyser. A
spectrogram showing the variation in spectral intensity over time is shown in
Figure 5-11. For each spectral measurement, a span of 8.9-9.1 GHz was
used, with a resolution bandwidth of 0.2 MHz.
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Figure 5-11 Spectrogram showing variation in QCL beatnote over time. This
measurement is taken under 20K

The peak of the IF signal is shown in red in Figure 5-11, and the IF linewidth
can be measured as the distance between the two cyan layers, as indicated
by the red arrow. The length of the arrow is 3 MHz, which can be used to

represent the linewidth of the IF signal.

Since the IF signal is the difference frequency between two neighbouring FP
modes (as shown in the FTIR spectra in Figure 5-7), the linewidth of the IF
signal corresponds to the THz QCL emission linewidth. Therefore, the
linewidth broadening of the THz QCL by electrical, thermal, and mechanical
noise is found to be around 3 MHz, in agreement with previous experimental
results (1051, The linewidth of the free running QCL is broader than LOCUS’
requirement (<1MHz). This can be improved by applying more stable current
source containing a feedback loop or a better cooler which provides more

stable temperature and better mechanical stability.
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5.3.4 Thermal equilibration time

When the QCL is switched on, it takes a while to reach thermal equilibrium.
As shown in Figure 5-10, the IF output initially covers a broad bandwidth over
the first few microseconds, and settles to a steady-state value of 8.95 GHz

after 20 ps. In this section, the thermal equilibration time is studied.

For each bias condition, the IF output was recorded at 1 ps intervals and a
Gaussian fitting was used to find the peak IF frequency at each time step. The
peak IF frequency was plotted as a function of time in Figure 5-13, Figure 5-14
and Figure 5-15 for the QCL biased at a range of currents within its 750—
1200 mA dynamic range (see LIV curve in Figure 5-8). The peak emitted
power occurs at 1080mA, as indicated by the blue arrow in Figure 5-8.

Figure 5-12 shows that at the QCL threshold current (750 mA), the peak in the
time-averaged IF signal is broad and poorly-defined, while Figure 5-13 shows
that the peak frequency varies randomly over time. When the QCL is biased
by threshold, the emission is affected very heavily by working temperature,

causing a broad IF signal.
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Figure 5-12 Recorded IF signal when QCL is biased by 750-mA current
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Figure 5-13 Time variation in QCL beatnote over time at 750-mA bias . The
heat-sink temperature is the same as that in the LIV curve (20 K). 750 mA is
the threshold current of this laser.

At higher currents, however, the IF peaks are clearer and an exponential
decay is found to fit the time variation closely. Figure 5-14 and Figure 5-15
show that in each case, the IF peak is random when the QCL is initially
switched on, owing to current fluctuations, but stabilises at a certain frequency
after a stabilisation time. The reason for the unstable period is the non-
equilibrium working temperature of the QCL. Heat accumulates inside the
QCL when the bias is switched on and the device finally achieves thermal
equilibrium. The refractive index of the QCL is highly dependent on the
working temperature, which in turn affects the IF. As such, the variation in IF

can be related to the thermal equilibration of the device.
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Figure 5-14 Time variation of QCL beatnote at 1030 mA bias . The heat sink

temperature is 20 K.

Based on this assumption, an exponentially decaying curve described by
Equation 5. is applied to fit the IF frequency—time relationships in Figure 5-14

and Figure 5-15. This curve is commonly used to fit heat diffusion processes.

The fitted value of T is the time taken by the process to achieve an equilibrium.

f=f0+A><exp<—t_t0) (5.2)

T

Where f is the IF frequency, fj is a constant depending on the final stabilized
IF frequency, A is another constant giving the size of the fluctuation, t is the
time elapsed, t, is the time at which the decay starts and 7 is the equilibration
time.

The fitted exponential decay function for Figure 5-14 is f = 8.956 x 10° +
6.179 x 10%exp(—(t — 5.607)/9.688) . The thermal equilibration time is,

therefore, 9.688 us. The decay curves for each frequency were fitted using

the same decay function, and the extracted parameters are presented in .
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Figure 5-15 Time variation of QCL beatnote at a heat-sink temperature of
20 K. The QCL was biased at (a) 1040 mA, (b) 1080 mA (c) 1100 mA,
(d) 1110 mA and (e) 1140 mA.



From the fitted f,, values, we can conclude that the IF is around 8.95 GHz in

each case, and equilibrium time is around 10 ps. The equilibration time varies

slightly with respect to bias and is plotted in Figure 5-16.

Table 5-3 Fitted parameters for different biases
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I(mA)  f, (GH2) A (MHz) to (hs) T (us)
1030 8.956 6.179 5.607 9.688
1040 8.964 1.286 8 11.277
1080 8.995 20.58 9.106 14.006
1100 8.960 16.35 5 13.731
1110 8.831 23.48 5 12.456
1140 8.995 37.57 3.653 10.808
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Figure 5-16 Time taken for QCL to achieve thermal equilibrium



124

Figure 5-16 shows that the peak equilibration time occurs at 1080 mA, which

is also the bias that gives peak power in Figure 5-8.

The equilibrium time depends on the temperature difference (VT) between the

QCL active region and the heat-sink temperature (20K). The relationship of

the rate of heat increase, v and temperature difference (VT) is given by 159

oT 02T
a— (5.3)

UIE: dx?

In which, a is a constant depending on the thermal conductor, x is the
thickness of QCL. The LIV curve of the studied QCL is given by figure 5-8. A
possible explanation could be the sharp increase of LO phonons that may
occur within a QCL when the subbands come into alignment, as shown Figure
5-17 1691, This effect is likely to cause a sharp increase in thermal resistance
(R), and hence a longer equilibration time, owing to the increased phonon—

phonon scattering in the active region.
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Figure 5-17 Longitudinal optic phonon occupation numbers in a QCL 169,
The occupation number is shown as red triangles and measured as blue
round points at different input electrical powers.

The QCL study with Schottky diode detector provides a method to probe the
equilibrium speed of THz QCLs, which could help to improve the thermal

performance of future devices.
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5.3.5 Refractive index

The refractive index of a THz QCL based on GaAs is around 3.5 in the THz
range. But the exact value depends on the waveguide geometry and alloy
composition in the device, the doping level of the material, the lasing
frequency of the QCL, and the QCL working temperature. At the same time, it
is a very important parameter to design waveguides, such as those based on
refractive index modulation in photonic lattice structures. In the previous two
sections, the QCL beatnote has been analysed. In this section, the refractive
index is obtained from the IF signal recorded from the spectrum analyser. The
refractive index of an FP cavity may be obtained from the beatnote using

Equation 3.3 as:

C C
fbeat note 2nl’ Zfbeat Hote ( )

in which, c is the speed of light in vacuum, n is the refractive index of QCL, L
is the length of the QCL and fieat note 1S the beatnote frequency. The length of
the studied QCL was 4.429 mm.
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Figure 5-18 The measured beatnote frequency at each bias (black line and
symbols) and the calculated refractive index (red line and symbols).

The beatnote frequency for each bias varies as shown in Figure 5-18

along with the calculated refractive index. In each case, the refractive
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index is around 3.77, which is slightly higher than the simulated value
given as Figure 5-20. The calculated refractive index shows a fluctuation
with respect to bias. This may be caused by the change of QCL
temperature or intersubband alignment effects (1631, At low current bias
(750-970 mA), the refractive index changes slightly through heating. We
then observe two peaks which are caused by mode hopping, as shown
in Figure 5-7. For example, the spectrum of the QCL is centred at
2.263 THz when the bias is 950 mA and hops to 2.231 THz when the bias
is changed to 950 mA. The frequency change is much larger than that

caused by current tuning.

The variation in refractive index with respect to temperature was also
studied with the same method. An increase in refractive index with
respect to temperature can be observed in Figure 5-19. This agrees with

previously reported experimental results given as figure 5-20 [161. 162],
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Figure 5-19 Calculated refractive index for different temperatures
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Figure 5-20 Simulated refractive index for GaAs in the THz range . This
figure is provided by Alex Valavanis, University of Leeds.

5.4 Conclusion

In this chapter, two components of the LO: waveguide integrated THz QCL
and a heterodyne Schottky diode detector have been investigated. The
waveguide integrated THz QCL was characterized in terms of its LIV, power
performance and far field beam profile. The measured result was compared
with the corresponding QCL without an integrated waveguide. The conclusion
from the comparison is that the integrated waveguide will not affect the QCLs
performance, such as the highest working temperature, and LIV. At the same
time, it can significantly improve the far field beam profile of the embedded
double metal THz QCL. The far field beam profile divergence is reduced from
120" to 20" by the integrated waveguide. This work provides an effective
method to handle the poor far field beam profile performance of double metal
THz QCL.

