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Recent developments and enhanced gain-bandwidth products have led to a resurgence in the use of avalanche photodiodes (APDs) in optical telecommunications. High-speed APDs operating at 1.55 µm wavelengths are of great interest in current research due to rapidly growing internet traffic and potential growth opportunities for developed and developing economies.
An InGaAs PIN diode and an AlGaAsSb APD are characterised. Results from the InGaAs PIN diode suggest that the contacts and bond pads may have a negative impact on the bandwidth. The AlGaAsSb APD is found to have a gain-bandwidth product of 224 GHz, which is high relative to current APDs.
Wavelength division multiplexing is a potential way of increasing the data transmission rates in optical telecommunication systems. A photonic crystal demultiplexer was designed with 5-11 channels, 30-40% transmission efficiency but a relatively small footprint.
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[bookmark: _Toc495571267]The Importance of optical telecommunications
Modern optical telecommunications with its long range and high information rate has been made possible primarily by three technologies: the first operational laser in 1960 [1], the development of high-speed photodiodes in 1962 [2] and the development of low-loss glass fibres in 1970 [3]. Modulators and read-out electronics are also important components for high-speed communications.
Optical communications systems have modulated pulses of coherent, laser-generated light transmitting digital information across optical fibres, which contain and guide the light and allow it to be detected by a photodetector. The photodetector converts the optical signal back into an electrical one, from which point on it can be processed and decoded by computers.
Today, 95-99% of all internet traffic is routed via these optical fibres and demand for more bandwidth and higher speeds is rising significantly. In the past five years, the internet accounted for 21% of GDP growth in mature economies [4]. 
Improving this system, making it faster and able to transmit more information is therefore crucial to global development and this report shall focus on the receiver part in this system: photodetectors, specifically avalanche photodiodes.
[bookmark: _Toc495571268]Significance of optical fibres
Photodetectors have a limited range of wavelengths they can detect and determining which wavelength to use is the first step to designing an optical communications receiver. Optical fibres make up the largest part of the system, as there are almost a million kilometres of fibre buried in the sea and all across the globe [5]. They are made from silica glass, which has an attenuation characteristic shown Figure 1.
[image: optical-fibre-attenuation]
[bookmark: _Ref481359189][bookmark: _Toc489283261]Figure 1: Typical Silica optical-fibre attenuation characteristic [6]
The fibres exhibit minimum dispersion at ~1.3µm and minimum optical loss at 1.55 µm. These two properties define the detection wavelength at which the photodetectors must operate.
Dispersion is relatively low at both wavelengths, but at distances of hundreds of kilometres, minimising optical loss becomes more important, which is why the focus in this report will be on 1.55µm wavelength photodetection.
[bookmark: _Toc495571269]Requirements
[bookmark: _Toc495571270]Material Considerations
A wavelength of 1.55µm corresponds to an energy of ~0.79eV. For a photodiode to therefore be able to absorb photons of such a wavelength, the bandgap (the energy difference between the semiconductor valence- and conduction bands) in its absorption layer must be equal to that energy or less. Having a larger gap will cause no photons of this wavelength to be absorbed and a smaller one will increase the dark current significantly and also absorb photons that are not part of the signal, such as background radiation, which increases the noise. Wavelength and bandgap are related through equation 1.2.1,
						(1.2.1)
Where  is the cut-off wavelength,  and  are Planck’s constant and the speed of light and  is the bandgap energy. The cut-off wavelength determines the longest wavelength detectable.
The only elemental semiconductor that would come close to meeting the bandgap requirement is Germanium with a bandgap of ~0.6eV. This small bandgap and its indirect nature, which reduces internal quantum efficiency, makes pure Germanium not suitable for photodiodes.
To overcome this problem, semiconductor alloys are used in the absorption, with alloy combinations from groups III and V of the periodic table being the most common.
[image: bandgap-latticeconstants-source]
[bookmark: _Ref481356182][bookmark: _Toc489283262]Figure 2: Lattice Constants and Bandgaps of selected semiconductor materials
Figure 2 shows the bandgaps for various alloys and the corresponding lattice constants. Lines in-between the dots represent alloy compositions, where a point halfway between Gallium Arsenide (GaAs) and Indium Arsenide (InAs) would be Indium Gallium Arsenide (InGaAs) with an even ratio of Indium and Gallium, for example. To achieve a suitable bandgap, In0.53Ga0.47As is commonly used, as it has a bandgap of 0.75eV and is lattice-matched to Indium-phosphide substrates. Lattice-matching is needed to minimise defects and irregularities in the crystal structure during growth.
[bookmark: _Toc495571271]Sensitivity
Sensitivity describes the minimum optical power a signal must have to be detected by a photodetector with a low bit error rate, usually <10-9. It is particularly relevant in long-range systems, where the signal is attenuated through the fibres. Sensitivity can be improved through a high gain, which amplifies the optoelectronic signal. Gain is created through the avalanche process and impact ionisation in APDs. This process requires a finite amount of time and the higher the gain, the longer the time needed to achieve it, causing it to be inversely proportional to bandwidth. This leads to the gain-bandwidth product (GBP), which gives the maximum frequency at which a signal can be converted and amplified by a given factor. 
[bookmark: _Toc495571272]Bandwidth
The bandwidth is synonymous with speed and the larger this value is, the more data it can pass through. The 3 dB-bandwidth is defined as the range of frequencies over which the signal loss is less than 3 dB compared to its peak. If a signal has a frequency exceeding a device’s bandwidth, the photodiode will attenuate analogue signals or give a higher bit error rate if the signal is digital.
In an APD the bandwidth is determined by three factors and limited by the lowest one: the transit time, the resistance-capacitance (RC) time constant and the diffusion time. The capacitance of the RC-time constant is proportional to the area of the device, therefore keeping the devices small will improve the bandwidth of RC-limited devices. 
[bookmark: _Toc495571273]Coupling Efficiency and Absorption
To maintain an optical signal power above the sensitivity threshold it is essential to minimise any losses during transmission, which includes coupling from the fibre to the device. Coupling from a fibre to a device becomes more difficult with decreasing device size. Fibre tips, made up of a thin core and relatively thick cladding, can be orders of magnitude larger than the optical window of a device. To improve the coupling efficiency, waveguides can be employed as an intermediary between fibre and device.
[bookmark: _Toc495571274]Wavelength Division Multiplexing
Another way of increasing the transmitted data rate is to send multiple signals of different frequencies through the same optical fibre with the use of optical bandpass filters, a technique called wavelength division multiplexing. The wavelength differences would be large enough to be separated by different filters and guided to individual photodetectors but small enough to not be affected by the transmission and absorption characteristics of the fibre and photodetector.
[bookmark: _Toc495571275]Available Photodetector Technologies
[bookmark: _Toc495571276]Photodiode
A photodiode is a semiconductor device which absorbs light and generates current. A PIN photodiode is made up of p-type, intrinsic and n-type semiconductor material layers and create an electric field across the intrinsic region, as shown in Figure 3. It is a special case of the PN photodiode and is commonly used for optical-fibre telecommunications.
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[bookmark: _Ref483228009][bookmark: _Toc489283263]Figure 3: PIN photodiode: band diagram, device structure and electric field profile
The depletion region width (WD) in a PIN photodiode is determined by the thickness of the intrinsic layer (Wi), which is also where absorption occurs, and the amount of diffusion at the junctions (δp, δn). A thicker intrinsic layer results in a higher absorption efficiency of photons. There is however a trade-off between absorption efficiency and bandwidth because carriers have to travel longer distances with increasing intrinsic layer thickness. To counter this, light can be side-injected through a waveguide. PIN photodiodes have unity gain but can be modified to make separate absorption, charge, gradient and multiplication region (SACGM) avalanche photodiodes (APDs), which have an internal gain mechanism through impact ionisation.
[bookmark: _Toc495571277]Phototransistor
A phototransistor, as shown in Figure 4, is similar to a standard bipolar transistor except that the base is exposed to light to produce a current. It can be operated in active mode where the output is proportional to light intensity or, more importantly in a communications context, as a switch to be either conducting or non-conducting.
[image: Photo transisor]
[bookmark: _Ref482010497][bookmark: _Toc489283264]Figure 4: Phototransistor diagram
It is an older technology with high gain and low noise but slower frequency responses, commonly in microseconds (as opposed to nanoseconds for photodiodes). The slow frequency response is due to the large capacitance between the base and collector junction areas. Performance also varies more with temperature compared to photodiodes.
[bookmark: _Toc495571278]Schottky Photodiode
Schottky photodiodes are made of metal-semiconductor junctions. They have a simple structure, require only one photolithography step and have a thin active region and low capacitance to give a very high response speed. Carriers are generated when light enters the semiconductor and are collected by the electric field to produce a photocurrent. Schottky Photodiodes can be arranged with interdigited electrodes as shown in Figure 5 to form metal-semiconductor-metal (MSM) photodetectors.
[image: http://in.ncu.edu.tw/ncume_ee/SchottkyDiode.files/fig3_2_1.gif][image: ][image: https://www.intechopen.com/source/html/38780/media/image12_w.jpg]
[bookmark: _Ref482009035][bookmark: _Toc489283265]Figure 5: Schematic (left), top-view (right) diagrams and band diagram (bottom) of Schottky photodiode
These have pure drift photocurrent and no diffusion component but suffer from high dark currents from the back-to-back Schottky barrier junctions. Their low responsivity is caused by reflection from the metal contacts (although back-illumination is possible) and the finite carrier lifetime, since they have to cross the metal gaps before being collected.
[bookmark: _Toc495571279]Photomultiplier Tubes
Photomultiplier tubes (PMTs) are vacuum glass tubes with a photosensitive surface, which emits electrons when hit by photons. The electron is attracted to the focusing electrode and then multiplied by a process called secondary emission. It passes through a series of additional electrodes where each one is held at approximately 100 V higher than the previous electrode, as shown in Figure 6.
[image: https://upload.wikimedia.org/wikipedia/commons/5/5f/PhotoMultiplierTubeAndScintillator.jpg]
[bookmark: _Ref482971153][bookmark: _Toc489283266]Figure 6: Photomultiplier tube diagram
The electrode stack allows for extremely high gains of up to 100 million at a reference bandwidth of 1 Hz. The bandwidth however is generally quite low. The device must be operated in total darkness to avoid over excitation and is operated at over one thousand Volts. Quantum efficiency (percentage of photons absorbed) is in the single percent range but can reach 20-40% for research-grade devices. PMTs are commonly used in physics laboratories, observatories and medical equipment.
[bookmark: _Toc495571280]Available Optical Waveguide & Demultiplexer Technologies
[bookmark: _Toc495571281]Dielectric Slab Waveguide
A dielectric slab waveguide uses a core of high-permittivity material surrounded by cladding of low-permittivity material or air to contain and guide light along its path, as shown in Figure 7. Ray angles must remain below the critical angle for total internal reflection or else light will escape the waveguide. Bending or high curvatures will cause significant signal losses.
[image: ]
[bookmark: _Ref482963866][bookmark: _Ref482963839][bookmark: _Toc489283267]Figure 7: Dielectric slab waveguide
Dielectric waveguide bandpass filters can be made by stacking materials of different permittivity and layer thicknesses [7]. Adjusting these two parameters makes it possible to allow for only one frequency range, see Figure 8.
[image: ]
[bookmark: _Ref495574980][bookmark: _Toc489283268]Figure 8: Dielectric Slab bandpass filter
[bookmark: _Toc495571282]Photonic Crystal Waveguide
Photonic crystals are created through periodic variations in refractive indices. Unlike slab waveguides, where there is a block of a single dielectric material sandwiched between two layers of another material, photonic crystals obtain their photonic properties through etched features, as shown in Figure 37. They are unique in the sense that they can be virtually lossless, perfect waveguides.
[image: ]
[bookmark: _Ref482018488][bookmark: _Toc489283269]Figure 9: Photonic crystal waveguide
Figure 9 shows a typical photonic crystal waveguide with offset rows of cylinders etched into it to create a periodic variation in of refractive index. When a photon (red arrow) enters the photonic crystal, it is reflected at the interface of two different refractive indices at the atom (black cylinder) in different directions (orange arrows). Depending on the distance between the atoms and their arrangement, these reflected waves interfere con- or destructively. Feature sizes can be as small as less than 100 nm, allowing for highly frequency selectivity and narrow pass-bands or bandgaps.
Highly selective filters with widths as small as tenths of a nanometre can easily be made adjusting the structure of the photonic crystal, without using additional materials, since its properties arise primarily from its spatial arrangement.


