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ABSTRACT

The longer wave infrared bands, including mid-wave infrared, spanning 3 pm to 8 pm,
and the long-wave infrared, spanning 8 pm to 14 pm, remain a relatively unexplored field be-
yond thermal imaging. While their visible counterparts have found their way into a plethora
of devices, mid-wave infrared and long-wave infrared see little to no use outside of defence
and security, and laboratory settings. Due to these limited uses, thermal imaging and its
accompanying technologies have not seen the same level of development as their visible coun-
terparts. The effect of this limited development can be seen in the lack of choice of optical
modulators for these wavelengths, and the lack of uses outside thermal imaging. However,
the use of these longer wavelength infrared bands could be beneficial in areas where a high
transmission in the atmosphere is required, due to their relative low attenuation compared
to the visible range. Some of these use cases involve long distance rangefinding and optical

wireless communication.

To enable these new applications, high speed modulators are required. One of the
topics of this thesis involves the development and benchmarking of an all-optical shutter for
the short-wave, mid-wave and long-wave infrared, for use in compact and rugged systems.
This all-optical technology consists of a semiconductor optical window that on absorption of
a high-energy optical pump in the near infrared, attenuates short-wave to long-wave infrared.
The primary mechanism for the attenuation of the short-wave to long-wave infrared is intra-
band absorption caused by excited free carriers in the semiconductor optical window. This
shutter technology was used to improve the temporal accuracy of a slow mercury cadmium
telluride detector in a femtosecond system, enabling observations on the order of picoseconds

to be made. The shutter technology was then implemented in a smaller, breadboard sys-



tem, which was designed to test the shutter for real world applications such as time of flight
rangefinding and active gated imaging in the long-wave infrared. With the system it was
found that a microbolometer thermal camera could be externally gated using the all-optical

shutter technology on the scale of microseconds.

An electronic solution for improving the temporal accuracy of mid-wave infrared and
long-wave infrared was developed alongside the solid state shutter technology. As nothing
similar exists on the market for mid-wave infrared rangefinding, custom electronics needed
to be designed and made including a high-speed preamplifier, constant fraction discrimi-
nator and time-to-digital converter. Rather than externally gating a detector, a constant
fraction discriminator was designed and custom built to provide high temporal accuracy.
This constant fraction discriminator was able to negate the issues of amplitude walk and
variation that would otherwise make the system unsuitable for measuring distances. To
verify the performance of the system a visible wavelength benchmark was also built. The
performance of the final implementation of the constant fraction discriminator system for
the mid-wave infrared was compared to the threshold level triggering in the visible system.
It was found that the performance of the mid-wave infrared rangefinder came close to the
633 nm benchmarking system, showing centimetre resolution, making the mid-wave infrared

a viable option for rangefinding.
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Chapter One

Introduction

Infrared light is a slice of the electromagnetic spectrum that occupies the region between
microwave and Visible (VIS). It provides an extra dimension for examining the world around
us, allowing us to observe things that are invisible to the naked eye. The infrared region
contains several sub-bands, namely Near Infrared (NIR), Short-Wave Infrared (SWIR), Mid-
Wave Infrared (MWIR), and Long-Wave Infrared (LWIR), which cover 780 nm to 15 pm [1].
While infrared imaging, ranging from the SWIR, through MWIR to the LWIR, is commonly
used in defence and security, it also offers numerous benefits for civilian uses. Common areas
for defence usage are active night vision in the SWIR, where a burst of light illuminates the
scene, and a SWIR camera recovers the scene [2]; thermal cameras used for food quality
assessment, firefighting, structural and building analysis, to name a few [3, 4, 5, 6, 7|.
Infrared sensing is also commonly used in applications that involve gas sensing, as many of
the vibrational modes, such as O-H and C=C, lie in this wavelength range [8]. Given the
potential industries that infrared imaging could be used in one may find it surprising that
the development of technologies for infrared imaging has not kept pace with those in the

visible spectrum.

One focus of the work covered in this thesis revolves around thermal cameras. To
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give a brief overview: thermal cameras allow one to assess scenes from another perspective,
highlighting areas that are hard or sometimes impossible to see when limited to the visible
spectrum, and offer a faster, non-contact method for measuring temperatures of objects
compared to using a temperature probe [1]. Compared to their visible counterparts, thermal
cameras have not been developed to the same extent. The lack of development in thermal
cameras is predominantly due to consumer demand; most modern electronic devices will
have a visible silicon-based detector in it due to economies of scale and miniaturization.
Like VIS cameras, thermal cameras are made up of four main parts, which consist of a lens
group, aperture, shutter and sensor. There are the lens elements, which are responsible for
gathering and focussing the light from the scene onto the sensor; the aperture, which controls
the throughput of light to the sensor, the shutter, which provides a known temperature for

calibration of the thermal sensor; and the sensor, which records the light from the scene.

Like a conventional VIS camera, thermal cameras require either a mechanical shutter
or an electronic shutter [9]. In contrast to a conventional VIS camera, the role of the
mechanical shutter in a thermal camera is to provide a uniform scene of known temperature.
This mechanical shutter physically blocks the light from the scene. The uniform scene
observed by the sensor is then used for calibration of the output of the sensor’s pixels.
Comonly known as a Non-Uniform Calibration (NUC), this process is used to adjust for
thermal drift in the sensor and camera housing. However, the mechanical shutter is a delicate,
moving, mechanical part which is susceptible to damage from rough treatment, and wear
and tear. Due to the shutter also having to move, the system has a reasonably low maximum
operation speed, with periodic periods while the sensor is ’blind’” due to the shutter blocking
light. In contrast, an electronic shutter does not involve any mechanical parts; instead, it
quickly samples the intensity of each pixel in the sensor, usually a row at a time. This process
is adequate, provided the scene is static, or at the very least, moves slower than the time

it takes to read out all the pixel values. Issues occur when the subject of the image moves
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faster than the time it takes for each row of the sensor is sampled, which can lead to the
rolling shutter effect [10]. This effect is commonly observed when recording a fast moving
object, like a propellor of a plane, where distortion of the blades is visible. It is important to
note that this is different to blur incurred from long exposure times, where in the previous
aeroplane example, a disk would be observed. When an electronic shutter is employed, the
sensor itself needs to respond quickly. As well as an increased chance of tearing, a shutterless
camera is more susceptible to damage from overexposure compared to a shuttered camera,
as there is no physical barrier between the environment and sensor [11]. Nevertheless, both
shuttered and shutterless thermal cameras are in use today, with either one, or both of the

technologies implemented for a ‘best of both worlds’.

For these reasons, an improvement on thermal cameras could be realised by intro-
ducing a faster modulator in place of the conventional mechanical shutter. For the VIS
spectrum, high-speed optical modulators are abundant and one is spoilt for choice. From
electro-optical devices to all-optical solutions there is a device for almost every requirement
and situation |12, 13, 14]. However, as the wavelength of light increases typically the op-
tions for optical modulators diminish while cost increases. This increase is especially true
beyond the telecommunication wavelengths, which start around 1550 nm. Not only is there

less choice, usually the offerings are less mature than their visible counterparts.

A faster Infrared (IR) modulator would be a welcome addition to an optics laboratory.
Thermal sensors, compared to their VIS and NIR silicon counterparts, while sensitive, are
generally slower to respond [15]. These sensors also often require active cooling in the form
of liquid nitrogen, or Thermoelectric Coolers (TECs), to achieve a good signal to noise ratio
when recording a signal at longer wavelengths. While a modulator will not help with the
cooling, it has the ability to improve the temporal resolution of the sensor through active
gating. Due to its all-optical nature, the response time of the modulator proposed would be

orders of magnitude faster than that of any mechanical system.
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Another topic of this thesis is rangefinding; in particular, how a longer wavelength IR
source could be combined with the solid state shutter technology to produce a Range Gated
Active Imaging (RGAI) device. Early rangefinding devices, termed coincidence rangefinders,
used a pair of mirrors separated by a long tube, with a prism in the centre to combine and
generate the split image. By adjusting the angles of the two mirrors to correct the split
image, and using trigonometry, it was possible to get an approximate range of object of
interest [16]. This device was quickly replaced with laser rangefiners, commonly termed
Laser Detection and Ranging (LIDAR). Laser rangefinding has numerous advantages over
older optical rangefinders, including accuracy, robustness and speed of measurement {17, 18,
19]. There are two primary methods for laser rangefinding. The first of these is the phase
shift method, where the phase of an outgoing and incoming wave of a amplitude modulated
Continuous Wave (CW) laser is compared; and the second is the Time of Flight (ToF)

method, where the roundtrip of a pulsed laser is measured.

A pioneering example of the phase shift method was conducted in 1849 by Armand
Fizeau [20|. Fizeau used a rotating disk with cutouts, a light source, and a mirror 8 km
away to measure the speed of light [20]. The light was shone through the disk, travelled the
8 km to the mirror, returning along the same path until it was met by the rotating disk,
before being viewed by an observer. The rotating disk would create a binary, square wave
pulse train at the rotational frequency of the disk. When half of the rotational period of the
disk is the same as the distance to the mirror over the speed of light, the reflected light will
disappear. Since the distance to the mirror and rotational frequency of the disk is known,
the speed of light can be calculated. Armand Fizeau was able to measure the speed of light
to be 310.000 km /s, this was later improved by Jean Léon Foucault, using a rotating mirror

rather than a rotating disk, measuring the speed of light to be 298.000 km//s.

Most laser rangefinders used today rely on shorter wavelength sources [21], as dis-

cussed in relation to the fast optical technologies above. However, when trying to range
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a distance using optical methods atmospheric conditions must be considered. Generally,
shorter wavelengths in the VIS and NIR are more affected by absorption and scattering
than longer wavelengths [22|. This absorption and scattering occurs due to aerosols, debris
and molecules in the atmosphere. Theoretically the use of longer wavelengths would lead to

increasing the maximum possible distance a rangefinder could achieve.

This thesis and included research, aims to correct the issues discussed above by devel-
oping an all-optical modulator for the MWIR and LWIR which can be used on a Focal Plane
Array (FPA) or a Single Pixel Detector (SPD). The second chapter will give an overview
of previous research and the current, state-of-the-art hardware for IR modulation, detec-
tion and rangefinding. The third chapter will discuss the equipment used to carry out this
research. The fourth chapter will cover the operating principles of the all-optical shutter,
material choices for the modulator, and the required power to generate a change in trans-
mission. The fifth chapter will cover the experiments carried out to test the feasibility of the
all-optical shutter in both a FPA camera and a SPD. The technology developed in this work
aims to offer a replacement for mechanical shutters, through combining all of the benefits of
a mechanical shutter while still operating in an all-optical fashion. The sixth chapter will
look at the possibilities of using MWIR for rangefinding using the ToF method with custom
timing electronics, circuit design and benchmarking will be covered here. The final part
of this thesis will review the findings of this research and suggest possible areas of future

directions.



Chapter Two

Assessment of Current Infrared

Technologies - Literature Review

The following chapter investigates and presents the current technology and research available
with regards to Infrared (IR) technology. The first section considers advantages of using
longer wavelengths in applications which require high transmission in the atmosphere. The
second section covers IR modulators, both current and devices in development, as well as IR
detectors, Focal Plane Arrays (FPAs) and cameras. Finally, rangefinding for long distances,

and active imaging is discussed.

2.1 MWIR and LWIR

The Ultra Violet (UV) to Short-Wave Infrared (SWIR) is a well-developed, mature market;
there is plenty of choice for detectors and sources available for a wide range of applications
ranging from everyday uses to military purposes. SWIR is a perfect option for covert oper-
ations since it is invisible and eye-safe. There are options for fast rise time, high bandwidth

detectors that make it suitable for active imaging. Near Infrared (NIR) and SWIR have also
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found a home in fibre optics, wavelengths around the 1550 nm mark are commonly referred

to as the telecommunication wavelengths.

However, Mid-Wave Infrared (MWIR) and Long-Wave Infrared (LWIR) could offer
advantages over the shorter wavelengths with regards to applications where atmospheric
transmission is vital, with the added benefit of being eye-safe [23]. These band edges vary
in the literature [1, 24, 25]; for example, according to Vollmer and Méllman, the IR range
covers 780nm up to 1 mm [1]. In this thesis, the range of IR that is of interest spans from
the NIR, starting at 780nm, to the LWIR, ending at 14 pym. Contained within this is the
SWIR, that spans 780 nm (which also contains the NIR) to 1.7 pm, the MWIR that goes

from 1.7 pm to 5 pm, to the LWIR which spans 8 um to 14 pm [1, p. 10].

The atmospheric scattering and absorption of photons reduces the throughput, maxi-
mum transmission range and clarity of an image or can make it impossible to observe a scene.
These issues can be caused by weather conditions, from turbulence to fog (see Figure 2.1), or
from particulates in the air [22]. The main mechanisms for scattering will be discussed next,
including Rayleigh scattering, Mie scattering, and absorption due to vibrational modes of
molecules in the atmosphere. Since this work focusses on thermal imaging and investigates
the possibility of long distance rangefinding, it is important to consider how these scattering

effects could affect MWIR and LWIR wavelengths.

2.1.1 Rayleigh

Rayleigh scattering, proposed in the 19th Century by Strutt, is a scattering theory most fa-
mously known for giving the sky its blue colour[26]. The scattering originates from molecules
in the atmosphere, which has a far stronger effect on shorter wavelengths compared to longer

wavelengths. The intensity of the scattering can be described using the following scattering
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Figure 2.1: Use of SWIR system for imaging through fog. Visible image (a) shown against
a SWIR (b). The person in the fog is only visible with the SWIR system. From [2].

phase function [27, p. 1120]:
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where A is the wavelength, D, is the diameter of the particle, m is the normalised
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refractive index m = N/Ny, where N is the refractive index of the particle, and Ny is the
refractive index of the surroundings, 6 is the scattered angle and Fj is the incident flux. If
all but the wavelength is changed, a simple relationship can be devised: I ., o< 1/\*. This
relative scattering intensity is plotted in Figure 2.2. When considering Rayleigh scattering,
using a longer wavelength over Visible (VIS), and even SWIR, could show a significant

improvement with regards to scattered intensity.

2.1.2 Mie

In contrast to Rayleigh scattering, Mie scattering is caused by larger particles in the air.
These sorts of particles, otherwise known as aerosols, include dust, fog and debris, are on a

much larger scale, typically 1 pm to 100 pm. Mie scattering affects all wavelengths to some
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Figure 2.2: Relative scattered intensity against wavelength plotted from the relation /., =
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degree and is the cause for the clouds appearing white. Mie scattering has been used in
particle size analysis |28, 29|. To assess the potential implications of Mie scattering on MWIR
and LWIR, there has been a significant investment in developing algorithms to determine
the intensity of the scattering of different wavelengths. The effect of this can be significant,
and is the primary reason SWIR is used over shorter wavelengths when conditions are poor.
SWIR is commonly used for night vision and Range Gated Active Imaging (RGAI) covertly
since it is invisible to the human eye [1, p. 500]. SWIR to LWIR also has a greater optical
depth compared to shorter wavelengths when travelling through adverse weather conditions,
such as fog and smoke, however these longer wavelengths will still struggle when it comes to

imaging through rain and very dense fog [30, 31, 32].

While SWIR imaging does already offer an advantage over its shorter wave counter-
parts, it could be further improved by using longer wave radiation. Figure 2.3 shows the
strength of absorption against the wavelength range for different H,O particle sizes to mimic

fog, and was calculated using the MiePython package [33]. It can be seen that the extinction



Assessment of Current Infrared Technologies - Literature Review

efficiency drastically falls away for particles with a radius less than 1 pm. However this is not
the case for longer wavelengths around 3 pm. It should be kept in mind that this is for single
particles only, particles clustered together are not considered in this case. The extinction

efficiency, Qeu, is defined with the following equation [34, p. 14]:

Qezt = Qsca + Qabs (22)

where ., is the scattered efficiency and Qs is the absorbed efficiency. These

efficiency factors are dimensionless, and follow the general equation:

C Caup
Qsca == Qabs = #

Ta?

where Cly., and Cg, is the scattering and absorption cross section, respectively, of the

particle, and a is the radius of the particle [34, pp. 12, 14].

2.1.3 Molecular Absorption

When a photon passes through a gas, it could be absorbed, dependent on the energy levels
of the molecules contained in the gas. This molecular absorption is commonly exploited in
sensing for volatile and dangerous gases, where typically MWIR and LWIR sources are used.
Some examples of gases that are sensed in this fashion include methane, carbon dioxide,
ethane and carbon monoxide, however this is not an exhaustive list [37, 38, 39]. The use of
gas sensing is an important safety tool in the gas processing industry, as it provides an early

warning of gas leaks that could cause serious harm, as well as impacting on the environ-
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Figure 2.3: Calculated Mie-Lorentz scattering using the miepython package [33|, with data
from https://Refractivelndex.Info [35, 36]. Extinction efficiency is plotted against photon
wavelength for differing H,O particle size to give an indication of performance in fog.

ment |1, p. 465][40]. There are numerous tools for computing the absorption of various gas
molecules, however the one which will be focussed on in this work is the HITRAN database,
coupled with version 1.2.2.0 of the HAPI API [41]. HITRAN is a database which includes
absorption lines for gases found in the atmosphere, as well as numerous other parameters
related to said molecules. The origin of the IR atmospheric transmission windows are pre-
dominately defined by the H,O and CO4 absorption lines. However, CO, CHy, N,O, O3 and
HDO also have a significant effect on IR[42, p. 40]. These molecules have strong absorption
lines in the IR due to their molecular structure and chemical bonds between the atoms.
The only real way to circumvent this issue, when maximum transmission is required, is to
choose a source in the transmission window that is not significantly affected by the other
molecules. If a suitable transmission window cannot be chosen, it is better to choose higher
absorption in a less abundant gas. Figures 2.4 and 2.5 show the calculated absorption in the
IR transmission windows for different molecules. From these figures you can clearly see the

IR atmospheric windows produced by HyO and CO,. While there is significant absorption
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from other molecules, in general their concentration in the atmosphere is much lower. From
this data, any wavelengths in the HoO atmospheric window will suffice, giving good atmo-
spheric penetration, provided the particle size of water molecules stays on the micron scale

as discussed in Section 2.1.2.

The effective atmospheric transmission window, combining the previously mentioned
molecules, has been computed using the ATRAN model web interface [43] for SWIR to the
LWIR, and can be seen in Figure 2.6. The transmission window has been calculated at
altitudes of 100 m, 1km and 10km. It can be seen from this that as altitude increases, the
absorption of IR reduces due to the decrease in the density of the air. Further to this, plots of
the atmospheric transmission at varying horizontal path length and atmospheric conditions
can be seen in Figure 2.7. Figure 2.7 (a) shows the transmission of SWIR to LWIR for
horizontal path lengths of 1km to 10km in a midlattitude summer climate with a 1220 m
visual range, with rural aerosols (particles size smaller than 1pm). Figure 2.7 (b) shows
the transmission of SWIR to LWIR for horizontal path lengths of 0.1km to 2km in foggy
conditions, where the visible range is 610 m. Both Figure 2.7 (a) and (b) were calculated
using the MODTRAN model [1, p. 571]. From Figures 2.7 (a) and (b) it can be seen that
longer wavelengths, apart from the absorption around 5 pm to 8 pm, have good atmospheric
penetration compared to the visible. It is worth noting however that the transmission of

MWIR and LWIR in foggy conditions is highly dependent on the type of fog [1, p. 571].

2.2 Infrared Modulators

Optical modulators are a useful tool in the world of optics, both inside and outside of the
laboratory. Optical modulators are used in numerous digital optical devices with commer-

cial, medical and defence applications. Modulators are available in both electro-optical and
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Figure 2.4: Calculated transmission for MWIR atmospheric transmission window. This was
calculated using the HAPI API for the HITRAN Database, data from [41].
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Figure 2.5: Calculated transmission for LWIR atmospheric transmission window. This was
calculated using the HAPI API for the HITRAN Database, data from [41].
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Figure 2.6: Calculated transmission for 1.4 pm to 12 pm using the ATRAN model [43] with
a zenith angle of 0° at altitudes of 100 m, 1km and 10 km respectively. This model uses the
HITRAN 2000/2001 database to calculate the absorption of each molecule.
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Figure 2.7: Transmission spectrum calculated using MODTRAN for rural aerosols midlati-
tude summer climate with a visiual range of 1220 m shown in (a) (particle size < 1pm), and
midlatitiude winter, foggy conditions, with a visiual range of 610 m shown in (b). From |1,
p. 571].

mechanical styles. Mechanical devices are often chosen for their simplicity, relative low cost,
high contrast and high damage threshold. In contrast, if a high operating temporal band-

width is required, electro-optical modulators are a more appropriate choice due to their solid

state nature.

Common electro-optical modulators are Spatial Light Modulators (SLMs), which have
seen multiple use cases. This includes Liquid Crystal Displays (LCDs) where the output
brightness of pixels are controlled by adjusting the polarisation of light. Another use of
SLMs is adjusting the phase of coherent light to produce interference patterns for use in real
time holography [44], with commercial products appearing on the market with potential use
in medical environments [45]. Optical modulators are common in fibre optic technology for
transmitting data at high rates. While it is possible to modulate light sources directly, it
also an option to modulate the light sources externally. This external modulation can lead
to a higher performance when very short, defined changes in optical intensity are required.

An example of this could be when data needs to be encoded in a carrier wave, or if one
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source is used for multiple outputs [46]. A real world application of this would be commu-
nication between servers in datacentres, where high speed and low latency communication
is required [47]. Other options for external modulation of light include Acousto-Optic Mod-
ulators (AOMs), which are commonly used in Q-Switched lasers for creating high energy
pulses [48]. AOMs are able to change the direction of light travelling through them due to
Bragg diffraction caused by travelling acoustic waves, while also adding a frequency change
to the light. Mach-Zehnder Modulators allow for optical switches to be created in integrated
photonic devices. They are able to modulate the amplitude of the light by splitting the light,
adjusting the phase of one with respect to the other through the use of an electro-optical
crystal, and recombining the two arms at the output. The bandwidth of these devices has
been reported up to 70 GHz[13, 49, 50]. External modulation provides the option of sources,
where a certain source may not be capable of fast turn-on and turn-off times necessary for

high bandwidth applications.

In research laboratories, optical modulators can be key components in many optical
setups including the generation of high power, short pulse length pulses. Pockels cells adjust
the polarisation of light, and are key optics in the generation of ultrashort, high power pulses,
due to their ability for a high modulation ratio and switching speed [51, 52|. Photoelastic
Modulators (PEMs) are also an example of solid state modulators that affect polarisation.
These devices operate in a similar fashion to AOMs, where a crystal is vibrated at a reso-
nant frequency [12]. Polarisation based modulators could be effective for data transmission,
allowing for beam steering through polarisation control coupled with silicon beam steering
metasurfaces [53], allowing for bidirectional fibres coupled with polarisation maintaining fi-
bres [54], or combining with SLMs to encrypt optical communication systems [46]. However
polarisation devices fall short when the source is unpolarised such as for use in a camera

system.

Modulators are not limited to only electro-optic and acousto-optic, there also exist
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mechanical options, optical choppers are an example of this. A common sight in optical
laboratories, optical choppers operate by periodically blocking the light source by rotating a
disk with slits. While they are wavelength independent and offer a good contrast ratio, they
have relatively low modulation frequency due to its mechanical component, frequently top-
ping out at around 10 kHz due to mechanical stresses [55]. Microelectromechanical systems
(MEMSs) reflectors, often called Digital Micromirror Devices (DMDs) are another mechan-
ical modulator in the form of an array of tip-tilt mirrors for reflection modulation. Offering
a high contrast ratio, these micro mirror devices can be manufactured to accommodate dif-
ferent wavelengths of light through selection of the reflector material. DMDs are spatial
light modulators, and are fabricated as a plane array, allowing for images and patterns to
be created. Due to the small physical size and weight of the individual reflectors, a high
modulation frequency is possible. These devices can be found in projectors outside of the

laboratory, and are also found in compressed and single pixel sensing [56].