A Schottky mixer for heterodyne detection was used to study a THz QCL in
order to further understand the possible information that can be obtained from
the signal given by the detector. The mixed signal of two neighbouring modes
from the studied QCL were investigated. The linewidth of a free running THz
QCL emission was studied and was shown to be allow measurement of the
linewidth of THz emission by comparing the measured result with previously

published results. The heterodyne signal from the Schottky diode mixer was
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also used to study the IF, and the thermal equilibration time for the QCL was

obtained.

Finally, this study also provides a method to measure the refractive index of
THz QCL. The measured refractive index of the studied QCL was around 3.77,
which agrees with the values measured by other groups. The high definition
of the measurement also gives a possibility to observe frequency change of
THz QCL at a very high resolution, which is possibly a powerful
complementary method to THz radiation frequency measurement using FTIR

spectrometry.
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Chapter 6THz gas spectroscopy with a photomixer and QCLs

6.1 Introduction

Previous chapters have described the fabrication and characterisation of THz
QCLs for use as LOs. In this chapter, the suitability of the QCLs developed in
this work for gas spectroscopy is assessed. This includes demonstrating the
ability to resolve individual absorption lines of gases clearly, and to assess the

sensitivity and tuning bandwidth of the system.

THz spectral data for common gases is available in the NASA Jet Propulsion
Laboratory (JPL) molecular spectroscopy catalogue 194 which is also based
on measurement result, and a broadly tuneable CW THz photomixer system
has been used for initial system validation. The simulated absorption spectrum
is obtained from the JPL catalogue data using a MATLAB program developed
by Dr Alexander Valavanis, which takes pressure and temperature

broadening into account.

An important factor for consideration in observations of the MLT is the low
pressure compared with measurements in the lower atmosphere. This results
in narrow spectral linewidths and small absorption cross-sections. In order to
study the detection limitation, THz absorption in a low-pressure gas cell is
investigated. Methanol is a good choice of gas for this preliminary
investigation because it has a rich set of absorption lines in THz range,
allowing it to be used for a wide range of QCL devices. These measurements

will underpin future study of the MLT species targeted by LOCUS.

For QCL measurements, direct detection of transmitted radiation, using a
pyroelectric detector has been carried out at this stage. However, a
heterodyne detection scheme will need to be implemented in future to further
improve the quality of detection and demonstrate the techniques required for
LOCUS.

6.2 THz gas spectroscopy theory

Absorption spectroscopy describes a set of methods in which the absorption

of radiation in a sample is analysed, for a range of different frequencies. The
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frequencies at which photons are absorbed depends on the sample being
studied, and therefore the absorption spectrum can provide information about
the microscopic structure of the sample, such as molecular vibrational and
rotational modes, electron energy level separations and so on. The intensity
of the absorption depends on the strength of the interaction and the
concentration of the sample. As such, absorption spectroscopy provides a

means both to detect and measurement the concentration of samples.

The whole range of the electromagnetic spectrum can be applied to perform
absorption spectroscopy. In THz gas spectroscopy, the molecular rotational
modes (and possibly molecular vibrational modes) provide the strongest

interactions.

When radiation passes through an absorbing medium, the absorbance, A ,can

be calculated using the Beer—Lambert law [164 165I:

A =log (170) =210g< Fo ) (6.1)

E&Hz

in which Eo is the measured field strength of a reference signal scan (i.e.,
without the sample) and Erty, is the strength of the field after passing through
the sample. A spectrum can be obtained by plotting the absorbance as a

function of frequency. The absorption coefficient, @ (in units of cm™) is given

by:

(6.2)

=~

in which, L is the length of gas cell.

6.2.1 Spectral lineshape

THz absorption occurs when gas in a lower energy state absorbs energy and
transitions to a higher energy state. In principle, the absorption line should be
infinitely sharp because the energy difference between two quantum energy
level of the gas is well defined. However, the measured absorption spectrum
has a far broader linewidth. There are three major types of broadening

mechanisms:

e Natural broadening: this is caused by the quantum uncertainty in the

two quantum energy states involved in the absorption.


https://en.wikipedia.org/wiki/Electromagnetic_spectrum

131

e Collisional broadening: gas molecules collide with each other and
with the walls of the gas cell. These collisions can distort electron
energy levels.

e Doppler broadening: this is caused by thermal motion of gas
molecules in the gas cell. The high speed of gas molecules makes the
observed absorption frequency shift. Since all the molecules are
moving in random directions, this gives redshift and blueshift at the

same time, which contributes the linewidth broadening.

The broadened lines can take a range of shapes, which can each be
characterised in terms of their ‘Full width at half maximum’ (FWHM),
expressed in units of the horizontal axis or in percent of the peak position 2071,

Figure 6-20 illustrates the FWHM of a single peak.

) ;
FWHM
fmax T |
1/2 *fnax
x

Figure 6-1 The definition of full width at half maximum (X2-X1)

[13]

The shapes of spectral peaks depend on the type of broadening. Natural and

collisional broadening can be described by a Lorentzian lineshape:

= 3o+ () (6.3)
Y=Yt 4(x — x0)? + w? '

In which y is the absorption, yo is an offset, A is the peak absorption, x is the
frequency, xo is frequency at the peak absorption and w is the FWHM of the
fitted peak. Doppler broadening, however is described by a Gaussian
shape 1671, In general, all three broadening effects occur at the same time,

and a more general Voigt lineshape is needed.

The Doppler broadening linewidth can be calculated using 167;
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Af(FWHM) = 2 2kTin2 =717 x 1077 r 6.4
f( ) = mfo—- X foﬁ (6.4)

In which, k is Boltzmann constant, T is temperature and Af is the broadening

for frequency f. M is the molar mass (g/mol).

The pressure broadening effect is given by [167]:

v-n (D)

in which w is the value of FWHM, w, is the value of FWHM at a reference
temperature T, and pressure p, and n is an empirical constant depending on
different gas absorption peak. Therefore, the linewidth of an absorption peak

should increase linearly with gas pressure at a given temperature.

6.3 Gas spectroscopy study using THz photomixers

6.3.1 CW THz radiation generation by photomixers

A THz photomixer is based on a heterodyne mixing method: two near-infrared
laser diodes with different emission frequencies illuminate the surface of a
nonlinear crystal, as shown in Figure 6-2 [%8  Carrier oscillations are
generated in the crystal with a frequency equal to the difference between the
two laser diodes. This heterodyne THz signal is radiated by an antenna

structure on the device.

?
Vl VU
y
diode 2

Figure 6-2 THz generation using a photomixer
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. Two infrared diode lasers emit radiation at frequencies, v, and v,, which
are each near to the same central frequency vy. PA is the THz antenna and
Siis a silicon lens 1168],

6.3.2 Coherent detection of THz radiation

A second photomixer is used for coherent detection of the THz signal 19, The
same pair of laser diodes, is also focused onto the second antenna and a
periodically modulated photocurrent can be detected in response. The

intensity of the photocurrent Iy, is given by [168. 170.1711;

W1 — Wy
Iphoto « EtHy * Pinfrared €OS (T) Ad (6- 6)

In which Pifareq 1S the incident infrared power, w; — w, is the angular
frequency difference of the two laser diode sources, and Ad is the travel

difference of the two-part heterodyne wave.

A schematic illustration of the detection principle, and of the system used in
the present work is given in Figure 6-3(a) and (b) respectively. The first
photomixer emits radiation with frequencies ranging from 500 GHz to 2.0 THz.
The sample gas is contained within a 26 cm long gas cell with an outer
diameter of 3.46 cm. On both sides of the gas cell are 4mm-thick
polymethylpentene- (TPX) windows with a 3-cm clear diameter. The whole
system is sealed within a plastic box, which is purged with dry N2, to avoid

water absorption.

: @Photocu rrent
V, Bea\m splitter Sample
¥ Antennal Antenna2 Ad ]

(@)
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Photo-mixer ‘T

Lock-in
amplifier
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Detector

Gas Cell

(b)
Figure 6-3 Schematic illustration of coherent detection using a photomixer

(a) illustrates the principle of coherent detection. Radiation from the incident
laser diodes, with frequencies v, and v,, is split into two paths using a beam
splitter. One part of the radiation is focused onto antenna 1, for THz wave
generation and the other part is focused onto antenna 2, which acts as a
THz detector. The time delay of the radiation determined by the difference in
path-length, which can be changed. (b) shows the apparatus used in the
measurements in the present work. The detector is a second photomixer,
from which a lock-in amplifier records the modulated photocurrent.