[bookmark: _Toc495571283]Overview of Report
This thesis will introduce the physical principles behind APDs, explain the figures of merit and choice of technology and summarise the current state-of-the-art and methods of improving the technology. It will also explore an alternative way of increasing information rates through wavelength division multiplexing using photonic crystal demultiplexers. 
The first chapter has explained the research area and the aim of the technology. Chapter two includes the proposal and will review the physics and development of photodiodes and waveguides. Experimental techniques and modelling software are explained in chapter three. Chapter four contains the results, discussion and recommendations for further work. Chapter five contains the appendix.


1 [bookmark: _Toc495571284]Proposal, Theory and Literature Review
[bookmark: _Toc495571285]Proposal
[bookmark: _Toc495571286]Photodetector
For high-speed applications, PMTs and phototransistors are unsuitable due to their low bandwidth. Schottky photodiodes are fast but have a high dark current. Photodiodes are superior overall by combining the advantages of high bandwidth, low dark currents and an internal gain mechanism (for APDs). They are also very compact and easily integrated with waveguide technology. This thesis will characterise an InGaAs PIN photodiode and an AlGaAsSb SACGM APD and measure the gain-bandwidth product of the latter.
[bookmark: _Toc495571287]Waveguide
Photonic crystals make superior waveguides relative to dielectric slabs due to being almost completely lossless. Filters can be easily integrated in the same fabrication step by adjusting the shape or size of the photonic crystal features and do not require growth of another material with a different permittivity on the wafer. To increase the information rate of optical telecommunication systems and reduce signal losses at the interface between fibre and photodiode, photonic crystal waveguides and filters will be explored and modelled. The focus will be on maximising the number and narrowness of frequency channels and their transmission efficiencies.
[bookmark: _Toc495571288]Photodiode Principles and Figures of Merit
The remainder of this chapter will introduce basic photodiodes and the more complex separate absorption, charge, gradient and multiplication region avalanche photodiodes (SACGM or SAM APDs), explain important parameters and investigate state-of-the art devices.
Early optical-communications photodiodes, developed in the 1960’s, employed a PIN structure [2]. It was found that operation at a bias voltage close to breakdown creates a signal gain and improves the signal-to-noise ratio and noise equivalent power [8], making the device perform much better for communication purposes due to the higher sensitivity. Succeeding work focused on reducing the noise and dark currents, leading to the development of separate absorption and multiplication regions around 1980 [9] [10] and then shifted towards improvements in gain and bandwidth, which will also be of particular interest in this chapter. The internal gain of APDs reduces the need for high gain in the pre-amplifier, significantly reducing its noise contribution.
[bookmark: _Toc495571289]PIN Photodiode 
PIN photodiodes are currently the most commonly used photodetectors in optical telecommunications. The generated photocurrent in a photodiode,   , is described in equation (2.2.1), where  is the optical power,  the charge of an electron,  the energy of a photon and  is the reflection coefficient at the semiconductor-air surface junction, and shows how the quantum efficiency  is proportional to the absorption coefficient  and depletion region width  [11].
			(2.2.1)
The absorption coefficient is the fraction of photons that are absorbed per unit length in the material. The reflection coefficient describes the fraction of light that is reflected from the surface and does not enter the device. Many PIN photodiodes are vertically illuminated, where the quantum efficiency and transit time are dependent on the thickness of the intrinsic layer. Thinner intrinsic layers have better transit-times but lower quantum efficiencies in designs with wide-bandgap (non-absorbing) p-type and n-type regions. SACGM APDs can compensate for thinner intrinsic regions with a built-in gain mechanism and improve their responsivity, while achieving higher bandwidths at the same time.
Majority carriers from the p- and n-type regions diffuse towards each other, creating a depletion region added to the intrinsic layer, labelled δp and δn in Figure 3. Because electrons and holes are collected in the n- and p-type regions respectively, all photons would ideally be absorbed in the depletion region, where carrier pairs are separated through the high electric-field and move at their respective saturation velocities and generate drift current. If photons are absorbed outside of the high electric-field region, the carriers instead diffuse or recombine. This diffusion current is slower than drift current, limiting the response speed of the photodiode, and is therefore less desirable.
[bookmark: _Toc495571290]SACGM APD
Avalanche photodiodes benefit from an internal current gain mechanism, providing pre-amplification in the receiver circuit, and detection below the noise floor of the amplifier, increasing the sensitivity, i.e. the lowest detectable optical power and signal-to-noise ratio (SNR).
As mentioned in the introduction (Chapter 1), InGaAs is the most common material used for the absorption region. Its narrow bandgap, however, leads to high dark currents and tunnelling at the high electric-fields of 200kV/cm needed for impact ionisation [12] [13]. This lead to the development of separate absorption and multiplication region avalanche photodiodes (SACGM APDs), as shown in Figure 10.
 [image: ]
[bookmark: _Ref483229518][bookmark: _Toc489283270]Figure 10: SACGM APD: band diagram, device structure and electric field profile
The multiplication region consists of a wider bandgap material, such as lattice-matched Indium Phosphide (InP) or Indium Aluminium Arsenide (InAlAs), where tunnelling is inconsequential. InP is widely used in commercial photodiodes with typical gain-bandwidth products of up to 160 GHz, whereas InAlAs can typically achieve up to 180 Ghz [14]. To achieve higher gain-bandwidth products, new materials are needed (see section 2.2.6).
The electric field is determined by a high-low doping profile [14], comparable to reach-through Silicon APDs [15]. A detailed example of a SACGM APD is given in Table 3 in section 4.2.
The grading layers inhibit charge accumulation at heterojunction interfaces by providing a lattice-matched intermediate bandgap and charge sheet layers separate the different electric fields in the absorption and multiplication regions. Commonly used materials for the transition or grading layer are Indium Gallium Arsenic Phosphide (InGaAsP) [16] [17] or Indium Aluminium Gallium Arsenide (InAlGaAs) [18], and Indium Aluminium Arsenide [18] [19] for the charge sheet.
Indium Phosphide is used as substrate due to its semi-insulating properties, which reduces parasitic capacitances.
[bookmark: _Toc495571291]Impact Ionisation, Sensitivity and Gain
Unlike PIN photodiodes, APDs have an additional high electric-field gain region, in which carriers are accelerated by the high-electric field and create more electron-hole pairs through a process called impact ionisation.
[image: ]
[bookmark: _Ref483230046][bookmark: _Toc489283271]Figure 11: Avalanche Multiplication through Impact Ionisation with unequal and equal ionisation coefficients
Figure 11 illustrates the impact ionisation process, where a free carrier causes the generation of another electron-hole pair and begins a chain reaction. Although there is a probability distribution, it should be noted that the process is very random; the impact ionisation distances, number of ionisation events, the gain and the time taken to achieve it may all vary.
As a carrier travels across, there is a strongly electric field-dependant probability to impact ionise, quantified by the impact ionisation coefficient which describes the average number of impact ionisation events per unit distance caused by a carrier. 
On the left-hand diagram, with the x-axis representing distance across the multiplication region and the y-axis time, avalanche multiplication is shown for when the hole impact ionisation coefficient β is zero. This means holes will traverse the avalanche region without triggering an impact ionisation event and all gain is provided by electrons. On the right-hand side is what happens when the impact ionisation coefficients for holes and electrons are equal. Both carriers will impact ionise equally, on average, as they move across the avalanche region.
The local model is a collective name for the set of mathematical expressions first described by R. J. McIntyre in 1966 [20]. It describes the avalanche multiplication process for APDs under the assumption that the carrier distribution is in equilibrium with the electric field within the device, although the dead-space effect or non-local model should be considered when dealing with APDs with thin multiplication regions. 
When a carrier is injected at a position  within the multiplication region of an APD with width , the multiplication factor  can be expressed as a function of the impact ionisation coefficients  and , for electrons and holes respectively, as shown in equation (2.2.2).
				(2.2.2)
For most semiconductors, , especially at large electric fields. Equal ionisation coefficients reduce the multiplication equation (2.2.3) to 
					(2.2.3)
where  is the ionisation coefficient and the depletion width. The breakdown condition occurs when  and the gain becomes infinite.
Avalanche gain is defined in equation (2.2.4), with  being the total output current and  the primary photocurrent (current generated without gain).
					(2.2.4)
[bookmark: _Toc495571292]Noise and Excess Noise Factor
There are some drawbacks to APDs however. The avalanche process is stochastic in nature and the resulting current gain may fluctuate due to every electron and hole acting independently. Some carriers may ionise more than others on their path across the multiplication region or not at all.
For pure electron injection, the excess noise factor is given in equations (2.2.5) and (2.2.6) for electrons and holes respectively, where  ,   and  is the average gain in a single multiplication process. The average gain is used due to randomly occurring fluctuations in impact ionisation.
				(2.2.5)
			(2.2.6)
The excess noise factor can be minimised by having disparate ionisation coefficients, giving a smaller -value and reducing the volatility of the random nature of multiplication noise (the effects of which are shown in Figure 12). It is possible to choose an inherently less noise-generating material, for example Indium Aluminium Arsenide (InAlAs) tends to be less noisy than Indium Phosphide (InP) in the multiplication region.
[image: ]
[bookmark: _Ref483230162][bookmark: _Toc489283272]Figure 12: Predictions for excess noise factor based on McIntyre's local model for k=0, 0.2, 0.4, 0.6, 0.8, 1.0, 5.0 and 10 for electron injection and 1/k for hole injection
Scaling the multiplication region to sub-micron levels strongly reduces the excess noise factor by taking advantage of the dead-space effect – the distance a carrier travels before having gained enough energy to impact ionize. Li et al developed an InGaAs/InP APD with a 300 nm thick multiplication giving a dark current of 0.1 nA [21]. The dead-space distance becomes significant when its length makes up a large proportion of the multiplication region. It limits the stochastic nature of impact ionisation and makes the process more deterministic, leading to a reduction in excess noise factor.
[bookmark: _Toc495571293]Bandwidth Definition, Limits and Gain-Bandwidth Product
The bandwidth is defined as the range of frequencies at which the signal can pass through the APD compared to 3 dB of its flat response, i.e. a gain of one. The signal power decreases with increasing frequency. Gain is needed to amplify weak signals. An ideal APD therefore would have a large bandwidth and gain. These two properties however are inversely proportional to each other, which is why the term gain-bandwidth product (GBP) is often used.
The multiplication process requires a finite amount of time to allow for impact ionisation and the higher the multiplication factor, the larger the amount of time needed to achieve it [26]. The inversely proportional relationship between gain and bandwidth can be seen in Figure 13, where the curves become almost straight lines, indicating a constant GBP. The larger α is relative to β, the less a higher multiplication factor reduces the bandwidth.
When both electrons and holes can impact ionise, it takes longer for carriers to exit the multiplication region and thus contribute to current, reducing the bandwidth. When a hole is generated by an electron, the hole will travel across the multiplication region in the opposite direction to the electron. If the hole then generates another electron-hole pair, the resulting electron would have a larger distance to travel than the original electron, resulting in a delayed response (see Figure 13 with equal ionisation coefficients). The longer response is therefore due to the larger impact ionisation chains when both carriers can impact ionise.
[image: ]
[bookmark: _Ref484355272][bookmark: _Toc489283273]Figure 13: Bandwidth changing with gain for different impact ionisation coefficients (After [26])
There are three factors that limit the response speed, i.e. bandwidth, of a photodiode: the transit time across the device, the RC-limited bandwidth and the diffusion time. The lowest of these will determine the bandwidth of the device, hence it is important to know what the value of each of them is.
The transit-time is the time needed for the carriers to move across the depletion region. The transit time-limited 3dB-bandwidth in a PIN diode is defined by
					(2.2.8)
where  is the carrier saturation velocity and  the depletion region width, although this equation becomes invalid in avalanche photodiodes because the carriers may have to cross the depletion region multiple times. A solution to increasing the transit time-limited 3dB-bandwidth could be to decrease the width of the absorption layer. This however comes at the cost of reduced external quantum efficiency, as given by equation (2.2.9), since the longer a photon travels within the absorption region, the greater its chance to generate a electron-hole pair.
	)				(2.2.9)
The RC-limited bandwidth is due to the capacitance and resistance of the device. The capacitance is given by
 	,					(2.2.10)
where  is the area of the device and  and  are the dielectric constant and the thickness of the depletion region. To minimise the capacitance, it is important that the device area is kept very small.
The resistance  includes the semiconductor and metal series resistance, , and the load resistance, , which is typically 50Ω, and is described in equation (2.2.11).
					(2.2.11)
The RC-limited bandwidth is defined by
 .					(2.2.12)
Diffusion occurs under low electric fields when electrons and holes attempt to evenly concentrate in the material and is a slow process. The diffusion time is given by equation (2.2.13) where  is the distance travelled in the low-field region and  is the minority carrier diffusion coefficient.
					(2.2.13)
 Due to the moderate to high electric field present in SAM APDs, however, it is significantly less of an issue than the RC-limited bandwidth and the transit time.
[bookmark: _Ref484437494][bookmark: _Toc495571294]AlGaAsSb Multiplication Region
AlGaAsSb is an extension of Aluminium Arsenic Antimonide (AlAsSb) multiplication regions. AlAsSb was found to give lower excess-noise factors than Indium Phosphide and Indium Aluminium Arsenide multiplication regions [22]. AlAsSb (with an AlAs0.56Sb0.44 composition) also has a larger bandgap (1.65 eV) than InP (1.34 eV) and InAlAs (1.45 eV), allowing thinner multiplication regions with reduced transit-time and higher electric fields. However, AlAsSb suffers from significant lateral oxidation [23], which increases the dark currents due to surface leakage.
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[bookmark: _Ref462919054][bookmark: _Toc463000830][bookmark: _Toc489283274]Figure 14: Comparison of reverse IV data and gain for AlAsSb (black, x=0) and AlGaAsSb APDs [24] 
The addition of Gallium to make AlGaAsSb prevents lateral oxidation and reduces surface leakage and dark current levels, while retaining the benefits of AlAsSb. Figure 14 shows how dark currents can be reduced by factors of 103-102 by adding 10-15% Gallium to the Aluminium, corresponding to x=0.10, 0.15 in Al1-xGaxAs0.56Sb0.44. It also reduces the breakdown voltage, enabling avalanche operation at a lower reverse bias voltage.