The commercial availability of optical modulators for infrared is low in comparison
to VIS and NIR modulators. Their lacking availability is primarily due to their niche uses
outside of the consumer marketplace, which mostly include scientific research, sensing [57]
and defence applications [58]. However, there are numerous areas where the use of infrared
could offer some advantages. One such application suited to everyday life includes Optical
Wireless Communication (OWC), where data is transmitted using free space optics, rather
than with a fibre optic or copper conductors [59]. OWC has obvious benefits over using
fibre optics or copper conductors due to not having to lay conduits underground for wires or
suspend them in the air. Rabinovich et al. devised a method for an OWC between a ground
station a unmanned aerial vehicle. This technique for communication required only one
laser located at the ground station [60]. To accomplish this, a corner cube retroreflector was
attached to the unmanned aerial vehicle, with a Multiple Quantum Well (MQW) modulator

in front of it. In the case of [60], the MQW modulator consisted of a 75 period structure of
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alternating barriers (AlGaAs) and wells (InGaAs), with each layer measuring approximately
10 nm thick. This was sandwiched between an n and p type semiconductor, forming a p-i-n
structure. Under an applied voltage, the structure would change its absorption for NIR light,
allowing the unmanned aerial vehicle to modulate the incoming Continuous Wave (CW) laser
beam and send data back to the ground station. The use of the corner cube ensures that
the beam travels back towards the ground station. The temporal bandwidth of this system
is limited by the RC time constant of the structure [60], in the case of this system they were

able to transmit data at a rate of 1 Mbps [60].

Wavelengths in the MWIR and LWIR could prove to be excellent candidates for this
application over UV, VIS or NIR. This advantage is due to atmospheric windows which lie
in the MWIR and LWIR bands. The long wavelengths would also reduce scattering effects

in the atmosphere, as discussed in Section 2.1.

2.3 Detection Technology

Development of MWIR and LWIR detectors has trailed that of VIS and SWIR significantly,
mostly due to the cost of components and their perceived usefulness. Only recently have
devices, such as thermal cameras, become available to the mass market. For instance, not
only are there dedicated thermal cameras available on the consumer market, there are also
thermal camera accessories that can be attached to mobile devices, such as the FLIR One.
The FLIR lepton 3 module, that is used in the FLIR One, utilises an uncooled Vanadium Ox-
ide (VOx) FPA microbolometer. The following will cover the various detection technologies

that are available for IR.
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Figure 2.8: Detector technologies with their respective approximate optical bandwidths.
Values gathered from what is available to purchase from a selection of vendors available at
the time of writing (Thorlabs, Hamamatsu, Teldyne Judson, Laser Components as of 2022).
Active cooling is required in some cases.

2.3.1 Thermopile

Thermopile detector technology exploits the Seebeck effect in two dissimilar metals to gen-
erate a varying voltage difference with temperature [61], as seen in Figure 2.9. A thermopile
sensor can be visualised as multiple thermocouples joined in series, which provides a much
higher voltage than a single thermocouple. Like microbolometers, these sensors tend to be

slow, since they rely on the change in temperature of the sensor material itself, rather than
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quantum effects that are seen in photodiodes. It is therefore of paramount importance to
reduce the mass of these devices to reduce their response time. As thermopiles also rely on
the absorption of photons to increase their temperature, it is important to select a material

with a high absorption coefficient for the wavelengths required.

.
N % Vo
.

Figure 2.9: Illustration of a thermopile consisting of 2 thermocouples, represented by the
grey and dark grey wires. The total voltage is proportional to the temperature T + AT,
and can be calculate by the number of thermocouples, N multiplied by each thermocouples
voltage V. From [61].

Nevertheless, these slower technologies are commonly used in thermal cameras due
to their lower cost and ease of fabrication. Common thermocouple materials used for ther-
mopiles include bismuth-antimony and nickel-copper due to their high Seebeck coefficient

(61].

2.3.2 Pyroelectric Detectors

Pyroelectric detectors differ greatly to thermopiles, rather than using the Seebeck effect, a
pyroelectric detector uses a material that is heavily electrically polarised [62|. This material
is usually ferroelectric with the electrical polarisation dependent on temperature change.
When there is a change in temperature in the material, a change of voltage is induced across

the device. This generated voltage fades with time, making it suitable only for pulsed light
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applications. However, this has not stopped researchers developing cameras based on this
technology [63, p. 1369]. This technology is commonly found in devices such as intruder
alarms [63, p. 1367], where a person entering a static scene will generate a change in IR
observed in the scene; optical fire alarms, where a fire will generate a sudden change in IR;
gas sensing where a change in amplitude would signify the presence of a gas. This gas sensing
method could be coupled with select wavelength lasers or a broadband source and bandpass

filters to identify the gases detected [8].

Novel techniques for increasing the effectiveness of pyroelectric detector technology
involve adding photonic structures to the surface of the detector to increase the coupling
of radiation [64] for multigas sensing. Tan et al. [64] designed nanoantenna to help cou-
ple IR light into the detector, removing the need for bandpass filters. The nanoantenna
are designed to efficiently couple certain wavelengths into the detector below, allowing to

selectively measure wavelength intensities.

2.3.3 Micro Bolometer

Micro bolometers are a FPA device that, unlike conventional silicon FPA detectors you
would find in common digital cameras, are able to photograph IR scenes. To accomplish
this, the pixels of a micro bolometer are made of a material that readily absorbs IR light.
These pixels must have a low heat capacity and show a strong thermoresistive dependence.
Common materials include VOx and Amorphous Silicon (a-Si). At its core, the bolometer
works by measuring a change in resistance induced from a change in temperature. This
resistance change of the pixel can then be measured using Ohm’s Law, before converting
the resistance value to a temperature with use of a calibration curve. Invented in 1881 by
Langley, the bolometer has seen rapid development since. The structure of a bolometer from

top to bottom is outlined systematically and in detail next (see Figure 2.10 for a graphical
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representation). At the top of the structure is a thin layer of conductive material. This layer
should absorb the majority of the incident IR radiation to limit internal reflections. Not only
would internal reflections limit the sensitivity of the device, reflections could also be detected
on other pixels. This thin sensing layer is separated from the main substrate, with a reflector
placed behind the sensing membrane. The distance between the sensing membrane and the
reflective layer is approximately A/4, where A is the sensing wavelength, to form a resonant
cavity. This resonant cavity increases absorption of the sensed wavelengths, increasing the
sensitivity of the pixels. Separating the sensing membrane also reduces thermal conduction
between the sensing membrane and the body of the camera. This suspension of the membrane
is usually achieved with thin, stiff conductors. The sensing membrane can then be connected
to a Read Out Integrated Circuit (ROIC) to measure the changes in resistance. Fabrication
of these devices can be achieved by depositing layers of the photo-resistive material, and
etching 66, 1].

Pixel Pitch _
IR Absorber Legs

—— |
Reflector A Resonant ROIC &
I /4 « Cavity Substrate
Y

Figure 2.10: Illustration of microbolometer pixel. The sensing membrane is fixed \/4 above
the reflector, typically 2.5 pm, which forms the resonant cavity. This resonant cavity increases
the efficiency of the absorber. The size of the absorber, including legs, dictates the pixel
pitch. The ROIC in the substrate measures the resistance change of the microbolometer as
it absorbs IR light.

A

To bring thermal sensors on par with their visible counterparts, there has been much
focus on reduction in size of pixels [66]. The aim is to make the smallest possible sensor
with the highest resolution, while at the same time maximising the active area of the pixel,

otherwise known as the fill factor. Since the individual pixels need to be thermally isolated
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from the main body of the camera, to ensure that only radiation from the scene affects the
reading, there needs to be a structure that suspends the pixel above the substrate of the
camera, and isolated both electrically and thermally, from neighbouring pixels. There have
been numerous novel techniques for this, including umbrella structures. By supporting the
structure underneath the active area, umbrella structures have been reported to achieve a
fill factor above 92 % while maintaining a reasonable thermal time constant of 12ms [67].
This is a challenging task for a number of reasons. To maintain a low thermal time constant
the structure must be thin, yet not buckle under its own weight. In addition, to achieve a

high fill factor and remain thermally isolated, most of the structure is unsupported [68].

Since bolometers essentially function by measuring an electrical change from their
own change in temperature, there is a non-zero time constant for the material to reach the
right temperature. For high speed application this is an important parameter to optimise.
Recently there has been a push for introducing carbon nano-tubes into bolometers [69, 70].
Another direction for reducing the associated heating time constant is through the use of
graphene sheets. Graphene is a tempting choice due to its atomic layer thickness which will
aid in reducing the thermal constant of the bolometer. In a departure from conventional
bolometry, one group was able to design and fabricate a bolometer that measured the reso-
nant frequency of a graphene sheet. In this approach, the absorbed thermal radiation shifts
the graphene sheet’s resonant frequency away from its natural resonant frequency. This
differs over traditional bolometry where the induced change in resistance of the graphene
sheet would have been measured [71]. With this method, an operating bandwidth of up to
1 MHz was achieved, while also matching the sensitivity of other room temperature bolome-
ter technologies. This method was implemented due to the lower thermosresistive effect of

graphene.

Turning to a more conventional form of bolometry, one research group combined a

graphene substrate with a photonic crystal. The photonic crystal was designed to efficiently
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couple the incoming light, in this case SWIR, to the graphene substrate, increasing the
induced electrical change. This provided a response time of 35 ps at cryogenic temperatures,
although it was reported that the system could operate at room temperature with reduced

sensitivity [72].

2.3.4 Mercury Cadmium Telluride

An early first generation photodiode infrared detection technology, HgCdTe, otherwise known
as Mercury Cadmium Telluride (MCT), is a reliable, tested and widely used material for IR
detection from the SWIR to LWIR [73, p. 296]. Commonly used at cryogenic tempera-
tures with the use of liquid nitrogen, Thermoelectric Cooler (TEC) or a Stirling engine, it
is a highly sensitive material, commonly with D* rating in the high 1 x 10% Jones up to
1 x 10" Jones [15]. The D* rating is a figure of merit that quantifies the performance of
thermal detectors, allowing for easier comparisons between different detector materials, areas
and frequency bandwidths. The D* rating can be related to the noise equivalent power by

the following equation [1, p. 75]:

p; = YAp2S (2.3)

NEP,
where Ap is the active area of the detector, Af is the electrical bandwidth, and
NEP, is the wavelength dependent noise equivalent power. Rise time for this detector
technology ranges greatly from ps to the low ns. Like other detector technologies, the rise
time is highly dependent on the RC constant of the material, which is related to the detector
area; reducing the active area of the detector will increase the bandwidth, at the expense

of sensitivity. MCT detectors readily have a large optical bandwidth, and can be easily

tuned during manufacture by adjusting the ratio of mercury to cadmium to achieve a peak
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wavelength detectivity at a chosen wavelength.

2.3.4.1 Mercury Cadmium Telluride Avalanche Diodes

Currently, MCT avalanche photodiodes are under heavy development. As well as applications
in high speed photonics, they are also being designed for use in astronomical imaging [74],
Laser Detection and Ranging (LIDAR) |75, 76] and free space optical communications [77].
These detectors are generally lower noise than that of their visible counterparts, due to only
electrons or holes initiating the multiplication, compared to holes and electrons in silicon

and germanium Avalanche Photodiodes (APDs) [78].

2.3.5 Quantum Cascade Detector

An exciting detector technology on the horizon is Quantum Cascade Detector (QCD). First
reported in 1987 by Levine et al. [79], researchers managed to design and fabricate a quantum
cascade detector with an exceptionally high bandwidth, capable of rise time on the order
of ps [79]. This detector technology works in a similar fashion to Quantum Cascade Lasers
(QCLs), which are discussed in detail in Chapter 3. In brief, rather than relying on bandgaps
of materials, the response of a QCD originates from the structure of the device itself. This
structure consists of layers of alternating material; in the case of the work carried out by
Levine et al., layers of GaAs/Al,Ga;_,As. On absorption of a photon, electrons are excited
via intersubband transitions to higher energy levels. The alternating layers of GaAs and
Al,Ga;_, form quantum wells, allowing electrons to tunnel from high energy levels in one
well to lower ones in the second well. Usually in a period there are several quantum wells,
however, these periods can be repeated to generate higher potential differences across the
entire structure. These devices can be cryogenically cooled, with high D* ratings of 7 x

10° Jones at a temperature of 50 K [80], although it is not a requirement. Hamamatsu have
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reported on a room temperature QCD [81], at the expense of losing two orders of magnitude
in its D* value. The rise time of this detector was not explicitly mentioned in the article,
but the recently released Hamamatsu P16309-01 was probably related to the QCD in this
paper. This recently released detector offers a bandwidth of up to 20 GHz in the MWIR

while operating at room temperature [82].

2.3.6 Indium Arsenide Antimonide

Suitable for the detection of MWIR and LWIR photons, InAsSb photovoltaic detectors offer
an alternative to HgCdTe detectors. InAsSb detectors are available in cooled and uncooled
versions. Uncooled detectors are an advantage for portable devices, but cooling will improve
the D* rating and extend the optical bandwidth. These devices have the added benefit of not
including hazardous materials in the form of heavy metals, making them more suitable for
consumer devices. InAsSb detectors have a high bandwidth, compared to that of HgCdTe

when sensor size is similar, yet they lack the sensitivity provided by HgCdTe [83].

2.4 Thermal Imaging

Thermal cameras make use of the aforementioned detector technologies, in most cases, as
FPAs to generate 2D images. Similar to conventional visible cameras, thermal cameras
consist of a FPA with an optical system that focuses light onto the sensor. Shutters can
be included for maintaining accurate readouts from the sensor through the application of
Non-Uniform Calibration (NUC), as well as providing physical protection in cases of extreme
thermal radiation, but are not necessary. ROIC and Digital Signal Processing (DSP) circuits

are required for consolidating the information from the sensor to generate the images.
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2.4.1 Non-uniformity Correction

The process of thermal imaging depends on the material used for the sensor, which come
under the two categories of quantum devices and temperature change devices. Generally,
quantum devices are used when a higher speed and sensitivity is required, while temperature
change devices are more suitable for cheaper devices. The use of temperature change de-
vices aids in keeping manufacturing costs down and decreases the need for exotic materials.
Nevertheless, both systems rely on a NUC to generate accurate thermal images [84]. The

importance of applying a NUC periodically is shown in Figure 2.11.

Scene 2

@

Figure 2.11: Shown from a) to c) are images from an uncooled thermal camera without a
NUC applied, d) through f) shows the same images after using the minimizing the sum of
the squares of errors (MSSE) algorithm. From [9].

During the operating cycle of a thermal camera, the camera body itself, including
the sensor, will fluctuate. The increase in temperature is hard to avoid, and even when
the sensor is actively cooled, the temperature of the camera housing (including lenses and
mounts) can change. Left unchecked, this change in temperature is detrimental to the ability
of the system to generate an image, either giving false values for measured temperatures in

the scene, or a reduction in contrast, making it difficult to identify objects in the scene.
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Due to manufacturing inconsistencies, all pixels will have a slightly different gain and report
varying signals when illuminated with the same radiation. The process of a NUC aims to
reduce the effect of self heating and gain inconsistencies by recalibrating the output of each
pixel in the sensor. A correction for each pixel gain and offset is usually established when the
camera in manufactured by placing a uniform grey blackbody source in front of the camera,
and recording the value of each pixel at various temperatures. This calibration can then
provide each pixel response, and how it differs between other pixels on the FPA [1, p. 108|.
However, calibration does not always solve the issue entirely, as thermal cameras are mostly

used for imaging non-uniform scenes.

For calibration, a uniform scene is required [84]. This uniform scene can be provided
by a mechanical shutter to periodically block the sensor. This allows the camera to image
a material of known temperature and uniformity. The camera can then calibrate the pixels
output and correct for any drift, using the pre-calibrated values. The NUC is carried out
periodically, with the time between each subsequent NUC dependent on the ambient and
scene temperature. However, this process of periodically blocking the sensor is not ideal,
even fast mechanical shutters will interrupt the imaging of the scene which is not acceptable

in some use cases.

To solve the issues outlined above, shutterless NUC technology has been developed.
This technology enables correction of the sensor while not interrupting the output of the
sensor. A few manufacturers offer this including Thermoteknix and FLIR. The algorithms
for NUC are commercially sensitive, however there is published research on the topic [85,
86, 9, 87|. There are several techniques that can be used to conduct a NUC including scene
correction, where moving elements in the scene provide the required information to calibrate
the sensor output; single-point to multi-point NUC correction, where a known reference, like

a shutter or a known heat source [88], is used to perform a NUC.
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2.4.2 Shutter Technology

As mentioned in the previous section, mechanical shutters are one of the potential solutions
used for carrying out a NUC. In addition, mechanical shutters also provide other functions
which include physical protection, and can also provide relief to over-exposure from intense
radiation [11]. That is not to say they are without fault, as shutters are mechanical de-
vices that are susceptible to damage, wear and tear, and have a limited speed, due to their
mechanical nature. Shutterless technology has enabled cameras to carry out a NUC, how-
ever, it does not offer any protection to the sensor. Some research has been carried out
into semi-transparent shutter technology, which allows for uninterrupted imaging while still
maintaining a physical shutter [88]. However this technology does still require moving parts.
In cases of security and defence, thermal imagers are sensitive to intense sources of infrared
such as MWIR and LWIR lasers, and the current choice is between a mechanical shutter or a
shutterless one. As outlined above, a mechanical shutter is able to provide protection to the
sensor but lacks the responsivity required for a high repetition pulsed laser attack; whereas,
the shutterless technology described above does not offer the sensor protection needed when
using high powered sources in these applications. Therefore, one of the primary topics of
this thesis is an investigation into a solid state shutter for infrared imaging, which could be

used not only for protection and NUC, but also as a variable Neutral Density (ND) filter.

2.5 Rangefinding

There are two methods for measuring distance using lasers, the first being the phase shift
method, the second being Time of Flight (ToF). While these methods both use photons
to measure distance, and are both capable of achieving mm resolution, they operate in

significantly different fashions. These two methods will be discussed in detail below, with
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examples of what can be purchased today, and where the technology is heading. Generally,
the ToF method has greater overall range, as it does not suffer a 27 phase ambiguity, however
the phase shift method offers a higher precision. The detail of these two methods will be
explored in the following sections. While they are two distinct methods, this has not stopped

researchers attempting to combine the two methodologies.

2.5.1 Phase Shift Method

To measure distances using the phase shift method a CW laser is used. In its most basic
form, this method uses a laser that is modulated so it has a sinusoidal amplitude at a set
frequency. It is coupled with a detection system which allows for the analysis of the phase.
By outputting a sinusoidal laser signal, any target that the laser is directed at will reflect the
same sinusoidal pattern. By measuring and analysing the reflected signal, and comparing it
to that of the phase of the source signal, the relative phase difference can be obtained. The
distance between the target and source can then be calculated as a function of the phase

difference using the following equation [89]:

Distance = (2.4)

inf

where ¢ is the speed of light in the transmission region, ® is the phase difference in
radians, and f is the laser modulation frequency. While this is an accurate measurement
technique, without multiple frequencies being utilized, once the distance to the target and
back grows over ¢/(2f) the distance become ambiguous [90]. This ambiguity is one of the
primary drawbacks of using the phase shift method for long distance rangefinding. One
solution for overcoming this drawback is to use multiple modulation frequencies, calculating

the phase difference for each frequency, before finally finding a distance that satisfies the
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multiple phase differences for each frequency [91]. The phase shift method should not be
confused with interferometry range finding, which uses phase shifts between the phase of
the photon’s oscillations. This method is commonly used in handheld devices over the ToF
method since it provides a fast and accurate measurement. Complex systems, such as Lock-
in Amplifier (LIA), can be implemented using microprocessors [92]. These systems can be

used to remove any noise from the environment which may swamp the signal.

A novel approach to circumventing the 27 drawback proposed by Yang et al. is to
add a Radio Frequency (RF) modulation to the falling edge of a laser pulse [19]. Briefly, the
experimental set up consists of a laser source, beamsplitter, two PIN photodiodes (one for the
reference pulse, one for the signal pulse), retroreflector, and measurement electronics. The
electronics are responsible for locating the leading edge of the two pulses in order to provide
the ToF measurement. The waveform itself was sampled to measure the modulated falling
edge of the two signals as well. The phase difference between the reference and signal can then
be extracted from the recorded data. The ToF method gives a rough estimate of the distance,
solving the ambiguity a pure phase shift method would introduce. Simultaneously, the
phase difference still provides the accuracy that is associated with phase shift measurements.
This system was used to measure the movement of the retroreflector on a translation stage,
with the results showing a marked improvement over using only ToF [19]. It is worth
remembering that this system requires compute power to calculate the cross correlation
between the reference and signal pulses to calculate the phase difference. As well as this,
dispersion caused by the medium will affect the returning pulse modulation frequency. This
change would also have to be compensated for in the software, adding to complexity and the

compute power required.

Heterodyne detection, where the signal is mixed with a local oscillator, can also be
used to improve the signal to noise ratio and the overall accuracy of the system, especially

in low light conditions [93], while also reducing noise induced from external illumination
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such as solar radiation [94]. The process developed by Lerou, Journet and Bazin, Dupuy,
Lescure, and Tap-B teille, Castagnet involves mixing a local oscillator signal with the elec-
trical reference signal of the radio frequency modulation of a continuous laser [95, 90, 93,
96]. The reflected signal from the target is measured using an APD while simultaneously
mixing the local oscillator signal electrically to produce a beating signal in the APD output.
After passing both the electrical signals from the laser reference and APD through a low
pass filter the phase is compared. The intermediate frequency can then be related to the

following equation:

;. _2Af2D
T

(2.5)

where f;; is the intermediate frequency, AF is the frequencies swept by the VCO,
T, is the time taken for the Voltage Controlled Oscillator (VCO) to do the sweep, D is the

distance to the object and c is the speed of light.

2.5.2 Time of Flight Method

The ToF method measures the time that is taken for a photon to leave the source (the start
signal) reflect off the target, and return to the detector (the stop signal) [97]. This process can
approach the accuracy of the phase shift method and is predominantly used for rangefinding
over longer distances, as it overcomes the limitation of phase ambiguity that is found in the
phase shift method. In contrast to the phase shift method, the ToF method uses pulses of
light, usually with a very short duty cycle. This allows for a high peak power to be used,
theoretically increasing the maximum distance before atmospheric attenuation becomes too
great, or if a target is less cooperative. To achieve a high accuracy with this process, a very

sharp optical rise time is required from the source, and while it is possible to circumvent
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this, a fast detector is also ideal. Another issue to consider is the trigger point for the stop
signal from the detector. While this may be less of an issue (depending on the application
and the resolution required) for a fast rise time detector, this can become a large source of
uncertainty for slow detectors. Most commercial ToF devices for rangefinding over a greater
distance use NIR and SWIR sources due to the mature technology. These can be purchased
as Integrated Circuits (ICs), such as the VL53L0X manufactured by STElectronics, which
uses 940 nm laser source and silicon Single Pixel Avalanche Diode (SPAD), or as prebuilt

devices, such as the FLIR MLR10K-LX which is able to range up to 16 km using 1535 nm.

The absolute accuracy of most commercial options tops out at cm precision, however
inside the laboratory, this accuracy has been pushed to beyond that to the pm [98] and even
nm resolution [99]. To achieve nm resolution, optical cross correlation was employed using a
femtosecond laser in tandem with a Periodically-Poled Potassium Titanyl Phosphate (PP-
KTP) nonlinear crystal. A modelocked femtosecond fibre laser pulse provides the source for
the system. This beam is split to create a reference, used later for timing, and a signal pulse,
which is directed towards the target for measurement. These two pulses are in orthogonal
polarisations. After the signal returns from the scene, the reference and signal are recom-
bined and passed through a PPKTP nonlinear crystal. When temporally overlapped, a pulse
is created in the PPKTP crystal. To measure the path length the signal pulse travels, the
reference and signal pulse pair travel through the PPKTP twice. These pulses are summed
on a balanced detector, and provided the temporal separation between the orthogonal signal
and references pulses is correct, generate a bipolar pulse. By monitoring the output of the
balanced detector and adjusting the repetition of the frequency of the fibre laser, the re-
searchers were able to measure amplitude modulation of a piezoelectric mirror on the order

of 150 nm at a range of 700 m [99].

Moving from high resolution to long distance, it has been reported that a range of

17km was achieved through the use of multiple signal wavelengths ranging from 630 nm to
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975nm [21]. A group of SPADs, coupled with a Time to Digital Converter (TDC) were
used to record the time taken from the signal lasers to travel to the target and return
[21]. This system has the benefit of confirming whether the returned signal is true, if for
example, only one detector was triggered, this result could be assumed a false trigger caused
from the environment. The one downside of this system does appear to be its size; this
system has three main parts including a 200 mm diameter telescope, optical routing module
and collection electronics. For accurate timing, this system utilises a TDC coupled with
a Constant Fraction Discriminator (CFD); both of which are discussed further in Chapter
3. This system appears to allow for a resolution of approximately 30 cm, however it should
be noted that the long range measurements were taken with a corner cube as the reflector,
rather than off a realistic target. The system also relies on clever arming to reduce the stray
counts. Enabling the timing systems for short windows reduces the stray counts significantly
by an order of magnitude, generating a higher contrast. This does however require some prior
knowledge of the scene to make sure the enabling window is at the correct time. It should
also be noted that to keep the system eye-safe, the output power had to be kept low due to

the shorter wavelengths used.