6.3.3 System calibration

When the measurement is taken, a LabVIEW code controls the bias (and
hence emission frequency) of the diode lasers, resulting in heterodyne
frequencies between 1400 and 2000 GHz being emitted by the photomixer.
The heterodyne signal passes through the gas cell and is focused onto the
second photomixer. This photomixer generates a photocurrent, which is
proportional to the THz field strength. The time delay, t, between the THz
generation and detection, is adjusted by increasing the difference in optical
path-length Ad linearly. The photocurrent is measured 40 times with a 4 ps
time delay, using a lock-in amplifier attached to the detector. A function of the
form, cos(x), is fitted to the data and the amplitude of the fitted function, A, is

taken to be proportional to Ety,.

Before any scan can be taken, calibration of the laser frequency must be

performed first to account for the small variation between the set-point THz
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frequency and the frequency obtained from the photomixer measurements, as

plotted in Figure 6-4. The fitted frequency is given by:
f, =0.9994 x f. + 2.3624 GHz (6.7)

in which, f, is the fitted accurate heterodyne frequency and f; is the

frequency set by LabVIEW code.

2100 gy —————e e}

2000 =
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1500 -
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Figure 6-4 Calibration of the photomixer system

. The black data points are experimental measurements of the heterodyne
frequency, and the red line is a linear regression to the data.

6.3.4 Spectroscopy of 95 Torr methanol

Since the gas absorption lines are narrow (~100 MHz) at low pressures, the
step in laser frequency used in spectroscopy measurements must be small.
For example, a 200 MHz resolution scan from 1-3 THz would require
4000 mins. This is not only time consuming but also introduces long-term
stability issues, since environmental temperature and system alignment may
drift significantly during the long scan time. As such, an initial scan was
undertaken, using relatively high-pressure (95 Torr) methanol vapour. This
gives broad, strong absorption lines which can be used to identify frequency
ranges for further high-resolution study at lower pressures.
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The radiative power of the transmitting photomixer varies significantly with

respect to the heterodyne frequency of the two optical lasers. As such, before

a real scan of the gas sample is taken, the reference power must be

determined. The gas cell is evacuated using a molecular pump and then filled

with dry N2. The recorded reference signal is shown in Figure 6-5.
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Figure 6-5 Reference scan for the photomixer system, obtained for a gas
cell filled with N2. The red line shows a low-pass filtered curve to the data.

The measurement was repeated, with the cell filled with methanol vapour at

95 Torr. During the two scans, all settings in the LabVIEW code remained the

same. The recorded signal from LabVIEW code is given as figure 6-5. The red

line in figure 6-5 is low pass filtered signal.
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Figure 6-6 Transmitted signal for a 95 Torr methanol vapour cell

. The recorded black data points were low pass filtered to reduce noise from
the detector and lock-in amplifier.

The absorbance spectrum was calculated using Equation 6.1, and is plotted
as the red line in Figure 6-7. A simulated spectrum obtained from the JPL

database 38l is included for comparison as the black line.
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Figure 6-7 Absorption spectrum of 95 Torr methanol. The red line is
calculated from the photomixer measurements and the black line shows the
simulated spectrum from the JPL database 138,

The photomixer measurements show more spectral lines than the simulated
absorption. These may be methanol absorption lines that have not been
included in the JPL catalogue, or absorption lines of other species such as
water vapour. Additionally, the periodic features in the spectrum may be
caused by the periodic change in transmission from two gas cell windows. The
Airy formula 72 is used to describe this phenomenon:

1

T =
1 + F sin?(2nLnf)

(6.8)

Where F is a constant, L is the width of the two gas cell windows, n is refractive
index of gas cell window, and f is the radiation frequency. So the transmission

periodically changes with the change of nf.
6.3.5 Spectroscopy of 20 Torr methanol and water vapour

In order to study the sensitivity limit of the technique, the measurement was

repeated at lower pressures. The gas cell was initially filled with 5 Torr
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methanol. However, no obvious absorption features were observed, due to
the much weaker absorption (i.e., fewer gas molecules being present) at low
gas pressure, resulting in a low signal to noise ratio. To compensate for this,
the methanol pressure was increased to 20 Torr and the measurement was
repeated. The transmitted signal is shown in Figure 6-8 and the calculated
absorption spectrum is shown in Figure 6-9. The results show sharper lines
than in the previous section, as expected from the reduced pressure
broadening. The results also show good agreement with the data from the JPL

database.

10

0.1

0.01

Signal amplitude

1E-3

1 E_4 A 1 i 1 i 1 L l_;
1000 1500 2000 2500 3000
Set Freq (GHz)

Figure 6-8 Transmitted signal from photomixer scan of 20 Torr methanol
vapour from 1-3 THz.
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Figure 6-9 Absorption spectrum of 20 Torr methanol vapour. The black line
is the calculated absorption coefficient from photomixer measurements and
the red line is obtained from JPL database. The figure was provided by
Dr Alexander Valavanis, University of Leeds.

A second measurement was performed, using water vapour instead of
methanol. The gas cell was pumped to vacuum using a molecular pump first
to ensure that there was no residual methanol in the chamber. Water vapour
was then allowed into the gas cell through a needle valve. A Baratron pressure
gauge was used to monitor the pressure, and the cell was sealed at of 20 Torr.

The calculated absorption spectrum is shown in Figure 6-10.
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Figure 6-10 Absorption spectrum of 20 Torr water vapour. The black line is
the calculated absorption coefficient from photomixer measurements and the
red line is obtained from JPL database. The figure was provided by
Dr Alexander Valavanis, University of Leeds.

There is a trade-off between frequency resolution of the measurement and
scan speed. Here, a 2 THz span (1 THz to 3 THz) and a resolution of 200 MHz
was used, which requires 4000-minute scan time. The results show that scans
of both water and methanol vapour yield clear absorption lines with almost the
same spectra as the JPL database. However, the reduction of photomixer
power at frequencies higher than 2 THz is significant, and the bandwidth of
this technique is effectively limited to 3 THz. Conversely, QCLs emit much
greater power in this range. The following sections describe the use of QCLs

for narrowband gas spectroscopy in this higher-frequency range.

6.4 Gas spectroscopy using a THz QCL

In this section, a free running QCL, lasing at 2.62 THz, is used to replace the
photomixer source in Section 6.3 for gas spectroscopy. The noise level and
also sensitivity limitation of this method are assessed.

6.4.1 Setup of the measurement

The system used for QCL spectroscopy is given in Figure 6-11. A single-mode
THz QCL source is mounted within a continuous-flow liquid-helium cryostat.
The THz radiation emitted by the QCL is focused on the detector using two
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off-axis parabolic (OAP) mirrors. The gas cell placed between two parabolic
mirrors is 73 cm long, with the cross-section and windows as described in
Section 6.3.2 . A pyroelectric detector is used as the receiver, which gives a
voltage signal proportional to the THz power.

Frequency controller

CW current Gas cell

source

Lock-in amplifier Detector

Figure 6-11 The setup of using a free running THz QCL to do methanol
spectroscopy. The QCL is CW pumped and a chopper is applied to
mechanically modulate the signal.

The THz QCL is biased by a continuous wave current source. The radiated
THz wave is mechanically modulated at 20 Hz by a chopper, which is
controlled by the frequency controller. This modulation frequency is also used

for lock-in amplification of the detector signal.

During the measurement, a LabVIEW code is used to increment the QCL
current by a fixed step size, and to record the bias on the QCL and the signal

from the lock-in amplifier.
6.4.2 Development and characterization of the THz QCL used

A single mode 2.62THz PL-QCL, based on Leeds MBE wafer L1014, was
used as the source in this system. This QCL was single mode, with
continuous-wave operation and was continuously tuneable over the range of
targeted absorption line frequencies. The device was initially processed into a
single-metal Fabry—Pérot- (FP) ridge waveguide with a length of 1.85 mm and
a width of 150 um. The LIV characteristics and emission spectra of this FP

device are shown in Figure 6-12 and Figure 6-13 respectively.
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Figure 6-12 CW LIV curve of the FP QCL used to develop the PL device.
The maximum working temperature for the FP laser was 45 K. The
threshold current was 0.78 A at 10 K, and increased to 1.045 A at 45 K. The
dynamic range of this device was 0.285 A at 10K and decreases to 0.085 A
at 45 K. The FP laser was shown to lase across multiple modes, covering
frequencies from 2.50-2.58 THz with a 2.55 THz central frequency.
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Figure 6-13 Spectrum of the initial FP laser used to fabricate the PL device.
(a) and (b) show spectra at 20K and 30 K respectively.