Zhou et al [23] demonstrated an InGaAs/AlGaAsSb APD with a gain-bandwidth product as high as 407.4 GHz. The bandwidth was 14 GHz with a gain of 29.1. AlGaAsSb results appear promising and require further investigation (see section 4.2).
[bookmark: _Toc495571295]Development of Waveguide Integration
Optical fibre cores are only approximately 8 µm in diameter, but several times that if the cladding is included. Aiming the fibre core surrounded by thick cladding at a device which may only be tens of micron across is very difficult. Optimal coupling, guiding as much light into the device as possible and increasing the responsivity of the device, therefore becomes a challenge. There are a variety of solutions and approaches, which will be discussed.
Traditionally, APDs have been vertically illuminated, where light would enter through the top of the device. In that case, the light can only be absorbed over the width of the absorption region and there is a trade-off between responsivity, quantum efficiency and the transit-time component of the bandwidth [27].
To achieve quantum efficiencies >90 %, the absorption region must be approximately 2.5µm thick for vertical illumination at an absorption coefficient in the order of 104 cm-1 [28] [29]. This structure is acceptable for <10 Gb/s operation, but for higher speeds, waveguide integration becomes necessary.
It is possible to integrate layers that act as mirrors above and below the absorption region (see Figure 15 b), a structure known as resonant cavity, enabling the light to traverse the absorption region multiple times and thus increase the effective absorption region width. Lenox et al achieved a GBP of 280 GHz in 1999 with a resonant-cavity InGaAs/InAlAs APD, which had an external quantum efficiency of 70%, low noise (with a k-value corresponding to approx. 0.18) and an absorption region thickness of 60 nm [30]. A resonant-cavity however significantly increases the complexity of the APD structure and fibre-coupling remains an issue, a problem waveguide designs do not have.
To avoid the responsivity and transit-time trade-off and maintain a high absorption rate at a thin absorption region width, photons can enter the device from the side, in-plane to the absorption region. This improves the quantum efficiency, since devices are typically much wider than the absorption region is thick, without affecting the device speed.
Since the absorption region is very narrow, it would be virtually impossible to attach a fibre to it and keep it aligned. Instead, the fibre is coupled to a waveguide which then guides the light into the side of the absorption region (see Figure 15 c),. This is called side-illumination and has advantages such as less wavelength selectivity and no optical window being required at the top of the device, allowing for a larger metal contact to lower the resistance and RC-time constant [31]. Kinsey et al demonstrated a side-illuminated InGaAs/InAlAs SAM APD in 2000 that had a GBP of 120 GHz and a unity-gain bandwidth of 27 GHz [32]. The quantum efficiency however was very low, only 23%, due to undesirable etching characteristics (sidewall undercut). The bandwidth was lower than the estimated value of 40 GHz and was independent of area for devices below 100 µm2, suggesting a transit-time limitation. Just a year later Kinsey, Campbell and Dentai eliminated the etching problem and developed another side-illuminated InGaAs/InAlAs SAM APD with a similar low-gain bandwidth of 27 GHz but an even higher GBP of 320 GHz [33]. The multiplication region was 150 nm thick, 25% thinner than the resonant-cavity APD from 1999 [30], the external quantum efficiency however was much lower at 16%.
An alternative to side-illumination is evanescent coupling, where the waveguide is below the device and extends across the whole length of the device. This allows light to be absorbed relatively uniformly across the device and improves its power tolerance. The different approaches are illustrated in Figure 15.
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[bookmark: _Ref461545433][bookmark: _Toc463000832][bookmark: _Toc489283275]Figure 15: a) vertical illumination b) resonant-cavity c) side-illumination d) evanescent coupling
Evanescent coupling has been used in conjunction with photodiodes since at least 1977, where T. R. Ranganath and Shyh Wang developed a silicon photodiode operating at 632 nm [34] that used this technique. In 2001, Demiguel et al demonstrated a simple-to-fabricate, evanescently-coupled APD with a quantum efficiency of 50%, a bandwidth of 34.8 GHz (limited by the transit-time) and a 160 GHz GBP [35].
In conclusion, waveguide designs are superior to top-illumination structures, as they have improved coupling and allow for thinner absorption regions. Evanescent coupling allows the light to be absorbed evenly across the whole absorption region, giving a larger power tolerance. This preferable to side-illumination in close- and medium-range communications systems, as there is a greater variation amongst the incoming signal powers due to attenuation, although side illumination gives a larger effective width of the absorption region and improves the quantum efficiency.
[bookmark: _Toc495571296][bookmark: _Ref495667888]Current high-speed Photodiodes
The recent resurgence of interest in avalanche photodiodes was caused by fast growth of optical telecommunications systems. Multiple devices are used in conjunction with wavelength division multiplexing to produce 100 Gb/s Ethernet systems, with 400 Gb/s Ethernet systems being the next target.
Nada et al [37] developed a double-mesa, vertically illuminated APD for 50 Gb/s applications with an InAlAs multiplication region in 2014. The GBP was found to be 270 GHz, with a maximum bandwidth of 35 GHz at a gain of 3. The device has a responsivity of 0.69 A/W and uses a maximum-induced current (MIC) design [38], which contains a 600 nm thick, undoped and p-type hybrid InGaAs absorption layer that improves the carrier transit-time.
In 2015 Xie, Zhang and Tan [38] introduced a InGaAs/InAlAs APD with low dark currents for 25 Gb/s operation. The absorption layer was 1.2 µm thick and gave a responsivity of 0.91 A/W, when used with a waveguide. This device had a bandwidth of up to 40 GHz at low gain and produced a GBP of 115 GHz. The low noise of less than 50 nA at 90% of the breakdown voltage and low excess noise gave low predicted sensitivities.
Zhou et al [23] presented an InGaAs/AlGaAsSb APD (mentioned in section 2.2.6) in 2016, which had a GBP of 200 GHz and a maximum GBP of 407.4 GHz, 3dB-bandwidth of 14 GHz and gain of 29 for a device size of 20 µm, making it suitable for 10 Gb/s systems. The responsivity for 1550 nm wavelengths was 1.04 A/W, with a maximum 5.33 A/W, and a 300 nm thick absorption layer. The GBP was achieved with a 100 nm thick multiplication region and the choice of AlGaAsSb material.
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[bookmark: _Ref486958212][bookmark: _Toc489283276]Figure 16: APD cross-section diagram after [36]
In 2015, Nada et al [36] have designed a vertical-illumination, triple-mesa APD with InAlAs avalanche layer for use in 100 and 400 Gb/s Ethernet systems, shown in Figure 16. The device can be scaled in size for 25 and 50 Gb/s applications with diameters of 20 and 14 µm and absorption layer thicknesses of 1.0 and 0.6 µm, respectively. Other layer thicknesses are adjusted to prevent edge breakdown. The triple-mesa structure reduces dark current and confines the electric field to the centre of the device. The maximum GBPs were found to be 235 and 270 GHz with error-free transmission ranges of 50 and 20 km for the 25 and 50 Gb/s designs, respectively.
[bookmark: _Toc495571297]Photonic Crystal Demultiplexers
A photonic crystal demultiplexer generally contains a coupling input for the optical fibre, waveguides, filters and output waveguides connecting to a photodiode, as shown in Figure 17.
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[bookmark: _Ref484085380][bookmark: _Toc489283277]Figure 17: General photonic crystal demultiplexer diagram
Important design considerations for photonic crystal demultiplexers are the material and total area of the design or the area per channel, the wavelength range and peak width, the number of channels and the transmission efficiency.
Minimising the area of the design allows for a greater number of elements within an integrated circuit. The waveguide should have a large bandgap to contain a wide range of wavelengths without loss. Transmission efficiency is defined as the ratio of signal output power (after passing through the filter) to signal input power (when the signal enters the waveguide). The filter design should have a narrow passband. Optimising these parameters allows for an increased number of channels with the highest signal power and minimal crosstalk, resulting in a high total transmission rate with a low error rate.
Photonic crystal waveguides simply consist of rods, commonly in square or triangular lattices (see Figure 18). For filters, there are many different designs, including line defects, resonant cavities and ring resonators. Filters are defects in the waveguide, where a defect is defined as any irregularity in the waveguide structure. Line defects will have the same structure as the rest of the waveguide, but different rod sizes and therefore a different bandgap. Cavities generally have a structural irregularity, such as a larger rod and a shifted lattice for example, with a narrow passband for only a few frequencies. Ring resonators are looped waveguides exactly the length of a single wavelength or multiples thereof to create constructive interference.
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[bookmark: _Ref484273931][bookmark: _Toc489283278]Figure 18: 2-channel line defect  [36] (left) and a resonant cavity [37] demultiplexers (right)
Kumar and Sabnani designed a 2-channel demultiplexer using a line defect to separate signals with wavelengths of 1350 and 1530 nm [36], which is also known as a channel drop filter, where one channel is removed from the rest of the signal. It is shown in Figure 18. Gallium Arsenide (GaAs) rods are in a triangular lattice surrounded by air. GaAs is chosen for its high refractive index at room temperature, which results in a larger bandgap. A straight waveguide splits into two in a Y-configuration with three defect rods acting as filters in each of the separate channels. Transmission is above 90% and crosstalk is around 10%.
In 2016, Mehdizadeh and Soroosh designed an eight-channel demultiplexer based on resonant cavities [37], as shown in Figure 18. Elliptical cavities consisting of three horizontally aligned, smaller rods, surrounded by eight rods that are slightly shifted from the waveguide lattice, produce a channel spacing of 2.1 nm and a minimum transmission efficiency of at least 94%. Channels have center frequencies of 1536.9 to 1551.4 nm and peak widths are between 0.4 and 1.0 nm. The total area is 495 µm2 or 62 µm2 per channel.
Talebzadeh et al [38] developed Silicon and Carbon-based six- and eight- channel ring resonator demultiplexers in 2017. The design is relatively complex with three different rod radii making up the ring resonator and containing two different materials. Transmission efficiency was originally 80% on average but the addition of carbon rods within the ring resonator improved transmission efficiency, giving an average of 94% for all channels. Minimum and maximum crosstalk values lie between -11 and -47 dB, respectively, with a channel spacing of 1.0-1.15 nm. The total footprint was 1597 µm2 or 200 µm2 per channel for the eight-channel demultiplexer. 
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[bookmark: _Toc489283279]Figure 19: Ring resonator demultiplexer based on [38]
Talebzadeh et al then went on to improve this design by combining resonant cavities with semi-feedback structures [39]. The design is based on silicon rods with a radius of 133 nm and a lattice constant of 555 nm. Channel spacing averaged 1.75 nm and a mean crosstalk value of -18 dB. The overall size of the design was 790 µm2. Transmission efficiency was extremely high at an average of 99%.
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[bookmark: _Toc489283280]Figure 20: Resonant cavity filter with semi-feedback structure [39]
2 [bookmark: _Toc495571298]Experimental Details
[bookmark: _Toc495571299]Device Fabrication
[bookmark: _Toc495571300]Device Fabrication
Semiconductor wafers were grown using molecular beam epitaxy. Developed by A. Y. Cho, [36] [37] this technique allows accurate control over material composition and layer thickness through a deposition rate of under 1um per minute and shuttered sources. The wafers were then fabricated with a mesa-structure. The fabrication process for these high-speed devices generally consists of six stages – Top contacts, mesa etch, bottom contacts, substrate etch and surface passivation. A detailed step-by-step description has been included in the appendix section 5.1.
Contacts were made through thermal evaporation of titanium and gold, with thicknesses of 20 and 200 nanometres respectively, though other materials may be used for future devices. Titanium is used to strengthen the bond between the semiconductor surface and the gold. Gold is a common choice for contacts due to its excellent conductivity, giving the devices a lower series resistance. The series resistance affects the RC-time constant, which is a significant factor affecting the speed of the device. After thermal evaporation, the sample underwent rapid thermal annealing at 420°C for 30s to allow the formation of semiconductor-metal alloys to give a lower resistance. Good contacts are very important due to devices commonly being limited by the RC-time constant, where most factors are fixed by the photodiode design, such as the diode’s area, material permittivity and depletion region width.
The device pattern was defined using photolithography. An ultraviolet light-sensitive liquid, called photoresist, is applied to the sample surface. The sample is placed below a mask with the desired device pattern and exposed to ultraviolet light to either remove or harden the photoresist in the exposed areas. This is followed by a photoresist-developer bath, which removes excess (either exposed or unexposed, depending on the type used) photoresist from the sample surface. These two steps are repeated for each stage in the fabrication process, i.e. each time a metal deposition, etching or surface passivation is carried out. Correct exposure and developer times are needed to obtain clearly defined, high-resolution device features.
Mesa-structures were produced through wet-etching, as opposed to dry-etching techniques. Dry-etching is a very destructive process and may introduce defects into the crystal structure.
To protect the device from degrading over time through reactions with moisture and gases in the air, a surface passivation layer of 4-5µm thick SU-8 [38] is added. This helps the sample maintain good electrical characteristics, such as low dark current.
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[bookmark: _Ref481356778][bookmark: _Toc489283281]Figure 21: High-speed mask unit cell layout and photo of fabricated devices
Device diameter sizes for the PIN photodiodes were 50, 100, 200 and 400 µm. The sizes for the high-speed APD devices were 10, 15, 20, 25 and 50 µm, some of which may be seen in Figure 21. Actual sizes may deviate from this by up to ±5-10 % due to under- or overexposure of the photoresist and the etch profile. The high-speed mask uses smaller devices than most other masks to reduce the RC-time constant, since the capacitance scales with device area. The devices fabricated with this mask are too small to be probed directly and have large contact pads with thinning connections leading to the device.
[bookmark: _Toc495571301]Mask Design
Masks used in the photolithography stage of the fabrication process are designed using KLayout. Mask design is an important part of device design because the shape and size of devices, as well as the contacts, will impact important characteristics such as the capacitance and resistance.
The mask is designed layer by layer, which will then be printed in chrome onto a quartz plate. A good mask will maximise the number of devices per unit cell and contain some alignment features to ensure that each layer can be properly aligned with the next. There are also practical considerations such as size labels above the devices, distances between sizes and the size of contact pads.
Alignment marks, which can be seen on the right in the photo of Figure 21, aid in the exact alignment of each layer and consist of features such as crosses and triangles and are only a few micron large. TLM pads enable measurement of the contact resistance.