3D depth imaging has also been investigated with ranges of up to 10km being re-
ported[100, 101| and more recently from 45km [102| to 200km [103|. These publications
used telecommunication wavelengths around 1550 nm, coupled with telescopes for beam ex-
pansion and collection, and SPADs for detection. These processes, especially for the longer
ranges of 45 km and 200 km, rely heavily on complex algorithms for resolving the image due
to the exceptionally low return photon count. For example, in the paper [103], it was reported
that the image was created, with on average, less than one photon per pixel. The amount
of time required to create such images at these ranges also involved a long acquisition and
processing time, upwards of 15 minutes per 320x512 pixel image (rate of 189.7 ms per pixel).

While the performance of these systems is impressive, and the long exposures required are
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acceptable for static scenes, such as the mountain range imaged in their experiment, this
setup is not suitable for fast moving scenes. These systems also rely on cooled SPADs for
their high resolution, which adds to the power consumption of the system, making them

unsuitable for portable systems.

Interferometry is one solution for obtaining extremely precise resolution measurement.
One research group have pushed this further, and have devised a method for potential use for
long range distance measurements of up to 30km [104]. To accomplish this, two frequency
combs were employed, with one at a marginally different frequency to the other. One, called
the signal, first passed through a semi-transparent mirror before being reflected by a second
mirror. This second mirror then reflected the remaining signal. These two reflections were
combined with the second frequency comb, known as the local oscillator. By sampling the
detector at each local oscillator pulse an image of the signal pulses could be built up, since
the local oscillator pulse drifted with time with respect to the signal. The time between

these pulses could then be found, which is the ToF.

2.5.3 Infrared Rangefinding

The use of IR in rangefinding applications is a relatively new idea, but it is mainly limited
to the SWIR due to technological and cost restrictions. Devices like active imaging, ToF
rangefinders and cameras, have had extensive use in civil [18, 105], military [106, p. 82|,
security and defence applications. This technology has only just started entering the con-
sumer market with some examples of usage in cars for autonomous driving [17], high end
smartphones for augmented reality applications [107] and games consoles [108], to name but
a few. Many of these systems rely on fast FPAs or Single Pixel Detectors (SPDs) to record
the timing information precisely, or intensive DSP to produce results. There have been some

trials using CO, lasers and lead-tin-telluride detectors for rangefinding [109], where targets
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were measured at a range of 5km with an accuracy of 5m.

2.6 Range Gated Active Imaging (RGAI)

RGALI offers clear advantages over passive imaging. Not only does it allow for optical depth
isolation of elements in the scene, it also overcomes issues with backscattered light, and
provides lighting for the scene in dark environments. An example of RGAI can be seen
in Figure 2.12. Commonly used in countermeasure and defence settings, RGAI also has
the potential to be used for autonomous driving [110], search and rescue [111]. SWIR
is a commonly used wavelength for these systems. As mentioned previously, there is an
abundance of detectors and sources at the SWIR wavelength range, but it is also invisible
to the naked eye, making it ideal for military and defence uses |1, p. 500]. This particular
wavelength range is also effective as it has reasonably good atmospheric penetration, as
well as minimal scattering from aerosols. There is however a requirement for well defined

illuminator pulses and fast gated detectors [112].

(a) (b)

Figure 2.12: SWIR passive (a) and SWIR gated imaging system (b) images at a range of
480m. This technology allows for isolating elements of a scene and the improvement in clarity
due to reduction in backscattered photons. From [2].

RGAI systems work by emitting a short pulse of laser light towards a target. As the
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light is travelling some will be backscattered, as well as being absorbed. This backscattered
light can pose significant issues for conventional cameras as all the scattered light will be
recorded, obscuring the point of interest of the scene [2]. This is where the gating aspect of
the system is employed. Instead of recording the entirety of the scene, the optical sensor will
only be active for a short period at a predefined point after the illumination laser is fired.
The delay between the laser illumination pulse and the sensor becoming active will define
the observed range, while the viewing depth is defined by the time the sensor is enabled for.
The amount of time the sensor is active for can be lengthened to include more of the scene,
or shortened, to focus in on particular objects. As well as reducing backscatter from the
scene, a 3D image can also be created. A 3D scene is achieved by scanning the delay between

the illumination pulse and enabling the sensor, and then finally building up the slices [2].

Having short laser pulses and fast rise detectors is a straightforward way of increasing
the accuracy of an RGAI system. However, both are not necessary and can increase the
computing cost, size and energy draw of the system. Since these systems are commonly used
in portable devices, these traits are not desired. Research has been carried out to reduce the
effect of this, one research group managed to achieve a depth accuracy of 30 m over a range
of 900 m, while only using three exposures [113|. To accomplish this the intensity response
of the system needs to be known. This includes how the camera sensor responsiveness varies
as it is turned on and off while being illuminated by the laser, since the recorded image is
a convolution of the camera and laser. The gate delay of the camera was then shifted so
that there was overlap between each exposure. For this technique to work, it is vital that
there is overlap between the exposures, as this is how the depth resolution is recovered. In
the system described in the paper [113], the intensity response of the imaging system is
a trapezoid, with the centre plateau the same width as the rising and falling edges. The
three exposures were separated in time such that the rising edge of second pulse occurred

at the same time as the plateau of the first pulse. By comparing the intensities of the two
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neighbouring exposures, the depth could be extracted.

Hybrid imaging, such as combining active gated-imaging and MWIR-imaging have
also been investigated [114]. To accomplish this the use of a 1.5 pm laser source was employed
for the illumination source for the active imaging aspect. To complement this, an MCT
Electron Injection Avalanche Photodiode (e-APD) FPA, with a resolution of 128x128 pixels
was developed that was sensitive to both MWIR radiation and the source 1.5 pm source. This
allows for both a passive and active imaging mode. The results presented by Beck et al.[114]
show a promising result, resolving features at a range of approximately 9km. While this
system does not rely on MWIR for illumination purposes, it does show that MCT operated
in an e-APD fashion is capable of ns operation time. However, one of the main downsides
of this system is size and energy consumption, and although it is not mentioned, it is safe
to assume that the cost of a system like this would be significant. The MCT detector used
in this work is a large area FPA, which are costly and require active cooling. The paper
mentions an operating temperature of 77 K, compared to an uncooled detector, this will take

a non-zero amount of energy to keep cool.

Pushing the idea further, Matwyschuk has developed a system where multiple wave-
lengths are used [115]. This particular implementation induces a time difference between the
wavelengths generated through the use of a rotating filter wheel coupled with a broadband
source. The rotational frequency of the wheel sets the time difference between pulses. The
article proposes three main operating modes: non-gated operation, where the camera records
everything; gated operation, where the camera is triggered after every wavelength change;
and gated imaging where the camera is triggered after all wavelengths have been emitted.
The third technique should give the most reliable result, as Matwyschuk mentions that it
does not suffer from picking up secondary reflections. By operating their system in this way,
Matwyschuk is able to recover velocity information, even if the paths are random. This is

possible due to the operator selecting and knowing the order of the filters that generate the
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various wavelengths. Since the frequency of the change of wavelength is known, the velocity
can be found by measuring the distance travelled between the objects when exposed with
the different wavelengths. This system could be converted to an IR system, since detector

technologies with wide optical bandwidths exist.

However, there are few reported attempts of pushing RGAI beyond the SWIR. One
article from 1976 recorded an attempt at constructing a CO laser based RGAI system [116].
The results from this experiment looked promising considering the technology available at
the time: the range of objects, including a truck and some wires, was determined with
a gate width of 22.5m, easily isolating elements of the scene. However, the system itself
had a several drawbacks, not least its size. However, modern equipment, such as the QCL,
would help significantly in the reduction in the size of the system. The absolute range of
the system was not covered in the article. However, Courtenay, Boulter, and Henshall does
report testing with a corner cube up to a range of 6.4 km, but no RGAI was reported on at

this range [116].

In conclusion, MWIR and LWIR have the potential to offer an improvement in per-
formance compared to shorter wavelength devices where atmospheric transmission is key.
However, to maximise the performance due to the sub-par speed of the majority of current
generation IR detectors, optical modulators for the IR are required. The development of a
variable all-optical ND filter, or shutter, would be beneficial for both laboratory use, as well
as improving thermal camera protection and responsivity through gating. This technology

could be pushed to allow for long distance rangefinding, as well as active imaging.
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Chapter Three

System Operations

This chapter will cover the systems and equipment used in this thesis, including their funda-
mental operations, and how they are operated. The following sections will cover any notable
electronic designs that have been custom-made for the project. The experimental research
contained in this thesis has been produced using a combination of lasers and specialised
electronics. This equipment includes a Coherent femtosecond laser system, followed by a
Optical Parametric Amplifier (OPA); a small diode laser bar and Quantum Cascade Lasers

(QCLs); Mercury Cadmium Tellurides (MCTs) detectors and custom electronics.

There are two main experimental setups discussed in this project. The femtosecond
system is used when the utmost temporal resolution and energy is required. These qualities
of the system are useful for investigating charge carrier dynamics, a key component to the
solid state shutter technology that will be discussed in Chapter 4. In this project, the
femtosecond system has also been used to establish the maximum performance of the solid
state shutter technology, giving a target to achieve with the breadboard system. The OPA
integrated into this system enables the possibility of exploring the shutter technology over a
greater range of wavelengths, rather than limiting the research to the fixed wavelength QCLs

diodes that are used in the breadboard system.
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The smaller breadboard system is focussed on turning what is found in the femtosec-
ond system into applications that can be used in the real world. Overall the breadboard
set up is a much smaller system, consisting of Mid-Wave Infrared (MWIR) and Long-Wave
Infrared (LWIR) QCLs, and solid state Near Infrared (NIR) diode lasers. While this sys-
tem lacks the temporal accuracy of the femtosecond system, it is still capable of delivering
high optical power on the nanosecond scale. This system assesses the feasibility of shrinking
the findings of the femtosecond system and finding potential applications for the technol-
ogy developed. These applications include optical modulators for Infrared (IR), which has
been pushed further to a high-speed all optical shutter for LWIR thermal cameras. The
breadboard system has also been used to investigate the feasibility of a MWIR and LWIR
rangefinder. The MWIR system had a greater focus on electronic signal processing to estab-

lish accurate timing, and thus, distance measurements.

3.1 Femtosecond Laser System

The femtosecond laser system is able to deliver watts of average power at 1 kHz in sub-100 fs
pulses centred around 800 nm. The high power, short pulse duration source can then be used
by the OPA to generate Visible (VIS), Short-Wave Infrared (SWIR) or MWIR light. This
system is used when the highest level of temporal accuracy is required in measurements.
This accuracy is required for the primary experiments conducted, including investigations
into the carrier dynamics of bulk, macro-porous structured and nanoscale structured semi-
conductors, as well as hybrid materials such as gold impregnated silicon. A popular method
for understanding carrier dynamics is the pump-probe experiment. In this experiment, a
material is excited with the pump pulse, and the evolution of the excited state of the sample
is recorded by the probe pulse, as the time between the pump and probe changes. The ar-

rival time of the two pulses on the surface of the sample is controlled by a mechanical stage
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Figure 3.1: Block diagram showing the primary components of the femtosecond system.

which scans the arrival time of one of the pulses with respect to the other. This process
exposes multiple stages of excitation: the before, temporal overlap, and later stages. In this
work, a retroreflector is mounted to a computer-controlled translational stage which has a
resolution on the order of a femtosecond. The signal is recorded using a Lock-in Amplifier

(LIA) coupled with a suitable detector, which depends on the wavelength of the probe.

To understand the generation of the laser pulses this system produces, it is easier to
split the femtosecond system into four principle stages: the seed laser, produced by a Coher-
ent Micra; the regenerative amplifier, which consists of a Coherent Legend Elite, pumped by
a Coherent Evolution-30; the compressor and stretcher, which handles stretching the pulse
pre-amplification, and the compression to create sub-100fs pulses post-amplification; and
the OPA, which utilises nonlinear optical processes to generate a variable wavelength output
ranging from VIS to MWIR. A block diagram of the primary components can be seen in

Figure 3.1

3.1.1 Seed Laser

The seed laser is an 80 MHz, 800 nm centred laser with a bandwidth of approximately 100 nm,
produced by a Coherent Micra system. This system is a passively mode-locked laser, which
enables a high repetition rate, since active mode-locked lasers rely on external electron-
ics. The saturable absorber in this system is the gain medium itself, a Titanium Sapphire

(Ti:Sapphire) crystal. Under the correct conditions, Kerr lensing occurs which locks the
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modes. Kerr lensing is achieved when a pulse of significant energy passes through the crys-
tal. The Kerr lensing enables the short intense pulses to be amplified, while any Continuous
Wave (CW) is not amplified. The Ti:Sapphire is pumped by a Coherent Verdi 532 nm laser.
The 80 MHz signal is generated by the optical path length of the cavity after mode-locking,

with a roundtrip of the laser pulse measuring 3.75m.

3.1.2 Regenerative Amplifier (RGA)

The Regenerative Amplifier (RGA) is the heart of the femtosecond system. The RGA handles
the amplification of a stretched seed laser pulse from nanojoules to millijoules, before being
sent to the compressor. To generate these intense pulses of energy, another Ti:Sapphire
crystal is pumped, although this time with a Coherent Evolution-30 532nm laser. The
Evolution-30 is a Neodymium-doped Yttrium Lithium Fluoride (Nd:YLF), acousto-optically
Q-Switched laser, frequency doubled from 1064 nm. Like the Verdi in the Micra system, the
Evolution pumps the Ti:Sapphire crystal located in the RGA, this time at a frequency of
1kHz. As well as the Ti:Sapphire crystal, the RGA cavity consists of four cavity mirrors, two
Pockels cells, a quarter wave plate and a polarised output coupler. A single pulse of the seed
laser provides the initial pulse for the RGA build up within the amplifier. This seed pulse is
constrained within the RGA; each time the pulse does a roundtrip of the cavity the power
increases as it passes through the crystal. After a set number of roundtrips, it is released and
subsequently compressed to produce the ultrashort pulse. A pair of Pockels cells control the
entrance of a single seed pulse and the exit of the amplified pulse. As mentioned in Chapter
2, Pockels cells can modify their birefringence and thus the polarisation of light through the
application of an electric field to the electro-optical crystal. The timing of these two Pockels
cells is controlled by a Coherent Synchronization & Delay Generator (SDG), which allows

for precise timing, relative to the Coherent Micra trigger. After a set number of roundtrips
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of the cavity, the exit Pockels cell changes the polarisation of the amplified seed pulse. The
timing between the two Pockels cell can be adjusted using the SDG to precisely control the

number of roundtrip pulses.

3.1.3 Chirped Pulse Amplification (CPA)

Chirped Pulse Amplification (CPA), a process developed by Strickland and Mourou in 1985
[117], allows for high energy, short pulses to be created. Before this method was developed,
there was a limit on how intense a pulse could be. As such, nonlinear effects in the amplifying
media could lead to self-focussing, destroying the amplifying medium. To get around this,
Strickland and Mourou developed a method that stretches the pulse in the temporal domain
by a dispersive medium, such as a grating [117]. In turn making shorter wavelengths travel
further. The pulse could then be safely amplified before being compressed in the temporal
domain by another dispersive component. With this method, they managed to achieve 2 ps
pulses at the mJ level and consequently, CPA is commonly used today in high energy systems,
while avoiding damage of the amplifying medium. In the set up used in this work, CPA is
achieved by using a pair of diffraction gratings. These dispersive elements are typically called
the stretcher and compressor, respectively. An example of this stretching and compression
can be seen in Figure 3.2. This process allows the RGA cavity to produce fs, gigawatt energy

pulses.

3.1.4 Optical Parametric Amplifier (OPA)

The OPA is an optical device that is able to convert a pump laser to another wavelength
of light, through several nonlinear optical stages. In this work, the OPA is used to convert

light centred around 800 nm to wavelengths between the VIS to the MWIR range. The
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OPA has several distinct sections within it, that are responsible for generating the final
output which can be split into four main parts. Firstly, the OPA generates a White Light
Continuum (WLC) using a sapphire plate with approximately 20% of the pump power.
Secondly, the intensity of the WLC is increased through the pre-amplification stage using
a nonlinear crystal coupled with a small fraction of the 800 nm pump. Through parametric
amplification, the signal amplitude is increased, and an idler beam is generated, such that the
equation Wigier = Wpump — Wsignai- 1 he signal is then amplified a second time. The generated
signal and idler pulse are then used to generate the desired wavelength using the nonlinear

processes Difference Frequency Generation (DFG) and Sum Frequency Generation (SFG).

In this system, there are two sources, the signal and idler. The nonlinear processes

Figure 3.2: Schematic drawing of CPA optical setup. The beam enters the system as a short,
low intensity, collimated pulse. The beam is then separated into its constituent wavelengths
by a diffraction grating (a), otherwise known as the stretcher, before being collimated again at
(b). At this point, the shorter wavelength light has travelled further than longer wavelengths,
spreading out the pulse in time. The resulting pulse is then passed through the amplifier (¢),
increasing its intensity. Finally, the pulse is focussed onto the second diffraction grating, (d),
the compressor. This compresses the pulse in time, as the longer wavelengths travel further
than the shorter ones.

— Wjdler

w;
w“”er —> | SFG/DFG |— > Wsignal
‘ >
signal ) Wout

Figure 3.3: Simplified process showing the DFG and SFG processes.
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SFG where woyt = Widier + Wsignat and DFG where woyt = Wsignai — Widier 0ccur when light
of sufficient intensity falls on a nonlinear crystal, a schematic representation of this can be
seen in Figure 3.3. To generate light through SFG and DFG there are a few points that
need to be considered. Due to the nature of the pulses involved, the arrival times of the idler
and signal beams at the nonlinear crystal need to be overlapped to a high precision. This
temporal overlap is achieved using retroreflectors controlled by a computer. Phase matching
is another critical component of the nonlinear process, sub-par phase matching can cause
low conversion efficiency in the best case, and at worst can lead to no output. To achieve
proper phase matching, the angles of the nonlinear crystals are adjusted to find the optimum
position. Overall, the OPA allows for the generation of a desired wavelength, ranging from

VIS to the MWIR.

3.2 Breadboard System

The breadboard system is an attempt at miniaturising the femtosecond system for use in real
world applications. In the case of this work, uses include time of flight rangefinding, active
imaging, and a solid state shutter for thermal cameras. The breadboard system consists of
three key parts: the source, a QCL; a NIR diode pump laser, for pumping semiconductor
optical membranes and windows; and electronics to measure timing signals and control
parts of the experiment. Notable electronic parts include: a custom designed and built high
speed preamplifier, Constant Fraction Discriminator (CFD) and Time to Digital Converters

(TDCs). An overview of the breadboard modulator setup can be seen in Figure 3.4.
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Figure 3.4: Block diagram showing the infrared modulator breadboard setup. The QCL
provides the trigger signal to the system, meanwhile the Arbitrary Function Generator (AFG)
provides the trigger for the NIR diode optical pump laser, and if required, a gate signal for
the QCL for reducing the operating frequency. Red and black lines represent the optical and
electrical paths, respectively.

3.2.1 Quantum Cascade Lasers (QCL)

Prior to the development of QCLs, the generation of MWIR and LWIR was limited to lead
salt, high quality interband diode lasers, CO and CO, lasers, blackbody sources, or generation
from the use of nonlinear processes, all of which have serious drawbacks [118, p. 7|. From the
book, Quantum Cascade Lasers [118], lead salt and diode lasers require cryogenic cooling to
operate at these wavelengths. Furthermore, in the case of the diode laser it is limited to the
MWIR. While CO and CO, lasers are able to deliver high levels of power, they are only able
to operate at certain wavelengths. Blackbody sources are generally simple devices, and are
able to generate a wide range of wavelengths. However, blackbody sources do not produce
coherent light, are generally low power, and are hard or often impossible to modulate at
high repetition rates without an external device, such as an optical chopper. DFG allows
for highly tuneable wavelength generation, but the system required for production of IR
light using DFG is complex [118]|. In contrast to systems that use DFG, QCLs are much
smaller devices that are able to operate at room temperature. In addition, QCLs can be
purchased with a high output power and with a wide bandwidth of operating wavelengths.
When compared to our femtosecond system for IR generation, the Hamamatsu QCLs used

in this work are a superior candidate for the miniaturisation of the femtosecond system.

Unlike conventional solid state semiconductor diode lasers, which use recombination
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between electrons and holes from the conduction and valence bands to produce light, QCLs
rely on interband transitions within the conduction band to produce emission [119, 118|. To
produce these intersubband transitions, the electrons are confined to certain energy levels by
the quantum wells. The band structure that produces the emission can be imagined as an
energy staircase consisting of repeating injector and active regions. Electrons are injected
at the top, as they travel down the staircase, they either relax to a lower intersubband, or
travel through an active region, where photons are emitted. Due to the energy of the electron
being confined by the quantum wells, originating from the layer thickness, it is possible to
design structures that emit photons at different wavelengths by varying the thickness of the
layers. The generation of light originating from layer thickness is different to the operation
of standard diode lasers, allowing much more flexibility, as the output wavelength is not

limited by the material choice.

To create this quantum well staircase, thin layers of semiconductor are alternated,
with the width determining the energy. The first functioning QCL was reported in the article
“Quantum Cascade Laser” in 1994 by Faist et al.[119]. The QCL structure was manufactured

by growing nanometer thick layers of AllnAs, GalnAs, AlGalnAs, using molecular beam
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Figure 3.5: Schematic diagram of QCL structure. Dashed lines represent the boundaries of
each energy well. The step structure is caused by the applied voltage, V" across the structure.
Electrons tunnel through the barrier in between energy bands, in this case between F, and
E before relaxing, producing a photon, as represented by the oscillating line.
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epitaxy. Development since then has been rapid, with QCLs available to purchase today in
the MWIR and LWIR wavelengths [120, 121, 122|, and being pushed to output in the low
THz range [123, 124].

3.2.2 Diode Laser

Diode lasers are a suitable choice for the injection of sufficient charge carriers required to
induce optical modulation. While the diode laser used in this work lacks the high temporal
precision offered by the femtosecond system, it redeems itself in a high average power output,
vast choice in package size and design, and at a far lower cost. While there are numerous op-
tions for output wavelength available, ranging from Ultra Violet (UV) to SWIR; the primary
wavelength for pumping semiconductors in this system is in the NIR centred around 808 nm
(like the femtosecond system). However, unlike the femtosecond system, the light is gener-
ated by a solid state GaAs-AlGaAs heterostructure [125, p. 196]. When a forward voltage
is placed across this structure, a current will flow through generating stimulated emission.
Although longer pulses are required to generate a sufficient charge carrier concentration in
the modulator (discussed later in Chapter 4), in comparison to the femtosecond system, a

diode laser has the advantage when a compact, simple, and efficient system is required.

To power the laser, a driver capable of producing a current source of suitable amplitude
and pulse width is required to generate an intense burst of light. The laser driver used is a
Direct Energy Instrument PCO-6131, capable of delivering 125 A with a compliance voltage
of 20 V. To fire the laser, the PCO-6131 takes a 5 V Transistor-Transistor Logic (TTL) signal.
The breadboard system uses a Tektronix AFG to produce this TTL signal. The AFG allows
for a more granular control of the timing of the generation and subsequent activation of the
modulator. When combined, this system is capable of achieving a peak optical power of up

to 80 W with sub-ps rise times on the leading edge of the optical pulse. This system is far
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away from the sub-100fs pulses generated by the femtosecond system. On the other hand,
the breadboard system is able to fit into the size of a shoebox, rather than consuming an
entire room, while still providing enough energy to generate a similar number of free charge

carriers, discussed in more detail in Chapter 4.

3.3 Electronics

This work does not only focus on optical techniques for rangefinding, but also considers the
electronics required to control instruments, process signals and record data. For example,
microcontrollers can be used to help automate tasks; a CFD can be used to improve the
temporal accuracy of detectors; and TDCs are used for recording arrival times. This section

will focus on some of the more notable parts.

3.3.0.1 Constant Fraction Discriminator (CFD)

In this project, custom CFDs were designed and made to help improve the temporal resolu-
tion of the detectors used for rangefinding. While digital circuits have become commonplace
today, they do not always provide the best solution to this problem. Analogue circuits can
be designed to perform signal analysis without requiring the signal to be digitised. When
precise timing is required, it is not always possible to rely on a rising edge produced by a
detector. This is especially true if the detector or source in question does not have a fast
rise time. The most obvious issue is hysteresis arising from level triggering of the pulse
produced by the detector [126, p. 237]; if no analysis is carried out on the pulse produced by
the detector before triggering, the system could trigger at different fractions of the signal,
depending on the reflected intensity of the optical signal. This threshold level triggering will

reduce the accuracy of the measurement. One solution that would enable threshold level
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triggering, which is also mentioned by Baharmast and Kostamovaara [127], could be used to
sample the signal using a high speed Analogue to Digital Converter (ADC). This digitised
signal could then be followed by Digital Signal Processing (DSP) to identify the peak of
the signal before comparing the time difference between generating the pulse and receiving
it [127|. This DSP will of course add complexity, cost, power consumption, and additional
programming if a ‘smart’ solution is required, for example peak detection. The operating
frequency of the ADC used also places a hard-limit on the distance measurement resolution,

and how finely it is able to measure the peak, with most ADCs topping out at the GSs™!.