After initial characterization, FIB milling was used to fabricate the PL device,
as described in Chapter 3. The fabricated PL-QCL waveguide is shown in
Figure 6-14. The fourteen etched slits were 5.31-um wide and the
corresponding width of the metal part is 12.39 um. A central double-sized
metal region width was used to introduce the 1 shift shown in Figure 3-9. A
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duty cycle of y = 0.8 was chosen to obtain more power for the spectroscopy

measurement.

mag WD HV det — 100 ym ——
800 x| 19.8 mm |30.00 kV | ETD

Figure 6-14 PL-QCL pattern fabricated with FIB

The LIV curve for the PL-QCL is shown in Figure 6-15. A pyroelectric detector
was used for these measurements for consistency with the subsequent gas
spectroscopy measurements. During both LIV and spectrum characterization,
the optical path of the QCL radiation was purged by dry N2, which is applied
to make sure the LIV and spectrum are not affected by water vapour, a
significant absorber of THz radiation.
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Figure 6-15 LIV curve of the PLs QCL used in the measurement, taken
under CW bias.

Compared with the LIV curve of the FP laser in Figure 6-12, the LIV curve of
the PL-QCL has a higher threshold current, a smaller dynamic range and
lower operating temperature range than before. This is due to the increased
waveguide loss caused by etching the metal cover of the FP-QCL. This leads
to a higher threshold current being needed to provide a net gain in the laser.
The smaller dynamic range occurs because the gain of the laser will decrease
as the current surpasses the peak position and the bigger loss will stop the

QCL lasing at an earlier stage.

The spectrum of the PL-QCL was characterized using a long-pass FTIR with
a resolution of 125 MHz. The central frequency was found to be around
2.622 THz. The measured spectra are shown at a ranges of currents in Figure
6-16 at 20 K and 30 K heat-sink temperatures. The frequency of the emission
is shown to tune, in each case, as the bias current is varied within the dynamic
range of QCL.
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Figure 6-16 Spectrum of the PL-QCL used in the measurement, taken under
CW bias at (a) 20 K and (b) 30 K.

A Gaussian fitting was used to extract the peak emission frequency from each
spectrum, and the frequency is plotted against current in Figure 6-17. The

data were found to follow an exponentially growing curve of the form:

f =fo+Axexp(BI) (6.9)
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As shown by the red lines in the figure. The current tuning relations are given
by f =2.6224 4 1.4 x 10~13 x exp(0.0214]) THz and f = 2.62134 + 4.303 X
10712 x exp(0.01801) THz for temperatures of 20 K and 30 K respectively. The

current is in mA in the calculation.
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Figure 6-17 The central frequencies of QCL lasing spectrum. The black
rectangular data points and blue round data points are central frequencies
fitted from 20 K and 30 K QCL spectrum respectively. The two red lines are
exponentially growing curves, given by Equation 6.9.

6.4.3 Methanol spectroscopy using a THz PL-QCL
6.4.3.1 Methanol vapour

As described above, the laser frequency was adjusted by sweeping the QCL
drive current and the transmitted THz power was recorded both through the
vapour, and through an evacuated gas cell. Initially, the cell was pumped to
vacuum by a molecular pump, and subsequently filled with methanol at a
range of pressures, from 1 to 5 Torr. Figure 6-17 shows the transmitted THz
power as a function of the QCL drive current for each methanol pressure, and
for the empty reference cell. The five different pressure applied is targeted at
finding the detection limitation of this system.
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Figure 6-18 Transmitted THz power through methanol vapour at a range of
pressures as a function of QCL current. The black line is an empty-cell
reference. ‘1T _absolute pressure’ in the legend means the measurement
was taken when the gas cell is filled with 1 Torr pure methanol. The other
two measurements are similarly labelled.

A set of distinct spectral absorption features are observed in the range of drive
currents from 1050 to 1150 mA, with their intensities increasing as a function
of pressure. The weak absorption line in the reference curve is caused by

residual methanol vapour in the cell.

The absorption coefficient was calculated using Equation 6.1, where lg is
taken as being the transmitted power through the empty reference cell and |
is the power transmitted through the methanol. The absorption, as a function
of current is shown in Figure 6-19. After transferring the bias current to QCL
lasing frequency, using the tuning relations above, a calculated methanol
absorption spectrum is obtained from 2.622-2.628 THz, as presented in
Figure 6-20, along with the simulated spectrum from the JPL database. There
are two major absorption peaks (centred at 2.6240 and 2.6272 THz) in the
JPL database, and they are also found in the measured absorption spectrum
at the same frequency. Two additional absorption peaks were found at 2.625
and 2.6265 THz in the measured spectra, which do not appear in the JPL

database. These are attributed to residual water vapour.
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Figure 6-19 Calculated absorption coefficient of methanol at a range of
absolute pressures as a function of QCL bias current. ‘1T_absolute
pressure’ in the legend means the measurement was taken when the gas
cell is filled with 1 Torr pure methanol. The other two measurements are
similarly labelled.
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Figure 6-20 Calculated absorption coefficient of different absolute pressure
methanol in the range of QCL lasing frequency. The black, green and blue
lines are the measured absorption coefficient of 1Torr, 3Torr and 5Torr
methanol in a gas cell. The dark yellow line is the absorption coefficient from
the JPL database. ‘1T_absolute pressure’ in the legend means the
measurement was taken when the gas cell is filled with 1 Torr pure
methanol. The other two measurements are similarly labelled.

The lineshapes of the absorption peaks were then studied. The Doppler
broadening linewidth for methanol was calculated using Equation 6.4 at 292 K
as 5.6x10° THz, which is negligible, compared with the measured values. As
such, collisional broadening is the dominant effect, and a Lorentzian function

was fitted to the two major peaks in the spectra.

Figure 6-21 shows fittings at 1, 3 and 5 Torr. The width of peaks increases
with respect to the absolute methanol pressure and the FWHM for each
pressure is given in Table 6-1. The table also shows the linewidths (in Torr)
calculated using a pressure broadening coefficient of 339 kHz/Pa
(4.52x107° THz/Torr), as reported previously for methanol vapour at similar

frequencies 1761, The experimental linewidths are plotted in Figure 6-22.
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Figure 6-21 Lorentzian fittings to the calculated absorption spectra of pure
methanol. (a), (b) and (c) show results for 1, 3 and 5 Torr respectively.

The broadening coefficient was obtained from a linear fitting to the
experimental data as, 2.31x10° and 3.34x10° THz/Torr for the first and
second peaks respectively. The measured values are lower than the
expected values from the literature, and do not precisely follow a linear

broadening.
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Table 6-1 Measured and JPL database absorption peak position, fo, and

linewidth, w, for a gas cell filled with pure methanol vapour

Pressure (Torr) fo (THz) w (THz)

1stpeak  2nd peak 1st peak 2nd peak

1 (measured) 2.6240 2.6272 3.66x10°  4.13x10°
1 (database) 2.6241 2.6272 4.52x10°  4.52x10°
3 (measured) 2.6241 2.6272 1.27x10* 8.2x10°
3 (database) 2.6241 2.6272 1.36x10%  1.36x10*
5 (measured) 2.6240 2.6272 1.29x10*  1.75x10*

5 (database) 2.6241 2.6272 2.25x104  2.26x10%
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Figure 6-22 FWHM value of absorption peaks of methanol at different
pressures. The red and green lines are for the measured absorption peaks;
the blue lines show the literature value of 339 kHz/Pa for comparison. The

straight lines show linear fittings to the data.
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There are three possible reasons why the measured linewidth does not agree
with broadening theory. Firstly, there is a linewidth broadening effect from
QCL itself. The measurements in Chapter 4 indicated that the QCL linewidth
is broadened by temperature and bias fluctuations to ~20 MHz. Mechanical
vibrations can also cause linewidth broadening through external cavity effects.
This can be reduced by adding a stabilization feedback loop to QCL, which
will be the subject of future work. Secondly, the linewidth of the absorption
peak can be affected by the measurement system. In the measurement, a
pyroelectric detector was applied to record radiation power through gas cell.
But the stability of pyro detectors is poor as it can be affected by heat
accumulation during the measurement. Finally, the absorption coefficient is
calculated indirectly from the current—absorption measurements and the
frequency—current tuning curve. A component of the apparent linewidth
broadening can be introduced through inaccuracies in the frequency—current

tuning curve.
6.4.3.2Methanol and nitrogen mixtures

This section will discuss the spectroscopy of methanol mixed with nitrogen.
The gas cell was first pumped to vacuum and then filled with 1 Torr methanol.
Dry N2 was then introduced to fill the gas cell to 5 Torr total pressure. The
same steps were taken for 2, 3, 4 and 5 Torr partial pressures of methanol. A

5 Torr dry Nz cell was taken as reference.

Figure 6-23 shows the transmitted THz power as a function of the QCL drive
current for each partial pressure. As before, 4 absorption peaks are visible in
each measurement, when the QCL was driven between 1050 mA and
1150 mA. The intensities of the peaks increase with respect to pressure. The
absorption coefficient was also calculated using equation 6.1, as shown in
Figure 6-24. The same absorption peak frequencies are visible as those in
Figure 6-19. After transferring the bias current to QCL lasing frequency,
methanol absorption spectra are obtained from 2.622-2.628 THz, as shown
in Figure 6-25. As with the pure methanol scans, two major absorption peaks
from the JPL database have been identified, while the additional two peaks

are attributed to water absorption.
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Figure 6-23 Scan of different partial pressure of methanol in the gas cell
with methanol and N2. The black line shows a reference scan for 5 Torr dry
N2 in the gas cell.
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Figure 6-24 Calculated absorption coefficient of methanol as a function of
QCL bias. Results are shown for 1-5 Torr methanol partial pressure,
balanced with Nz to a total pressure of 5 Torr.
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Figure 6-25 Calculated absorption spectra of methanol at a range of partial
pressures. The black, red, blue, violet, and green lines show the
experimentally measured results; the dark yellow line shows the absorption
coefficient obtained from the JPL database over the same frequency range.