[bookmark: _Toc495571302]Current-Voltage Measurement
[bookmark: _Toc495571303]General Setup
Current-Voltage (IV) measurements are an important part of any device analysis. Reverse IV measurements taken in the dark can give insights into the dominant current mechanism, which can be either bulk or surface leakage currents. Bulk leakage current mechanisms scale with device diameter and include diffusion, band-to-band tunnelling and generation-recombination. As the name suggests, surface leakage currents occurs on the surface, where the crystal structure ends, and causes irregularities in the conduction- and valence-bands. This allows current to flow easily, increasing the level of dark current, making it harder to detect the photocurrent signal, and scales with perimeter.
Dividing the absolute reverse IV data for devices with different diameters by their respective device area or perimeter may give an indication of which one of the above mentioned current mechanisms dominates.
Forward bias current data can be used to extract the series resistance and ideality factor by fitting the ideal forward diode current equation to it. The ideality factor usually lies between one and two. A value close to n=1 suggests diffusion current is dominant, whereas a value close to n=2 indicates a generation-recombination dominated current.
The ideal forward current equation (3.2.1) [39] is given below and has been modified to include the series resistance caused by the cladding layers and metal contacts. 
 					(3.2.1)
 is the forward current,  the saturation current (limit of forward current),  the electron charge,  the voltage dropped across the diode,  the applied current,  the series resistance,  the ideality factor,  the Boltzmann constant and  the temperature.
IV measurements can also be used as an indicator of fabrication quality, where a well-made sample will have uniform characteristics, such as dark current levels and the breakdown voltage, across all devices of the same size on the wafer.
[bookmark: _Toc495571304]TLM Details
The Transmission Line Model is used to determine the resistance of the metal contacts. A lower contact resistance may increase bandwidth, if the device is limited by its RC time-constant. To measure the contact resistance of a metallisation scheme, the photolithography mask used in the device fabrication process includes a line of several rectangular pads with linearly increasing distances between them. The total measured resistance between two pads is given in equation (3.2.2) and is illustrated in Figure 22.
			(3.2.2)
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[bookmark: _Ref481246682][bookmark: _Toc489283282]Figure 22: TLM Pad diagram [11] (left) and photo (right) 
The system resistance  includes the probes and cables and can be measured by simply short-circuiting the two probes. An IV-measurement across two neighbouring pads will produce a straight line, the gradient of which gives the resistance for that pad distance. The resistances for each distance are then plotted against distance. Interpolating between these resistance data points will give another straight line, the y-intersect of which will be equivalent to the resistance across a distance of zero. This removes the term  in equation 3.1.2. Subtracting  from this theoretical resistance value at a distance of zero and halving it will give . By multiplying  by the pad area , one obtains the contact-resistance area product.