To enable high resolution timing without the need for digitisation and to increase
the accuracy of pulsed time of flight systems, a circuit called a CFD can be employed.
This circuit is commonly used when a high level of timing precision is required, since it is
able to increase the accuracy in two primary ways. The circuit operates on the principle
of generating a bipolar pulse, which is passed to a zero-crossing comparator. When the
zero crossing comparator sees a zero crossing, it generates a square wave pulse, which can be
used to trigger further electronics such as TDCs. To generate the bipolar pulse, the incoming
signal from the detector needs to be split. One signal is delayed by a fraction of the rise time
of the signal, while the second is attenuated and inverted. These two signals are then mixed
to generate the bipolar pulse, a simulation of this process is shown in Figure 3.6. Firstly, it is
able to nullify the effect of varying signal amplitudes produced by different intensities of light
hitting the detector. Secondly, since the system triggers at the zero crossing point, longer
rise time detectors cease to be an issue over a wider dynamic range. This method allows for
more sensitive, larger area detectors to be used for precise timing measurements [128, 129|.
This is not to say the CFD is the simplest solution. For example, while the dynamic range
is increased, time-walk can still be an issue due to Integrated Circuits (ICs) introducing
amplitude dependent jitter [130]. In addition, added active components, as well as extra

components, can introduce noise into the detected signal, potentially reducing accuracy if
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Figure 3.6: Simulation of bipolar generation for use with CFD.

left unchecked.

3.3.0.2 High Speed Preamplifier

As discussed in the Chapter 2, there are few options for high speed detectors in the MWIR
and LWIR. Detectors for this range tend to be slow and responsive, or vice versa [15]. To
reach a middle ground, a high speed, high gain preamplifier was designed. The two main
classes of preamplifier topologies are voltage amplifiers and transimpedance amplifiers. The
type of preamplifier required depends on the photonic sensor used and whether it is biased
or not. To achieve this high performance Operational Amplifiers (opamps) are needed which
possess a high gain-bandwidth to enable a high gain while maintaining a reasonable rise
time. This is not a straightforward task, a high gain, high bandwidth amplifier circuit can
become unstable very easily, leading to opamp ringing on the output of the amplifier. The

oscillation can be caused by picking up Electromagnetic Interference (EMI) and amplifying

™

frequencies that have a 7 phase difference between the output and input in the feedback
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loop, essentially causing positive feedback. To avoid these pitfalls, careful circuit design and
part selection is essential. There is also usually an element of trial and error involved with
high speed analogue circuits once they have been built, which usually involve adjusting the
feedback network. Figure 3.7 shows the general topology of a transimpedance amplifier,
which was designed as part of this work.
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Figure 3.7: Simplified Transimpedance Amplifier (TTA) circuit topology. Gain of circuit goes
as Vo = ipRp. Careful selection of capacitor C'r maintains stability of the amplifier.

3.3.1 Time to Digital Converter (TDC)

A TDC is analogous to an electronic stopwatch. TDCs compare the arrival time of two
electronic signals, with modern ICs offering resolutions on the scale of tens of ps. Some
common designs for TDCs include: use discrete logic gates for measuring the arrival time,
such as vernier delay lines [131]; using delay cells, usually NOT gates, in Field Programmable
Gate Array (FPGA) for interpolation between clock pulses [132]; or designing custom silicon
that use counters [133]. Modern logic gates tend to have a fast propagation time, typically
on the order of ps to ns, depending on the type of logic gate and topology. By chaining
together multiple identical logic ICs with a known delay time, one can measure the travel
time of a pulse to a high precision. This is done by observing how far down the chain a pulse

travels before the stop signal arrives.
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While it would be possible to make your own TDC with discrete ICs, or by imple-
menting a design on an FPGA, there exist numerous off-the-shelf solutions across numerous
price ranges. Off-the-shelf solutions include ICs from manufactures such as Texas Instru-
ments and Maxim Integrated. Buying off-the-shelf reduces the amount of coding, fabrication
and calibration required with the DIY solutions, which may significantly reduce the cost,

size and time-to-market of a product.

3.3.1.1 TDC7200

One of the TDCs used in this work is a TDC7200 produced by Texas Instruments. From the
datasheet [134], this TDC measures the time difference between the start and stop signals
by using two internal counters: one a fine counter and the second a coarse counter. In
the TDC7200, the fine counter uses a ring resonator topology. The ring resonator is a self-
oscillating circuit and consists of an odd number of NOT gates, arranged as seen in Figure
3.8a. This circuit output oscillates between high and low at a rate of f = 1/n7, where n is
the number of elements, and 7 is the delay propagation of each individual NOT gate. For
this circuit to operate, an odd number of NOT gates are necessary. This output can then
be fed into a counter, such as a ripple counter. An example of a 2-bit counter can be seen
in Figure 3.8b. The fine counter is only really suitable for short distances. The operating
frequency of the fine counter ring oscillator, suggested by the datasheet, is on the order of
20 GHz since the minimum measurable distance is 50 ps. Using this counter for measuring
great distances is not a reasonable solution, due to how much storage would be required.
To solve this issue, there is a second slower clock source that handles larger distances. The
second clock is provided by an external crystal operating at a much slower frequency between
1MHz to 16 MHz. The TDC7200 uses slower clock source in addition to the fine counter
for measuring greater distances, the fine counter handling stop and start triggers in between

the slower clock pulses. To communicate with the TDC7200, a Serial Peripheral Interface
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(SPI) bus is used. This SPI bus allows for high speed transmission of the measurement for

recording and further processing.

3.3.1.2 FAST ComTec P7887

Unlike the TDC7200, the P7887 Fast ComTec TDC is a Peripheral Component Interconnect
(PCI) device that requires a computer to operate. While the binwidth is around 5 times
greater at 250 ps (from the manual), it is able to collect data at a much higher rate compared
to the TDC7200, maxing out at around 107 s~! transfers to the computer. From examining
the PCI card, the P7887 is driven by a FPGA. There appears to be no dedicated TDC
IC included on the board, suggesting that the FPGA handles the timing. The P7887 also
has external circuitry allowing for more customisation with regards to how it is triggered,

compared to the TDC7200, which is only triggered on a rising or falling 3.3V TTL pulse.

3.3.2 Microcontrollers

To obtain the maximum performance of the system, it is sometimes preferable to build
controlling software and equipment. In the simplest case, this can involve setting multiple

parameters on an older piece of equipment that does not have a communication interface,
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such as an RS-232 or GPIB. Microcontrollers can also be used as a bridge between ICs and
computers. The most notable design that utilise microcontrollers in this work are the laser
driver controller for the PCO-6131, and for interfacing with a Texas Instruments TDC7200
IC. The Raspberry Pico is a small but powerful microcontroller; with a high clock speed
and numerous 10 pins making it suitable for interfacing the TDC7200 to a computer. The

details of this will be covered in Chapter 6.

3.4 Experimental Setups

3.4.1 Pump Probe Spectroscopy

Pump probe spectroscopy is an established tool for investigating the ultrafast carrier dy-
namics of a material [135]. To carry out this experiment, two ultrafast pulses of light are
required; the shorter the pulse, the higher the temporal resolution and thus, faster changes
in the materials properties can be extracted. One of these pulses is much stronger than
the other, usually by a few orders of magnitude. This stronger pulse of light is called the
pump and is used to excite charge carriers within the material under test. The intensity of
the transmitted or reflected weaker pulse, called the probe, is measured using an acquisi-
tion system. In the case of this work, the acquisition system consists of a detector coupled
with a LIA. The carrier dynamics can then be investigated by gradually moving one of the
pulses, either the pump or the probe, with respect to the other in time. In the femtosecond
system, the delay between the pump and probe is achieved through the use of a mechanical
optical line. In the most simple form, the transmission and/or reflection can be measured.
However, this experiment could be coupled with further optical analysis devices, such as a

monochromator, to investigate spectral response.
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3.4.2 Breadboard Modulator Setup

A similar technique to pump probe spectroscopy has been implemented in the breadboard
setup. However, instead of using a mechanical delay line as seen in the femtosecond system,
the diode pump laser uses a separate laser driver, which is independent of the probe. To
ensure that there is no frequency drift between the two lasers, the probe laser, a QCL,
provides an output from its internal trigger. The trigger signal produced by the QCL is
used to trigger an AFG, which in turn drives the NIR pump driver. The AFG is then able
to adjust the phase between the pump and probe lasers. This experimental set up was
primarily designed to investigate the IR modulator technology discussed in more detail in
Chapter 4. Due to its compact size, relative to the femtosecond system, the breadboard
modulator setup provides a system for investigating potential applications for the modulator

technology outside of the laboratory.

3.4.3 Noise Reduction

Some of the most interesting details lie in the smallest changes of the pump-probe signal.
Therefore, it is important to maximise the signal-to-noise ratio of the experiment. In a
conventional pump-probe experiment, the pump and probe operate at the same repetition
frequency. This is termed single modulation. A result of this is that any noise that occurs at
the modulation frequency, which in this case is the pump frequency, is recorded through the
LIA. Noise can manifest itself in various places, the most common causes of noise are: line
noise from mains appliances, often from unshielded mains powered electronics; high power
switching circuitry, this is usually orders of magnitude higher frequency than line noise, and
can cause EMI that can be picked up in detectors, or by long BNC cables; high voltage
or current switching within the laser system, such as Pockels cells; unstable optical sources

causing fluctuations in output power; and even noisy power supplies. The most problematic
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are those source of noise that operate at 1kHz, as there is no way of distinguishing them
from the optical signal. The simplest way of increasing the signal-to-noise ratio is to increase

the intensity of the optical source as [136, p. 40|:

Lon (3.1)
(2€(Iph + ]d)BF + 4]€BTB/RG2)1/2

S/N =

where I, is the current generated by the incident photons, B = 1/2rRC where R
is the load resistance, and C' is the parasitic capacitance of the detector; I; is the dark
current produced by the detector; F' is noise introduced by the amplifier; kg is Boltzmann’s
constant; and G is the gain of an attached amplifier. However, increasing the optical power
is not always a suitable solution, some of the more interesting details, and what may be
more useful for applications, can be seen at the lower energy levels. Damage could also
occur to the material under investigation if a higher power is used. When the pump probe
experiment is being carried out, it is important that minimal power is used for the probe, so
as not to introduce any effects of its own to the material. Furthermore, using more power
does not improve the situation if the laser source is unstable. Therefore, it is important to
find another way to reduce noise in the system. This section will look at two systems, which
may help to reduce the noise in the recorded data, and discuss their set up and benefits.
The systems are double modulation and pulse sampling, both of which were developed in

the laboratory.

3.4.3.1 Double Modulation

The purpose of double modulation is to reduce the noise introduced into the measurements
recorded with a LIA [137]. This reduction in noise is achieved by moving the modulation

frequency of the signal away from sources of noise. In the femtosecond system the primary
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sources of noise originate from shot-to-shot variation between laser pulses, line noise from
the mains, noise from instrumentation including the detector and LIA itself, and the high
power electrical switching caused by the laser. Noise becomes more pronounced when using
the OPA output as the probe. The noise is introduced by the OPA due to it using a fraction
of the 800 nm pump beam produced by the Coherent Legend. Any noise present in this
pulse is introduced into the output of the OPA when generating VIS, SWIR and MWIR.
This added noise is especially problematic as even small changes in the pump intensity used
in the OPA can induce significant amplitude variations in its output due to the nonlinear

process used to generate the signal.

Laser Trigger

Delay Line .
ot Chopper Trigger | 1IA

AN _Signal |
' Optical
b : Chopper E
Pump ~_ |
Probe \Z:S
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Figure 3.9: Simplified schematic showing double modulation implementation into a pump
probe experiment. Dotted box represents the delay line for the pump, while dashed lines
represent electrical connections. The laser trigger operates at 1 kHz, and the chopper trigger
operates at 500 Hz.

Since the output of the OPA relies on the Legend Amplifier, it not possible to generate
two frequencies within the laser system itself. In order to move the signal away from noise
in the frequency domain, the pump and probe pulses require a different operating frequency.
Therefore, to enable double modulation, one of the pulses needs to be modulated externally.
Owing to the relatively low operating frequency of the laser system (1kHz), this can be
achieved with a mechanical chopper. By using a 50% duty cycle chopper blade and running
at 500 Hz, while using the trigger produced by the laser system to avoid frequency drift

that could be introduced from separate clocks, it is possible to block every other pulse. It
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is vital that the phase of the chopper is set correctly with respect to the laser system, to
avoid pump leakage at 1kHz. The phase of the chopper can be verified by using a detector
after the optical chopper to measure the operating frequency. Once set, the LIA needs to be
configured to demodulate the signal at 1kHz and 500 Hz, with both values being recorded
to analyse the signal. Using a higher order filter will help reduce the effects of noise situated
around the demodulation frequencies, at the expense of settle time, and thus the acquisition

speed. A simplified representation of this set up can be seen in Figure 3.9.

Figure 3.10 highlights the resolving power of the double modulation approach; while
the signal is still visible in the classic pump probe setup, it could be construed as noise,
especially if the change in signal is under 5%. There are a few extra steps to arrive at the

double modulated signal. To decrypt the signal, the following equation must be used:

Vsoor=(t)

Vsional(t) = £2
signat(t) = £330 =0

(3.2)

where Vgigna(t) is the amplitude of the real signal at time ¢, Vsoou.(t) is the ampli-
tude of the signal demodulated at 500 Hz at time ¢, Vigp.(t) is the amplitude of the signal
demodulated at 1kHz at time (t), the factor of 2 is a scaling factor, with the sign determined
by the phase of the 500 Hz with respect to the signal. In all of these cases, V' is taken as the

magnitude of the demodulated signal from the LIA, commonly represented as R.

3.4.3.2 Pulse Sampling

Pulse sampling was attempted in the femtosecond system as part of this work. However, this
method never passed the development stage and was dropped as it had numerous reliability
issues which made it unsuitable for production use. It should be noted that pulse sampling

did prove to be a very effective method of reducing noise in the system, and with future work
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could become another powerful tool for catching the smallest changes in signal. This method
is based of the work carried out by Werley, Teo, and Nelson, and full details can be found in
the article [138]. This method operates by monitoring the difference, pulse-to-pulse, of the
probe by calculating a ratio of the transmission. This method forgoes the LIA and replaces it
with a National Instruments PCI-6221 Data Acquisition (DAQ) device, pulse stretcher and
delay generator. The acquisition system enables the sampling of pulse amplitudes, and is
therefore only suitable for larger detector signals, but it is still able to resolve small changes
in overall signal amplitude. Sampling the probe signal with and without the material under
test when it is optically pumped, and when it is not, enables a ratio of transmission to be
established. The use of an additional detector, termed the reference detector, enables the
reduction of the shot-to-shot laser noise. This is because any laser noise present on both

detectors and any electrical noise picked up should be equal, provided the signal paths and
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Figure 3.10: Results from a classic pump probe experiment compared to the double modu-
lation implementation of pump probe.
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acquisition are similar. The equation for calculating the change in transmission is as follows:

AT  PD1, /PD2,
T,  PD1,/ PD2,

| (3.3)

Where AT /Ty is the change in transmission, PD1, and PD1, is the sample detector,
unpumped and pumped respectively, PD2, and PD?2, is the reference detector pumped and

unpumped, respectively.
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Figure 3.11: Schematic diagram showing the key components of the pulse sampling method
incorporated into the pump probe experiment. The pump optical path remains as the
double modulation method, however a small fraction of the probe is split and guided to
the reference detector so that the power can be monitored and used for noise reduction.
The signals from both of the detectors are passed through stretching circuits before being
sampled by a computer controlled, National Instruments PCI-6221 DAQ device.

To achieve this operation, like in double modulation, the pump light passes through
an optical chopper, operating at a 50% duty cycle relative to the probe, before reaching
the sample. The probe light, operating at double the frequency due to the optical chopper,
passes through a beam splitter before reaching the sample. The beam splitter passes a
fraction of the light to the reference detector, with the majority passing through the sample
to be recorded by the sample detector. Both signals from the detectors pass through their

own stretching circuit, which is in essence a current preamplifier as shown in Figure 3.7 with
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a slow opamp. The need for a stretching circuit reduces the timing precision required for the
DAQ sampling time. However, the stretching circuit does have the potential to add noise,
and reduce the operating frequency of the experiment. Careful component selection and
powering the circuit from a linear Direct Current (DC) source, such as a battery or linear

laboratory bench power supply, can help mitigate the risk of added noise.

The acquisition system requires careful timing to achieve accurate results. The laser
system produces a 1kHz signal, and through a frequency divider is used to generate the
500 Hz signal for the optical chopper. This negates any frequency drift that using a separate
clock source would introduce. However, the DAQ acquisition card also requires a 500 Hz
signal for gating the device, and another, separate 1 kHz signal for triggering the sampling of
the two detectors. While the 500 Hz gate pulse only needs to appear prior to the detectors
being sampled, the timing of the 1 kHz trigger is important. This signal needs to align with
the peak from the stretcher circuit. The phase of this timing pulse with respect to the peak of
the stretcher circuit is controlled using a delay function in an AFG. The PCI-6221 DAQ card
samples the two detectors when it receives this 1 kHz trigger signal, almost instantaneously
(realistically there is a small delay, on the order of ps, between the sampling, but the stretcher

circuit helps negate this delay). Figure 3.12 shows the electrical timing of the system.
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Figure 3.12: All clocks are defined from the laser trigger 1kHz signal. The highlighted area
represents the gating of the PCI6221, and the red dashed lines represent the sampling time.
The DAQ gate and sample trigger phase should be adjusted with respect to the laser trigger.

This system allows for the pulse-to-pulse variation of the signal to be characterised
and almost entirely removed. While the phase between pump and probe is unchanged, the
ratio between pumped and unpumed response should also not change. The results can also
be averaged by increasing the number of samples for each delay stage position to help reduce
noise. Increasing the number of samples also allows for the correction of laser power drift
over time, which is common in our system during long experiments due to environmental

temperature changes. The full schematic diagram can be seen in Figure 3.11.

Results of this trial can be seen in Figure 3.13, where a structured silicon sample was
optically pumped with NIR light and probed with SWIR light. As can be seen from this
figure, the noise level is very low, on the order of 1 x 107, which suggests any signal changes

above 0.0001% could be identified.
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3.5 Summary

This project uses several different experimental set ups to achieve its goal. Firstly, the op-
erating principles of the femtosecond system were looked at, which covered the generation
of ultrafast pulses. Secondly, how these could then be used to generate varying wavelengths
from the OPA were identified and discussed. The second system discussed was the bread-
board system, which aims to replicate the femtosecond system on a more practical scale for
applications relating to Range Gated Active Imaging (RGAI) and Time of Flight (ToF).
The key electronics used in the MWIR ToF system were discussed, which included a brief
discussion of all parts. Finally, noise reduction in the femtosecond system was discussed,

with some results presented showing the improvement seen from implementing the double
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Figure 3.13: Noise reduction when using the pulse sampling method. The standard deviation
of the signal before the transmission drop is 3 x 107%, suggesting that it would be possible
to resolve changes on the order of 10™* in signal variation.
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modulation technique.
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Chapter Four

Solid State Shutter

One of the objectives of this work is to develop a modulator that could be used with a Infrared
(IR) detector or camera. As discussed in previous chapters; there is a real need for high
speed, high contrast IR modulators. To achieve high operating speeds and reliability a solid
state solution is preferable. As well as modulation depth, operational speed is an important
characteristic, and is commonly found in product descriptions of optical modulators. A
higher temporal and optical bandwidth allows for the modulator to be used in a greater
selection of applications. The modulator in this case consists of a semiconductor optical
window that is transmissive to IR under normal conditions. When activated, the window
becomes opaque for IR. Activation of the modulator is handled by a Near Infrared (NIR)
optical pump. The external NIR optical pump causes excitation of the free carriers within
the semiconductor modulator from the valence band to the conduction band, inducing free
carrier absorption of IR light. Figure 4.1 shows an simplified example of how the transmission
changes with the carrier build-up, and how the modulator returns to its undisturbed state.
It should be noted that the time constant for the relaxation of electrons plays an important

role in how quickly the solid state shutter returns to normal transmission.

When activated, the apparent opaqueness of the solid state shutter to IR light is
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Figure 4.1: Concept of the solid state shutter. Unshaded region represents the activation of
the shutter. The grey highlighted region shows the off state, as free carriers recombine. All
values are arbitrary in this case.

increased, proportional to the free carrier concentration injected by the pump (in the case
of this work, an optical pump is used, however other methods will be covered in the fol-
lowing sections). In comparison to a conventional shutter, the modulator is not a binary
state device. Similarly to a Pockels Cell, this modulator has “in-between’ states of mod-
ulation. This goes from no attenuation beyond the intrinsic absorbance of the modulator,
and on, where free carrier absorption occurs and IR light is attenuated. This could lead to
interesting use cases, such as an arbitrary function light modulator, and variable Neutral
Density (ND) filters for attenuating intense source of radiation. Silicon was chosen for the
primary modulator material; as an undoped raw material it already offers high transmittance
to IR signals. However, through etching, structures can be created for further performance
improvements including transmission and operational bandwidth. This chapter covers oper-
ational principles of the solid state shutter, materials that are suitable for the role and the
predicted modulation efficiency, and how the theoretical change in transmission is calculated

with varying charge carriers.

69



Solid State Shutter

4.1 Operational Principles

The solid state shutter operates by injecting charge carriers through the use of an external
pump source. These charge carriers then cause intraband absorption for Mid-Wave Infrared
(MWIR) and Long-Wave Infrared (LWIR) light. Free carriers can be generated through
electronic, thermal and optical means [139, 140, 141|. Each process has its own set of
advantages and disadvantages, but all have the same response. This section will discuss

these potential options for generating free carriers.

For thermal excitation, there exists an empirically derived equation for calculating

the intrinsic free carrier concentration n; [140]:

T 2.54
ni(T) = 5.29 x 10" (ﬁ> exp(—6726/T) (4.1)

Where T is the temperature of the silicon, with other values measured empirically.

This relationship can also be derived using: [142, p. 207]:

kpT i 3/4
n,g=mp; =2 ) (memp)” “exp(—E,/2kpT) (4.2)

Where p; is the number of holes, kg is Boltzmann’s constant, 7 is the reduced Planck’s
constant, m, and my, are the masses of electrons and holes respectively. Both of these models

have been plotted in Figure 4.2.

However, this process of generating free carriers is not suitable for high speed mod-
ulators, or a thermal camera shutter. As the name suggests, thermal excitation relies on
heating of the modulator material to generate the free carriers. A relatively long period of

time (compared to electronic and optical excitation) would be required for the heating and
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Figure 4.2: Equation 4.1 and 4.2 against temperature. Results valid between 0 K and 350 K
for Equation 4.1.

cooling stages to produce sufficient contrast in modulation. This slow process time would
limit the operating bandwidth significantly. However, by far the biggest issue with this ap-
proach is the additional heat that would be fed into the thermal camera system. This could
have side effects such as making it difficult for the Non-Uniform Calibration (NUC) to take
place, and adding a sort of colour cast to the image, where heat from the system would bleed

into the image of the scene.

Electronic modulation is indeed a possibility. High speed and high current devices
are common in numerous electronic devices available today for both the consumer and more
niche markets. This includes but is not limited to: switching power supplies, motor drivers
and controllers, computer processors, and laser drivers [143, 144]. Due to high demand and
rapid development, the miniaturisation of silicon, and more recently, Gallium Nitride (GaN)
devices have allowed for small complex circuits operating at high powers to be realised. To
generate the required modulation, carriers would have to be injected into the semiconductor
modulator electronically. For the purpose of light modulation using an electronic pump,

research has been carried out in the Short-Wave Infrared (SWIR) telecommunication wave-
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lengths [145, 139], with high modulation bandwidths reported, however there appears to be
little to no investigation into longer wavelengths. A potential shortcoming of these electronic
modulators would be achieving a homogeneous modulation across a large area. The devices
mentioned previously are limited to a small area, due to their use in waveguides for telecom-
munication purposes. The small active area would make it unsuitable for imaging devices.
The difficulties in large area modulation could originate from the local resistance to injected

electrons causing inconsistencies between the speed of electrons.