The FWHM was analysed for each of the partial pressure absorption scans,
using the two major absorption features as before. Lorentzian fittings to the
lineshapes are shown in Figure 6-26 for each partial pressure and the
linewidths are tabulated in Table 6-2. The fitted features indicate, in all cases,
that the absorption frequencies are 2.6241 THz and 2.6272 THz for biases of
1084 mA and 1130 mA respectively—the same as for pure methanol. The
measured FWHM values are of similar magnitude to those in the literature,
and remain almost the same as the partial methanol pressure changes from

1-5 Torr, as shown in Figure 6-27.

The lines tabulated in Table 6-1 and Table 6-2 have FWHM around 200 MHz,
which is much broader than the linewidth of a free running QCL (20 MHz). As
such, the free-running QCL can provide sufficient resolution for 1 Torr
methanol. However, a better resolution is needed for Earth observation.
Furthermore, sensitivity needs to be analysed to determine the noise limitation

for this method.
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Figure 6-26 Measured absorption spectra of methanol at different partial
pressures. Lorentzian fittings to the peaks are shown as red lines.
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Table 6-2 Measured spectral parameters for peak frequencies and linewidth
for gas cell containing methanol at a range of partial pressures in nitrogen.
Values for 5-Torr methanol from the JPL database, and expected linewidth

are shown for comparison.

Partial fo (THZz) w (THz)
Pressure 1st peak 2nd peak 1st peak 2nd peak
(Torr)
1 2.6241 2.6272 1.207x10* 7.371x10°
2 2.6241 2.6272 1.478x104 1.056x104
3 2.6241 2.6272 1.430x10* 7.722x10°°
4 2.6241 2.6273 1.310x104 1.503x104
5 2.6241 2.6272 1.287x104 1.662x104
5 (database) 2.6241 2.6272 2.252x104 2.258%x104

0.0004

0.0003

0.0002

0.0001

FWHM value of absorption peak (THz)
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Figure 6-27 FWHM value of absorption peaks of methanol as a function of
partial pressure. The red and black lines are for the measured first and
second absorption peak in Figure 6-26; the pink and blue lines show
literature values for comparison.
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6.4.4 Sensitivity analysis
6.4.4.1 Noise analysis

The sensitivity of a trace gas detection system is defined as the lowest
concentration (gas pressure or molecular concentration) of gas that can be
detected. The sensitivity is limited by the system noise coming from QCL and
measurement system. In order to analyse the noise level of the measurement,
the QCL was biased at 1087 mA, at a heat-sink temperature of 20 K, and the
transmitted power was recorded consecutively 102 times with the gas cell

empty.

All the measurement conditions remain the same as the gas sensing
measurement except for the bias being kept constant. The detector signal
was recorded using a lock-in amplifier, and the results are shown in Figure
6-28. Lock-in time constant of 50 ms, 100ms, 200ms, 500ms and 1s were

used. A statistical analysis of the measurements is shown in Table 6-3.
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Figure 6-28 The recorded THz signal when QCL is biased at 1087mA for
102 sequential measurements. The legend shows the time constant of the
lock-in amplifier for each plot.
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Table 6-3 Mean and standard deviation of the detector signal through a
purged gas cell, at a range of lock-in time constants

Time constant Mean value o
Std. dev. [mV] —-—
[ms] [MV] Vn
50 58.51 0.1522 0.001492
100 57.93 0.1396 0.001369
200 58.98 0.2034 0.001994
500 59.47 0.2204 0.002161
1000 59.95 0.2472 0.002424

The standard error (i.e., the uncertainty in the mean value), caused by system

noise, during the measurement can be calculated as:

td Ja (6.10)
Sstd. err. = — .
Vn

in which, g, is the standard deviation of the signal, and n is the number of

samples (102).

The noise is caused by fluctuations in the bias supplied by the current source,
temperature fluctuations in the cryostat and also mechanical vibration given

by chopper used for modulation.
6.4.4.2 Sensitivity analyse

As discussed in last section, there are 4 principal absorption peaks within the
dynamic range of the QCL and the strongest occurs at a bias of 1134 mA
(2.6272 THz emission). Figure 6-29 shows this peak at a range of methanol

partial pressures, from 1-5Torr.
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Figure 6-29 Measured absorption peak of methanol when QCL bias is
1134 mA. The frequency is calculated using the current tuning equation.

In theory, the absorption should linearly increase with respect to pressure
according to 209

a = €lc (6.11)

In which, € is a constant, | is the length of gas cell here and c is the
concentration of methanol. ¢ increases linearly with respect to the methanol
partial pressure. The measured absorption coefficient at different partial

pressures is shown in Figure 6-30.
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Figure 6-30 Measured absorption coefficients at different partial pressures
of methanol. The black data points are the measured values and the red line
is an exponentially fitted curve to the data.

An exponential fitting is applied to describe the relationship between
measured absorption coefficient and gas pressure instead of linearly fitting.
The fitted relationship between calculated absorption coefficient and the gas
pressure can give the minimum and maximum pressure that this system can
detect. The minimum pressure is determined by the noise of the system, while
the maximum pressure is determined by the maximum absorption coefficient

the fitted relationship can give.

The following equations can be obtained from Equations 6.1 and Equation
6.2,

_ (g(p) —1g(D)
a =

L
1 a1, 1
da _ I,In(10) dI = 1In(10)
5= - (6.12)
1 (L1, 1% -1
02 @O\ 120l T, T T
- (6.13)

oI? L
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In the measurement, absorption is small compared to QCL power. So I, = I

and % ~ 1. And then the following equation can be obtained:

1 ( 191, 102, —1)

92 mAO\ 1,29 "L,z T T
FIE L
1 1 41, 192,
o) " 12Gr DT )
B L
1 021,
~ X .
In(10) X L x I, 0I? (6.14)
So
2
g
o2 ! (6.15)

- In(10) X L X I,

The minimum 2 is obtained when lock-in amplifier time constant is 100, ¢? =
0.001369 given as table 6-3. SO 02 inimum = 1.406 x 107 and

Oq minimum

Vn
by the measurement system is 3.713x10° cm™.

=3.713%x10°. So the minimum error of absorption coefficient caused

In the measurement, absorption coefficient increases with respect to partial
pressure given as Figure 6-30 and the minimum detectable methanol partial

pressure detected is given by the fitted equation:

—(x — 1.042)> (6.16)

y = 0.8537 — 0.5265 exp < 1607

In which x is the partial pressure detected and y is the corresponding
absorption coefficient. If the minimum absorption coefficient is defined as 3
times of the coefficient error value, the minimum partial pressure, x that can

be detected, is given by:

(6.17)

—(x —1.042)
X 5. X 5 =0. — U —_—
3x3.713x10 0.8537 — 0.5265 exp< 1607

The minimum detectable partial pressure detected is therefore 0.265 Torr or
35.40 Pa. The minimum number of molecules per unit volume can be obtained

from the gas law as:

(E) _ Pmin _ 35.40

= = = 1.463 x 10~8mol - cm™3 6.18
V/)min  RT 8314 x 106 x 291 mot - cm (6.18)
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Finally, the minimum detectable molecular concentration is given by:
n
Prin = (V) XN, =15x1078 x 6.0 x 102> =9.0 x 1015 cm™3  (6.19)
min
This is very close to the 1x 10* molecule/cm= level required for sensing

radical species in the MLT region of the atmosphere.

Now, taking the volume of the cell, V = 686 cm? gives the minimum detectable

number of molecules within the cell calculated as:

Npin = Pomin *V = 6.0 X 1018 (6.20)

6.5 Conclusion

In this chapter, two different methods have been used to detect methanol gas.
Spectroscopy of 20 Torr and 95 Torr methanol with a photomixer was
introduced. The results were shown to reproduce the expected spectral lines

from the JPL database, although additional features were also seen.