[bookmark: _Toc495571305]Capacitance-Voltage Measurement
Capacitance-Voltage (CV) measurements can be used to gain information about the depletion width, doping levels and the built-in potential, as well as the actual diameter sizes of the devices. In a high-speed device context, CV measurements are needed to evaluate the RC-time constant, a potentially limiting factor for the bandwidth. The capacitance of a device is given by Gauss’ Law in equation (3.3.1)
,						(3.3.1)
Where  is the permittivity of free space,  is the relative material permittivity,  is the device area and  is the depletion region width. CV measurements were carried out with a HP 4275A LCR-meter. The setup superimposes a sinusoidal test signal with a small voltage (tens of millivolts) to the applied reverse bias. The signal frequency of 1 MHz is chosen to ensure the measured impedance originates from the diode capacitance, where the displayed phase angle on the LCR-meter is close to 90°.
In the absence of parasitic capacitances, device capacitance scales with area. Parasitic capacitances may stem from the contact pads or surface passivation. Parasitic capacitance can be estimated by extrapolating capacitance data points to a theoretical device area of zero, similar to how the contact resistance is estimated in section 3.2.2 using TLM pads.

[bookmark: _Toc495571306]Responsivity and Gain Measurement
Responsivity measures the photocurrent produced by a device when subjected to light through the optical window, using modulated laser light and a lock-in amplifier. The setup is shown in Figure 23. It is an indicator of how well the diode converts an optical signal into an electrical one and is a measure of the external quantum efficiency.
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[bookmark: _Ref483491488][bookmark: _Toc489283283]Figure 23: Responsivity measurement setup
To accurately process the raw data which includes the applied bias voltage and lock-in amplifier current, it is essential to know the exact optical power reaching the device, since this will determine the responsivity.
Responsivity measurements can indicate a punch-through in the device, where otherwise it would be masked by high dark currents and is needed to determine the gain of the device. If every photon hitting the device is converted into one electron-hole pair, the device has unity external quantum efficiency.
					(3.4.1)
Responsivity is defined in equation 3.4.1, where  is the generated photocurrent,  the optical power,  the external quantum efficiency,  the frequency, Planck’s constant and λ and 1.24 is the wavelength and Planck’s constant multiplied by the speed of light in micrometres.
To filter out dark currents when taking the measurement, the laser light is modulated to a specific frequency and the lock-in amplifier will only pick up on AC currents with this same frequency, i.e. the photocurrents. A frequency of 180 Hz was chosen because it is relatively low (and therefore close to DC behaviour) and not a multiple of the mains power frequency. It would be possible to measure the responsivity without modulation, provided that the photocurrent is orders of magnitude larger than the dark current. Modulation is still useful even when dark current levels are low though, because it allows the use of lower laser powers. Lower laser powers generate less heat, which may have an impact on device performance, and do not significantly carrier injection conditions.
Responsivity generally improves with increased reverse bias voltage, as does the gain. It also depends on the wavelength of the light being used, as each material and material composition is only suited for a certain range of wavelengths. Responsivity data can be used to extract the gain of the device and information about how the electric field develops. Hypothetically, without gain, the responsivity as a function of bias voltage would be a straight line with a small positive gradient, which can be considered the baseline responsivity against which the gain is measured. The gradient is due to the electric field expanding into the cladding layers, increasing the depletion width and therefore absorption region. This slightly larger absorption region then naturally improves the responsivity by absorbing more photons. The gain is calculated by dividing the photocurrent at each voltage by the baseline primary current.
[bookmark: _Toc495571307]Bandwidth Measurement
[bookmark: _Toc495571308]General Setup
The main instrument used to measure the bandwidth is an Agilent E8364B network analyser and the setup is described in Figure 24. The network analyser has two ports, one to generate a signal of varying frequencies (10MHz-50GHz in this setup) and another to receive the signal and measure the signal loss.
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[bookmark: _Ref481240769][bookmark: _Toc489283284]Figure 24: Bandwidth Measurement Setup
The generating port on the left is connected to an electro-absorption modulator (EAM). The EAM uses the electrical signal to modulate the light from a laser. From the EAM, this modulated optical signal is then directed at the device-under-test. The SMU and bias-tee connected to the EAM protect the EAM from high voltages. The device is probed, with an optical fibre from the EAM pointing at the optical window, and connected to the second port. The signal is processed and the network analyser calculates the strength of the incoming signal relative to the one that has been generated (both electrical), though only the relative values of the incoming signals have significance since the signal is converted to light in the EAM, therefore making the absolute values meaningless. This is why relative normalised dB-units are used instead of dBm.
The measurement described above is called forward transmission loss and can show the frequency range at which the device can operate without the signal diminishing too much in power. Generally, the loss increases with frequency due to the diode’s RC-time constant, diffusion and transit time. An important data point is the 3 dB-frequency. It is the point at which the signal power has decreased by 3 dB relative to its peak and defines the devices bandwidth.
[bookmark: _Toc495571309]System Loss Calibration
To take an accurate measurement, one must know the system loss. All components have an insertion loss of 1-3dB for fibre-optic cables and up to 8 dB for the EAM, at 40 GHz. The system loss needs to be subtracted from the measured data, since it does not originate from the device and would distort the results. The network analyser is calibrated in a two-step process. To calibrate the second port which has the probe and is a purely electrical signal, a commercial substrate is used with a known performance. This removes the system loss caused by components connected to the second port. Loss in the first port is measured with a commercial photodiode. Bandwidth data from its specification sheet is added to the calibration measurement and gives the system loss, which is then added to the actual device measurements.
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[bookmark: _Ref481493359][bookmark: _Toc489283285]Figure 25: Component total and commercial photodiode loss
Figure 25 compares the system loss found by summing the measured loss from each component with the loss found by using the commercial photodiode. The results generally concur within 1-2dB, apart from some reflection spikes distorting the average.
[bookmark: _Toc495571310]Photonic Crystal Modelling
Two different pieces of software were used to model the photonic crystal properties. The first is “MIT Photonic Bands” (MPB). It produces the band structure diagram for a given unit cell and tells the user which frequencies may pass through and which ones may not. The other is “MIT Electromagnetic Equation Propagation” (MEEP). MEEP is used to simulate the flow of light through a photonic crystal structure. In essence, MPB finds the most suitable “building blocks” with the desired properties in terms of passbands and bandgaps and MEEP puts these blocks together to model the overall behaviour of the structure. 