A large area modulator would also have a significant capacitance, which would add a
charge and discharge time to the device, impacting the operating bandwidth. This reduced
bandwidth, and to an extent, the inconsistencies across the sample, could be addressed by
splitting up the large area modulator. Fabricating the modulator as a collection of smaller
modulators would enable individually addressable modulation areas. This would reduce the
capacitance of the system with the added ability to address each pixel, analogues to a Liquid
Crystal Display (LCD) display, as discussed in Chapter 2. Although this is an interesting
area to explore it is outside the scope of what is possible with the technology available to

us. Nevertheless, it could be an avenue worth investigating in the future.

Optical pumping is the preferred method. With the technology available it is possible
to deliver a sharp pulse of energy to fulfil the aim of achieving a fast response, while ensuring
a homogenous illumination, which in turn ensures homogenous free carrier generation across
the entire modulator surface. To generate free carriers, photons with sufficient energy must
be absorbed to excite electrons from the valence to conduction band. When selecting a
wavelength of light for optical excitation, the balance between photon energy and penetration
depth for that wavelength is critical, especially when a thin semiconductor optical window
is used. Since silicon has an indirect bandgap of 1.12eV and direct bandgap of 3.5eV,
corresponding to a wavelength of approximately 1107 nm and 354 nm respectively, phonon

assisted excitation will occur for energies below 3.5eV[146]. To generate the most free
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Figure 4.3: Absorption coefficient plotted against incident wavelength. 800 nm proves to be
a suitable wavelength for optical pumping due to the high absorption coefficient [147].

carriers, and hence modulation, the number of photons absorbed needs to be maximised
without adding excess energy into the semiconductor. Excess energy will reveal itself as
heat, and with one of the proposed applications for this technology being thermal cameras,
this is not allowable. Increased temperature of the modulator would lead to a reduction in
the modulation contrast since the thermal effect reduces the transmissivity of the IR light in
the off state, where the modulator should be transparent to IR. Shorter wave NIR is a good
candidate for excitation since it is still readily absorbed by silicon, however it does not add

too much extra energy to the system.

When light of the correct wavelength, possessing enough energy to excite electrons
from the valance band to the conduction band, is shone on a semiconductor, a fraction of
that light will be absorbed and generate free carriers. When free carriers are generated, the

absorption coefficient of all wavelengths from Visible (VIS) to LWIR is increased [148|. This
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Figure 4.4: Scanning electron microscope images showing a top down view of macro-porous
silicon on the left, and nano-porous silicon on the right. Taken from [149].

increased absorption coefficient is caused by free carriers also absorbing incoming light of
the shorter wavelengths, which further excites free carriers to higher energy states once in

the conduction band [146].

4.2 Suitable Modulator Materials

4.2.1 Optical Silicon Window

Suitable modulator materials should be intrinsically transparent to IR light, with the ability
of modifying the optical properties through the free carrier concentration. Silicon is a good
choice, not only does it have wideband transmission for IR, provided it is float zone silicon, is
readily available and already has an established and mature manufacturing process. Silicon
also exhibits strong absorption at 800nm for optically injecting free carriers, while still
allowing approximately 50 pm penetration into the bulk (see Figure 4.7). The silicon windows
used in this work are intrinsic silicon optical windows with a thickness of 500 pm. The

intrinsic free carrier density is on the order of 1 x 10°cm=3 at 300 K.
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4.2.2 Macro-Porous Silicon

The macro-porous silicon used in this work is a structured photonic membrane. Holes have
been etched periodically on the pm scale, with diameters of a similar size. The holes are
arranged in a hexagonal layout. These structures were designed to have a higher absorption
of the 800 nm pump, while being more transmissive for IR, than that of a standard silicon
window. This increased absorption at 800 nm allows for thinner membranes to be used while
still absorbing the majority of the pump pulse. Another advantage of the macro-porous
silicon over its bulk counterpart is that by adjusting the ratio of silicon to holes, (by changing
the hole size, or the spacing between holes) one can modify the effective refractive index of
the material. This provides an additional control parameter over the optical response of the
material. The effective refractive, e.¢s index can be estimated using the Maxwell-Garnett

mixing equation [135]:

€, — €
€ctt = €y + 2DE, P i 4.3
& P e em — ey — n) 49

where €, and ¢, are the dielectric function of the substrate and holes, respectively,
and p is the volume fraction. The structure of macro-porous silicon can be seen in Figure 4.4.
In addition to this, photonic bandgaps can be engineered into the material by controlling the
structure of the silicon [150]. Although not used in this work, coating the silicon in a thin
layer of metal, such as gold, prior to the fabrication of the holes, could introduce plasmonic

effects [151].
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Figure 4.5: Transmission spectrum of nano-porous silicon (shown in (a)) and macro-porous
silicon (shown in (b)) in the modulators off state. The transmission spectrum was measured
using a Fourier-transform Infrared (FTIR) spectroscope. Interference fringes observed in
both samples relate to multiple internal reflections within the porous silicon. Taken from

[149].
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Figure 4.6: Recorded transmission spectrum of MWIR signal after activation of the mod-
ulator, obtained using the pump-probe experiment. Macro-porous silicon (mpSi) displays
a stronger change in transmission, compared to nano-porous silicon (npSi), around 4 pm.
However, both materials tend to approximately 60% attenuation at wavelengths closer to
5um. Taken from [149].
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4.2.3 Nano-Porous Silicon

Compared to the structured appearance of the macro-porous silicon, nano-porous silicon is
a random, sponge like material. Thin silicon skeletal walls are surrounded by air pores. This
material has an extremely high surface to volume ratio, which makes it ideal for embed-
ding nanoparticles within the structure. Like macro-porous silicon, this material is created
through electro-chemical etching with hydrofluoric acid. By varying the etch current and
etch time, the thickness, porosity, and pore size can be adjusted, which further varies the
effective refractive index of nano-porous silicon (which can be estimated using Equation 4.3).
Due to the large surface area of this material, it is susceptible to surface traps from dan-
gling silicon bonds. These dangling bonds and surface traps increase the recombination rate,
making the material ideal for fast optical switching. The structure of nano-porous silicon

can be seen in Figure 4.4.

4.2.4 Nano-Porous & Macro-Porous Modulator Spectra

The sutiability for a nano-porous silicon and macro-porous silicon based modulator was
evaluated in the laboratory’s previous work by Zakar et al., and has been included here
in Figures 4.6 and 4.5 [149]|. Figure 4.5 shows the modulator transmission in its off state.
This transmission was measured using a Bruker Fourier-Transform Infrared (FTIR) Hype-
rion spectroscope. In the modulators off state, shown in Figure 4.5, both the nano-porous
silicon (shown in (a)), and the macro-porous silicon (shown in (b)), show generally high
transmission, with a dip around 3 pm for both materials, with it appearing prominently in
nano-porous silicon. In addition to the drop at 3 pm, nano-porous silicon exhibits a high
attentuation for wavelengths between 8 pm and 10 pm. The attuentaion at 3 pm is attributed

to molecular vibration Si-OH, and the attenuation at 9 pm caused by molecular vibration

Si-O-Si [149].
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The transmission for the modulators on state, shown in Figure 4.6, was measured
using the femtosecond system using the pump-probe experiment. An 800nm pump was
used, with the wavelength of the probe adjusted using the Optical Parametric Amplifier
(OPA). The value for change in trasmission for each wavelength generated by the OPA was
obtained when the pump and probe were overlapped in time at the zero delay. To compare
the modulation efficiency of the two materials, the absolute change in transmittance 7T,
where T' = T, — Ty, T, is the pumped state, and Tj is the unpumped state, was divided
by the unpumped transmission Tj [149]. From these results, it can be seen that the macro-
porous silicon exhibits a higher contrast in modulation at smaller wavelengths. This stronger
modulation is attributed to the macro-porous having a lower porosity [149]. As the probe

wavelength increases, the modulation of both materials tend to 60%.

4.3 Carrier Dynamics in Silicon

4.3.1 Free Carrier Excitation

To estimate the number of free carriers that can be generated through optical methods
a number of parameters need to be decided on, namely the modulator material, excita-
tion wavelength and modulator thickness. For this work, optical pump wavelengths around
800 nm are highly suited to the task; not only is the primary wavelength of the femtosecond
system centred around 800 nm, there exist a large selection of high power laser diodes in this
wavelength range, as well as having a high absorption coefficient in silicon. While longer
wavelengths could be used, as the indirect bandgap of the silicon lies at 1100 nm, 800 nm is
the superior choice as the absorption coefficient is significantly smaller beyond 1 pm. The
absorption coefficients for silicon can be seen in Figure 4.3. The use of this shorter wave

pump allows for much thinner modulators to be used, this ensures a high off state transmis-
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Figure 4.7: Normalised photon absorption as a function of the modulator depth for 800 nm
light. Value for absorption coefficient from [147].

sion. To calculate the distribution of generated free carriers at any depth in the modulator

the following equation can be used:

No(\, z) =aF (1 —R) A

2 —a(M)z 4.4
e (4.4)

where N,, is the normalised number of free carriers, « is the absorption coefficient
for silicon at 800nm, F' is the laser pulse fluence, R is the fraction of incident light that
is reflected, h is Planck’s constant, ¢ is the speed of light, and z is the depth into the
modulator. To find the number of free carriers generated, assuming all photons absorbed
create a electron-hole pair, the number of photons absorbed by the modulator at increasing
depth needs to be calculated. This can be integrated to find the total number of free
carriers throughout the modulator. However, for calculating the change in transmission of
the modulator in the presence of the pump, it is simpler to calculate the free carriers in a
thin slice of the modulator. The Transfer Matrix Method (TMM) described in Section 4.5

only applies for homogenous materials. The free carrier concentration in each slice of the
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modulator can be calculated using:

N\ 21, 2) = No + aF (1 — R)% / 0%z (4.5)

where N is the number of free carriers between positions z; and 29, Ny is the intrinsic
free carrier concentration. Figure 4.7 shows that beyond approximately 50 pm depth, the
photon count of the 800 nm optical pump falls off. Thus, only the first 50 pm of depth will
contribute to the modulation, with the remainder of the modulator only contributing to the
steady state attenuation. On the other hand, using a thicker modulator will help with its

thermal stability, allowing for more energy to be absorbed before it bleeds through to the

other side and is picked up by the detector.

4.3.2 Free Carrier Decay

Once excited into the conduction band, free carriers in semiconductors have four main ways
of relaxing to the valence band. These mechanisms are Auger, Shockley-Read-Hall (SRH),
surface, and radiative recombination. Radiative recombination occurs when a hole and
electron directly recombine, releasing energy in the form of a photon. If impurities are
present in the semiconductor, SRH can occur; SRH recombination is non-radiative, where
an electron and hole will recombine at an intermediate energy state (typically a defect state
located in the bandgap of the semiconductor). Similar to SRH, Auger recombination is a non-
radiative transfer, however it does not require defects for recombination to occur. Instead,
the energy released by the recombination is given to a third particle (a hole or electron),
moving it to a higher energy state. This excess energy can be given to an electron in the
conduction band, or a hole in the valence band. The total lifetime of free carriers can be

described using the following equation:
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l-4o (4.6)

where 7 is the total recombination time constant, 7, and 7, represent the non-

radiative and radiative time constants, respectively.

With regards to the breadboard system described in Chapter 3, the primary mod-
ulator material used is undoped float zone optical grade silicon, so the vast majority of
recombination will be due to Auger recombination. The optical pump wavelength used for
this system (808 nm) allows for penetration into the bulk of the material, contributions from
surface recombination can be ignored since the sample is thick and without a surface struc-
ture. Contributions from 7, are not present due to the indirect bandgap nature of silicon.

SRH is also not present as the modulator material used for this setup is undoped silicon.

The Auger recombination rate depends heavily on the temperature of the semiconduc-
tor and the number of free carriers. An increase in free carriers, or a decrease in temperature,
hastens the recombination rate. The recombination rate will set the operating bandwidth
of the modulator, since the turn on time is dictated by the optical pump pulse duration as
the excitation is almost instantaneous. The bandwidth can then be estimated, since the free

carrier decay in silicon is generally well understood.

The Auger recombination time constant of carriers under high injection conditions,

T4, can be represented with the following equation [152]:

1

Cnnd

TA = (47)

where ¢, is the ambipolar Auger coefficient, and n( are the majority carrier concen-

trations. The commonly quoted values for the ambipolar Auger coefficients, ¢, and c,, are
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2.8 x 10731 and 0.99 x 10731, respectively[152]. From this equation alone, it can be seen that
increasing the number of free carriers, or tuning the Auger coefficients, will result in a faster
recombination and therefore increasing the operating speed of the modulator. Surface recom-
bination begins to play a more important role when structured silicon is involved. Materials
such as nano-porous and macro-porous silicon, described in Section 4.2, have a significantly
higher surface to volume ratio, making the surface recombination lifetime a more significant

contribution to the overall lifetime of free carriers.

4.4 Drude Model

The injected free carriers modify the optical response of the modulator through varying its
dielectric function. The Drude model can be used to estimate the change of the dielectric
function after carrier injection. This model is used to associate the excited state dielectric

function with the carrier concentration [153]:

w2

_ p
€excited = €int — 2 . (48)
W= 4 1YW

where €;,,; is the background permittivity, and the second term, ep, is known as the
Drude term. The ep term is governed by the frequency of light w, the scattering rate of

the charge carriers in the material vy, typically around 103 s™! to 10 s7! [153, 154] and the

| Ne?
= 4.
“r €0k (4.9)

where N is the carrier concentration, e is the charge of an electron, ¢ is the permit-

plasma frequency wy,:
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tivity of free space and mx is the effective mass of the majority carrier. From Equations 4.8
and 4.9 it can be seen that increasing the free carrier concentration results in an increase in
the plasma frequency, thus a decrease in the real component and an increase in the imag-
inary component of the dielectric function. This in turn will increase the attenuation of
the modulator. While the rise time of the optical pump is a key factor in achieving a fast
turn on time, the relaxation of the modulator must also be considered. Since the change in
transparency depends on the number of excited free carriers, the relaxation of these carriers
plays an important role in the maximum achievable bandwidth of the modulator. Selecting
a modulator with a fast relaxation time may appear to be a tempting choice, however this
introduces another potential issue. A modulator with a fast relaxation time would require a
higher peak intensity for the breadboard system, due to the breadboard system relying on
carrier accumulation throughout the pulse duration to reach the desired carrier concentra-
tion. This is a non issue for the femtosecond system as it is able to deliver high peak powers
in femtosecond pulses. However, for the diode bar laser used in the breadboard system that
operates on current pulses to generate light, the pulse length and rise time are on the order
of microseconds and hundreds of nanoseconds, respectively. Therefore, choosing a modulator
that has a recovery time on the order of picoseconds would not work well with a laser diode

system that takes hundreds of nanoseconds to deliver the required energy.

4.5 Transmission simulation using the Transfer Matrix

Method (TMM)

To gain a better understanding of how the injected free carriers (from the optical pump)
influence the optical response of the modulator for IR, a simulation for the breadboard

system was built. This was able to estimate the transmission of 10 um light through the
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modulator with increasing 808 nm optical pump powers. As the pump penetrates the sample,
its intensity decays exponentially which results in a variation of the refractive index in depth.
It is not easy to include this continuous change in a numerical model. Alternatively, by
splitting up the modulator into thin slices, an approximation can be made that the refractive
index of each slice is constant. The TMM can then be used to describe the propagation of
light through each slice of the modulator. This simulation will consider an s polarised
electromagnetic wave, travelling in the +2z direction. The modulator is semi-infinite in the
x — y planes.

Hy By

Figure 4.8: Simple TMM set up. A substrate with refractive index n, sandwiched between
two semi-infinite mediums of air. E field shown in black solid lines, H field in red.

4.5.1 Refractive Index Calculation

Since the substrate is being sliced up into discrete sections, the refractive index of each slice
will need to be calculated. The free carrier concentration in each slice can be calculated
using Equation 4.5. The complex effective permittivity, €., can be calculated using Equation
4.8. This value for €, can then be used to calculate the complex refractive index since

€ = €. +i€! = (n+ ik)?, where n is the refractive index, and k is the extinction coefficient.
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4.5.2 Transfer Matrix Method Formation

To calculate the transmission of the IR light, the TMM can be used. The TMM is a
method that calculates the propagation of electromagnetic waves as it crosses boundaries
and travels through mediums. In the simplest case, a medium with refractive index n,
sandwiched between two infinite volumes of air will be explained using the TMM, a schematic
representation is shown in Figure 4.8. At the first boundary, since the tangential electric

field must be continuous across the boundary, the E and H fields can be expressed as

Hj = H;cos(0;) — H, cos(0;) = Hy;cos(0;) — H,y cos(0;)

where E; and H; are the total field on the left side of the first interface, X; is the
incident field (for £ or H), X, is the reflected field, X; is the transmitted field, §; and 6, are
the angle of incident and transmitted light, respectively, and X, is the reflected field from
boundary II at the boundary I. Similarly, at the second boundary, the fields can be described

as:

Fur = Bt B = B (4.11)

Hj; = H;, cos(0,) — H,, cos(6;) = Hy, cos(6;)

A relationship needs to be derived between E; and Ej;, H; and Hj; to form the
matrices, thus relationships between the fields at each boundaries need to be established.
When fields propagate from the first boundary to the second boundary inside the material,

the frequency does not change by the phase accumulates:
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Eig = Ete_ikl
(4.12)

— ikl
ETQ = Er’2 €

where [ is the thickness of a slice, and k = kon = “*, where w is the angular frequency
of light, n is the refractive index of the medium and c is the speed of light in a vacuum.
Substituting Equations 4.12 into the electric fields described above in Equations 4.10 and

4.11 gives the following:

E[ - Et + .E'r’2 (4 13)

E[[ = Ei2 + ET2 = Ete_ikl + Eréeikl

Moving onto the H field, from simplification of the Maxwell equations, it can be said
that ikE = iwB and B = uruoﬁ. From these two equations, we can write ikE = imuowﬁ,
where 1, = 1 in non magnetic materials. Rearranging, and using the fact that ¢ = 1/, /€10

it can be said that:

H=n,/2F = AE (4.14)
Ho

Using this relation, we can rewrite the H fields from Equations 4.10 and 4.11 as

H; = H;cos(t;) — Hyy cos(0;) = EyAcos(0;) — Eyy Acos(6y) ( )
4.15

H;; = H;, cos(0;) — H,, cos(0;) = E;,Acos(0;) — E,, Acos(0;)

So all boundary fields can be related using the X; and X,; forms, the phase accu-

mulation terms need to be inserted into Hj;. The substitution gives the following set of
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equations:

E[ = Et+Er’2

H; = AE; cos(0;) — AE,; cos(0;) (416)
4.16

E][ = Ete_ikl + Erlzeikl

Hir = Acos(0;) Eve™™ — Acos(6,) E,ye™

These equations can be re-written in matrix form, starting with the first boundary:

B 1 1 E, E,
H, Acos(ty) —Acos(0,)| |Er, E,,

E2 e—ikzl eikl Et Et

H, Acos(b)e ™ —Acos(0,)e™ | | E,, E,,

= M M;* (4.19)

The final transfer matrix My, can then be calculated. For simplicity a = A cos(6;),

b=c* and c = e

Ey 1 1 ab b Ey

b +c b%c EQ
(4.20)

1
2
ab—ac b+c| |Hs

H,; a —a| |ac —c| | Hs
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FE cos(kl 1sin(kl) /A cos(6 E E
g (ki) wacose)| | B E

Hy iA cos(6;) sin(kl) cos(kl) H, H,

This matrix, My, describes the optical response of one layer of the material. Since
the transfer matrix only contains linear operations, one can calculate the transmittance and

reflectance of a multilayer material by multiplying the matrix of each layer in sequence.

=[] M (4.22)

where N is the total number of layers, with each layer having their refractive index

n, and angle, ;, that form the transfer matrix of that layer.

The transmission of the modulator can now be extracted. To calculate the transmis-
sion of light through a material, represented by a matrix, Equation 4.21 should be considered.

The left hand side of Equation 4.21 can be represented as:

E[ = EZ + Er = EO + T’EO (423)

where FEj is the incident field, and r is the reflection coefficient. Similarly, the right
hand side of Equation 4.21 can be written as E;; = tEy, where t is the transmission coeffi-
cient. To obtain terms for ¢ and r, the H; and H;; must be rewritten in the same way as
the F field. This is achieved using the relation in Equation 4.14. However, there are two
separate terms as H; describes the plane wave travelling from air into the substrate, and
Hj; where the wave is travelling from the medium and out of it. These will be referred to as

A = % co8 0, (Ngir = 1) and Ay = ny / % cos(#;) (in this case, n is the current refractive
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index of the layer of material, this would be recomputed for each subsequent layer). The

magnetic strength fields can be re-written as:

H[ = Hz COS(QZ‘) — HT cos(@i) = AinEO — T’AmEg

(4.24)
Hj; = Hy, cos(6;) = tApuFo
The transfer matrix can then be re-written as:
E() + T’Eo mi1 M2 tEQ
= (4.25)
AinEy —rAinEy mo1 Mag | [tEyAu
Expanding this matrix can gives the following equations:
Eo+rEy = mytEy + mist EgAou
(4.26)

AinEy — 1Ain Ey = mait Ey + magt Eg Ao

Rearranging the second equation and substituting it into the first, the transmission

coefficient can be found:

2Ain
t = (4.27)
Ainmar + A Aouemiag + moy + Aguimas

This process can be repeated for the reflection coefficient, however for the simulation
we are only interested in the transmission. Finally, to find the transmitted intensity through

the substrate, the following equation can be used:
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llout 2
T =24 4.28

4.5.3 Simulation Output

The following simulation has been run, following the steps set out above. The pump wave-
length was set to 808 nm, with a pulse duration of 10 ps, and with peak optical powers varying
from O W to 70 W. The IR signal was set at 10.07 pm. The sample used is a undoped silicon
optical window, with a thickness of 500 pm, with the slice thickness was set to 1 pm. The
results of this simulation can be seen in Figure 4.9, where the change in transmission with
pump fluence, and free carrier generation with pump fluence, can be seen. From the results
presented, it can be seen that with the parameters set above, an attenuation of around

approximately 50% transmission should be achievable.
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Figure 4.9: Simulation of transmission of a 10 pm probe signal through a 500 pm thick sample
as a function of optical pump power, provided by a 800 nm solid state diode.
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Chapter Five

All-Optical Shutter

This chapter investigates the feasibility of an all optical shutter for use in thermal imaging,
Range Gated Active Imaging (RGAI) and Time of Flight (ToF) applications. Included in

this chapter is data and relevant results published in the co-authored paper:

Rihan Wu, Jack Collins, Christopher D. Burgess, Robert A. Lamb, and Andrey Kaplan
Demonstration of time-of-flight technique with all-optical modulation and MCT
detection in SWIR/MWIR range

Proc. SPIE 10799, Emerging Imaging and Sensing Technologies for Security and Defence

IIT; and Unmanned Sensors, Systems, and Countermeasures, 1079904 (4 October 2018)
a reformatted conference paper:

Jack Collins, Rihan Wu, Alan Davie, and Andrey Kaplan
All-optical modulator for gated range finding and active imaging in LWIR
Proc. SPIE 11537, Electro-Optical and Infrared Systems: Technology and Applications

XVII, 115370L (20 September 2020)
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and data and relevant results in the accepted co-authored paper:

Rihan Wu, Elida Nekovic, Jack Collins, Catherine J. Storey, Leigh T. Canham, Miguel
Navarro-Cta, and Andrey Kaplan
Taming non-radiative recombination in Si nanocrystals interlinked in a porous

network

Physical Chemistry Chemical Physics. 2022 (Accepted)
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5.1 All-Optical Modulator for Picosecond Time of Flight

in the SWIR and MWIR

The published paper (All-optical modulator for gated range finding and active imaging in
LWIR) included in Section 5.2, builds on previous collaborative and co-authored work. The
paper titled Demonstration of Time-of-Flight technique with all-optical modulation and MCT
detection in SWIR/MWIR range was published in SPIE Security and Defence 2018 and was
written with Wu et al. [155]. What follows is a summary of the key findings in this paper
(Demonstration of Time-of-Flight technique with all-optical modulation and MCT detection
in SWIR/MWIR range) relevant to this thesis.

In the 2018 SPIE paper, we developed an externally optically gated Mercury Cadmium
Telluride (MCT) system, improving the temporal resolution of the detector. This external
gating was accomplished using the solid state shutter technology discussed previously in
Chapter 4, and for which the set up can be seen in Figure 5.1. As mentioned previously,
MCT detectors are exceptionally sensitive and proven thermal imaging devices. However,
they do have a tendency to have a slow rise time compared to Visible (VIS) detectors of
a similar photosensitive area. This sensitivity makes MCT detectors very good at picking
out small changes in signal, but less suitable for high speed tasks. One way to improve
the temporal resolution of imaging devices is to gate them, either by external methods in
the form of a shutter, or internally using electronics. In the case of this paper, we opted
for an externally gated optical modulator. In this research, we were able to gate an MCT
detector to resolve laser arrival times on the picosecond scale, and with further analysis,
could determine of the group velocity dispersion of the probe laser travelling through silica

rods.