A THz QCL was also used to perform spectroscopy: both absolute pressure
and partial pressure of methanol were investigated. For both measurements,
two major absorption peaks of methanol were analysed. The linewidth of the
absorption peaks was calculated and compared with literature values. A
similar trend of linewidth change with the change of pressure was found for
both absolute pressure and partial pressure measurements. The noise level
of spectroscopy with a THz QCL was determined and the detection limitation

of this method was obtained based on the noise level analysis.
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Chapter 7 Conclusion and future work

The mesosphere and lower thermosphere (MLT) regions of the Earth’s
atmosphere plays an important role in understanding climate change on Earth.
This thesis focuses on the development of THz instrumentation and sensing
techniques for a proposed satellite mission—‘Linking Observations of Climate,
the Upper-atmosphere and Space-weather’ (LOCUS) whose payload includes
a multi-THz channel radiometry system to perform a global mapping of key
gaseous species in the MLT and hence to improve understanding of climate
change processes. Two of the channels proposed in the LOCUS payload are
based on THz QCLs operating at 3.5 THz and 4.7 THz for studying OH and

O, respectively.

The work presented in this thesis address the engineering of THz QCLSs, which

are being developed for this satellite mission.

7.1 THz QCL fabrication and characterization

One of the LOCUS mission objectives is the realisation of a high power,
compact THz local oscillator emitting a stable single frequency for use in
heterodyne spectroscopy of gaseous species. The quantum cascade laser
was selected as the optimum solution for this local oscillator owing to its high
power and its ability to be engineered into compact and integrated device. In
order to achieve this, a number of THz QCLs were fabricated, characterised
and optimised. Both multimode Fabry-Perot (FP) THz QCLs and single mode
photonic lattice (PL) THz QCLs were demonstrated and a double metal THz
QCL was integrated with a robust waveguide which improves beam pattern of
this device, and enables future waveguide coupling into a Schottky diode
detector.

7.1.1 Fabrication and characterization of FP THz QCLs

In Chapter 2, the fabrication using photolithography of a single plasmon
waveguide THz QCL was presented, with all fabrication parameters, and the
reasons for the choice.

Two operation methods were used to the characterize the FP QCLs: pulsed

and CW modes. For both, the experimental setup was presented and the
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parameters used in the measurements were given. The LIV curves and

spectra were obtained in both cases.
7.1.2 Single mode THz QCL development

The heterodyne detection of THz emission from MLT species requires a highly
stable THz local oscillator (LO), operating on an single mode. A refractive
index modulation is introduced by photonic lattice (PL) structure patterned on
the waveguide of the FP QCLs, which gives a single mode lasing to the lasers.
The design, fabrication, optimisation and measurement of the PL patterned
QCLs were presented. Fabrication of PL structure using there different
methods: optical photolithography, electron beam lithography, and focused
ion beam, were used to fabricate the PL patterns.

Two sets of PL QCLs operating at 2.22 THz and 2.62 THz, were
characterised, and the measured LIV and spectral performance were
compared with FP single plasmon device fabricated from the same wafer.

Successful single mode operating was obtained.
7.1.3 Waveguide integrated device characterization

In satellite missions, power consumption should be as small as possible. Part
of this power is needed to feed the cooler for the QCL. A higher operating
temperature for the QCL will decrease the power consumption. Due to strong
confinement of double metal (MM) waveguide QCLs, THz modes can be
confined in all directions. The strong confinement gives a larger gain in MM

devices, which increases the maximum operating temperature.

During detection, power from the THz LO must be coupled into Schottky diode
detector, but there must be enough power (3-4 mW) to pump the detector
unfortunately. MM device output lower power than single plasmon devices,
which is made worse by the poor output beam profile. In order to solve this
problem, MM THz QCLs were integrated into a robust waveguide. The
integrated devices were characterised in terms of the LIV, maximum operating
temperature, spectrum, and beam profile. The integrated device showed a

significantly better beam profile (20°) than the MM device before integration.
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7.1.4 Future work on QCL development

In this thesis, single plasmon waveguide photonic lattice QCLs were
fabricated and characterized, with the QCLs emitting at 2.22 THz and 2.62
THz in single mode were achieved. The highest CW working temperature was
40 K and the peak power at 40 K was 0.125 mW for 2.22 THz QCLs. The
highest operation CW temperature for the 2.62 THz QCL was 40 K and the
peak power was 0.5 mW at 40K. Further refinement of QCL active region

design can increase maximum operating temperature.

Multimode QCLs lasing at 3.5 THz and 4.7 THz were also demonstrated
targeting at OH and O emission detection, respectively. But photonic lattice
structure need to be designed and optimised to target the exact emission
frequency for the two species. Improved maximum operating temperature was
shown with double metal waveguide device, but the power performance needs
improving for LO application. Firstly, the output power can be increased by
fabricating larger size device. But a larger device size requires more input DC
power which should be avoided. An optimum compromising must thus be
reached. Secondly output power can be increased by optimization of the
Photonic lattices (PL) patterns by increasing the duty cycle, and minimizing
length of the pattern.

The QCL linewidth given by our measurement is 3 MHz which is broader than
the targeted linewidth (1 MHz). So next step of this project is adding a
feedback loop for the detection system. The absorption peaks of the gas can
be used as a frequency reference for the feedback loop, with the reference
frequency source for the loop needing to be compact and stable. Microwave
frequency multipliers are very competitive since they have already been
applied to stabilize QCL radiation successfully 173 174, More refinement is
though needed as well as use of more stable bias sources and coolers.

Operation temperature and threshold current density aren’'t affected
significantly by integration of a QCL into a waveguide. And the beam profile is
improved significantly by this integration, which is very helpful for coupling the
power into Schottky diode detector. But the output power can be improved by
optimizing the waveguide design. An open ended waveguide can be changed
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to a rectangular waveguide and integrated with a feed-horn 173, and the

rectangular waveguide can be matched to the QCL emission frequency.

7.2 Schottky diode detector characterization and heterodyne

detection

A Schottky diode detector is proposed for heterodyne detection in LOCUS.
In this thesis, The Schottky diode detectors have been characterised with
THz QCLs, using a direct detection approach. Two neighbouring FP modes
of a THz QCL were coupled into a Schottky diode detector, and the output
heterodyne signal from a Schottky diode detector was studied.

7.2.1 Direct detection with Schottky diode detectors

Two Schottky diode detectors were characterized, one medium gain and one
high gain, and used to replace a commercial bolometer for THz radiation
detection. QCLs lasing at 2.22 THz, 2.56 THz, 2.75 THz, 3.05 THz and 3.50
THz were used as the THz radiation source. It was shown that the Schottky
diode detectors could replicate the LIV curves measured with a bolometer for
all five QCLs. The noise levels of the detectors were measured and the signal-
to-noise ratio (SNR) of the medium gain detector is 30 times larger than the
high gain detector. This suggests that the biggest noise in the detectors is
arising from amplification circuit, and not the detector itself, as the high gain
detector had an amplifier embedded within it.

The responsivity of the Schottky diode detectors was also tested. The
responsivity of the detectors at different frequencies was measured the
detection cut-off frequencies of the detectors determined. The responsivity of
the high gain detector has a clear linear roll off with increase of detected
frequency, and the cut off frequency of the high gain detector was calculated
to be 3.67 THz which is the highest room temperature THz detection based
on the Schottky diodes.

The response speeds of the detectors was also measured, and 4.1 x10’s and
3.3 x10s for switch on and off speeds, respectively of the medium gain
detector were determined, and 1.33 x10°s and 1.25 x10®s speeds for switch

on and turn off times for the high gain detector were obtained.
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7.2.2 Heterodyne mixing of QCL radiation in a Schottky diode

detector

Heterodyne detection of a single THz QCL was undertaken by mixing the
signal of two neighbouring modes. This is proved to be a very convenient and
easy method to measure the linewidth of THz emission. And the heterodyne
signal from the Schottky diode mixer also proved to be a very efficient way to
investigate thermal equilibrium speed of a QCL. Finally, this study provided a
cheap and convenient way to measure the refractive index of THz QCL, with

a value of 3.77 being obtained for QCL studied.
7.2.3 Future work of Schottky diode detector needed

The characterised Schottky diodes had a cut-off frequency of 3.67 THz which
is enough for the 3.5 THz channel targeting OH, but it is still insufficient for the
O detection channel (4.7 THz) in the proposed LOCUS payload. So higher
cut-off frequency Schottky diode detectors are needed and the detectors need

to be integrated with MM single mode QCLs in a waveguide package.

The Schottky diode detector is also sensitive to the radiation polarization. So
the radiation polarization of the waveguide integrated QCL should be studied,
to enable the best position of QCL and Schottky diode detector in an

integrated waveguide to be obtained.

7.3 Gas spectroscopy with a photomixer and a free running
single mode THz QCL

High resolution spectroscopy using heterodyne detection with a THz QCL
based LO is proposed in LOCUS. The sensitivity, tuning bandwidth, and the
ability to resolve an absorption line are critical for this system. Detection of
methanol was thus demonstrated with a single mode THz QCL. This showed
the ability to resolve individual absorption lines of gases clearly, and the
sensitivity and tuning bandwidth of the system was assed.