[bookmark: _Toc495571311]MIT Photonic Bands
MPB [12] computes definite-frequency eigenstates or harmonic modes of Maxwell’s equations [13] in periodic dielectric structures. The equations are shown below.
						(3.6.1)
					(3.6.2)
				(3.6.3)
				(3.6.4)
 is the electric field strength,  is the magnetic field strength,  and  is the permittivity of free space and relative permittivity, respectively. These equations can be used to calculate the band structure of a photonic crystal.
A unit cell is the smallest, periodic element and has a length . All calculations are scale-invariant and therefore relative to the unit cell. The unit cell is assumed to be repeated infinitely in two dimensions, i.e. in horizontal and vertical directions with infinite height, to form a lattice as shown in Figure 26.
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[bookmark: _Ref478988159][bookmark: _Ref478988132][bookmark: _Toc489283286]Figure 26: Unit Cell of a cylinder with r=0.193a (left) and its regular, periodic lattice (right)
Applying the equations from [12] to the unit cell produces a list of “allowed” and “forbidden” frequencies for a given k-vector. K-vectors are analogous to degrees and describe the incident angle of the photon hitting the photonic crystal. A significant k-vector is the gamma-point (Γ), which corresponds to light entering the unit cell at a 90° angle. The band structure diagram was used here to find suitable cylinder sizes to either act as a waveguide for a range of frequencies or as a filter for a specific frequency. 
Once suitable cylinder sizes are identified in MPB, they can then be used and combined in MEEP to perform certain functions, such as filters or waveguides.
[bookmark: _Toc495571312]MIT Electromagnetic Equation Propagation
MEEP is a finite-difference time-domain simulation software to model electromagnetic systems [24]. In MEEP, the user can define objects in terms of size, position and dielectric constant and a light source with a given frequency or range of frequencies and observe the propagation of electromagnetic waves over time (see Figure 27), as well as measure the transmitted and reflected flux to produce transmission-reflection spectra, which are useful in quantifying the efficiency of a waveguide or filter. Figure 27 shows a dielectric waveguide consisting of a material ‘A’ (black) surrounded by air (white).
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[bookmark: _Ref478992911][bookmark: _Toc489283287]Figure 27: Simple dielectric waveguide (left) and the electromagnetic field propagation for a single frequency
3 [bookmark: _Toc495571313]Results
[bookmark: _Toc495571314]InGaAs PIN diode
In0.53Ga0.47As (InGaAs) is a direct bandgap semiconductor compound with a bandgap energy of 0.75 eV and can be used to detect wavelengths of up to 1.6 µm. Its wavelength range is ideal for use with optical fibres. An InGaAs PIN, the structure of which is shown in Table 1, was characterised to assess which component is limiting the bandwidth.
	Thickness (nm)
	Material
	Doping Type
	Doping Level

	100
	In0.53Ga0.47As
	P
	1.0x1019

	300
	In0.52Al0.48As
	P
	5.0x1018

	1000
	In0.53Ga0.47As
	I
	1.0x1015

	200
	In0.52Al0.48As
	N
	5.0x1018

	1000
	In0.53Ga0.47As
	N
	1.0x1019


[bookmark: _Ref485823490]Table 1: InGaAs PIN Diode Structure
[bookmark: _Toc495571315]IV-Measurements
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[bookmark: _Ref485823637][bookmark: _Toc489283288]Figure 28: InGaAs PIN diode IV-Data for 50, 20 and 10µm diameter device sizes
The IV-data is shown in Figure 28. Though the reverse bias measurements are less consistent than the forward bias measurements, there is a visible trend of reduced dark current for smaller devices. The large spread in dark currents is due to surface leakage currents caused by unoptimised wet etching.
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[bookmark: _Ref486250936][bookmark: _Toc489283289]Figure 29: Ideal Diode Equation Fitting for InGaAs PIN diode
Assuming an ideality factor of 1.5, the ideal diode equation fit for the IV-data suggests a series resistance of between 23-30 Ω, as shown in Figure 29.
[bookmark: _Toc495571316]CV-Measurements
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[bookmark: _Ref486250955][bookmark: _Toc489283290]Figure 30: InGaAs PIN diode CV-Data
Figure 30 shows the CV-data for the InGaAs PIN diode. Capacitance should be proportional to the area in a perfect device, though parasitic capacitances from, for example, the bond pads may affect this. The high capacitance for the long-bond pad 10 µm devices relative to the short-bond pad 20 µm devices suggests that the capacitance of the devices themselves is relatively small compared to the capacitance of the bond pads. The capacitance is higher near zero volts due to incomplete depletion in the intrinsic region.
[bookmark: _Toc495571317]Bandwidth
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[bookmark: _Ref486252088][bookmark: _Toc489283291]Figure 31: InGaAs PIN diode Bandwidth-Data
The bandwidths for different device sizes are shown in Figure 31. 50, 20 and 10 µm diameter devices had average bandwidths of around 8, 12 and 22 GHz, respectively. Measurements were taken using a wavelength of 1300 nm and an optical power of 180 µW at the surface of the device (the laser diode was driven with a current of 80mA). A reverse bias of 20 V was applied.
[bookmark: _Ref487118227][bookmark: _Toc495571318]Discussion & Conclusion
The theoretical transit-time limited bandwidth was found to be 62.5 GHz, based on an InGaAs saturation velocity according to [52] and using eqn. (2.2.8). Diffusion-time limited bandwidth is not applicable here, since no photons are absorbed outside of the absorption region that would contribute to the total current, since the P- and N-regions are made of, for 1550 nm light, non-absorbing InAlAs. The devices were therefore limited by the diameter-dependant RC-time constant. Theoretical resistance values based on eqn. (2.2.12) and exact capacitance and bandwidth results are shown in Table 2. The data suggests that short bond pads reduce the bandwidth by increasing the resistance. Smaller devices also have smaller contacts with a higher resistance. Higher than expected capacitance values could be due to relatively large parasitic capacitances and resistances in the bond pads and depend on bond pad area. The bond pads have an estimated parasitic capacitance of 50 fF and a resistance of about 50 Ω on average [53] (though the short bond pads are quarter the length of the long bond pads) and therefore make up a significant proportion of the devices capacitance and resistance values, particularly for the smaller devices.
	Device (µm)
	Bandwidth (GHz)
	Capacitance (fF)
	Theoretical Resistance (Ω)
	Bond pad

	50 - A
	7.5
	324
	65
	Short

	50 - B
	8.5
	376
	50
	Long

	20 - A
	10.5
	85
	178
	Short

	20 - B
	13.1
	84
	144
	Short

	10 - A
	21.1
	95
	80
	Long

	10 - B
	22.1
	94
	76
	Long


[bookmark: _Ref486863074]Table 2: Exact InGaAs PIN diode values
The capacitance values seem very reliable, being only 1 fF apart for the two pairs of smaller devices. The difference in the 50 µm device capacitance is due to the bond pad size difference and as expected. The bandwidth results are within 1 GHz of each other, except for the 20 µm devices, though some variation may be due to reflections in the cables and a 2.6 GHz difference at a bandwidth of 13.1 GHz is still reasonable. The 10 µm devices with a bandwidth of over 20 GHz are capable of 25 Gbit/s operation. The 20 µm devices may cope with 20 Gbit/s operation, though nominally a bandwidth of 14 GHz would be required for reliable operation.



[bookmark: _Ref489133918][bookmark: _Toc495571319]AlGaAsSb SACGM APD
The second type of device was a SACGM APD with an AlGaAsSb multiplication layer. It has a thin InGaAs absorption layer with a width of only 300 nm and AlGaInAs/InAlAs grading layers.
	Thickness (nm)
	Material
	Doping Type
	Doping Level