As discussed in Chapter 4, the all-optical solid state shutter is able to attenuate
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Figure 5.1: Optical set up of the all optical gated shutter for MCTs detectors in the Short-
Wave Infrared (SWIR) and Mid-Wave Infrared (MWIR), published in [155]. In this diagram,
the probe pulse, in green, travels through the silica rod (1), then passes through the modula-
tor (3) and silicon optical window (4), before being recorded by the MCT detector (5). The
pump pulse, represented by the red line, travels along the computer controlled translational
stage and retroreflector (2), before being directed onto the surface of the modulator (3). The
silicon window (4) absorbs any remnant pump.
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wavelengths between the SWIR to the Long-Wave Infrared (LWIR), through intraband ab-
sorption. This attenuation occurs when the modulator is activated through the absorption of
a Near Infrared (NIR) 800 nm pump. In this experiment, the optical pump and signal were
provided by the femtosecond laser system and Optical Parametric Amplifier (OPA), as de-
scribed in Chapter 3. This experimental set up was operated in a pump-probe configuration,
with the pump directed along a variable-length, computer-controlled, optical path, before
being focussed onto the modulator surface. The computer-controlled optical path allowed
for translational positioning to a resolution of +£400 nm, with a 200 mm range to scan over.
When the optical pump falls on the surface of the modulator, free carriers are generated,
causing the absorption of SWIR and MWIR. If the probe arrives at the modulator before
the pump in time, the probe passes through the modulator unaffected. When the pump and
probe overlap in time, a sudden drop in intensity is observed on the readout of the detector.
The scale of this drop in intensity depends on the free carrier concentration generated from
the pump; while the rate of the drop is determined by the rise time of the probe pulse,
convoluted with the response of the modulator. Further increasing the delay of the probe
with respect to the pump shows the recovery of the modulator; modulator materials with a

high recombination rate will return to the transmissive state faster.

Depending on the configuration, the probe travels through either just air, 5cm or
10 cm long silica rods, before passing through the modulator and reaching the detector. The
addition of the silica rods increases the optical path for the probe, delaying its arrival time
at the modulator. The probe and pump were spatially overlapped on the surface of the
modulator while their temporal overlap is controlled by the translational stage. Firstly, a
reference time was found by removing the silica rods from the optical path, so the probe
was travelling unimpeded. A sudden drop in transmission represents the temporal overlap
of the pump and probe on the surface of the modulator, signifying the zero delay. This

calibration gives a reference point to compare against the induced delay from the silica
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rods. Compared to just air, these silica rods delay the arrival of the probe pulse on the
surface of the modulator, necessitating the temporal overlap to be found through scanning
the translational stage again. As well as increasing the optical path length, broadening of the
probe pulse occurs due to the group velocity dispersion in the silica rods. This broadening

of the probe can be seen in the data as shallower gradient in the falling edge.

As the optical pump was scanned through the range, the overlap of the pump and the
probe were recorded in time and appear in the data as a drop in signal from the detector
(due to the external gating described earlier). Due to the nonlinear process involved in
generating the SWIR/MWIR pulses, the probe length is longer in comparison to the pump,
on the order of 100 to 200 fs. The further stretching of the probe pulse due to the silica rods

can be observed by the shallower gradient found in the change in transmission.

Macro-porous silicon with a thickness of 63 pm, with holes of 1 pm diameter and a
separation of 1.5 pm, organised in a hexagonal pattern, was used as the optical modulator
material. The activation pulse provided by the femtosecond laser system, generating a change
in transmission for the modulator on the femtosecond scale. The ToF of the probe pulse
could be deduced from the position of the change in transmission, and the position of the

delay stage, using the following equation:

ToF = (n(\) — 1)% =

D
— 5.1
- (51)
where n(\) is the wavelength-dependent refractive index of the rod, L is the length
of silica rod, c is the speed of light in vacuum and D is the extra distance travelled by the
probe. Using this method, it was possible to measure the ToF through a 5 and 10 cm silica

rod using SWIR and MWIR. The ToF was measured on the ps scale, with the results seen in

Figure 5.2. The data presented in Figure 5.2 shows the falling edges for varying wavelengths,
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Figure 5.2: ToF results of air and silica rods, published in [155]. Shown above are the varying
time of flights for the differing wavelengths while travelling through the silica rods.

after travelling through just air (the zero position), 5cm of silica, and 10 cm of silica. With
this setup it is possible to measure the induced optical delay from the silica rods on the order
of ps. It was not possible to measure the ToF for wavelengths greater that 3 pm in the 10 cm

rod due to the higher absorption of the probe in the silica.

The determination of the group velocity dispersion highlights the high temporal ac-
curacy of this system. As the recorded fall in transmission is a convolution of the modulator
response and probe pulse shape (which are both known), it is possible to determine the
amount of broadening of the probe pulse. The stretch of the probe pulse can be observed
in Figure 5.3. The detail observed in the stretching of the probe pulse, through gating the
detector, is far beyond what would be achievable with conventional level triggering due to

the slow, 400 ns rise time of the detector used.
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Figure 5.3: Probe pulse broadening induced from passing through the silica rods, published
in [155]. Shown above is the stretching of the falling edge of the change in transmission for
the differing wavelengths while travelling through the silica rods.

5.2 Compact All-Optical Modulator for Gated Range Find-

ing and Active Imaging in LWIR

The following section includes the reformatted paper, titled All-optical modulator for gated
range finding and active imaging in LWIR, is published in SPIE Security and Defence: Pro-
ceedings Volume 11537, Electro-Optical and Infrared Systems: Technology and Applications
XVII; 115370L (2020) [156].

Authors: Jack Collins, Rihan Wu, Alan Davie, Andrey Kaplan.

Pushing the concept of the all-optical modulator further, the paper, All-optical mod-
ulator for gated range finding and active imaging in LWIR included below, aims to make the
system described in Section 5.1 more compact and practical while maintaining reasonable
performance. The primary components of this compact system are a Hamamatsu 10.07 pm
Quantum Cascade Laser (QCL), which is used as the LWIR source; the all-optical modu-
lator, which consists of a Coherent 808 nm diode laser capable of producing a peak optical

power of 69 W, and a 500 pm thick intrinsic silicon optical window as the modulator mate-

100



All-Optical Shutter

rial; and the detector, which in the ToF setup was an MCT detector coupled with a Lock-in
Amplifier (LIA), and a Thermoteknix MicroCAM3 Vanadium Oxide (VOx) microbolometer
thermal camera for RGAI Firstly, the ToF of a LWIR laser pulse was used to measure the
difference between a short optical path and a longer optical path. The difference been these
two paths was set at approximately 18 m. The all-optical modulator was used to optically
gate the detector. An MCT detector coupled with the LIA was used to record the returning
LWIR signal. The arrival time of the pump with respect to the probe at the surface of the
modulator was adjusted electronically through the use of an Arbitrary Function Generator
(AFQG). Like the previous paper, when the pump and probe overlap in time on the surface of
the sample, a drop in signal measured by the detector is observed. The minima of the two
signals could then be compared to find the arrival times. Secondly, RGAI was implemented
using the QCL to illuminate a mask. The image of the mask was focussed onto the modu-
lator, before being recorded by the thermal camera. The gate of the optical modulator was
electronically moved in time with respect to the LWIR illuminating pulse, so as to observe
the modulation of the LWIR pulse on a thermal camera. The aim of this paper was to assess
the feasibility of an active imaging LWIR system for use in RGAI applications and LWIR

ToF rangefinder using the all-optical solid state modulator technology.

5.2.1 Theory & Principle of Operation

In this paper, we applied a similar approach as in our previous work where the ToF a
dispersive media was measured by externally gating the detector with an optically controlled
modulator|155]. Undoped Silicon was chosen as an active material for the modulation due to
its high transmittance to Infrared and ability of tuneable optical properties through carrier

injection by a pump laser.

According to the Drude model, the dielectric function of semiconductor has a linear
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relationship with the injected carrier concentration, NV:

Ne?

me€o(w? + iyw)

(5.2)

€= €5 —

Where €g; is the intrinsic dielectric function of the bulk silicon, w is the frequency of
the infrared light, m. and v are the joint electron-hole plasma optical mass and the scattering
rate of the free carriers, respectively. The concentration dependant part of Equation 5.2 can
be further separated into the real, €, ~ —ﬁ, and the imaginary, ¢; ~ 7%, parts.
The scattering rate, «, of the carriers in the silicon under optical pumping is in the range of
10*s7t ref. [157, 135] , which is the same order of magnitude as the frequency of 10 pm of
the LWIR light (w ~ 2 x 10'*Hz). In this regime, the ratio of the change of the real and

Aer o

imaginary parts is = ~ 1, indicating that they contribute almost equally to the change of

optical properties of the silicon window in the modulator.

The transfer matrix method was applied to build a connection between transmit-
ted light intensity and the change of the dielectric function. The transmittance 7' can be

expressed as the following:

2Y, 2

Yy cos(k) + Yg% +isin(k)Y; + Yy cos(k)

1

e

, (5.3)

where Yy = /<€ cos(bh), Y1 = ;—%\/ECOS(HO), k = kodcos(0), 0y and € are the inci-
dence and refracted angles, respectively, d is the thickness of the silicon modulator, € is the
dielectric function, other terms have their conventional meanings. By combining Equations
5.2 and Equation 5.3, it can be estimated that a 50% reduction in transmittance can be

3

achieved by injecting N = 10*® cm™3. Further development to calculate the transmittance

of semiconducting thin films with nonuniform carrier density distribution can be found else-
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where[158, 159].

There are two routes to reach the desired concentration: apply short intensive optical
pump to excite carriers in one pulse or use a long pulse (or multiple of weaker short pulses)
to allow carriers to accumulate to a sufficient level before they recombine to the ground state.
In our previous works, we exploited the ultrafast femtosecond laser as an optical pump which
has a peak intensity of 5 GW cm ™2 with a pulse length of 100 fs [155, 160]. However, the entire
setup is bulky and expensive making it inadequate for various applications. In this work,
we reduced the dimensions of the setup by replacing the ultrafast pump laser with a small
package diode laser, though it delivers much less intensity in comparison to the femtosecond
laser system. To overcome this, the pulse duration of the pump laser, also known as the
modulator laser, must be prolonged to allow the excited free carriers to accumulate in time.
Since silicon has a relative long recombination time of about 107* — 1073 second|[161], we
can assume that for a pulse duration shorter that 50 ps, the carrier concentration remains

unchanged.

The highest peak intensity of the diode pump laser is I, = ~69 W. Therefore, we
NE

a(l — R)Ipeak

the photon energy 2.46 x 1071 J, a is the absorption coefficient and R is the reflectance of

can estimate the required pump pulse duration through = = [160|, where E is

pump beam. With the known parameter of o = 8.5 x 102cm™!, and R ~ 0.3, we obtained

the appropriate pulse duration of ~6 s to generate N = 1 x 10'® free carriers.

5.2.2 Demonstration Setup

This experiment was setup with two feasibility investigations in mind: is it possible to gate an
image of an actively illuminated object and measure distance with the same modulator? For

illuminating the scene a Hamamatsu Quantum Cascade Laser (QCL) operating at 10.07 pm
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(a) Flow chart showing electronic timing control (b) Pulse schematics showing the pro-
and synchronisation of the modulator and signal gression from 256 kHz pulse train pro-
lasers. The trigger for the modulator laser is de- vided by internal clock to gating the
rived from the QCL’s internal clock so there is no IR source and triggering the modulator
phase drift. To avoid possible heating of the mod- laser at 1kHz. The modulator laser is
ulator, the frequency was reduced from 256 kHz triggered on the rising edge of the trig-
to 1kHz. The arbitrary function generator was ger signal, and can be moved in time
used to introduce a controlled delay between the independently of the gate signal.

modulator and signal laser pulses.

Figure 5.4: Flow chart and pulse schematics of the synchronisation electronics.

at a repetition rate of 256 kHz, which was converted to 1kHz through electronic control,
was used. The beam was steered and focused onto the modulator, while the transmitted
intensity was either detected with a Judson Teledyne J12 MCT detector or Thermoteknix
MicroCAMS3 uncooled thermal camera. The modulator consists of a 500 pm thick silicon
optical window, and a 800 nm Coherent diode bar laser operating at 1 kHz with a maximum
peak optical power of 69 W. This is focussed to a spot size of 1 mm? for the ToF experiment,
and 6mm? for the RGAI experiment. The diode laser was driven by a Directed Energy
PCO-6131 laser driver.

To ensure there is no temporal drift between the signal and modulation laser, the
trigger was taken from the internal clock of the QCL laser driver. This reference signal is
then passed through a frequency divider, converting from 256 kHz to 1 kHz, which produced
a gate for the signal laser and a trigger for the modulator laser. The absence of the temporal
drift was confirmed on an oscilloscope. A flow chart of the driving electronics for this

experiment can be seen in Figure 5.4a.

For the ToF investigation, the optical path length for the 10.07 pm signal laser, pro-
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Figure 5.5: ToF and RGALI feasibility demonstrator. The green and blue lines represent the
short and long IR optical paths respectively. The red line represents the modulator laser
beam. The signal laser is produced by a Hamamatsu QCL (a). The mirror (b) can be flipped
down to switch between short and long optical paths. The activation laser for the modulator
is provided by the 808 nm diode bar laser (¢) The signal is then steered and focussed onto
the modulator (d), and then either directed into the MCT (e), or into the uncooled thermal
camera (f). For RGAI the mask is added between the final steering mirror and modulator
window (d).

viding a train of sub-microsecond pulses, can be changed between two options, with one
path being approximately 18 m longer than the other. Care was taken to ensure that the
signal beam spot appears at the same position on the modulator surface for both long and
short optical paths. An illustration of this setup can be seen in Figure 5.5. The system was
calibrated by finding the zero position using the short optical path. The zero position is
the instance corresponding to the temporal overlap of the modulator and signal laser pulses.
This is represented by the signal minimum after passing through the modulator window,
since this is the point of the maximum attenuation. A typical signal trace observed by the

oscilloscope can be seen in Figure 5.6. The modulator laser trigger time is adjusted with
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respect to the signal laser by the variable delay generator. The signal lasers intensity is
recorded by an MCT detector connected to a lock-in amplifier. Once the signal minimum is
found, the delay between gating the signal laser and triggering the modulator laser is noted,
and the length of the long optical path can be assessed. The length of the optical path was
changed and measured again by scanning the delay line and finding a new time for the signal
minimum. This can then be converted to a distance by multiplying the difference by the
speed of light. The modulator laser pulse length was set to 10 ps with a peak optical power

of 69 W, corresponding to an average optical power of 690 mW.

For investigating the feasibility of RGAI only the short optical path was used. The
image was recorded by the Thermoteknix camera. This is an uncooled thermal camera
which uses a mechanical shutter for periodic non-uniform calibration. To create the image,
the signal beam passed through a mask with a silhouette of the Greek letter 7 (see Figure
5.8), before projection on to the modulator surface. With the signal laser and modulator
laser fully overlapped the relationship between modulator laser power and signal transmission
can be derived. The temporal response of the system can also be investigated by moving
the modulator laser in time with respect to the signal laser and recording the transmission
observed on the thermal camera. The images are created by reading the values directly
from the sensor of the Thermoteknix camera, before any signal processing is applied to the
readings. To achieve a stronger image a pulse train of 5 pulses at a repetition rate of 256 kHz
is used for the signal laser. While this affects the overall modulation amount and temporal
resolution, it is necessary as the QCL used is not able to deliver enough power over the

distance of the optical path in a single pulse to generate a clear image.
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Figure 5.6: Timing diagram showing the effect of the time synchronisation of the modulator
activation with respect to the signal laser. The first detected IR pulse in this schematic has
not reached maximum attenuation as the carrier concentration has not had sufficient time
to buildup. The signal is most attenuated just before the modulator is deactivated. The
modulator has a very fast turn off, so the pulses after the modulator pulse are unattenuated.

5.2.3 Results

The results section is split into two subsections. The first covers the use of the modulator for
ToF applications with an MCT detector. The second section discusses the results of using a

thermal camera with the modulator to record and gate an actively illuminated object.

5.2.3.1 Time-of-Flight Demonstration

The ToF of the signal was compared between two optical paths with an MCT detector
used to record the measured change in transmission at 10.07 pm after passing through the
modulator. To achieve a high modulation contrast and reduce the stretching on the minima a
short modulator pulse of 10 s at a peak optical power of 69 W was used. This was compared
to the short optical path to find the time difference. The ToF data for both paths can be

seen in Figure 5.7.

It can be seen that there is a definite minimum position for the short optical path.

However, the signal after the long optical path is an order of magnitude weaker once it
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Figure 5.7: Normalised Time-of-flight data shown for the short optical path (SOP) in the
left panel, and data for the long (LOP) and short optical paths in the right panel. The
signals for the right panel have been normalised between 1 and 0. The intersections of linear
fits were used to obtain the minima for both signals. The difference between minima on
the abscissa determines the delay time introduced by travel along the longer optical path,
corresponding to a distance of 30 m.
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reaches the detector, with a significantly lower signal-to-noise ratio. The reduction in signal
and increase in noise is mostly due to 12 extra mirrors used for extending the optical path and
from divergence of the uncollimated QCL diode. To re-collimate the beam a group of lenses
was used to maximise the signal on the detector, however this would have caused variation in
the spot size on the modulator surface. The multiple reflections and change of the size causes
deterioration of the overlap between the signal and modulator laser spots and worsening of
the temporal resolution. The effect of this can be seen in the right pane of Figure 5.7, where
the gradients around 0 ps for the short and long paths differ. Nevertheless, from the data
seen in Figure 5.7, there is a clear difference observed between the positions of the signals
minima. The analysis estimates an extra (30 & 46) m in path length difference, compared
to the actual path length of (18.0 £ 0.5) m. This accuracy of the 30 m was calculated using
the accuracy of the fit. The majority of the uncertainty originates from the long optical fit.
A greater signal to noise ratio would significantly improve the accuracy of this system since

the accuracy of the fit of the short optical path is greater by an order of magnitude.

5.2.3.2 Active Image Modulation

Investigation of the possibilities for active image modulation were carried out using the short
optical path with the image recorded by an uncooled Thermoteknix MicroCAMS3 camera.
For this demonstration, a longer pulse was required to illuminate the object due to the low
maximum optical output power of the signal laser. To increase the total irradiance, a train
of five pulses at a repetition rate of 256 kHz for an illumination time of approximately 20 s
were used. The gating time of the modulator laser was adjusted accordingly to match the
illumination time, but using one continuous pulse rather than 5 discrete ones. The peak

optical power of the modulation laser was ~67 W.

To demonstrate the performance of the modulator for the active imaging a few snap
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Figure 5.8: A selection of heatmaps of the m-symbol mask imaged by the thermal camera.
The times correspond to difference between the modulation (gating) and signal lasers arrivals
on the surface of the modulator.

shots were taken at the time instances before, after and at the maximum of the modulation.
The data was taken directly from the sensor of the camera before any filtering is applied. To
reduce shot noise 3 images were averaged to produce the final output for each gating time.
Further processing of the image was carried out to reduce the background. The results can
be seen in Figure 5.8 where 0 s signifies the closest point where the signal arrival and gating
are nearly synchronised. A definite reduction in the transmission can be observed on the
camera at and around 0 ps, with the transmission recovering to normal when the gating lags

or is engaged earlier by more than 20 ps.

To quantify the observed change in the transmission an illuminated area of the image,
rather than the entire image, was chosen. The square highlighted area in Figure 5.9(a) shows
the area that was used to calculate the change in transmission. This area was compared to
the same area of the unmodulated image. The change in transmission was calculated using

equation 5.4,

n=H,m=>

Mod 1 Modz 1 Mods 1 Modn,m
Unmodi 1 + Unmodaz 1 + Unmods 1 +.t Unmodn,m
TAverage = N (54)
n=1,m=1
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where Mod and Unmod are pixels values on the modulated and unmodulated images
respectively, at pixel co-ordinates n and m, with /N being the total number of pixels. The plot
in Figure 5.9(b) was generated from this analysis and it shows visually that when the gating
corresponds to the arrival the signal laser pulse there is a drastic reduction in transmission
at this modulation power. The asymmetric rate of change of the transmission around the
zero point is to be expected. The change of transmission is dependent on excited carriers,
and the recovery in transmission is related to the relaxation rate of the carriers inside the
silicon window. Therefore, for the modulator laser arriving before the signal laser, there may
be still excited carriers. However, if a part of the signal laser arrives before the modulator

laser then only a fraction of the signal pulse will be modulated.

To further investigate the modulator performance, in particular, to negate a possible
effect of the residual heating by the modulator laser, the image was recorded by the thermal
camera at multiple modulator states. This can be seen in Figure 5.10, which compares the
images taken with the modulator laser disabled or gated following the arrival of the signal
laser pulses. Apart from slight changes in the intensity when the modulator laser is active,
the image remains mostly unchanged. The areas to take note of can be seen in the top right
of the illuminated image and between the legs of 7, which can be seen in Figure 5.10(a) and
(b). This only occurs when the modulator laser in activated, regardless of its timing with
respect to the signal laser. Comparing the images recorded in Figure 5.10(b) and (¢), there
is virtually no change between the gating activated at 500 ps and 50 ps away from the signal
laser, confirming that modulation only occurs when the two pulses are overlapped, or if the
modulator laser arrives a short period before the signal laser. This is crucial for imaging in
general, as well as timing accuracy for applications such as 3D ToF, a distorted image by

residual heating would be of no use.

The modulation contrast of the signal laser should follow the population of the free

carriers excited by the modulation diode laser. Hence, varying the power of the modulator
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Figure 5.9: Transmission of the modulator as a function of the gating time with respect to
the signal arrival time. 0ps represents the two lasers overlapped in time on the modulator
surface. The highlighted square area in (a) shows the group of pixels used to obtain the
average value of the signal intensity. Three thermal images were averaged per data point.

laser should vary the intensity of the signal recorded by the camera. To verify this, the
modulator laser trigger was synchronised to provide the maximum attenuation of the signal.
To vary the modulator power the peak current supplied to the modulator laser diode was
varied. The results, presenting the signal intensity transmitted through the modulator as a
function of the peak modulator power, can be seen in Figure 5.11. The measured change of
the transmission was obtained using Equation 5.4 by comparing the intensity measured by
the thermal camera under the maximum modulation of the same area when the modulator
laser was gated 500 ps before the signal laser. Due to the experimental setup constraints the
modulator laser was used in an S-polarised configuration. Using the modulator laser is a
P-polarised orientation would produce a stronger modulation for the same optical power as
the absorption would be higher due to fewer reflection losses from the face of the modulator
window. Nevertheless, an average change in transmission of approximately 60% was achieved

at the highest optical pumping power.
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Figure 5.10: The following heatmaps show that there is little to no effect of the modulator
laser when the signal laser is not overlapped with the modulator laser; (a) modulator laser
disabled, (b) modulator laser occurs 500 ps after the signal laser, (¢) modulator laser occurs
58 pis after signal laser. The slight changes can be attributed to thermal lensing effects by
the minor increase its temperature.
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Figure 5.11: Transmission of the modulator as a function of the optical pumping power.
Three thermal images were averaged per data point.
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5.2.4 Summary of Compact RGAI & ToF System

In summary, we demonstrated that it is possible to gate an uncooled thermal camera as well
as an MCT detector and resolve sub-ps changes. This was done with two demonstrations,
firstly we calculated the length of an optical path by comparing the difference in ToF between
a short and long optical path. We show that optical path of 18 m difference can be resolved,
albeit the resolution requires significant improvement. Secondly, we placed a mask of 7 in
the beam path and scanned the modulator gate to demonstrate the ability of the modulator
to be used for active imaging. Overall, we demonstrated the ability to measure the arrival
time of the signal laser on an uncooled thermal camera with resolution approaching a few
ps, with a relatively compact system. We believe the all-optical modulator can be used in
the applications such as rangefinding and RGAI in the LWIR. With further development
and use of a stronger IR source the potential for a LWIR ToF /RGAI device comes one step

closer to the reality.