7.3.1 THz spectroscopy of methanol with a photomixer

A photomixer was used for spectroscopy at 95 Torr and 20 Torr of methanol
at THz frequency. The results were compared with the JPL database good
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agreement was obtained. Meanwhile, water absorption peaks were also
present in the measured methanol absorption peaks due to residual water in

the methanol gas cell.

7.3.2 THz spectroscopy of methanol with a free running single
mode THz QCL

A free running THz QCL lasing at 2.62 THz was used for spectroscopy. The
QCL operated continuous wave and the lasing frequency is increased with
bias at 20K and 30K heat sink temperatures, which gives a continuous
frequency tuning for spectroscopy. The radiation of the QCL then passed
through a 73 cm long gas cell which was filled with methanol.

Different pure methanol pressures from 1 Torr to 5 Torr were used to full the
gas cell, and the THz absorptions are analysed. Increase of pressure gave an
absorption peak linewidth broadening. Meanwhile, mixtures of methanol and
N2 were also investigated, and the partial pressure of methanol in the 5Torr
mixed gas changed from 1Torr to 5 Torr. No pressure broadening was
observed, but there was a clear increase of absorbed THz power with increase

of methanol partial pressure.

Then the sensitivity of the system was analysed. The noise level of the system
was obtained by measuring the power passing through the gas cell. The
minimum number of molecules that can be detected in the gas cell was limited

by the noise level, and estimated to be is 6.0 x 101 molecules.
7.3.3 Future work of spectroscopy with THz QCL

Methanol absorption lines have been identified, but it is the OH and O species
that are most of interest for the high frequency channels in LOCUS. So new
spectroscopy with 3.5 THz and 4.7 THz single mode QCLs need to be carried

in the future.

The spectroscopy carried out in this thesis used a direct detection method
whilst LOCUS is based on a heterodyne detection to obtain high resolution
passive detection of MLT species. So a heterodyne detection system with

Schottky diode detectors need to be demonstrated for gas spectroscopy.
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Appendix | QCL fabrication processing

Clean sample in ultra sonic bath with acetone at 10%

1.
power for 1 minute.
2. | Cleaning Rinse sample in acetone in 2 separate beakers.
3. Rinse sample in IPA in 2 separate beakers.
4, Blow dry sample with nitrogen.
If the processing is restarted after resist spin coat treat the
5. sample with plasma in the plasma asher at 50W for 5
minutes
1. Test the vacuum of the spin chuck.
2. Check for the “X” mark at the substrate side of the sample.
Sample
Place the sample on the spin chuck with the substrate side
3. | loading
facing down and switch on the vacuum.
4. Blow dry sample surface with nitrogen.
5. Apply 1-2 drops of Shipley®1813 photoresist.
Resist coating | Spin photoresist at 5000 rpm with a step value of 4 for 30
6.

seconds.

Soft bake S-1813 in a temperature controlled hot plate at
7. | Soft baking
115°C for 1 minute.

8. Ensure QCL Mask 1 is free from residual resist.

Photolithograp | Expose the sample to UV radiation under the edge bead

9.
hy removal mask at 3mW/cm? for 1 minute 30 seconds.
Develop the sample in MF-319 for 3 minutes in 2 stages (2
10.
min 50 sec. + 10 sec).
Development
11. Rinse the sample in DI-water.
12. Blow dry sample with nitrogen.
Do not check the sample in microscope for the resist
13.

development.
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If there are some stray resist at the edge, remove them
gently using a cotton swab dipped in acetone.
14' Do not touch the resist at the centre with the acetone
soaked swab.
| 3 Weardrdgeeding
Use the photoresist coated sample from step 2 for the
b processing of this stage.
2. Ensure QCL Mask 1 is free from residual resist.
Photolithograp | Expose the sample to UV radiation under the ridge etch
> hy mask at 3mW/cm? for 10 seconds.
Develop the sample in MF-319 for 75 seconds in 2 stages
* (1 min. + 15 sec).
Development
5. Rinse the sample in DI-water.
6. Blow dry sample with nitrogen.
Microscope Check for the fidelity and pattern transfer in optical
& check microscope.
Hard bake S-1813 in a temperature controlled hot plate at
8. | Hard baking
90°C for 1 minute.
9. Blow dry glass slide with nitrogen.
10. Apply 1-2 drops of Shipley®1813 photoresist.
11.| Glass Spread the photoresist by rotating the glass slide.
12.| mounting Mount the sample on the photoresist coated glass slide,
Place the glass slide on a temperature controlled hot plate
3 at 115°C for 1 minute.
Surface Measure photoresist thickness using surface profiler.
- profiling
Prepare an etchant solution of H;S04:H,0,:H,0 mixed at
1:8:40 (etching rate =1um/min.)
15.| Etching
Prepare 2 x (1:8:40) ml for 1 sample and 5 x (1:8:40) ml for
3 samples.
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Etch through the active region (for =10um time approx.

10min., refer to the MBE growth layer data).

16.
Agitate the sample in a figure of “8” pattern to ensure
uniform etching.
17. Rinse in DI-water for approx. 1 min.
18. Blow dry sample with nitrogen.
Measure the etch depth using the surface profiler.
Measure the etch depth in all three ridges and consider
Surface
19. the mean etch depth.
profiling
Scan the needle from the ridge to mesa floor, and not vice
versa, to prevent damage to the ridge.
If the etch depth is shallower than intended repeat etching
20. and surface profiling (steps 15-18).
Do not over etch.
Soak the glass mounted sample in acetone to dissolve the
Glass
21. photoresist holding sample to glass and coating the
unloading
sample.
22. Rinse sample in acetone in 2 separate beakers.
23. Rinse sample in IPA in 2 separate beakers.
24.| Cleaning Blow dry sample with nitrogen.
Treat the sample with plasma in the plasma asher at 50W
25.

for 5 minutes.

1. Test the vacuum of the spin chuck.

Sample Place the sample on the spin chuck with the substrate side
> loading facing down and switch on the vacuum.
3. Blow dry sample surface with nitrogen.
4, Apply 1-2 drops of Shipley®1813 photoresist.

Resist coating | Spin photoresist at 5000 rpm with a step value of 4 for 30
> seconds.

Soft bake S-1813 in a temperature controlled hot plate at

6. | Soft baking

90°C for 1 minute.
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Ensure QCL Mask 1 is free from residual resist.

Photolithograp

hy

Expose the sample to UV radiation under the bottom

contact mask at 3mW/cm? for 10 seconds.

10.

11.

12.

Development

Soak the sample in chlorobenzene for 2 minutes.
Chlorobenzene is carcinogenic — wear face mask, cover

chlorobenzene beaker with a lid at all time.

Develop the sample in MF-319 for 90 seconds in 2 stages

(1 min 15 sec. + 15 sec).

Rinse the sample in DI-water.

Blow dry sample with nitrogen.

13.

Microscope

check

Check for the fidelity and pattern transfer in optical

microscope.

14.

Resist

softening

Expose sample to UV radiation without any mask for 2

minutes.

Do not develop sample after this step.

15.

Oxide cleaning

Treat the sample with plasma in the plasma asher at a low

power of 25W for 70 seconds.

16.

Metallisation

Deposit 200nm of AuGeNi using the Leybold Thermal

Evaporator (Univex 300).
Check the boat with continuity tester.

AuGeNi weight: 0.60gm; Vacuum pressure (min.): 2x10

®mBar.
Evaporate at 0.1A/second for 5 minutes and then at

1A/second for the rest.

17.

18.

19.

Lift off

Soak the metal coated sample in acetone and leave it over

night.

Use a pipette to blow acetone and remove metal from

sample.

Stray metals can be cleaned with a brush in a shallow dish
filled with acetone.

Take extra care not to scratch or damage the ridge.
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Microscope Place the sample in a shallow dish filled with IPA and
20 check inspect under optical microscope.
Repeat steps 17 & 18 to get rid of stray metal and repeat
21. "
22. Rinse sample in acetone in 2 separate beakers.
23. Rinse sample in IPA in 2 separate beakers.
24.| Cleaning Blow dry sample with nitrogen.
Treat the sample with plasma in the plasma asher at 50W
2 for 5 minutes.
Microscope Check for the fidelity and pattern transfer in optical
26 check microscope.
Anneal the bottom contact using RTA at 430°C for
27.| Annealing 60seconds.
Recipe: SPK_QCL_ANNEAL_430
Measure resistance of the bottom contact in the
28.| Resistance test | characterisation room.