	50
	In0.53Ga0.47As
	N
	5.0x1019

	150
	Al0.85Ga015As0.56Sb0.44
	N
	3.4x1018

	100
	Al0.85Ga015As0.56Sb0.44
	I
	1.0x1015

	47
	Al0.85Ga015As0.56Sb0.44
	P
	1.2x1018

	25
	Al0.85Ga015As0.56Sb0.44
	I
	1.0x1015

	25
	In0.52Al0.48As	
	I
	1.0x1015

	25
	Al0.27Ga0.2In0.53As
	I
	1.0x1015

	25
	Al0.13Ga0.34In0.53As
	I
	1.0x1015

	300
	In0.53Ga0.47As
	I
	1.0x1015

	25
	Al0.13Ga0.34In0.53As
	I
	1.0x1015

	25
	Al0.27Ga0.2In0.53As
	I
	1.0x1015

	25
	In0.52Al0.48As	
	I
	1.0x1015

	300
	In0.52Al0.48As	
	P
	5.0x1018

	500
	In0.53Ga0.47As
	P
	5.0x1019


[bookmark: _Ref489133899]Table 3: AlGaAsSb SACGM APD Structure
[bookmark: _Toc495571320]IV-Measurements
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[bookmark: _Ref486254117][bookmark: _Toc489283292]Figure 32: AlGaAsSb SACGM APD IV-Data for different device sizes
Figure 32 shows the IV-characteristic of the AlGaAsSb APD without any illumination. Dark current scales more with the perimeter (right diagram), suggesting leakage current mechanisms are more dominant. A clear punch-through appears at around 16 V, though the avalanche mechanism may occur simultaneously due to high charge sheet doping. A 25 µm and a 50 µm device have a smooth curve, otherwise results are consistent for each size and the expected trend of reduced dark current for smaller devices is clearly visible.
[bookmark: _Toc495571321]Responsivity & Gain
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[bookmark: _Ref489270702][bookmark: _Toc489283293]Figure 33: AlGaAsSb APD Responsivity and Gain Results
Responsivity was measured using 1550 nm infrared light modulated at 180 Hz and an optical power of 180 µW with a lock-in amplifier at room temperature. Measurements were performed on three 50 µm devices (grey lines) to ensure all the light is coupled into the device and results were averaged (solid red, black and blue lines), as shown in Figure 33. Gain was calculated relative and normalised to the theoretical peak responsivity at punch-through, i.e. before the avalanche multiplication process takes effect, multiplied by a reflectivity factor of 0.3. The absorption coefficient was assumed to be 8000 cm-1 [54] for the 300 nm InGaAs absorption layer, giving a responsivity of 0.16 A/W at M =1. The explanation for the peaks at 15.5 V is unknown, but could be due to charge accumulation at heterojunctions within the device.
[bookmark: _Toc495571322]Bandwidth
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[bookmark: _Ref486338040][bookmark: _Toc489283294]Figure 34: AlGaAsSb SACGM APD Bandwidth-Data for different device sizes
The bandwidth results were measured using 1550 nm infrared light at an optical power of 180 µW and are shown in Figure 34. 50, 20 and 15 µm devices reverse biased at 20 V had average bandwidths of around 7, 14 and 16 GHz, respectively.
[bookmark: _Toc495571323]Gain Bandwidth Product
Theoretically, responsivity and gain values are independent of device size, assuming all the optical power can be perfectly coupled with any device size, since device area is not affecting the results of the equations used. Therefore, the gain-bandwidth product of this AlGaAsSb APD can be estimated to be around 224 GHz, based on a gain of 14 (Figure 33) and bandwidth of 16 GHz (Figure 34) for 15 µm devices. The reason larger devices were measured for responsivity measurements was to ensure that all the light from the laser fibre would be coupled into the device, since the fibre including the cladding is as large as some of the smaller devices. Performing the measurements on smaller devices would have been very difficult experimentally and made the results less reliable and accurate due to the aforementioned coupling issues.
[bookmark: _Toc495571324]Discussion & Conclusion
During the measurements, the AlGaAsSb devices were very sensitive to being probed and would become defective, resulting in fewer devices being available for measurements as the characterisation progressed. The IV-measurements are the most reliable, with at least three devices measured for each of the five sizes. The bandwidth measurement only had two devices for each of the three sizes measured. The responsivity measurement required larger devices to ensure full coupling of light into devices and only three devices of the largest size were measured.
The GBP estimate could have been higher if the devices had been biased to a higher voltage, such as 25 V, which may increase the gain to around 22, if the measured gradient persisted. The 224 GHz value has a large tolerance, since if one accepts a 10% tolerance on gain and bandwidth results, respectively, these will then add and produce an approximately  margin of error of 20%, producing a potential range of GBP estimates between 180 and 260 GHz.
[bookmark: _Toc495571325]Resonant-Cavity Defect Demultiplexer
There is a potentially infinite number of ways to design photonic crystal waveguides and filters. Waveguides can consist of cylindrical rods or other shapes, such as chevrons, that are arranged in regular lattices of squares, triangles or hexagons, to name a few. Filters can use resonant-cavities, gratings or different types of waveguides to select light of certain frequencies. The design examined in this thesis is based on a proposal by Alipour-Banaei, Mehdizadeh and Hassangholizadeh-Kashtiban [49]. It was chosen due to its simplicity, using a regular square lattice made of a single material with only two different cylinder sizes, and a high number of potential channels (64). The resonant-cavity defect design is easily tuned to different frequencies by adjusting one simple variable, producing linearly shifting, narrow peaks.
[bookmark: _Ref489274332][bookmark: _Toc495571326]Waveguide
The first step in designing a photonic crystal demultiplexer is to design a suitable waveguide. The waveguide should be lossless for the largest possible range of frequencies and therefore should have a large bandgap. MPB uses an iterative process to find the largest bandgap and varies the radius of the cylinder within the unit cell to maximise the gap between the first and second bands. Lower bands tend to be less dense and therefore have a greater likelihood of large, complete bandgaps.
For a square unit cell of size , the largest bandgap occurs for cylinders with a radius of  (all sizes and lengths in the simulations are relative to the unit cell size). The band structure diagram is shown in Figure 35.
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[bookmark: _Ref478989304][bookmark: _Toc489283295]Figure 35: Band structure diagram of a cylinder with r=0.1933a
It can be seen that there is a complete (across all k-vectors) bandgap for normalised frequencies of 0.23 to 0.38, in which all frequencies between  and  are unable to pass through the photonic crystal from any angle and will therefore be contained within the waveguide without any loss.
 [image: C:\Users\elp15mr\Desktop\High Res Transmit Spectra L-0 to L-0.8\WaveguideTransmission Spectra.bmp]
[bookmark: _Ref479081170][bookmark: _Toc489283296]Figure 36: Transmission spectrum of a photonic crystal waveguide with cylinders of radius r=0.1933a
Running a simulation of this waveguide with the abovementioned cylinder dimensions produces the transmission spectrum shown in Figure 36. As expected, there is full transmission of normalised frequencies between 0.23 and 0.38, with higher losses for other frequencies. The transmission spectrum is illustrated in Figure 37, where a light signal with a frequency of 0.30 is contained within the waveguide (centre) and a frequency of 0.15 is not (right).
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[bookmark: _Ref479166972][bookmark: _Toc489283297]Figure 37: Waveguide structure (left), field propagation for frequency within (centre) and outside of that structure’s bandgap (right). Blue and red areas represent field strength minima and maxima, respectively.
The absolute unit cell size and therefore the overall system size depends on the frequencies of interest, since frequency is proportional to unit cell size. Assuming a frequency range centred on 1550 nm and choosing a reference normalised frequency in the middle of the bandgap, such as 0.30, the unit cell length would need to be a = 465 nm, giving a lattice cylinder radius of 90 nm and central defect radius of 232.5 nm for Silicon, though other materials can be used by adjusting the sizes. The bandgap range of 0.38 to 0.23 corresponds to a wavelength range of 1224-2021 nm. Since InGaAs photodiodes have an operation range of approximately 1200-1600 nm, outside of which the quantum efficiency is drastically reduced [55], only a normalised frequency range of 0.29-0.38 can be used. A range of relevant normalised frequency-to-wavelength conversions is given below in Table 4.
	fnorm
	0.23
	0.24
	0.25
	0.26
	0.27
	0.28
	0.29
	0.3
	0.31
	0.32
	0.33
	0.34
	0.35
	0.36
	0.37
	0.38

	λ(nm)
	2022
	1938
	1860
	1788
	1722
	1661
	1603
	1550
	1500
	1453
	1409
	1368
	1329
	1292
	1257
	1224


[bookmark: _Ref489277355]Table 4: Normalised frequency to wavelength conversion table

[bookmark: _Toc495571327]Resonant-Cavity Defect Filters
Now the guidable frequency range has been identified, the filter design can be adjusted to accommodate frequencies within that range. The resonant-cavity defect filter consists of a central defect cylinder with a radius of 0.5a and nine, smaller cylinders with a radius of 0.1933a, the same as the regular waveguide lattice cylinders. The frequency tuning was done by changing the distance between the central defect and its horizontally and vertically adjacent cylinders, which is illustrated in Figure 38.
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[bookmark: _Ref479250282][bookmark: _Toc489283298]Figure 38: Waveguide with defect filter. Indent lengths shown are L=0.0, 0.2, 0.4 and 0.5.
Transmission spectra were generated for waveguides by inserting a source on the left and measuring the transmitted flux on the right side of the structure, including a resonant-cavity defect filter with indent lengths from L = 0.00 to L = 1.00 in intervals of 0.05. Figure 39 shows that in the waveguide’s bandgap frequency range from 0.23 to 0.38, there are generally two to four major peaks.
The transmission peaks for indents of L = 0.00 to 0.80 are summarised in Figure 40, which shows how the indent lengths affects the transmission efficiency and peak frequency position. For values of L > 0.75, there was no change in the transmission spectrum due to the cylinders fully overlapping with the central defect, making no difference to the overall shape. The pink line of peaks merges with the black line at the edge of the bandgap frequency range.
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[bookmark: _Ref479250783][bookmark: _Toc489283299]Figure 39: Transmission spectra for indent lengths L=0.00 to 0.50
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[bookmark: _Ref480116696][bookmark: _Toc489283300]Figure 40: Transmission peaks (circles) with width (dotted)
The two most important factors when selecting indent lengths are (1) a high peak transmission efficiency and (2) a narrow peak, so there is as little overlap as possible with any other chosen indent length, which may cause a signal to leak into another filter channel and produce crosstalk, but also allows for more channels over a smaller frequency range.
[bookmark: _Toc495571328]Demultiplexer
The waveguide and filters are combined to construct a demultiplexer. The demultiplexer consists of a main signal waveguide with branches for the different channels. Channels are separated from the main signal waveguide by a defect filter. The defect filter will only allow a selected frequency to pass through it, depending on its indent length.
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[bookmark: _Ref480117490][bookmark: _Toc489283301]Figure 41: Demultiplexer with two filters (left) and a simple straight waveguide (right).
The transmission efficiency of the overall demultiplexer is measured relative to a straight, lossless waveguide. The structures for the demultiplexer and the waveguide are shown in Figure 41, where the solid rectangular blocks represent where the flux is being measured. On the left side is an opening for the optical input. On the right is an output for a further extension of the main signal waveguide, where more channel branches may be added. Any frequency within the bandgap, that does not pass through any of the defect filters, generally passes towards the output.
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[bookmark: _Ref480123724][bookmark: _Toc489283302]Figure 42: Transmission spectra through the filters with L=0.35 (left), L=0.45 (right) and at the output (center)
To demonstrate the demultiplexer, indent lengths of L = 0.35 and 0.45 have been chosen for channels 1 and 2, respectively, producing the transmission spectra shown in Figure 42. These indent lengths are suitable because the transmission efficiency is high and their peaks do not overlap. Channels 1 and 2 have respective transmission efficiencies of 30% and 35% at normalised frequencies of 0.269 and 0.296. The output transmission spectra shows that frequencies within the bandgap that do not pass through the filters, remain contained inside of the waveguide and remain available to be filtered out in additional channels past the output. Some frequencies experience losses in the resonant-cavities.
[bookmark: _Toc495571329]Discussion & Conclusion
The smallest feature size of 180 nm diameter is above the minimum feature size currently limiting photonic crystals. Based on Figure 40, the maximum number of channels without any significant crosstalk can be estimated to be eleven within the full wavelength range suitable for InGaAs photodiodes, giving an average channel width of 30 nm. The highest channel density is found across a smaller wavelength range of 1430 - 1500 nm (0.325 - 0.31), where the number of channels is five with an average width of 14 nm. A compromise between maximum number of channels and channel width is found between 1330 – 1500 nm, where the average channel width is 18 nm and gives 7 channels. This is considerably more than the average channel width of 1.5 nm of the original (eight channels across 12 nm) but produces less crosstalk due to a stricter threshold when selecting channels. Assuming the transmission efficiency for other channels is comparable to Figure 42, the average transmission efficiency for each channel would be between 30-40%, just over half of the average transmission efficiency of 60.3% achieved in the original paper, although the total footprint of this design with eight possible channels is only 62% of the size of the original, with areas of 349 µm2 and 560 µm2, respectively, based on the dimensions given at the end of section 4.3.1 and adding five unit cells at the end of either channel output to connect to the devices.
[bookmark: _Toc495571330]General Conclusions and Future Recommendations
The AlGaAsSb APD results showed a performance similar to current state-of-the-art APDs discussed in 2.2.8 and reproduced results from a similar very device by Zhou et al. [27]. Although there is some variation from device to device, the measurements are reliable and accurate. Considering the results from Zhou et al. [27], it can be assumed that these values are a lower ceiling and an optimised device with better contacts and a bigger sample may have obtained higher values.
The next benchmark target for optical telecommunication APDs is to achieve a gain-bandwidth product of 500 GHz. To achieve this GBP, the gain would need to be 20 and 12.5 for bandwidths of 25 and 40 GHz, respectively. Designs would require a low punch-through voltage and reduced dark currents. Waveguides can be integrated to improve the quantum efficiency and allow for thinner absorption layers.
As found in section 4.1.4, the bond pads add a significant amount of series resistance and capacitance to the device which affect the bandwidth and could be improved by, for example, finding new metallisation schemes to reduce the resistivity or other ways to reduce capacitance.
For future work with photonic crystal demultiplexers, different filter designs could be experimented with to further reduce the channel widths while maintaining a high transmission efficiency and be integrated with APD devices.
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[bookmark: _Ref489185623][bookmark: _Toc495571332]Fabrication Process
A: Cleaving
	#
	Step Description
	Notes