5.3 Porous Silicon Based Modulator

Using structured silicon, such as porous silicon, allows for the tuning of the operating band-
width of the modulator by adjusting the structure parameters. By carefully tuning pore
size as well as the amount of oxidisation of a porous silicon’s structure, the recombination
time, and activation energy can be tuned. In the accepted paper, Taming non-radiative re-
combination in Si nanocrystal interlinked in a porous network, it was found that the surface
passivation determined the recombination mechanism, while a porosity increase would has-
ten the recombination rate due to spatial confinement. Hydrogenated samples would exhibit
a slower recombination rate, compared to an oxidised sample of the same porosity, shown in

Figure 5.13.
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To determine the optical response of the nano-porous modulator, the pump (800 nm)
probe (2.5 pm) experiment was used, as discussed in Chapter 3. The power was fixed for each
sample to only generate a free carrier concentration of N =~ 7 x 10! cm™ for each sample so
the recombination rate could be compared between them. The nano-porous silicon used had
a thickness of 120 pm, with porosities varying from 66% to 88%. The samples were oxidised
in an oven set to 600 °C. To measure the structural properties of the nano-porous silicon, the
Brunauer-Emmett-Teller method was used. These oxidised nano-porous membranes could
then be re-hydrogenated after oxidation in a hydrofluoric dip with a 10% concentration for
30 seconds, which from the results seen in Figure 5.12. This process returns the nano-porous
silicon to its pre-oxidised state. The process of re-hydrogenating reduces the abundance of
oxide bonds (see Figure 5.12), which are one of the causes for increased recombination rate.
In addition, Figure 5.13 shows the carrier density for hydrogenated and oxidised porous

silicon as a function of time after exciation by the pump pulse.

The results of this paper highlight the ability to adapt the recombination rate in nano-
porous silicon samples. By harnessing this knowledge and technology, highly customisable
modulators could be fabricated by tuning the amount of oxidisation and porosity, allowing

for the perfect high speed Infrared (IR) modulator to be created.

(Figure 5.12 and 5.13 appear Rihan Wu, Elida Nekovic, Jack Collins, Catherine J.
Storey, Leigh T. Canham, Miguel Navarro-Cia, and Andrey Kaplan Taming non-radiative
recombination in Si nanocrystals interlinked in a porous network Physical Chem-

istry Chemical Physics. 2022 (Accepted))
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Figure 5.12: Fourier Transform Infrared (FTIR) spectrums (a-b) and pump-probe results
(c-d) for low (a,c) and high porosity (b,d) samples. Higher porosity samples show a faster
recombination, while across the board, hydrogenated samples show slower recombination. It
is speculated that collapsing pores after re-hydrogenating the nano-porous silicon may have
caused the difference between the hydrogenated and re-hydrogenated silicon for the FTIR
spectrum and pump-probe results.
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Figure 5.13: Recombination rate of hydrogenated and oxidised samples at varying porosities.
Oxidised samples exhibit a much faster recombination rate, returning to normal levels of
carriers significantly sooner than hydrogenated samples.
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Chapter Six

MWIR Time of Flight

6.1 Introduction

While the optical filter technology discussed in previous sections has an obvious home in
Mid-Wave Infrared (MWIR) and Long-Wave Infrared (LWIR) cameras, another potential
application for MWIR is for use in time of flight range finders and cameras. Currently, there
exist no known MWIR optical rangefinder on the market, so a custom solution, with accom-
panying electronics, has been designed and built. Optical Time of Flight (ToF) rangefinding
is the process of measuring a distance by timing the round trip of light. The most ba-
sic setup would involve a time piece, photon source and detector. The distance can then be
obtained by measuring the time between emitting a pulse of light and detecting the backscat-
ter light. While ToF is a reasonably well established area in defence, it has only recently
started to emerge in the consumer space. The majority of these devices utilise Near Infrared
(NIR) and Short-Wave Infrared (SWIR) as the illumination source, predominately due to
the abundance of fast source and detector technology which is a requirement for precise and
fine measurements. However, there are some drawbacks to using these wavelengths of light.

Shorter wavelengths of light, relative to MWIR and LWIR, will suffer from atmospheric scat-
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tering, as described in Chapter 2. This issue could be overcome with the use of a stronger
light source, however this would introduce further drawbacks. Increasing optical power will
reduce suitability for many applications due to the increased size, power consumption, and
risk to eyes. This is especially dangerous at NIR, since the eye has a reduced blink reflex
at this wavelength and is still able to focus this wavelength of light onto the retina. The
longer wavelengths of MWIR and LWIR should offer a much greater ranging distance with
similar pulse energies, but with the reduction of the risk to eyes. By using MWIR or LWIR
would enable the use of stronger lasers, theoretically increasing the ability to measure greater

distances.

However, the optical design and implementation is only half the story; the signal
processing and timing circuitry needs careful consideration to reach its full potential. In
the most basic laser ToF rangefinging system, the primary components required are a laser
source, detector and measurement device (such as an oscilloscope). This equipment can
then be used to measure the difference between the emission of the pulse of light from the
laser, to the arrival time of the reflected signal. Relying on a rising edge to generate a
reliable stop signal for a Time to Digital Converter (TDC) would likely lead to inaccurate
timings, especially if the rise time of the source or detector is slow. Further issues are
encountered when signals of different amplitudes are produced by the detection circuitry.
Without sampling the wave and maintaining a set fraction trigger point, timing inaccuracies
due to amplitude walk can be introduced. With a set threshold voltage, signals of lesser
amplitudes will appear to occur later than ones with greater amplitudes, provided the rise
time remains the same. Varying amplitude can be caused by atmospheric scintillation,
detection noise, source variation, and targets of varying reflectivities. Therefore, depending
on an oscilloscope alone is not reliable, nor the fastest way of measuring the timing delay

between the signal and reflected signal.

This chapter will investigate the feasibility of a MWIR rangefinding device. Initially,

119



MWIR Time of Flight

the optical setup will be discussed, then the focus will be turned to the signal processing
electronics and timing devices. The design of these will be covered, and the efficacy investi-
gated. This MWIR rangefinder will then be compared to a Visible (VIS) rangefinding device.
Circuit diagrams of the high speed preamplifier, CFDv4, CFDv6, and TDC circuit can be

seen in Appendix A.1, A.2, A.3 and A.4, respectively.

6.2 Optical system design

To evaluate the performance of the MWIR rangefinder, a benchmark VIS rangefinder system
was built. This benchmarking system would establish a baseline for the MWIR system, and
verify the accuracy of the TDC. A general schematic diagram of the experimental setup can
be seen in Figure 6.1. This benchmark system used a 633nm laser diode as the source,
coupled with a SNEG-250-20-N laser driver produced by Ikeos Research. This laser driver is
able to produce 800 ps width pulses. To detect the signal, a Thorlabs Si detector was used
with a rise time of 1 ns. A computer-controlled translation stage was used to adjust the path
length to test the resolution. The translation stage, a VT-80, offers a maximum resolution of
200 nm, with a repeatability of £400 nm when travelling in one direction. This corresponds

to a temporal change of 13fs, far beyond the capability of the TDC used.

In the MWIR investigation, the VIS laser was replaced for a Quantum Cascade Laser
(QCL) Distributed Feedback (DFB) source produced by Hamamatsu emitting at 4.48 pm.
To drive this laser, a Hamamatsu C11635 is used which is able to generate a 10ns optical
pulse. A lens was fitted to the front of the driver to aid collimation of the beam. This MWIR
investigation used both an Mercury Cadmium Telluride (MCT) and a InAsSb detector in
two separate sub-experiments. The InAsSb detector was fitted to the translational stage

itself, whereas the investigation using the MCT was at a fixed position only. The detectors

120



MWIR Time of Flight

used were a photoconductive model J15 MCT produced by Teldyne Judson, coupled with
a Teldyne Judson PA-101 pre-amplifier, and a InAsSb P13243-011MA detector produced
by Hamamatsu. The MCT detector has a rise time on the order of 400ns, whereas the
Hamamatsu photodiode has a rise time on the order of 15ns. However, the InAsSb is not as
sensitive as the MCT. Therefore, a germanium lens is used to increase the collection power

of the system.

6.3 Electrical System

While the optical system may seem straightforward, the electrical system is more complex.
The electrical signal path can be seen in Figure 6.1. There are three key elements that require
consideration for the MWIR rangefinder: the detector and preamplifier for detection, the
analogue circuitry required for the Constant Fraction Discriminator (CFD), and the digital

control for the TDC. Each of these elements will be discussed in turn in the sections below.

Laser Level

—»  Start
Source Shifter

CFD & ¥

Detector
—»  Stop

(& Preamp.) Delay

A
N

Figure 6.1: Schematic of optical and electrical setup for the MWIR rangefinder. The optical
signal is provided by a laser diode, and is directed along a variable optical path (633 nm and
4.48 pm InAsSb) or fixed optical path (4.48 pm MCT), represented by the grey dashed line.
The electrical signal path is represented by the black solid line. When benchmarking the
system, the CFD & Delay was omitted, represented by the black dashed line, as the rise
time of the visible photodiode is on the nanosecond scale. The start signal is provided by
the laser driver, and is first put through a level converter to ensure compatibility with the
TDC. The TDC will measure the time between the start and stop signals.
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6.3.1 High Gain-Bandwidth Preamplifier

Starting with detection, this work uses two detector technologies in this setup. The MCT
detector used in this research is provided with a preamplifier by the manufacturer (Teldyne
Judson). On the other hand, the InAsSb photodiode used does not come with a matched
preamplifier. Compared to the MCT, the InAsSb photodiode is much less sensitive, resulting
in the need for preamplification. Hamamatsu offer a compatible amplifier for the InAsSb
detector, however it is a general purpose amplifier that would result in the fast rise time of
the InAsSb photodiode being lost due to the slow rise time of this preamplifier. In brief, any
benefit of using this photodiode is lost as the response will be stretched by the preamplifier
available from Hamamatsu. Consequently, a high speed preamplifier must be designed and

built to maintain a fast rise time.

Achieving a high gain while maintaining a wide bandwidth is not a straightforward
task. At the heart of an preamplifier lies at least one Operational Amplifier (opamp). These
Integrated Circuits (ICs) are responsible for providing the gain. The InAsSb detector used in
this work will be operated in photocurrent mode, and as a result a Transimpedance Amplifier
(TTA) is required. The topology of a TTA can be seen in Figure 3.7, and its gain can be
set using by the feedback resistor, Vo = Rplphoto, Where Ry is the feedback resistance and
Ihoto 1s the current produced by the photodiode. In comparison to the MCT detectors used
in this work, which has a responsivity of 1 x 103 VW=, the InAsSb detector chosen produces
1mA WL, Therefore, to produce signal comparable to that of the MCT, the photodiode

needs a gain of approximately 10° V/A.

When designing a high speed amplifier, one of the key opamp parameters is the gain-
bandwidth product. This value sets the maximum gain achievable at a certain bandwidth
before the 3dB rolloff. The opamp selected for this work is the OPA657 produced by Texas

Instruments. The OPAG57 offers a 1.6 GHz gain-bandwidth product, but this is still not

122



MWIR Time of Flight

enough to achieve the high gain required while maintaining the fast rise time. Fortunately,
it is possible to cascade amplifiers in series to achieve a higher gain, without impacting the
bandwidth as significantly as using a single opamp with the same gain. The resulting gain of
a cascaded amplifier circuit is the gain of each amplifier multiplied together. This effect can
be seen in high gain amplifier circuits, which often offer separate outputs for each stage. The
ability of accessing earlier amplification stages increases flexibility, this feature is found in the
PA-101 preamplifier used with the MCT. In the circuit designed for the InAsSb preamplifier,
two OPAG657s have been used to achieve a high gain without significantly impacting the
maximum bandwidth. The first stage offers a gain of 10,000, while the second offers a gain

of 1000, giving a combined gain of 107 V/A.

- Feedback Network

J_ J_ J_ _I_ Vout
in Rp CDI ;CPCBI CCM—IT_ Cpirr +

Figure 6.2: TTA with included stray capacitances: capacitance due to circuit board layout
and soldering Cpcp; the common mode, Coys, and differential mode, Cprppr stray capac-
itances; and Cp, the diode capacitance. The photodiode has been separated into its con-
stituent components.

Starting with the TTA portion of the preamplifier, a design process needs to be fol-
lowed to make sure the circuit operates smoothly without instability issues, which will lead
to ringing and oscillation on the output. The document, SBOA268A found at [162], was used
as a resource to design the TIA discussed below. Since the preamplifier uses two cascaded
opamps to achieve the high gain, the TIA gain was set to 10000. While an ideal TTA would
only consist of a current source, in this case a photodiode, an opamp and a feedback resis-

tor. However, photodiodes have an intrinsic capacitance and resistance, and opamps have
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capacitances on the input. Not only this, the layout and construction of the Printed Circuit
Board (PCB) can also introduce stray capacitances. If these parasitic stray capacitances go
unchecked, they can generate instability. This is because the capacitances introduce a lag
to the response of the amplifier, which leads to positive feedback and oscillations. A more
complete schematic of a TIA, with parasitic capacitances, can be seen in Figure 6.2. The
instability identified here will be discussed later, as initially the theoretical bandwidth of the

TTA needs to be calculated using the following equation:

| GBWP
34 =\ ——=—— 1
[-3dB o ReCh (6.1)

where f_34p is the —20dB/decade roll off, GBW P is the gain-bandwidth product,
Rp is the feedback resistance. The C'p are the combination of stray capacitances from: the
diode, the PCB and opamp inputs capacitances. When applied to this set up, the Cp term
is calculated as follows: the diode capacitance is 0.7 pF, the capacitances for the differential
and common-mode inputs for the opamp are 0.7 pF and 4.5 pF, respectively. An estimate of
the PCB capacitance gives a total C'p of approximately 6 pF. Using Equation 6.1 and the

value for C'p calculated previously, results in a f_345 point at 65.1 MHz.

To compensate for the induced instability identified above, from the diodes parasitic
capacitance, a feedback capacitor, C'r, can be added in parallel with the feedback resistor,
Rp. While Cr tames the instability, it simultaneously imposes an f_3;5 bandwidth cutoff of
its own, reducing the bandwidth of the TIA if not chosen carefully. To calculate a suitable
value which does not affect the previously calculated bandwidth, the following equation is

used:

1

Cr< —— 6.2
= 21 Rp f_34p (6.2)
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Where f 355 was the previously calculated bandwidth of 65.1 MHz, which gives a
value of 0.2 pF for C'r. While this value for Cr allows the TIA to achieve a bandwidth of
65.1 MHz that was set initially, it is not realistic to use such a small value. Consequently,
Cr will be switched out for 1pF to still maintain a high bandwidth. The stability of the

circuit can be verified using the following equation:

Cr+Chp

GBWP > —
- QWRFCIQJ

(6.3)

which gives a value of 111,000, less than the GBW P of the OPA657. The theoretical
rise time of the amplifier can then be calculated using the following equation [163, p. 49|,

with the new f_34p point at 16 MHz due to Cr =1pF:

0.35
t, =

B f*3dB

(6.4)

For the values selected, a rise time of 22ns is achieved. This is of course, entirely
theoretical, and does not account for capacitances introduced from soldering and the circuit
board layout, to name a few. After building the board these values were adjusted, especially

for the feedback network.

Vin +
Vout
TS
— 1 R2
1
J

Figure 6.3: Wide bandwidth non-inverting amplifier with a gain set by V,,,; = Vi,,(1+Rs/Ry).
The greyed out section shows the simplified TIA schematic, the first stage of the preamplifier
circuit.
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The second stage of the preamplifier is a wide band voltage amplifier. This second
amplifier takes the output of the TIA and amplifies it further to ensure a wide bandwidth
operation. The second OPAG75 is in a non-inverting configuration, as can be seen in Figure
6.3. The values chosen for R; and Ry are 1k and 1MS2, respectively. These resistor
values give a gain of 1000, while maintaining a bandwidth of 160 MHz, as calculated from
GBW P = Gain x Bandwidth. This combination of gain and gain-bandwidth product leads
to a rise time of 2ns, however, this rise time is limited by the rise time of the TIA. The
resulting performance of the preamplifier can be seen in Figure 6.4. Figure 6.4a shows
the overall response of the preamp, with Figure 6.4b focussing on the rise time. From
Figure 6.4b it can be seen that the rise time is on the order of 60 ns, far from the predicted
rise time of 22ns. The rise to of 60ns was calculated by fitting an exponential curve to
the points and then calculating the time difference between 10% and 90% of the signal
amplitude. A possible explanation for this increased rise time would be parasitic capacitance
in the feedback network which was not included in the original calculations from the circuit
board layout. While this rise time is approximately three times worse that the predicted

performance, it still offers a faster response than that of the MCT used in this work.

6.3.2 Constant Fraction Discriminator

Following the preamplifier is the CFD, which is designed to improve the temporal accuracy of
the system. Since the two detectors used have significantly different rise times, two separate
CFDs with their corresponding delay lines were developed. As discussed in Chapter 3, the
CFD is a circuit that is able to output a trigger on reception of a detector signal to high
temporal accuracy, while avoiding the uncertainty introduced from amplitude walk. Like
the high speed preamplifier mentioned above, a CFD had to be designed and created. In

total, there were six revisions of this board, with versions four (CFDv4) and six (CFDv6)
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(a) Response of the high speed, two stage, (b) Rising edge of preamplifier output with an
InAsSb preamplifier, with an approximate gain  exponential fit. Dashed lines represent 10% and
of 107 V/A. 90% of the signal.

Figure 6.4: Preamplifier response with the InAsSb photodiode. Rise time calculated to be
63 ns using the exponential fit.

being the most successful. The CFD can be split up into sub-circuits: the arming, delaying,
attenuation and mixing, and zero crossing subcircuits. Each of these will be discussed in
turn. Firstly, the input signal is tested against a threshold, this arms the output of the CFD.
Arming the CFD lessens the chance of outputting a trigger pulse due to noise. The signal is
then split along two separate paths, one delayed by a pulse length, and the other is inverted
and attenuated. Following this, they are then mixed back together. Finally, the signal is
fed into a comparator, which looks for the zero crossing point. When a zero crossing point
is detected, and the CFD has been armed, a trigger pulse is outputted from the system. A

schematic of the CFD can be seen in Figure 6.5.

To complement Figure 6.5, key points of the CFDv6 circuit were measured, this can

be seen in Figure 6.6. Each plot in Figure 6.6 shows a distinct point in the circuit, and
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Figure 6.5: Schematic highlighting primary components of the CFDv6 circuit. An input
signal, V;, is first inverted, before then being split into three paths. Detail of the signal path
is covered in text. V.., is the arming threshold voltage, V.. is the zero crossing voltage.

what the signal looks like with a given input. These steps will be discussed in detail in the

following paragraphs.

6.3.2.1 Input Buffer

The input buffer stage handles the signal separation and suitable 50 {2 termination for the
preamplifier. In earlier designs, BUF602s were used which are suitable for high bandwidth
applications and unity gain. However, these buffers were later switched out for OPA657s to

allow for additional gain to be applied while simultaneously inverting the signal.

6.3.2.2 CFD Arming

The arming of the system is handled by a comparator (see Figure 6.5). Under normal
conditions, the IC holds its output high. When a strong enough pulse enters the system, the
output of the IC drops to 0 V. The threshold for the comparator going low is set by V...
Since the pulse may only be momentarily strong enough to trigger the comparator, this signal
must be stored. To store the armed status, the flip-flop IC can be used. This records the

status of the comparator, passing on the status to the monostable vibrator. A truth table
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Figure 6.6: Progression of the signal throughout
the CFD. Firstly a signal is supplied to the CFD
(CFD Vj,), the grey line is to guide the eye. This
signal is buffered, inverted and amplified (Buffer
Output). This is then split into three paths, the
arming comparator outputs a low signal when
a strong input is detected (Threshold Output),
which is then stored in the storage flip flop, which
outputs a high signal (Armed Flip Flop), which
enables the output of the CFD. The attenuated,
and the delayed and inverted pulses are mixed
by a second OPA657 configured in a differential
amplifier configuration, applying a small level of
gain to generate the amplitude difference between
the two signal. The zero crossing is then found
in the mixed signal, represented by the dashed
line. When the zero crossing (ZC) point is de-
tected, the (ZC) comparator output goes high,
triggering the output of the monostable vibrator.
To buffer the signal, another comparator is used
(CFD V,y). Finally the system is reset by the
inverted out of the monostable vibrator, which
resets the flip flop.
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of the operation of the flip-flop (74LS279) and monostable multivibrator (74HC123) used
can be seen in Table 6.1. The role of the monostable multivibrator will be discussed below.
Without storing the signal, the arming comparator may return to its untriggered state before
the zero crossing comparator is triggered. Storage of the armed signal is required for finding

the zero crossing point.

The threshold voltage is set by a variable potentiometer, so it can be adjusted de-
pendent on the signal. In earlier designs this was a single turn 10 k(2 trimmer, however this
was later substituted out for a ten-turn potentiometer for higher accuracy. Although not
implemented in these designs, a second monostable multivibrator could be used to reset the
flip-flop after a set period. This second monostable multivibrator would reset the system if no
zero crossing was detected after a set period, disarming the system. This disarming method
would reduce the chance of outputting a trigger due to noise. Due to the long rise time
of the MCT detector, in CFDv4, the arming pulse was delayed before enabling the output
monostable vibrator. This delay was implemented because of the long signal delay required
to generate the bipolar pulse for finding the zero crossing point. This delayed arming of the
output monostable multivibrator reduces the likelihood of the CFD outputting before the
zero crossing point due to noise. The delay for the output monostable vibrator was induced
by monostable multivibrator positioned after the arming comparator. The RC constant for
this delaying monostable multivibrator was set to match that of the delay between arming

and the zero crossing point.

6.3.2.3 Delay Line

To generate a bipolar pulse required for the zero crossing detection, a delay must be intro-
duced to the signal through the means of a transmission line. If a fast silicon detector was

used, this would be a simpler task and a circuit designer could use a longer track on the
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Table 6.1: Truth tables for S-R flip flops (a) and monostable vibrator (b). In both cases,
Q and Q represent the outputs, while all other terms are inputs. H and L represent high
and low signal inputs respectively. A @)y output maintains the previous output state, while
JL and "LI represent high and low pulses. X represents an indifference to the pin polarity.
1 and | represent rising and falling edges, respectively. The CFD circuit outputs a trigger
when the conditions highlighted are achieved.

PCB to delay the signal. Unfortunately, this is not possible with the detectors used in this
work, given that a longer delay, on the order of 70 ns is required for the InAsSb detector, and
around 400ns for the MCT. The most reliable way of generating a sizeable delay is using a
custom designed transmission delay line. Usually, transmission lines are designed to reduce
the propagation time, impedance, and attenuation of an electrical signal to maximise power
delivery at the fastest rates. The reduction in transmission delay is achieved by minimising
the capacitance and inductance of the transmission line. The attenuation is minimalised by
using low resistance materials, while the reduction of the impedance is achieved by balancing
the ratio of inductance to capacitance. The delay induced from the transmission line can
be made longer by increasing the inductance and capacitance of the signal path. While this
could be done by using a very long PCB track or BNC cable, it is not a practical solution. To
achieve a delay of 70ns, a BNC cable of approximately 21 m is needed. Therefore, discrete

capacitors and inductors are required. The impedance and delay time of a signal path can
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be calculated using the following Equations 6.5 and 6.6 {126, p. 1126]:

Zy =+/L/C (6.5)

t, = NVLC (6.6)

where 7 is the path impedance, L and C' are the inductance and capacitance per unit
length, respectively. ¢, is the delay induced by the path, and NV is the number of transmission
line elements. Plots showing how the capacitance affects delay and impedance with varying
inductances are shown in Figure 6.7. A schematic representation of a transmission line with

source and sink can be seen in Figure 6.8.
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(a) Capacitance against impedance for various  (b) Capacitance against delay time for various
inductance values. Plotted from Equation 6.5 inductance values. Plotted from Equation 6.6.

Figure 6.7: Dependence of capacitance and inductance on delay and impedance of a signal

path.

The final values of the inductor and capacitor for the InAsSb detector delay, after
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C c —cC R

Figure 6.8: Transmission line circuit, designed to achieve the maximum power transmission,
and avoid reflection. The source and sink resistance R should be matched to the transmission
line impedance. A unit of the transmission line is an inductor followed by a capacitor.

tuning to achieve the best result, were 0.47 nH and 180 pf, respectively. There were seven of
these units in total, which should produce a delay of 73.58 ns when calculated using Equation
6.6. To verify that the circuit matched the requirements, a step function (produced by an
Arbitrary Function Generator (AFG)) with a rise time of 18 ns was applied. The results have
been plotted in Figure 6.9a. From this plot it can be seen that the rise time is not as fast as
the applied wave, and that there is a small amount of ringing visible. This ringing is mostly
likely due to an impedance mismatch. However, when the high speed InAsSb detector is
used as the signal source, the ringing disappears and the delayed signal more closely matches
that of the applied wave (Figure 6.9). That said, the attenuation of the pulse is strong, and

is reduced to 45% of its original value.