Resistance range: 10-20Q

1. Rinse sample in acetone in 2 separate beakers.
2. Rinse sample in IPA in 2 separate beakers.
3. | Cleaning Blow dry sample with nitrogen.
Treat the sample with plasma in the plasma asher at 50W

* for 5 minutes.
5. Test the vacuum of the spin chuck.

Sample Place the sample on the spin chuck with the substrate side
> loading facing down and switch on the vacuum.
7. Blow dry sample surface with nitrogen.
8. Apply 1-2 drops of Shipley®1813 photoresist.
9 Resist coating | Spin photoresist at 5000 rpm with a step value of 4 for 30

seconds.
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Soft bake S-1813 in a temperature controlled hot plate at

10.| Soft baking
90°C for 1 minute.
11. Ensure QCL Mask 1 is free from residual resist.
Photolithograp | Expose the sample to UV radiation under the top contact
2 hy mask at 3mW/cm? for 10 seconds.
Soak the sample in chlorobenzene for 2 minutes.
13. Chlorobenzene is carcinogenic — wear face mask, cover

Development

chlorobenzene beaker with a lid at all time.

Develop the sample in MF-319 for 90 seconds in 2 stages

14.
(1 min 15 sec. + 15 sec).
15. Rinse the sample in DI-water.
16. Blow dry sample with nitrogen.
Microscope Check for the fidelity and pattern transfer in optical
17.
check microscope.
Expose sample to UV radiation without any mask for 2
Resist
18. minutes.
softening
Do not develop sample after this step.
Treat the sample with plasma in the plasma asher at a low
19.| Oxide cleaning

power of 25W for 70 seconds.

Deposit 100nm_of AuGeNi using the Leybold Thermal

Evaporator (Univex 300).

Check the boat with continuity tester.

20.| Metallisation AuGeNi weight: 0.350gm; Vacuum pressure (min.): 2x10
®mBar.
Evaporate at 0.1A/second for 5 minutes and then at
1A/second for the rest.
Soak the metal coated sample in acetone and leave it over
2 night.
Use a pipette to blow acetone and remove metal from
22.| Lift off
sample.
53 Stray metals can be cleaned with a brush in a shallow dish

filled with acetone.
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Take extra care not to scratch or damage the ridge.

Microscope Place the sample in a shallow dish filled with IPA and
2 check inspect under optical microscope.
Repeat steps 21 & 22 to get rid of stray metal and repeat
25. )3,
26. Rinse sample in acetone in 2 separate beakers.
27. Rinse sample in IPA in 2 separate beakers.
28.| Cleaning Blow dry sample with nitrogen.
Treat the sample with plasma in the plasma asher at 50W
e for 5 minutes.
Microscope Check for the fidelity and pattern transfer in optical
30 check microscope.

1. Test the vacuum of the spin chuck.
Sample Place the sample on the spin chuck with the substrate side
> loading facing down and switch on the vacuum.
3. Blow dry sample surface with nitrogen.
4, Apply 1-2 drops of Shipley®1813 photoresist.
Resist coating | Spin photoresist at 5000 rpm with a step value of 4 for 30
> seconds.
Soft bake S-1813 in a temperature controlled hot plate at
6. | Soft baking
90°C for 1 minute.
7. Ensure QCL Mask 2 is free from residual resist.
Photolithograp | Expose the sample to UV radiation under the overlayer
& hy mask at 3mW/cm? for 10 seconds.
Soak the sample in chlorobenzene for 2 minutes.
9. Chlorobenzene is carcinogenic — wear face mask, cover
chlorobenzene beaker with a lid at all time.
Development
Develop the sample in MF-319 for 90 seconds in 2 stages
1o (1 min 15 sec. + 15 sec).
11. Rinse the sample in DI-water.
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12. Blow dry sample with nitrogen.
Microscope Check for the fidelity and pattern transfer in optical
13.
check microscope.
Expose sample to UV radiation without any mask for 2
Resist
14. minutes.
softening
Do not develop sample after this step.
Treat the sample with plasma in the plasma asher at a low
15.| Oxide cleaning

power of 25W for 70 seconds.

16.

Metallisation

Deposit 20nm of Ti & 100-150nm of Au using the Edwards

Turbo Evaporator.
Check the boat with continuity tester (R=1Q).

Ti: 3-4 wires; Au: 7-8 pcs.; Vacuum pressure (min.): 2x10°

®mBar.
Evaporate at 0.1nm/second for first 20nm (Ti & Au) and

then at 0.2nm/second for the rest (Au only).

Soak the metal coated sample in acetone and leave it over

17.

night.

Use a pipette to blow acetone and remove metal from
e Lift off sample.

Stray metals can be cleaned with a brush in a shallow dish
19. filled with acetone.

Take extra care not to scratch or damage the ridge.

Microscope Place the sample in a shallow dish filled with IPA and

20 check inspect under optical microscope.

Repeat steps 21 & 22 to get rid of stray metal and repeat
21. -
22. Rinse sample in acetone in 2 separate beakers.
23. Rinse sample in IPA in 2 separate beakers.
24.| Cleaning Blow dry sample with nitrogen.
- Treat the sample with plasma in the plasma asher at 50W

for 5 minutes.
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Microscope Check for the fidelity and pattern transfer in optical
2 check microscope.
v e
1. Blow dry glass slide with nitrogen.
Apply 1 drop of dry Shipley®1813 photoresist (solvent
> evaporated) on sample surface.
Bake the sample in a temperature controlled oven at 65°C
> for 4 minutes.
4. | Glass Apply 2-3 wax balls on glass slide.
mounting Soft bake glass in a temperature controlled hot plate at
> 90°C_to melt the wax
Mount gently the sample on the melted wax glass slide
> with top surface facing down (ridge buried in wax).
Ensure a quick hardening of wax positioning the glass on a
" cold metal surface
Measure the thickness with micrometer setup.
Micrometer Set the glass slide surface as a reference point.
s profiling Measure the thickness of resist covered sample at the 4
corners and at the middle.
Prepare an etchant solution of H;S04:H,0,:H,0 mixed at
1:8:1 (etching rate =15um/min.)
> Prepare 15 x (1:8:40) ml for 1 sample and 25 x (1:8:40) ml
for 3 samples.
Etch through 450um of substrate (approx. 25-30min).
Etching Etch in 4 steps with etching time of approx. 7 minutes.
10. Agitate the sample in a figure of “8” pattern to ensure
uniform etching or use the magnetic stirrer (speed 3) to
etch the substrate.
11. Rinse in DI-water for approx. 1-2 min.
12. Blow dry sample with nitrogen.
Micrometer Measure the thickness with micrometer setup.
s profiling Set the glass slide surface as a reference point.
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Measure the etch depth using the micrometer setup at the

5 points (in step 34).

If the etch depth is shallower than intended repeat etching

- and surface profiling (steps 35-38).
Soft bake glass in a temperature controlled hotplate at
90°C to melt the wax

Glass Gently move the sample in a tetrachloroethylene beaker

e unloading in order to wash off wax residual
The sample is now thinned considerably, Handle with
care.

16. Rinse sample in acetone in 2 separate beakers.

17. Rinse sample in IPA in 2 separate beakers.

18.| Cleaning Blow dry sample with nitrogen.

19 Treat the sample with plasma in the plasma asher at 50W

for 5 minutes.

1. Clean copper block in acetone for 1 minute.
Clean copper block in ultra sonic bath with acetone at
% 100% power for 10 minutes.
Copper block | Clean copper block in ultra sonic bath with IPA at 100%
> cleaning power for 10 minutes.
4, Blow dry copper block with nitrogen.
Dry clean copper blocks in a temperature controlled hot
> plate at 200°C for 5 minutes.
Treat the substrate side of the sample with plasma in the
6. | Oxide cleaning
plasma asher at 50W for 5 minutes.
Deposit 20nm of Ti & 100nm of Au using the Edwards
Turbo Evaporator.
7. | Metallisation Check the boat with continuity tester (Rz1Q).

Ti: 3-4 wires; Au: 7-8 pcs.; Vacuum pressure (min.): 2x10°

®mBar.
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Evaporate metal on both sample and the polished surface
of copper block.
Evaporate at 0.1nm/second for first 50nm (Ti & Au) and

then at 0.2nm/second for the rest (Au only).

9. | Cleaning

10.

1. | Sintering

1. | Cleaving

Rinse sample in acetone in 2 separate beakers.

Rinse sample in IPA in 2 separate beakers.

Blow dry sample with nitrogen.

Sinter the top contact and the over-layers using RTA at
270°C for 5minutes.

Recipe: SPK_QCL_Anneal_TOP

Check the scriber orientation with a scrap sample before
ridge separation.
Separate laser ridges using a scriber with an applied force

of 15-25.

2. | Facet cleaving

Cleave laser facets with a surgical scalpel knife.
Check the facets with the angular microscope.
Do not damage the facet and do not handle sample with

the facet side.
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