	1
	Make orientation marks on back of wafer
	Arrows to major edge

	2
	Use Scribe to cleave on backside
	Small scratch near edge

	3
	Press on cleave with cotton bud from backside
	

	4
	Change filter paper
	

	5
	Blow wafer with nitrogen
	

	6
	Place sample, wafer in respective boxes, replace wafer
	



B: Cleaning
	#
	Step Description
	Notes

	1
	Fill three beakers with n-butyl, acetone and IPA
	

	2
	Place all on hotplate to boil
	Avoid superheating

	3
	Place sample in each beaker for 30s
	

	4
	Inspect surface
	If still dirty, repeat B1-4



C: Photoresist and Mask Alignment
	#
	Step Description
	Notes

	1
	Pre-bake for >1-2min
	

	2
	Use photoresist BPRS200
	

	3
	Spin for 30 seconds at 4000rpm (default setting)
	

	4
	Post-bake for 1.5min
	

	5
	Remove excess photoresist near edges
	Using scrap pieces, expose and develop edges

	6
	Use Photomask XXXX
	Fabrication dependant

	7
	Align and expose for (xx) seconds 
	Check in clean room for time – varies with UV-bulb

	8
	Using Developer XXXX, develop for ## (60 in thesis) seconds and rinse in DIW
	Fabrication dependant



D: Deposition of Top Contacts Ti/Au (20/200 nm)
	#
	Step Description
	Notes

	1
	Get 6cm Ti-wire, 2 Au-Wires
	

	2
	Place all of each metal in its own evap-coil and boil in n-butyl
	

	3
	Clean in acetone
	

	4
	Place Ti, coils at top, Au bottom tier
	

	5
	Place sample on Aluminium plate to conduct heat away from sample
	

	6
	Set up thickness monitor
	

	7
	Evaporate as described in manual and lift off in Acetone
	



E: Second (Isolation) Mesa Etch
	#
	Step Description
	Notes

	1
	Three-step Clean (See B: Cleaning)
	

	2
	Mask Layer 2 (See C: Photoresist and Mask Align)
	

	3
	Using H2SO4: H2O2: DIW (with the ratio of 1:8:80) etch 100nm deep to top edge of 300nm InAlAs layer
	

	4
	Three-step Clean (See B: Cleaning)
	

	5
	Mask Layer 3 (See C: Photoresist and Mask Align)
	

	6
	H2SO4: H2O2: DIW (with ratio of 1:8:80) finish etching the bottom n+ InGaAs layer
and H3P04: HCL: DIW (with ratio of 3:1:2) which etched the InP semi-insulating
substrate for 10 s with the thickness of 0.5 μm.
	

	7
	Inspection under microscope and clean the photoresist in the acetone
	



F: Deposition of Ground Contacts Ti/Au (20/200nm)
	#
	Step Description
	Notes

	1
	Get 6cm Ti-wire, and 1 lengths of gold wire (6cm)
	

	2
	Place all of each metal in its own evap-coil and boil in n-butyl
	

	3
	Clean in acetone
	

	4
	Place Ti coil at top, Au bottom tier
	

	5
	Place sample on Aluminium plate to conduct heat away from sample
	

	6
	Set up thickness monitor
	

	7
	Evaporate as described in manual and lift off in Acetone
	



G: Passivation (Optional – done before ground contacts usually)
	#
	Step Description
	Notes

	1
	Apply passivation mask (See C: Photoresist and Mask Align) 
	-Check specific exposure-, pre bake-times, spinner speeds etc for passivation used




[bookmark: _Toc495571333] Mask Details
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[bookmark: _Toc463000850][bookmark: _Toc489283303]Figure 43: Mask Layers Details
Each layer is shown with the preceding layers, i.e. layer 7 is shown with layers 1-6 below it for reference. Either layer 2 or layer 3 are used, depending on the required etch depth for the sample. Layer 3 has a larger tolerance to protect the devices from suboptimal etching profiles, which are more significant over larger etch depths.
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Figure 4,11 Different resistance components in the TLM measurement.




image29.jpeg
TL





image30.png
Laser

L 2

Modulator

L 2

Lock-In Amp

Focal Lens ”

DUT

Resistor

SMU

Connection Type

electrical

optical

-
-




image31.png
Connection Type
electrical ‘

optical

Network Analyser

L 2

*

“ SMU-2

SMU-1 h Bias-Tee Bias-Tee
Laser ” EAM ” puT ” Probe





image32.png
Relative Signal Power (dB)

—— Sum of all individual component losses
—— Comm. PD (normalised raw data)
—— Comm. PD (normalised & smoothed)

10 15 20 25 30 35 40
Frequency (GHz)




image33.png




image34.png




image35.png




image36.png
Current (A)

10-10

104

£ 107

108
10
107

Reverse Current

Reverse Current Density

Reverse Leakage Current

104
< 100 g
3 5
10 5
2 5
3 10! g
t 2
g 100 g
3 5
10 o
Voltage (V) Voltage (V) Voltage (V)
Forward Curent Forward Current Density Forward Leakage Current
108 10!
108 100
E 10 E
< 104 < 107
S S
z 10° 102
g g
Q 10? Q 102
- -
—— s0um g 10 —— 50um g 10 —— 50um
_— %nm 3 100 _— ?le 3 10% —— 20um
il 101 om 10% — 10um

00 02 04 06 08 10
Voltage (V)

02 04 06 08 1.

Voltage (V)

0

00 02 04 06 08 10
Voltage (V)




image37.png
Current (A)

Fitted Line B (1

.5; Rs=23 Ohms)
.5, Rs=30 Ohms)

02 04 06 08

Forward Bias Voltage (V)





image38.png
Capacitance (F)

Absolute Capacitance Area Capacitance

500x10°15 0.0014
__J ~ 00012 W:ﬁ
400x1015 | <
£
L 00010
@
s
300x10 £ 00008 -|
=
3
200x10% | g 00008
o
© 00004 |
(]
(UL ——  ———— |
00002 e
0 T T T T 0.0000 T T T T
5 -4 3 2 -1 0 5 -4 3 2 -1 0
Bias Voltage (V) Bias Voltage (V)

—— 50um (2 short, 1 long bondpad
——— 20um (2 short bondpads)
—— 10um (2 long bondpads)





image39.png
Relative Loss (dB)

10 15

Frequency (GHz)

20





image40.png
Current (A)

108

10-10

10-11

1012

Reverse Current

-15 -10 -5 0

Voltage (V)

Current Density (Am'2)

10°
104
10°
102
10!

100 4
101 4

102

103 4

Reverse Current Density Reverse Leakage Current

Perimeter Current (Am'1)





image41.png
Current (A)

102

104

10%

10

107

10®

10

Responsity (AWVV)

3.0 ™ 20
2.5
15
2.0
1.5 =10
1.0 praws Device Responsivity
Average Responsivity Ls
Average Photocurrent
0.5 - Average Gain
———Dark Curent
0.0 - 0
14 15 16 17 18 19 20

Reverse Bias Voltage (V)

Gain




image42.png
Relative Loss (dB)

—— 50um
—— 20um
o 15um

A

Frequency (GHz)

15

20




image43.png
Normalised Frequency (a/i)

k-vector (beginning and ending at '—point)




image44.png
Transmission Efficiency

—— Transmitted

0.2 03 0.4 0.5
Normalised Frequency





image45.png




image46.png




image47.png




image48.png




image49.png




image50.png




image51.png




image52.png
Subplot 2: Normal

ed Transmission L=0

Transmission Efficiency

L

022

024

0.26

0.28 03 0.32
Normalised Frequency

034





image53.png
Subplot 2: Normalised Transmission

Transmission Efficiency

022

024

0.26 0.28 03 0.32 0.34
Normalised Frequency





image54.png
Subplot 2: Normalised Transm

ion L=0.2

Transmission Efficiency

022

024

0.26 0.28 03 0.32
Normalised Frequency

034





image55.png
Subplot 2: Normalised Transmi

Transmission Efficiency

Transmitted
Reflected
Los,

0.22 0.24 0.26 0.28 03 0.32 0.34 0.36 0.38 0.4
Normalised Frequency




image56.png
Subplot 2: Normal

ed Transm

on L=0.4

1
508
c
g
Eos
c
S
204
&
4
C
=
02 +—Transmitted
Reflected
Loss
0
02 022 024 026 028 03 032 03¢ 036 038

Normalised Frequency

04




image57.png
Subplot 2: Normalised Transmission L=0.5

Transmission Efficiency

022

024

0.26 0.28 03 0.32 0.34
Normalised Frequency

036 038 04




image58.png
8 8 3 8§ 8 8 & ¥ §

Aousnba. 4 pasieuLoN

Indent Length, L




image59.png
e 000000
cecsesese

ee s 00
R
cesecees
R
R
IEEREREREY
sesecscne
R

sesecsen
R

R

R
DRI




image60.png
ceeesesen

R
cesesene

cecesesen
cecesescne
cecescscse
cecesese
R

R

sesssces
cecesesene
cecesescne
cecescsene
IR

sesescee
R




image61.png
508
c
g
Eos
c
S
204
&
4
C
=
02 —— Transmitted
Reflected:
Loss
o A
02 022 024 026 028 03 032 03 036 038 04

Normalised Frequency




image62.png
Transmission Efficiency

02 022 024 026 028 03 032

Normalised Frequency

034





image63.png
508
c
g
Eos
c
S
204
&
4
C
=
02 —— Transmitied
Reflected:
‘Lass
0
02 022 024 026 028 03 032 03 036 038 04

Normalised Frequency




image64.png
i O Lo e
o

wmEEE

050 B Find

e R

B s C =i
B ®
e e B

o ) ] £ i o
= [
& E: C: E:
= [ =
=
] R
i
4- Lower Metal Contacts 5- Substrate Etch 6- SU-8 Passivation





image1.png
University

Of
Sheffield.

<
=





image2.jpeg
03

0.1

multi-phonon excitation
(direct heating of the lattice)

scattering loss due®
1o the amorphous
structure of silica

(Rayleigh scattering)

L s |

0.6 08 1.0 12
wavelength