6.3.2.4 Bipolar Pulse Generation

To mix the delayed wave with the original signal, an opamp is used in a differential amplifier
topology. Using an active mixer over a passive one allows for amplification to be applied
and handles the inversion of the delayed signal. The OPA657 was used for this due to its
high bandwidth and familiarity. The undelayed signal comes straight from the buffer opamp
and is fed into the non-inverting input. There is no need to invert this signal as the buffer
handles this. The delayed signal is fed into the inverting input to generate a positive pulse.

An amplification of 3.9 was applied to the delayed wave to compensate for the attenuation of
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(a) Delay induced to a step pulse provided by  (b) Delay board used with the high speed
an AFG. InAsSb detector.

Figure 6.9: Delay induced by the delay board. Dashed lines cross the signal at 50 % of
amplitude of the pulse and are spaced 76 ns apart. Attenuation of the pulse can be attributed
to the Direct Current (DC) resistance of the inductors.

the delay circuit and to provide the ratio between delayed and inverted signals required for
the operation of the CFD. The output of this mixer can be seen in Figure 6.6 and simulated
in Figure 6.10. After mixing, the signal is compared against V¢, which is set below 0V by
a few mV. The zero crossing comparator will transition from low to high during the negative
cycle of the bipolar pulse, before transitioning high after the zero crossing point. The rising
edge will trigger the monostable vibrator as shown by the highlighted row in Table 6.1, where

R will be high if the system is armed.
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Figure 6.10: Simulation showing how the delayed signal is mixed with the signal from the
buffer. The top and middle right waveforms have been calculated from the theoretical gain
applied by the mixer opamp, with the bottom waveform being summed from the two mixed

signals.

6.3.2.5 CFD Output

Since the monostable vibrator is unable to provide enough current to drive a 50 {2 terminated

device, a line driver buffer is used. In this case, a LT1719 comparator is used with a 1V

135



MWIR Time of Flight

amplitude. The pulse width of the output of the CFD, V,,, is set by an RC' constant

connected to the monostable multivibrator.

6.3.3 Timing

The final signal processing step in this chain is recording the time difference between the start,
produced by the internal trigger of the QCL, and the output of the CFD. To accomplish
this, a TDC is used. As mentioned in Chapter 3, TDCs are the most reliable way to
measure ToF operating in a pulsed mode. TDCs can be implemented relatively easily with
minimal components and without the need for powerful computing demands that Digital
Signal Processing (DSP) would require. Two TDCs were used in this work, one a Peripheral
Component Interconnect (PCI) based TDC, and the second an IC based TDC, both of which
have been discussed in Chapter 3. Since this rangefinder could be used in a portable device,
a standalone portable TDC board was developed, as well as the system being tested on a

PC based TDC.

While the PC based TDC is a plug-and-play solution, the IC based TDC7200 requires
external circuitry to function correctly. Most importantly, this TDC includes a Microcon-
troller Unit (MCU) to interface between the it and a PC. The MCU tasked with this is the
Raspberry Pico. The Raspberry Pico was chosen over the more common Arduino ATMEGA
328 based devices as it offers a larger selection of 10, a faster internal clock speed, and can be
programmed in C. Most importantly, the higher clock speed should give an improved data
transfer rate between the TDC7200 across the Serial Peripheral Interface (SPI) bus, and for
processing the data. However, the speed between the PC and MCU will be limited by the
serial interface. The inputs of the TDC7200 require 3.3 V Transistor-Transistor Logic (TTL)
signals, but the signal produced by the QCL reference produces a 1V pulse into 502. To
interface the QCL and CFD with the TDC, an LT1719 comparator is used. Not only does
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this handle the voltage level conversion, but this comparator triggering allows for different

start signals, CFDs, or detectors, to be used.

6.4 Results and Discussion

The following section discusses testing stages and presents the results of the TDC, VIS

system and MWIR system.

6.4.1 TDC7200 Testing

To ensure that the accuracy of the homemade TDC circuit is within specifications it was
tested against a two channel AFG. One channel drives the start, the other drives the stop
of the TDC. The delay between these two channels was varied across a wide range of values,
spanning from tens of nanoseconds to microseconds. The results that can be seen in Figure
6.11 were calculated by taking away the delay set on the AFG from the measured time
difference by the TDC to show the deviation from the set delay. These results show that the
median deviation measured by the TDC system is generally between 200 ps to 400 ps longer
than it should be, corresponding to a distance of 6 cm to 12 cm. Between 100ns and 500 ns
the spread of the data increases, with a greater spread of outliers. The TDC7200 has two
measurement modes, one for time differences below 500 ns, and one for values greater than
500ns. The two measurement modes are due to the external clock counting with a coarse
counter for greater time differences. One of the causes for the median drop in temporal
deviation seen in Figure 6.11 between 100 ns to 500 ns could be due to a cumulative error in

the fine counter period, before switching to the coarse counter.

The majority of the data points in mode 1, and for the data taken in mode 2 suggests
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the system adds an extra 200 ps to 400 ps to the measured time. The most likely source of
this induced delay could be due to a path length difference between the start and stop signals
between the AFG and TDC. The stop signal on the TDC PCB used is approximately and
inch longer than that of the start signal. In FR4 PCBs for an outer trace, the propagation
time is 140ns/inch to 180ns/inch [164, p. 6]. Another source of the deviation could be

caused by impedance mismatches between the AFG and TDC PCB.
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Figure 6.11: Boxplot showing the measured deviation for different stop-start delays produced
by a two channel AFG. The boxes contain the 25th to 75th quartile, and the whiskers
containing the 1.5 x IQ R, where IQR is the interquartile range. Outliers are shown in light
grey, and the median shown in orange. The AFG produced two trigger signals separated by
a set delay, 9999 samples were collected for each delay interval. In general, the stop signal
arrives approximately 0.2ns to 0.4ns later than it should, settling at around 0.2ns after
500 ns where mode 2 is enabled on the TDC (used for measuring times greater than 500 ns
where the coarse counter is enabled). This added 0.2ns could be induced from a differential
in PCB track lengths.
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6.4.2 633 nm Benchmarking

For the benchmarking system, the 633 nm diode laser was used with TDC7200 (see Figure
6.1). For interfacing the detector to the TDC7200, an LT1719 comparator with Vip,..s set at
half the amplitude of the detector signal was used. The CFD was not used in this case, as
the detector has a ns rise time. The results from this benchmark can be seen in Figure 6.12.
It can be seen that there is a definite drift away from the theoretical distance that should
have been measured as the optical path length increases. This drift is illustrated in Figure
6.13a. There are two potential causes for this: firstly, the translational stage may not be
parallel to direction of the beam, secondly, the 633 nm source has a high divergence in both
the slow and fast axes. Even though the 633 nm laser was collimated there was a reduction
in the signal output as the path length increased. This reduction in signal would lead to the
comparator, and thus, the TDC triggering at a higher fraction of the detectors signal. This
would give the effect of light travelling further (an exaggerated example of this can be seen
in Figure 6.15b). However, in the worst case, the TDC is only triggering 60 ps later than it
should. Figure 6.13b shows the number of samples against the relative error. This data was
taken with the translational stage at a fixed position. From this data, and from the accuracy

shown in the previous section, it can be seen that the system is capable of cm resolution.

6.5 MWIR Rangefinder Testing

With the 633 nm benchmark establishing a baseline to reach, the CFD electronics and high
speed MWIR, preamplifier could be integrated into the setup (see Figure 6.1). A 4.48 pm
QCL was used to test the accuracy of the CFD. As the accuracy of the TDC has already
been established, this test focusses on the preamplifier and CFD in use. Two experimental

set ups are used to test the accuracy of this system: the performance of the InAsSb detector
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Figure 6.12: Comparison of the real added path length, shown by the theoretical line (1:1
ratio) against the measured path length by the 633 nm benchmarking system.

with CFDv6, and the MCT with CFDv4. The InAsSb detector was fitted to a VT-80
translational stage, whereas the MCT was used in a static configuration. In particular the
accuracy, potential issues and possible causes will be presented. As well as investigating
the absolute resolution, the bipolar pulse used for zero crossing will be observed at varying
amplitudes and the results presented. Finally, future improvements will be discussed, both

to the benchmarking setup and the circuitry.

For each detector technology, the stop of the TDC was triggered using both threshold
level triggering and by using the CFDs. By testing both of these source for the stop signal
a conclusion can be drawn on the efficacy of the CFD. To ensure that no other components
affected the measurements being taken, the InAsSb detector was fitted to the translation
stage, with the source directly opposite. A reference ToF was measured for the translational

stage at its zero position, corresponding to the shortest optical path. The translational
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Figure 6.13: Positional and temporal error for the 633 nm benchmarking system.

stage was then moved in 1cm increments, with each position recording the new ToF. The
measured ToF could then be compared to the translational stage position. Every effort was
made to collimate the QCL to make sure that the signal amplitude did not vary significantly
throughout the translational stage range. This process was repeated with CFDv6 for the
InAsSb detector, and CFDv4 for the MCT detector, and without, using threshold level
triggering only to investigate the efficacy of the CFD in question. The results of both the
level triggering only (see Figure 6.14a) and CFD (see Figure 6.14b) can be seen in Figure
6.14 for the InAsSb detector.

To obtain the data shown in Figure 6.14a for threshold triggering, the stop comparator
of the TDC7200 was set to half of the full amplitude of the wave. This data suggests that
the focus of the laser was towards the back of the stage. However, this was not clear on

an oscilloscope, leading to an increasing amplitude as the optical path length was increased.
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provement over the MWIR threshold triggering
shown opposite. Theoretical line shows a 1:1 ra-
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Figure 6.14: Positional and temporal error for the MWIR rangefinder for threshold level
triggering and the CFD system. A total of 9999 samples were taken and averaged for each

translational stage position.

Thus, the system will trigger at a higher fraction of the signal as the optical path length

increases. Essentially, the system is triggered earlier, due to the increase in amplitude of the

signal outgrowing the change in time. This growing signal has the effect of making it appear

that the optical path length is shortening, as signified by the negative position movement.

An example of this effect can be seen in Figure 6.15b, where there is a difference of 10%

in amplitude. The greater amplitude had to be delayed in time by approximately 14ns to

overlap at the same trigger point of —1V, otherwise it would appear to trigger at an earlier

time, even though they both appear at the same time as seen in Figure 6.15a.
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Figure 6.15: Positional and temporal error for the CFD benchmarking system.

From the results shown in Figure 6.14b, it can be seen that the use of the CFDv6
with the InAsSb detector, while not perfect, shows a clear trend that fluctuates around the
theoretical measurement distance. At each translational stage position, 9999 points were
taken, and the standard deviation of each translational stage position was calculated as can
be seen in Figure 6.16. From these results, it can be seen that even though the standard de-
viation is similar, there is a systematic error introduced by the threshold level triggering that
is impossible to correct for without sampling the entire waveform. These results also show

that threshold level triggering is more susceptible to noise; such as atmospheric effects and
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scintillation, electronic noise or source amplitude variations. However, due to the entangled
nature of the noise it is difficult to isolate it to one single issue. While it may be possible
to reduce the impact of electrical noise induced from sources such as the thermal noise in
the ICs used, or shot noise from the detector, through averaging, atmospheric effects can
be more random. While the performance of the MWIR system while using the CFD does
not match that produced by the 633 nm system, it is far better than that of level triggering

method (see in Figure 6.14a).
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Figure 6.16: Standard deviation of each position after 9999 samples for threshold level
triggering shown in orange, and the CFD system, shown in blue. Both methods have a
similar standard deviation, although threshold level triggering is more erratic.

Due to the weight and construction of the MCT detector, it was not possible to mount
it on the translational stage. Instead, the accuracy of this setup was assessed by fixing the
distance between the detector and source, and comparing the level triggering against CFDvA4.
The P7887 and TDC7200 were used as the TDC to compare the timing precision between
the two devices. The results from this can be seen in Figure 6.17. For testing the TDC
without the CFD, the P7887 was set to trigger at half the peak-to-peak amplitude. These
histograms show a clear advantage in using the CEF'D over level triggering, even in a stationary

environment, with an order of magnitude reduction shown in the spread of data.
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Figure 6.17: Histograms showing the distribution of stop times for two different TDCs and
signal conditioning. 2000 counts have been plotted, with the standard deviation for each
histogram shown in the corner.

To examine the generated bipolar pulse as varying amplitudes, the detector position
was fixed, and the focus of the source adjusted (see Figure 6.18). Eight samples were captured
and averaged for each waveform to avoid baseline amplitude variations. The inset of Figure
6.18 shows an enlarged view around the zero crossing point. While the points do not cross
through zero (most likely due to a small offset voltage at one of the opamp inputs), nearly
all cross within 5ns over an order of magnitude change. This stretched zero crossing point
appears to be one of the main contributors to limiting resolution of the system, as 5ns
corresponds to approximately 1500 mm, as seen in Figure 6.18. Reducing the range of zero

crossing points would aid in increasing the accuracy of the system.
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Figure 6.18: Range of amplitudes of signal input into CFDv6, measured after the mixing
opamp. Inset shows the zero crossing in point in detail. All waveforms cross within 5ns.
Each waveform is an average of eight samples. Input amplitude to the CFD varied between
2mV peak-to-peak to 55 mV peak-to-peak.

6.6 Summary and Outlook

Currently, there is no known product on the market that offers long distance rangefinding
using the MWIR. As there is no solution available today for a MWIR rangefinder, a cus-
tom design was implemented. This section covered the theory of operation of the circuitry
involved in rangefinding, the implementation, testing and results of using MWIR as a re-
placement for NIR and SWIR sources for rangefinding. To accomplish this, a system needed
to be designed to accommodate the slower detector technology, due to limitations of the
technology currently available. To accommodate the slower rise time of MCT detectors, a
CFD was built, which not only allows for precise temporal accuracy with varying amplitude

waves, but also provides reliable triggering for slower detectors. Exploring other detector
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technologies led to the usage of InAsSb detector technology. The detector used in this work
was a P13243-011MA produced by Hamamatsu. These low cost MWIR detectors have a fast
rise time with a reasonable D* rating. However, to achieve the same output as the MCT
detectors used in our laboratory a preamplifier needed to be constructed that had a gain of

106V /A without affecting the rise time significantly.

To verify the accuracy of the MWIR rangefinder, and to help identify sources of errors,
the system was benchmarked with a high speed picosecond 633 nm laser diode, coupled with
a ns rise time detector. A retroreflector fitted to a computer-controlled translational stage
allowed for precise control of the optical path length so a benchmark could be established.

It was found that with this VIS setup, a resolution on the cm scale is achievable.

The MWIR setup was then thoroughly tested. Both an MCT and the high speed,
InAsSb detector were tested with their respective CFDs, which were also compared against
straightforward level triggering. It was found that the CFDs played a significant role in
increasing the temporal accuracy of both detector technologies by at least an order of mag-
nitude. While the accuracy did not quite match that of the VIS system, it can be seen from

the results that MWIR does offer potential for use in rangefinding.

Future investigations into this work should look into longer range field tests. Longer
range field tests were attempted as part of this work, but unfortunately the source was
not strong enough. The accuracy could be further improved by reducing noise, and losses
within the preamplifier, CFD, and TDC circuits. The overall performance may have been
impacted due to the prototype, and in some cases handmade, nature of the fabrication of
some of the PCBs, impedance mismatches, ground loops, and non-ideal signal paths. Careful
control of the signal impedances was not possible due to the handmade nature of the PCBs.
Commercial manufacturing of the PCBs could reduce ringing and losses seen in the CFD and

delay line especially. This reduction in losses would also have the added benefit of requiring
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less amplification stages. Splitting elements onto separate circuit boards helps significantly
with prototyping, however this can introduce ground loop issues. Future development could
see these individual circuits moved onto a single PCB, overcoming the issue outlined above.
Finally, while the high-speed preamplifier was functional, the rise time could be further
improved. Again, this may have been due to the fabrication style of the circuit, as fast
prototyping was required due to time constraints. To conclude, MWIR has proven to be
a viable and exciting option for MWIR rangefinding; it achieves performance close to that
of a visible system, while theoretically offering greater ranging distance due to the longer

wavelength used.
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Chapter Seven

Conclusion

In conclusion, this thesis covers the development of Infrared (IR) technologies for applica-
tions in rangefinding and thermal cameras. To begin with, a case was put forward for the
potential benefits of using Mid-Wave Infrared (MWIR) and Long-Wave Infrared (LWIR)
over short wavelength for rangefinding and long range applications, such as Optical Wire-
less Communication (OWC). From assessing the primary causes for atmospheric absorption
and scattering, it can be seen that longer wavelengths offer a definite benefit over shorter
wavelengths in the Visible (VIS) to Short-Wave Infrared (SWIR). The benefits and potential
applications of using thermal imaging over conventional VIS imaging was also investigated.
This review of previous studies highlighted the importance of considering other types of

imaging such as IR in camera applications.

The current state of detector technology, sources and modulators for the IR were then
assessed and compared to their visible counterparts. This identified the primary area that
required attention for improvements for enabling high speed operation for thermal cameras
and rangefinding. It was found that the component most at fault for slow operation of longer
wave IR lies with the detector, and by extension, modulators. The focus was then turned

onto assessing the state of long distance rangefinding, due to the potential benefits of using
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IR. It was found that, for the most part, research does not push beyond the SWIR. While
there have been some examples of extremely long distance rangefinding using Near Infrared
(NIR) and SWIR, the acquisition time made them only suitable for static targets. This is
primarily due to the high absorption in the atmosphere, significantly reducing the number

of photons returning from the scene.

In Chapter 3, the systems used in this work were then discussed. Starting with
the femtosecond system, the primary components were introduced, and their operation ex-
plained. The primary use for the femtosecond system in this work is examining changes in the
modulator on a scale of femtoseconds. It was also used to assess the maximum performance
obtainable from the modulator, which was later discussed in Chapter 5. The breadboard
system was then introduced. This smaller system aims to capture the functionality of the
femtosecond system in a compact, manageable, and cheaper system. Of course, it is not
possible to shrink such a system without trade-offs, these were discussed in detail, with the
primary drawback being a reduced temporal resolution. However, this was later found in
Chapter 5 to be of high enough performance to offer a real improvement over mechanical
options. This project relies on electrical signal processing, as well as optical methods, for
rangefinding. A collection of the circuits built for this project were introduced, including
a high-speed amplifier for an InAsSb detector, a Constant Fraction Discriminator (CFD),
and Time to Digital Converter (TDC) circuit. The chapter concluded with a discussion on
the importance of noise reduction. The idea of double modulation and pulse sampling were
introduced, and an explanation of their implementation. Results presented showing the im-
provement in noise, with changes in transmission and reflection on the order of 0.5% being

detectable with the double modulation technique.

Chapter 4 covered the operating principles of the solid state shutter that is used for
gating a detector of Focal Plane Array (FPA). Since the transmission of IR through the

optical modulator is inversely proportional to the excited free carrier concentration, and the
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attenuation caused by intraband absorption, various methods were described for generation
of the free carriers. High operational speed and modulation contrast are required, therefore
the mechanisms for excitation and recombination were investigated. To predict the possible
modulation achievable with the breadboard system, a simulation was devised. The NIR
optical pump penetration into the sample was calculated. The photon count along the
depth of the optical modulator could then be used to calculate the free carrier concertation.
Combining the free carrier concentration with the Drude model gives an estimation for the
complex refractive index change, induced by the excess free carriers modifying the plasma
frequency. The effect of the refractive index gradient on IR light could then be calculated
using the Transfer Matrix Method (TMM). Later, in Chapter 5, this simulation was used as

a model for fitting to results.

The focus of Chapter 5 was the implementation of the solid state shutter in applica-
tions relating to Time of Flight (ToF) and Range Gated Active Imaging (RGAI). Initially,
the shutter technology was used to externally gate a sensitive but slow Mercury Cadmium
Telluride (MCT) detector in the femtosecond system. This experimental setup was able to
determine the extra optical path length travelled by the probe after inserting silica rods into
its path. Using the pump probe technique, extra path length of the probe could be measured
by using the all-optical modulator to gate the MCT detector. The modulator was activated
by the femtosecond pump pulse, ensuring a swift turn on time. Without the optical modu-
lator, the detector has a rise time on the order of 400 ns, limiting the temporal resolution of
the entire system. However, through the process of gating the detector with the modulator,
the arrival time of the probe after travelling through air only, a 5cm, and a 10cm silica
rod could be measured on the order of picoseconds. By examining the falling edge of the
change in transmission of the modulator after travelling through air and a silica rod, the
Group Velocity Dispersion (GVD) of the probe through the silica rods could be determined,

highlighting the increase in temporal resolution achieved through gating the detector.
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This method of improving temporal accuracy was then integrated into the breadboard
system. As well as ToF, the idea of LWIR RGAI was explored. The system consisted of a
10.07 pm Quantum Cascade Laser (QCL) source, a NIR 80 W diode laser was used as the
optical pump, and an intrinsic silicon optical window was used as the modulator. A trigger
was provided from the QCL’s internal oscillator to an Arbitrary Function Generator (AFG),
which provided the trigger for the optical pump diode. This triggering systems ensured a
stable operating frequency between the two lasers, while also allowing for the phase between
the two lasers to be adjusted, simulating the mechanical optical delay line in the femtosecond
system. It was found that a uncooled microbolometer FPA could be externally gated with
the all-optical shutter, achieving microsecond resolution. With a single pixel MCT detector,
coupled with a Lock-in Amplifier (LIA), it was possible to achieve sub-microsecond resolution

while measuring an 18 m optical path using the LWIR QCL as a source.

Moving away from the all-optical modulator, Chapter 6 focusses on an electronic
signal processing route for determining the ToF. A 4.48 ym QCL was used as the source,
while an MCT and InAsSb were used to detect the signal. Three circuits were designed, and
custom made. These circuits included a high-speed preamplifier for the InAsSb photodiode;
a CFD and accompanying delay board for increasing the temporal resolution; and a portable
TDC for recording the ToF between the QCL trigger and the detector signal. To match the
output of the MCT with its respective amplifier, the InAsSb detector needed to have a gain
of at least 10°, while maintaining a sub-100ns rise time. The final design and circuit offered
a gain of 107, with a rise time of approximately 70ns. Two separate CFDs and delay boards
were designed for the MCT and InAsSb detectors due to their varying electrical outputs.
A detailed walkthrough of these devices were provided, showing how the signal progresses
through the CFD. Finally, a TDC circuit was built to complement and improve on a PC

based TDC, offering a more portable solution for field testing.

These circuits were able to offer at the very least, an order of magnitude improve-
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ment on the temporal resolution of these detectors without the electrical processing. The
TDC was found to have picosecond resolution in the 633 nm benchmark set up, allowing for
centimetre resolution. The 633 nm source and detector were then replaced with their MWIR
counterparts, including their matched CFDs. Looking at a histogram of the results obtained
from the MCT, the standard deviation of the distribution reduced from 67ns when level
threshold triggering was employed, to under 10 ns with the use of a CFD. The InAsSb detec-
tor was then fitted to a translational stage. By incrementing the position of the stage and
recording a value at each point, the resolution of the detector and CFD could be assessed. It
was found that with enough averaging, amplitude walk could be corrected for by using the
CFD, and the increase in optical path length could be observed. This was repeated without
the CFD, where simple level triggering was employed. Due to amplitude walk, the optical

path length was not observable, and was lost in the effect of amplitude walk.

The performance of both the solid state shutter and the MWIR rangefinder, has not
been fully exploited. Starting with the all-optical shutter, efficiency of the system is a key
area that could be improved on. Firstly, limiting the heat added to the system through
optical pumping will improve the contrast of the modulation, and clarity of the final image.
An increase in modulation efficiency will also reduce the optical pump power required. This
reduction in pump power will increase the possibility of the technology being used in small
portable devices. Modulation efficiency could be improved through the use of composite
nanostructured materials or engineered plasmonic structures, such as gold clusters embedded

in nano porous silicon membranes [165, 166].

A field test of the MWIR rangefinder will go a long way in proving its potential
utility in long distance rangefinding. One of the primary sources originates from the CFDs.
Since the CFDs are active devices, they are able to introduce and amplify any surrounding
Electromagnetic Interference (EMI), or introduce noise of their own from noise in their power

supply rails, for example. Moving all sub-circuits onto a single Printed Circuit Board (PCB)
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would improve circuit integrity, as well as reducing the possibility of ground loops forming
between separate PCBs. Finally, refabricating the InAsSb preamplifier on machine made
PCB, rather than hand etched PCB, would allow for careful control of the track layout and
size. This would reduce stray capacitances which should improve both the response and the

signal to noise ratio.
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Appendix One

Electrical Schematics

A.1 High Speed Preamplifier v2

A.2 CFDv4
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